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Abstract

The use of fire as a management tool and the harvest of plant parts, known as
non-timber forest products, are traditional human activities that impact plant
individuals, populations, plant communities and ecosystems. This dissertation
focuses on the ecological consequences of harvest and management of golden-
grass (Syngonanthus nitens, Eriocaulaceae). Golden-grass flower stalks are
harvested to produce handicrafts which represent the most important source of
income to hundreds of families in the Cerrado, in central Brazil. I applied an
ethnoecological framework to: (i) characterize the local ecological knowledge
related to golden-grass harvest and management in Jalapao region, Tocantins
state, as well as in regions in Tocantins state to which the handicraft activities
have expanded recently; (i1) experimentally test the effects of ‘late’ harvest, i.e.,
according to the traditional management practices, and ‘early’ harvest on golden-
grass long-term population growth rates; (iii) experimentally test the effects of
fire frequency and fire season on golden-grass populations, since fire is
commonly applied in golden-grass management; and (iv) characterize fire
behavior and intensity in the wet grasslands where golden-grass occurs.
Ecological knowledge, specifically in relation to the timing of harvest is a
determining factor for sustainability: harvesting ‘late’ has no negative effect on
golden-grass populations, whereas ‘early’ harvest leads to accentuated population
declines. As stated by experienced harvesters, golden-grass flower production is
stimulated one year after fire. Biennial fire regimes, as preferred by experienced
harvesters, yields higher long-term population growth rates (A) compared to more

frequent and sparser fire return intervals. Golden-grass populations were highly



affected by variations in rainfall. Survival rates were significantly lower during
dry years compared to rainy years, and this caused A to decline significantly
during dry years. Fires in wet grasslands are less intense and achieve relatively
mild temperatures compared to fires in dry physiognomies, both within the
Cerrado and in other tropical savannas. This dissertation has direct application to
the management of golden-grass and fire in the Cerrado and also contributes to
the NTFP and fire literature. Golden-grass harvesting has high potential for
supporting conservation of biodiversity and local livelihoods. The sustainability

of this activity is directly related to the timing of harvesting.
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Chapter 1. Introduction

Humans have used plants for multiple purposes for as long as we have
existed. Many human communities have local ecological knowledge and
traditional resource management techniques that, on a small scale, can improve
production and prevent over-exploitation of the resources of interest (Berkes
2008b; Ticktin & Johns 2002). The commercial exploitation of these plant
resources, especially Non-Timber Forest Products' (NTFP), has been recognized
as a possible way to provide income to local communities while conserving
natural ecosystems. Although the extraction of these products is often assumed to
have low impact (Arnold & Pérez 2001; Godoy & Bawa 1993; Nepstad &
Schwartzman 1992; Redford & Padoch 1992), little scientific information is
available about the impacts of NTFP exploitation, even when commercial
exploitation occurs for centuries and the products are sold worldwide (Bernal
1998; Peres et al. 2003; Siebert 2004; Zuidema & Boot 2000). Traditional
management techniques used for NTFP, which were usually developed and
appropriate for subsistence use, may not be sufficient to prevent over-exploitation
on a commercial scale (Boot & Gullison 1995; Cunningham & Milton 1987; Hall
& Bawa 1993; O'Brien & Kinnaird 1996).

The ecological effects of NTFP harvest are species-specific and can vary
according to the ecosystem, region and management practices adopted (Endress et
al. 2006; Runk 1998). The harvest of NTFP can have different impacts on the
individuals and plant populations exploited, depending on the plant life-history,
the part of the plant harvested, and the intensity and time of harvesting, as well as
environmental and management conditions (Ticktin 2004). As a general trend, the
harvest of flowers and fruits — when this harvest is not made by cutting other parts

of the plant or the whole individual — tend to have a lower impact on individual

! The expression ‘Non-Timber Forest Products’, NTFP, has been used in the specialized literature
as a reference to a very broad assemblage of products, other than timber, harvested from plants in
natural ecosystems. The term can be used for plants with different life-histories traits, from
different vegetation types and over which the harvesting can generate a variety of impacts.
Syngonanthus nitens is here considered as a NTFP, even though it is not exploited in forest areas.
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survival and growth in comparison to the harvest of photosynthetic parts (Ticktin
2004), especially on plants that are able to reproduce clonally (Lamont et al.
2001). On the other hand, flower harvest might reduce subsequent reproductive
rates (Witkowski et al. 1994). The effects of flower and fruit harvest on
individuals may depend on the timing of harvest. The harvest of flower stalks
during the flowering period has been identified as a cause of decline in
Eriocaulaceae species populations in Brazil (Bede 2006; Giulietti 1996). At the
population level, the harvest of flowers and fruits may affect the availability of
seeds, and/or result in decreasing recruitment and population decline over time

(Hall & Bawa 1993; Peres et al. 2003).

There are an increasing number of studies assessing NTFP uses and
harvest impacts; however, there are still major gaps in this field. Importantly,
these include a lack of long-term studies on the dynamics of NTFP populations,
which is critical to assess inter-annual variation in demographic and harvest rates.
There is also a lack of information on spatial variation in responses to NTFP
harvest, since only a small number of studies have looked at and modeled
multiple populations (Schmidt et al. in press; Ticktin 2004). Both data on spatial
and temporal variation are essential to properly model and realistically predict

population dynamics of NTFP and the impacts of harvest over time.

The harvest of NTFP is commonly associated with management practices
that are intended to increase NTFP yield, and with the management of other
natural resources. There is currently very little understanding of the ways in
which NTFP harvest may interact with other kinds of disturbance or management

techniques (Hart et al. 2004).

Fire is the most common tool applied in the management of fire-prone
ecosystems, both historically and at present (Bond et al. 2005; Furley et al. 2008;
Whelan 1995). People set fire to “clear” areas for agriculture, to induce the
resprouting for livestock grazing, to aid in hunting, help avoid poisonous animals,
especially snakes, and to improve access to areas, among other uses (McGregor et

al. 2010; Mistry 1998; Yibarbuk et al. 2001), including NTFP harvesting and



management (Anderson 1996; Bede 2006; Mistry 1998; Varghese & Ticktin
2008).

The effects of fire on plant populations and communities depend on
various aspects of the fire regime such as fire frequency, intensity and season, fuel
(biomass) quality and quantity, as well as on the plant community (Miranda et al.
2009; Whelan 1995). Environmental drivers, such as rainfall and interannual
rainfall variation, may also influence fire regimes and their effects on plant
communities and populations over the long-term (Quintana-Ascencio et al. 2003).
The fire regime applied by local communities may determine the impact of fire
and its interactions with other management or harvesting techniques applied to
NTFP populations. Studying the consequences of these multiple pressures is
essential for understanding NTFP population dynamics (Sinha & Brault 2005).
However, ecological studies on multiple factors that affect NTFP population

dynamics, and especially fire, are rare.

This study is focused on a highly harvested NTFP species from the
Brazilian savanna, the Cerrado. The Cerrado is second largest biome in Brazil and
originally occupied more than two million square kilometers, or around 25% of
the Brazilian territory, in the central part of the country (Furley 2004; Oliveira &
Marquis 2002). It is a biodiversity hotspot (Myers 2003), with more than 10,000
vascular plant species, 44% of which are endemic (Mendonga et al. 1998). The
origin of the Cerrado biome and the diversification of its species are thought to be
directly related to the rise to dominance of flammable C4 grasses, and therefore
frequent fires, within the past ten million years (Simon et al. 2009). It is
considered the most threatened savanna in the world due to the fact that it is one
of the world’s last great agricultural frontiers, where pastures and monocultures
have continued to expand greatly since the 1960’s (Furley 2004; Klink &
Machado 2005).

The sustainable use of Cerrado products by local communities is one
strategy to promote the conservation of this threatened biome and presents an

alternative to the economic model established for the development of the region.



The latter consists of the complete conversion of natural vegetation to other land-
uses and involves no economic valuation or use of native plants (Furley 2004;
Klink & Machado 2005). Commercial exploitation of native plant species has
been able to generate income, support the livelihoods of local communities and to
guarantee biodiversity conservation in numerous areas of this region (ISPN 2010;

Pires & Santos 2000; Sawyer et al. 1999).

Most of the remaining natural ecosystems are in the Northern Cerrado
(Silva & Bates 2002). Promoting sustainable use of natural resources in Northern
Cerrado can therefore make an important contribution to conservation of the
Cerrado biome. In this context, Jalapao region, in Tocantins state, is extremely
important, since the region comprises three of the largest Cerrado Protected Areas
(more than 1.6 million hectares) and has a low human population density (<1
inhabitant/km®). The conditions found in Jalapdo and in other areas of Northern
Cerrado are similar to those in many other parts of the world, where the rich
biodiversity contrasts with the poverty of the human populations (Marshall &
Newton 2003). In this context, the sustainable use of biodiversity can be a
possible way to improve livelihoods while promoting ecosystem conservation

over the long-term.

For hundreds of families from the Northern Cerrado, most of household
income is generated from handicrafts made with the flower stalks of
Syngonanthus nitens Bong. (Ruhland), (Eriocaulaceae), known as capim-dourado,
golden-grass. Golden-grass handicrafts became a major source of income to local
communities in the Jalapao region after the late 1990’s (Schmidt et al. 2007b).
Since then, golden-grass harvesting and handicraft activities have sharply

increased both within Jalapao region and spread to other regions in the Cerrado.

This dissertation focuses on the ecological consequences of golden-grass
harvest and management. I applied an ethnoecological framework to: (i)
characterize the local ecological knowledge related to golden-grass harvest and
management in Jalapdo region as well as in regions to which the handicraft

activities have expanded recently; (ii) experimentally test the effects of harvest



according to the harvesting techniques reported by local harvesters on golden-
grass long-term population growth rates; (iii) experimentally test the effects of
fire frequency and fire season on golden-grass populations, since fire is
commonly applied in golden-grass management; and (iv) characterize fire

behavior and intensity in the wet grasslands where golden-grass occurs.

For this dissertation, I was able to draw on experimental data collected in
Jalapao for seven years (2003-2010). I began studies on the ecology and harvest
impacts on golden-grass populations in response to a demand from a local
community in Jalapao, named Mumbuca. Women from this community had
harvested and used golden-grass hats and basketry for household use and sporadic
sales since the 1930’s (Schmidt et al. 2007b). However, in the mid-1990s the
harvest of golden-grass spread within the community and across the whole
Jalapdo region, and with incentives from both municipal and state governmental
agencies, gained commercial importance. In 2001, concerned about the
sustainability of such a rapid increase in harvesting levels, Mumbuca inhabitants

asked for studies to be done on the impacts of golden-grass harvesting.

In 2003, I established research plots to study the effects of harvest on
golden-grass populations. A one year study, which included bi-monthly censuses,
provided basic information on golden-grass ecology and was part of my Master
thesis (Schmidt 2005). These first experiments generated further questions,
especially related to the impacts of fire on this species’ dynamics. The first fire
experiments in Jalapao wet grasslands were performed from 2004 to 2006, and
are part of another Master’s thesis (Figueiredo 2007). I was involved in these
experiments, helping to define the research questions, establish the experiments
and carry out the fieldwork. In this dissertation I draw on these datasets to

conduct new analyses.

After these two short-term studies, which were concentrated in wet
grasslands managed by the Mumbuca community, in 2006 I established
permanent golden-grass research plots in six other wet grasslands, managed by

four Jalapao communities, including Mumbuca. The experiments were set up to



test for the effects of harvesting and fire as well as their interactions on golden-
grass long-term populations growth rates. In each of the six wet grasslands, I
established 5 experimental areas with the following treatments: (1) harvest of
golden-grass flower stalks, every year; (2) fire every two years during the early
dry season (June); (3) fire every two years during the late dry season (September);
(4) fire every two years during the late dry season alternated with golden-grass

flower stalk harvest (every other year) and (5) control (no harvest and no fire).

This dissertation is divided into seven chapters. Chapters 2 and 3 are
reviews of the scientific literature relevant to the framework of my studies,
specifically NTFP and fire, whereas chapters 4 to 6 present the results of the

experiments described above. Specifically:

Chapter 2 is a review of NTFP studies that use matrix models to assess the
sustainability of harvest. My co-authors and I used data on 15 NTFP species to
perform a meta-analysis of the effects of harvesting in long-term population
growth rates. We also used data on 19 NTFP species to test the applicability of an
approach proposed by Zuidema et al. (2007) to test for the sustainability of NTFP

harvesting.

In Chapter 3, my co-authors and I review the effects of fire on woody
species invasions, as well as the role of woody invaders in changing the fire

regime in ecosystems around the world.

In Chapter 4, I present the results of my experiments on golden-grass
flower stalk harvest. I draw on data on more than 7,700 plants I collected over
three years. I also assess the differences in local ecological knowledge between
experienced and novice harvesters, across the state of Tocantins. The
consequences of such differences in knowledge as well as other pressures are
discussed. Specifically, in this chapter I answer the following question: (1) Have
the local ecological knowledge and management practices from Jalapao been
passed on to new harvesters and/or has new local ecological knowledge
developed? (2) What are the effects of Jalapao traditional management (‘late’

harvest) on golden-grass population dynamics? (3) What are the potential effects



of earlier harvesting of flower stalks on golden-grass population dynamics? (4)
Are the government rules for golden-grass harvest appropriate for the large scale

on which they are now implemented?

In Chapter 5, I examine the effects of fire season and fire frequency on
Cerrado wet grasslands, using golden-grass individuals and populations as my
model system. My relatively long (six-year) data set, with more than 10,700
plants, also allowed for me to test the effects of interannual variation in rainfall on
the dynamics of golden-grass populations. The main questions addressed in this
chapter are: (1) What are the effects of fire and post-fire conditions on golden-
grass individual vital rates, i.e. survival, flowering, sexual and clonal
reproduction? (2) What are the effects of fire frequency and fire season on
golden-grass long-term population growth rates? (3) How does variation in
rainfall affect golden-grass vital rates and long-term population growth? (4) Do
the effects of fire depend on rainfall? The effects that I found of fire and
interannual rainfall variation on the long-term population growth rates of golden-

grass are likely shared by other species with similar life-forms in wet grasslands.

In Chapter 6, I characterize, for the first time, fire behavior and intensity in
Cerrado wet grasslands. I use data from 13 experimental fires carried out in 2009
and 2010 to compare early to late dry season fires. I also compare the behavior
and intensity of fire within different fire return intervals (2 and 5 years since last
fire). With this chapter I aimed to : (1) characterize Cerrado wet grasslands fire
behavior, including fire intensity, maximum temperatures and high temperature
residence time, (2) identify the effects of fire season on fire behavior, (3) assess

possible differences in fire intensity due to different fire return intervals.

Finally, in chapter 7, I conclude this dissertation by presenting my main
findings and the contributions of my work to the scientific literature and to the
sustainable management of NTFP and natural areas in fire-prone ecosystems. I
also present complementary research that is being developed in Jalapao region,

discuss the limitations of my work and provide suggestions for future research.



Chapter 2. What do matrix population models reveal about sustainability of non-
timber forest product (NTFP) harvest?

Isabel B. Schmidt?, Lisa Mandlez, Tamara Ticktin and Orou G. Gaoue
Summary:

1. Understanding how management activities impact plant population dynamics is
necessary to conserve at-risk species, control invasive species and sustainably
harvest non-timber forest products (NTFP). For NTFP, knowledge about how the
sustainability of harvest varies by plant life-form and part harvested is limited,
and needed to inform management of the thousands of species providing income

to millions of people worldwide.

2. Matrix population models are commonly used to generate management
recommendations. We reviewed studies of 46 NTFP species that used matrix
models and synthesize the current knowledge on harvest effects. For 19 species
with harvested and control populations, we assessed the impacts of harvest on
projected population growth rates (A) using meta-analysis, and analyzed trends in
population responses to harvest across species, life-forms and plant part harvested
using elasticity and life table response experiment (LTRE) analyses, and the

combination of both, to assess vulnerability to harvest.

3. NTFP harvest significantly reduced A across species. On the scale of individual
studies, however, A provided little information about harvest sustainability unless
replication was sufficiently high. Most studies had low levels of replication over

space or time and did not include contrasting levels of harvest.

4. Whole plant harvest of herbs and bark harvest from trees were not sustainable
largely due to decreases in survival. Palm leaf- or fruit-harvest and rattan stem-
harvest were potentially sustainable. Combined elasticity-LTRE analysis was

especially valuable in assessing the sustainability of harvest when differences in A

2 The two first authors contributed equally to this paper. Paper in press at Journal of Applied
Ecology.



between harvested and control populations were small, for studies with limited

replicates, and where harvest effects varied regionally.

5. SYNTHESIS AND APPLICATIONS. The use of matrix models to assess the
impacts of NTFP harvest is still rare in regions where trade of wild plants is
heaviest and for several commonly harvested life forms. Given the high variance
in estimates for most NTFP species, A does not provide a precise assessment of
harvest impacts. We recommend that managers consider the combined elasticity-
LTRE analysis in addition to A in making management decisions for NTFP. NTFP
research that accounts for environmental drivers of population dynamics in

addition to harvest should be prioritized.

KEY-WORDS: conservation, demography, elasticity analysis, extraction, life table

response experiments, LTRE, management, review, meta-analysis
Introduction

Ecological studies aimed at determining the impacts of management
activities on plant population dynamics are critical to the conservation of rare and
endangered species, eradication of invasive species and sustainable harvest of
non-timber forest products (NTFP). The ultimate goals of such studies are to
understand and predict the effects of management and to recommend strategies to
increase population growth rates of at-risk or harvested species, or decrease
population growth rates of invasive species. In the case of NTFP, which are an
important source of income for millions of people around the world, management
recommendations often aim to promote sustainable harvest as a way to conserve
the harvested species and habitat while supporting local livelihoods (Hall & Bawa
1993). The accuracy of these recommendations are of vital importance: overly
conservative management recommendations can deprive people of important
sources of income, medicine or culturally valuable plants, while inappropriate

management decisions can threaten population viabilities and endanger species.

A growing number of studies have assessed the effects of NTFP harvest
on population dynamics (Pinard 1993; Bernal 1998; Ticktin et al. 2002, Ticktin
2004; Ghimire et al. 2008; Gaoue & Ticktin 2010), but a comparative analysis of



these studies is still missing. Given that thousands of NTFP species are harvested,
there are clear limitations to acquiring long-term data on population dynamics and
harvesting impacts for most of these species. A synthesis of the literature on
NTFP demography can provide insight on the potential for NTFP sustainability
by identifying trends in responses to harvest. Such synthesis can provide
management guidelines for NTFP species that may not have been studied and can
improve our ability to efficiently use the limited resources available for research
into NTFP management and conservation. This analysis can also point to existing
gaps in the literature and provide insight on experimental designs that may be
most appropriate to assess the effects of NTFP management. The latter also holds
relevance for evaluating other kinds of management activities, including those

aimed at at-risk or invasive species.

The most common approach to assessing the impacts of NTFP harvest on
population dynamics has been the use of matrix population models (Caswell
2001). In these studies, stage-based matrix models are built from repeated
measures of vital rates (survival, growth and reproduction) of individual plants.
From these data, population growth rates (A) are calculated to assess whether,
over the long-term, a population is expected to grow, remain stable or decline
under current conditions. For harvested populations, A > 1 is usually interpreted to
reflect a sustainably harvested population, whereas A < 1 is interpreted to reflect
unsustainable harvest (Bernal 1998; Svenning & Macia 2002; Endress, Gorchov
& Berry 2006).

In addition to A, elasticity analyses (Caswell 2001) are commonly used to
predict the effects of NTFP harvest and suggest management strategies to reduce
harvesting impacts (Ratsirarson, Silander Jr. & Richard 1996; Anderson & Putz
2002; Freckleton et al. 2003; Guedje et al. 2007). Elasticity analyses project how
A would change in response to small changes in population vital rates. For
example, a small change in a vital rate with high elasticity values will have a big
impact on A; similarly, changes in vital rates with low elasticity will lead to very
small changes in A. A related approach, life table response experiments — LTRE

(Caswell 2001), has been used to assess how observed differences in rates of
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survival, growth and reproduction between harvested and unharvested populations
contributed to observed differences in A (Ghimire et al. 2008; Farrington et al.

2009; Gaoue & Ticktin 2010). Vital rates with high LTRE contributions make the
biggest contributions to the observed differences in A between harvest and control

populations.

Considering the results of both elasticity and LTRE analyses is a well-
known approach to understanding processes underlying population dynamics and
designing conservation and management recommendations for plant species
(Horvitz & Schemske 1995), including NTFP (Ghimire et al. 2008). Zuidema, de
Kroon & Werger (2007) proposed a novel approach that combines these two
analyses to provide a more robust tool to assess the sustainability of NTFP. This
approach identifies vital rates whose change due to harvest had the greatest effect
on A (based on LTRE contributions) and evaluates the potential impacts of these
changes on A (based on elasticity values). When high-elasticity vital rates have
low LTRE contributions, and therefore contribute little to differences in A
between harvested and unharvested populations, harvest is potentially sustainable.
Similarly, when harvest-mediated differences in A (LTRE contributions) are due
to vital rates with low elasticity, there is potential for sustainable harvesting, since
the vital rates that most affect A are not affected by harvest (Zuidema, de Kroon &
Werger 2007). In contrast, when high-elasticity vital rates also have high negative
LTRE contributions, harvest is expected to have a significant impact on
population growth and a low chance of sustainability. Zuidema, de Kroon &
Werger (2007) applied this combined analysis to three understorey palm species
harvested for leaves, but this approach is yet to be extended to other NTFP

species harvested for other plant parts or with different life histories.

In this study, we use a meta-analysis to assess the impacts of NTFP
harvest on population growth rates (1) and apply the approach of Zuidema, de
Kroon & Werger (2007) to a larger sample of plant species from different life
forms and harvest types. We address the following questions: 1) What is the scope
of studies to date that use matrix models to assess the impacts of NTFP harvests?

2) Are there trends in population responses to harvest across species? 3) What is
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the potential for sustainable harvest of NTFP species, life forms and harvested
parts? 4) What are the priorities for future research on NTFP species

demography?
Materials and methods

Data acquisition

We searched several databases (Web of Science, Science Direct, Google
Scholar and ProQuest Dissertations & Theses) for papers and dissertations which
use matrix population models to investigate the impacts of NTFP harvest on
population dynamics. We used the following keywords in the search: ‘non-timber
forest products’, ‘lambda’, ‘matrix modeling’, ‘Caswell’, ‘plant harvest’,
‘population dynamics’ — and variations (e.g. ‘nontimber’, ‘NTFP’). To identify
trends in the effects of NTFP harvest on population dynamics, we selected studies
that included populations that were harvested during the study period and control
populations. Control populations either had no harvest or else very low levels of
harvest (as in Ghimire et al. 2008; Gaoue & Ticktin 2010). We extracted the
published population projection matrices from each study or obtained them from

study authors, compiling 134 matrices in total.

Effect of harvest on population growth rates

Matrix models take the form of n (t+1) = A*n (t), where n (t) and n (t+1)
are vectors representing the number of individuals in each stage (or size class) at
times t and t+1, and A is the projection matrix containing the probabilities of
transitions among stages between time periods (1 year in all studies). Element a;
of matrix A represents the number of individuals in stage i per individual in stage
j in the previous year. We calculated A, which is the dominant eigenvalue of A
and represents the asymptotic population growth rate. When necessary, we added
values of 0.001 to published transitions to meet assumptions of matrix
irreducibility (Caswell 2001). We used the popbio package (Stubben & Milligan
2007) in R (R Development Core Team 2010) to carry out all matrix analyses.
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We performed a quantitative meta-analysis including species for which it
was possible to estimate the mean and variation in A for harvested and
unharvested populations, calculated from values of A for each species from
multiple populations and/or across multiple years for each treatment. For one
species we used the variance in A reported by the authors (Guedje et al. 2007). We
used the mean and standard deviation of the natural log of A to calculate Hedges’
d (Hedges & Olkin 1985), a metric of effect size that estimates the mean
difference of the response variable between treatments (harvested vs.
unharvested), standardized by the pooled standard deviation of the response
variable and corrected for small sample sizes (see Appendix S1 in Supporting

Information).

We tested the hypothesis that harvest reduces A by using a random-effects
model to calculate the mean and 95% confidence interval of effect size across
species. The random-effects model assumes that there is a true random component
of variation in effect size between species in addition to sampling error
(Rosenberg, Adams & Gurevitch 2000). The confidence interval for the mean
effect size was calculated using bootstrap resampling with 4,999 iterations. We
rejected the null hypothesis of no effect of harvest on A if the 95% bias-corrected

bootstrap confidence interval for effect size did not overlap zero.

We calculated Rosenberg’s N+ fail-safe number (Rosenberg 2005) to
estimate the number of studies of null effect and mean weight that would need to
be added to our meta-analysis to reduce the significance of the cumulative effect
size to 0.05 (Rosenberg, Adams & Gurevitch 2000). A fail-safe number greater
than 5» + 10, with n being the number of studies included in the meta-analysis,
indicates that the results of the analysis are robust to potential publication bias
(Rosenthal 1991). All calculations for the meta-analysis were carried out in

MetaWin 2.1 (Rosenberg, Adams & Gurevitch 2000).
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Elasticity and LTRE analysis — looking beyond 4

For all populations of each species, we calculated the elasticity of A to
proportional change in vital rates rather than to changes in matrix elements a;
(Franco & Silvertown 2004). We calculated vital rate elasticities as:

x 04 X~ 04 Oay

Aox A% da, ox

where x is the vital rate and a;; is the matrix transition from stage ;j to stage
i. Unlike transition elasticities, vital rate elasticities do not necessarily sum to 1
and can be negative or positive (Caswell 2001). For each species, we used fixed-
effect LTREs (Caswell 2001) to estimate the contributions of vital rates to
differences in A between harvested versus control populations. Within studies, we
used paired comparisons between harvested and control populations within years
and additional factor levels (e.g. region, site) when possible. For species exposed
to multiple levels of harvest, we compared each harvesting level with the control
population. When paired comparisons between single populations were not
possible, we calculated a mean matrix per treatment across populations by
averaging vital rates and conducted LTREs by year and region, where applicable.
For one species (Saussurea medusa), asynchronous seedling recruitment between
treatments across years meant that comparisons within years were not
informative. In this case, we averaged matrices across years per treatment, and
conducted a single LTRE. We calculated LTRE contributions summed by vital

rate type. For example, the LTRE contribution of survival equals:
)y 04
s,
r J J aSj ‘A

™ is the survival of stage j in the harvested matrix, Sj(c) is the

where s;
survival of stage j in the control matrix. OA/Os; s the sensitivity of A to the survival
of stage j evaluated at the midway matrix A™. We used midway sensitivities
based on matrices constructed from the mean vital rates of the matrices being

compared.
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To assess the potential for sustainable harvest, we used combined
prospective-retrospective analysis (Zuidema, de Kroon & Werger, 2007) and
plotted the LTRE contributions against the elasticities of each vital rate of control
populations. We examined plots to determine whether or not high elasticity vital

rates also had high LTRE contributions.
Results

Diversity and distribution of NTFP studies using matrix models

We found studies with data from 46 species across 20 families that used
matrix models to assess the effects of NTFP harvest (see Table S1.1). One-third
of studies (16 spp.) monitored only unharvested populations and simulated

harvest effects, whereas about one-fifth (10 spp.) lacked unharvested populations.

Nearly half the species were palms (21 spp.). Trees (12 spp.) and herbs (12
spp.) each represented approximately one-quarter of the species. There was a
single study of a cycad species. The palm species were harvested mainly for their
leaves or stems. Trees were harvested for fruit, seeds, bark, leaves or resinous
wood. Most studied herbs were harvested for their roots or rhizomes, which often
results in the death of the whole plant. Seventy-three per cent of species studied

are of tropical origin.

For 20 of the 46 species we found the impacts of harvest were evaluated
from both harvested and control populations; 75% of these studies were published
since 2005. As matrices were not available for one species, we carried out further
analyses using data from 19 NTFP species with harvested and control
populations. The great majority of species in each life-form were harvested for the
same parts: herbs harvested for roots or rhizomes, palms for leaves and trees for
bark (Table 2.1; see Table S1.2). Data for 15 species contained estimates of
variance in A for harvested and unharvested populations and were included in our

meta-analysis.
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Effects of NTFP harvest on population growth rates and vital rate elasticities

Across species, harvest significantly reduced projected population growth
rates (d =-0.9427, 95% CI =-1.6179 to -0.3877; Figure 2.1). This is equivalent to
a A of 1.04 in control populations compared to 0.92 in harvested populations,
calculated according to Lipsey & Wilson (2000). The fail-safe number was 91.11

indicating that our findings are robust to potential publication bias.

Among control populations, elasticity patterns follow those expected from
plant life form (Franco & Silvertown 2004). On average, the elasticity of A to
perturbations of survival was greatest in the long-lived palm and tree species, and
lowest in herbs (Figure 2.2). Elasticities of A to perturbations in growth were

slightly higher among herbs than for other life forms.

Harvest altered the patterns of elasticities for growth and fertility (Figure
2.2). Harvest consistently decreased the elasticities of growth and fertility for
palms, and decreased elasticity of growth for the trees, especially Prunus
africana. For Khaya senegalensis, the impact of harvesting foliage and bark on
elasticities varied by region: harvest decreased the elasticity of growth and
fertility in the moist region, but had very little impact on elasticities in the dry
region. For both palms and trees, the elasticity of survival was similar between
harvested and control populations. The effects of harvest on the elasticities of

herbs were mixed, varying both within and among species.

Effects of NTFP harvest based on LTRE and combined elasticity-LTRE

The contribution of vital rates to observed differences in A between
harvested and control populations differed by life form and plant part harvested
(Figure 2.3). Among the herbs for which harvest causes mortality, decreased
growth and survival were the biggest negative contributors to reduced population
growth rates for Agave marmorata, Saussurea medusa, Echinacea angustifolia,
Nardostachys grandiflora and Panax quinquefolius. For the latter three species,
the vital rates most affected by harvest had high elasticities and high negative
LTRE contributions (Figure 2.4). For Limonium carolinianum, reductions in

fertility from flower harvest had the most negative LTRE contributions.
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Declines in reproduction contributed most to the reduction in A from leaf
harvest of palm species. In the case of Geonoma deversa, which can reproduce
clonally, small positive contributions from increased ramet growth were cancelled
out by greater negative contributions from decreased growth of genets. For
Chamaedorea elegans, negative contributions from reduced fertility were
partially offset by positive contributions from survival. The combined elasticity-
LTRE analysis indicates that vital rates with high elasticities were rarely affected
by palm leaf harvest, except at very high harvesting intensities. For the two stem-
harvested rattans, during the year of harvest, the largest negative LTRE

contributions were from decreased survival, the highest elasticity vital rate.

Overall, reductions in rate of survival contributed most to the observed
reduction of A by bark harvest for the three bark-harvested tree species. However,
the impact of harvest differed by region for K. senegalensis. In the drier region,
the impact of harvest resulted almost entirely from reduced survival. In the wetter
region, reduced fertility contributed most to the reduced population growth rate.
For Prunus africana and Khaya senegalensis, which are harvested for their bark,

survival rates had high LTRE contributions, and also high elasticity values.
Discussion

What is the scope of NTFP matrix-modelling studies to date?

The number of studies that use matrix population models is limited with
respect to the thousands of NTFP species. There are many NTFP-rich regions
with heavy trade of wild plants that are missing or underrepresented. For example,
studies of tropical NTFP species are heavily concentrated in Latin America, while
studies of African and Asian plants species are rare, even though the number of
commercially harvested species in these regions is high (Schippmann, Leaman &
Cunningham 2006). In temperate zones, most NTFP studies are limited to the
United States and Canada. It is worth noting the complete absence of NTFP
matrix modelling studies in Australia and Europe, despite the heavy wild harvest
of medicinal plants in Eastern Europe (Schippmann, Leaman & Cunningham

2006). The lack of studies that include both harvested and control populations of
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lianas, vines, ferns, mosses, lichens and cycads, all of which are common NTFP,

highlights the need for more studies on these life-forms especially.

Most studies did not directly compare harvested and control populations.
Although the availability of unharvested populations is frequently assumed to be a
limiting factor for NTFP research, our finding that one-third of studies were based
only on unharvested populations suggests that is often not the case. For these
cases, including experimental harvest instead of relying on simulations could
greatly contribute to understanding the impacts of harvest. Those studies that did
compare harvested to control populations were restricted in their replication in
space and time. With some exceptions (Endress, Gorchov & Berry 2006; Gaoue
& Ticktin 2010), most studies were shorter than three years, included fewer than

five populations and were restricted to a small geographic region.

Effects of NTFP harvest on A

Our finding that harvest significantly decreases A confirms that the
potential for unsustainable harvest constitutes a serious threat and an important
management consideration for NTFP species. The number of studies within life-
form categories was too low to test for differences in harvesting effect among life
forms. From a management perspective, it is important to understand the effects
of harvest on individual species. Here, only four species (Chamaedorea radicalis,
Khaya senegalensis, Nardostachys grandiflora and Panax quinquefolius) exhibit
statistically significant effect sizes within a study (Figure 2.1). For C. radicalis,
the very high harvesting levels were responsible for the negative impact, whereas
low harvesting levels do not decrease A significantly (Endress, Gorchov & Berry
2006). For the other 11 species, as the wide confidence intervals for effect sizes
show, it is impossible to determine whether there truly is no biologically
significant effect of harvest for these species, or whether the study simply failed
to detect an effect. For four of the eight herbaceous species (Echinacea
angustifolia, Saussurea laniceps, Saussurea medusa and Syngonanthus nitens),
the differences between harvested and control populations varied greatly among

sites and years. For the two Saussurea species and Syngonanthus nitens, the
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positive effect of harvest on population growth rates reported may be in fact due

to temporal and spatial variation, respectively.

The high within-study variance in estimates of A illustrates the challenge
of assessing the sustainability of harvest using only A or changes in A. Because
harvested populations are concurrently subject to other sources of environmental
variation and disturbance unrelated to harvest, it can be difficult to determine
conclusively whether there is an effect of harvest on A, and, in cases where
harvested populations are declining, to what degree harvest is actually a
contributing factor (Ticktin 2004; Gaoue & Ticktin 2008). Determining the
impacts of harvest for herbaceous species may be especially challenging due to
their sensitivity to variation in microhabitat (Godefroid, Rucquoij & Koedam
2006). Our finding that environmental variation was often stronger than and/or
confounded with the effects of harvest is consistent with other studies that have
found environmental variation to have a significant impact on population
dynamics and exacerbate harvesting impacts (Martinez-Ramos, Anten & Ackerly
2009). This is problematic because, in contrast to other conservation research,
most NTFP harvest studies tend to interpret A literally (Crone et al. 2011), and
therefore management decisions based on conclusions from these studies may be
inappropriate. Our results emphasize that management decisions for NTFP should

not be based on A values alone.

In addition to life-form and part harvested, the responses to harvest
observed in the 19 species considered are also influenced by harvest history,
harvest intensity and harvesting interval. Because of the variation among studies,
we were unable to assess the impact of these additional factors, but they are

undoubtedly worthy of further examination.

Assessing the potential for sustainable harvest using combined elasticity-LTRE

Our results illustrate trends in the sustainability of NTFP harvest across
life forms and plant part harvested, though these two factors are correlated within
existing studies. Combined elasticity-LTRE analysis suggests that whole plant

harvest of many herb species is potentially unsustainable (Figure 2.4). Harvest of
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Echinacea angustifolia, Nardostachys grandiflora and Panax quiquefolius
reduces high-elasticity survival vital rates, limiting the potential for sustainable
harvest. Similarly, reductions in high-elasticity rates of survival, growth and
clonal reproduction make certain types of harvest of dechmea magdalenae

potentially unsustainable (Ticktin & Johns 2002).

It is worth noting that for some of the herbaceous species whose harvest
entails mortality, Echinacea angustifolia, Panax quinquefolius and Aechmea
magdalenae, we found positive LTRE contributions from fertility or vegetative
reproduction in harvested populations, suggesting possible density-dependent
responses at the population level (Figure 2.3). The negative effect of harvest on A
was therefore not as great as would have been predicted from observing only
unharvested populations and analyzing elasticities. Identifying optimal densities

for these species may improve the potential for sustainable harvest.

Similarly to Zuidema, de Kroon & Werger (2007), we found that leaf and
fruit harvest are potentially sustainable for palms. In contrast, stem-harvested
rattan species show some negative LTRE contributions from high-elasticity vital
rates. However, these species’ potential for regeneration is high, and high
negative LTRE contributions are not found two years after harvesting, which
indicates that the species can be resilient to harvest if enough time between

harvests is allowed (Binh 2009).

The lack of large negative LTRE contributions for the bark-harvested tree,
Garecinia lucida, suggests harvest is potentially sustainable — at least from an
ecological perspective. However, as Guedje ef al. (2007) note, while A were
largely unaffected by harvest, harvest leads to a replacement of large reproductive
trees with small resprouts and strongly reduces the abundance of trees of
harvestable size, and so may not be economically viable. Overall, bark harvest for
the three tree species considered appears to be potentially unsustainable, or to
require such low levels or long harvesting intervals as to be economically

unviable.
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Our results suggest that the combined elasticity-LTRE approach advocated
by Zuidema, de Kroon & Werger (2007) provide valuable additional insights into
the vulnerability of species to harvest in at least three cases. First, when there is
little variation in A between harvested and control populations, high LTRE
contributions from transitions with high elasticity values (e.g. Echinacea
angustifolia and Panax quinquefolius) indicate that NTFP harvest is potentially
unsustainable, even when current levels of harvest do not bring A below one. If
increased harvest levels or environmental stress reduce population growth rates,

harvest may be enough to cause population declines.

Secondly, when the number of replicate populations is limited but
different harvest levels are assessed, the elasticity-LTRE approach provides
insights on the effects of harvest, independent of other disturbances. For example,
in the case of Nardostachys grandiflora (Ghimire et al. 2008), the highest LTRE
contributions resulted from survival, the vital rate with highest elasticity values,
which suggests low sustainability. Although this study included only one
population per harvest level, the consistent decrease in A and the consistent
increase in the negative LTRE contributions of survival and growth as harvesting
intensity increased strongly suggests that patterns are due to harvest rather than

other environmental variation.

Thirdly, when the effects of harvest vary across the landscape, as for
Khaya senegalensis, combined elasticity-LTRE highlights how the potential for
sustainable harvest may vary with environmental conditions (Gaoue & Ticktin
2010). Management recommendations would therefore depend on the region
where harvesting is occurring — even when differences in A are not necessarily
apparent. A recent study of three temperate short-lived perennials found
considerable variability in vital rates among regions, and that spatial variation was
greater than temporal variation (Jongejans et al. 2010). The impacts of harvest are
likely to be quite variable for many other NTFP species that are harvested across

large geographic and climatic ranges.
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However, as is the case with A values, combined elasticity-LTRE analysis
of NTFP populations may be uninformative or — if misinterpreted —
misinformative, when spatial and/or temporal variation is high and replication is
low, so that the effects of harvest cannot be distinguished from other forms of
environmental variation. For example, in the case of the two Saussurea species,
seed germination was highly variable between years. Because reproduction in the
harvested and unharvested populations of Saussurea medusa was not
synchronized, differences in A between treatments within years depended on
which populations were reproducing at that time, rather than on harvesting
treatment. It would be misleading to interpret these differences as an effect of
harvest. The potential for drawing erroneous conclusions about the impacts of
harvest relative to other sources of variation is especially likely when estimates of
variation among populations with similar harvest levels are lacking. When we
compare the pooled matrices for harvested and unharvested Syngonanthus nitens
populations, harvest appears to increase A due to a positive LTRE contribution
from clonal reproduction. However, once we take into account spatial variation by
comparing the paired harvested and unharvested populations (six sites with both
treatments each), it becomes clear that the increases in A and clonal reproduction

are not consistently related to harvest.

Recommendations for future NTFP studies

One of the most apparent results of our analysis is the high variation in
demographic parameters and estimates of growth rates of NTFP populations over
space and time, regardless of harvest. As a result, researchers and managers must
carefully assess the most effective means of generating management decisions for
each NTFP species. For example, studying the dynamics of one or a few
harvested NTFP populations over two years may provide little information about
the effects of harvesting across the larger geographic and temporal scales at which
harvest is likely occurring. For management, such a limited study may not be
much more informative than considering guidelines based on species life-form,
plant part harvested and harvesting intensity, yet it would be much more costly

and time intensive. On the other hand, making management decisions based
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solely on elasticity analyses of non-harvested populations, as is done in more than
one-third of the 46 NTFP matrix model studies we reviewed, risks missing
indirect and compensatory responses to harvest. Similarly, studies that employ
experimental harvest at the level of the individual plants rather than at the
population level, and those that average vital rates between harvested and control
populations, will fail to identify potential indirect effects of harvest. Our finding
that three out of the eight herb species included in this analysis showed evidence
of population-level compensatory responses suggests that these reactions may not

be uncommon, at least for herbs.

An important way to test the direct effects of NTFP harvest is to take the
potential for spatio-temporal variation into account in the study design. This can
be done by building matrix models from data from control and replicated harvest
plots, carried out over several years, across the range of environmental
conditions, harvest and management practices over which harvesting occurs.
Long-term studies are important to capture the effects of temporal variation, as
well as to determine the cumulative effects of harvest, especially for experimental
harvests. Our results suggest that several replicates per harvest treatment and
environmental context are probably necessary to identify how harvest is affecting
populations. It is noteworthy that in our analysis, the four studies with a
significant effect size of A were the studies with the greatest number of replicates
(Figure 2.1 and Table 2.1). We recommend this strategy whenever possible, as
these kinds of studies are necessary for deriving generalizations about the impacts
of harvest. Replicates of harvested plots or populations can be obtained by
experimental harvests by local harvesters, by monitoring existing populations

subject to harvest, or, ideally a combination both.

Another option is to collect data on environmental or management
covariates that could potentially have an important effect on population dynamics
(e.g. rainfall, fire, grazing). If these environmental drivers turn out to be
important, they can be integrated into more complex matrix models of NTFP

harvest (e.g. Menges & Quintana-Ascencio 2004), or used as covariates in
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integral projection models (Dahlgren & Ehrlén 2009; Hegland, Jongejans &
Rydgren 2010)

However, for each of the thousands of NTFP species, these kinds of
experiments often cannot be carried out. When experimental harvest is feasible
but it is impossible to increase the number of replicates, we suggest an approach
similar to Ghimire et al. (2008), where single study population or plots can be
each be subject to a different intensity of harvest to determine if changes in
projected population growth rates or LTRE contributions show a directional trend
consistent with increasing harvest intensity. This approach requires fewer
replicates, resources and time and does not necessitate unharvested or even low-
harvested populations. It can also either be applied experimentally or based on
observed variation in harvested levels across populations. Of course, this also
generates results that are restricted to the geographic scale and harvesting
conditions studied (Table 2.2). This study design may also be beneficial to
developing management plans for other plant species, and especially at-risk
species where replicate study populations are limited and there is need for rapid

decision-making.

Although this review only assessed the effects of NTFP harvest, the above
recommendations are likely to be applicable to evaluating the effects of other
kinds of management on plant populations, including those applied to rare or
threatened species and to invasive species. Clearly, some general management
decisions for NTFP can also be made directly, based only on life-form and plants
part harvested. Our results and the existing literature strongly suggest that at least
moderate levels of harvest is sustainable for perennials (excluding monocarps)
harvested for reproductive structures, including fruit, seeds and flowers and palms
harvested for their leaves. However, in some contexts NTFP species may be
declining due to environmental or management factors (aside from harvest). In
those cases where populations are perceived to be in decline, studies using the
approaches described above are key to identifying the most important drivers of
decline. It is critical to determine if harvest is an important driver of population

decline since a decision to prohibit NTFP harvest can have large negative
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consequences for local livelihoods, and of course, may not lead to any increase in

population size.

Our review of 46 NTFP species to which matrix models have been applied
illustrates the necessity of carefully designing and interpreting studies of NTFP
harvest. Given the significant overall negative impact of NTFP harvest on
projected population growth rates, but a lack of a detectable effect within most
species, we emphasize the importance of using combined elasticity-LTRE
analyses to assess the potential for sustainable harvest. While the results we have
synthesized provide a starting point for determining the potential for sustainable
NTFP harvest, they represent a limited subset of life forms and plant parts
harvested worldwide. Additional appropriately designed studies are essential to
increase our ability to understand the ecological impacts of harvest, generate
research-based recommendations for management and promote sustainable use of

NTEFP species.
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Table 2.1. NTFP species with demographic data from both harvested and control populations.

26

. . . Plant part . « No.
Species Family Life form harvested Study Habitat No. pops. years
Aechmea . monocarpic leaves, ramets or  Ticktin ef al. tropical rain forest,
magdalenae Bromeliacea herb whole plant (2002) Mexico 24 2-3

Acavaceae monocarpic stems, Jimenez-Valdes tropical deciduous 2 )
Agave marmorata & herb inflorescence et al (2010) forest, Mexico
EChma.e ced Asteraceae herb roots Hurlburt (1999) temperate prairie, US 4/4 2
angustifolia
Limonium . Baltzer et al
carolinianum+ Plumbaginaceae herb flowers 2002) salt marsh, Canada 0/1 3
. temperate rocky-
Nardofvtachy s Valerianaceae herb rhizome Ghimire ef al. outcrop & meadow, 5/6 3
grandiflora (2008)
Nepal
Panax Araliaceae herb root Mooney (2007) temperate deciduous 18/6 2-4
quinquefolius y forest, US
Saussurea monocarpic temperate alpine
laniceps Asteraceae herb plant Law (2007)  jiffs Tibet/China ~ ©'© 4
Saussurea monocarpic temperate alpine
medusa Asteraceac herb plant Law 2007)  Cjiffs, Tibet/China ~ '® 2
Schmidt & .
Syngonathus Ticktin tropical wet
“ Eriocaulaceae herb Flower stalks . grassland/savanna, 12/12 1
nitens unpublished :
Brazil
-l
Mendoza,
Astrgcaryum Arccaceae palm leaves Pinero & troplfzal rain forest, 02 6
mexicanumi Sarukhan Mexico
(1987)
Calamus Arecaceae rattan palm stem Binh (2009) tropical rain forest, 02 2-3
rhabdocladust p Vietnam




Cameroon

. . : Plant part . « No.
Species Family Life form harvested Study Habitat No. pops. years
Valverde,
Hernandez- . .
Chamaedorea Arecaceae palm leaves Apolinar & troplf:al rain forest, 3/3 2
elegans Mexico
Mendoza-
Amaro (2006)
Endress, .
Z}quacgfjorea Arecaceae palm leaves Gorchov & ;?giccaé cloud forest, 4/4 5
Berry (2006)
Da.emm?orop s ¢f. Arecaceae rattan palm stem Binh (2009) tr(_)plcaI rain forest, 0/2 2-3
poilaneit Vietnam
Zuidema, de tropical rain forest
Geonoma deversa Arecaceae palm leaves Kroon & p . 2/2 2
Werger (2007) (Amazon), Bolivia
Sampaio & .
‘ Santos tropical swampy
Mauritia flexuosa  Arecaceae palm fruit unpublished forest/savanna, 5/5 1
da‘f)a Brazil
. Guedjeetal tropicalrainforest, ., .
Garcinia lucidat  Clusiaceae tree bark (2007) Cameroon 1/1 1
Khaya . Gaoue & tropical savanna,
senegalensis Meliaceae tree bark and leaves Ticktin (2010)  Benin 11/11 2
Prunus africanat Rosaceae tree bark Stewart (2001) tropical rain forest, 4/4 2

1

*The total number of control and harvested populations from the study included in our analysis. The first number is the populations included

in the meta-analysis and the second number is the populations included in the LTRE

1 Studies applied harvest to target-stages only. Harvest matrices were calculated by combining data from non-target control individuals with

targeted harvested individuals.
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Table 2.2. Summary of NTFP research recommendations. Study design types are listed in order of decreasing potential to

produce robust recommendations for management decisions.

Most relevant

Study design: Most useful for: Benefits: Limitations:
analyses

e Multiple harvested ~ Whenever A, LTRE & e Distinguish between e Time-intensive
& unharvested resources allow, elasticity harvest effects and e Possibly expensive
populations and especially other environmental e Replicate populations

e Across species’ harvest with low variation necessary across multiple
environmental potential for e Assess sustainability of conditions
range sustainability different forms of

e Several years (harvest resulting harvest

e Different in plant mortality, e Conclusions applicable
management root and bark across broad
practices/intensities harvest) geographical area

e Multiple When multiple LTRE & e Possible to distinguish e Requires variation in
populations or plots levels of harvest elasticity harvest effects from harvesting intensities,
under several levels exist across a environmental experimental or observed
of harvest relatively variation e Conclusions limited to

e One or more years homogenous e Rapid assessment narrow range of

environment possible environmental conditions
e Fewer replicate
populations required

e Oneorafew When the above Elasticity e Rapid assessment e Effects of harvest on vital
populations, either ~ options are not possible rates must be estimated
harvested or possible. e Lower cost with outside knowledge

unharvested
e One or more years
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Possible with limited
study populations and
without variation in
harvesting intensity

e (Cannot distinguish
between effects of harvest
and other sources of
variation

e Conclusions limited to
narrow range of
environmental conditions
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Figure 2.1. There is a significant effect of harvest on projected population growth rates [In(A)] across 15 NTFP species. When

considered individually, only four studies — including two herbs, one palm, and one tree — show a significant decline in
projected growth rates in harvested populations.
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Figure 2.2. Vital rate elasticities of NTFP species differ among life forms, as well
as between harvested and control populations. Unpublished data from Mauritia
flexuosa showed a similar pattern to the other palms, but has been omitted from
figures 2.2 — 2.4 at the request of the authors. For species with multiple control
and harvested populations, mean elasticity values and standard deviations are
presented. For C. rhabdocladus, G. deversa and D. cf. poilanei elasticity values
for genets (G) and ramets (R) are shown separately.

30



Aechmea magdalena W Agave marmorata W Echinacea angustifolia W

o % -_— - — == © % l% — e ? . |£|
] ES] —
o o
o S D 81 Lil o
i : =
Limonium carolinianum F Nardostachys grandiflora W Panax quinquefolius W ®
o PR =3 2
o N .
o o S
] |
o Saussurea laniceps W Saussurea medusa W Syngonanthus nitens F
S o —_ —
. j i |:| ol® = £ £
iel =4 S To —
3° F TS ?
2 ]
=
S Astrocaryum mexicanum L Calamus rhabdocladus W Chamaedorea elegans L
wejl— — — [ — .
o 7 o J %_ — =5 o }‘_:_EI — _
L i iz 8 |;|
o — o 0
¢ A ' £
Chamaedorea radicalis L Daemonorops cf. poilanei W Geonoma deversa L g
o ? e FE g — © ] == = g o N — =
0 % o~ -
- o o
7 ' =
_Garcinia lucida B Khaya senegalensis B/L Prunus africana B
i (== < - |:“:| - g
oq— — — — — o -
] 2 % g 1T & o
e = 9 =
T ¢ ? -
s g r f v s g r f v s g r f v

Figure 2.3. Vital rate LTRE contributions (survival, growth, retrogression, fertility
and vegetative reproduction) to the effect of harvest differ among NTFP species:
herbs, palms and trees. For N. grandiflora, bars represent increased levels of
harvesting intensity (10, 25, 50 and 75%). For C. rhabdocladus, G. deversa and
D. cf. poilanei, gray bars are ramet contributions and white bars are genet
contributions. For Khaya senegalensis, gray bars represent the wetter Sudano-
Guinean region and white bars represent the drier Sudanian region. The scale of
the y axis varies by species. Letters in bold after the species name indicate plant
part harvested: W for harvest that may cause whole plant death, F for flowers and
flower stalks, L for leaves and B for bark harvest.

31



Elasticity

Aechmea magdalena W

Agave marmorata W

Echinacea angustifolia W

-0.2
Limonium carollmanum F
L")

s 0 0013
oo @D o
o- T

—O 08

©
o

o

IlII

-0.04
Nardostachys grandlflora w

—O 04 0.04
Panax qumquefollus W

Lo e

N ] Co ° . b4
o o ° o] Cbé g” -E
3 E; ° o o o o 09 ] T )
[ | SES | : o 1 i =
-0.02 0 0.02 -0.1 0 —0 2
Saussurea laniceps W Saussurea medusa W Syngonanthus nltens F
©] o~ ©- © QL 2
o ° o o x ol S
= o] _ g ﬁ o] = o
| da ]
©- & —2 O % =7 ©
0 0.1 -0.04 -0.02 0 0.02 —02
Astrocaryum mexicanum L Calamus rhabdocladus W Chamaedorea elegans L
N - hd o oY o
o] g; o . 9 °pmo ©
_ - og o ' o o © Al 0
=71 e © T = | — ©—5 | £
-0.006 -0.004 -0.002 0 =-0.04 0 0.04 -0.04 0 -
Chamaedorea radicalis L Daemonorops cf. p0|lane| W Geonoma deversa L o
« . o]
- <t — T =
] =E °
oL ft W T o3 O_‘]\ Y i T i
-0.2 0.4 504 ~0.002 -0.002
o _Garcinia Iumda B Khaya senegalenSIs BI/L o _Prunus africana B
] 1* N - d 0
| © =
CD_ o o 7] DE o g
O F—7 T I i e ol o Rx s -
-0.003 -0.002 -0.001 O —0.04 -0.04 -0.02 0

LTRE Contribution

o Survival A Growth + Retro xFertility ©Veg. Repro. v Awak. ® Dorm.

Figure 2.4. The contribution of vital rates (survival, growth, retrogression,
fertility, vegetative reproduction, awakening and dormancy) to the harvesting
effect (LTRE contributions) relative to vital rate elasticities for the NTFP species
considered in this review. Vital rates that have either low elasticities and/or low
LTRE contributions (occurring along the axes) suggest potentially sustainable
harvest. Vital rates with high negative elasticities and high LTRE contributions
suggest the potential for unsustainable harvest. Each point represents a vital rate
for a single size class. The scale of the axes varies by species. Letters in bold after
the species name indicate harvest type: W for harvest that may cause whole plant
death, F for flowers and flower stalks, L for leaves and B for bark harvest.

32



References

Anderson, P. J. & Putz, F. E. (2002) Harvesting and conservation: are both possible for
the palm Iriartea deltoidea? Forest Ecology and Management, 170, 271-283.

Baltzer, J. L., Reedkie, E. G., Hewlin, H. L., Taylor, P. D. & Boates, J. S. (2002) Impact
of flower harvesting on the salt marsh plant Limonium carolinianum. Canadian

Journal of Botany, 80, 841-851

Bernal, R. (1998) Demography of the vegetable ivory palm Phytelephas seemannii in
Colombia, and the impact of seed harvesting. Journal of Applied Ecology, 35, 64-74.

Binh, B. M. (2009) Rattans of Vietnam: ecology, demography and harvesting. PhD
thesis, Utrecht University.

Caswell, H. (2001) Matrix Population Models — Construction, Analysis, and
Interpretation, 2" edn. Sinauer, Sunderland. Sinauer Associates, Sunderland,

Massachusetts.

Crone, E., Menges, E., Ellis, M., Bell, T., Bierzychudek, P., Ehrlen, J., Kaye, T., Knight,
T., Lesica, P., Morris, W., Oostermeijer, G., Quintana-Ascencio, P., Stanley, A.,
Ticktin, T., Valverde, T. & Williams, J. (2011) How do plant ecologists use matrix
population models? Ecology Letters, 14, 1-8.

Dahlgren, J. P. & Ehrlén, J. (2009) Linking environmental variation to population
dynamics of a forest herb. Journal of Ecology, 97, 666-674.

Endress, B. A., Gorchov, D. L. & Berry, E. J. (2006) Sustainability of a non-timber forest
product: effects of alternative leaf harvest practices over 6 years on yield and

demography of the palm Chamaedorea radicalis. Forest Ecology and Management,

234, 181-191.

Farrington, S. J., Muzika, R. M., Drees, D. & Knight, T. M. (2009) Interactive effects of
harvest and deer herbivory on the population dynamics of American ginseng.

Conservation Biology, 23, 719-728.

Franco, M. & Silvertown, J. W. (2004) A comparative demography of plants based upon
elasticity of vital rates. Ecology, 85, 531-538.

33



Freckleton, R. P., Matos, D. M. S., Bovi, M. L. A. & Watkinson, A. R. (2003) Predicting
the impacts of harvesting using structured population models: the importance of
density-dependence and timing of harvest for a tropical palm tree. Journal of Applied

Ecology, 40, 846-858.

Gaoue, O. G. & Ticktin, T. (2008) Impacts of bark and foliage harvest on Khaya
senegalensis (Meliaceae) reproductive performance in Benin. Journal of Applied

Ecology, 45, 34-40.

Gaoue, O. G. & Ticktin, T. (2010) Effects of harvest of nontimber forest products and
ecological differences between sites on the demography of African mahogany.

Conservation Biology, 24, 605-614.

Ghimire, S. K., Gimenez, O., Pradel, R., McKey, D. & Aumeeruddy-Thomas, Y. (2008)
Demographic variation and population viability in a threatened Himalayan medicinal
and aromatic herb Nardostachys grandiflora: matrix modelling of harvesting effects

in two contrasting habitats. Journal of Applied Ecology, 45, 41-51.

Godefroid, S., Rucquoij, S. & Koedam, N. (2006) Spatial variability of summer
microclimates and plant species response along transects within clearcuts in a beech

forest. Plant Ecology, 185, 107-121.

Guedje, N. M., Zuidema, P. A., During, H., Foahom, B. & Lejoly, J. (2007) Tree bark as
a non-timber forest product: the effect of bark collection on population structure and

dynamics of Garcinia lucida Vesque. Forest Ecology and Management, 240, 1-12.

Hall, P. & Bawa, K. (1993) Methods to assess the impact of extraction of non-timber

tropical forest products on plant populations. Economic Botany, 47, 234-247.

Hedges, L. V. & Olkin, 1. (1985) Statistical methods for meta-analysis. Academic Press,
New York, New York.

Hegland, S. J., Jongejans, E. & Rydgren, K. (2010) Investigating the interaction between
ungulate grazing and resource effects on Vaccinium myrtillus populations with

integral projection models Oecologia, 163, 695-706.

34



Horvitz, C. C. & Schemske, D. W. (1995) Spatiotemporal variation in demographic
transitions of a tropical understorey herb: projection matrix analysis. Ecological

Monographs, 65, 155-192.

Hurlburt, D. P. (1999) Population ecology and economic botany of Echinacea

angustifolia, a native prairie medicinal plant. PhD thesis, University of Kansas.

Jimenez-Valdes, M., Godinez-Alvarez, H., Cavallero, H. & Lira, R. (2010) Population
dynamics of 4gave marmorata Roezl. under two contrasting management systems in

Central Mexico. Economic Botany, 64, 149-160.

Jongejans, E., Jorritsma-Weink, L. D., Becker, U., Dostal, P., Milden, M. & Kroon, H.
(2010) Region versus site variation in the population dynamics of three short-lived

perennials. Journal of Ecology, 98, 279-289.

Law, W. (2007) Ecological and evolutionary impacts of harvesting the Himalayan snow
lotus (Saussurea laniceps Maxim. and S. medusa Hand-Mazz.). PhD thesis,

Washington University.

Lipsey, M. W. & Wilson, D. B. (2000) Practical Meta-Analysis. Sage Publications,
Thousand Oaks, CA, USA.

Martinez-Ramos, M., Anten, N. P. R. & Ackerly, D. D. (2009) Defoliation and ENSO
effects on vital rates of an understorey tropical rain forest palm. Journal of Ecology,

97, 1050-1061.

Mendoza, A., Pinero, D. & Sarukhan, J. (1987) Effects of experimental defoliation on
growth, reproduction and survival of Astrocarium mexicanum. Journal of Ecology,

75, 545-554.

Menges, E. S. & Quintana-Ascencio, P. F. (2004) Population viability with fire in
Eryngium cuneifolium: deciphering a decade of demographic data. Ecological

Monographs, 74, 79-99.

Mooney, E. H. (2007) Genetic and evolutionary consequences of harvest in American

ginseng, Panax quinquefolius L. (Araliaceae). PhD thesis, West Virginia University.

35



Pinard, M. (1993) Impacts of stem harvesting on populations of Iriartea deltoidea

(Palmae) in an extractive reserve in Acre, Brazil. Biotropica, 25, 2-14.

R Development Core Team (2010) R: A Language and Environment for Statistical

Computing. R Foundation for Statistical Computing, Vienna, Austria.

Ratsirarson, J., Silander Jr., J. A. & Richard, A. F. (1996) Conservation and management
of a threatened Madagascar palm species, Neodypsis decaryii, Jumelle. Conservation

Biology, 10, 40-52.

Rosenberg, M. S. (2005) The file-drawer problem revisited: a general weighted method

for calculating fail-safe numbers in meta-analysis. Evolution, 59, 464-468.

Rosenberg, M. S., Adams, D. C. & Gurevitch, J. (2000) MetaWin: Statistical Software for

Meta-analysis. Sinauer Associates, Sunderland, Massachusetts, USA.

Rosenthal, R. (1991) Meta-analytic Procedures for Social Research. Sage Publishers,
Newbury Park, CA.

Schippmann, U., Leaman, D. & Cunningham, A. B. (2006) A comparison of cultivation
and wild collection of medicinal and aromatic plants under sustainability aspects.
Medicinal and Aromatic Plants (eds R.J. Bogers, L. E. Craker & D. Lange), pp. 75-
95. Springer, Dordrecht, Netherlands.

Stewart, K. M. (2001) The commercial bark harvest of the African cherry (Prunus
africana) on Mount Oku, Cameroon: effects on traditional uses and population

dynamics. PhD thesis, Florida International University.

Stubben, C. & Milligan, B. (2007) Estimating and analyzing demographic models using
the popbio package in R. Journal of Statistical Software, 22, http://www jstatsoft.org/.

Svenning, J. C. & Macia, M. J. (2002) Harvesting of Geonoma macrostachys Mart.
leaves for thatch: an exploration of sustainability. Forest Ecology and Management,

167, 251-262.

Ticktin, T. (2004) The ecological implications of harvesting non-timber forest products.

Journal of Applied Ecology, 41, 11-21.

36



Ticktin, T. & Johns, T. (2002) Chinanteco management of Aechmea magdalenae:
implications for the use of TEK and TRM in management plans. Economic Botany,

56, 177-191.

Ticktin, T., Nantel, P., Ramirez, F. & Johns, T. (2002) Effects of variation on harvest

limits for non-timber forest species in Mexico. Conservation Biology, 16, 691-705.

Valverde, T., Hernandez-Apolinar, M. & Mendoza-Amaro, S. (2006) Effect of leaf
harvesting on the demography of the tropical palm Chamaedorea elegans in South-

Eastern Mexico. Journal of Sustainable Forestry, 23, 85-105.

Zuidema, P. A., de Kroon, H. & Werger, M. J. A. (2007) Testing sustainability by
prospective and retrospective demographic analyses: evaluation for palm leaf harvest.

Ecological Applications, 17, 118-128.

37



Chapter 3. Woody exotic plant invasions and fire: Reciprocal impacts and

conseguences for native ecosystems
Lisa Mandle, Jennifer Bufford, Isabel B. Schmidt3, Curtis C. Daehler
Abstract:

Fire regimes influence and are influenced by the structure and composition of
plant communities. This complex reciprocal relationship has implications for the
success of plant invasions and the subsequent impact of invasive species on native
biota. Although much attention has been given to the role of invasive grasses in
transforming fire regimes and native plant communities, little is known about the
relationship between woody invasive species and fire regime. Despite this,
prescribed burning is frequently used for managing invasive woody species. In
this study we review relationships between woody exotic plant invasions and fire
in invaded ecosystems worldwide. Woody invaders may increase or decrease
aspects of the fire regime, including fire frequency, intensity and extent. This is in
contrast to grass invaders which almost uniformly increase fire frequency. Woody
plant invasion can lead to escape from a grass-fire cycle, but the resulting
reduction in fire frequency can sometimes lead to a cycle of rare but more intense
fires. Prescribed fires may be a useful management tool for controlling woody
exotic invaders in some systems, but they are rarely sufficient to eliminate an
invasive species, and a dearth of controlled experiments hampers evaluation of
their benefits. Nevertheless, because some woody invaders have fuel properties
that differ substantially from native species, understanding and managing the
impacts of woody invaders on fire regimes and on prescribed burns should

become an important component of resource and biodiversity management.

Keywords: management; community ecology; fire regime; invasive species;

prescribed burning; woody invasions
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Introduction

Fire is a common disturbance in many temperate and tropical ecosystems
around the world (Bond and Keeley 2005). Fire both influences and is influenced
by plant community composition and structure, resulting in a complex
relationship between fire and exotic plant invasion. Because of the potential for
elucidating ecological principles underlying invasion, as well as improving
management of invasive species and conservation of ecosystems threatened by
invasion, understanding the relationships between fire, plant invasion and plant
communities is of great interest to both scientists and managers (e.g. Brooks et al.

2004; Fisher et al. 2009; Rahlao et al. 2009).

Fire regime describes the average fire characteristics and patterns for a
given site during a particular time period, including fire intensity (the amount of
heat released when plant material is burned), frequency, seasonality, and extent or
patchiness, all of which influence vegetation structure and have the potential to
influence plant invasion (Brooks et al. 2004; Moritz et al. 2005; Whelan 1995).
Each fire event has unique characteristics and consequences for individual
organisms and populations including biomass loss and death of plants, plant parts,
and propagules due to high temperatures. The effects of fire continue into
subsequent years: post-fire conditions include higher solar radiation and wind
levels, higher water loss, and more extreme temperature oscillations. Fire can also
affect the edaphic environment, increasing erosion and changing soil properties,
including water holding capacity and short-term soil nutrient availability (Certini
2005; Whelan 1995). All these factors may alter the success of invasive and

native plant species within a community.

Reciprocally, the intrinsic fuel properties of plants within a community — a
result of the ecology and physiology of the plant species — affect fire frequency,
seasonality and intensity. Intrinsic fuel properties include the amount of moisture
present in plant tissues, ignitability, and the heat released during combustion.

Traits which increase fire frequency and/or intensity may be adaptive when fire
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gives flammable plants a competitive advantage (Brooks et al. 2004; Schwilk and

Ackerly 2001).

The effects of grass invasion and subsequent increases in fire frequency
have been studied extensively (Brooks et al. 2004 and references therein;
D'Antonio and Vitousek 1992). However, the effects of woody plant invasion on
fire regimes remain poorly understood. Here, we examine the effects of woody
exotic plant species on fire regimes and associated plant communities worldwide
and compare our findings in the literature to the well-documented grass-fire cycle
(D'Antonio and Vitousek 1992). We then examine the use of prescribed fire to
manage woody invasions and discuss the conditions under which prescribed fires

can effectively control them.
Methods

Literature search

To locate studies on the relationship between woody exotic plant invasions
and fire, we searched the online database Web of Science for sources that
included the following key words: (“tree” or “shrub” or “vine” or “wood*”’) and
‘fire’ and “invas*” and (“exotic” or “alien” or “non-native” or “introduced’) and
“plant.” We also included references cited within sources obtained from the Web
of Science search. We did not attempt to systematically search gray literature. We
restricted our search to species found outside their native range, excluding studies

on woody encroachment by native species.
Results and discussion

Fire regimes and woody invasions

In total we located studies involving 16 woody invaders that clearly
altered fire regimes in at least one invaded ecosystem (Table 3.1). Among these
16 woody invasive species, eight increased fire frequency or intensity, five
decreased aspects of the fire regime and three had mixed effects. The high number
of species that increase aspects of the fire regime may reflect a bias in study

species, as plants that increase fire, especially grasses, tend to receive the most

40



attention (Brooks et al. 2004). The interaction between invasions and fire in the
South African fynbos has been extensively studied and six of the 16 species
identified are invasive in the fynbos. Species that increase aspects of the fire
regime belong primarily to the families Fabaceae senso lato and Pinaceae. The
five species found to decrease fire frequency or intensity come from four different
families and are invasive in a diversity of ecosystems, including temperate and

tropical regions (Table 3.1).

Woody plants can increase aspects of the fire regime such as fire intensity,
frequency or extent through traits associated with high flammability. Biomass
accumulation through high production and shedding of leaves and branches
increases fuel load, the amount of fuel per area (Brooks et al. 2004). Eurasian
saltcedar (Tamarix spp.), invasive in the southwest United States and Mexico,
sheds dead branches which increase fire frequency and intensity in invaded areas
(Busch 1995; Ellis et al. 1998). Some plants have flammable oils (e.g. many
eucalypts) which facilitate ignition of plant materials and thus increase the
frequency of fire (Allen 2008). Red river gum (Eucalyptus camaldulensis), a
native of Australia and invasive in Mediterranean regions, including in California,
has highly flammable volatile oils (Dimitrakopoulos and Papaioannou 2001).
Genista monspessulana, a widely invasive European shrub (Alexander and
D'Antonio 2003a; Bossard 2000; Holmes et al. 1987; Pauchard et al. 2008),
enhances fire frequency and intensity by significantly increasing fuel load and
flammability. In south-central Chile’s Mediterranean ecosystem, G.
monspessulana also changes fire behavior, promoting crown fires through vertical

accumulation of fine fuel (Pauchard et al. 2008).

In some systems, however, woody species decrease fuel load and fire
frequency. Fire suppression can result when woody plant tissues have a low
surface area-to-volume ratio and retain moisture (Grace 1998). By retaining such
tissues, either during the growing season or year-round, woody plants may
shorten the length of the fire season. Hakea sericea, introduced to South Africa
from Australia, produces high fuel loads with a high packing ratio, which

generally leads to reduced fire intensity and spread (van Wilgen and Richardson
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1985), since highly packed fuels stifle fire by excluding oxygen. Woody species
can also out-compete grasses and forbs by blocking sunlight, leading to decreased
surface plant cover, reduced ground fuel loads and continuity, and decreased fire
frequency and extent (Brooks et al. 2004; Grace 1998; Peterson and Reich 2007).
Chinese tallow (7riadica sebifera) shades out the native fuel-producing coastal
prairie species in the southern United States, thus reducing fire frequency and
extent (Grace 1998). Black locust, Robinia pseudoacacia, a North American
species, is invasive in parts of the United States and Canada and is less flammable
than many native species (Richburg et al. 2004 and references therein). An
increased prevalence of tall woody species and decreased abundance of surface
fuels can also result in a fire-type shift from frequent surface fires to less frequent
but more intense crown fires, which move along tree tops and can kill large trees
(Brooks et al. 2004; van Wilgen and Richardson 1985). Rubber vine
(Cryptostegia grandiflora), a woody vine from Madagascar that is invasive in
Australia, promotes crown fires by functioning as a ladder fuel (Grice et al. 2008)
while reducing the frequency of low-intensity ground fires by suppressing grasses

(Grice 1997).

Complex interactions between fuel characteristics and environmental
conditions can mediate the impact of woody invaders on fire regime. In South
Africa, simulations suggest that two prominent woody invaders of the fire-prone
fynbos, Hakea sericea and Acacia saligna, suppress fire under most, but not all,
conditions (van Wilgen and Richardson 1985). Acacia saligna, introduced from
Australia, may reduce fire spread and intensity because it retains moisture well,
resulting in poor ignition. Furthermore, both Acacia saligna and Hakea sericea
dramatically reduce the density of native understory species, further suppressing
fire. Van Wilgen and Richardson (1985) note, however, that extreme weather
events such as prolonged drought can increase the flammability of 4. saligna,
increasing the frequency of high-intensity fires, which are rare under normal
conditions. Thus the effect of woody invasions may depend not only on species

characteristics, but also on weather and stochastic environmental events.
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Fire, invasion and the plant community: contrasts between grasses and woody

invaders

How plant populations and communities respond to each fire event
depends on the previous fire regime and the functional traits of the species present
(Allen 2008). In fire-prone communities dominated by woody species, invasive
species that resprout from roots or rapidly recruit from seeds following fire may
out-compete natives and form dense stands, further exacerbating their effect on
the local fire regime. By contrast, species with high moisture content or which
exclude understory species by shading can reduce community flammability and

fuel continuity, thus reducing the frequency of fire (Brooks et al. 2004).

A high relative abundance of grasses in the community (e.g. in savannas)
can drive a fire regime characterized by high-frequency surface fires with
relatively low intensity and broad extent (Brooks et al. 2004). Many grasses
readily resprout after fire from surface-level or below-ground buds, promoting
continued dominance of the grasses (Brooks et al. 2004). Though these fires have
little effect on mature woody plants, which have thick bark and can resprout
(Grace 1998; Stevens and Beckage 2009), seedlings are often vulnerable to fire
and many woody species, including invaders, can only recruit during fire-free
periods (e.g. invasive Chinese tallow, Triadica sebifera, Grace 1998; invasive
Brazilian pepper, Schinus terebenthifolius, Stevens and Beckage 2009). Thus the
presence of frequent, grass-fueled fires can limit or prevent the establishment of
woody species and facilitate the continued existence of a grass-dominated
community (Peterson and Reich 2007). This is known as the grass-fire cycle
(Figure 3.1), and it has received much attention because it is a common
mechanism by which introduced grasses transform and dominate native

ecosystems (D'Antonio and Vitousek 1992).

Anthropogenic disturbances like land-use change or changes in fire regime
can allow exotic grasses to establish and initiate grass-fire cycles (D’Antonio &
Vitousek (1992). In contrast, disturbances such as fire may promote woody plant

invaders that either promote or tend to inhibit fires (Table 3.1). As with invasive
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grasses, invasive woody species can alter fire regimes through a positive feedback
that creates an alternate invaded community (Figure 3.1). Woody species that
invade native or non-native grass-dominated ecosystems can disrupt the grass-fire
cycle, suppressing fire and leading to positive feedbacks that promote woody
invasion — an “escape” from the grass-fire cycle (Brooks et al. 2004; Grace 1998).
In our review of the literature, we found two species of woody invaders
documented to disrupt grass-fire cycles: Cryptostegia grandiflora (Grice 1997)
and Triadica sebifera (Grace 1998). Mimosa pigra may also suppress fire where it
invades sedgelands and reduces understory cover, though many invaded areas are
floodplains that may not usually carry ground fires prior to invasion (Braithwaite
et al. 1989; Lonsdale and Miller 1993 and references therein). However, the
impact of M. pigra invasion on the fire regime of paperbark and monsoon forests

1s not documented.

Examples of non-native woody species inhibiting grass-fire cycles in non-
native grasslands are primarily anecdotal and have not been well-documented.
D’ Antonio (2000) suggests that the low flammability and low litter production of
firetree (Morella faya, Myricaceae) may reduce the spread of understory fires in
Hawaiian woodlands, disrupting a recent grass-fire cycle associated with exotic
grass invasion. Introduced Leucaena leucocephala and Prosopis juliflora (both
Fabacaeae) also form dense stands in exotic grass communities in Hawai‘i that
reduce understory grass densities (C. C. Daehler, personal observation), though
their effect on the grass-fire cycle has not been studied. Cytisus scoparius and
Genista monspessulana invade areas dominated by exotic grasses in California,
but this appears to be in response to, rather than the cause of, reductions in fire
frequency (Keeley 2001). Nevertheless, shading by aggressively invading woody
plants can reduce grass biomass and increase surface humidity, reducing fire risks
and promoting escape from the classic grass-fire cycle. Many woody legumes are
capable of resprouting after fire and have propagules that persist through fire or
use fire as a germination cue (Bond and Keeley 2005; Pausas et al. 2006), These
traits may make legumes particularly capable of establishing and increasing in

abundance following fire, potentially disrupting understory grass-fire cycles.
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Alternately, invasive woody species can promote fire or increase aspects
of a pre-existing fire regime. Woody plant species that have been documented to
increase fire frequency or intensity in the invaded range come from a variety of
habitats and families (Table 3.1), but most are relatively fast-growing species well
adapted to fire or disturbance. These species are likely to benefit from fire by
surviving fire (e.g. Melaleuca quinquenervia , Gordon 1998) or establishing
quickly after fire either through resprouting or a robust seed bank (e.g. Pinus spp,
Schwilk and Ackerly 2001). For example, in Chile, the invasive European shrub
Genista monspessulana is killed by fire but germinates readily from seeds,
quickly forming dense monocultures (Pauchard et al. 2008). Flammable tissues
and dense stands can promote the ignition and spread of fire, further exacerbating
the invasion in a potentially self-promoting manner (Brooks et al. 2004; Schwilk
and Ackerly 2001). In the southern United States, Eurasian saltcedar (7Tamarix
spp.) resprouts rapidly post-fire, out-competing natives and creating dense stands
that carry fire well, creating a positive feedback cycle (Busch and Smith 1993;
Ellis et al. 1998). Some pines, which often promote fire in the invaded range, have
serotinous seeds and depend on fire for successful recruitment. Schwilk and
Ackerly (2001) found evidence for a suite of traits which promote fire in

serotinous pine species, thus promoting their own regeneration.

The impacts of woody invaders can be substantial in ecosystems where
fire is a common natural disturbance. The well-studied invaders of the South
African fynbos, which is adapted to frequent, low-intensity fires, generally
decrease overall fire frequency but increase the occurrence of rare, high-intensity
fires with severe consequences for native fynbos vegetation (Holmes et al. 1987;
van Wilgen and Richardson 1985). Pines (Pinus spp.) are adapted to frequent fires
and invasive pines may increase the frequency, intensity and extent of fires in the
invaded region, including invasions of fynbos (van Wilgen and Richardson 1985)
and the pampas grasslands of Argentina (Simberloff et al. 2010). In contrast,
woody invaders of pine barren ecosystems (Schinus terebinthifolius and Robinia
pseudoacacia) reduce fire frequency or intensity (Richburg et al. 2004; Stevens

and Beckage 2009). Eucalyptus leaves are extremely flammable
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(Dimitrakopoulos and Papaioannou 2001), but models of fire behavior in fire-
adapted California chaparral predict reduced flame length and fire spread in areas
invaded by eucalyptus compared to the native vegetation (Dicus and Anderson
2004). While eucalyptus has been implicated in disastrous, high intensity fires in
urban areas of California (e.g. Boyd 1997), it is not clear whether eucalyptus
invasion has caused a change in fire regime or how the native vegetation in the

area would have responded under similar conditions.

Fire and management of woody invasive species

Reestablishing pre-invasion fire regimes is one proposed technique for
controlling or eradicating invasive plant species that alter fire regimes (Brooks et
al. 2004). In instances where an invasive plant increases fire frequency or
intensity, reduction of fuel loads and ignition sources and active fire suppression
could break the cycle. Where an invasive plant suppresses aspects of the fire
regime, prescribed fires in conjunction with altering fuel beds (e.g. adding dry

biomass) to increase flammability might facilitate control and eradication.

Most examples of invasive species control through fire regime
management involve grasses. The role of prescribed fire frequency and intensity
in controlling woody invasives has rarely been tested (but see Radford et al.
2008). Nevertheless, we identified 46 studies examining how fire regime may be
used to hinder or control exotic woody plant invasions (Table 3.2). From these
studies, it is clear that the risks and benefits of prescribed fire are highly location
specific, making it difficult to draw general conclusions. Furthermore, these
studies are limited in scope: most come from temperate ecosystems, especially

within North America and South Africa.

Fire applied during the growing season is often most effective at
controlling woody invasive plants (Grace 1998; Richburg et al. 2004;
Schierenbeck 2004), but this may not coincide with the season when prescribed
fires are easiest to administer or safest to control (Rice 2004) and may also differ
from the timing of most natural pre-invasion fires. Manipulation of fire regime

alone is seldom enough to fully eradicate woody invasive species (Table 3.2). For
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example, Dooley (2003) found that prescribed fire was successful at preventing
invasion of pine barren ecosystems by several invasive woody species in the
eastern United States, but did not eradicate established invaders. Fire may be
effective at reducing or eliminating seed banks, especially for woody invasive
legumes (e.g. Holmes et al. 1987; Pieterse and Boucher 1997; Pieterse and Cairns
1988). However, repeated fires or herbicide applications are necessary to kill
newly germinated seedlings before they mature and seed banks are re-established.
Fire often only impacts juveniles or small individuals of woody species.
DiTomaso et al. (2006) reviewed the use of prescribed fire for controlling weeds
(both native and exotic) in the United States and concluded that fire is an effective
management only for a few woody species, and is best integrated with other
management techniques such as mechanical removal or herbicide application.
Even when fire is not a successful stand-alone technique, it can reduce costs and
limit the amount of time devoted to more labor-intensive control methods such as

hand removal (Bossard 2000).

For any invasive plant, it is theoretically possible to implement a fire
regime in which that species could not persist. However, the fire regimes
necessary to manage woody invasive plants may not be feasible to implement
across the spatial scale necessary for control or eradication of the invasive
species. For example, annual prescribed fires on an abandoned farmland site in
the Florida Everglades suppressed individuals of Brazilian pepper (Schinus
terebinthifolius) in small size classes (Doren and Whiteaker 1990). However, the
patchiness of fuel production precludes the possibility of large annual fires and
therefore prescribed fire is not a good management tool at the landscape-level
scale of invasion. Similarly, old fields invaded by Chinese tallow (7riadica
sebifera) in the coastal prairie of Texas had low fuel loads that could not support
fires of adequate intensity to kill small Chinese tallow individuals (Grace 1998).
The high number of repeated annual burns needed to eradicate Japanese
honeysuckle (Lonicera japonica) makes prescribed fire a potential tool for
control, but not for eradication of this species (Schierenbeck 2004). A study

comparing treatments for controlling Hakea sericea and Pinus radiata found that

47



burning after felling and removing trees was optimal (Holmes et al. 1987).
However, inaccessible terrain in many areas would make it impossible to remove
trees. Alternate control treatments, including burning trees while standing or
burning after felling without clearing, either promote invasive species or produce
high-intensity fires that are difficult to control. While the combination of felling
and fire implemented in the 1970s is likely predominately responsible for the
reduction in H. sericea across South Africa from 1979 to 2001, prescribed fire
faltered as a management technique in the 1980s due to increased regulation and
lack of funding (Esler et al. 2010). More recent success at halting the spread of H.
sericea is attributed to the introduction of biological control agents (Esler et al.

2010).

The role of invasive species as drivers of community change or passengers
of ecosystem degradation is an ongoing debate in invasion ecology (Didham et al.
2005; MacDougall and Turkington 2005). Changes in fire regime may facilitate
initial establishment of invasive species, with an invasive plant—tire cycle further
promoting dominance and spread. Reduced fire frequency has been implicated in
facilitating the invasion of Cryptostegia grandiflora in riparian habitats in
northern Australia (Grice 1997) and Chinese tallow (7riadica sebifera) in the
United States (Grace 1998). Understanding the complex relationship between
woody exotic plant invasions and disturbance is crucial to the implementation of
appropriate prescribed fire regimes. Rather than re-establishing pre-invasion fire
regime, control may require identifying and establishing the fire regime that

existed before the disturbance or degradation that facilitated the initial invasion.

Manipulation of fire regimes to control invasive woody species must
consider plant communities beyond the targeted species, especially negative
effects on native species (Radford et al. 2008; Tveten and Fonda 1999).
Furthermore, the optimal prescribed fire regime for one invader might have no
effect on or even promote other invasive species, limiting the success of
management (Murphy and Lusk 1961). Even within natural ecosystems, different
species have different optimal fire regimes (Keith et al. 2002). Thus, a patchwork

mosaic of fire is often thought to increase diversity by creating patches which are
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beneficial to fire-sensitive and fire-tolerant species (Allen 2008). This variation in
fire regimes may be important to maintaining a diverse native community, but is

difficult to incorporate into a prescribed fire regime for invasive species control.

The prevalence of anecdotal information and lack of accessible supporting
data is a major limitation to demonstrating which woody exotic species have
impacted fire regimes and which invaded ecosystems might successfully be
managed with prescribed fires. Hiremath and Sundaram (2005) acknowledge that
they must rely primarily on anecdotal and descriptive information in proposing a
Lantana-fire cycle in Indian forests, but anecdotal information for many species is
propagated without being evaluated. Gray literature contains valuable information
about the management of invasive woody species, but most of it remains

inaccessible or difficult to locate.
Conclusions

Changes to fire regime following woody invasion are often undocumented
and the true cause of alterations in fire regime can be difficult to determine. This
is confounded by the opportunistic nature of invasions, where woody species may
take advantage of, rather than cause, changes in fire regime. Management
intuitively seeks to reverse the effects of invaders on fire regimes, but a lack of
well-documented studies on pre-invasion fire regimes makes fire management
largely guesswork. Changes in fire regime as a result of management can actually
promote the invasion of woody species, making prescribed fire a very sensitive

and context-specific control method.

Woody invasive species could be expected to generally inhibit fire in an
alternative pathway to the grass-fire cycle (Figure 3.1). Current research based
predominately in South Africa, Australia and the United States, however, has
focused on woody invasive species that increase fire frequency or intensity. More
research is needed to determine whether this is representative of woody invasive
species globally. The reciprocal impacts of fire and woody invasions are not
clearly understood and are likely species and community specific. However,

understanding the interaction between woody invaders and fire regime and the
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impact on plant community dynamics is important for the control of invasive
species and native community management, especially where the fire regime is
being manipulated for management purposes. An international database of
information from managers and scientists could help expedite the synthesis of
existing knowledge on the relationship between invasion and fire and improve the

success of management with prescribed fires.
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Figure 3.1. Escape from the grass-fire cycle (*) can be triggered by the arrival and spread of an introduced woody invader. Shading and
vertical biomass alter the surface microclimate, reducing biomass of highly flammable, sun-loving grasses, and increasing humidity. Fires
then become less frequent; however, an intense fire may be carried by this system under particular circumstances, such as during unusual
drought conditions. The grass-fire cycle (gray box) is redrawn from D’ Antonio & Vitousek (1992). Triangles represent fire regimes with a
bold triangle indicating an increase in one or more aspects of the fire regime (e.g. frequency, intensity or extent), and a dashed triangle
indicating a reduction. Boxes represent plant communities. The grass-fire cycle is reprinted with permission, from the Annual Review of
Ecology and Systematics, Volume 23, © 1992 by Annual Reviews www.annualreviews.org
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Table 3.1. Woody exotic plant invaders documented to alter fire regimes. Species are classified by their overall effect on fire regime, where

species that increase all studied aspects of the fire regime (fuel, fire intensity, frequency and/or spread) are rated ++, species that decrease all
studied aspects of the fire regime are rated — — and species with mixed effects, i.e., increase some aspect(s) of the fire regime but decrease
other(s), are rated +/—. The impact of these changes on the native community is highly context-dependent.

Changes in Fire Regime

Invasive . Region of Region Growth | Community In.t eraction Fire Fire Selected
. Family > with Plant .
Species Origin Invaded Form Invaded Communit Overall | Fuel Intensity, Spread, References
Y Frequency | Type
e | s | e sy wigen v
Acacia saligna | Fabaceae Australia South Africa shrub fynbos ’ +/— Y, p i Richardson
reduces fuel load decreases promotes 1985
understory frequency | crown fires
reduces promotes
Cryptostegia vine woodlands, grass shift from
s Asclepiadaceae | Madagascar Australia ; riparian ; —— Grice 1997
grandiflora shrub smothers grass to
forest
trees crown fires
promotes Tveten and
Cytisus United States, grasslands, forms dense increases increases crown fires anda 1999;
. Fabaceae Europe shrub woodland ++ . . . . Richburg et al.
scoparius Canada stands flammability | intensity in dry :
gaps seasons 2001; Richburg
et al. 2004
Dimitrakopoulos
. extremely decreases and
Eucalyptus Myrtaceae Australia Mediterrancan tree shrubland, +/— flammable spread and Papaioannou
spp. ecosystems woodland 1 flame .
eaves lenoth 2001; Dicus and
g Anderson 2004
increases increases
Genista Fabaceae Mediterranean | Chile shrub forest forms dense ++ ﬁ.lel load, intensity, promotes Pauchard et al.
monspessulana stands highly frequenc crown fires | 2008
flammable q y
. . . increases increases Van Wilgen et
++ . .
Hakea gibbosa | Proteaceae Australia South Africa | tree fynbos fuel load intensity al. 2007
Van Wilgen and
forms dense increases increases decreases Richardson
Hakea sericea | Proteaceae Australia South Africa shrub fynbos stands, +/— fuel load. mntensity, spread, 1985; Holmes et
reduces and packing | decreases promotes al. 2000; Van
understory ratio frequency | crown fires | Wilgen et al.
2007
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decreases highly increases increases Gordon 1998;
Me]aleuca . Myrtaceae Australia Florida tree wetlanc%s{ diversity, ++ flammable intensity, spread, Serbesof f-King
quinquenervia wet prairies | changes promotes 2003; Silvers et
leaves, bark | frequency
structure crown fires | al. 2007
reduces
wetlands herbaceous decreases Braithwaite et
. . tropical . shrub, L species spread of al. 1989;
Mimosa pigra | Fabaceae ) Australia riparian . ——
America tree forest richness and understory- | Lonsdale and
native tree fueled fires | Miller 1993
regeneration
Holmes et al.
Pinus s, 2000;
(inclu df; P- Argentina, grasslands, increases increases Richardson and
g . Northern South Africa, fynbos, forms dense increases . . fire extent, | Brown 1986;
patula, Pinaceae . tree ++ Intensity, .
inastor and hemisphere New open stands fuel load frequency promotes Simberloff et al.
pa Caledonia woodlands crown fires | 2010; Van
radiata) i
Wilgen et al.
2007
Robinia Northeast . less Richburg et al.
pseudoacacia Fabaceae Southeast US| 15 i States | T pine barrens o flammable 2004
shrub . decreases Stevens and
Schinus . South . ’ pine ) . Beckage 2009;
PR Anacardiaceae . Florida small - intensity,
terebinthifolius America tree savanna frequenc Stevens and
quency Beckage 2010
arid and Busch and
Southwest shrub, semi-arid outcompetes increases increases Smith 1993;
Tamarix spp. Tamaricaceae Eurasia United States, | small . natives by ++ intensity, Ellis et al. 1998;
) riparian . fuel load
Mexico tree resprouting frequency Nagler et al.
zones
2005
1
Triadica . . southern coastal excludes poorty
sebifera Euphorbiaceae | Asia United States tree prairie fuel species | flammable, Grace 1998

low ignition
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Table 3.2. Studies reporting the effectiveness of prescribed burns for controlling woody plant invasions.

A4 2 o
. . . . n g S 3 =) — .
Invaslve Family Reglpn of Region Life § = 28 |E3 & S Fire recommended for Selected References
Species Origin Invaded form S 3 2 = = o T = % & | control?
2 312 B0 El 8| 2 5
South in fynbos, but not in
Acacia cyclops | Fabaceae Australia Africa shrub | x X X fire-sensitive coastal | Holmes et al. 1987
zones
Acagza . Fabaceae Australia Soqth shrub | x X X can control seed bank Pieterse and Cairns
longifolia Africa 1988
standing plants
Acacia Fabaceae Australia South tree X X X resprout, only Pieterse and Boucher
mearnsii Africa recommended if fell 1997
first
Acacia nilotica | Fabaceae Africa, India | Australia | tree X X X causes seed and. Radford et al. 2001
seedling mortality
. Van Wilgen and
Acacia saligna | Fabaceae Australia Soqth shrub | x X X felhpg followed b.y Richardson 1985;
Africa fire is most effective
Holmes et al. 1987
Berberis Berberidaceae | Asia Northeast shrub X successful when used | Richburg et al. 2001;
thunbergii US with herbicide Ward et al 2009
low-intensity fires | .. 1997, Bebawi
. . killed invasive with
Cryptostegia . . vine, . . and Cambell 2002;
. Asclepiadaceae | Madagascar Australia X minimal impact on . i
grandiflora shrub natives: orass required Grice et al. 2008;
> Brassteq Radford et al. 2008
to carry fire
Downey and Smith
. ) ) 2000; Alexander and
iyot ZS;:Sl.uS Fabaceae Europe élslStraha’ shrub | x X X lje,trs ?rfltegcrtlseizttli\\]/eel}s] ccies D'Antonio 2003a and
P y p p b; Richburg et al.
2004
Elaeagnus ) Northeast .
umbellata Elacagnaceae | Asia US shrub no Richburg et al. 2001
shrub, fire controls seedlings,
Frangula Rhamnaceae Eurasia Northeast small X 1-2 only controls mature | Richburg et al. 2001
alnus US years . .
tree plants with herbicide
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often negatively

Boyd and Rafael
1995; Swezy and

Genista 1-3 impacts natives; other Odion 1997,
Fabaceae Mediterranean | California | shrub p : ... | Alexander and
monspessulana years | methods needed to kill | -, )
adults D'Antonio 2003a and
b(Boyd and Rafael
1995)
Van Wilgen and
. . South 12 Richardson 1985;
Hakea sericea | Proteaceae Australia Africa shrub years yes Holmes et al. 2000,
Esler et al. 2010
Lantana Verbenaceae troplcgl global shrub only with other Sharma et al. 2005
camara America methods
Ligustrum .
Europe, North | Southeast 1 successful in some
:fo}f:ee and L. | Oleaceae Africa, Asia US shrub year | areas, but not in others Batcher 2000
. no, but may be used as | Richburg et al. 2001;
Lonicera i1 Japan, Korea, . . i
aponica Caprifoliaceae Eastern China global vine a pretreatment to Rlc§ 2004;
Jap herbicide application | Schierenbeck 2004
repeated fires destroy | Turner et al. 1997;
Melaleuca . . seed bank, felling and | Myers et al. 2001;
quinquenervia Myrtaceae Australia Florida tree herbicide needed to Serbesoff-King 2003;
control adults Silvers et al. 2007
fires just before the
tropical shrub wet season effective if | Lonsdale and Miller
Mimosa pigra | Fabaceae AnIl)erica Australia tree ’ seedlings and 1993; Paynter and
resprouts are flooded | Flanagan 2004
post-fire
Pinus . . South frequent fires kill Richardson 1.988;.
. Pinaceae Mediterranean . tree . Zalba and Villamil
halepensis Africa seedlings 2002
felling followed by Holmes et al. 2000;
Pinus radiata | Pinaceae California South wood fire is most effective, | Zalba and Villamil
Africa Y but difficult in many | 2002; Willams and
areas Wardle 2005
Pittosporum . . . yes, controls seeds in | Gleadow and Narayan
undulatum Pittosporaceae | Australia Australia | tree canopy seed bank, 2007
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seedlings and adults

fire with follow-up

Pros‘op o Fabaceae South' Australia | tree treatments can be Campbell and Setter
pallida America . 2002
effective
Rhamnus Rhamnaceae Europe, Asia, | Northeast tree ;Zi:gid ﬁtrcfscon trol Rice 2004; Richburg
cathartica North Africa | US Y et al. 2004
resprouting
.. repeated fires
Robinia . Fabaceae Southeast US Northeast tree necessary to control Richburg et al. 2004
pseudoacacia US ;
resprouting
frequent fires may be
Rosa effective in some Richburg et al. 2004;
ltiflor Rosaceae Asia US shrub areas, but not Glasgow and Matlack
muitytord recommended in 2007
others
repe atgd fire Doren and Whiteaker
maintains low
shrub densities in pine 1990; Doren et al,
Schinus . South . ’ 3-7 P 1991; Stevens and
g Anacardiaceae . Florida small forests, but is not
terebinthifolius America years . Beckage 2009;
tree effective on
Stevens and Beckage
abandoned fields or at 2010
high densities
fire suppression and
pulse flooding Brock 1994; Ellis et
Southwest . ]
Tamarix spp Tamaricaceae | Eurasia US tree, promote natives, fire | al. 1998; Nagler et al.
' Me’xico shrub removes biomass after | 2005; Shafroth et al.
felling and before 2005
herbicide
fire may be effective
o in prairies (but not
Trzqdzca Euphorbiaceae | Asia southern tree abandoned fields) if Grace 1998
sebifera US .
used with other
control methods
Zizip hus Rhamnaceae Sogtheast Australia | shrub 1o, plants resprout Grice 1997
mauritiana Asia readily
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Chapter 4. When predictions from matrix population models and local ecological
knowledge coincide - Effects of flower stalk harvest on populations of an economically

important non-timber forest product (NTFP) in the Brazilian savanna
Isabel B. Schmidt & Tamara Ticktin
Abstract

Non-timber forest products (NTFP) exploitation can be strategic to biodiversity
conservation and local livelihoods. Frequently, harvest regulations intended to promote
conservation are either ineffective or too complicated and prevent local communities
from accessing resources legally. Syngonanthus nitens (Eriocaulaceae, ‘golden-grass’) is
one of the most valuable NTFP from central Brazil. The handicrafts made from this
species’ flower stalks are traditional to the Jalapao region, Tocantins state, but have
expanded over a much larger area in the recent years. Harvesting regulations derived
from local ecological knowledge and management from one traditional community and
from a one-year ecological study have been applied to the whole Tocantins State since
2007. We combined ethnoecological interviews, harvest experiments in nine sites over
three years, and seed phenology surveys over a large geographical area to assess the long-
term effects of golden-grass harvesting and the applicability of the state harvesting
regulations. Although handicrafting activities are rapidly expanding over Tocantins state,
local ecological knowledge associated with harvest or management has not been
transferred or created outside of Jalapao. Matrix population models illustrate that harvest
according to traditional management practices had no impact on golden-grass population
dynamics. Traditionally, flower stalks are only harvested ‘late’, i.e., after stalks are dry
and seeds have been produced. This practice prevents plant uprooting and yields stalks
that are brighter than those harvested earlier, a characteristic that provides a natural check
on sustainable harvest. Earlier harvest of golden-grass, as practiced by new artisans, leads
to population decline, even at low levels. Seed surveys indicate that golden-grass
phenology is similar across the state. To guarantee sustainability (i) ecological and
management information need to be spread to the regions where handicrafting is

spreading without traditional harvesting practices; (ii) a mechanism to increase the value
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of handicrafts made from flower stalks sustainably harvested must be implemented, and
(ii1) law enforcement should prevent unsustainable harvest in areas where competition for
raw material leads to early-harvesting. As for other NTFP species, harvesting practices
determine sustainability. As opposed to several harvest regulations, golden-grass
harvesting rules, which are easy to follow and consistent with traditional practices, seem

adequate to the scale in which they are applied and do not limit harvesting.

Key words: policy, management, handicrafts, wet grasslands, fire, Cerrado, Jalapao,

sustainable use
Introduction

The extraction of non-timber forest products (NTFP) has been regarded as an
alternative for sustainable development with much enthusiasm as well as criticism over
the past three decades (Belcher & Schreckenberg 2007). For NTFPs to improve local
communities’ livelihoods and promote conservation, it is essential to identify
management and marketing practices that minimize ecological impacts and increase
revenues (Varghese & Ticktin 2008). Many public policies, though developed with good
intentions, require high technical expertise and/or economical investments, and therefore
frequently fail to be implemented effectively by local communities. Inappropriate
regulations can generate conflicts and instigate unsustainable resource exploitation.
Successful regulations can only be implemented by considering both ecological impacts,
local ecological knowledge and management practices (Laird et al. 2010).

Local ecological knowledge and the traditional management practices derived
from it, are developed over time as a result of detailed observations and learning, as well
as from trial and error processes. They are passed down by individuals and communities
(Berkes 2008a) and can affect NTFP sustainability (Varghese & Ticktin 2008) and yield
(Ticktin & Johns 2002). Local ecological knowledge and traditional management may
vary widely among communities across a landscape (Gaoue & Ticktin 2010; Ghimire et
al. 2008; Varghese & Ticktin 2008). Numerous NTFP are harvested over large
geographical scales; however most studies on harvesting impacts are geographically

restricted (Ticktin 2004).

66



Matrix population models (Caswell 2001) are frequently applied to assess NTFP
harvest impacts. These models are built from repeated measures of survival, growth and
reproduction (vital rates) of individuals and project long-term population growth rates
(lambda, A, Caswell 2001). Prospective analyses (sensitivity and elasticity analysis)
project how A would change in response to changes in vital rates and are commonly used
to predict the effects harvest and to propose management strategies (e.g., Freckleton et al.
2003). Retrospective analysis (life table response experiments, LTRE) assesses how
observed differences in vital rates contributed to observed differences in A among

populations (Caswell 2001).

Matrix model studies have demonstrated that harvest of reproductive structures,
including propagules and flowers, which are usually found to have low impact on the
population dynamics of perennial species (Emanuel et al. 2005; Lamont et al. 2001;
Ticktin 2004). Conversely, harvest that increases adult mortality can severely decrease
population growth rates of plants (e.g., Soehartono & Newton 2001), including perennial
herbs (e.g., Ghimire et al. 2008; Law 2007). However, most matrix model studies lack
comparisons between populations under different harvesting levels (Schmidt et al. in
press), which limits their use in designing management plans. In addition, very little
information is available on the impacts of harvesting tropical herbs, regardless of the

plant-part harvested (but see Jimenez-Valdes et al. 2010; Ticktin & Johns 2002).

The sustainable use of NTFP has the potential to be an important conservation
strategy in the Brazilian savanna, the Cerrado, a biodiversity hotspot where 80% of the
original area has been disturbed or converted to large pastures and monocultures, and less
than 3% is inside protected areas (Klink & Machado 2005). Syngonanthus nitens (Bong.)
Ruhland (Eriocaulaceae), regionally called ‘golden-grass’ capim-dourado), is a highly
valuable NTFP that occurs throughout the Cerrado but is especially harvested in the
Jalapdo region in Tocantins state, where it has represented the main income source for
hundreds of families since the late 1990s (Schmidt et al. 2007b). This perennial herb’s

bright flower stalks are sewed with buriti palm (Mauritia flexuosa) young-leaf strips to
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make handicrafts, including basketry and jewelry (Figueiredo et al. 2009; Sampaio et al.
2008).

Local ecological knowledge from one community in Jalapao that has the longest
history of handicrafting (Mumbuca), maintains that golden-grass should only be
harvested ‘late’ - after mid-September, when flower stalks are bright and dry (‘ripe’),
since this prevents plant uprooting during harvest and increases handicraft brightness.
This traditional management practice, although not directly based on considerations of
seed production, coincides with seed production phenology, and prevents negative
impacts of harvesting on individual survival and reproduction (Schmidt et al 2007). After
a long negotiation process with about a dozen Jalapao communities, the Tocantins
environmental agency, Naturatins, established formal harvesting regulations for Jalapao
region in 2004 based on traditional management. The regulations state that (i) harvest can
only be performed after September 20", when flower stalks are dry and seeds have been
produced; (ii) flowerheads must be cut and dispersed in gathering areas just after
harvesting; (iii) only harvesters who register with Naturatins are allowed to harvest.
However, since the 2000s, golden-grass handicrafting has expanded to new regions of the
Cerrado, and therefore into communities with no previous experience harvesting this
species. This rapid expansion is typical of other economically important NTFP
(Shackleton et al. 2009) and can pose challenges for sustainable harvest if local
ecological knowledge and management is not transferred, adapted or newly developed
(Ticktin & Johns 2002). Due to the increased harvesting pressure, the government harvest
regulations for the Jalapao region were enforced across the state in 2007 (Portaria-
Naturatins 362/2007). This expansion of the regulations was not based on ecological
research or local knowledge, and upset some harvesters, who maintain that golden-grass

flowering periods vary across the state, so that one state-wide rule is not appropriate.

We used a combination of ethnoecological interviews, matrix population models
and regional surveys of golden-grass seed production to address the following questions
(1) Has the local ecological knowledge and management practices from Jalapao been

passed on to new harvesters and/or has new local ecological knowledge developed? (2)

68



What are the effects of Jalapao traditional management (‘late’ harvest) on golden-grass
population dynamics? (3) What are the potential effects of earlier harvesting of flower
stalks on golden-grass population dynamics? (4) Are the government rules for golden-

grass harvest appropriate for the large scale on which they are now implemented?
Methods

Study region — the Cerrado biome and Jalapdo region

The Cerrado is a biodiversity hotspot (Myers 2003)with a flora of more than
10,000 vascular plant species, 44% of which are endemic (Mendonga et al. 1998).
Tocantins state plays an important role in Cerrado conservation, with large conserved
areas both inside and outside of protected areas. The Jalapao region, in Tocantins,
comprises 53,340km? and is one of the best conserved areas in the Cerrado, mainly due to
its isolation and sandy nutrient-poor soils, which are unattractive to large-scale
monocultures. Most of golden-grass handicrafting takes place in the core-Jalapao region:
the municipalities of Mateiros and Sao Félix (Fig. 4.1; Schmidt et al. 2007b). Jalapao
human population density is low (<1 inhabitants/km?), the local economy is based on
subsistence agriculture, extensive cattle raising (Seplam 2003), and recently, tourism and
golden-grass handicrafts. The Cerrado rainfall is highly seasonal; mean rainfall in Jalapao
is 1,700 mm, 90% of which falls between October and April, and mean annual

temperature is 27°C (Seplam 2003).

Study species

Golden-grass is a clonal, polycarpic, perennial rosette-forming herb that grows to
about 4 centimeters in diameter (Giulietti 1996). Flowering occurs once a year from July
to August, with each plant producing 1 to 10 flower stalks, with a capitulum flower (or
flowerhead). Flowerheads bear 30 to 60 wind-dispersed seeds, about 0.9mm long. Seed
germination rates in laboratory conditions are high (>85%, Schmidt et al. 2008); seed

retain viability for less than one year in the laboratory and field conditions (Chapter 5).

Golden-grass occurs in wet grasslands, on organosoils with high plant diversity

and endemism (Munhoz & Felfili 2006). In Jalapao, local harvesters set fire to wet
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grasslands during the dry season to promote golden-grass flowering in the following dry
season. Fire is also used to promote the resprouting of grass for cattle. The present,
anthropogenic, fire return interval in Jalapao wet grasslands is 2 to 3 years (Schmidt et al.
2007b). Golden-grass is harvested from community-owned areas, private lands and
protected areas. The land tenure system and presence of large, non-inhabited areas allow
more than one community to manage the same areas, often generating conflicts related to

fire and golden-grass.

Golden-grass handicrafting began in Mumbuca community in the 1930s. By 1996,
it had expanded to more than 600 artisans (Schmidt et al. 2007b) becoming a trademark
of the Jalapao region, and even Tocantins state. Handicrafts are sold in local artisan
associations, brought by middlemen to large stores in all the main Brazilian cities, and

exported to several countries.

Assessing local ecological knowledge and management of golden-grass in Tocantins

State

In June and July 2008, we visited communities in nine municipalities where
golden-grass handicrafts have recently become economically important (Figure 4.1). In
each community, we conducted semi-structured interviews and focus groups (up to 12
people) with artisans to acquire information on (i) golden-grass local ecological
knowledge and management practices; (ii) handicrafts production and income generation.
At least five harvesters/artisans were interviewed per community. We compared the
information acquired to data from similar interviews conducted in the core-Jalapao region

from 2002 to 2010.

Impacts of harvest on golden-grass population dynamics

To assess the demographic impacts of harvesting golden-grass flower stalks, we
established permanent plots in 9 different sites, ranging from 3 to 27 km apart (Figure
4.1), and monitored annual rates of survival, growth, and reproduction of golden-grass. In
each site, plots were randomly assigned to harvest and control (no harvest) treatments and

experimental harvests were carried out by local harvesters according to traditional
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management practices (i.e., ‘late’ harvest - after mid-September - of all flowerheads in
the plots). Since traditional management involves harvesting golden-grass one year after
fire, all experimental harvest was performed in plots that had been burned during the

previous year.

For sites 1 to 3, which were managed by Mumbuca community, we established 20
0.25 x 0.25m plots per treatment (harvest and control), which were harvested in 2003 and
monitored from 2003 to 2004 (harvest year 1). Plots in the remaining sites (4-9) were part
of a larger experiment (chapter 5), and were managed by four local communities from the
core-Jalapdo region. At each of these sites, we established 4 to 20 0.5x 0.5m plots per
treatment in 2006. Experimental harvests were carried out in 2006 (harvest year 2) and
2008 (harvest year 3), and plots were burned in 2007 and 2009. The number of plots per
treatment varied among sites and years, but the number of individuals used to build the
population models in each site and year are similar between harvested and control
treatments (see Figure 4.3). All study sites are considered good harvesting areas by local

harvesters.

In each plot, all golden-grass rosettes were tagged and at each annual census, in
June-July, they were classified into five life-stages based on ramet size and size of the
genet (or clump): (S) *Seedlings’- single rosettes < 2cm in diameter; (SR) ‘Small
Ramets’ — rosettes < 2cm that are part of a larger genet. These plants do not flower.
Individuals > 2cm can flower, and are classified into three adult classes since adult ramet
survival varied significantly with genet size (I.B.S unpublished data): (A) ‘Adults’ —
single rosettes; (AR1) ‘Adult Ramet 1’ — adults in genets with 2-4 ramets and (AR2)
‘Adult Ramet 2’ — adults in genets with more than 4 ramets. The number of small ramets
was low, so we used only one small ramet stage to avoid increasing sampling error
(Moloney 1986). We monitored a total of 7,744 plants over the study period.

For each of the 9 sites and three harvest years, we built stage-based matrix
models, where ny:; = A*n, and n;and ny; are vectors representing the number of
individuals in each stage at times t and t+1, and A is the projection matrix containing the

transitions probabilities among stages between time periods (Caswell 2001). Since
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golden-grass rosettes can recruit into all stages by sexual or clonal reproduction within a
year interval (Figure S3.1), we used vital rates (survival, growth and reproduction, Tables
S3.1, S3.2) instead of matrix transitions in our analyses (Franco & Silvertown 2004).
When necessary, we added 0.01 to vital rates to ensure matrix irreducibility (Caswell
2001). We calculated 95% confidence intervals for each A value by bootstrapping the
observed annual individual transition among stages, using 5,000 iterations, with
replacement. We considered A with non-overlapping confidence intervals to be
significantly different.

We assessed the demographic impacts of traditional harvesting of golden-grass
flower stalks by comparing deterministic A values, elasticity and LTRE results from
control and experimentally harvested populations. These deterministic A do not represent
long-term population growth rates since they are based only on demographic rates one
year after fire. We also calculated stochastic lambda () using a Markov chain, which
adds memory to the system (Caswell 2001). In our case the Markov chain had two states
that alternated periodically: ‘fire state’ and ‘one-year-after-fire state’ (Appendix 4). We
ran the stochastic simulation for 10,000 years, and discarded the first 2,000 iterations to
remove transient dynamics from the long-term simulation. The three years considered in
this simulation had similar total rainfall, which was above the historical mean in the
region (Agéncia Nacional de Aguas 2010, see chapter 5 for the effects of rainfall
variation on golden-grass population dynamics).

To assess the effects of early-harvesting, i.e., before flower stalks are dry and seed
have been produced, we conducted two “early” experimental harvests, on August 8" and
September 08", and two traditional experimental harvests on September 20" and 21%'
2006, with seven experienced harvesters. Each harvester collected flower stalks for 5
minutes, we then weighed the flower stalks harvested and counted the number of rosettes
uprooted. We simulated the effects of early-harvest on golden-grass population dynamics
by reducing fertility values to zero (since flower stalks are harvested before the seeds

maturate) and incrementally increased mortality of flowering individuals from 5 to
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40%.These analyses were done using the control matrices and were included in the
biennial fire stochastic simulations.

We used R (R Development Core Team 2011) for all analyses, including the
‘popbio’ package (Stubben & Milligan 2007) for matrix analyses.

Seed production surveys

To characterize golden-grass seed production phenology, 20 flowerheads were
collected during the flowering-fruiting period, August 1* to October 15%, by 22
volunteers from nine communities (Figure 4.1). We counted seeds from a total of 2,467

flowerheads.
Results

Local ecological knowledge and management of golden-grass

All harvesters from the core-Jalapao region stated that they harvest after mid-
September. These harvesters were the only ones to state that harvesting after mid-
September increases the brightness of golden-grass flower stalks and handicrafts, and
therefore their quality. They were also the only ones who directly associated early-
harvesting with an increased chance of uprooting adult plants. They also maintained that
fire promotes increased flowering.

Harvesters from the four municipalities closer to core-Jalapao, who have
harvested golden-grass for one to six years, were aware of the state harvesting
regulations, but associated the prohibition of harvesting before September 20" only with
decreasing plant uprooting during harvesting. However they stated that plant phenology
varies among wet grasslands and that it is necessary to “take care” or support the rosette
with one’s foot while pulling out the flower stalk(s) to prevent plant uprooting. Despite
knowing about the state regulations, the majority of harvesters from two of these four
municipalities harvest early - between August and mid-September. Harvesters from the
other two municipalities closer to core-Jalapao declared that they only harvest after

September 20™. Some of the harvesters in these four municipalities knew about the legal
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requirement of cutting the flowerheads after harvest, but most of them had never actually
done so.

In the five remaining municipalities further from Jalapao region, harvest of
golden-grass began recently (after 2006). All harvesters carry out very early harvests -
between June and August, as soon as the flower stalks are “long enough”. Harvesters are
afraid that uncontrolled fires will burn the wet grasslands before they can harvest. These
harvesters perceived fire mostly as a threat to golden-grass and only a few stated that fire
could promote flowering. We observed flower stalks recently harvested with flowers (no
seeds) and some uprooted rosettes. Although harvesting the same species, many of these
harvesters were not sure if they were harvesting the “real” golden-grass, since they
perceive their handicrafts are not as shinny as those from Jalapao region. In these
municipalities, harvesters stated no prior knowledge about the rules on timing of harvest
or cutting the flowerheads, but most of them knew they “needed a card” to harvest legally
(Figure 4.2).

In the core-Jalapao, and closer municipalities, where golden-grass has been
economically important since 2002 or earlier, most artisans stated that their income
generation from handicrafts has been stable or decreasing in the recent years. In contrast,

handicraft sales are increasing in places where the activity began after 2006.

Effects of traditional harvesting on golden-grass dynamics

Experimental harvest performed according to traditional harvest methods (‘late’
harvest) had no significant impact on A. Among the 15 paired comparisons between
harvested (H) and control (C) populations within a same site and year, only two showed
significant differences in A, both in harvest year 2 when in site 6 Ac>Ay and in site 8
A<My (Figure 4.3). Irrespective of harvest, A varied among sites within years, but there
were no sites that had consistently higher or lower A values. Both harvested and control
populations varied even more greatly among years, with all populations with A>1 in

harvest years 1 and 2 and mostly A<1 in year 3 (Figure 4.3).

Traditional harvest did not significantly affect elasticity values of any vital rates

(Figure 4.4) or plant stage. For all populations, survival had the highest elasticity values.
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Elasticity of A to perturbations of other vital rates was lower and varied across years: A
was more elastic to fertility, clonal reproduction and growth in the first year than in the
other two years (Figure 4.4). The three adult stages had the highest elasticity values
(mean: 0.29, 0.33 and 0.34 for the Adult, Adult Ramet 1 and Adult Ramet 2 stages
respectively) and elasticity values per stage varied across sites, with no pattern related to
treatment. Elasticity of A to variation in Seedling (S) vital rates was higher in the first

year than other years (mean: year 1: 0.14; year 2: 0.025; year 3: 0.09).

LTRE contributions to differences in A between harvested and control populations
also varied across sites, and especially years. There was no consistent pattern in LTRE
contributions that could be attributed to harvest. The only exception was the overall
negative LTRE contribution of sexual fertility in the first year (Figure 4.5), i.e., harvested
populations had lower fertility rates than control populations and these differences
contributed to decreases in A of harvested populations. In this year, golden-grass
flowerheads were not cut to be left in the field after harvest, and the sexual fertility had

higher elasticity values in this year compared to the other studied years (Figure 4.4).

Effects of early-harvest on golden grass dynamics

Based on early harvest experiments, we estimate that 10 to 15% of the flowering
plants were uprooted in early August, between 3 and 10% in early September and 0 to
2% in mid-September. The number of rosettes uprooted varied among harvesters and for
the same harvester in different sites. The amount of rosettes uprooted at each harvest trail
was not related to the quantity of stalks obtained, being determined by the time (date) of

harvesting.

Our simulation of golden-grass dynamics based on a biennial fire return interval
indicates that the long-term growth rate is slightly above the unity for both control
(unharvested) populations and traditionally managed populations. Early harvesting, even
at low levels of increased flowering plant mortality, causes A to drop below 1 (Figure

4.6).
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Golden-grass seed production across Tocantins state

Across all nine communities included in our seed survey, the number of seeds per
flowerhead increased from August 1% to August 15" and remained stable until September
15", indicating that seed production occurs mostly in August and that most seed dispersal

happens only after mid-September (Figure 4.7).
Discussion

The traditional practice of harvesting golden-grass only after mid-September to
prevent uprooting rosettes and improve the quality of the handicrafts, was once restricted
to experienced harvesters, mostly from one community in the core-Jalapao region
(Schmidt et al. 2007b). Since 2004, this knowledge has now spread throughout the core-
Jalapao region. The high economic value of golden-grass might have motivated
knowledge exchange among communities (Berkes 2008a). However, the extensive
negotiation process to establish the harvesting regulations and the education efforts
carried out by Naturatins (the Tocantins state Environmental Agency) and researchers

were also likely important factors.

The finding that most harvesters outside of the core-Jalapao region have no
knowledge of the relationships between the timing of harvest and the risk of uprooting
rosettes, nor of fire management or other factors that may influence golden grass
populations, indicates that the local ecological knowledge and management from the
core-Jalapao area has neither been spread to these areas nor developed independently.
Golden-grass harvesting is less than 10 years old in these regions, a short-time for new
local ecological knowledge to develop (Berkes 2008a). In addition, handicrafting has
mostly spread through courses promoted by state and municipal agencies, which did not
focus on harvesting and management methods. The solution proposed by harvesters
outside of core-Jalapao region to avoid uprooting rosettes— supporting the rosette with the
foot — was also mentioned by core-Jalapao harvesters. However, given the high number

of plants harvested per hour, it is unlikely to be applied to most plants.
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Consequences of the lack of local ecological knowledge

The absence of local ecological knowledge associated with golden-grass
harvesting time is problematic. Our deterministic and stochastic models, prospective and
retrospective analyses suggest that the traditional ‘late’ harvest of golden-grass flower
stalks has little effect on population dynamics. This finding is consistent with the NTFP
literature to date: since flower stalks were harvested after seed production, this system is
similar to fruit-harvest, which has been reported to be sustainable even at high intensities
for perennial plants (e.g., Emanuel et al. 2005; Shankar et al. 1996). In addition, golden-
grass seeds are left in the environment after harvesting, which would be comparable to

systems where harvesters facilitate plant regeneration (e.g., Ticktin et al. 2003).

In contrast, early harvest decreases A considerably, even at low levels. This is
similar to other perennial herbs, where limits for sustainable harvest of reproductive
structures are low (Baltzer et al. 2002; Lamont et al. 2001). The negative impacts of
golden-grass early-harvest are due to the increased mortality of adults, which have high
elasticity values. This is consistent with studies of other perennial herbaceous species
which can tolerate only low levels of adult mortality (Ghimire et al. 2008; Law 2007;
Mooney 2007; Nault & Gagnon 1993). Our experimental harvests indicated that each
harvester may uproot up to 260 rosettes per hour of harvesting before the seeds mature.
This coincides with the observation of experienced Jalapao harvesters that golden-grass
flower production decreases after early-harvest is performed. Our experimental harvests
illustrated that the earlier the flower stalks are harvested, the greater the mortality due to
uprooting. Adult mortality levels of 30-40% may occur if harvest is carried out by
inexperienced harvesters and as early as June, as was reported by new harvesters outside
of the Jalapao region. Our models suggest that harvest practices that lead to more than

10% mortality of adults are likely unsustainable.

As is the case for other NTFP (Ghimire et al. 2008), sustainability of golden-grass
is highly determined by the harvesting techniques, in this case specifically the timing of
harvest. Our finding that the timing of golden-grass seed production is similar across a

wide region suggests that the present state regulations on the timing of harvest are
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appropriate. In addition, the state regulation that flowerheads must be cut and left in the
harvesting area in order to disperse the seeds, a recommendation derived from an
ecological study, not local ecological knowledge, may play a key role in some years. The
impact of depleting seeds might be severe in years when the elasticity sexual
reproduction is higher (Figure 4.5). The combination of moderate elasticities and high
negative LTRE contributions for sexual reproduction observed in harvest year 1 (Figure
4.6) suggest that golden-grass harvesting maybe potentially unsustainable under these
conditions (Zuidema et al. 2007). This highlights the importance of cutting and dispersing
flower heads after harvesting, even if sexual production is only sporadically important for

A.

We simulated a biennial fire regime, which Jalapao harvesters maintain is ideal
for golden grass management. Although our results suggest that this frequent burning
allows for the persistence of golden-grass populations, the impacts on other species and
on soil erosion need to be assessed. Other analyses have shown (chapter 5) that A of
golden-grass populations significantly decrease with decreasing total rainfall. In the
present stochastic simulation, we considered only rainy years with rainfall close to and
above the historical mean in the region. A more frequent occurrence of drier years would
likely exacerbate the negative effects of early harvesting. We modeled the combined
effects of variation in fire return interval and rainfall on golden-grass populations

elsewhere (chapter 5).

Implications for conservation

Our results suggest that the potential for sustainable golden-grass handicrafting is
high. The combination of traditional management of experienced harvesters and the
existing state regulations promote harvest sustainability and do not limit harvest levels.
This contrasts with many NTFPs that can be harvested sustainably only at low levels or

between long harvesting intervals (Ghimire et al. 2008; Guedje et al. 2007).

Early-harvesting however, is unsustainable. The harvest of flower stalks during

flowering period has been pointed out as a cause of decline in other Eriocaulaceae
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species, including Syngonanthus spp. populations in Brazil (Bede 2006; Giulietti 1996).
The increase in sales reported outside of the core- Jalapao area suggests that harvesting
pressure is increasing in the regions where harvest is unsustainable. Early-harvesting is
carried out by harvesters in two situations. One involves new harvesters, in regions where
golden-grass handicrafting is spreading, who have no prior local ecological knowledge of
golden-grass or information on state regulations. Upon learning that late harvests yield a
shinier product some of these artisans stated that they would stop harvesting early, but
many were also concerned that if they waited, uncontrolled fire would burn the wet
grasslands before they could harvest the golden-grass. The second situation is a response
to increasing harvesting pressure in regions where handicrafts have been economically
important for many years. Here harvesters have local ecological knowledge and/or
information on state regulations, but competition is high, wet grasslands are open access
resources and law enforcement is not effective. In the core-Jalapao region, several
harvesters stated that they “wait for the right time, but there is nothing left when they go
harvest”, since others would have already harvested in public and communal areas, as
well as on private lands not extensively occupied by owners. As with other NTFP
systems, harvesting practices are influenced by numerous factors, including land tenure
(Varghese & Ticktin 2008), competing uses (Gaoue & Ticktin 2009) and economic
pressures (Baldauf et al. 2007).

This highlights the need to (i) spread ecological and management information to
new artisans, since local ecological knowledge is not being developed or transmitted as
fast as the economic activity is spreading; (ii) create economic incentives for sustainable
harvesting by marketing products made from golden-grass harvested at the right time
with a sustainability label. This is possible since the difference in color and shine
between handicrafts made from ripe flower stalks and those made with “unripe” flower
stalks can be easily detected by experienced artisans and buyers; and (iii) improve law
enforcement to promote sustainable harvesting, by preventing early-harvesting due to

competition among harvesters in commonly managed areas.
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Establishing regulations for NTFPs is a challenge because the legal requirements
often prevent communities with less resources from benefitting, and the extraction of the
resources is then continued by local or regional elites (Laird et al. 2010). In the case of
golden-grass the regulations do not exclude communities with lower resources; they are
consistent with traditional practices and do not limit income generation because they do
not restrict harvest levels. They also appear to be applicable at the scale over which
harvest is occurring. Golden-grass handicrafts provide an important source of income to
artisans, allowing them to earn more than they would from most other available
occupations. In our surveys we found that monthly income from golden-grass ranged
from 0.5 to 2 minimum wages*, or USD 115 to 470/month/artisan. This increase in
earnings has changed local communities, allowing them access to market goods
unobtainable before. If the recommendations listed above are carried out, golden-grass
can continue to be a good example of a NTFP that contributes to conservation of natural

areas and local livelihoods in a biodiversity hotspot.

* Minimum wage in 2008 — R$ 415; USD 1 ~R$ 1.7
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Figure 4.1. Cerrado biome (in grey) and Tocantins state within the Brazilian
territory (A); Tocantins state, with core-Jalapao region in grey and the
municipalities visited in this study, including municipalities where golden-grass
seed surveys were performed (B) and detailed locations of the 9 wet grasslands
study sites, close to four local communities (squares) in core-Jalapao region (C).
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Figure 4.3. Deterministic population growth rates (A) and 95% bootstrap
confidence intervals for golden-grass populations in nine study sites, for three
years, in Jalapdo region, Tocantins, Brazil. Numbers inside bars indicate the
number of plants considered to build each matrix; * indicate significant difference
(non-overlapping confidence intervals) between harvest and control populations.
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Figure 4.4. Mean vital rate elasticities in control and harvested golden-grass
populations in nine wet grasslands in Jalapao region, Brazil.
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Figure 4.5. Life table response experiment (LTRE) contributions of vital rates to
differences in A between control and harvested population of golden-grass in
Jalapdo region, in 9 sites. Negative contribution values indicate that differences in
the vital rates contributed to decreased A in the harvested populations compared to
the control (reference matrix). Positive life table response experiments indicate
that the vital rates contributed to increased A in harvested populations in
comparison to control populations.
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Figure 4.6. Stochastic population growth rates () for golden-grass populations
subject to no harvest (control), late harvest (according to traditional practices,
after flower stalks are dry), and early harvest (before flower stalks are dry). Early
harvest is simulated with increasing rates of flowering adult mortality caused by
flower stalks harvest. All simulations assume a biennial fire return interval.
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Figure 4.7. Number of seeds (mean + SE) per golden-grass flowerhead in nine
different regions in Tocantins state from August 1* to October 15™2008. n=20
flowerheads per region per date; N=2,467 flowerheads. The decrease in seeds
after September 15™ indicates seed dispersal has occurred.
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Chapter 5. Why some like it hot, wet and frequent? Effects of frequent fires and
rainfall variation on the population dynamics of a perennial herb in wet grasslands

of a Neotropical savanna
Isabel B. Schmidt & Tamara Ticktin
Abstract

Fire is a common natural disturbance and management tool in fire-prone
ecosystems, including in wetlands within savannas. However, little is known
about the effects of fire on plant populations in these ecosystems. To investigate
the effects of fire season, fire frequency and interannual rainfall variation on
plants in wet grasslands, we carried out experimental fires and studied the
population dynamics of an economically important herbaceous wet grassland
species, Syngonanthus nitens (Eriocaulaceae) over space (9 sites) and time (6
years). Syngonanthus nitens population dynamics varied across sites (n=75
matrices, A varied from 0.60 to 1.42), but most variation was due to temporal
differences related to interannual rainfall variation. In contrast to studies on other
species, fire occurrence and fire season did not significantly affect most individual
vital rates or long-term population growth rates. A factorial life table response
experiment (LTRE) showed that rainfall variation (factorial LTRE main effect of
rainfall |B|=0.120 £ 0.057) and its interaction with fire (LTRE interaction effect,
|af| =0.111 £ 0.094) had higher effects on long-term population growth rates
compared to the effects of fire (|a|=0.069 + 0.022). Most differences in long-term
population growth rates were due to changes in adult survival. Stochastic
simulations indicated that biennial fire return intervals maximize long-term
population growth rates. More frequent fires and longer fire return intervals
yielded lower stochastic population growth rates. By far the most important driver
of S. nitens long-term population growth rates was interannual variation in rainfall

and this is likely to be the case of other plant species in wetlands within savannas.

Keywords: matrix models, management, non-timber forest products (NTFP),

demography, stochastic growth rates, factorial LTRE, Cerrado, Brazil
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Introduction

Fire is a natural disturbance and a common management tool in fire-prone
ecosystems around the world (Bond et al. 2005). The effects of fire on plant
populations and communities depend on various aspects of the fire regime such as
fire frequency, intensity and season, fuel (biomass) quality and quantity, as well
as on the plant community (Miranda et al. 2009; Whelan 1995). Environmental
drivers, such as rainfall and interannual rainfall variation, may also influence fire
regimes and their effects on plant communities and populations over the long-

term (Quintana-Ascencio et al. 2003).

The effects of a fire event go beyond pulses of high temperatures. The
occurrence of fire modifies the post-fire environment by reducing or eliminating
above ground biomass, increasing light availability, and promoting higher
variation in temperatures and winds (Bond & Keeley 2005; Certini 2005).
Environmental changes associated with fire have been reported to influence plant
survival, resprouting (Hoffmann 1998), flowering (Brewer et al. 2009), seed
production (Menges & Quintana-Ascencio 2004), seed dispersal (Cirne &
Miranda 2008), and seed germination and establishment (Quintana-Ascencio et al.
2003), including in perennial herbaceous species (Lesica 1999; Menges & Dolan

1998; Zimmermann et al. 2008).

High spatial variation in plant population dynamics is common (Horvitz &
Schemske 1995) and can be attributed to factors such as differences in soil
properties (e.g., Ghimire et al. 2008), light availability (e.g., Bruna & Ribeiro
2005), as well as interannual variation in rainfall (Jongejans et al. 2010). These
same environmental drivers influence fire intensity and behavior, by changing
fuel quantity and quality over space and time. As a consequence, plant responses

to fire also vary in space and time (Menges 2007; Whelan 1995).

In savannas, natural and anthropogenic fire frequency and fire behavior
depend on rainfall and biomass accumulation during the rainy season.
Additionally, water availability in the soil during the dry season affects fuel

(biomass) characteristics (Furley 2010). Within savannas, areas such as inundated
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forest, swamps and wet grasslands are islands of stability in terms of water
availability year around (Cianciaruso & Batalha 2008), and may function as
refuges for animal species (Redford & Fonseca 1986). They are commonly
managed with fire (Barbosa & Schmitz 1998; McGregor et al. 2010) and are

economically and culturally important for local communities (Dixon 2003).

Most studies on fire effects in savannas are concentrated in the dry
physiognomies (Andersen et al. 1998; Furley et al. 2008; Miranda et al. 2009;
Wilgen et al. 2007), studies in perennial savanna grasslands are rarer
(Zimmermann et al. 2010) and little is known about the effects of fire on the plant
communities and species of the wetland areas within savannas. Due to wetlands’
sensitivity to variation in soil water availability (Toogood et al. 2008) and the
importance of interannual rainfall variation on plant responses to fire (Quintana-
Ascencio et al. 2003), the effects of fires in wet grasslands may be especially

influenced by interannual variation in rainfall.

The Brazilian savanna, the Cerrado, in central Brazil, is one of the 25
world biodiversity hotspots (Myers 2003). Cerrado wet grasslands cover about
2.3% of the biome’s original 2 million km® and are of major importance to the
water cycle (Reatto et al. 1998). Cerrado wet grasslands boast high plant diversity
and endemism, and contribute significantly to B-diversity, since most wet
grasslands species do not occur in drier physiognomies (Cianciaruso & Batalha

2008; Munhoz et al. 2008).

Most of the Cerrado native vegetation has been converted into large
monocultures and pastures planted with non-native grass species (Klink &
Machado 2005). Most remnant Cerrado areas are managed by local communities
for slash and burn agriculture and extensive cattle raising on native vegetation, as
well as for the harvest of hundreds of non-timber forest products (Mistry 1998;
Sawyer 2008).

Jalapdo region, in Tocantins state comprises one of the largest continuous
areas of conserved Cerrado. Local economy and livelihoods in Jalapao are

directly dependent on the use and management of Cerrado (Seplam 2003), and all
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main economic activities, aside from tourism, involve the use of fire as a
management tool. The wet grasslands and inundated forest areas are important for
slash and burn agriculture, and fires are regularly set in wet grasslands to induce
resprouting of native grasses for cattle, as well as to stimulate flowering of
Syngonanthus nitens (Bong.) Ruhland (Eriocaulaceae) during the following dry
season. This species, regionally called ‘golden-grass’ (capim-dourado), is
endemic to Cerrado wet grasslands and provides the most important source of
income to hundreds of harvesters and artisans from Jalapao region, who produce

handicrafts and basketries weaved from the flower stalks (Schmidt et al. 2007b).

Here, we use S. nitens as a model species to understand the effects of fire
on the dynamics of plant populations in Cerrado wet grasslands. Syngonanthus
nitens shares a similar life history and similar phenological response to fire, to
numerous other non-grass species in the wet grasslands, especially the many other
members of the Eriocaulaceae, Xyridaceae and Cyperaceae (I.B.S. personal obs.).
The changes in habitat caused by fires likely affect the demography of these
species in similar ways. We investigate the effects of fire on S. nifens demography
over time and space, and assess the role of interannual variation in rainfall on
individual and population level responses to fire. Specifically we address the
following questions: (i) What are the effects fire and post-fire conditions on S.
nitens individual vital rates, i.e. survival, flowering, sexual and clonal
reproduction? (i1)What are the effects of fire frequency and fire season on S.
nitens long-term population growth rates? (iii) How does variation in rainfall
affect S. nitens vital rates and long-term population growth? (iv) Do the effects of

fire depend on rainfall?
Methods

Jalapdo wet grasslands and fire management

Jalapdo occupies more than 53,000 km? in the eastern part of Tocantins
state (46°54°W, 10°42°S). Three main protected areas in and contiguous to the
region comprise the largest continuous legally protected areas in the biome —

Serra Geral Ecological Station, 713,000 hectares and Jalapao State Park, 158,000
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hectares; which are contiguous with Parnaiba Springs National Park, 733,000
hectares (Silva & Bates 2002). Since these areas have been protected only since
2001, most of the area they encompass is still traditionally managed by local
communities. Mean rainfall in Jalapao is approximately 1,700 mm, 90% of which
falls between October and April, and mean annual temperature is 27°C (Seplam

2003).

The wet grasslands in the Cerrado occur on organosoils and form belts
around inundated gallery forests, which are frequently mono-dominated by
Mauritia flexuosa (Arecaceae) and called veredas (Ratter et al. 1997). Rezende
(2007) lists 136 vascular plant species co-existing in Jalapao wet grasslands, from
63 genera and 32 families, among which the richest were: Poaceae (29 species),
Cyperaceae (18), Eriocaulaceae (15, including 9 Syngonanthus species) and
Xyridaceae (12). In the areas of intermediate soil moisture, where S. nitens
occurs, this species had the 4™ highest relative cover. No non-native species were

recorded.

Local communities in Jalapao consider a biennial fire regime to be ideal
for both cattle grazing and S. nitens flower stalk harvest. They consider annual
fires to be too frequent and associate them with decreases in vegetation cover and
consequent soil erosion (I.B.S. unpublished data). For cattle raising, wet grassland
fires in the late dry season (August and September) are considered ideal, since
there are less grazing areas available at this time in drier physiognomies and the
wetlands are drier and easier to burn. Fire at any time during the dry season (May-

September) is believed to induce S. nitens flowering the following year.

Due to the large dimensions of Jalapao region and its low human
population density (<1 inhabitant/km?, Seplam 2003), community-managed areas,
private land and protected areas are effectively open-access resources, so that
most wet grasslands in the region are managed and/or burned by different stake
holders, with various purposes. Although started intentionally, most human-
induced fires in Jalapao are not controlled by local inhabitants. Despite the efforts

to reduce wildfires, especially inside protected areas, uncontrolled, extensive fires
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are very common in the region (Pereira 2009). The fire return interval in all
Jalapdo and specifically in the wet grasslands therefore varies, with some areas
having a higher chance of annual burnings and others experiencing a longer than
biennial fire return interval. Wet grasslands protected from fire for more than 4
years are rare in the region (I.B.S. unpublished data). Studies on the natural
occurrence of fire are still rare for the Cerrado, but suggest that the natural fire
return interval may vary from one to nine years, depending to the physiognomy
(reviewed by Miranda et al. 2010). There has been no research on the occurrence

of natural fires specifically in Jalapdo region.

Study species

Syngonanthus nitens is a clonal, polycarpic, perennial, rosette-forming
herb that grows to about 4 centimeters in diameter. Flowering occurs once a year,
during the dry season from July to August, with each plant producing 1 to 10
flower stalks, with a flowerhead (capitulum). Flowerheads bear 30 to 60 wind-
dispersed seeds, about 0.9mm long. Seed germination percentages in laboratory
conditions are high (>85%, Schmidt ez al. 2008). Harvest of S. nitens flower
stalks according to local traditional practices does not significantly alter vital

rates, long-term population persistence or population responses to fire (chapter 4).

Experimental design

We collected demographic data from permanent plots established in 9 wet
grassland sites, managed by four Jalapao local communities, ranging from 3 to 27
km apart. We tagged all S. nitens plants in the plots and monitored rates of
survival, growth, and reproduction in annual censuses between June and July,
when flower stalks have elongated. In each site, areas were randomly selected for
(1) experimental fires in the early dry season (early fires [EF]), (2) experimental

fires in the late season (late fires [LF]) and (3) control (C) — protected from fires.

Our demographic data from 2004-2005 and 2005-2006 were collected in
sites 1 to 3, from 20 0.25 x 0.25m plots per treatment and site. These sites had
been burned by local communities in 2002. The data for the remaining study years

(2006-2010) were collected from sites 4 to 9, in 6-14 0.5 x 0.5m plots per
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treatment. All had been burned in 2005. A total of 17 late experimental fires were
carried out in September of 2004, 2005 (sites 1-3), 2007 and 2009 (sites 4-9) by
fire brigades from the Jalapao State Park, Mateiros and Sao Felix municipalities.
To assess the effects of fire season, we performed a total of 12 early experimental
fires, in sites 4 to 9 in June 2007 and 2009 and collected demographic data from
these populations from June 2008 to June 2010 (Table 5.1). Air temperatures
during fire and other parameters of fire behavior were collected during 2009
experimental burnings and are reported elsewhere (chapter 6). Study areas were
fenced to exclude cattle which tend to chew the aluminum tags used to mark the
plants. All experimental areas were protected from accidental burns by fire breaks
twice a year. Nonetheless, the whole experimental area in site 1 was burned in an
uncontrolled fire in October 2005, so this site was excluded from the analyses for
the 2005-2006 interval. Also, the control area in site 9 burned during an
uncontrolled fire in October 2007. We maintained it in our analysis, but no longer

as a control.

To understand the possible effects of variation in soil properties across
sites and treatments on S. nitens population dynamics, we analyzed soil samples
from sites 4-9 in late burnt and control areas. To assess the effects of vegetation
cover on S. nitens vital rates and population dynamics, we quantified the
vegetation cover at each annual census, from 2006 to 2010, in sites 4 to 9

(Appendix 5).

Individual vital rates

We analyzed the data on individual vital rates - survival, flowering, sexual
and clonal reproduction — of the S. nitens individuals in the study plots at sites 4-
9, 2006-2010 using linear mixed effects models (Pinheiro & Bates 2000; West et
al. 2007). For these analyses we considered populations, i.e., all the study plots
under a same fire treatment per site and year, as our experimental units. We
considered year as a fixed effect in this analysis because year was considered a
proxy for the effect of rainfall level (see section ‘effects of interannual rainfall

variation in population responses to fire’ for detailed explanation of rainfall
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levels). We could not statistically test for interactions between the fixed effects
due to the existence of empty cells in the factorial design (e.g., all populations are

under one-year-since fire in the first year).

For each vital rate, we ran a full model, with time-since-fire and year as
fixed effects and site and treatment (fire level: control, early fire and late fire) as
random effects. We fit the models using Restricted Maximum Likelihood
(REML) to compare models with different random factors and Maximum
Likelihood (ML) to compare models with same random factors, but different
fixed factors (Pinheiro & Bates 2000; West et al. 2007). Model reduction was
made reducing each model to one of the fixed factors (year-since-fire or year) and
comparing it to the full model, using likelihood ratio test (LRT). For the instances
where best fitting model had year as a fixed factor, we simplified the model even
further by considering the rainfall level (dry, intermediate or rainy years) instead
of year, and compared the model with rainfall level to the model with year as
fixed factor. We selected the best fitting model based on the LRT and Akaike
Information Criterion (AIC). After the best fitting model was selected, we
performed Tukey’s all pair-comparisons across the levels of the fixed factors in
the model. To meet the normality assumption we square root transformed the

counts of new plants recruited from seeds (Quinn & Keough 2009).

We determined the probable origin of new recruits (seed or clonal
reproduction) by checking for stem connections between plants. Rates of survival
and clonal reproduction were calculated as the proportion of plants that survived
(or clonally reproduced) in a one year interval divided by the initial number of
plants per population. Flowering percentages were calculated by dividing the
number of flowering adults by the total number of adults per population at each
census, for this analysis.

Population matrix models

We used matrix population models (Caswell 2001) to assess the effects of
fire on S. nitens populations. At each census, we classified S. nitens plants into

five life-stages based on ramet size and size of the genet (or clump): (S)
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‘Seedlings’- single rosettes < 2cm in diameter; (SR) ‘Small Ramets’ — rosettes <
2cm that are part of a larger genet. These plants do not flower. Individuals > 2cm
can flower, and were classified into three adult stages, since adult survival varied
significantly with genet size: (A) *‘Adults’ — single rosettes; (AR1) ‘Adult Ramet
1’ — adults in genets with 2-4 ramets and (AR2) ‘Adult Ramet 2’ — adults in
genets with more than 4 ramets. The number of small ramets was low, so we used
only one small ramet stage to avoid increasing sampling error (Moloney 1986).

We monitored a total of 10,752 plants over six years.

To verify if S. nitens seeds form a permanent seed bank, we collected
seeds in September 2006 and tested seed germination and viability in both
laboratory and field experiments. For the laboratory experiments, seeds were
maintained in paper bags at room temperature (around 25°C). For the field
experiments, seeds were placed in mesh bags and buried at approximately 1cm in
the soil, in a wet grassland in Jalapao region. Once a month, a sample of 200
seeds (4 repetitions of 50 seeds) from each condition (laboratory and field) were
used in germination trails in germination chambers with 12 hours photoperiod and
alternating temperatures of 22°C and 30°C, for 30 days. Non-germinated seeds
were tested for viability using 2,3,5 triphenyl tetrazolium chloride staining
(Baskin & Baskin 2001). Germination rates were above 85% and were similar
between field and laboratory stored samples and over time for the first six months
after collection. Seed germination and viability decreased after that, and no seed
was found viable after the 9™ month (June 2007). Therefore we did not include a

seed bank in our population models, based on one-year intervals.

We built a total of 75 matrices, one for each population per site, treatment
(control, late and early dry season fire) and year (Appendix 6). Since S. nitens
rosettes can recruit into all stages by sexual or clonal reproduction within a year
interval (Appendix 3, Table S3.1 and Figure S3.1), we used vital rates (survival,
growth and reproduction, Table S3.2) instead of matrix transitions in our analyses
(Franco & Silvertown 2004). When necessary, we added 0.01 to vital rates to
ensure matrix irreducibility (Caswell 2001). We calculated deterministic and

stochastic population growth rates (lambda, A and 2), and carried out prospective
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(elasticity) and retrospective (life table response experiments, LTRE) analyses
(Caswell 2001). We calculated 95% confidence intervals for each A value by
bootstrapping the observed annual individual transition among stages, using 5,000
iterations, with replacement. We considered A with non-overlapping confidence

intervals to be significantly different.

We assessed the effects of fire and fire season on S. nitens populations by
comparing A, elasticities and LTRE results from populations with contrasting

time-since-fire or fire season within the same site and year.

Effects of interannual rainfall variation in population responses to fire

To assess the effects of interannual rainfall variation in S. nitens
population dynamics, we classified our six study years into three rainfall levels,
considering total rainfall of the current and the previous rainy season. This is
because in highly seasonal environments, low rainfall during the rainy season can
cause the water table to drop lower than usual during the following dry season
(e.g. Toogood et al. 2008; Weekley et al. 2007). Our study censuses were carried
out early in the dry season; consequently, water availability in the wet grasslands’
soils during the first three to four months of each annual transition was
determined by the rainfall during the previous rainy season. Two of our study
years had lower rainfall than the average for the region in the past decade (mean +
SD =1,682 + 294mm , data available for Mateiros municipality, Agéncia Nacional
de Aguas 2010), and were classified as ‘dry years’ (2004-2005 and 2007-2008,
total during rainy season rainfall: 1,571 and 1,570mm). The other four study years
had rainfall above the average for the decade (between 1,867 and 2,005mm/rainy
season). To account for possible effects of decreases in water availability, we
therefore classified the years following dry years as ‘intermediate-rain years’
(2005-2006 and 2008-2009), in both cases they were years with rainfall above the
mean. The remaining study years (2006-2007 and 2009-2010) were classified as
‘rainy years’, since they were rainy years following another rainy year (Table

5.1).
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To assess the influence of interannual variation in rainfall on S. nitens
population responses to fire, we performed a fixed factorial design LTRE
(Caswell 2001). We considered time-since-fire and rainfall as factors, with three
levels each. We built six mean matrices by averaging the vital rates of matrices at
the three levels of time-since-fire (0, i.e., experimental fire, 1 and 2 or more years
since fire) and at the three rainfall levels (dry, intermediate-rain and rainy years).
We also built a mean matrix for each combination of the three levels of the two
factors (interaction mean matrices). Since we did not monitor any population one-
year-since-fire during a dry year, this combination is missing and we had eight
interaction mean matrices, instead of nine (Table 5.3). Finally, we built an overall
mean matrix by averaging all 14 matrices described above. The factorial LTRE

model used was (Caswell 2001):
AW =20 4 6@ 4 B(i) + (aB)(ij)

where A7, is dominant eigenvalue of the mean matrix AV for the i” time-since-
fire level and j” rainfall level and it is a function of: the dominant eigen value of
the overall mean matrix, k("), the main effect of i time-since-fire, a(i), the main
effect of jth rainfall level, Bm, and the /* time-since-fire x jth rainfall level

interaction effect, (aB)(ij).

We decomposed the effects of each main factor and their interactions into
vital rates (survival, growth, retrogression, sexual and clonal reproduction) by

performing 14 LTREs contrasting each mean matrix to the overall mean matrix,

A" (Caswell 2001).

Fire interval and rainfall scenario simulations

To assess the effects of fire frequency and interannual variation in total
rainfall on S. nitens long-term population growth rates, we created a Markovian
chain (Caswell 2001) with nine states, defined by the combination of three levels
of time-since-fire (0, 1 and 2+ years since fire) and rainfall levels (dry,

intermediate-rain and rainy years).
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The rainy season rainfall of our dry years was lower than the rainfall
average for the decade by about 0.5 standard deviations. We used the data
available since 1970 from two other municipalities surrounding our study region
and estimated the frequency of such dry years to be close to 20%. To assess
possible effects of changes in the frequency of dry years on S. nitens long-term
population growth rates, we performed stochastic simulations under three rainfall

scenarios: 10, 20 and 50% chances of dry years.

For each rainfall scenario and each site (4-9), we calculated stochastic
lambda (As) for ten different fire frequencies ranging from 50% chance of annual
fires alternating with biennial fires, to mostly triennial and longer fire intervals
(Appendix 7). The simulations used matrices built from populations under
different time-since-fire from 2006 to 2010. We ran the stochastic simulations for
100,000 years, and discarded the first 2,000 iterations to remove transient

dynamics from the long-term simulation.

We used R (R Development Core Team 2011) for all analyses, specifically
‘popbio’ package (Stubben & Milligan 2007) for the matrix models, ‘nlme’
package for the linear mixed models analyses (Pinheiro et al. 2011) and
‘multcomp’ package for the multiple comparisons within linear mixed effect

models.
Results

Effects of fire and rainfall variation on S. nitens vital rates at the individual level

For all vital rates analyzed, the models with site as a random factor fit the
data better than the models with both site and treatment as random factors (results

not shown), so all analyses were carried out having site as the only random factor.

The survival rates of S. nitens individuals were bets explained by the
model with rainfall level (dry, intermediary and rainy years) as the only fixed
effect (Table 5.2). Survival rates were significantly higher in the two rainy years

(2006-2007 and 2009-2010) compared to the intermediate rain year (2008-2009,
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p<0.001), survival was also significantly higher in the intermediate rain year

compared to the dry year (2007-2008, p<0.001).

Survival rates varied inconsistently in response to time-since-fire (Figure
5.1A), with more recently burned populations having higher survival rates than
control populations in some sites and the opposite trend in other sites (Appendix
8, Table S8.1). Most of the individuals that survived fire did not lose their above-
ground biomass. However, this species is able to resprout after aerial biomass is
lost (I.B.S. unpublished clipping experiments) and we observed resprouting from

underground structures after fires.

Both year-since-fire and year were important factors for explaining the
variation in adult flowering rates (Table 5.2). The percent of S. nitens adults that
flowered was significantly higher in populations one year since fire compared
unburned populations (p<0.0001, Figure 5.1B). To better understand the effects of
rainfall levels in flowering rates, we performed further analyses considering only
populations under one-year-since fire. Within one-year-since-fire populations (in
June 2006, 2008 and 2010), flowering varied across years (p<0.0001) and the
model with year as a fixed effect fit the data better than the model with rainfall
level as a fixed factor (Table 5.2). Flower percentages were higher after the two
rainy years (in June 2006 and June 2010 compared to those after the dry year (in
June 2008, p<0.0001). However, flowering in June 2006 was also significantly
higher than in June 2010 (p=0.014).

Flowering was mostly below 5% of adults in unburned populations, and
varied significantly across years. However, this variation was not directly related
to variation in rainfall, with some sites having higher flowering in dry years
compared to rainy years and the opposite happen in other sites (Figure 5.1B;

Table S8.2).

Sexual recruitment, i.e., recruitment of new individuals from seeds was
low and varied across sites and years (Table S8.3). Time-since-fire did not explain
the variation in sexual recruitment rates. The best models were the ones that

included year or rainfall level as the only fixed effect (Table 5.2). However, the

100



variation and differences in sexual recruitment rates were inconsistent with
rainfall levels. For example, recruitment was significantly higher in the dry year
(2007-2008) compared to the intermediate rain year (2008-2009, p=0.019) and
one of the rainy years (2006-2007, p=0.048). On the other hand the dry and the
other rainy year (2009-2010) had similar rates of sexual recruitment (p=0.11).

The best model for explaining variation in clonal reproduction rates had
only year as a fixed factor (Table 5.2). Clonal reproduction rates varied across
years (Figure 5.1D; Table S8.4), inconsistently with rainfall levels, since it was
highest during one of the rainy years (2006-2007) compared to all other years
(p<0.0001). Clonal reproduction rates were similar across all other years,
irrespective to their rainfall level (p>0.99).

Effects of fire and rainfall variation on S. nitens long-term population dynamics

Paired comparisons, within sites and years, of A, elasticity values and
LTRE contributions between populations under different time-since-fire or fire
seasons did not reveal any distinguishable patterns of the effects of fire in S.
nitens populations. Instead, we found a marked variation among the responses to

fire across study sites and especially over time (Figures 5.2-5.4).

Lambda values of populations under different treatments (control [C], late-
fire [LF] and early-fire [EF]) were mostly similar within the same site and year
(Figure 5.2). For three out of nine possible paired comparisons, Ac > Arp, during
dry years with experimental fires (2004-2005 and 2007-2008). There were no
differences in A between burned, control and one-year-since fire populations in
2005-2006 (intermediate-rain year). In contrast, during the rainy year of 2009-
2010, burned populations had higher A than control populations (Ac< Arp) in three
out of six sites. Fire season also did not cause any consistent changes in A. There
were only two significant differences between early and late fires: Agp<App in site
4 and Agp>Apr in site 5. Among 14 paired comparisons between one-year-since-
fire and control populations, there was only one significant difference: A r > Ac, in

site 6 in the 2008-2009 transition (Figure 5.2).
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In rainy years, populations had higher A compared to both dry and
intermediate-rain years, for all time-since-fire categories and sites. Populations
with the same time-since-fire tended to have higher A during intermediate-rain
compared to dry years, although these differences varied across sites, and not all

were significant (Figure 5.2).

Differences in time-since-fire and fire season did not cause consistent
changes in the patterns of vital rate elasticities in S. nitens populations. Survival
always had the highest elasticity values and other vital rates had low elasticities,
varying slightly and inconsistently among time-since-fire, sites and years (Figure
5.3). The three adult stages (A, AR1 and AR2) consistently had the highest vital
rate elasticities, but the relative importance of each of these stages varied across

sites, treatment and years.

The fixed factorial design LTRE results illustrate that variation in rainfall
level highly influenced S. nitens population dynamics (Table 5.3). The main effect
of rain level (||=0.120 = 0.057, mean + standard deviation) was almost two times
larger than the main effect of time-since-fire (Ja=0.069 + 0.022). The interaction
effect of time-since-fire and rainfall level (jap| = 0.111 £ 0.094) was also higher

than the effect of time since fire alone

The observed differences in S. nitens long-term population growth rates
between the overall mean matrix (A ) and each level of the two factors, i.c.,
times-since-fire, X(i'); rainfall level, ?»('j), and their interactions (X(ij)) were mostly
caused by differences in survival (Figure 5.4). Higher survival, clonal
reproduction and sexual fertility had the highest contributions to higher A in one-
year since fire populations compared to the overall mean matrix (Figure 5.4A).
Higher survival was the largest contributor to the higher A in rainy years, at all
levels of time since fire (figure 5.4B). Higher survival and higher clonal
reproduction were the main contributors to higher A especially for populations in
one-year since fire and rainy years, whereas the lower survival in burned

populations during dry years was responsible for most of the negative differences
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in A compared to the overall mean (5.4C). Most of these LTRE contributions were

consequences of changes in the three adult stages’ vital rates.

Effects of fire frequency and rainfall on S. nitens stochastic population growth

rates

Our stochastic simulations of the effects of fire frequency and rainfall on
the long-term growth of S. nitens populations illustrate that although stochastic
lambda values (As) differed across sites, all populations responded similarly to
increases in fire return interval. Biennial fire return interval produced the highest
As across all sites, while more frequent (higher changes of annual fires) and more
sparse fires had lower As. Across all fire intervals and sites, scenarios with lower

probabilities of dry years, produced higher A (Figure 5.5).
Discussion

Effects of fire and rainfall on S. nitens vital rates

Time-since-fire significantly affected S. nitens flowering rates, but had no
clear effect on survival and recruitment from seeds. Time-since-fire also affected
clonal reproduction rates, however this effect was not consistent across years.
Clonal reproduction rates were significantly higher in 2006-2007, when all
populations were at one-year-since fire compared to all other years, irrespective to
time-since-fire. This indicates that factors other than time-since-fire and rainfall

must be influencing clonal reproduction in S, niftens.

Rainfall significantly influenced survival and flowering rates. Survival
was consistently higher in rainy years than in intermediate and higher in these
compared to dry years. Among one-year-since-fire populations, flowering rates

were higher after rainy years compared to the dry year.

The high rates of S. nitens survival after fire are likely due to high water
content in the rosettes, as well as plant architecture (Gill & Ingwersen 1976;

Whelan 1995). Survival of S. nitens plants exposed to fire is also likely favored by
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the rapid fire propagation in wet grasslands and relatively mild peak temperatures

during fires in Cerrado grasslands (chapter 6; Miranda et al. 1993).

Our finding that S. nitens flowering rates increase significantly one-year
since fire is consistent with local ecological knowledge and previous short term
research (Figueiredo 2007). This is likely due, at least in part, to changes in
vegetation cover, which in wet grasslands is low one year after fire and increases
with time (Appendix 5). Increased light availability is frequently found to increase
flowering rates in perennial herbs (e.g. Evans et al. 2010; Munhoz & Felfili
2005). S. nitens’ response to fire contrasts with fire-induced flowering in response
to the fire event itself, described for several other species. The latter may allow
for increased seed germination and establishment success in the post-fire
environment (e.g. Brewer et al. 2009). The higher flowering percentages observed
in S. nitens are likely influenced by other factors at the site level as well. For
example, unburned plots in site 8 had lower vegetation cover compared to other
sites, but did not have higher flowering than sites. Although flowering
significantly increases one year after fire, this did not translate into greater

recruitment from seeds.

Fire-induced clonal reproduction is common among fire-resistant species
(Fidelis et al. 2008; Hoffmann 1998; Whelan 1995). Clonal reproduction in S.
nitens occurs mostly during the rainy season (Schmidt 2005), and our results
suggest that fire may stimulates clonal reproduction during the second rainy

season following fire (one-year-since fire transitions).

Herbaceous species experience population fluctuations in response in
climatic conditions (Brewer et al. 2009; Evans et al. 2010; Noel et al. 2010), and
these commonly result from positive correlations between vital rates (Jongejans et
al. 2010). Our findings that increased rainfall favored both survival and flowering
in S. nitens suggest this is likely the case.

Effects of fire and rainfall on long-term S. nitens population growth rates

Although fire, and especially variation in rainfall, caused significant

changes in S. nitens annual vital rates at the individual and plot level, not all these
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differences affected the long-term population growth rates. As is common in
perennial herbs (Silvertown et al. 1993), S. nitens population growth rates were
highly sensitive to changes in adult survival. Most of the observed differences in A
both within sites and years and across years, as shown by the factorial LTRE,
were due to differences in survival rates across populations, followed by
differences in rates of clonal reproduction. These positive LTRE contributions
from clonal reproduction in burned populations as compared to unburned
populations may indicate a compensatory response at the population level that
could buffer variation and demographic fluctuations over time (Davison et al.

2010; Fidelis et al. 2008; Horvitz et al. 2010).

Sexual fertility in S. nitens, i.e., recruitment of new individuals from
seeds, is only sporadically important to population dynamics (chapter 4), a
common characteristic among clonal perennial herbs (Jongejans et al. 2010;
Ticktin et al. 2002; Zimmermann et al. 2008). The observed differences in S.
nitens sexual fertility could not be clearly associated with either variation in
rainfall or in time since fire. Three factors suggest that seed limitation is not likely
the cause of this low recruitment in S. nitens: (i) flowering is significantly higher
one year since fire; (ii) seed production per flower head is higher one year after
fire compared to control plants (Figueiredo 2007); (iii) seeds have high
germination potential, including after several months in field conditions (see
methods), under hypoxia, in acidic conditions comparable to the wet grassland
soils (Schmidt et al. 2008) and after heat shocks e.g., 150°C, for 3 minutes and
200°C for 1 minute (Fichino ef al. in review). As in several herbaceous species
(reviewed by Clark et al. 2007), seedling establishment is likely the limiting

process in S. nitens sexual reproduction.

Variation in rainfall generated larger differences in A than did fire,
variation in time-since fire, and interactions between rainfall level and time-since-
fire affected A more than did variation in time-since-fire alone. The interactions
between rainfall and time-since-fire led to high LTRE contributions to survival
and clonal reproduction. For example, within the same site and year, fire

decreased survival, which contributed to decreases in A in the burned populations
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compared to control populations. This decrease in survival was even higher and

more important for A when it coincided with a dry year.

Studies of population dynamics that consider environmental drivers,
especially more than one, are still rare (Crone et al. 2011), but interactions
between rainfall and plant responses to fire have been reported elsewhere (Enright
et al. 1998; Evans et al. 2010; Menges & Quintana-Ascencio 2004; Quintana-
Ascencio et al. 2003), and are likely even more accentuated in wetlands. The poor
water drainage in wetland soils acts as a filter for species establishment
(Haridasan 2001) and creates conditions that may influence wetland plant
responses to fire. Wetland species are likely more sensitive to fluctuations in
water availability than the species from drier physiognomies within fire-prone
ecosystems (Munhoz et al. 2008). The significantly higher mortality of S. nitens
plants in dry years illustrates that sensitivity, which is likely shared with

coexisting species.

Our finding that fire season (early versus late dry season fires) did not
affect S. nitens long-term population growth rates contrasts with findings from dry
savanna ecosystems (Higgins et al. 2007; Miranda et al. 2009). In these systems,
including grasslands, fire temperatures tend to vary with fire season (e.g.
Dayamba et al. 2010; Miranda et al. 1993). In contrast, we found mostly similar
air temperatures between our experimental early and late fires in 2009 (chapter 6).
This is possibly due to the high water availability in wet grassland soils compared
to dry physiognomies, which prevents total wilting of the vegetation even after
several rainless months. In dry years, however, soil water availability can
decrease, causing changes in the above-ground biomass (Toogood et al. 2008);
and changes in fuel can drastically affect fire behavior and as well as the effects
of fire (Whelan 1995). We were able to test for differences in the effect of fire
season only during a rainy year (2009-2010). The effects of fire season on fire

behavior and plant responses might differ in the context of dry years.

Although our data set (27 different populations from 9 sites, followed over

a total of 6 years) is large compare to most matrix model studies (Crone et al.
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2011; Jongejans et al. 2010), we were still unable to clearly identify the
interactions between fire and fluctuations in rainfall. This is because these two
factors are not independently crossed in all their levels 1.e., we do not have all the
levels of time-since-fire occurring in the same year (Table 5.3). For that, it would
be ideal to compare populations under a mosaic of times since fire (e.g. Menges et
al. 2006; Menges & Quintana-Ascencio 2004). In the case of frequently burned
wet grasslands, experimental fires carried out every year in the same sites could
provide such a mosaic. The situation we describe here - where spatial variation is
high and fire effects are influenced by other environmental driver(s) - is likely the
case for numerous perennial herbaceous species in wetlands and other types of

‘stability islands’ within fire-prone ecosystems.

Long-term predictions — fire frequency and rainfall variations

Our stochastic models indicated that both rainfall and fire frequency affect
S. nitens long-term population growth. Climate change predictions indicate that
the Cerrado will experience decreases in total rainfall as well as increased
variation in rainfall levels (Christensen et al. 2007). Additionally, rainfall levels in
Cerrado may also be affected by increased deforestation in the Amazon Basin,
which causes continental scale changes in water cycles (Marengo et al. 2009). The
frequency of dry years is therefore likely to increase compared to the historical
record. Our results indicate that such changes may threaten existing S. nitens
populations, and therefore potentially some of the many other wet grassland

species with very similar life histories.

According to our simulations, S. nitens populations decline with increases
in fire interval, especially with the higher probability of longer than triennial fire
return intervals. Similar responses have been reported to numerous perennial
herbs in fire-prone ecosystems (e.g. Kaye et al. 2001; Liu et al. 2005;
Satterthwaite et al. 2002). The highest A values were obtained in our simulations
of biennial fire intervals, which are preferred by local communities and the most
common fire frequency in Jalapdo region wet grasslands. This is considered a

very frequent fire return interval by environmental agencies and protected areas
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managers, who aim to decrease fire frequency in Jalapao region, with the goal of
conserving biodiversity and controlling/avoiding erosions. While complete
elimination of fire might cause declines in S. nitens populations, our results
indicate that triennial or quadrennial fire intervals do not negatively affect
species’ persistence. We expect that this may also be the case for other

herbaceous wet grassland species, although this needs further testing.

An important aspect of fire management in wet grasslands is fire control to
avoid fires in fire-sensitive adjacent forested physiognomies (Andersen et al.
2005; Pettit & Naiman 2007). Detailed studies of the effects of fire on multiple
species, and at the community and ecosystem levels are needed to better

understand and predict the impacts of fire in Cerrado wet grasslands.
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Table 5.1. Overview of study design to assess the effects of fire and rainfall on S. nitens population dynamics in wet
grasslands of the Cerrado, Brazil. Rainfall levels are based on the rainfall during the current and the previous rainy
season, we classified study years as dry, intermediate-rain or rainy years. The three last columns indicate the number of
populations under 0 (burned), 1 and 2+ years since fire (ysf).

Study rainfall rainfall experimental Oysf lysf 2+ysf
study-year . a

sites (mm) level fire pop. pop. pop
2004-2005 1-3 1,571 dry late fire 3 3 3
2005-2006  2-3° 2,005 intermediate late fire 2 2 2
2006-2007 4-9 1,966 rainy no fire 0 12 0

early & late fire 7 0 5

2007-2008 4-9 1,570 dry ¢
2008-2009 4-9 1,961 intermediate no fire 0 13 5
2009-2010 4-9 1,895 rainy early & late fire 12 6

a) total rainy season rainfall from 1998 to 2010: 1,681 + 294mm (mean + standard deviation).

b) an uncontrolled fire burned the experimental areas in site 1 in October 2005, this site was excluded from 2005-2006
analyses.

c¢) demographic data not collected before early fire in 2007.

d) an uncontrolled fire burned the experimental areas in site 9 in October 2007. We kept the population in our analysis,
and reclassified it according to its time since fire
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Table 5.2 Linear mixed models parameters used in model selection to analyze the data on individual vital rates for S. nitens populations under
contrasting times-since-fire in 6 wet grassland sites between 2006 and 2010. All models had site as a random factor, models with different
fixed factors are shown on the table. Models in bold were the selected models based on Akaike Information Criterion (AIC) and Likelihood

ratio test (LRT); p values refer to the LRT model comparison in the last column.

model df AIC LRT p value model number A AIC models comparison
survival

surv ~ year +ysf 8 -146.5 1 0

surv ~ ysf 5 -60.2 92.27 <0.0001 2 86.3 2vs. 1
surv ~ year 6 -147.37 3.14 0.2 3 -0.87 3vs. 1
surv ~ rainfall level 5 -147.59 1.77 0.18 4 -0.22 4vs. 3
flowering_burned and unburned populations

flowering ~ year +ysf 8 -120.1 5 0

flowering ~ rainfall level +ysf 5 -89.46 36.6 <0.0001 6 6vs.5
flowering ~ ysf 4 -72.9 55.1 <0.0001 7 47.2 7vs. 5
flowering ~ year 7 -80.2 41.86 <0.0001 8 39.9 8vs. 5
flowering only one-year-since-fire populations

flowering~ year 5 -39.06 9 0

flowering~ rainfall level 4 -24.84 16.22 <0.0001 10 14.22 10 vs. 9
sexual recruitment

sex.recr. ~ year+ysf 8 209.19 11 0

sex.recr. ~ ysf 5 231.71 28.53 <0.0001 12 22.52 12 vs. 11
sex.recr. ~ year 6 205.87 0.68 0.711 13 -3.32 13vs. 11
sex.recr. ~ rainfall level 5 204.2 0.33 0.562 14 -1.67 14 vs. 13
clonal reproduction

cl.rep.~ year+ysf 8 -229.45 15 0

cl.rep.~ rainfall level+ysf 7 -199.15 323 <0.0001 16 16 vs. 15
cl.rep.~ ysf 5 -166.47 68.98 <0.0001 17 62.98 17 vs. 15
cl.rep.~ year 6 -229.11 4.34 0.114 18 0.34 18 vs. 15

110



Table 5.3. Fixed factorial design LTRE contributions from time-since-fire (main effect |a/=0.069 £ 0.022), rainfall-level (||=0.120 + 0.057)
and their interaction (Jofj|= 0.111 £ 0.094) on S. nitens population dynamics. Number of matrices refers to the number of original matrices

used to build the average matrix for each factor or interaction level (N=75 matrices, from 9 sites and six years); A\ is the difference between
population growth rate of the mean matrix for each factor (rainfall, time since year) and the overall mean matrix: A(ij) — A(:-). A(--) = 0.898.

LTRE effect survival ~ growth Retrogression fertility clonal . # Of. AN
reproductior matrices

0 year since fire (ysf) -0.033 0.000 -0.020 0.001 -0.022 24 -0.075
1 ysf 0.049 -0.002 0.026 -0.023 0.039 27 0.087
2+ ysf -0.021 -0.003 -0.014 0.019 -0.026 24 -0.045
dry year -0.101 0.002 -0.062 0.026 -0.014 21 -0.149
intermediate-rain year -0.025 0.009 0.012 -0.025 -0.025 24 -0.055
rainy year 0.097 -0.007 0.037 -0.002 0.030 30 0.157
dry year x 0 ysf -0.158 0.007 -0.064 0.000 -0.016 10 -0.230
dry year x 1 ysf NA NA NA NA NA NA NA
dry year x 2+ ysf -0.048 -0.006 -0.060 0.049 -0.012 11 -0.077
intermediate-rain x 0 yst ~ 0.025 -0.028 -0.056 -0.007 -0.033 2 -0.090
intermediate-rain x 1 ysf = -0.022 0.012 0.023 -0.031 -0.019 15 -0.038
intermediate-rain x 2+ ysf -0.033 0.005 0.013 -0.020 -0.030 7 -0.063
rainy year x 0 ysf 0.072 -0.002 0.042 0.004 -0.024 12 0.090
rainy year x 1 ysf 0.160 -0.014 0.026 -0.011 0.116 12 0.281
rainy year x 2+ ysf 0.038 -0.005 0.040 -0.005 -0.049 6 0.020
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Figure 5.1. Vital rates (A: survival, B: flowering, C: recruitment from seeds and
D: clonal reproduction) for S. nitens at the study plots, in 6 sites (sites 4-9), for
four years (2006-2010). Study years and treatments are grouped according to
rainfall level (dry, intermediate-rain and rainy years) and time since the last fire
(0, 1 and 2 or more years). Values are means + 1 standard deviation. Survival and
clonal reproduction represent the proportion of plants that survived (or clonally
reproduced) in a one year interval divided by the initial number of plants per plot.
Recruitment from seeds is the number of new plants from seed origin that
recruited in study plots (0.5x0.5m) over a one year interval. Flowering
percentages were calculated by dividing the number of flowering adults by the
total number of adults per plot at each census. * indicate statistically significant
differences between rates under contrasting time-since-fire; variation in rainfall
levels significantly affected all survival and flowering: rainy years promoted
higher survival and flowering rates and did not consistently affect clonal
reproduction and recruitment from seeds.
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Figure 5.2. Deterministic A and 95% bootstrap confidence intervals for 27
populations of S. nitens in 9 wet grasslands under different times since fire in
Jalapdo, central Brazil. Experimental late fires were carried out in September
2004, 2005, 2007 and 2009 and early fires in June 2009. ‘A’ indicate significant
differences between populations under the same time-since fire; ‘B’ indicate
significantly higher A in control populations compared to recently burned
populations and ‘C’ indicate significantly higher A in populations more recently
burned compared to control.2006-2007 and 2009-2010 were rainy years; 2005-
2006 and 2008-2009 intermediate-rain years and 2004-2005 and 2007-2008 were
dry years (see methods for details on rainfall levels).
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Figure 5.5. Stochastic population growth rates for S. nitens under ten fire return
intervals and three rainfall scenarios (with 10%, 20% and 50% chance of dry
years). Fire return interval increase from left to right on the X axis: 1- 50%
chances of biennial and 50% chances of annual fires; 2- Biennial (75%)/annual
(25%) fires; 3- Biennial (90%)/annual (10%); 4- Always biennial fires; 5-Biennial
(90%)/ triennial (10%), no longer fire return interval; 6- Biennial (75%)/ triennial
(25%), no longer; 7-Biennial (50%)/ triennial (50%), no longer; 8-
Biennial/triennial, with 10% chance of longer fire return interval; 9-
Bienniel/triennial, with 50% chance of longer fire return interval; 10-
Bienniel/triennial, with 90% longer fire return interval.
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Chapter 6. How do the wets burn? Fire behavior and intensity in wet grasslands in

the Brazilian savanna
Isabel B. Schmidt, Alessandra Fidelis, Heloisa S. Miranda and Tamara Ticktin
Abstract

Although wetlands are commonly managed with fire by local communities and
managers in tropical savannas, little is known about fire intensity and behavior in
these ecosystems. We measured fire intensity, maximum temperatures and high
temperature residence time in early (June) and late (September) dry season fires in
wet grasslands in the Brazilian savanna, the Cerrado. These grasslands are burned
for cattle raising and to stimulate flower stalk production of an economically
important species Syngonanthus nitens (Eriocaulaceae). We compared early and
late dry season fire intensities and temperatures, as well as fire intensities in
biennially burnt areas to areas unburned for five years. We also measured
temperatures inside 13 S. nitens rosettes (3-4 cm in diameter, at ground level)
during experimental fires. Experimental fires consumed 60 to 98% of the fuel in
the wet grasslands and were of low intensity (240 to 1,083 kJ s m™") compared to
those in dry savanna grassland physiognomies with similar fuel loads (0.4 to
1.3kg/m?). Late dry season fires tended to be more intense than early dry season
fires, but the differences were not significant (paired t-test, p= 0.1). Maximum
temperatures were also relatively low in the wet grasslands (149 to 442°C, mostly
recorded at 50cm in height) compared to fires in dry savanna physiognomies.
Temperature did not rise above 60°C inside most (9 of 13) S. nitens rosettes
during fire. As in other mesic and sub-humid savanna ecosystems, fuel load was
similar between areas within the same wet grassland site unburned for two and
five years, and fires in areas with contrasting times since last fire (2 and 5 years)
had similar intensities. The relatively low fire intensities are probably due to high

soil water availability year around, which is characteristic of wetlands.

Key-words: NTFP, management, Cerrado, fire temperatures, fire season, campos

umidos, Eriocaulaceae.
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Introduction

Fire shapes vegetation structure and influences species distribution in fire-
prone ecosystems around the world (Bond et al. 2005). Fire is also the most
common tool applied in the management of these ecosystems, both historically
and at present (Bond et al. 2005; Furley et al. 2008; Whelan 1995). People set fire
to “clear” areas for agriculture, inducing the resprouting and flowering of plant
species harvested by humans and grazed by livestock; to aid in hunting, help
avoid poisonous animals, especially snakes, and to improving access to areas,

among other uses (McGregor et al. 2010; Mistry 1998; Yibarbuk et al. 2001).

Fire intensity and fire behavior influence the effects of fire on plant
individuals, populations and communities, and ecosystems (Govender et al.
2006). Fire intensity is affected by abiotic factors such as wind speed, air
temperature and relative humidity. Wind directly affects fire spread, with faster
winds promoting more intense fires; whereas air temperature and relative
humidity indirectly affect fire intensity by influencing fuel moisture, especially of
the dead standing biomass (Trollope & Trollope 2002; Whelan 1995). Plant
community structure and composition affect fuel (biomass) production and
accumulation and fuel characteristics, which influence fire behavior and intensity.
Herbaceous plants, especially grasses, produce fine biomass and tend to
accumulate dry aboveground biomass during rainless periods, thereby favoring

frequent, fast, surface fires (Bond & Keeley 2005).

In addition to fire intensity, peak temperatures and residence time of high
temperatures during fires influence fire severity (Govender et al. 2006), which is
measured by the effects of fire on soil properties and nutrients (Certini 2005), as
well as plant survival and establishment after fires (e.g., Bradstock & Auld 1995;
Govender et al. 2006). Structural features that protect essential tissues, such as
meristems and cambium, from high temperatures are common among plants in
fire-prone ecosystems. The temperature insulation properties of thick barks, fruit
and seed coats are well described (Whelan 1995). In addition, plant architecture

can have a major role in fire resistance, including in herbaceous species where
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meristems tend to be within the height of flames, even during surface fires (Gill &

Ingwersen 1976).

Savannas are characterized by marked seasonal rainfall and a mosaic of
soils with varying fertilities and drainages, which support a mosaic of
physiognomies from inundated to dry forests, including wet and dry grasslands
with a broad variation in tree cover (Furley 2004). Fire behavior and fire intensity
vary widely among savanna physiognomies. These variations are mostly related
to differences in grass and tree covers. Open savanna physiognomies, with
continuous grass substrates, carry fast surface fires, which are usually more
intense than fires in savanna physiognomies with higher tree cover. Canopy fires
only occur under extreme conditions in savannas (Miranda et al. 2009; Trollope &

Trollope 2002).

Overall fuel availability also affects fire intensity and fire effects.
Aboveground biomass production and accumulation is faster in mesic savannas
compared to dry savannas. Fine biomass is likely to accumulate faster in open
physiognomies compared to areas with high tree cover. These features influence
fire return intervals across different savannas in the world and also across the

various savanna physiognomies (Bond & Keeley 2005; Miranda et al. 2009).

Within savannas, areas such as inundated forest, swamps and wet grasslands are
islands of stability in terms of water availability year around (Cianciaruso &
Batalha 2008), and may function as refuges for animal species (Redford &
Fonseca 1986). Wetlands are commonly managed with fire (Barbosa & Schmitz
1998; McGregor et al. 2010) and are economically and culturally important for
local communities (Dixon 2003). Most studies on the effects of fire in savannas
are concentrated in the dry physiognomies (Andersen et al. 1998; Furley et al.
2008; Miranda et al. 2009; Wilgen et al. 2007). Studies in perennial savanna
grasslands are rarer (Zimmermann et al. 2010) and little is known about the
effects of fire on the plant communities and species of the wetland areas within
savannas - to our knowledge, no study to date has characterized fire intensity in

tropical or sub-tropical savanna wetlands. Based on their high soil water
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availability, we expect fire behavior in wet grasslands to differ from dry
grasslands within savannas. Describing fire behavior and assessing fire effects in

wet grasslands is key to inform management of these areas.

The Cerrado, in central Brazil, is a biodiversity hotspot (Myers 2003) with a flora
of more than 10,000 vascular plant species, 44% of which are endemic
(Mendonga et al. 1998). The origin of the Cerrado biome and diversification of its
species are thought to be directly related to the rise to dominance of flammable
C4 grasses within the past ten million years (Simon et al. 2009). Cerrado wet
grasslands cover about 2.3% of the biome’s original 2 million km* and are of
major importance to the water cycle (Reatto et al. 1998). Cerrado wet grasslands
boast high plant diversity and endemism, and contribute significantly to -
diversity, since most wet grasslands species do not occur in drier physiognomies

(Cianciaruso & Batalha 2008; Munhoz et al. 2008).

Most of the Cerrado native vegetation has been converted into large
monocultures and pastures planted with non-native grass species (Klink &
Machado 2005). Most remnant Cerrado areas are managed by local communities
for slash and burn agriculture and extensive cattle raising on native vegetation, as
well as for the harvest of hundreds of non-timber forest products (Mistry 1998;
Sawyer 2008). Fire is set in the various Cerrado physiognomies mostly during the
dry season (May-September), and the specific time of burning may depend on the
purpose of burning (e.g., Mistry et al. 2005). Jalapao region, in Tocantins state,
comprises one of the largest continuous areas of conserved Cerrado (Silva &
Bates 2002). Local economy and livelihoods in Jalapao are directly dependent on
the use and management of Cerrado (Seplam 2003), and all main economic
activities, aside from tourism, involve the use of fire as a management tool. The
wet grasslands and inundated forests areas are important for slash and burn
agriculture, and fires are regularly set in wet grasslands to induce resprouting of
grass for cattle, as well as to stimulate flowering of Syngonanthus nitens (Bong.)
Ruhland (Eriocaulaceae) during the following dry season. This species, regionally
called ‘golden-grass’ (capim-dourado), is endemic to Cerrado wet grasslands and

provides the most important source of income to hundreds of harvesters and
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artisans from Jalapdo region, who produce handicrafts and basketries weaved
from the species’ flower stalks (Schmidt et al. 2007b). Both traditional knowledge
and ecological experiments (chapter 5) have shown that S. nitens flowering

significantly increases one year after fire.

In Brazil, the conservation policy for natural areas, including legally
protected areas, is mostly to avoid natural and human-induced fires, even in the
savanna region (Cerrado). However, uncontrolled fires are very frequent and the
fire return interval in Cerrado natural areas is estimated to be between one and
four years (Miranda et al. 2010), with fires spreading through both fire-resistant
physiognomies and fire-sensitive plant communities, such as riparian forests . As
has been done in most other savanna biomes (e.g. Andersen et al. 1998; Savadogo
et al. 2007; Wilgen et al. 2007), prescribed fires could be used to manage Cerrado
ecosystems to avoid uncontrolled fires and to maintain biodiversity in this biome.
However for this, information is urgently needed on fire intensity, fire behavior as
well as plant community and population responses to fire in all Cerrado

physiognomies.

In this study, we aimed to: (i) characterize Cerrado wet grasslands fire
behavior, including fire intensity, maximum temperatures and high temperature
residence time, ii) identify the effects of fire season on fire behavior, iii) assess

possible differences in fire intensity due to different fire return intervals.
Methods

Jalapdo wet grasslands and fire management

Jalapdo occupies more than 53,000km” in the eastern part of Tocantins
state (46°54°W, 10°42°S). Three main protected areas in and contiguous to the
region comprise the largest continuous legally protected areas in the Cerrado
biome — Serra Geral Ecological Station, 713,000 hectares and Jalapao State Park,
158,000 hectares, which are contiguous with Parnaiba Springs National Park,
733,000 hectares (Silva & Bates 2002). Since these areas have been officially
protected only since 2001, most of the area they encompass is still traditionally

managed by local communities. Mean rainfall in Jalapao is approximately 1,700
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mm, 90% of which falls between October and April, and mean annual

temperature is 27°C (Seplam 2003).

The wet grasslands in the Cerrado occur on organosoils and form belts
around inundated gallery forests, which are frequently mono-dominated by
Mauritia flexuosa (Arecaceae) and called veredas (Ratter et al. 1997). Rezende
(2007) listed 136 vascular plant species co-existing in Jalapao wet grasslands,
from 63 genera and 32 families, among which the richest were: Poaceae (29

species), Cyperaceae (18), Eriocaulaceae (15) and Xyridaceae (12).

Local communities in Jalapdo consider a biennial fire regime to be ideal
for both cattle grazing and S. nitens flower stalk harvest. They consider annual
fires to be too frequent and associate them with decreases in vegetation cover and
consequent soil erosion (I.B.S. unpublished data). For cattle raising, wet grassland
fires in the late dry season (September) are considered ideal, since there are less
grazing areas available at this time in drier physiognomies and the wetlands are
drier and easier to burn. Fire at any time during the dry season (May to

September) is believed to induce S. nitens flowering the following year.

Due to the large dimensions of Jalapao region and its low human
population density (<1 inhabitants/km?, Seplam 2003), community-managed
areas, private land and protected areas are effectively open-access resources, so
that most wet grasslands in the region are managed and/or burned by different
stake holders, with various purposes. Although started intentionally, most human-
induced fires in Jalapao are not controlled by local inhabitants. Despite the efforts
to reduce wildfires, especially inside protected areas, uncontrolled, extensive fires
are very common in the region. The fire return interval in all Jalapao and
specifically in the wet grasslands, therefore varies, with some areas having a
higher chance of annual burnings and others experiencing a longer than biennial
fire return interval. Wet grasslands protected from fire for more than four years
are rare in the region. Local inhabitants state that fires in areas unburned for five
or more years are more intense and therefore detrimental to the wet grassland

plant community, including S. nitens and forage grasses than more frequent fires

122



(I.B.S. unpublished data). Studies on the natural occurrence of fire are still rare
for the Cerrado (but see Medereiros & Fiedler 2003; Ramos-Neto & Pivello 2000)
and indicate that the natural fire return interval may vary from one to nine years,

depending to the physiognomy (reviewed by Miranda et al. 2010).

We performed experimental fires in five wet grasslands, numbered as sites
1 to 5, historically managed with fire by three local communities in Jalapao for
both cattle grazing and S. nitens harvesting. The study sites are part of a broader
experiment (chapters 4 and 5) on the effects of fire and flower stalk harvesting on
S. nitens population dynamics. Since 2006, each study site had areas set aside for
biennial experimental fires in the ‘early’ (June) and ‘late’ (September) dry season.
We also had control areas within each site (unburned since 2005). In addition, to
compare fire behavior between these biennially burned areas to areas protected
from fire for longer periods of time, in September 2010, we set experimental fires
in part of the control areas, which were protected from fire since 2005. The other
half of the control area remained protected from fire. Study areas were fenced in
June 2006 to avoid cattle which tend to chew aluminum tags used to mark the S.

nitens plants.

We estimated fire behavior parameters during prescribed fires in June and
September 2009 and in September 2010 by measuring fuel load rate of spread of
fires, air and fire temperature, relative humidity and wind speed in the five study
sites. The areas burned in 2009 had been burned in 2007 (two years between
fires), whereas the areas burned in 2010 had been protected from fire for five
years. We estimated fuel consumption by collecting all the aboveground biomass
from 6 quadrats (0.25x0.25m) immediately before and after fires, and measured
total dry biomass (oven-dried at 80°C, for 48 hours). Quadrats were randomly
distributed within the burned areas, at least 5 meters away from the border of each

experimentally burned area.

We compared fuel load across sites and dates using analyses of variance

(Anova). We used a paired t-test to compare fire intensities and biomass
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consumption during the experimental fires in 2009 between early and late fires

within sites, using R (R Development Core Team 2011).

All experimental fires were head fires performed by the Jalapao State Park
fire brigade and set between 8:30am and 2:00pm. The areas experimentally
burned were 100 to 625m®. Fire intensity was calculated according to Byram’s

(1959) equation:
[=H*w*r;

where I = fire intensity (kJ s* m™); H = heat yield of the fuel (kJ kg™), w= weight
of fuel consumed per unit area (kg m?) and r = rate of fire spread (m s™). We
considered the heat yield of the fuel to be 15500 kJ kg™', which has been recorded
for other savannas and used in other studies in the Cerrado (e.g. Miranda et al.

1993; Pivello et al. 2010).

In 2009, we measured air temperatures during experimental fires using six
chromel-alumel thermocouples (32 swg) at one-second intervals, using Campbell
21X data logger. Thermocouples were located at 1cm and 50cm above soil
surface; 1cm above soil surface close to termite nests (about Scm away from the
nests) and inside S. nitens rosettes. The latter were placed inside randomly
selected S. nitens rosettes in the study area that were between 3 and 4 cm in
diameter, which represents the average size of adult individuals in the areas
(I.B.S. unpublished data). Termite nests in wet grasslands in Jalapao are common
and can reach up to 60cm in height, although they generally range between 20-
40cm. Vegetation tends to be denser around some termite nests in the wet
grasslands (Fidelis unpublished data). By measuring the temperatures close to
termite nests during fires, we intended to test the hypothesis that they might act as
fire breaks, creating fire patchiness. In total, we used data from 15 thermocouples
placed at 1cm from soil surface (7 during early fires [EF] and 8 during late fires
[LF]), 18 thermocouples at 5S0cm height (10 EF and 8 LF), 7 at 1cm close to
termite nests (3 EF and 4 LF) and 13 inside S. nitens rosettes (9 EF and 4 LF).

Although it might vary (Gignoux et al. 1997), temperatures above 60°C

are commonly considered lethal for plant tissues (Dayamba et al. 2010; Miranda
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et al. 2002). We characterized the residence time of such high temperatures

(>60°C) for all thermocouples used during our experimental fires.

The experimental area in site 1 did not properly carry a fire in September
2009, the burning was uneven and therefore we excluded data on this fire from
our analysis. Due to an uncontrolled fire in 2007, there was no control area
protected from fire for five years in site 5, thus we did not have an experimental

fire in this site in September 2010.
Results

Fuel load was similar across sites at each fire period (Anovas, June 2009:
Fi28 = 1.41, p= 0.24; September 2009: F; 23 = 0.002, p= 0.97; September 2010:
Fi12,=10.17, p= 0.68). Fuel load was also similar in the experimental areas with
different times since fire. Areas protected from fire for five years (burned in
September 2010) had similar fuel loads to the areas biennially burned (burned in
September 2009; Anova, F; 5,=2.0, p=0.16; Table 6.1). Experimental fires
consumed 60 to 98% of the biomass in the wet grasslands (Table 6.1). Fuel
consumption was similar between early and late fires in 2009 (paired t-test, t = -
1.4194, df = 3, p=0.25), and between late fires (September 2009 and 2010, paired
t-test, t = -0.6807, df =2, p = 0.57).

Fire intensity in wet grasslands in Jalapdo ranged from 240 to 1083 kJ 5™
m’". Early dry season fires (in June 2009) were less intense than late fires (in
September 2009) in all 5 sites (Figure 6.1, mean intensity for early fires: 446 kJ s~
"m™; for late fires: 755 kJ s m™ in September 2009 and 759 kJ s’ m™ in
September 2010). The differences between early and late fires in the areas that
were burned biennially (experimental fires in 2009) varied across sites, and were
not statistically significant (paired t-test, t=-2.4, df =3, p=0.1). Fuel load varied
between 0.4 and 1.3kg m™.

The maximum temperatures during experimental fires in 2009 were
recorded mostly at 50 centimeters height, but also at 1centimeter above soil

surface and varied from 149 to 442°C. The maximum temperatures at 1
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centimeter in height close to termite nests did not exceed 86°C and were mostly

lower than temperatures at similar height away from termite nests.

The residence time of temperatures above 60°C, considered lethal for plant
tissues (Agee 1993) was mostly below 3 minutes at 1cm in height (mean: 115
seconds away from termite nests and 89 seconds close to termite nests). Lethal
temperatures tended to persist longer at S0cm in height (mean: 148 seconds). The
temperature inside S. nitens rosettes exceeded 60°C in four out of thirteen rosettes
measured, mostly (n=3) during the late fires. Lethal temperatures persisted for

more than a minute in all but one of these four rosettes (Table 6.2 and Figure 6.2).
Discussion

Fire behavior and intensity in Cerrado wet grasslands

Replicated experimental fire studies are still rare for all Cerrado
physiognomies (Miranda et al. 2009; Pivello et al. 2010) and our study is the first
to provide detailed information on fire behavior and intensities in Cerrado wet
grasslands.

The fire intensities estimated and maximum temperature measured in our
experimental fires in Cerrado wet grasslands were lower (mostly <50%) than the
fire intensities found in other tropical and sub-tropical savannas physiognomies,
where fuel load was similar (Table 6.3). This includes studies in Cerrado dry
grasslands (campo sujo) and woodlands (cerrado stricto sensu) (reviewed by
Miranda et al. 2009); grasslands and parklands in the Amazonian savannas in
Northern Brazil (Barbosa & Fearnside 2005); woodlands in Zambia, South Africa
(Govender et al. 2006; Shea et al. 19963) and Northern Australia (Williams et al.
1998).

The lower fire intensity we found compared to that in dry savannas
physiognomies can probably be attributed to the higher soil water availability year
around in the wet grasslands (Cianciaruso & Batalha 2008), which allows for
perennial plants to keep high moisture contents even during the dry season in the
wet grasslands. Although fuel moisture measurements are needed to confirm this,

field observations indicate that most of the above ground biomass in wet
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grasslands is still moist and alive even at the end of the dry season, in contrast to
the dry above ground biomass that characterize the adjacent dry grasslands and
woodlands (I.B.S. personal observation).

In our experiments, fire intensity did not appear to be related to wind or air
humidity. However, this is probably an result of our small number of replicates
(13 experimental fires), which precluded a more detailed analyses that could help
understand which variables better predict fire behavior and intensity (e.g.
Dayamba et al. 2010; Govender et al. 2006; Russell-Smith et al. 2003; Savadogo
et al. 2007). Among our experimental fires, there was a tendency of more intense
fires under winder and drier conditions. Fire behavior and intensity varied across
our five study sites. The two least intense fires — early fire in sites 2 and 5 (Table
6.1) - were associated with lowest fuel combustion percentage. Among the early
fires, these fires were carried out under the highest air relative humidity (>73%)
and their low intensities might have been a consequence of higher fuel moisture
(Baeza et al. 2002). With a low fuel load, the early fire in site 2 also had the
lowest maximum temperatures among all the 13 fires. On the other hand, the high
fuel load in site 5 allowed for very high temperatures at 50cm height to occur
(Table 6.2).

Although fire intensity is an important measure of fire behavior, high
temperature residence time can be a better predictor of fire impacts on the plant
community, i.e. fire severity (Govender et al. 2006). The higher relevance of fire
residence time compared to fire intensity seems to be even more important for
predicting and understanding the effects of fire in grass and herbaceous species
(Andersen et al. 2005). The residence times of high temperatures in our
experimental fires were short and similar to those reported in other savanna
physiognomies (Miranda et al. 1993; Savadogo et al. 2007). The relatively low
temperatures we found and the short residence time of high temperatures at 1 cm
above the soil surface indicate that wetland savanna fires are likely to have low
impact on soil nutrients and water repellence. Chemical and physical processes
that may cause water repellence start at about 170°C, organic matter and nitrogen

volatilization occur at temperatures above 200°C, and the volatilization of
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nutrients such as potassium, phosphorous and calcium only occur above 500°C
(reviewed by Certini 2005; Pivello et al. 2010). We rarely recorded temperatures
above 170°C close to the soil surface, and these lasted less than 30 seconds. We
therefore expect only short-term changes in soil properties due to fire in Cerrado
wet grasslands, if at all (Certini 2005; Pivello et al. 2010; Silva & Batalha 2008).
Soil structure and nutrient analyses from control and late burned areas in all our
study sites revealed no differences in soil properties that could be attributed to
burning, nine months after the late fires of 2009 (Appendix 5, Table S5.1).

We found temperatures 1 cm above the soil surface to be mostly lower
close to termite nests than away from these structures. Termite activities are
known to be important in nutrient cycling in savannas (Haridasan 2001; Holt &
Coventry 1990). Our results also indicate that their nests may act as fire breaks

during surface fires, creating fire patchiness.

Effects of fire season in fire intensity and behavior

We found late dry season fires (September 2009) to be more intense than
early dry season fires (June 2009). However, the magnitude of these differences
varied across sites (see Figure 6.1). The differences in fire intensity and maximum
temperatures during early and late dry season fires are comparable to findings in
African savannas (Dayamba et al. 2010; Govender et al. 2006; Savadogo et al.
2007) as well as in the Cerrado (Miranda et al. 2009). They are small compared to
the differences between early and late dry season fires in Australian savannas
(Russell-Smith et al. 2003). Govender et al. (2006) attribute these relatively small
differences between early and late dry season fires to the fact that most of the fuel
for fires in Cerrado and African savannas is composed by grasses. In the case of
wet grasslands, the higher soil water availability year around (Cianciaruso &
Batalha 2008) might also play an important role in determining fire intensity.

It is important to note that we only compared fire behavior and fire
intensities in the wet grasslands during one dry season (2009), which followed a
year of relatively high rainfall (mean rainfall in Mateiros municipality =
1,682mm, rainfall in 2008-2009 rainy season = 1,961mm, data available from

Agéncia Nacional de Aguas 2010). We found interannual rainfall variation to
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have large effects on the population dynamics of one wet grassland species, S.
nitens, with significantly higher mortality in low rainfall years (chapter 5). Low
rainfall during the rainy season can cause soil water availability to decrease
during the following dry season, causing changes in the above-ground biomass
(Toogood et al. 2008), which can drastically change fire behavior (Whelan 1995).
Our late fires in September 2010 also followed a high rainfall year (1,895mm). In
wet grasslands, late dry season fires after a low rainfall rainy season might be
more intense than early dry season fires.

Our results indicate that temperatures inside S. nitens rosettes might
remain below levels considered lethal (60°C) during fires in the wet grasslands.
The plant architecture, with leaves superimposed in a rosette format and high
water content (61 + 12% of the total fresh weight, n=50 rosettes collected in
September 2009) may insulate and protect plant essential tissues (Gill &
Ingwersen 1976; Whelan 1995). Although the fact that most of the temperatures
above 60°C inside S. nifens rosettes were registered during late fires could suggest
that late dry season fires have a more severe effect on S. nitens compared to early
fires, this was probably an effect of reduced sample size (temperature measured
inside 13 rosettes). Considering a much larger sample, we found very similar
survival rates among S. nitens adult individuals subject to late and early burns, as
well as in control populations (94% survival, n=735; 92%, n=730 and 93%,
n=592, respectively) in the same five wet grasslands sites (chapter 5). We did not
assess the survival of the 13 rosettes within which we placed the thermocouples

during the experimental fires.

Effects of fire frequency on fire intensity and behavior

We found no differences in fuel load between areas unburned for two
years compared to areas unburned for five years. This is comparable to other
studies in humid and sub-humid savanna areas that found fuel loads recover
within two years after fire or less (e.g. Chidumayo 2003; Miranda et al. 2010). A
more detailed biomass sampling in our study sites identified no significant
difference in fuel load between areas two and four years since fire (Fidelis et al.

unpublished data). This explains the similarities in fire behavior and intensity
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between late fires in areas protected from fire for two and five years. These
findings contradict local impressions that longer fire interval would potentially
increase fire intensity in the wet grasslands.

Cattle were excluded from our experimental area, and this might have
affected accumulation of above-ground biomass. In the wet grasslands grazing
occurs mostly within a few weeks after fire (I.B.S. personal observation).
Therefore, the potential influence of cattle grazing in biomass accumulation is
likely to last for only few months after a fire. For this reason, we assume that
cattle exclusion does not change our conclusions about biomass accumulation,

fire behavior and intensity in Cerrado wet grasslands.
Conclusions

Fire intensity and fuel build up are among the most important factors to
consider when implementing fire management for conserving species,
maintaining ecosystem characteristics, improving pasture for wild animals or
reducing wild fires hazard (Andersen et al. 1998; Whelan 1995; Wilgen et al.
2007). In this context, our results have two direct applications for management of
Cerrado wet grasslands, and that may be applicable to wetlands in other savannas.

First, the accumulation of biomass in the wet grasslands followed a similar
pattern to that observed in dry physiognomies of the same savanna, which is
determined by the total rainfall in the region (Bond & Keeley 2005). Specifically,
fuel load recovered after two years since the last fire, indicating that fire
intensities will be similar among areas unburned for two and more years.

Second, we found wet grassland fires to be less intense and produce lower
maximum temperatures than dry grasslands with comparable fuel loads. This is
likely caused by the relatively high soil water availability in wetlands compared to
dry physiognomies. These two findings may help guide fire management in

wetlands in tropical savannas, not only in the Cerrado.
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Table 6.1. Fire and abiotic parameters of 13 experimental fires in five wet grasslands in Jalapao region, in the Brazilian

Cerrado.
years fuel fire . . heat air relative air
. . fuel load . fire intensity 1
site  fire type date since (ke/m?) combustion spread (kJ/(s/m)) released temperature humidity

last fire & (%) (km/h) (J/m?) °C) (%)
1 Early June 09 2 0.779 80.27 0.132 355.2 12069.3 333 67.0
2 Early June 09 2 0.438 60.58 0.210 240.1 6795.2 31.0 75.3
3 Early June 09 2 1.327 78.30 0.150 671.0 20567.5 35.8 56.5
4 Early June 09 2 0.805 81.06 0.240 674.6 12482.7 32.1 67.7
5 Early June 09 2 0.890 72.90 0.105 293.2 13788.8 32.4 73.3
2 Late Sept. 09 2 1.040 93.98 0.214 901.8 16120.0 28.3 95.8
3 Late Sept. 09 2 0.858 89.65 0.250 827.9 13297.8 32.9 74.7
4 Late Sept. 09 2 0.654 69.40 0.375 733.2 9942.3 34.5 73.7
5 Late Sept. 09 2 0.830 93.93 0.167 559.4 12861.3 29.0 86.5
1 Late Sept. 10 5 0.811 97.70 0.187 636.6 12565.3 34.7 534
2 Late Sept. 10 5 0.515 82.32 0.593 1083.3 7989.7 35.1 54.5
3 Late Sept. 10 5 0.793 96.98 0.225 745.3 12295.4 35.2 56.2
4 Late Sept. 10 5 0.654 96.70 0.210 572.2 10143.6 39.3 46.1
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Table 6.2. Maximum temperatures and maximum residence time of temperatures above 600C registered in nine

experimental early (June 2009) and late (September 2009) dry season fires in five wet grasslands in Jalapdo region, in
the Brazilian Cerrado. Thermocouples were placed at 50cm and 1cm above soil surface; 1 cm above soil surface close
to termite nests and inside S. nitens adult plant rosettes.

Residence time - temperatures above 60°C

Maximum temperatures (°C)* fire

50 1 cm S. nitens o 1 cm S. nitens intensity
Site fire type cm I'cm termite rosette S0cm 1 cm termite rosette (kJ/(s/m))
1 Early 185.7 2944  63.7 144.2 108 140 44 83 355.25
2 Early 149.5 110.2 36.1 33.5 64 114 0 0 240.15
3 Early 4164 1849 NA 43.2 148 122 NA 0 670.98
4 Early 222.1 227.1 NA 51.5 158 115 NA 0 674.56
5 Early 442.0 57.1 71.7 50.6 233 0 36 0 293.19
2 Late 363.3 330.5 75.9 183.3 191 237 237 120 901.85
3 Late 404.6 189.2 55.2 46.9 709 96 96 0 827.87
4 Late 225.9 237.0 82.8 96.9 145 150 150 103 733.24
5 Late 228.8 153.0 85.6 69.6 152 63 63 21 559.36

a- Total number of thermocouples at 50cm: 18 (10 during early fires [EF] and 8 during late fires [LF]; at 1cm:
n=15 (7 EF and 8 LF); at 1cm close to termite nests: n=7 (3 EF and 4 LF) and inside rosettes: n=13 (9 EF and 4

LF).
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Table 6.3. Comparative table with fuel load and fire intensities found in this study and
reported for other savanna environments experimental fires.

Minimum Maximum

Study Physiognomy Region intensity intensity  Fuel (kg/m®)
This study wet grasslands central Brazil 240 1083 0.43-1.04
Barbosa & Fearnside  grassland Roraima, 1256 16394 0.16-0.4
Brazil
Cardoso et al 2003 wet grasslands Pante}nal, - --- 0.28-0.5
Brazil
Govender et al 2006*  oodland- S. Aftica 638 2664 0.3-0.4
savanna
Miranda et al 2009 grasslands central Brazil 1200 20393 0.17to 1.6
Shea et al 1996 woodland- Zambia, 480 6130 22-5.5
savanna S. Africa
Williams 1998 eucalypt-savanna N. Australia 500 18000 1.5-13

a- Mean values obtained from 956 experimental fires, over 21 years.
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Figure 6.1. Fire intensity in wet grasslands during early (June) and late dry season
(September) fires in 5 study sites in Jalapao region, Brazil. Experimental fires in 2009
were carried out in areas unburned for two years, fires in 2010 were carried out in areas
unburned for five years.
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Figure 6.2. Typical temperature curves during early and late dry season fires in wet grasslands in Jalapdo, Brazil. In each
panel, the bold continuous line represents the most common temperature profile curve during experimental fires; the other two
curves per panel are other examples of observed profiles during 9 experimental fires in five sites. Panel A, thermocouples at 50
cm height; B, 1cm, C inside S. nitens rosettes and D, 1cm and close to termite nest.
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Chapter 7. Conclusion

Main findings

This dissertation focuses on the population ecology of Syngonanthus
nitens, ‘golden-grass’ (capim-dourado), an economically important non-timber
forest product (NTFP) species from the Brazilian Cerrado. I used an
ethnoecological approach to understand the harvest and management practices
used by experienced as well as novice golden-grass harvesters, and
experimentally tested the effects of these practices on golden-grass population
dynamics. This species is harvested for its flower stalks, and fire is regularly used
to stimulate flowering. Using simulation approaches, I projected the long-term
effects of different harvesting practices and fire regimes on golden-grass
populations. Taking advantage of my experimental design for studying the effects
of fire in golden-grass populations, I also described the intensity and behavior of

fires in the Cerrado wet grasslands.

I found that the harvest of golden-grass flower stalks, according to the
local ecological knowledge and the traditional practices carried out in the core-
Jalapdo region, is sustainable. This contrasts greatly with the situation in other
regions of Tocantins state, where golden-grass harvesting and handicrafting
activities have spread very recently. The lack of local ecological knowledge
related to golden-grass harvesting in these regions leads to early harvesting, which
may cause rapid population declines. The harvesting rules, implemented
throughout the whole Tocantins state, seem adequate at a regional scale and do
not impair the economic benefits of harvesting golden-grass flower stalks for

handicrafts (chapter 4).

Fire is the most common management tool applied by rural communities
in fire-prone ecosystems, including tropical savannas. Burning the wet grasslands
where golden-grass co-exists with more than 130 other vascular plant species is a
common practice in Jalapao region. Dry season fires are aimed at promoting the
resprouting of grasses for cattle grazing and stimulating golden-grass flowering

during the following dry season. My fire experiments, in nine wet grassland sites
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over six years, revealed that golden-grass plants and populations are highly
resilient to fires and, as experienced harvesters declare, flowering increases
significantly one year after fire. Increased flowering did not translate into
increased recruitment from seeds, which is only sporadically important for the
dynamics of this clonal species. Golden-grass populations experienced high
fluctuations in response to interannual rainfall variation, which was the main
driver of long-term population growth rates. Lower population growth rates in dry
years were mostly due to decreased survival of adult plants. The response of
golden-grass populations to fire is also affected by rainfall. Stochastic simulations
revealed that biennial fire intervals are ideal for golden-grass long-term

population growth rates (chapter 5).

Fires in wet grasslands are fast, with mild temperatures and of low
intensity compared to fires in other savanna grasslands, even under similar fuel
(biomass) loads. This is probably due to the higher soil water availability in wet
grasslands compared to dry grasslands, which affects fuel moisture, and therefore
fire behavior. Fire intensity, maximum temperatures, and high temperature
residence times were similar between early and late dry season fires (June and
September, chapter 6). The response of golden-grass populations to early and late
dry season fires were also similar (chapter 5). Although I did not measure fire
intensity in years with contrasting rainfall levels, I hypothesize that the
differences between early and late dry season fires might be more accentuated
after rainy seasons with low total rainfall than in rainy years, like the ones during

which I carried out my fire intensity measurements.

Management implications - harvest

Based on the results of my experiments on the effects of harvest and fire
on golden-grass populations, I make recommendations for sustainable
management of this species. Recommendations related to harvest are: (i) spread
ecological and management information to new artisans, since local ecological
knowledge is not being developed or transmitted as fast as the economic activity

is spreading; (ii) create economic incentives for sustainable harvesting by
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marketing products made from golden-grass harvested at the right time with a
sustainability label; and (iii) improve law enforcement to promote sustainable
harvesting, by preventing early-harvesting due to competition among harvesters in

commonly managed areas.

In the Brazilian Cerrado, dozens of species with similar life-forms to
golden-grass, including several species in the same genus (Syngonanthus), are
harvested for their flower stalks and are important source of income to local
communities in states like Minas Gerais, Goids, Bahia and Distrito Federal. They
belong to the Eriocaulaceae, Xyridaceae and Cyperaceae families, and are
collectively known as everlasting plants (sempre-vivas), because their flower
stalks maintain their appearance for years after harvesting (Giulietti et al. 1996).
Fire is also used in the management of some everlasting species (Bede 2006).
Most of the everlasting species are harvested from dry grassland outcrops
(campos rupestres), and used to make flower arrangements. In contrast to golden-
grass flower stalks, which are used to make handicrafts, the harvest of other
everlasting species for flower arrangements is based on the shape and color of the
flower head. For this reason, most harvest is carried out during flowering, before
seeds have been produced. Although no rosette uprooting due to this early harvest
has been reported for these species, the harvest of inflorescences is suggested to
be the cause of decline of several of these species in Minas Gerais and Bahia
states (Bede 2006; Giulietti et al. 1996). My early harvesting experiments with
golden-grass indicate that harvest before seed production can cause a high
percentage of uprooting, and this might also occur with to species with similar
life-forms. My main harvest recommendation, i.e., harvest flower stalks only after
seeds have been set, is not directly applicable to everlasting species since these
are harvested for flower arrangements. However, my results can certainly inform
future research and/or management practices for species with similar life-forms
and life-histories. I found that adult mortality is the main cause of the negative
effects of early harvesting, and the second most important cause was depletion of
seeds. While context-specific harvest practices are necessary for the sustainable

management of everlasting plants harvested for flower arrangements, my results
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suggest that management strategies should incorporate practices that can decrease

both adult mortality and seed depletion.

Management implications — fire management

Making recommendations for fire management is very challenging and I
do not intend to make strict recommendations for fire management in Cerrado wet
grasslands based on the results of this dissertation. Even long-term, well
replicated fire experiments with community and ecosystem level studies have not
been able to directly define ideal fire management in South African and
Australian savannas (Andersen et al. 2005; Govender et al. 2006; Wilgen et al.
2007). However, as the aforementioned authors point out, fire experiments are
extremely useful for increasing awareness of the role of fire in ecosystem
dynamics; both among researchers and managers, and can indicate useful
parameters for ecosystem management. In this perspective, my results can
contribute to fire management in Jalapao region and in the Cerrado biome, and
also help inform fire research and management in wetlands in other fire-prone

ecosystems.

My results contradict local harvesters’ perceptions that golden-grass
populations would decline sharply in areas that have remained unburned for more
than three years (I.B.S. unpublished data). In most sites, long-term population
growth rates in my unburned populations did not significantly decrease after four
years of protection from fire. This local impression is probably influenced by the
fact that the production of golden-grass flower stalks — the plant-part harvested —
is drastically reduced in areas left unburned for two or more years. Moreover wet

grasslands left unburned for more than three years are rare in the region.

I found that biennial fires maximized long-term population growth rates of
golden-grass (chapter 5). This fire return interval is preferred by local
communities and is the most common fire frequency in Jalapao region wet
grasslands. This is however, viewed as a very frequent fire return interval by
environmental agencies and managers of protected areas, who aim to decrease fire

frequency in Jalapao region, with goals of conserving biodiversity and
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controlling/avoiding erosions. While complete elimination of fire might cause
declines in S. nitens populations, my results indicate that although triennial or
quadrennial fire intervals do not yield the highest A, they do not negatively affect
species’ persistence. My results on biomass accumulation and fire intensity in
areas unburned for five years indicate that these longer fire return intervals do not
cause biomass build up or more intense fires (chapter 6). This also contradicts the
Jalapao local communities’ expectations, who state that protecting an area from

fire for more than three years causes high intensity fires.

Applying longer fire return intervals in wet grasslands and creating a
mosaic of time-since-fire across the landscape (known as pyrodiversity) would not
impair local economy based on S. nitens flower stalk harvesting and cattle raising.
While further investigation is necessary on the effects fire and fire frequency on
other species and on the community and ecosystem processes in Cerrado wet
grasslands, pyrodiversity has long been identified as an important strategy for
allowing coexistence of species with different levels of resistance to fire (e.g.

Brockett et al. 2001; Menges 2007).

The most important aspect of fire management in Jalapdo region, as in any
other savanna environments, is fire control. Irrespective of the fire frequency
implemented in fire-resistant savanna physiognomies, it is extremely important
for the conservation of biodiversity and ecosystem processes, to avoid fires in
fire-sensitive physiognomies within savannas, such as in riparian forests. Fire in
these forested, fire-sensitive areas may cause drastic changes in the plant
community and affect water cycles (Andersen et al. 2005; Pettit & Naiman 2007).
Managers of wet grasslands surrounding riparian forests should especially
consider strategies to control fire and avoid fire escaping to forests. In Jalapao,
fire control strategies must include the training and provision of equipment to
local communities. Cooperative approaches and provision of simple fire control
equipment, such as fire swatters, is probably required for any fire control initiative
to be successful in fire-prone ecosystems where local communities use natural

areas for their livelihoods.
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Contributions to the scientific literature

This dissertation is focused on two of the oldest human activities: plant
gathering and the use of fire, which are also very commonly related. Despite this,
studies that have assessed both NTFP harvesting and fire are surprisingly rare (but
see Sinha & Brault 2005). Most studies of NTFP population dynamics are shorter
than three years, have a low number of replicates, do not compare different
harvest levels and do not address the role of environmental drivers and
disturbances other than harvest (Schmidt et al. in press, chapter 2). This
dissertation presents data on controlled fire and harvesting experiments, replicated
over 9 sites, over a six year interval. This relatively extensive study period
allowed for assessing the effects of interannual rainfall variation in golden-grass
population dynamics and responses to fire. The large effect of variation in rainfall
on golden-grass populations documented here is likely to be the case for other
species from wetlands, and should be explicitly considered in studies of plant

population dynamics in these habitats.

Local ecological knowledge has been reported to affect NTFP
sustainability (Varghese & Ticktin 2008) and vary among communities across a
landscape (Gaoue & Ticktin 2010; Ghimire et al. 2008; Varghese & Ticktin
2008). My results contribute to this by illustrating how the lack of local ecological
knowledge can rapidly lead to unsustainable exploitation, even for a NTFP with
high potential for sustainability such as golden-grass. This highlights the
importance of conserving local ecological knowledge and emphasizes the need for
adequate regulations for harvesting, where local ecological knowledge does not
exist and/or economic pressures instigate unsustainable harvesting in spite of
existing knowledge. Applied ecological research can help determine what

parameters can be appropriate in establishing such harvesting regulations.

The scientific literature on fire ecology is very extensive, with proliferous
results from relatively large-scale, long-term, replicated experiments, especially in

Australian (Andersen et al. 1998) and South African savannas (Higgins et al.
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2007) as well as in other African savannas (Savadogo et al. 2007; Shea et al.
1996). In the Brazilian savanna, the Cerrado, where this study was conducted,
most fire studies have either been based on unplanned fires, or are part of a fire
project close to Brasilia. Although the latter is a relatively large scale project (1ha
experimental plots), includes a gradient of savanna physiognomies, and has been
carried out for almost two decades, it lacks replication (Miranda et al. 2009).
Recently some fire studies have been developed inside Emas National Park (e.g.,
Silva & Batalha 2008), which is presently the only federal protected area in the
Cerrado where fire is part of the reserve management. Controlled fire experiments
have also been developed inside Brasilia National Park to investigate the effects
of fire in invasive grass species control (Martins et al. 2004). My study is the first
to characterize fire behavior in Cerrado wet grasslands and one of the few
replicated fire experiments in the Cerrado. The relatively low temperatures and
intensity of fires in these areas compared to dry savanna physiognomies, and the
similarity in fire intensities between areas unburned for two and five years

provide key insight on the effects of fire on wet grasslands.

Despite the large body of literature on fire, detailed population-level
studies on the effects of fire are still rare for tropical plants, especially herbaceous
species. Given the long history of frequent fires in Jalapao, I expected to find that
golden-grass populations would have high tolerance to fire. The low impact of
fire at the individual level, however, was surprising for such small plants. I found
survival levels as high as 96% of individuals during the burn years. Additionally,
the variation in plant responses to fire in the context of interannual rainfall
variation had not been addressed in tropical wetlands before. I was able to
measure temperatures inside golden-grass rosettes during experimental fires, and
show that despite their small size, golden-grass rosettes are able to isolate
important plant tissues from lethal temperatures during fires. Temperature
measures inside plants during fires, have mostly be done with woody species to

study bark and fruit coat insulation properties.

The high fluctuation of golden-grass populations in response to variation

in rainfall is likely to occur in other wetland herbaceous species. To better
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understand the effects of rainfall and fire on plants in ecosystems with short fire
return intervals, I suggest that future research should employ an experimental
design that creates a mosaic of time-since-fire within a small geographic area, and
replicate this over a larger geographic scale. In this study (or any other in
physiognomies that occur as islands within other vegetation physiognomies), it
would have been ideal to have populations under different times since fire for
every year and in each site. This type of experimental design would allow for the
assessment of the effects of fire and rainfall and their interaction, over a relatively

short time span.

Limitations of this study and complementary studies in development in Jalapdo

region

This study concentrated on the population level responses of one species
to harvest and fire. Some of the community level impacts of fire have been
investigated in conjunction with this study in the same wet grassland sites in
Jalapao (Fidelis & Pivello in preparation). Future studies on the impacts of these
disturbances on other species of the wet grasslands and on ecosystem level
processes, such as nutrient cycling, CO, and other gas-emissions during fires or
soil erosion, are needed. Future research that investigates trade-offs between plant
survival, growth and reproduction, seed fate and early establishment of plants
would be informative. Similarly, it would be useful to assess the effects of high

temperatures during fires on rates of leaf production and plant growth after fire.

In this study, I did not investigate the effects of cattle grazing on golden-
grass or its interaction with fire or rain. I have observed that cattle do not graze
directly on golden-grass, but that they might damage flower stalks and/or uproot
plants while grazing the surrounding grasses. Additionally, grazing and trampling
decrease vegetation cover. I found decreases in vegetation cover to be associated,
at least in part with increases in golden-grass flowering and clonal reproduction
(chapter 5). Given that, in the wet grasslands grazing occurs mostly within a few
weeks after fire (I.B.S. personal observation) and that fire tends to damage all

flower stalks produced, cattle grazing is probably mostly beneficial for golden-
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grass populations. By grazing on the new grass sprouts, cattle also likely delay the
recovery of the vegetation cover above golden-grass rosettes. This is likely to be

the case for other non-grass herbaceous species in the wet grasslands.

My field experiments were not designed to specifically investigate the
interactions between fire and rainfall variation on golden-grass populations, since
this was originally not one of my primary questions, nor an expected outcome of
my results (chapter 5). My questions and experimental design were based on
harvesters’ experiences, impressions and curiosity. Some harvesters relate
variation in rainfall to differences in the golden-grass flowering patterns and fire
occurrence. However, these are not part of their main concerns or suggestions for
my research questions. I attribute this to the fact that harvesters wanted
information on factors they can actually modify, such as harvest practices and use
of fire. However, understanding the role of variation in rainfall on population
dynamics and on the responses to fire and harvest can help inform management
practices. Future research that employs the experimental design mentioned above
would be able to better elucidate these relationships. Data on fuel moisture, which
entails measuring the fresh weight of biomass, would be useful to further
understand the effects of fire in the wet grasslands, predict fire behavior and
intensity in this physiognomy as well as investigate possible effects of rainfall

variation in these parameters.

An important part of my study, especially for setting up field experiments,
involved interviews with harvesters and artisans. My interviews were centered on
harvesting and management practices, as well as the reasons behind them, which
could influence people’s decision to harvest or set fires. However, I did not
conduct in-depth interviews to assess local impressions and perceptions of
golden-grass, wet grasslands and other Cerrado natural resources. From my
personal experience with Jalapao local communities, I hypothesize that in depth
ethnographical studies could reveal important local ecological knowledge. More
in-depth studies on Jalapao local communities’ perceptions’ about golden-grass
(Viana & Sano in preparation) and buriti palm (Faria & Sano in preparation) are

being developed with two of the local communities I worked with. This will help
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fill up this scientific knowledge gap on local ecological knowledge existing in the

region and in the Cerrado as a whole.

Golden-grass handicrafting depends also on the harvest of young-leaves
from the buriti palm (Mauritia flexuosa). Buriti leaf strips are used to sew golden-
grass flower stalks in handicrafts (Sampaio et al. 2008). The possible effects of
harvesting both young-leaves and fruit on buriti-palm populations is also under

investigation (Sampaio & Santos in preparation).

When protected areas are created in regions where local communities live
and exploit natural resources for their livelihoods, conflicts are very commonly
generated (Schwartzman et al. 2000 among a large body of literature on this
subject). This is certainly the case with Jalapao’s protected areas and local
communities. Local communities’ perceptions towards protected areas in
Tocantins state, including in Jalapao region are under study (Ferreira & Freire

2009; Ferreira & Pivello in preparation).

Although the conflicts between local communities in protected areas in
Jalapdo were not directly discussed in the core of this dissertation, they were
extremely important in shaping my research questions, field work and
recommendations. By taking into account (i) local communities’ management
practices, (ii) the legislation related to protected areas, and (iii) the experiences
and aims of protected areas managers, [ wanted to produce scientific information
that could inform management decisions and help the negotiation processes in
these conflicts. To ensure that the results and recommendations I produced will
actually be useful for the management of golden-grass and of the Cerrado wet
grasslands, I participated in the production of a booklet on golden-grass and buriti
palm management targeted at artisans and harvesters (Schmidt et al. 2007a), and a
catalog with handicraft products from Jalapdo communities that aimed to help
communities who do responsible harvesting to sell their products at fair prices
(Figueiredo et al. 2009). Additionally, I co-authored a book chapter (Figueiredo et
al. 2010) in a book edited by a Brazilian NGO on the experiences of Cerrado local

communities in using natural resources and an article for the general public on...
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(Schmidt & Figueiredo 2005). I also submitted a paper for publication in the
scientific journal edited by the Brazilian Governmental agency responsible for
Protected Areas (Revista Biodiversidade Brasileira, Instituto Chico Mendes de
Conservagao da Biodiversidade), which is targeted at protected area managers.
(Schmidt et al. in review). Finally. I contributed to scientific communications
given at several scientific conferences held in Brazil (Figueiredo et al. 2006;
Schmidt & Figueiredo 2009). Additionally, I plan to discuss more my findings

once more with different stakeholders in Jalapdo region and Tocantins state.

Applied ecological studies can inform management practices, policy and
decisions for conservation. For this to happen effectively, the results and
applications of these studies need to be brought to multiple audiences in a way
that is appropriate for each context. Additionally, how these studies are conceived
and planned affects their potential to succeed in influencing management and
policy. The receptivity of managers and local communities to apply research
results is probably directly related to the amount of involvement these
stakeholders have in the development of the study. The lack of involvement of
managers in designing experiments, including those inside the protected areas
they are responsible for, is thought to be one of the main reasons that the results
of long-term fire experiments have failed to be directly applied in fire
management (Russell-Smith et al. 2003). Similarly, managers, policy makers and,
especially, local communities must be involved in the research process if
research-based recommendations are to be effectively incorporated into the

sustainable management of natural resources.
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Appendix 1 — Specifications on the meta-analysis methods (Chapter 2)

We used the mean of In(X) in our meta-analysis rather than the mean of A because averaging A using the standard arithmetic mean can yield
misleading results due to the multiplicative nature of population growth (Boyce, Irwin & Barker 2005). Because logarithms transform multiplicative
processes to additive processes, using In(A) allows us to calculate arithmetic means and standard deviations that accurately reflect population growth
rates over time. Ln(A) is equivalent to r, the exponential growth rate or Malthusian parameter. Exponentiating the mean of In() yields the geometric
mean of A.

We chose Hedges’d rather than the response ratio as a measure of effect size because In(1) is zero or negative when populations are stable (A
=1) or declining (A <1). In this case response ratio is not a good indicator of effect size as a large response ratio can result both from increased
population growth when In(A) of both harvested and unharvested populations is positive, and from increased population declines when In(A) of both
populations is negative. Large values of d indicate large differences in In(A) between harvested and unharvested populations, and low variability.
Negative values of d indicate that In(A), and also A, are lower in harvested than unharvested populations, while positive values of d indicate an

increase in population growth rates in harvested populations.
Reference

Boyce, M. S., Irwin, L. L. & Barker, R. (2005) Demographic meta-analysis: synthesizing vital rates for spotted owls. Journal of Applied Ecology, 42,
38-49.
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Table S1.1.List of 46 NTFP species with matrix modeling studies considered in this review. Dashed lines separate life forms.

Species Family Life Plant part Harvest causes plant  Reference  Trop/temp Ecosystem type  Country
form * harvested death? number
Aechmea Bomeliaceae herb leaves, plant possibly 41; 42 tropical rain forest Mexico
magdalenae (monoc.)
Agave Agavaceae herb stems, possibly 15 tropical deciduous forest Mexico
marmorata (monoc.) inflorescence,
whole plant
Allium Alliaceae herb plant yes 24 temperate  deciduous forest Canada
tricoccum
Echinaecea Asteraceae herb roots yes 14 temperate  prairie United
angustifolia States
Guarianthe Orchidaceae herb plant yes 22 tropical rain forest Mexico
aurantiaca
Limonium Plumbaginaceae herb flowers no 1 temperate  salt marsh Canada
carolinianum (monoc.)
Nardostachys Valerianaceae  herb rhizome possibly 10 temperate  rocky-outcrop; Nepal
grandiflora meadow
Panax Araliaceae herb root yes 23; 35 temperate  deciduous forest  United
quniquefolius States
Pediomelum Fabaceae herb root yes 4 temperate  prairie United
esculentum States
Saussurea Asteraceae herb plant yes 19 temperate  alpine cliffs Tibet/China
laniceps (monoc.)
Saussurea Asteraceae herb plant yes 19 temperate  alpine cliffs Tibet/China
medusa (monoc.)
Syngonathus Eriocaulaceae  herb flower stalks no T tropical savanna Brazil
nitens
“Astrocaryum  Arecaceac  palm  leaves  mo  30;21 tropical  rainforest  Mexico
mexicana
Calamus Arecaceae palm stem yes 3 tropical rain forest Vietnam
rhabdocladus
Chamaedorea  Arecaceae palm leaves no 43 tropical rain forest Mexico
elegans
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Species Family Life form Plant part Harvest causes  Citation Trop/temp Ecosystem type ~ Country
harvested plant death? number

Chamaedorea  Arecaceae palm leaves no 6 tropical cloud forest Mexico

radicalis

Coccothrinax Arecaceae palm plant yes 26 tropical deciduous forest Mexico

readii

Daemonorops  Arecaceae palm stem yes 3 tropical rain forest Vietnam

cf. poilanei

Desmoncus Arecaceae palm stem yes 7 tropical deciduous forest Mexico

orthacanthos

Eremospatha Arecaceae palm ramet (plant) yes 18 tropical rain forest Cote

macrocarpa d'Ivoire

Euterpe edulis  Arecaceae palm stem yes 8; 36 tropical rain forest Brazil

Euterpe Arecaceae palm stem yes 46 tropical rain forest Bolivia

precatoria

Geonoma Arecaceae palm leaves no 45; 48 tropical rain forest Bolivia

deversa

geonoma Arecaceae palm leaves/whole no 40 tropical rain forest Ecuador

macrostachys

Geonoma Arecaceae palm leaves no 34 tropical rain forest Colombia

orbignyana

Iriartea Arecaceae palm stem yes 29 tropical rain forest Brazil

deltoidea

Laccosperma Arecaceae palm ramet (plant) yes 18 tropical rain forest Cote

secundiflorum d'Ivoire

Mauritia Arecaceae palm fruits no 13; % tropical rain forest; Brazil

flexuosa savanna

Neodypsis Arecaceae palm seed/leaves no 33 tropical transition rain- Madagascar

decaryi dry forest

Phytellephas Arecaceae palm seed no 2 tropical rain forest Colombia

seemmannii

160



Species Family Life form Plant part Harvest causes  Citation Trop/temp Ecosystem type ~ Country
harvested plant death? number

Sabal uresana  Arecaceae palm leaves no 16; 17 tropical dry forest-desert Mexico

transition

Sabal yapa Arecaceae palm leaves no 3120 tropical deciduous forest Mexico

Thrinax radiata Arecaceae palm plant yes 26 tropical deciduous forest Mexico

Aquilaria Thymelaeaceae tree wood/resin yes 44 tropical rain forest Thailand

crassna

Aquilaria Thymeleaceae tree resinous wood  yes 38 tropical Dipterocarp Indonesia

malaccensis, Forest

Aquilaria Thymeleaceae tree resinous wood  yes 38 tropical Dipterocarp Indonesia

microcarpa Forest

Bertholletia Lecythidaceae  tree seed no 47 tropical rain forest Bolivia

excelsa

Brosimum Moraceae tree fruit no 28 tropical rain forest Mexico

aliacastrum

Garcinia Clusiaceae tree fruit no 32 tropical rain forest India

gummi-gatta

Garcinia lucida Clusiaceae tree bark, seeds no 11;12 tropical rain forest Cameroon

Grias Lecythidaceae tree fruit no 27 tropical rain forest Peru

peruviana

Khaya Meliaceae tree bark/leaves no 9 tropical savanna Benin

senegalensis

Phyllanthus Euphorbiaceae  Tree fruit no 37 tropical deciduous forest India

emblica

Prunus Roseaceae tree bark no 39 tropical rain forest Cameroon

africana

Sclerocarya Anacardiaceae tree fruit no 5 tropical savanna South

birrea Africa

Dioon edule Zamiaceae cycad leaves possibly 25 tropical cloud forest Mexico

* Monoc. indicates monocarpic species

1 Schmidt, I. B. & Ticktin, T. unpublished data
+ Sampaio, M. B. & Santos, F. M. unpublished data.
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Table S1.2. List of 19 NTFP species with information on region, habitat, number of populations and years of study and A under control and harvested
conditions. Dashed lines separate life forms.

Species Family Part No. No. Harvest Other Year A AL Mean Std Dev
harvested  pops* years treatment specification AL AL
Aechmea Bromeliaceae Leaves, 2/4 2-3 No harvest 1.288
magdalenae ramets or Ramet harvest 0.852 -0.436 NA NA
whole Leaf & ramet 1.322 0.034 NA NA
plant harvest
Plant & ramet 1.054 -0.234 NA NA
harvest
Agave Agavaceae Stems, 2/2 2 No Harvest 1 1.156
marmorata infloresc., Harvest 0.780 -0.376 -0.231 0.21
whole No Harvest 2 0.900
plant Harvest 0.814 -0.086
Echinacea Asteraceae Root 4/4 2 No harvest Site 1 1 0.992
angustifolia Harvest 1.068 0.076 0.045 0.044
No harvest Site 1 2 0.991
Harvest 1.005 0.014
No harvest Site 2 1 1.037
Harvest 0.995 -0.042 -0.061 0.027
No harvest Site 2 2 1.040
Harvest 0.959 -0.080
Limonium Plumbaginaceac  Flowers 0/1 3 No harvest Mean matrix 1 1.007
carolinianum Harvest Mean matrix 1 0.908 -0.099 NA NA
Nardostachys  Valerianaceae Rhizome  6/5 2-3 No harvest 1.032
grandiflora 10% harvest 0.981 -0.051 NA NA
25% harvest 0.891 -0.140 NA NA
50% harvest 0.830 -0.201 NA NA
75% harvest 0.737 -0.295 NA NA
Panax Araliaceae Root 18/6 2-4 No harvest Area 1 1 1.177
quniquefolius Harvest 0.418 -0.759 -0.404 0.319
No harvest Area 2 1 0.969
Harvest 0.828 -0.141
No harvest Area 2 2 0.995
Harvest 0.682 -0.312
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Species Family Part No. No. Harvest Other Year A AL Mean Std Dev
harvested  pops* years treatment specification AL AL
Saussurea Asteraceae Plant 6/6 2 Low harvest 1 0.923
laniceps High harvest 0.916 -0.007 0.077 0.119
Low harvest 2 0.974
High harvest 1.136 0.162
Saussurea Asteraceae Plant 6/6 4 Low harvest Mean matrix 1.243
medusa High harvest Mean matrix 1.103 -0.140 NA NA
Syngonanthus  Eriocaulaceae Scapes 12/12 1 No harvest Site 1 1.186
nitens (flower Harvest 1.089 0.002 0.053 0.180
stalks) No harvest Site 2 1.123
Harvest 1.203 0.080
No harvest Site 3 1.322
Harvest 1.090 -0.242
No harvest Site 4 1.094
Harvest 1.184 0.091
No harvest Site 5 1.100
Harvest 1.417 0.317
No harvest Site 6 1.155 0.053
. Havet 208
Astrocaryum Arecaceae Leaves 0/2 6 No harvest Mean matrix 1.012
mexicanum Harvest 66% of Mean matrix 1.001 -0.011 NA NA
leaves
Calamus Arecaceae Stem 0/2 2-3 No Harvest Mean matrix 1.013
rhabdocladus Harvest Year of 0.793 -0.220 NA NA
harvesting
1 year after 0.969 -0.044
harvest
2 years after 1.002 -0.011
harvest
Chamaedorea  Arecaceae Leaves 3/3 2 No harvest 1 1.167
elegans Harvest 2x year 1.088 -0.079 -0.015 0.091
Harvest 4x year 1.034 -0.133 -0.089 0.061
No harvest 2 1.088
Harvest 2x year 1.137 0.049
Harvest 4x year 1.042 -0.046
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Species Family Part No. No. Harvest Other Year A AL Mean Std Dev
harvested  pops* years treatment specification AL AL
Chamaedorea  Arecaceae Leaves 4/4 4 No harvest 1 1.179
radicalis Harvest 1x year 1.016 -0.163 -0.151 0.010
Harvest 2x year 0.972 -0.207 -0.168 0.069
Harvest 4x year 0.936 -0.243 -0.126 0.124
modified
Harvest 4x year 0.998 -0.181 -0.157 0.056
No harvest 2 1.172
Harvest 1x year 1.033 -0.139
Harvest 2x year 0.981 -0.191
Harvest 4x year 1.164 -0.008
modified
Harvest 4x year 0.998 -0.174
No harvest 3 1.061
Harvest 1x year 0.912 -0.149
Harvest 2x year 0.995 -0.065
Harvest 4x year 1.029 -0.032
modified
Harvest 4x year 0.986 -0.075
No harvest 4 1.181
Harvest 1x year 1.028 -0.153
Harvest 2x year 0.973 -0.208
Harvest 4x year 0.959 -0.222
modified
Harvest 4x year 0.983 -0.198
Daemonorops  Arecaceae Stem 02 2-3 No Harvest Mean matrix 1.068
cf. poilanei Harvest 0.782 -0.286 NA NA
1 year after 0.854 -0.214
harvest
2 years after 0.925 -0.143
harvest
Geonoma Arecaceae Leaves 2/2 2 No harvest 1 1.034
deversa Harvest 1.012 -0.022 -0.018 0.005
No harvest 2 1.003
Harvest 0.989 -0.014
Mauritia Arecaceae Fruit 5/5 1 No harvest Mean matrix 1.021
flexuosa Harvest Mean matrix 1.002 -0.0186 NA NA



Species Family Part No. No. Harvest Other Year A AL Mean Std Dev
harvested pops* years treatment specification AL AL
Garcinia Clusiaceae Bark 1/1 1 Unharvest 1.063
lucida Harvest Partial 1.060 -0.004 NA NA
debarking
Harvest Ring barking 1.057 -0.006
Harvest Felling before fruiting 1.056 -0.007
Harvest Felling after 1.057 -0.007
fruiting
Khaya Meliaceae Bark & 11/11 2 Low harvest SG Region 1 1.024
senegalensis leaves
High harvest 0.993 -0.030 -0.021 0.013
Low harvest SG Region 2 1.015
High harvest 1.003 -0.012
Low harvest Sudanian 1 1.000
Region
High harvest 0.946 -0.054 -0.032 0.031
Low harvest Sudanian 2 1.001
Region
High harvest 0.991 -0.010
Prunus Rosaceae Bark 4/4 2 No harvest Mean matrix 1 1.094
africana Harvest Mean matrix 0.962 -0.132 -0.092 0.057
No harvest Mean matrix 2 1.021
Harvest Mean matrix 0.969 -0.052

*Note that in some cases, we omitted populations in the study from our analysis, so this number may be lower than the total number of populations
monitored in the study. Similarly, when matrices were averaged across treatments or years (see Methods) the number of matrices analyzed is lower
than the product of populations and years.

168



Appendix 2 — Semi-structure interviews questionnaire

This is the basis of the questionnaire that I applied during my research project. The actual
interviews were all performed in Portuguese, and all the technical terms listed here - for example
reproduction, resprout, flower stalks, young-leaves - were substitute by the terms actually used by
local harvesters and artisans. For these examples, the terms are nascer, brotar, haste ou aspa, olho
de buriti.

The interviews were conducted as semi-structured interviews, during which | asked the
questions below, not necessarily in the same order. The multiple choices for answers represent the
most common answers reported by artisans and harvesters from Jalap&o region, interviewed during
my previous work in the region. The possible answers were not read to interviewees. Their presence
in the questionnaire only aimed to facilitate data recording. | wrote down all answers that were not

reflected in the multiple choices listed.

During all conversations, | checked for comprehension of the questions and answers by asking
or giving examples and asking for further explanations in multiple occasions. For example, several
harvesters declared that golden-grass plants die in areas not burned for more than 3 or 4 years. To
clarify that assertion, | always asked what the person meant by die, i.e. no flower stalks are
produced or plants actually die and/or no more plants are recruited. These types of checks are
important because different people may have different concepts for the same terms. For example,
some of the novice harvesters only identified golden-grass as the flower stalks, with no knowledge
about the rosette of leaves that constitutes the vegetative part of the plant, whereas other harvesters
view the rosettes as roots. Understanding the use of terms in these cases was essential to understand

and interpret the answers provided.

Whenever possible and at least once in each community, | went to a wet grassland with local
harvesters to learn their terminology for the wet grasslands (brejo, vereda, campo, limpo), as well as
golden-grass plant parts (rosette, flower stalks, flower head, roots). These conversations on the field
helped checking for any comprehensive issues, since local terms change considerably within

communities.
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Region: Date Community

Personal interviewee’s information: Sex: (1 Male []JFemale Age:

What is/are your most important income source:

"1 governmental employee [ employee in local businesses

[ owner of local business [ retirement income [ agriculture/cattle rising
] golden-grass handicrafts [] Other

Average of monthly income:

Individual [ < minimum salary® [ 1-2 minimum salaries ] 2-4 salaries [] 4-8 salaries [1>8
salaries

Family [ <minimum salary [ 1-2 minimum salaries [ 2-4 salaries [] 4-8 salaries [1> 8 salaries

Are you part of a local association? [1 No [ Yes,

Do you harvest buriti young-leaves for handicrafts? [1 no [ yes.
If yes, when was the first time (year)?:

Do you harvest golden-grass? [1no [1yes. If yes:
When did you harvest for the first time (year)?

Where do you go to harvest??
"I my own/family land’] no-owned land® [ public land, in
[l private land where | pay to the owner to harvesting. Payment is

What are the selling prices?

Golden-grass /kg with flowerheads, /kg without the flowerheads
Is there a difference in prices along the year? [1 No [ Yes, specify
At least price in September February July

Exchanges rates

What do you do with the harvested material?
CJuse it myself (1 share it with [lgiveitto

! Minimum salary (Salario minimo) in Brazil is reajusted annually, in May, the value when I performed most interviews
(June-July 2008) was R$ 400/month (around U$ 200).

% There might be more than one answer for some questions, in these cases, | will establish a hierachy among answers,
when possible.

% in some regions in Brazil, the land with natural vegetation might be owned — by a public or private agent — however
these owner are abscent and these lands are called “no-owned lands” (terra sem dono)
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Sell it [ To the association "lartisans in my community
1 artisans in other communities, "1 middle men
1 Exchange it for with

What is a good area for golden-grass harvesting?
"1 burned the year before 1 where the soil is black and moist
[l where the soil is sandy and drier

1some specific places are very good in my region, specify

When is the best time to harvest golden-grass flower stalks? Why?

Is there a rule about it? [1 No [ Yes, it says that

Is there any special care to be taken to harvest golden-grass?

How long does a golden-grass plant live?

Can a same plant (rosette) flower more than once?
If yes, how often does it flower?

[levery year  [levery two years [Jonly in years after fires
] other 11t depends on

How do golden-grass plants reproduce®?
Cresprouts  [1seeds (if both, what is the proportion?

If it is from seeds, how many seeds does a flowerhead produce? When is the seed production? And
the seed dispersal?

ABOUT BURITI PALM
When is the best time to harvest buriti palm young-leaves?

[J Whenever there is a new leaf [ During the New Moon I During the Full
Moon
1 Anytime, but not during the New Moon Clother

Is there any special care to be taken to harvest buriti palm young leaves?
1 Don’t harvest consecutive leaves [ Other

How long does a buriti take to produce a new leaf?
71 month (12 months 13 months (14 months [ 5months 16 months [ Other
] It depends on
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Do you make golden-grass handicrafts? [] No [] Yes, If yes:

When did you start?
How did you learn?

] Sebrae course ] from another artisan in my family or community
] observing other artisans (11 learned it by myself
] Other

How do you obtain your material?
(11t is all from my own harvesting (1 It is from my family’s harvesting

I buy it from: [J local association [ local artisans/harvesters I harvesters from other
communities or region, specify

1 Middle men
]I exchange it for with

IF YOU BUY

What are the prices?

golden-grass /kg with flowerheads, /kg without the flowerheads
Is there a difference in prices along the year? '1 No [ Yes, specify

At least the price in Septermber February
July

Exchanges rates
Buriti silk /young-leaf

What do you look for when you are buying raw material®?
I lower price [] better quality, comments
[Jwho is the harvest, comments

[l where the material comes from, comments
1 how was the harvesting done, comments

How many kilos of golden-grass did you buy in the 12 months?

How many buriti palm young-leaves?

What do you do with your handicrafts®?
] Sell it at my house to
[1 Put it for sale at the local association [1 Put it for sale at

] Bring it to another region/city every (time)
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1 A relative/neighbor brings to sell at every
] Exchange it for with
1 Others

How much income do the handicrafts provide you monthly?
TJ < minimum salary* [11-2 minimum salaries [12-4 salaries [14-8 salaries []> 8 salaries

Who (else) in your family makes golden-grass handicrafts?

[ husband/ wife  [Imother  [1father []grandmother []grandfather [ nobody
] children (ages)

"l others

What do you think about the golden-grass handicraft? Is it economically or culturally important, is
it bringing other benefits to the region/community besides money? Is it bringing conflicts?

Do you think that the harvesting of golden-grass and buriti can damage the plants?
Do you think the golden-grass or buriti populations are changing due to the harvesting?

What should be done to improve the handicrafts selling and its sustainability (if any thing)?
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Appendix 3

Table S3.1. Syngonanthus nitens population matrix equation and vital rates: S: survival, f: sexual reproduction, cr: clonal reproduction. Two letter

codes indicate the fate of the ramet and of the genet in which the ramet were s: stasis, g: growth, r: retrogression, u: unknown.

S (1) SR (2) A@3) ARL (4) AR?2 (5)
*(1 -00nr =S ar -1 11 =
S() S sg;és?)s 317904 So*sryo S3*rsia+ fis Sa*rria+fia Ss*rris+ fis
5 (1 -8 F Ol (1L 1o
SR (2) S1*8g21+S1*Cro1 S2*(L-sriz gia 2 gUaz S3*rgast+Ss*Crogt fos | Sa*rUpat+Sa*Crog+ fog | Ss*rus+Ss*Cros+*fas
QUsp)+Sp*Cra
51 1ol OS] pae
A (3) 51*9831 Sz*grgz SS (1 S13-1923-5043 S4*Sr34+ f34 S5*Sr35+f35
SQs3)+f33
* - - - -
AR1 (4) S1*00a1+S1*Cray So*guaa+So*cra S3*SQa3tSs*Crast fa3 S(1 rr14*ru24 STs4 S5*Sr45+Ss*Cras+ fas
SUs4)+S4™*Cras+fss
* - - - -
AR2 (5) S1799s1 S2*gUsp+S2*Crs, S3*SQs3+Ss*Crsst fs3 | S4*SQsat+Sa*Crsst 54 SZr(l rrls*rUZS >3
45)+S5*Crss+fs5

The annual censuses were performed during the flowering period (June-July), therefore sexual reproduction does not depend on survival. Most of the
clonal reproduction occurs after flowering, during the rainy season, between October and February, therefore it depends on the individual’s survival.

For that reason sexual reproduction rates are not multiplied by survival but clonal reproduction rates are.
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Table S3.2. Description of vital rates that compose Syngonanthus nitens transitions in matrix in table S1. Vital rates indicated by ‘f” and “cr’ denote
sexual and clonal reproduction, respectively.

Code  Process

sg21  small ramet stasis in the same size class and genet grew (by this ramet clonal reproduction)
gs31  small ramet growth and genet stasis

gg4l  small ramet growth and genet growth, i.e. ramet reproduced clonally (1 to 3 new ramets)
ggb51  small ramet growth and genet growth, i.e. ramet reproduced clonally (4+ramets)

sr12 small ramet stasis and genet retrogressed, i.e. all other ramets in the genet died

rs13 large ramet retrogression and genet stasis

rg23 large ramet retrogression and genet growth, i.e. ramet reproduced clonally (1 to 3 new ramets)
rrl4 large ramet retrogression and genet retrogression, i.e. all other ramets in the genet died

ru24 large ramet retrogression and unknown genet transition, but genet has other ramet(s)

sr34 large ramet stasis and genet retrogression, i.e. all other ramets in the genet (up to 3 others) died

rrl5 large ramet retrogression and genet retrogression, i.e. all other ramets (4+) in the genet died
ru25 large ramet retrogression and unknown genet transition, but genet has other ramet(s)

sr35 large ramet stasis and genet retrogression

sr45 large ramet stasis and genet retrogression

gr32  small ramet growth and genet retrogression

gud2  small ramet growth and unknown genet transition, but genet has up to 4 ramets total
gu52  small ramet growth and unknown genet transition, but genet has more than 4 ramets total
sg43 large ramet stasis and genet growth i.e. ramet reproduced clonally (1 to 3 new ramets)
sg53 large ramet stasis and genet growth, i.e. ramet reproduced clonally (4+ new ramets)

sg54 large ramet stasis and genet growth
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Figure S3.1. Syngonanthus nitens life cycle diagram with five stages (S: seedlings, SR: Small
Ramet, A: Adults, AR1: Adult Ramets 1 and AR2: Adult Ramets 2). Reproductive vital rates
(both clonal and sexual) are omitted from the life cycle diagram for clarity. Only adult stages (A,
AR1, AR2) can flower, new plants can be recruited to all stages through sexual reproduction
within in a one-year interval. All stages are capable of reproducing clonally and can recruit new
ramets, i.e. SR, AR1 and AR2 stages.
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Appendix 4

Table S4.1. Syngonanthus nitens matrices, population structure, flowering rates for each adult stage,
population distribution of each stage in the population at n, (beginning of study transition) and stable
stage distribution (SSD), damping ration for golden-grass populations in sites 1 through 3 in the first
year of study (2003-2004). Populations were subject to ‘late’ harvest (i.e. following traditional
management practices, harvesting after seed production) and control (no harvest).

Site/Treatment  Matrices Population parameters
S SR A ARl  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
1/Harvest S 0.3636 0.0370 0.1891 0.1081 0.1544 11 0.00 0.10 0.1047 179
SR 0.0909 0.4815 0.2306 0.1993 0.2561 27 0.00 0.24 0.1981
A 0.3636 0.0000 0.6170 0.0688 0.0982 41 0.15 0.36 0.1224
AR1 0.3636 0.3333 0.8199 0.8898 0.0140 25 0.16 0.22 0.5616
AR2 0.0000 0.0370 0.0000 0.0000 0.7000 10 0.10 0.09 0.0132
S SR A ARl  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
1/Control S 0.3684 0.0667 0.2875 0.3099 0.0271 19 0.00 0.19 0.1557 1.90
SR 0.0526 0.5333 0.1386 0.1816 0.1034 15 0.00 0.15 0.1395
A 0.5263 0.0667 0.6544 0.0581 0.0051 28 0.11 0.28 0.1663
AR1 0.0526 0.2000 0.6386 0.7530 0.0034 28 0.14 0.28 0.2606
AR2 0.0000 0.1333 0.0000 0.5714 0.7000 10 0.00 0.10 0.2780
S SR A ARl  AR2 Pop. Struct. Flowerrate Pop. Rate SSD Damping ratio
2/Harvest S 0.2031 0.0042 0.1063 0.0591 0.0686 15 0.00 0.09 0.0407 1.76
SR 05120 0.6376 0.1433 0.1419 0.6996 11 0.00 0.06 0.3464
A 0.5381 0.0065 0.7527 0.0929 0.1078 111 0.14 0.65 0.1264
AR1 0.0000 0.2727 0.3757 0.7623 0.0000 24 0.08 0.14 0.2502
AR2 0.0000 0.0000 0.0000 0.5000 0.8000 10 0.00 0.06 0.2363
S SR A ARl  AR2 Pop. Struct. Flowerrate Pop. Rate SSD Damping ratio
2/Control S 0.3750 0.0500 0.1490 0.0937 0.1222 8 0.00 0.05 0.1050 1.81
SR 0.0000 0.6000 0.1149 0.2133 0.6500 20 0.00 0.13 0.2087
A 0.3750 0.0000 0.7935 0.1278 0.1667 81 0.09 0.51 0.2331
AR1 0.0000 0.0000 0.3853 1.0070 0.1278 37 0.03 0.23 0.4433
AR2 0.0000 0.0500 0.0000 0.0000 0.1667 12 0.00 0.08 0.0100
S SR A ARl  AR2 Pop. Struct. Flowerrate Pop. Rate SSD Damping ratio
3/Harvest S 0.4118 0.0000 0.2129 0.0849 0.2381 34 0.00 0.25 0.1691 141
SR 0.0000 0.3810 0.0434 0.0618 0.1126 21 0.00 0.15 0.0579
A 0.5294 0.0476 0.8796 0.0309 0.0866 34 0.29 0.25 0.3748
AR1 0.0000 0.3333 0.1611 0.8996 0.0216 37 0.30 0.27 0.2989
AR2 0.0000 0.1905 0.0000 0.0811 0.8182 11 0.36 0.08 0.0993
S SR A ARl  AR2 Pop. Struct. Flowerrate Pop. Rate SSD Damping ratio
3/Control S 0.3043 0.0000 0.2077 0.2443 0.0000 23 0.00 0.20 0.1723 161
SR 0.0000 0.3810 0.0000 0.0385 0.0000 21 0.00 0.18 0.0078
A 0.6522 0.0000 1.0662 0.2647 0.0000 32 0.25 0.28 0.6192
AR1 0.0000 0.5714 0.1250 0.9231 0.1429 26 0.27 0.22 0.1997
AR2 0.0000 0.0000 0.0000 0.0000 0.6429 14 0.00 0.12  0.0000
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Table S4.2. Syngonanthus nitens matrices, population structure, flowering rates for each adult stage,
population distribution of each stage in the population at n, (beginning of study transition) and stable
stage distribution (SSD), damping ration for golden-grass populations in sites 4 through 9 in the second
year of study (2006-2007). Populations were subject to ‘late’ harvest (i.e. following traditional

management practices, harvesting after seed production) and control (no harvest).

Site/Treatment  Matrices Population parameters
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
4/Harvest S 0.6765 0.0000 0.0795 0.0072 0.0114 34 0.00 0.08 0.0231 1.28
SR 0.0000 0.7037 0.0281 0.0559 0.0563 27 0.00 0.06 0.0996
A 0.1471 0.0000 0.7481 0.0212 0.0114 178 0.38 0.39 0.0310
AR1 0.0000 0.0370 0.3096 0.9045 0.0076 143 0.45 0.32 0.0671
AR2 0.0000 0.1111 0.0000 0.1421 1.1645 71 0.52 0.16 0.7792
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
4/Control S 0.6667 0.0303 0.0136 0.0048 0.0000 75 0.00 0.11 0.0034 1.25
SR 0.0267 0.7727 0.0019 0.0064 0.0222 66 0.00 0.10 0.0495
A 0.2667 0.0000 0.7847 0.0160 0.0024 221 0.39 0.33 0.0089
AR1 0.0000 0.0152 0.3966 0.9089 0.0047 210 0.37 0.31 0.0310
AR2 0.0000 0.0455 0.0000 0.1964 1.1758 101 0.50 0.15 0.9072
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
5/Harvest S 0.3400 0.0357 0.1412 0.1593 0.0921 50 0.00 0.12 0.1190 1.22
SR  0.0800 0.4107 0.0576 0.0667 0.0316 56 0.00 0.13 0.0612
A 0.3200 0.0000 0.7741 0.0182 0.0105 34 0.38 0.08 0.1131
AR1 0.0412 0.1071 0.3345 1.0123 0.0026 83 0.51 0.19 0.2756
AR2 0.0000 0.1429 0.0000 0.1654 1.0693 206 0.41 0.48 0.4311
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
5/Control S 0.7551 0.0000 0.1049 0.0506 0.0307 49 0.00 0.08 0.0828 1.24
SR 0.0612 0.5135 0.0093 0.0160 0.0097 37 0.00 0.06 0.0230
A 0.1224 0.0000 0.7563 0.0027 0.0016 53 0.45 0.09 0.0305
AR1 0.0204 0.0527 0.3169 0.9053 0.0132 131 0.65 0.21 0.0978
AR2 0.0000 0.2432 0.0000 0.2459 1.0988 352 0.61 0.57 0.7658
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
6/Harvest S 0.7500 0.0000 0.0245 0.0102 0.0118 12 0.00 0.03 0.0329 1.36
SR 0.0000 0.5938 0.0023 0.0243 0.0296 32 0.00 0.07 0.0535
A 0.0833 0.0000 0.6917 0.0026 0.0030 132 0.52 0.30 0.0139
AR1 0.0000 0.1250 0.5770 0.8729 0.0296 184 0.50 0.42 0.1787
AR2 0.0000 0.0313 0.0310 0.2703 1.0048 75 0.57 0.17 0.7210
S SR A AR1  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
6/Control S 0.4211 0.0000 0.0095 0.0098 0.0120 19 0.00 0.03 0.0131 1.39
SR 0.0000 0.4667 0.0000 0.0034 0.0000 30 0.00 0.05 0.0003
A 0.3158 0.0333 0.6436 0.0301 0.0284 180 0.67 0.28 0.0467
AR1 0.0000 0.1333 0.6720 0.9108 0.0000 291 0.59 0.46 0.0796
AR2 0.0000 0.0667 0.0230 0.2271 1.2839 119 0.63 0.19 0.8603
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
7/Harvest S 0.5556 0.0000 0.0159 0.0182 0.0163 18 0.00 0.04 0.0241 1.69
SR 0.1667 0.5536 0.0000 0.0000 0.0274 56 0.00 0.13 0.0432
A 0.2778 0.0000 0.6130 0.0030 0.0027 77 0.61 0.18 0.0159
AR1 0.0000 0.1607 0.7950 0.7635 0.0068 132 0.63 0.31 0.0597
AR2 0.1088 0.2314 0.0000 0.5532 1.1374 146 0.72 0.34 0.8571
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
7/Control S 0.5429 0.0154 0.0237 0.0042 0.0036 35 0.00 0.06 0.0089 1.27
SR 0.0571 0.6154 0.0192 0.0343 0.0585 65 0.00 0.11 0.1019
A 0.1714 0.0000 0.7426 0.0168 0.0018 104 0.57 0.17 0.0113
AR1 0.0000 0.1388 0.4567 0.8357 0.0000 204 0.62 0.34 0.0705
AR2 0.0000 0.1077 0.0000 0.2500 1.0745 188 0.56 0.32 0.8074
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Table S4.2 — cont...

Site/Treatment  Matrices Population parameters
S SR A AR1  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
8/Harvest S 0.6528 0.0286 0.0095 0.0077 0.0101 72 0.00 0.16 0.0133 1.43
SR 0.0417 0.7429 0.0074 0.0081 0.0000 35 0.00 0.08 0.0009
A 0.1528 0.0000 0.5809 0.0161 0.0000 136 0.68 0.31 0.0026
AR1 0.0000 0.0286 0.8529 0.9435 0.0000 124 0.59 0.28 0.0048
AR2 0.0000 0.0571 0.0000 0.4393 1.3990 74 0.74 0.17 0.9784
S SR A AR1  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
8/Control S 0.6180 0.0313 0.0324 0.0048 0.0028 89 0.00 0.15 0.0102 1.7
SR 0.0112 0.6406 0.0186 0.0366 0.0000 64 0.00 0.11 0.0352
A 0.0449 0.0000 0.6023 0.0181 0.0014 215 0.62 0.36 0.0179
AR1 0.0108 0.0156 0.6799 0.8370 0.2564 191 0.64 0.32 0.4595
AR2 0.0000 0.0469 0.0000 0.4368 0.7070 39 0.41 0.07 0.4772
S SR A ARl AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
9/Harvest S 0.5313 0.0000 0.0348 0.0240 0.0334 32 0.00 0.07 0.0420 1.48
SR 0.0938 0.4286 0.0276 0.0431 0.0316 35 0.00 0.08 0.0503
A 0.3438 0.0000 0.7592 0.0341 0.0200 94 0.46 0.22 0.0904
AR1 0.0313 0.2286 0.4616 0.9550 0.0774 152 0.43 0.35 0.4113
AR2 0.0000 0.2000 0.0000 0.1761 0.9609 122 0.65 0.28 0.4060
S SR A AR1  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
9/Control S 0.4444 0.0000 0.0029 0.0036 0.0041 45 0.00 0.07 0.0054 141
SR 0.0000 0.2069 0.0058 0.0073 0.0083 29 0.00 0.05 0.0080
A 0.4000 0.0000 0.7573 0.0248 0.0103 136 0.56 0.22 0.0533
AR1 0.0000 0.6207 0.4391 1.0181 0.1146 255 0.61 0.41 0.5812
AR2 0.0000 0.0690 0.0102 0.1492 0.8869 163 0.73 0.26 0.3521
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Table S4.3. Syngonanthus nitens matrices, population structure, flowering rates for each adult stage,
population distribution of each stage in the population at n, (beginning of study transition) and stable
stage distribution (SSD), damping ration for golden-grass populations in sites 4 through 9 in the third
year of study (2008-2009). Populations were subject to ‘late’ harvest (i.e. following traditional
management practices, harvesting after seed production) and control (no harvest).

Site/Treatment  Matrices Population parameters
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
4/Harvest S 0.2308 0.0000 0.0351 0.0293 0.0000 13 0.00 0.07 0.0483 1.04
SR  0.0000 0.2188 0.0000 0.0220 0.0769 8 0.00 0.05 0.0017
A 0.3077 0.0313 0.8938 0.0220 0.0000 38 0.03 0.22 0.9245
AR1 0.0000 0.1875 0.0009 0.8242 0.0000 91 0.09 0.52 0.0137
AR2 0.0000 0.0000 0.0000 0.0549 0.8462 26 0.00 0.15 0.0117
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
4/Control S 0.3000 0.0000 0.0333 0.0213 0.0000 8 0.00 0.05 0.0344 1.27
SR 0.1444 0.1429 0.0000 0.0000 0.0000 14 0.00 0.08 0.0058
A 0.3333 0.0000 0.8429 0.0613 0.0000 42 0.02 0.25 0.3150
AR1 0.0000 0.2143 0.1429 0.9324 0.2258 75 0.04 0.44 0.6437
AR2 0.0000 0.0000 0.0000 0.0010 0.4516 31 0.00 0.18 0.0011
S SR A AR1  AR2 Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
5/Harvest S 0.6316 0.0606 0.0220 0.0481 0.0210 19 0.00 0.14 0.1217 1.44
SR 0.0000 0.1212 0.0000 0.0435 0.0000 5 0.00 0.04 0.0276
A 0.2105 0.0000 0.7692 0.0435 0.0000 26 0.31 0.19 0.3459
AR1 0.0000 0.1212 0.2308 0.7383 0.0635 23 0.57 0.17 0.4985
AR2 0.0000 0.0606 0.0000 0.0008 0.5714 63 0.38 0.46  0.0062
S SR A AR1  AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
5/Control S 0.7000 0.0952 0.1189 0.0133 0.0070 30 0.00 0.20 0.6132 1.04
SR 0.0000 0.1429 0.0000 0.0064 0.0000 21 0.00 0.14 0.0001
A 0.1000 0.0000 0.6104 0.0222 0.0000 18 0.33 0.12 0.3773
AR1 0.0000 0.1429 0.0007 0.6667 0.2973 45 0.36 0.30 0.0076
AR2 0.0000 0.0000 0.0000 0.1111 0.2973 37 0.30 0.25 0.0018
S SR A ARl AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
6/Harvest S 0.4800 0.0000 0.0100 0.0100 0.0100 0 0.00 0.00 0.0183 1.30
SR 0.0000 0.2222 0.0000 0.0089 0.0000 1 0.00 0.01 0.0057
A 0.2800 0.0000 0.7500 0.0254 0.0000 36 0.53 0.19 0.0687
AR1 0.0000 0.2222 0.3194 0.8347 0.1667| 118 0.59 0.62 0.5066
AR2 0.0000 0.0000 0.0000 0.1318 0.8457 36 0.64 0.19 0.4007
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
6/Control S 0.4800 0.0000 0.0100 0.0100 0.0100 0 0.00 0.00 0.0227 1.27
SR 0.0000 0.2222 0.0000 0.0085 0.0000 4 0.00 0.02 0.0050
A 0.2800 0.0000 0.7143 0.0532 0.0000 49 0.57 0.25 0.1439
AR1 0.0000 0.2222 0.1633 0.6809 0.1569 94 0.70 0.47 0.4030
AR2 0.0000 0.0000 0.0000 0.2128 0.7059 51 0.39 0.26  0.4253
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
7/Harvest S 0.5806 0.0000 0.0100 0.0100 0.0100 0 0.00 0.00 0.0377 1.24
SR 0.0000 0.0000 0.0000 0.0000 0.0222 9 0.00 0.08 0.0000
A 0.1613 0.0000 0.8000 0.0938 0.0000 25 0.28 0.23 0.7436
AR1 0.0000 0.1250 0.0800 0.5619 0.1556) 32 0.25 0.29 0.2178
AR2 0.0000 0.1875 0.0000 0.0006 0.6667 45 0.27 0.41 0.0008
S SR A AR1  AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
7/Control S 0.5806 0.0000 0.0100 0.0100 0.0100 1 0.00 0.01 0.0335 1.09
SR 0.0000 0.0000 0.0000 0.0089 0.0000 3 0.00 0.02 0.0074
A 0.1613 0.0000 0.7076 0.0405 0.0000 24 0.33 0.15 0.2163
AR1 0.0000 0.1250 0.0007 0.8640 0.0317 74 0.32 0.45 0.7152
AR2 0.0000 0.1875 0.0000 0.0009 0.7937 63 0.52 0.38 0.0276
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Table S4.3 — cont...

Site/Treatment  Matrices Population parameters
S SR A ARl AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
8/Harvest S 0.3333 0.0000 0.0433 0.0100 0.0100 5 0.00 0.03 0.0626 1.06
SR 0.0000 0.2692 0.0000 0.0476 0.0323 8 0.00 0.05 0.0054
A 0.4167 0.0385 0.9024 0.0631 0.0194 30 0.03 0.19 0.8566
AR1 0.0000 0.0769 0.0043 0.8836 0.1806 84 0.12 0.53 0.0751
AR2 0.0000 0.0000 0.0000 0.0009 0.7419 31 0.10 0.20 0.0003
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
8/Control S 0.3333 0.0000 0.0149 0.0045 0.0008 8 0.00 0.04 0.0125 1.18
SR 0.0000 0.0833 0.0000 0.0115 0.0179 12 0.00 0.06 0.0124
A 0.4167 0.0000 0.7517 0.0160 0.0008 38 0.18 0.19 0.2014
AR1 0.0000 0.0833 0.2105 0.7471 0.2857 87 0.08 0.43 0.7098
AR2 0.0000 0.0000 0.0000 0.0575 0.1964 56 0.02 0.28 0.0640
S SR A AR1 AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
9/Harvest S 0.3333 0.0000 0.0126 0.0105 0.0142 1 0.00 0.01 0.0191 1.13
SR 0.0000 0.3600 0.0000 0.0086 0.0000 0 0.00 0.00 0.0056
A 0.3333 0.0000 0.8780 0.0602 0.0000 41 0.68 0.24 0.4162
AR1 0.0000 0.4000 0.0976 0.7952 0.0930 83 0.64 0.49 0.3843
AR2 0.0000 0.0800 0.0000 0.0602 0.8140 43 0.72 0.26  0.1748
S SR A ARl AR2| Pop. Struct. Flower rate Pop. Rate SSD Damping ratio
9/Control S 0.3333 0.0000 0.0407 0.0478 0.0167 0 0.00 0.00 0.0636 1.43
SR 0.0000 0.3600 0.0000 0.0078 0.0000 0 0.00 0.00 0.0038
A 0.3333 0.0000 0.8750 0.1176 0.0286 24 0.67 0.22 0.6395
AR1 0.0000 0.4000 0.1037 0.7290 0.2941 51 0.49 0.46 0.2922
AR2 0.0000 0.0800 0.0000 0.0008 0.3429 35 0.26 0.32 0.0009
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Tables S4.4 to S4.6 contain the ‘early’ harvested and ‘burned matrices’ used in stochastic
simulations of Syngonanthus nitens population growth rates (As) under a biennial fire return interval.
The burned state was composed of six matrices built from populations in sites 4 to 9, experimentally
burned in September 2009 (table S3.6, I.B.S. unpublished data).

The six matrices built from the same sites in year 2 (table S3.2) and year 3 (table S3.3) of this
study composed two levels of the ‘one-year-after-fire state’, each level (year) having 50% chance of
occurring. Within each state and level, the six matrices (sites) had equal probability of occurrence. The
As under ‘early’ harvest scenarios were calculated using ‘early’ harvested matrices which consisted in
elimination of sexual reproduction and increased flowering adult mortality, from 5 to 40% of flowering
adult mortality. Modifications were made on control matrices from sites 4 through 9.

Table S4.4. Syngonanthus nitens ‘early’ harvested matrices for the second year of study (2006-2007).

Site Matrices for treatment early harverst at 5% level Site Matrices for treatment early harverst at 40%level

S SR A AR1 AR2 S SR A AR1 AR2

4 S 0.6667 0.0303 0.0134 0.0048 0.0001 4 S 0.6667 0.0303 0.0115 0.0041  0.0001
SR 0.0260 0.7677 0.0000 0.0046  0.0194 SR 0.0260 0.7677 0.0000 0.0039  0.0166

A 0.2667 0.0000 0.7672 0.0140  0.0000 A 0.2667 0.0000 0.6578 0.0119  0.0000

AR1 0.0000 0.0152 0.3824 0.8847  0.0000 AR1 0.0000 0.0152 0.3279 0.7524  0.0000

AR2 0.0000 0.0455 0.0000 0.1908 1.1518 AR2 0.0000 0.0455 0.0000 0.1623  0.9838

S SR A AR1 AR2 S SR A AR1 AR2

5 S 0.7551 0.0000 0.0738 0.0001 0.0001] 5 S 0.7551 0.0000 0.0616 0.0001  0.0001
SR 0.0579 0.5135 0.0000 0.0000  0.0000 SR 0.0579 0.5135 0.0000 0.0000  0.0000

A 0.1224 0.0000 0.7373 0.0000  0.0000 A 0.1224 0.0000 0.6154 0.0000  0.0000

AR1 0.0204 0.0472 0.3021 0.8688  0.0081 AR1 0.0204 0.0472 0.2521 0.6723  0.0063

AR2 0.0000 0.2432 0.0000 0.2376  1.0630 AR2 0.0000 0.2432 0.0000 0.1839  0.8217

S SR A AR1L AR2 S SR A AR1 AR2

6 S 0.4211 0.0000 0.0001 0.0001 0.0001 6 S 0.4211 0.0000 0.0001 0.0001  0.0001
SR 0.0000 0.4667 0.0000 0.0033  0.0000 SR 0.0000 0.4667 0.0000 0.0026  0.0000

A 0.3158 0.0333 0.6059 0.0133 0.0081 A 0.3158 0.0333 0.4526 0.0103  0.0063

AR1 0.0000 0.1333 0.6336 0.8794  0.0000 AR1 0.0000 0.1333 0.4733 0.6819  0.0000

AR2 0.0000 0.0667 0.0215 0.2175  1.2299 AR2 0.0000 0.0667 0.0160 0.1687  0.9504

S SR A AR1 AR2 S SR A AR1 AR2

7 S 0.5429 0.0154 0.0188 0.0001 0.0001] 7 S 0.5429 0.0154 0.0149 0.0001  0.0001
SR 0.0498 0.6069 0.0183 0.0314  0.0558 SR 0.0498 0.6069 0.0145 0.0241  0.0434

A 0.1714 0.0000 0.7190 0.0142  0.0000 A 0.1714 0.0000 0.5691 0.0109  0.0000

AR1 0.0000 0.1359 0.4391 0.8001  0.0000 AR1 0.0000 0.1359 0.3476 0.6143  0.0000

AR2 0.0000 0.1077 0.0000 0.2364  1.0349 AR2 0.0000 0.1077 0.0000 0.1815  0.8039

S SR A AR1 AR2 S SR A AR1 AR2

8 S 0.6180 0.0313 0.0271 0.0001 0.0001] 8 S 0.6180 0.0313 0.0208 0.0001 0.0001
SR 0.0112 0.6362 0.0173 0.0339  0.0000 SR 0.0112 0.6362 0.0133 0.0260  0.0000

A 0.0449 0.0000 0.5806 0.0152  0.0000 A 0.0449 0.0000 0.4446 0.0117  0.0000

AR1 0.0073 0.0156 0.6455 0.8007  0.2467 AR1 0.0073 0.0156 0.4943 0.6153 0.1790

AR2 0.0000 0.0469 0.0000 0.4103 0.6470 AR2 0.0000 0.0469 0.0000 0.3153  0.4694

S SR A AR1 AR2 S SR A AR1 AR2

9 S 0.4444 0.0000 0.0001 0.0001 0.0001 9 S 0.4444 0.0000 0.0001 0.0001  0.0001
SR 0.0000 0.2021 0.0000 0.0000  0.0000 SR 0.0000 0.2021 0.0000 0.0000  0.0000

A 0.4000 0.0000 0.7281 0.0152  0.0000 A 0.4000 0.0000 0.5746 0.0114  0.0000

AR1 0.0000 0.6207 0.4014 0.9609  0.0863 AR1 0.0000 0.6207 0.3168 0.7254  0.0615

AR2 0.0000 0.0690 0.0000 0.1305 0.8193 AR2 0.0000 0.0690 0.0000 0.0985  0.5839
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Table S4.5. Syngonanthus nitens ‘early’ harvested matrices for the third year of study (2008-2009).

Site Matrices for treatment early harverst at 5% level Site Matrices for treatment early harverst at 40% level

S SR A AR1 AR2 S SR A AR1 AR2

4 S 0.2308 0.0000 0.0264 0.0001 0.0001] 4 S 0.2308 0.0000 0.0261 0.0001 0.0001
SR 0.0000 0.2188 0.0000 0.0219 0.0766 SR 0.0000 0.2188 0.0000 0.0213 0.0745

A 0.3077 0.0313 0.8925 0.0219  0.0000 A 0.3077 0.0313 0.8836 0.0213 0.0000

AR1 0.0000 0.1875 0.0009 0.8211  0.0000 AR1 0.0000 0.1875 0.0009 0.7995 0.0000

AR2 0.0000 0.0000 0.0000 0.0547 0.8429 AR2 0.0000 0.0000 0.0000 0.0533 0.8200

S SR A AR1 AR2 S SR A AR1 AR2

5 S 0.6316 0.0606 0.0001 0.0001 0.0001] 5 S 0.6316 0.0606 0.0001 0.0001 0.0001
SR 0.0000 0.1212 0.0000 0.0423  0.0000 SR 0.0000 0.1212 0.0000 0.0339 0.0000

A 0.2105 0.0000 0.7559 0.0423  0.0000 A 0.2105 0.0000 0.6622 0.0339 0.0000

AR1 0.0000 0.1212 0.2268 0.7181  0.0611 AR1 0.0000 0.1212 0.1987 0.5760 0.0444

AR2 0.0000 0.0606 0.0000 0.0008 0.5499 AR2 0.0000 0.0606 0.0000 0.0006 0.3993

S SR A AR1 AR2 S SR A AR1 AR2

6 S 0.4800 0.0000 0.0001 0.0001 0.0001] 6 S 0.4800 0.0000 0.0001 0.0001 0.0001
SR 0.0000 0.2222 0.0000 0.0086  0.0000 SR 0.0000 0.2222 0.0000 0.0065 0.0000

A 0.2800 0.0000 0.7277 0.0246  0.0000 A 0.2800 0.0000 0.5719 0.0185 0.0000

AR1 0.0000 0.2222 0.3100 0.8064 0.1610 AR1 0.0000 0.2222 0.2436 0.6081 0.1214

AR2 0.0000 0.0000 0.0000 0.1274 0.8170 AR2 0.0000 0.0000 0.0000 0.0960 0.6159

S SR A AR1 AR2 S SR A AR1 AR2

7 S 0.5806 0.0000 0.0001 0.0001 0.0001 7 S 0.5806 0.0000 0.0001 0.0001 0.0001
SR 0.0000 0.0000 0.0000 0.0000 0.0219 SR 0.0000 0.0000 0.0000 0.0000 0.0194

A 0.1613 0.0000 0.7867 0.0918  0.0000 A 0.1613 0.0000 0.6933 0.0782 0.0000

AR1 0.0000 0.1250 0.0787 0.5502  0.1531 AR1 0.0000 0.1250 0.0693 0.4685 0.1359

AR2 0.0000 0.1875 0.0000 0.0006 0.6561 AR2 0.0000 0.1875 0.0000 0.0005 0.5824

S SR A AR1 AR2 S SR A AR1 AR2

8 S 0.3333 0.0000 0.0334 0.0001 0.0001] 8 S 0.3333 0.0000 0.0330 0.0001 0.0001
SR 0.0000 0.2692 0.0000 0.0473 0.0320 SR 0.0000 0.2692 0.0000 0.0452 0.0306

A 0.4167 0.0385 0.8975 0.0473  0.0000 A 0.4167 0.0385 0.8862 0.0452 0.0000

AR1 0.0000 0.0769 0.0009 0.8627 0.1602 AR1 0.0000 0.0769 0.0009 0.8248 0.1529

AR2 0.0000 0.0000 0.0000 0.0009 0.7371 AR2 0.0000 0.0000 0.0000 0.0009 0.7034

S SR A AR1 AR2 S SR A AR1 AR2

9 S 0.3333 0.0000 0.0001 0.0001 0.0001] 9 S 0.3333 0.0000 0.0001 0.0001 0.0001
SR 0.0000 0.3600 0.0000 0.0082  0.0000 SR 0.0000 0.3600 0.0000 0.0059 0.0000

A 0.3333 0.0000 0.8457 0.0579  0.0000 A 0.3333 0.0000 0.6193 0.0415 0.0000

AR1 0.0000 0.4000 0.0940 0.7642  0.0893 AR1 0.0000 0.4000 0.0688 0.5473 0.0634

AR2 0.0000 0.0800 0.0000 0.0579 0.7815 AR2 0.0000 0.0800 0.0000 0.0415 0.5547
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Table S4.6. ‘Burned matrices’ used for stochastic simulation of biennial fire interval. Syngonanthus
nitens populations from sites 4 through 9 submitted to experimental burn during the studied transition

(2009-2010, from I.B.S. unpublished data).

Site/Treatment  Matrices Population parameters
S SR A AR1  AR2| Pop. Struct. Pop. Rate SSD Damping ratio
4/Burn S 0.3846 0.0000 0.0366 0.0432 0.0000 13 0.04 0.0434 1.08
SR 0.0000 0.5000 0.0000 0.0247 0.0000 12 0.04 0.0212
A 0.2308 0.0833 0.8902 0.0370 0.0000 82 0.26 0.2251
AR1 0.0000 0.0833 0.0732 0.9444 0.0488 162 0.52 0.4422
AR2 0.0000 0.1667 0.0000 0.0309 0.9512 41 0.13 0.2682
S SR A ARl AR2 Pop. Struct. Pop. Rate SSD Damping ratio
5/Burn S 0.4878 0.0000 0.0250 0.0885 0.0873 41 0.19 0.0891 1.16
SR 0.0244 0.1429 0.0000 0.0161 0.0529 5 0.02 0.0102
A 0.2683 0.0000 0.9250 0.0443 0.0159 40 0.19 0.5388
AR1 0.0732 0.5714 0.0500 0.8783 0.0741 71 0.34 0.3412
AR2 0.0000 0.1429 0.0000 0.0090 0.7778 54 0.26  0.0206
S SR A ARl AR2 Pop. Struct. Pop. Rate SSD Damping ratio
6/Burn S 0.0990 0.0000 0.0000 0.0000 0.0196 0 0.00 0.0068 1.33
SR  0.0000 0.0990 0.0000 0.0102 0.0000 1 0.00 0.0059
A 0.0010 0.0000 0.7714 0.0051 0.0686 70 0.19 0.0863
AR1 0.0000 0.0010 0.2937 0.9569 0.1176 196 0.53 0.5663
AR2 0.0000 0.0000 0.0000 0.0740 0.9461 102 0.28 0.3347
S SR A ARl AR2 Pop. Struct. Pop. Rate SSD Damping ratio
7/Burn S 0.0990 0.0000 0.0620 0.0567 0.1463 0 0.00 0.0808 1.22
SR  0.0000 0.0990 0.0186 0.0277 0.0683 1 0.00 0.0356
A 0.0010 0.0000 0.9116 0.0574 0.0659 43 0.20 0.2383
AR1 0.0000 0.0010 0.1612 0.8603 0.1122 94 0.43 0.3356
AR2 0.0000 0.0000 0.0000 0.1096 0.9598 82 0.37 0.3097
S SR A AR1  AR2| Pop. Struct. Pop. Rate SSD Damping ratio
8/Burn S 0.4167 0.0000 0.0765 0.0202 0.0293 8 0.03 0.0720 1.11
SR  0.0000 0.1818 0.0000 0.0647 0.0513 11 0.04 0.0430
A 0.1667 0.0000 0.8511 0.0555 0.0037 71 0.24 0.3402
AR1 0.0000 0.2727 0.0966 0.7992 0.0842 170 0.57 0.3838
AR2 0.0000 0.0909 0.0000 0.0373 0.8376 39 0.13 0.1610
S SR A ARl AR2 Pop. Struct. Pop. Rate SSD Damping ratio
9/Burn S 0.2200 0.0000 0.0231 0.0651 0.2175 6 0.02 0.1149 1.12
SR 0.0000 0.0990 0.0000 0.0000 0.0192 0 0.00 0.0073
A 0.0022 0.0000 0.9407 0.0583 0.1139 70 0.28 0.3680
AR1 0.0000 0.0010 0.0500 0.9153 0.0100 124 0.49 0.1356
AR2 0.0000 0.0000 0.0000 0.0323 1.0669 52 0.21 0.3741
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Appendix 5 - Vegetation cover and soil sample analyses
Methods

At each annual census, from 2006 to 2010, the vegetation cover was quantified by
dividing each 0.5 x 05m plot, into 25 0.1 x 0.1m quadrats. Vegetation cover (other than S. nitens)
was visually classified into three levels (0, 50 and 100%) in each quadrat. To understand changes
in the vegetation cover in response to time-since-fire, we used linear mixed effects models,
considering all the plots in each treatment (fire level) as our independent units. Site was a
random factor in our models and year and year-since-fire were considered as fixed factors. To
select the model that best fitted the vegetation cover data we compared models with different
fixed effects and selected models based on Akaike Information Criterion (AIC) and Likelihood
ration test (LRT). Note that vegetation cover was measured at each census, before experimental

fires.

We analyzed soil samples for texture and soil micro and macro-nutrients, to identify
possible differences across sites and possible effects of recent fire history. We collected soil
samples in June 2010 from the control (unburned for 5 years) and late burned areas (last fire in
September 2009) in each site. We analyzed soil from the top 10 centimeters, which is the soil
layer where most of S. nitens roots are concentrated (I.B.S. personal observation).

Results and discussion

Effects of fire on vegetation cover

The model that best fitted the vegetation cover data had both time-since-fire and year as
fixed factors. Vegetation cover varied across years, but not consistently with rainfall level. On
the other hand, vegetation cover was significantly reduced one year after fire compared to longer

fire intervals (p<0.001; Figure S5.1).

Differences in vegetation cover, associated with time-since fire, significantly affected S.
nitens flowering percentages, with significantly higher flowering percentages in plots with lower

vegetation cover (chapter 5).

Effects of fire in soil properties

The soils analyzed from sites 4 to 9 are acidic (pH<6.0), sandy, nutrient poor and have

high aluminum saturation. Soil properties varied considerably across sites, with site 6 having
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higher clay, carbon and organic matter than other sites, whereas site 5 had lower carbon and
organic matter compared to other sites. Two sites (6 and 7) had higher organic matter and carbon
contents in control compared to burned soils. Moreover, soil from burned areas had higher
Phosphorous content than control areas in three of the six sites (sites 6, 7 and 9, Table S3.1).
However, there were no consistent differences between control and experimental fire areas

within sites.

The soils in our study sites shared common characteristics with most soils in the Cerrado
biome, characterized by high aluminum saturation and low nutrient levels (Furley & Ratter
1988). The differences in vegetation cover we found across study sites can partially be explained
by differences in soil properties. Site 5 had the lower vegetation cover across all the study and
times-since-fire associated with lower carbon and organic matter contents compared to other
sites. However, the lower vegetation cover in site 8 does not correspond to differences in soil
properties, except for a relatively low cation exchange capacity (CEC) in this site compared to

most others.

Fire has been reported to induce changes in pH, organic matter and nutrient availability in
the soil (Certini 2005; Pivello et al. 2010), however, we did not identify consistent shifts in soil
properties that could be attributed to fire. This can be due to our small sample size and likely to
the high variation within each site. It is also possible that the difference in fire regime was too
recent (5 years, two fires events) to cause significant changes in soils in these wet grasslands.
Alternatively, fire only causes short-term changes in soil properties (Certini 2005; Pivello et al.

2010; Silva & Batalha 2008), not identifiable nine months after the last fire event.

A notable difference we found was the high soil organic matter content of in the control
area of site 6 (0.7 g/Kg) compared to the burned area in the same site (0.43 g/Kg), the other
experimental sites as well as to other Cerrado soils (median value: 0.22, range: 0.07 to 0.6g/Kg,
Furley & Ratter 1988). High rates of clay and organic matter may increase soil water holding
capacity and decrease decomposition (Hudson 1994), and this is likely more accentuated in
wetlands, especially after high precipitation levels, such as the rainy years in our study. The
elevated mortality and lower A in the control population in site 6 (unburned for 4 years) during
the ‘rainy year of 2009-2010, might indicate a complex interaction between soil properties, fire

and rainfall affecting S. nitens demography.
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Figure S5.1. Mean vegetation cover per study plot in 6 wet grassland sites as a function of
rainfall level and years since last fire, in Jalapao region, Brazil.
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Table S5.1. Soil properties in 6 experimental wet grasslands site (4 to 9) in Jalapao region, Brazil. Samples were collected from
control (C, unburned for 5 years) and burned areas (F, 9 months after fire).

4C 4F 5C ©5F 6C G6F 7C 7F 8C B8F 9C O9F

Sand (g/kg) 850 850 875 875 750 800 875 875 875 875 875 850

Clay (g/kg) 100 100 100 100 150 150 100 100 100 100 100 100

Silt (g/kg) 50 50 25 25 100 50 25 25 25 25 25 50

P (ppm) 020 020 020 020 180 270 1.00 230 020 020 020 1.00
K (ME/100mL) 002 002 005 002 004 003 002 008 003 003 002 0.02
Ca (ME/100mL) 020 020 020 020 020 020 020 020 020 020 020 020
Mg (ME/100mL) 010 010 010 010 010 010 010 010 0.0 010 010  0.10
Organic matter (g/kg) 30.60 4040 7.90 11.90 70.30 4350 36.80 19.80 31.00 2240 2580 32.70
C (g/kg) 17.80 2350 460 6.90 4090 2530 21.40 1150 18.00 13.00 15.00 19.00
Al saturation (%) 6450 73.20 4550 7520 63.20 74.60 7320 60.60 54.10 67.30 70.80 76.90
pH 560 530 580 550 550 570 540 570 570 590 570  5.30

Cation exchange capacity

(ME/100mL) 4.63 6.13 3.56 4.63 6.55 5.34 6.13 4.39 3.74 4.34 4.93 7.53

References

Certini, G. 2005. Effects of fire on properties of forest soils: a review. Oecologia 143:1-10.

Furley, P., and J. A. Ratter. 1988. Soil resources and plant communities of the central Brazilan Cerrado and their development. Journal of
Biogeograhy 15:97-108.

Hudson, B. D. 1994. Soil organic matter and available water capacity. Journal of Soil and Water Conservation 49:189-194.

Pivello, V. R,, I. Oliveras, H. S. Miranda, M. Haridasan, M. N. Sato, and S. T. Meirelles. 2010. Effect of fires on soil nutrient availability in an open
savanna in Central Brazil. Plant Soil.

Quinn, G. P., and M. J. Keough 2009. Experimental design and data analysis for biologists. Cambridge University Press, New York.

188



Appendix 6

Table S6.1. Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at n; (beginning of study transition) and stable stage distribution (SSD), damping ration and X\ for S. nitens populations in sites 1
through 3 in 2004-2005. Populations under ”late fire in 2004” treatment were burned in late experimental fires in September 2004;
"control” and ”late fire in 2005” populations are unburned for two years (last fire in 2002).

Site 1 and treatment control

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4712 0.0182 0.8313 0.4511 0.2895 104 0.0000 0.2881 0.1421 1.6598 0.8147
SR 0.0473 0.7250 0.1405 0.8215 0.6874 55 0.0000 0.1524 0.7762
A 0.0096 0.0000 0.2529 0.0000 0.0000 87 0.1034 0.2410 0.0024
AR1 0.0000 0.0364 0.0397 0.3308 0.0427 89 0.2360 0.2465 0.0602
AR2 0.0000 0.0182 0.0000 0.0112 0.0385 26 0.2308 0.0720 0.0191
Site 1 and treatment late fire in 2004
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping.ratio Lambda
S 0.4400 0.0000 0.6029 0.1123 0.3235 75 0.0000 0.2788 0.0355 1.8318 0.8612
SR 0.0000 0.7500 0.0963 0.7954 0.9349 20 0.0000 0.0743  0.8448
A 0.0133 0.0000 0.2047 0.0083 0.0240 50 0.2000 0.1859 0.0023
AR1 0.0000 0.1000 0.0200 0.1299 0.0213 7 0.2857 0.2862 0.1156
AR2 0.0000 0.0000 0.0000 0.0130 0.0426 47 0.4043 0.1747 0.0018
Site 1 and treatment late fire in 2005
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4268 0.0000 0.5292 0.5307 0.2632 82 0.0000 0.4910 0.4134 1.7530 0.8310
SR 0.1043 0.3333 0.1750 0.3970 0.4421 12 0.0000 0.0719  0.2645
A 0.0122 0.0000 0.6269 0.2427 0.0421 45 0.2222 0.2695 0.1802
AR1 0.0000 0.0833 0.0667 0.5556 0.1000 18 0.6111 0.1078 0.1285
AR2 0.0000 0.0000 0.0000 0.0556 0.3000 10 0.5000 0.0599 0.0134
Site 2 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5312 0.0000 0.3561 0.1646 0.2383 32 0.0000 0.1778  0.0806 1.3851 1.0955
SR 0.0625 0.9412 0.0976 0.5488 0.6250 17 0.0000 0.0944 0.7101
A 0.1562 0.0000 0.5829 0.0224 0.0325 41 0.3902 0.2278 0.0335
AR1 0.0000 0.1176 0.1122 0.2467 0.1467 82 0.4024 0.4556 0.1136
AR2 0.0000 0.0000 0.0000 0.4634 0.2500 8 0.8750 0.0444 0.0623
Site 2 and treatment late fire in 2004
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5417 0.0000 0.5768 0.2769 0.1414 48 0.0000 0.2162 0.3291 1.2073 0.6780
SR 0.0430 0.5240 0.3971 0.7756 0.3636 52 0.0000 0.2342  0.5555
A 0.0208 0.0000 0.4465 0.0495 0.0253 34 0.3529 0.1532 0.0444
AR1 0.0000 0.0430 0.0294 0.3021 0.0829 66 0.2424 0.2973 0.0677
AR2 0.0000 0.0000 0.0000 0.0152 0.3636 22 0.2727 0.0991 0.0033
Site 2 and treatment late fire in 2005
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6579 0.0000 0.5143 0.4450 0.6062 38 0.0000 0.3393  0.5043 1.5702 1.0972
SR 0.0263 0.2500 0.1293 0.2653 0.1320 8 0.0000 0.0714 0.0916
A 0.0789 0.0000 0.5644 0.0460 0.0627 17 0.4706 0.1518 0.1070
AR1 0.0000 0.1250 0.1881 0.3903 0.1320 40 0.7000 0.3571 0.0844
AR2 0.0000 0.0000 0.0000 0.5250 0.8889 9 0.5556 0.0804 0.2127
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Site 3 and treatment control

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5000 0.0000 0.1316 0.1250 0.0000 4 0.0000 0.0635 0.1486 1.4575 1.1915
SR 0.0000 0.2000 0.0526 0.0357 0.1429 5 0.0000 0.0794  0.0429
A 0.2500 0.0000 1.1053 0.1786 0.0000 19 0.2632 0.3016 0.6710
AR1 0.0000 0.2000 0.0526 0.7857 0.1429 28 0.1786 0.4444 0.1158
AR2 0.0000 0.0000 0.0000 0.1429 0.4286 7 0.0000 0.1111 0.0217
Site 3 and treatment late fire in 2004
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6429 0.0000 0.3778 0.0615 0.0000 14 0.0000 0.1333  0.3240 1.0956 0.7949
SR 0.0000 0.4000 0.0417 0.4231 0.1818 5 0.0000 0.0476  0.3045
A 0.0714 0.0000 0.5278 0.0000 0.0000 36 0.2500 0.3429  0.0866
AR1 0.0000 0.2000 0.1389 0.5128 0.1818 39 0.3846 0.3714 0.2688
AR2 0.0000 0.0000 0.0000 0.0256 0.3636 11 0.0000 0.1048 0.0160
Site 3 and treatment late fire in 2005
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.7407 0.0000 0.2487 0.0556 0.0000 27 0.0000 0.2015 0.4826 1.1530 0.9053
SR 0.0000 0.4545 0.0635 0.1667 0.2222 11 0.0000 0.0821 0.0918
A 0.0370 0.0000 0.8201 0.0556 0.0000 63 0.2698 0.4701 0.2914
AR1 0.0000 0.0909 0.0370 0.7361 0.2222 24 0.2083 0.1791 0.1251
AR2 0.0000 0.0000 0.0000 0.0417 0.3333 9 0.0000 0.0672  0.0091
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Table S6.2. Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at ny (beginning of study transition) and stable stage distribution (SSD), damping ration and A for S. nitens populations in sites 2 and
3 in 2005-2006. Populations under ”late fire in 2004” treatment were burned in late experimental fires the year before (1 year since fire
populations); ”late fire in 2005” populations were burned in late experimental fires in September 2005 (0 year since fire) and ”control”

populations are unburned for 3 years.

Site 2 and treatment control

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.7234 0.0000 0.3118 0.0000 0.0614 47 0.0000 0.2156 0.3644 1.0401 0.8525
SR 0.0000 0.6737 0.0215 0.3077 0.3456 76 0.0000 0.3486 0.3310
A 0.0638 0.0000 0.6774 0.0000 0.0000 31 0.1290 0.1422 0.1329
AR1 0.0000 0.0526 0.0645 0.5000 0.0263 26 0.0000 0.1193  0.0806
AR2 0.0000 0.0132 0.0000 0.0769 0.7368 38 0.0263 0.1743  0.0912
Site 2 and treatment late fire in 2004
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping.ratio Lambda
S 0.4776 0.0000 0.3968 0.0290 0.0000 67 0.0000 0.2991 0.0596 1.0359 0.7021
SR 0.0274 0.5994 0.0317 0.3116 0.3333 104 0.0000 0.4643 0.6993
A 0.0597 0.0000 0.5714 0.0000 0.0000 21 0.1429 0.0938 0.0272
AR1 0.0000 0.0192 0.0952 0.5217 0.0000 23 0.0870 0.1027 0.0889
AR2 0.0000 0.0096 0.0000 0.1304 0.5556 9 0.0000 0.0402 0.1250
Site 2 and treatment late fire in 2005
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.2679 0.0000 0.2000 0.0909 0.0000 56 0.0000 0.3836  0.0688 1.1626 0.8700
SR 0.0357 0.6364 0.0000 0.1818 0.1081 11 0.0000 0.0753  0.3587
A 0.0179 0.0000 0.5500 0.0455 0.0000 20 0.0000 0.1370  0.0522
AR1 0.0000 0.1364 0.0500 0.7045 0.0270 22 0.0455 0.1507 0.3407
AR2 0.0000 0.0000 0.0000 0.0455 0.7838 37 0.0000 0.2534 0.1796
Site 3 and treatment control
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.7778 0.0000 0.1667 0.0435 0.1765 9 0.0000 0.1047 0.2589 1.1507 1.0209
SR 0.0000 0.7143 0.0000 0.2174 0.0000 7 0.0000 0.0814 0.1802
A 0.1111 0.0000 0.8619 0.0124 0.0504 30 0.0667 0.3488 0.2263
AR1 0.0000 0.1429 0.1333 0.6522 0.4706 23 0.0435 0.2674 0.2542
AR2 0.0000 0.0000 0.0000 0.1739 0.4706 17 0.1176 0.1977 0.0803
Site 3 and treatment late fire in 2004
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.7692 0.0000 0.1053 0.0000 0.0000 26 0.0000 0.2524 0.0911 1.0554 0.9854
SR 0.0000 0.6000 0.0000 0.2143 0.1000 20 0.0000 0.1942 0.2503
A 0.1538 0.0000 0.8669 0.0189 0.0000 19 0.3158 0.1845 0.1871
AR1 0.0000 0.3000 0.0789 0.7679 0.1000 28 0.2500 0.2718 0.4315
AR2 0.0000 0.0000 0.0000 0.0357 0.6000 10 0.0000 0.0971  0.0400
Site 3 and treatment late fire in 2005
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4595 0.0000 0.2679 0.0000 0.0000 37 0.0000 0.2681  0.0000 1.1472 0.7722
SR 0.0000 0.6429 0.0357 0.2857 0.1000 14 0.0000 0.1014 0.6550
A 0.0811 0.0000 0.5714 0.0000 0.0000 56 0.0357 0.4058 0.0000
AR1 0.0000 0.0714 0.0179 0.5714 0.1000 21 0.0000 0.1522  0.2703
AR2 0.0000 0.0000 0.0000 0.0476 0.6000 10 0.0000 0.0725 0.0748
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Table S6.3. Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at n; (beginning of study transition) and stable stage distribution (SSD), damping ration and X for S. nitens populations in sites 4
through 9 in 2006-2007. All populations, under both ”control” and ”late fire” treatments were burned in 2005, by local communities,

i.e. 1 year since fire populations.

Site 4 and treatment late fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6897 0.0250 0.0630 0.0083 0.0104 58 0.0000 0.1292  0.0220 1.3313 1.2213
SR 0.0345 0.7000 0.0276 0.0315 0.0253 40 0.0000 0.0891 0.0470
A 0.2414 0.0000 0.6440 0.0185 0.0035 145 0.4069 0.3229 0.0166
AR1 0.0000 0.0250 0.5504 0.8906 0.0138 127 0.4488 0.2829 0.0657
AR2 0.0000 0.0750 0.0000 0.2553 1.1972 79 0.4937 0.1759 0.8488
Site 4 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6000 0.0000 0.0444 0.0000 0.0000 40 0.0000 0.0835 0.0026 1.1798 1.1450
SR 0.0000 0.8056 0.0077 0.0329 0.0716 36 0.0000 0.0752  0.1626
A 0.2500 0.0000 0.8397 0.0133 0.0114 180 0.3111 0.3758 0.0324
AR1 0.0000 0.0278 0.2333 0.9573 0.0000 164 0.3780 0.3424 0.0639
AR2 0.0000 0.0833 0.0000 0.0915 1.1186 59 0.4576 0.1232 0.7384
Site 5 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping.ratio Lambda
S 0.5435 0.0606 0.1887 0.1464 0.1141 46 0.0000 0.1189 0.1608 1.1964 1.1864
SR 0.0870 0.3939 0.0349 0.0345 0.0154 33 0.0000 0.0853 0.0361
A 0.1522 0.0000 0.6968 0.0040 0.0031 49 0.4490 0.1266  0.0553
AR1 0.0000 0.1212 0.3906 1.0040 0.0031 68 0.5882 0.1757 0.1524
AR2 0.0000 0.1818 0.0000 0.1912 1.1257 191 0.5026 0.4935 0.5953
Site 5 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping._ratio Lambda
S 0.5333 0.0000 0.0987 0.0752 0.0408 45 0.0000 0.0998 0.0807 1.1624 1.1342
SR 0.0444 0.5094 0.0277 0.0575 0.0312 53 0.0000 0.1175 0.0560
A 0.2889 0.0000 0.8523 0.0177 0.0096 32 0.3438 0.0710 0.1141
AR1 0.0476 0.0566 0.2073 0.9561 0.0072 80 0.4875 0.1774 0.1933
AR2 0.0000 0.1509 0.0000 0.1472 1.0673 241 0.4938 0.5344 0.5558
Site 6 and treatment late fire
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.7333 0.0000 0.0197 0.0118 0.0130 15 0.0000 0.0332 0.0332 1.2305 1.0912
SR 0.0000 0.7407 0.0000 0.0201 0.0267 27 0.0000 0.0597 0.0617
A 0.2000 0.0000 0.6717 0.0094 0.0104 136 0.5882 0.3009 0.0371
AR1 0.0000 0.1481 0.6556 0.9238 0.0000 199 0.5226 0.4403 0.1993
AR2 0.0000 0.0000 0.0276 0.1784 1.0367 75 0.5333 0.1659 0.6687
Site 6 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.8333 0.0000 0.0208 0.0141 0.0144 6 0.0000 0.0150 0.0291 1.5529 1.3178
SR 0.0000 0.4545 0.0023 0.0028 0.0029 22 0.0000 0.0550 0.0032
A 0.0000 0.0000 0.6681 0.0057 0.0058 107 0.6075 0.2675 0.0085
AR1 0.0000 0.1364 0.6398 0.8663 0.0239 170 0.5882 0.4250 0.0606
AR2 0.0000 0.0909 0.0000 0.3715 1.2924 95 0.6737 0.2375 0.8985
Site 7 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5294 0.0192 0.0175 0.0252 0.0186 17 0.0000 0.0419 0.0273 1.3253 1.2100
SR 0.0000 0.5000 0.0120 0.0240 0.0620 52 0.0000 0.1281 0.0736
A 0.1765 0.0000 0.7831 0.0160 0.0000 83 0.5663 0.2044 0.0139
AR1 0.0000 0.1346 0.4513 0.8843 0.0078 125 0.6960 0.3079 0.0682
AR2 0.0000 0.2299 0.0000 0.3388 1.1604 129 0.6124 0.3177 0.8170
Cont...
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Site 7 and treatment control

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5000 0.0000 0.0341 0.0028 0.0028 22 0.0000 0.0528  0.0046 1.7418 1.1243
SR 0.2273 0.6383 0.0154 0.0224 0.0470 47 0.0000 0.1127 0.0846
A 0.2727 0.0000 0.5144 0.0055 0.0055 65 0.6308 0.1559 0.0103
AR1 0.0000 0.1702 0.8923 0.7164 0.0000 134 0.5821 0.3213  0.0575
AR2 0.0909 0.1489 0.0000 0.5000 1.0738 149 0.6779 0.3573 0.8430
Site 8 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6000 0.0000 0.0248 0.0029 0.0029 50 0.0000 0.1229 0.0051 1.5131 1.2112
SR 0.0000 0.6944 0.0214 0.0086 0.0000 36 0.0000 0.0885 0.0060
A 0.1200 0.0000 0.6071 0.0086 0.0000 140 0.5571 0.3440 0.0060
AR1 0.0000 0.0278 0.7429 0.9397 0.1231 116 0.5603 0.2850 0.3310
AR2 0.0000 0.0833 0.0000 0.3448 1.0462 65 0.5538 0.1597  0.6520
Site 8 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6627 0.0444 0.0351 0.0139 0.0154 83 0.0000 0.1944  0.0202 1.6103 1.4171
SR 0.0361 0.6889 0.0000 0.0403 0.0000 45 0.0000 0.1054 0.0012
A 0.0964 0.0000 0.5679 0.0277 0.0038 131 0.6794 0.3068 0.0069
AR1 0.0000 0.0222 0.7827 0.8102 0.0000 124 0.6452 0.2904 0.0087
AR2 0.0000 0.0444 0.0000 0.5231 1.4121 44 0.7500 0.1030 0.9629
Site 9 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6154 0.0000 0.0027 0.0025 0.0029 13 0.0000 0.0323  0.0057 1.5948 1.1006
SR 0.0000 0.3500 0.0108 0.0102 0.0118 20 0.0000 0.0498 0.0145
A 0.3846 0.0000 0.7036 0.0245 0.0147 71 0.6056 0.1766  0.0546
AR1 0.0000 0.4000 0.5576 0.9301 0.1180 169 0.6036 0.4204 0.5137
AR2 0.0000 0.1000 0.0189 0.2393 0.8156 129 0.7054 0.3209 0.4116
Site 9 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4576 0.0000 0.0375 0.0238 0.0433 59 0.0000 0.1269 0.0394 1.2880 1.1821
SR 0.0508 0.3077 0.0266 0.0400 0.0409 39 0.0000 0.0839 0.0422
A 0.3729 0.0000 0.8227 0.0295 0.0197 131 0.4580 0.2817 0.1016
AR1 0.0169 0.4103 0.3488 1.0282 0.1170 161 0.3913 0.3462 0.5526
AR2 0.0000 0.1795 0.0000 0.0736 1.0021 75 0.6000 0.1613 0.2642
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Table S6.4 . Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at n; (beginning of study transition) and stable stage distribution (SSD), damping ration and X for S. nitens populations in sites 4
through 9 in 2007-2008. ”Late fire” populations were burned in experimental fires in September 2007 (0 year since fire populations)
and ”control” populations are unburned for two years (2 years since fire). Control population in site 9 burned in an uncontrolled fire in
October 2007 (0 year since fire).

Site 4 and treatment late fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1346 0.0250 0.0909 0.0051 0.0154 52 0.0000 0.0987 0.0520 1.2383 0.7168
SR 0.0000 0.0750 0.0167 0.0530 0.0526 40 0.0000 0.0759 0.0579
A 0.0577 0.0000 0.5909 0.0564 0.0077 110 0.0091 0.2087 0.2754
AR1 0.0000 0.0500 0.0500 0.6615 0.2269 195 0.0000 0.3700 0.5533
AR2 0.0000 0.0500 0.0000 0.0328 0.3738 130 0.0077 0.2467 0.0614
Site 4 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1562 0.0250 0.0532 0.0145 0.0045 32 0.0000 0.0615 0.0434 1.1371 0.8593
SR 0.0000 0.1500 0.0000 0.0350 0.0833 40 0.0000 0.0769 0.0282
A 0.1250 0.0250 0.7884 0.0551 0.0201 164 0.0000 0.3154 0.4381
AR1 0.0000 0.1500 0.048%8 0.7850 0.1071 200 0.0000 0.3846  0.4307
AR2 0.0000 0.0750 0.0000 0.0250 0.6429 84 0.0000 0.1615 0.0595
Site 5 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3971 0.0000 0.1497 0.1012 0.0274 68 0.0000 0.1478 0.3826 1.1218 0.6375
SR 0.0000 0.2083 0.0000 0.0761 0.0598 24 0.0000 0.0522 0.0010
A 0.0882 0.0417 0.5810 0.1236 0.0051 42 0.0714 0.0913 0.6107
AR1 0.0000 0.1250 0.0007 0.5428 0.0641 92 0.0978 0.2000 0.0056
AR2 0.0000 0.0000 0.0000 0.0007 0.4274 234 0.0427 0.5087 0.0000
Site 5 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1860 0.0476 0.0976 0.0556 0.0134 43 0.0000 0.0867 0.1573 1.0654 0.6348
SR 0.0465 0.1905 0.0000 0.0444 0.0614 42 0.0000 0.0847 0.0371
A 0.1395 0.0238 0.5734 0.1000 0.0135 44 0.1136 0.0887 0.6167
AR1 0.0000 0.0714 0.0006 0.6000 0.0433 90 0.0667 0.1815 0.1438
AR2 0.0000 0.0476 0.0000 0.0556 0.4188 277 0.0397 0.5585 0.0452
Site 6 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0000 0.0000 0.0100 0.0100 0.0100 17 0.0000 0.0318 0.0126 1.2587 0.7742
SR 0.0000 0.0333 0.0000 0.0144 0.0085 26 0.0000 0.0487 0.0119
A 0.0588 0.0000 0.6404 0.0703 0.0206 97 0.0309 0.1816 0.3002
AR1 0.0000 0.0000 0.0928 0.6823 0.1197 277 0.0505 0.5187 0.5136
AR2 0.0000 0.0667 0.0000 0.0529 0.6011 117 0.0342 0.2191 0.1617
Site 6 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1800 0.0000 0.0237 0.0100 0.0100 11 0.0000 0.0218 0.0210 1.1787 0.7359
SR 0.0000 0.1000 0.0000 0.0000 0.0053 11 0.0000 0.0218 0.0032
A 0.0018 0.0000 0.5760 0.0434 0.0071 73 0.0137 0.1446 0.1402
AR1 0.0000 0.0000 0.0548 0.6471 0.0847 221 0.0362 0.4376 0.4521
AR2 0.0000 0.0000 0.0000 0.0452 0.6825 189 0.0212 0.3743 0.3835
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Site 7 and treatment late fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0100 0.0164 0.0100 17 0.0000 0.0351  0.0239 1.2521 0.6250
SR 0.0000 0.0263 0.0143 0.0577 0.0049 38 0.0000 0.0784 0.0585
A 0.0010 0.0000 0.4719 0.0730 0.0225 70 0.0571 0.1443 0.2700
AR1 0.0000 0.0000 0.1788 0.5205 0.0602 156 0.0128 0.3216  0.5297
AR2 0.0000 0.0000 0.0000 0.0256 0.5098 204 0.0490 0.4206 0.1179
Site 7 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0000 0.0217 0.0344 0.0162 0.0142 14 0.0000 0.0281 0.0315 1.2024 0.7858
SR 0.0000 0.1087 0.0488 0.0494 0.0297 46 0.0000 0.0922 0.0650
A 0.2143 0.0217 0.7317 0.0432 0.0169 41 0.0976 0.0822 0.4806
AR1 0.0000 0.0217 0.0732 0.6906 0.1186 162 0.0926 0.3246  0.4057
AR2 0.0000 0.0652 0.0000 0.0008 0.5212 236 0.0254 0.4729 0.0172
Site 8 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1471 0.0222 0.0571 0.0079 0.0000 34 0.0000 0.0697 0.0210 1.1328 0.7692
SR 0.0000 0.0889 0.0435 0.0405 0.0631 29 0.0000 0.0594 0.0644
A 0.0294 0.0222 0.6793 0.0203 0.0000 92 0.0326 0.1885 0.1351
AR1 0.0000 0.0000 0.0652 0.6802 0.1261 222 0.0045 0.4549 0.4979
AR2 0.0000 0.0000 0.0000 0.0631 0.6577 111 0.0000 0.2275 0.2815
Site 8 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.2031 0.0256 0.0291 0.0098 0.0116 64 0.0000 0.1226  0.0279 1.2570 0.6840
SR 0.0156 0.0000 0.0233 0.0686 0.0775 39 0.0000 0.0747 0.0824
A 0.0469 0.0256 0.5465 0.0196 0.0078 86 0.0116 0.1648 0.1273
AR1 0.0156 0.0513 0.0349 0.6667 0.0388 204 0.0098 0.3908 0.6890
AR2 0.0000 0.0513 0.0000 0.0147 0.4884 129 0.0155 0.2471 0.0734
Site 9 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0909 0.0000 0.0100 0.0145 0.0100 9 0.0000 0.0200 0.0200 1.3671 0.6652
SR 0.0000 0.0000 0.0000 0.0056 0.0000 11 0.0000 0.0244  0.0032
A 0.0909 0.0909 0.5694 0.1203 0.0120 61 0.1639 0.1356  0.5120
AR1 0.0000 0.0909 0.1372 0.4397 0.1872 220 0.0955 0.4889 0.3817
AR2 0.0000 0.0000 0.0000 0.0455 0.4564 149 0.1678 0.3311  0.0831
Site 9 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0000 0.0000 0.0247 0.0184 0.0100 39 0.0000 0.0730 0.0345 1.1967 0.6036
SR 0.0000 0.1000 0.0000 0.0084 0.0000 28 0.0000 0.0524 0.0076
A 0.1026 0.0000 0.5270 0.0774 0.0213 136 0.0221 0.2547 0.5037
AR1 0.0000 0.0000 0.0245 0.5760 0.1809 237 0.0084 0.4438 0.4533
AR2 0.0000 0.0000 0.0000 0.0006 0.2979 94 0.0000 0.1760 0.0009
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Table S6.5 . Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at n; (beginning of study transition) and stable stage distribution (SSD), damping ration and X for S. nitens populations in sites 4
through 9 in 2008-2009. ”Early fire” populations were burned in experimental fires in June 2007 (1 year since fire); ”control” populations
are unburned for three years (24 years since fire) and ”late fire” populations were burned in experimental fires in September 2007 (1
year since fire). Control population in site 9 burned in an uncontrolled fire in October 2007 (1 year since fire).

Site 4 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3000 0.0000 0.0289 0.0100 0.0100 9 0.0000 0.0479 0.0266 1.0862 0.8800
SR 0.0333 0.1000 0.0000 0.0000 0.0000 10 0.0000 0.0532 0.0011
A 0.3333 0.1000 0.7916 0.0267 0.0244 53 0.0943 0.2819 0.3037
AR1 0.0000 0.2000 0.0008 0.8791 0.0732 75 0.0800 0.3989 0.6671
AR2 0.0000 0.0000 0.0000 0.0009 0.4634 41 0.0000 0.2181 0.0015
Site 4 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping ratio Lambda
S 0.2857 0.0000 0.0339 0.0258 0.0000 21 0.0000 0.0607 0.0396 1.1470 0.9484
SR 0.0952 0.2727 0.0000 0.0120 0.0351 22 0.0000 0.0636  0.0171
A 0.2857 0.0000 0.8661 0.0404 0.0000 80 0.0250 0.2312 0.3869
AR1 0.0000 0.1818 0.0750 0.8735 0.1228 166 0.0663 0.4798 0.5080
AR2 0.0000 0.0000 0.0000 0.0301 0.6316 57 0.0000 0.1647 0.0483
Site 4 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3889 0.0000 0.0094 0.0026 0.0026 18 0.0000 0.0422 0.0165 1.0956 0.8795
SR 0.0000 0.3000 0.0000 0.0111 0.0161 20 0.0000 0.0468 0.0031
A 0.4444 0.0500 0.8639 0.0333 0.0000 147 0.0000 0.3443 0.8207
AR1 0.0000 0.2000 0.0136 0.8047 0.0484 180 0.0000 0.4215 0.1584
AR2 0.0000 0.0500 0.0000 0.0008 0.6613 62 0.0000 0.1452 0.0013

Site 5 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6471 0.0606 0.0477 0.0100 0.0100 2 0.0000 0.0131 0.1695 1.2319 0.7646
SR 0.0000 0.1212 0.1547 0.0000 0.0114 7 0.0000 0.0458 0.0580
A 0.1569 0.0000 0.6415 0.0000 0.0114 9 0.1111 0.0588 0.2301
AR1 0.0000 0.1212 0.1975 0.5816 0.1250 47 0.3191 0.3072 0.3904
AR2 0.0000 0.0606 0.0000 0.0851 0.5227 88 0.2500 0.5752 0.1519
Site 5 and treatment late fire
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6735 0.0769 0.0611 0.0268 0.0149 49 0.0000 0.1707 0.1990 1.2365 0.8325
SR 0.0000 0.1538 0.0000 0.0147 0.0000 26 0.0000 0.0906 0.0086
A 0.1429 0.0000 0.7045 0.0294 0.0000 44 0.3182 0.1533 0.3134
AR1 0.0000 0.1154 0.1364 0.6912 0.1500 68 0.4265 0.2369 0.3967
AR2 0.0000 0.0769 0.0000 0.0735 0.4700 100 0.3500 0.3484 0.0823
Site 5 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3913 0.0645 0.0599 0.0278 0.0275 23 0.0000 0.0790 0.0812 1.7607 0.9100
SR 0.0000 0.1935 0.0000 0.0000 0.0081 31 0.0000 0.1065 0.0000
A 0.3043 0.0323 0.7663 0.1239 0.0160 45 0.2222 0.1546  0.5176
AR1 0.0000 0.0323 0.2222 0.6225 0.2033 69 0.1594 0.2371  0.4005
AR2 0.0000 0.0645 0.0000 0.0007 0.4634 123 0.1382 0.4227 0.0006
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Site 6 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4800 0.0000 0.0100 0.0100 0.0100 1 0.0000 0.0042 0.0269 1.1884 0.8386
SR 0.0000 0.2222 0.0000 0.0083 0.0000 0.0000 0.0169 0.0091
A 0.2800 0.0000 0.6956 0.0499 0.0065 49 0.1633 0.2068 0.2873
AR1 0.0000 0.2222 0.0408 0.8173 0.1373 132 0.3258 0.5570 0.6726
AR2 0.0000 0.0000 0.0000 0.0008 0.7059 51 0.4706 0.2152  0.0042
Site 6 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4800 0.0000 0.0100 0.0100 0.0100 0 0.0000 0.0000 0.0204 1.3019 0.9576
SR 0.0000 0.2222 0.0000 0.0087 0.0000 5 0.0000 0.0129 0.0056
A 0.2800 0.0000 0.7294 0.0377 0.0000 85 0.5529 0.2185 0.1024
AR1 0.0000 0.2222 0.2299 0.7665 0.1604 212 0.6415 0.5450 0.4683
AR2 0.0000 0.0000 0.0000 0.1684 0.7622 87 0.4943 0.2237 0.4033
Site 6 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.8250 0.0000 0.0100 0.0100 0.0100 3 0.0000 0.0084 0.9633 1.1933 0.8254
SR 0.0000 0.0990 0.0000 0.0072 0.0000 1 0.0000 0.0028  0.0000
A 0.0083 0.0000 0.6055 0.0452 0.0180 53 0.0189 0.1476  0.0365
AR1 0.0000 0.0010 0.0006 0.6564 0.2302 163 0.0123 0.4540 0.0001
AR2 0.0000 0.0000 0.0000 0.0307 0.4892 139 0.0144 0.3872  0.0000
Site 7 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping.ratio Lambda
S 0.5806 0.0000 0.0100 0.0100 0.0100 6 0.0000 0.0366 0.0735 1.0253 0.7067
SR 0.0000 0.0000 0.0000 0.0000 0.0182 4 0.0000 0.0244  0.0000
A 0.1613 0.0000 0.6793 0.0811 0.0364 25 0.2000 0.1524 0.8021
AR1 0.0000 0.1250 0.0007 0.7019 0.1818 74 0.1892 0.4512 0.1242
AR2 0.0000 0.1875 0.0000 0.0008 0.2909 55 0.0182 0.3354  0.0002
Site 7 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5806 0.0000 0.0100 0.0100 0.0100 1 0.0000 0.0036  0.0403 1.1017 0.8190
SR 0.0000 0.0000 0.0000 0.0000 0.0093 12 0.0000 0.0435 0.0001
A 0.1613 0.0000 0.7551 0.0566 0.0000 49 0.3061 0.1775 0.5024
AR1 0.0000 0.0833 0.0408 0.7728 0.0833 106 0.3019 0.3841 0.4524
AR2 0.0000 0.1667 0.0000 0.0008 0.7407 108 0.4167 0.3913 0.0048
Site 7 and treatment control
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5000 0.0000 0.0322 0.0100 0.0100 4 0.0000 0.0117  0.0658 1.2477 0.7275
SR 0.0455 0.0455 0.0000 0.0000 0.0079 22 0.0000 0.0645 0.0046
A 0.2727 0.0455 0.5111 0.0556 0.0238 45 0.0222 0.1320 0.2549
AR1 0.0000 0.0455 0.0444 0.7076 0.1032 144 0.0347 0.4223 0.6596
AR2 0.0455 0.0455 0.0000 0.0007 0.4841 126 0.0397 0.3695 0.0152
Site 8 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.1818 0.0000 0.0372 0.0036 0.0000 11 0.0000 0.0564 0.0001 1.1787 0.9990
SR 0.0000 0.2692 0.0000 0.0446 0.0000 6 0.0000 0.0308 0.0003
A 0.2727 0.0385 0.7907 0.0625 0.0000 43 0.1395 0.2205 0.0015
AR1 0.0000 0.0769 0.0465 0.7670 0.0010 112 0.0357 0.5744 0.0045
AR2 0.0000 0.0000 0.0000 0.0009 0.9990 23 0.0000 0.1179  0.9936
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Site 8 and treatment late fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4615 0.0000 0.0195 0.0030 0.0019 13 0.0000 0.0362 0.0197 1.1891 0.9133
SR 0.0000 0.2000 0.0000 0.0292 0.0230 20 0.0000 0.0557  0.0238
A 0.5385 0.0500 0.8232 0.0382 0.0056 68 0.1176 0.1894 0.3691
AR1 0.0000 0.0500 0.1272 0.8130 0.2451 171 0.0994 0.4763 0.5562
AR2 0.0000 0.0000 0.0000 0.0292 0.3908 87 0.0460 0.2423 0.0311
Site 8 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3500 0.0000 0.0037 0.0037 0.0037 20 0.0000 0.0629 0.0075 1.0810 0.8090
SR 0.0000 0.1852 0.0357 0.0340 0.0882 27 0.0000 0.0849 0.0536
A 0.2000 0.0370 0.7849 0.0476 0.0000 56 0.0000 0.1761 0.6676
AR1 0.0000 0.2222 0.0008 0.7543 0.2794 147 0.0000 0.4623 0.2641
AR2 0.0000 0.0741 0.0000 0.0008 0.2206 68 0.0000 0.2138 0.0071
Site 9 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3333 0.0000 0.0086 0.0124 0.0095 2 0.0000 0.0107 0.0216 1.2107 0.8371
SR 0.0000 0.3600 0.0000 0.0111 0.0000 0 0.0000 0.0000 0.0152
A 0.3333 0.0000 0.6835 0.0222 0.0000 19 0.5263 0.1016 0.1411
AR1 0.0000 0.4000 0.0007 0.8000 0.1053 90 0.6333 0.4813 0.6511
AR2 0.0000 0.0800 0.0000 0.0556 0.6184 76 0.5000 0.4064 0.1710
Site 9 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3333 0.0000 0.0235 0.0214 0.0206 1 0.0000 0.0036  0.0351 1.2657 0.9511
SR 0.0000 0.3600 0.0000 0.0083 0.0000 0 0.0000 0.0000  0.0050
A 0.3333 0.0000 0.8769 0.0821 0.0128 65 0.6769 0.2338 0.5614
AR1 0.0000 0.4000 0.1001 0.7683 0.1864 134 0.5821 0.4820 0.3589
AR2 0.0000 0.0800 0.0000 0.0373 0.6026 78 0.5128 0.2806  0.0396
Site 9 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4576 0.0000 0.0085 0.0111 0.0156 4 0.0000 0.0139 0.0244 1.1302 0.8458
SR 0.0169 0.2564 0.0000 0.0064 0.0357 2 0.0000 0.0070  0.0067
A 03729 0.0000 0.7945 0.0483 0.0052 96 0.2812 0.3345 0.5482
AR1 0.0169 0.4103 0.0417 0.7516 0.3571 157 0.3567 0.5470  0.3905
AR2 0.0000 0.1795 0.0000 0.0318 0.3929 28 0.4286 0.0976 0.0301
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Table S6.6 . Matrices, population structure, flowering rates for each adult stage, population distribution of each stage in the population
at n; (beginning of study transition) and stable stage distribution (SSD), damping ration and X for S. nitens populations in sites 4
through 9 in 2009-2010. ”Early fire” populations were burned in experimental fires in June 2009 (0 year since fire); ” control” populations
are unburned for four years (2+ years since fire) and ”late fire” populations were burned in experimental fires in September 2009 (0 year
since fire).

Site 4 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.3529 0.0000 0.1471 0.0071 0.0071 4 0.0000 0.0276 0.1065 1.0492 0.9269
SR 0.0000 0.4615 0.0000 0.0423 0.0000 1 0.0000 0.0069 0.0374
A 0.2941 0.0769 0.8104 0.0282 0.0000 50 0.0000 0.3448 0.3931
AR1 0.0000 0.1538 0.0096 0.8777 0.2105 71 0.0000 0.4897 0.4120
AR2 0.0000 0.1538 0.0000 0.0096 0.7368 19 0.0000 0.1310  0.0510
Site 4 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping ratio Lambda
S 0.3846 0.0000 0.0366 0.0432 0.0000 13 0.0000 0.0419 0.0434 1.0826 1.0153
SR 0.0000 0.5000 0.0000 0.0247 0.0000 12 0.0000 0.0387 0.0212
A 0.2308 0.0833 0.8902 0.0370 0.0000 82 0.0000 0.2645 0.2251
AR1 0.0000 0.0833 0.0732 0.9444 0.0488 162 0.0062 0.5226  0.4422
AR2 0.0000 0.1667 0.0000 0.0309 0.9512 41 0.0000 0.1323  0.2682
Site 4 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping._ratio Lambda
S 0.7000 0.0000 0.0370 0.0089 0.0089 9 0.0000 0.0253  0.0530 1.0350 0.9919
SR 0.0000 0.4444 0.0000 0.0065 0.0000 9 0.0000 0.0253 0.0014
A 0.2222 0.1111 0.9189 0.0254 0.0059 142 0.0000 0.3989 0.2514
AR1 0.0000 0.3333 0.0095 0.9192 0.0100 154 0.0000 0.4326 0.1184
AR2 0.0000 0.0000 0.0000 0.0094 0.9900 42 0.0000 0.1180 0.5758

Site 5 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4878 0.0000 0.2222 0.0952 0.1600 0 0.0000 0.0000 0.1696 1.5768 1.1529
SR 0.0244 0.1429 0.2178 0.0000 0.0400 2 0.0000 0.0202 0.0710
A 0.2683 0.0000 0.9350 0.0458 0.0569 5 0.2000 0.0505 0.3056
AR1 0.0244 0.5714 0.2400 0.8719 0.0800 42 0.0714 0.4242 0.4275
AR2 0.0000 0.1429 0.0000 0.0090 0.6200 50 0.1400 0.5051 0.0263
Site 5 and treatment late fire
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4878 0.0000 0.0250 0.0885 0.0873 41 0.0000 0.1943 0.0891 1.1633 0.9980
SR 0.0244 0.1429 0.0000 0.0161 0.0529 5 0.0000 0.0237 0.0102
A 0.2683 0.0000 0.9250 0.0443 0.0159 40 0.0000 0.1896 0.5388
AR1 0.0732 0.5714 0.0500 0.8783 0.0741 71 0.1127 0.3365 0.3412
AR2 0.0000 0.1429 0.0000 0.0090 0.7778 54 0.1111 0.2559  0.0206
Site 5 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.5294 0.0000 0.1523 0.0935 0.2294 17 0.0000 0.0909 0.1860 1.3104 1.0817
SR 0.0000 0.5000 0.0625 0.0274 0.0233 6 0.0000 0.0321  0.0629
A 0.3529 0.0000 0.9052 0.0529 0.0626 48 0.1250 0.2567 0.4611
AR1 0.0000 0.3333 0.0625 0.8493 0.2093 73 0.0959 0.3904 0.2501
AR2 0.0000 0.0000 0.0000 0.0685 0.6512 43 0.1860 0.2299 0.0398
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Site 6 and treatment early fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0102 0.0102 0.0102 0 0.0000 0.0000 0.0104 1.0642 1.0675
SR 0.0000 0.0990 0.0000 0.0168 0.0000 1 0.0000 0.0051 0.0066
A 0.0010 0.0000 0.9665 0.0153 0.0153 41 0.0000 0.2081 0.1294
AR1 0.0000 0.0010 0.0528 0.9972 0.0424 119 0.0000 0.6041 0.3818
AR2 0.0000 0.0000 0.0000 0.0134 1.0567 36 0.0000 0.1827 0.4718
Site 6 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0000 0.0000 0.0196 0 0.0000 0.0000 0.0068 1.3331 1.0712
SR 0.0000 0.0990 0.0000 0.0102 0.0000 1 0.0000 0.0027  0.0059
A 0.0010 0.0000 0.7714 0.0051 0.0686 70 0.0000 0.1897 0.0863
AR1 0.0000 0.0010 0.2937 0.9569 0.1176 196 0.0000 0.5312 0.5663
AR2 0.0000 0.0000 0.0000 0.0740 0.9461 102 0.0294 0.2764  0.3347
Site 6 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0100 0.0100 0.0100 0 0.0000 0.0000 0.0154 1.1951 0.7351
SR 0.0000 0.0990 0.0000 0.0071 0.0000 0 0.0000 0.0000 0.0055
A 0.0010 0.0000 0.5952 0.0748 0.0219 42 0.0000 0.1654 0.2935
AR1 0.0000 0.0010 0.0714 0.6331 0.1507 139 0.0144 0.5472  0.4918
AR2 0.0000 0.0000 0.0000 0.0360 0.6438 73 0.0274 0.2874 0.1938
Site 7 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping.ratio Lambda
S 0.0990 0.0000 0.0257 0.0374 0.0000 1 0.0000 0.0093  0.0290 1.1691 0.9829
SR 0.0000 0.0990 0.0000 0.0089 0.0000 1 0.0000 0.0093  0.0006
A 0.0010 0.0000 0.9761 0.1009 0.0000 25 0.0800 0.2336  0.9075
AR1 0.0000 0.0010 0.0096 0.8324 0.2353 63 0.1111 0.5888  0.0609
AR2 0.0000 0.0000 0.0000 0.0089 0.7059 17 0.0000 0.1589 0.0020
Site 7 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0620 0.0567 0.1463 0 0.0000 0.0000 0.0808 1.2247 1.0785
SR 0.0000 0.0990 0.0186 0.0277 0.0683 1 0.0000 0.0045 0.0356
A 0.0010 0.0000 0.9116 0.0574 0.0659 43 0.0233 0.1955 0.2383
AR1 0.0000 0.0010 0.1612 0.8603 0.1122 94 0.0426 0.4273 0.3356
AR2 0.0000 0.0000 0.0000 0.1096 0.9598 82 0.0854 0.3727 0.3097
Site 7 and treatment control
S SR A ARI1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.0990 0.0000 0.0100 0.0185 0.0100 1 0.0000 0.0046 0.0130 1.0598 0.9446
SR 0.0000 0.0990 0.0000 0.0085 0.0000 2 0.0000 0.0092 0.0014
A 0.0010 0.0000 0.9378 0.0365 0.0409 35 0.0286 0.1606 0.8331
AR1 0.0000 0.0010 0.0094 0.8806 0.0484 118 0.0932 0.5413 0.1356
AR2 0.0000 0.0000 0.0000 0.0092 0.8710 62 0.0968 0.2844 0.0170
Site 8 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4167 0.0000 0.0555 0.0100 0.0100 4 0.0000 0.0238 0.0511 1.1548 0.9321
SR 0.0000 0.2632 0.0227 0.0787 0.1304 8 0.0000 0.0476 0.0757
A 0.1667 0.0000 0.8333 0.0712 0.0000 44 0.0455 0.2619 0.3869
AR1 0.0000 0.2105 0.0682 0.8090 0.1304 89 0.0449 0.5298 0.4172
AR2 0.0000 0.0526 0.0000 0.0225 0.7391 23 0.0000 0.1369 0.0692
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Site 8 and treatment late fire

S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4167 0.0000 0.0765 0.0202 0.0293 8 0.0000 0.0268 0.0720 1.1136 0.9507
SR 0.0000 0.1818 0.0000 0.0647 0.0513 11 0.0000 0.0368 0.0430
A 0.1667 0.0000 0.8511 0.0555 0.0037 71 0.0282 0.2375 0.3402
AR1 0.0000 0.2727 0.0966 0.7992 0.0842 170 0.0412 0.5686 0.3838
AR2 0.0000 0.0909 0.0000 0.0373 0.8376 39 0.0256 0.1304 0.1610
Site 8 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.6250 0.0556 0.1339 0.0257 0.0000 8 0.0000 0.0340 0.2275 1.1815 1.0235
SR 0.0000 0.5556 0.0179 0.0294 0.1765 18 0.0000 0.0766 0.0316
A 0.2500 0.0556 0.9286 0.0294 0.0000 56 0.0893 0.2383 0.6463
AR1 0.0000 0.1111 0.0179 0.8586 0.0000 136 0.0515 0.5787 0.0913
AR2 0.0000 0.0000 0.0000 0.0090 0.7647 17 0.0000 0.0723  0.0032
Site 9 and treatment early fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.2200 0.0000 0.0444 0.0250 0.0256 3 0.0000 0.0199 0.0330 1.1537 0.9938
SR 0.0000 0.0990 0.0000 0.0250 0.0000 1 0.0000 0.0066 0.0039
A 0.0022 0.0000 0.8111 0.0312 0.0064 15 0.1333 0.0993 0.0514
AR1 0.0000 0.0010 0.1556 0.8125 0.0224 80 0.0625 0.5298 0.1397
AR2 0.0000 0.0000 0.0000 0.1250 0.9712 52 0.0769 0.3444 0.7720
Site 9 and treatment late fire
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.2200 0.0000 0.0231 0.0651 0.2175 6 0.0000 0.0238 0.1149 1.1199 1.0786
SR 0.0000 0.0990 0.0000 0.0000 0.0192 0 0.0000 0.0000 0.0073
A 0.0022 0.0000 0.9407 0.0583 0.1139 70 0.0143 0.2778  0.3680
AR1 0.0000 0.0010 0.0500 0.9153 0.0100 124 0.0323 0.4921 0.1356
AR2 0.0000 0.0000 0.0000 0.0323 1.0669 52 0.1154 0.2063 0.3741
Site 9 and treatment control
S SR A AR1 AR2 | Pop._Struct. Flower_Rate Pop._Rate SSD  Damping_ratio Lambda
S 0.4950 0.0000 0.1882 0.0000 0.0000 4 0.0000 0.0166 0.1696 1.0356 0.9332
SR 0.0000 0.4950 0.0235 0.0075 0.0000 2 0.0000 0.0083  0.0280
A 0.0050 0.0000 0.9082 0.0224 0.0000 85 0.0118 0.3527  0.3947
AR1 0.0000 0.0050 0.0094 0.9160 0.5000 134 0.0000 0.5560 0.4016
AR2 0.0000 0.0000 0.0000 0.0093 0.3125 16 0.0000 0.0664 0.0060
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Appendix 7

The simulations of S. nitens long-term stochastic growth rates under different fire frequencies and rainfall scenarios were made using
data from sites 4-9, from 2006-2007 to 2009-2010, and based on 9 state Markov chains (Table S7.1).

We did not monitor populations under 1 year since fire during a dry year therefore, this state was missing from the simulation. We
substituted the occurrence of this state by matrices from medium rainfall years, 1-year since fire. This substitution makes our model
optimistic, however, populations in other time-since-fire behaved similarly between dry years and medium rain years.

Another state of the Markov chain, 0 year since fire during a medium-rain year, was only represented by matrices from sites 2 and 3
in 2005-2006, so these matrices were used for the stochastic simulations across all sites.

Finally, the control area in site 9 was burned in 2007, so this site was missing matrices for two additional states (2+ years since fire
during intermediate-rain and rainy years), matrices from site 8 was used instead, since both sites had had similar demographic behavior
in the year previous to the accidental fire as well as the following years. A total of 66 matrices were used for this simulation.

Table S7.1. Nine states Markov chains combining 3 levels of time-since-fire (0, 1 and 2+ years since fire) and rainfall levels (dry,
intermediate-rain and rainy years). The 30 scenarios combine three rainfall scenarios: 50, 20 and 10% chances of dry years and ten fire
frequencies: from 50% chance of annual fires alternating with biennial fires to mostly triennial and longer fire intervals. These scenarios
were used to perform stochastic simulations of S. nitens long-term population growth rates using data from sites 4-9, from 2006-2007 to
2009-2010.

Scenario 1 - Dry year chance: 50% & fire return interval: annual (50%) & biennial (50%)

0.dry O.intermediate O.rainy 1l.dry l.intermediate 1l.rainy 24.dry 2-+.intermediate 2+.rainy

0.dry 0.25 0.25 0.25  0.50 0.50 0.50 0.00 0.00 0.00
0.intermediate  0.25 0.00 0.00  0.50 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.25 0.25 0.00 0.50 0.50 0.00 0.00 0.00

ldry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.50 0.25 0.25  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.25 0.25  0.00 0.00 0.00 0.00 0.00 0.00

24.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00

Scenario 2 - Dry year chance: 20% & fire return interval: annual (50%) & biennial (50%)

0.dry O.intermediate 0O.rainy 1l.dry l.intermediate 1l.rainy 24.dry 2-+.intermediate 2+.rainy

0.dry  0.10 0.10 0.10  0.20 0.20 0.20 0.00 0.00 0.00
0.intermediate  0.40 0.00 0.00  0.80 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.40 0.40  0.00 0.80 0.80 0.00 0.00 0.00

ldry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.50 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.40 0.40  0.00 0.00 0.00 0.00 0.00 0.00

24.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00

Scenario 3 - Dry year chance: 10% & fire return interval: annual (50%) & biennial (50%)

0.dry O.intermediate 0O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy

0.dry  0.05 0.05 0.05 0.10 0.10 0.10 0.00 0.00 0.00

O.intermediate  0.45 0.00 0.00 0.90 0.00 0.00 0.00 0.00 0.00

O.rainy  0.00 0.45 0.45  0.00 0.90 0.90 0.00 0.00 0.00

l1.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  0.50 0.05 0.05  0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.45 0.45  0.00 0.00 0.00 0.00 0.00 0.00

24+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2-+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2+.rainy  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Scenario 4 - Dry year chance: 50% & fire return interval: annual (25%) & biennial (75%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
O0.dry  0.12 0.12 0.12  0.50 0.50 0.50 0.00 0.00 0.00
O.intermediate  0.12 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.12 0.12  0.00 0.50 0.50 0.00 0.00 0.00
l.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.75 0.38 0.38  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.38 0.38  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.rainy  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scenario 5 - Dry year chance: 20% & fire return interval: annual (25%) & biennial (75%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 24.dry 24.intermediate 2+ .rainy
0.dry  0.05 0.05 0.05 0.20 0.20 0.20 0.00 0.00 0.00
O.intermediate  0.20 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.20 0.20  0.00 0.80 0.80 0.00 0.00 0.00
l.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.75 0.15 0.15  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.60 0.60  0.00 0.00 0.00 0.00 0.00 0.00
2+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scenario 6 - Dry year chance: 10% & fire return interval: annual (25%) & biennial (75%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
O0.dry  0.02 0.02 0.02 0.10 0.10 0.10 0.00 0.00 0.00
O.intermediate  0.22 0.00 0.00 0.90 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.22 0.22  0.00 0.90 0.90 0.00 0.00 0.00
l.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.75 0.07 0.07  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.68 0.68  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.rainy  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Scenario 7 - Dry year chance: 50% & fire return interval: annual (10%) & biennial (90%)
0.dry O.intermediate O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy
0.dry  0.05 0.05 0.05  0.50 0.50 0.50 0.00 0.00 0.00
O.intermediate  0.05 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.05 0.05  0.00 0.50 0.50 0.00 0.00 0.00
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.90 0.45 0.45  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.45 0.45  0.00 0.00 0.00 0.00 0.00 0.00
2+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Scenario 8 - Dry year chance: 20% & fire return interval: annual (10%) & biennial (90%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.02 0.02 0.02  0.20 0.20 0.20 0.00 0.00 0.00
O.intermediate  0.08 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.08 0.08 0.00 0.80 0.80 0.00 0.00 0.00
l.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.90 0.18 0.18  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.72 0.72  0.00 0.00 0.00 0.00 0.00 0.00
2+.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Scenario 9 - Dry year chance: 10% & fire return interval: annual (10%) & biennial (90%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry 0.01 0.01 0.01 0.10 0.10 0.10 0.00 0.00 0.00
O.intermediate  0.09 0.00 0.00  0.90 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.09 0.09 0.00 0.90 0.90 0.00 0.00 0.00
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  0.90 0.09 0.09  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.81 0.81  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Scenario 10 - Dry year chance: 50% & fire return interval: biennial (100%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 24.dry 24.intermediate 2+ .rainy
0.dry  0.00 0.00 0.00  0.50 0.50 0.50 0.00 0.00 0.00
O.intermediate  0.00 0.00 0.00  0.50 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.50 0.50 0.00 0.00 0.00
1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
24.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Scenario 11 - Dry year chance: 20% & fire return interval: biennial (100%)
0.dry O.intermediate O.rainy 1.dry l.intermediate l.rainy 24.dry 2-+.intermediate 24.rainy
0.dry  0.00 0.00 0.00  0.20 0.20 0.20 0.00 0.00 0.00
O.intermediate  0.00 0.00 0.00 0.80 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.80 0.80 0.00 0.00 0.00
1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.20 0.20  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Scenario 12 - Dry year chance: 10% & fire return interval: biennial (100%)
0.dry O.intermediate O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.00 0.00 0.00
O.intermediate ~ 0.00 0.00 0.00  0.90 0.00 0.00 0.00 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.90 0.90 0.00 0.00 0.00
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.90 0.90  0.00 0.00 0.00 0.00 0.00 0.00
24.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Scenario 13 - Dry year chance: 50% & fire return interval: biennial (90%) & triennial (10%) & longer (0%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00 0.45 0.45 0.45 0.50 0.50 0.50
0.intermediate  0.00 0.00 0.00 0.45 0.00 0.00 0.50 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.45 0.45 0.00 0.50 0.50
l1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00  0.05 0.05 0.05 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00
24.rainy  0.00 0.00 0.00  0.00 0.05 0.05 0.00 0.00 0.00
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Scenario 14 - Dry year chance: 20% & fire return interval: biennial (90%) & triennial (10%) & longer (0%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00 0.18 0.18 0.18 0.20 0.20 0.20

O.intermediate  0.00 0.00 0.00 0.72 0.00 0.00 0.80 0.00 0.00

O.rainy  0.00 0.00 0.00 0.00 0.72 0.72 0.00 0.80 0.80

l1.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate 1.00 0.20 0.20 0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00

2+.dry  0.00 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00

2+.intermediate  0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00

2+.rainy  0.00 0.00 0.00 0.00 0.08 0.08 0.00 0.00 0.00
Scenario 15 - Dry year chance: 10% & fire return interval: biennial (90%) & triennial (10%) & longer (0%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 24.dry 24.intermediate 2+ .rainy

0.dry  0.00 0.00 0.00 0.09 0.09 0.09 0.10 0.10 0.10

O.intermediate  0.00 0.00 0.00 0.81 0.00 0.00 0.90 0.00 0.00

O.rainy  0.00 0.00 0.00 0.00 0.81 0.81 0.00 0.90 0.90

1.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.90 0.90 0.00 0.00 0.00 0.00 0.00 0.00

2+.dry  0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00

2+.intermediate  0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00

2+.rainy  0.00 0.00 0.00 0.00 0.09 0.09 0.00 0.00 0.00
Scenario 16 - Dry year chance: 50% & fire return interval: biennial (75%) & triennial (25%) & longer (0%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00 0.38 0.38 0.38 0.50 0.50 0.50

O.intermediate  0.00 0.00 0.00 0.38 0.00 0.00 0.50 0.00 0.00

O.rainy  0.00 0.00 0.00 0.00 0.38 0.38 0.00 0.50 0.50

1.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate 1.00 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00

2+.dry  0.00 0.00 0.00 0.12 0.12 0.12 0.00 0.00 0.00

2+.intermediate  0.00 0.00 0.00 0.12 0.00 0.00 0.00 0.00 0.00

2+4.rainy  0.00 0.00 0.00 0.00 0.12 0.12 0.00 0.00 0.00
Scenario 17 - Dry year chance: 20% & fire return interval: biennial (75%) & triennial (25%) & longer (0%)

0.dry O.intermediate O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00 0.15 0.15 0.15 0.20 0.20 0.20

O.intermediate  0.00 0.00 0.00 0.60 0.00 0.00 0.80 0.00 0.00

O.rainy  0.00 0.00 0.00 0.00 0.60 0.60 0.00 0.80 0.80

l.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  1.00 0.20 0.20  0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00

24+.dry  0.00 0.00 0.00 0.05 0.05 0.05 0.00 0.00 0.00

2+.intermediate  0.00 0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00

2+.rainy  0.00 0.00 0.00 0.00 0.20 0.20 0.00 0.00 0.00
Scenario 18 - Dry year chance: 10% & fire return interval: biennial (75%) & triennial (25%) & longer (0%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00 0.07 0.07 0.07 0.10 0.10 0.10

O.intermediate  0.00 0.00 0.00 0.68 0.00 0.00 0.90 0.00 0.00

O.rainy  0.00 0.00 0.00 0.00 0.68 0.68 0.00 0.90 0.90

l1.dry  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00

lrainy  0.00 0.90 0.90 0.00 0.00 0.00 0.00 0.00 0.00

2+.dry  0.00 0.00 0.00 0.02 0.02 0.02 0.00 0.00 0.00

2+.intermediate  0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 0.00

2+4.rainy  0.00 0.00 0.00 0.00 0.22 0.22 0.00 0.00 0.00
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Scenario 19 - Dry year chance: 50% & fire return interval: biennial (50%) & triennial (50%) & longer (0%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry 0.00 0.00 0.00 0.25 0.25 0.25 0.50 0.50 0.50
0.intermediate 0.00 0.00 0.00 0.25 0.00 0.00 0.50 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.25 0.25 0.00 0.50 0.50
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
1.rainy 0.00 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00
2+.dry 0.00 0.00 0.00 0.25 0.25 0.25 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.25 0.25 0.00 0.00 0.00
Scenario 20 - Dry year chance: 20% & fire return interval: biennial (50%) & triennial (50%) & longer (0%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 24.dry 24.intermediate 2+ .rainy
0.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.20 0.20 0.20
O.intermediate  0.00 0.00 0.00  0.40 0.00 0.00 0.80 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.40 0.40 0.00 0.80 0.80
1.dry 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate 1.00 0.20 0.20 0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.00 0.00 0.00
2+.intermediate  0.00 0.00 0.00  0.40 0.00 0.00 0.00 0.00 0.00
24 .rainy 0.00 0.00 0.00 0.00 0.40 0.40 0.00 0.00 0.00
Scenario 21 - Dry year chance: 10% & fire return interval: biennial (50%) & triennial (50%) & longer (0%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry 0.00 0.00 0.00 0.05 0.05 0.05 0.10 0.10 0.10
0.intermediate 0.00 0.00 0.00 0.45 0.00 0.00 0.90 0.00 0.00
0.rainy 0.00 0.00 0.00 0.00 0.45 0.45 0.00 0.90 0.90
1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate 1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.90 0.90  0.00 0.00 0.00 0.00 0.00 0.00
2+.dry 0.00 0.00 0.00 0.05 0.05 0.05 0.00 0.00 0.00
2+.intermediate 0.00 0.00 0.00 0.45 0.00 0.00 0.00 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.45 0.45 0.00 0.00 0.00
Scenario 22 - Dry year chance: 50% & fire return interval: biennial (50%) & triennial (50%) & longer (10%)
0.dry O.intermediate O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.45 0.45 0.45
O.intermediate ~ 0.00 0.00 0.00  0.00 0.00 0.00 0.45 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.45 0.45
1.dry 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate 1.00 0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00  0.50 0.50 0.50 0.05 0.05 0.05
2+.intermediate  0.00 0.00 0.00  0.50 0.00 0.00 0.05 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.50 0.50 0.00 0.05 0.05
Scenario 23 - Dry year chance: 20% & fire return interval: biennial (50%) & triennial (50%) & longer (10%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.18 0.18 0.18
0.intermediate 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.00 0.00
0.rainy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.72 0.72
l1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.20 0.20  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00
2+.dry 0.00 0.00 0.00 0.20 0.20 0.20 0.02 0.02 0.02
2-+.intermediate 0.00 0.00 0.00 0.80 0.00 0.00 0.08 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.80 0.80 0.00 0.08 0.08
Cont...
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Scenario 24 - Dry year chance: 10% & fire return interval: biennial (50%) & triennial (50%) & longer (10%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.09 0.09 0.09
O.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.81 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.81 0.81
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate 1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.90 0.90  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.01 0.01 0.01
2+.intermediate  0.00 0.00 0.00 0.90 0.00 0.00 0.09 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.90 0.90 0.00 0.09 0.09
Scenario 25 - Dry year chance: 50% & fire return interval: biennial (50%) & triennial (50%) & longer (50%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 24.dry 24.intermediate 2+ .rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.25 0.25 0.25
O.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.25 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.25 0.25
1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00  0.50 0.50 0.50 0.25 0.25 0.25
2+.intermediate  0.00 0.00 0.00  0.50 0.00 0.00 0.25 0.00 0.00
24.rainy  0.00 0.00 0.00  0.00 0.50 0.50 0.00 0.25 0.25
Scenario 26 - Dry year chance: 20% & fire return interval: biennial (50%) & triennial (50%) & longer (50%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.10 0.10 0.10
O.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.40 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.40 0.40
1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate 1.00 0.20 0.20  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.20 0.20 0.20 0.10 0.10 0.10
2+.intermediate  0.00 0.00 0.00 0.80 0.00 0.00 0.40 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.80 0.80 0.00 0.40 0.40
Scenario 27 - Dry year chance: 10% & fire return interval: biennial (50%) & triennial (50%) & longer (50%)
0.dry O.intermediate O.rainy 1l.dry l.intermediate l.rainy 24.dry 2-+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.05 0.05 0.05
O.intermediate ~ 0.00 0.00 0.00  0.00 0.00 0.00 0.45 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.45 0.45
l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.90 0.90  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.05 0.05 0.05
2+.intermediate  0.00 0.00 0.00  0.90 0.00 0.00 0.45 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.90 0.90 0.00 0.45 0.45
Scenario 28 - Dry year chance: 50% & fire return interval: biennial (50%) & triennial (50%) & longer (90%)
0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy
0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.05 0.05 0.05
O.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.05 0.00 0.00
O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.05 0.05
l1.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
l.intermediate  1.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
l.rainy  0.00 0.50 0.50  0.00 0.00 0.00 0.00 0.00 0.00
24+.dry  0.00 0.00 0.00 0.50 0.50 0.50 0.45 0.45 0.45
2+.intermediate  0.00 0.00 0.00  0.50 0.00 0.00 0.45 0.00 0.00
2+4.rainy  0.00 0.00 0.00  0.00 0.50 0.50 0.00 0.45 0.45
Cont...
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Scenario 29 - Dry year chance: 20% & fire return interval: biennial (50%) & triennial (50%) & longer (90%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.02 0.02 0.02

0.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.08 0.00 0.00

O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.08 0.08

l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  1.00 0.20 0.20  0.00 0.00 0.00 0.00 0.00 0.00

lrainy  0.00 0.80 0.80  0.00 0.00 0.00 0.00 0.00 0.00

24+.dry  0.00 0.00 0.00 0.20 0.20 0.20 0.18 0.18 0.18

2+.intermediate  0.00 0.00 0.00 0.80 0.00 0.00 0.72 0.00 0.00

24.rainy  0.00 0.00 0.00  0.00 0.80 0.80 0.00 0.72 0.72
Scenario 30 - Dry year chance: 10% & fire return interval: biennial (50%) & triennial (50%) & longer (90%)

0.dry O.intermediate O.rainy 1.dry l.intermediate 1l.rainy 2+.dry 2+.intermediate 2+.rainy

0.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.01 0.01 0.01

0.intermediate  0.00 0.00 0.00  0.00 0.00 0.00 0.09 0.00 0.00

O.rainy  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.09 0.09

l.dry  0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00

l.intermediate  1.00 0.10 0.10  0.00 0.00 0.00 0.00 0.00 0.00

l.rainy  0.00 0.90 0.90  0.00 0.00 0.00 0.00 0.00 0.00

24+.dry  0.00 0.00 0.00 0.10 0.10 0.10 0.09 0.09 0.09

2+.intermediate  0.00 0.00 0.00  0.90 0.00 0.00 0.81 0.00 0.00

24.rainy  0.00 0.00 0.00  0.00 0.90 0.90 0.00 0.81 0.81
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Appendix 8

Table S8.1. Mean survival rate of S. nitens plants in study plots (0.5 x 0.5m) in 6 wet grasslands (sites 4
to 9) under different combinations of rainfall level (dry, average and rainy years) times since fire (0, 1
and 2 or more years since fire). Data collected over 4 annual intervals (2006-2007 to 2009-2010).

Sites
tsf_rain 4 5 6 7 8 9
Dry.0 0.66 0.63 0.75 0.62 0.70 0.60
Dry.2+ 0.78 0.56 0.69 0.71 0.57 NA
Average.l 0.83 0.62 0.85 0.72 0.79 0.80
Average.2+ 0.82 0.70 0.72 0.63 0.75 NA
Rainy.0 0.96 0.88 0.96 0.94 0.87 0.93
Rainy.1 0.96 0.95 0.95 0.95 0.91 0.92
Rainy.2+ 0.96 0.90 0.71 0.89 0.93 0.91

Table S8.2. Mean flowering percentage of S. nitens adult plants in study plots (0.5 x 0.5m) in 6 wet
grasslands (sites 4 to 9) under different combinations of rainfall level (dry and rainy years) times since
fire (0, 1 and 2 or more years since fire). Data collected during 5 annual census, in June, from 2006 to
2010.

Sites
tsf_rain 4 5 6 7 8 9
Dry.1 0.16 0.47 0.17 0.50 0.10 0.03
Dry.2 0.00 0.00 0.00 0.00 0.01 0.02
Rainy.1 0.40 0.55 0.47 0.56 0.43 0.36
Rainy.2 0.02 0.07 0.06 0.02 0.06 0.06

Table S8.3. Mean number of new S. nitens plants recruited from seeds in study plots (0.5 x 0.5m) in 6
wet grasslands (sites 4 to 9) under different combinations of rainfall level (dry, average and rainy years)
times since fire (0, 1 and 2 or more years since fire). Data collected over 4 annual intervals (2006-2007
to 2009-2010).

Sites
tsf_rain 4 5 6 7 8 9
low.0 0.81 1.41 2.29 0.61 0.11 2.88
low.2+ 1.70 0.50 0.67 3.17 1.73 NA
average.l 0.63 1.35 0.67 0.67 0.58 0.33
average.2+ 1.10 0.08 0.40 0.58 0.18 NA
high.0 0.06 2.24 0.67 0.94 1.21 1.13
high.1 0.31 0.14 0.19 0.50 0.30 0.08
high.2+ 0.40 2.50 0.07 0.17 0.09 1.25
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Table S8.4. Mean clonal reproductive rate of S. nitens plants in study plots (0.5 x 0.5m) in 6 wet
grasslands (sites 4 to 9) under different combinations of rainfall level (dry, average and rainy years)
times since fire (0, 1 and 2 or more years since fire). Data collected over 4 annual intervals (2006-2007
to 2009-2010).

Sites
tsf_rain 4 5 6 7 8 9
Dry.0 0.06 0.02 0.06 0.06 0.05 0.04
Dry.2+ 0.03 0.02 0.03 0.02 0.02 NA
Average.1 0.01 0.07 0.08 0.01 0.03 0.05
Average.2+ 0.01 0.03 0.01 0.01 0.01 NA
Rainy.0 0.02 0.03 0.08 0.05 0.05 0.03
Rainy.1 0.17 0.14 0.27 0.23 0.31 0.18
Rainy.2+ 0.01 0.03 0.02 0.01 0.01 0.01
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