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ABSTRACT
The majority of CO, fertilization studies have focused on rice, wheat, and

soybean; however, climate change is expected to have greatest impact on regions of the
world that rely heavily on root crops. This is the first study of its kind to determine how
CO; fertilization effects Ipomoea batatas Lam. (sweet potato) growth and nutrient
concentrations across a full trajectory of CO, concentrations projected for the next 150
years. A total of 64 sweet potato plants were grown to maturity in a split plot designed
study with CO, concentration (353, 763, 1,109, and 1,515 ppm) as the whole plot factor
and fertilizer (conventional vs. organic) as the split-plot factor. We observed increases in
average above-ground dry biomass at 763 ppm (24%, 13%), 1,109 ppm (25%, 41%), and
1,515 ppm (31%, 43%) and average storage root dry biomass increased at 763 ppm (95%,
88%), 1,109 ppm (99%, 62%), and 1,515 ppm (118%, 71%) for both conventional and
organic treatments, respectively. Chemical analyses suggest that the increased biomass
may be nutrient depleted due to significant (P < 0.05) increases in carbohydrates (4.4%,
2.0%) and decreases in protein (-34.6%, -28.6%) and phosphorus (-24.0%, -11.3%)
concentrations for both the conventional and organic treatment, respectively. Significant
decreases in magnesium (-25.8%) and decreasing trends (P < 0.1) were also found for
calcium (-46.7%), sodium (-18.4%), iron (-42.1%) and manganese (-70.8%) for the
conventional treatment. Decreased nutrient content of I. batatas grown under elevated
CO; could have negative implications globally, especially in developing countries that
are already nutrient limited. The storage root biomass response of sweet potato exceeded
the extrapolated trajectory of non-root crop experiments by 63 percent at 1520 ppm,
indicating sweet potato may be better at utilizing very high atmospheric CO,

concentrations compared to non-root crop species. Storage root fertilization under very



high CO, concentrations could dramatically supplement crop production in some of the
poorest nations of the world, provided that the response found for sweet potato represents
a generalized root-crop response and can be extrapolated to agricultural systems. The
dramatically enhanced performance of conventionally (i.e., synthetic) over organically
(i.e., manure-based) fertilized plants suggests that optimal nutrient availability will be

crucial for support of enhanced crop production at elevated pCO..
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CHAPTER 1. INTRODUCTION

Increasing concentration of CO; in our atmosphere is the leading example of
anthropogenic forced climate change and, unabated, will continue to rise (IPCC, 2001).
Effects of climate change on global agriculture are difficult to predict and will differ
regionally (Aydinalp & Cresser, 2008), but the better our understanding, the more
informed we will be in making sound socio-economic decisions. Sharp changes in
temperature and precipitation as well as increased frequency of extreme weather events
(e.g., droughts, floods, etc.) are negative consequences climate change will have on
agricultural production (Abeygunawardena et al., 2003; Nelson et al., 2009). Conversely,
increased plant-tissue production from elevated atmospheric CO, concentrations is a
positive response (Mikino and Tadahiko, 1999). Models predicting how agricultural
production will be influenced by a changing climate are highly dependent on which
socio-economic scenario, described in the Special Report on Emissions Scenarios
(SRES), and general circulation model (GCM) is used and therefore vary significantly
from model to model. Tubiello and Fischer (2007) used the A2r SRES scenario and
included the CO;, fertilization response in their model while applying these scenarios to
both the Hadley CM3 (HadCM3) and Commonwealth Scientific and Industrial Research
Organisation (CSIRO) GCMs. They projected that in the year 2080, cereal production
would increase by 2.7 and 9.0 percent in developed countries but decrease 3.3 and 7.2
percent in developing nations for the HadCM3 and CSIRO GCMs, respectively. Nelson
et al. (2010) also used the CSIRO GCM and the A2 SRES scenario, but didn’t
incorporate the CO, fertilization response. The model projected that in the year 2080,
both developed and developing countries would result in 21.7 and 23.8 percent decreases
in wheat yield, respectively. A number of other studies also show conflicting results, even
when focusing on smaller regional scales such as sub-Saharan Africa (Calzadilla et al.,
2013; Schlenker, 2010). Modeling the impacts of climate change on agriculture is
complex due to wide-ranging processes underlying the working of markets, ecosystems,
and human behavior, iterating the importance in widening our understanding of how CO;
fertilization will impact crops globally.



Current understanding of CO, fertilization is based on thousands of two-point
closed chamber and free-air CO, enrichment (FACE) experiments (Long, 2004) that have
grown hundreds of plant species under ambient (i.e., 300-420 ppm) and slightly elevated
(i.e., 450-750 ppm) CO; concentrations (SECC) but few studies have looked at the
response of plants grown under very elevated (i.e., > 750 ppm) CO, concentrations
(VECC). On average, plants grown under SECC resulted in higher biomass production,
primarily due to increased rates of photosynthesis, nitrogen use efficiency (NUE), and
water use efficiency (WUE) (Drake et al., 1997; Kimball et al., 1999, 2002; Mandercheid
et al., 2014). Plants grown under SECC have also resulted in changes in plant tissue
elemental composition and nutrient concentrations. Elevated CO, has been shown to
increase non-structural carbohydrates (e.g., starch and simple sugars) and decrease
nitrogen-containing compounds (e.g., protein) and minerals (e.g., phosphorus,
magnesium, and potassium) (Cotrufo et. al, 1998; Hogy, 2009a; Fernando et al., 2014).
Poorter and colleagues (1997) reported that the average concentrations of 27 species of
plants grown under SECC increased total non-structural carbohydrates by 54 percent and
decreased protein and mineral concentrations by 23 and 18 percent, respectively.

Previous CO, fertilization experiments based their elevated CO, concentrations
on early projections, up to the year 2100 (Houghton et al., 1992; Nakicenovic et al.,
2000). These projections were modeled using a range of scenarios from worst case
“business as usual” to best case “remediation” type, resulting in concentrations from 970
ppm and 549 ppm by the end of the century (Figure 1). Because CO, fertilization studies
were based on early projections to the year 2100, very few have looked at VECC across
the spectrum of possible CO, scenarios.

Representative Concentration Pathways (RCPs) were developed for future climate
research, which expanded projected atmospheric CO, concentrations beyond the year
2300 (Moss et al., 2010; van Vuuren et al., 2011a). In all, four RCPs were created
covering the range of emission scenarios from previous studies (van Vuuren et al.,
2011b). RCP 8.5 is the upper bound of the four scenarios, corresponding to a high
greenhouse gas emissions pathway (Fisher et al., 2007; Moss et al., 2008) where CO,



concentrations surpass 1500ppm within the next 150 years (Riahi, 2007, 2011) (Figure
1). These results emphasize the importance of understanding the response of VECC on

plant growth in a “business as usual” future scenario.
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Figure 1: Past, present, and future projections of atmospheric CO, with slightly elevated
CO; concentrations (SECC) vs. very elevated CO, concentrations (VECC)



A large majority of previous research focused on global staple food crops (i.e.,
wheat, rice, and soybean) and found that crops grown in SECC result in increased yield
between 20% and 30% (Jablonski et al., 2002; Ainsworth and McGrath, 2010). However,
climate change is expected to have greatest impact on regions of the world that rely
heavily on tuber and root crops (Mertz et al., 2009), which include some of the most
impoverished portions of the globe (Kates and Dasgupta, 2007). Many farmers are highly
dependent on root and tuber crops as contributing sources of food, nutrients, and income
(Scott et al., 2000). Ipomoea batatas Lam. (sweet potato) is an essential root crop,
cultivated in more than 100 developing countries, and ranked seventh in production (in
tons) throughout Middle Africa (FAO 2010). It remains an important staple food in the
diets of the Maori people, Hawaiians, and Papau New Guineans (Cambie & Fergerson,
2003; Saweri, 2001). Sweet potatoes are high yielding, drought tolerant, and have a wide
adaptability to various climates and farming systems (Diop, 1998; Jiang et al., 2004).
They produce more edible energy per hectare per day than wheat, rice, or cassava with
roots rich in carbohydrates and vitamin A and leaves rich in protein (Lebot, 2009; Wolfe,
1992). It has been suggested that increased sweet potato production in African nations,
such as Uganda and Kenya, could help meet food requirements, improve nutrient status,
enhance food security, and reduce poverty regionally in Africa (Bovell-Benjamin, 2007;
Odongo et al., 2004; Oyunga-Ogubi et al,2005).

Studies on SECC on sweet potato have shown 9-21% increases in above-ground
dry biomass, 11-40% increases in storage root dry biomass, 24% decreases in leaf N, and
a 19% increase in leaf sucrose (Bhattachrya et al., 1989, 1990; Biswas et al., 1996). No
study has looked at sweet potato grown across the full trajectory of VECC and its
response on both plant biomass and nutrient concentrations. Understanding the full
trajectory of sweet potato biomass and nutrient composition of plants grown under VECC
will be essential in accurately predicting crop production under future CO, scenarios for

some of the most impoverished and climate vulnerable nations, globally.

Humans are impacting climate, primarily through the emission of greenhouse

gasses, specifically CO,. CO; is not only an important atmospheric gas for its warming



potential but also because it is the only source of carbon that plants use during
photosynthesis. Previous studies have shown that plants grown under SECC result in
increases in plant biomass as well as changes in nutrient concentration. However we
don’t know how plants, specifically sweet potato, will respond when grown under VECC
for both biomass and nutrient concentrations. Knowing this information is important
because it will help us make better-informed socio-economic and agriculture decisions in
a changing climate as well as add essential insight into an under researched crop that
some of the most impoverished and climate vulnerable nations depend on. Therefore, the
aim of this study was to investigate the biomass and nutrient response of sweet potato
plants grown across four carbon dioxide concentrations approaching the full range of

greenhouse gas estimates for the next 150 years.



CHAPTER 2. MATERIALS AND METHODS
2.1. Experimental design

This study was designed to compare sweet potato plants grown across carbon
dioxide concentrations approaching the full range of greenhouse gas estimates for the
next 150 years. Plants were subject to two types of fertilizers: organic and conventional.
Conventional fertilizer results will be the main focus of the results and discussion, but

similarities and differences between the two will be described in detail in section 4.4.

Sweet potato (Ipomoea batatas L. (Lam) ‘Waimanalo Red’) plants were grown
from stem cuttings within positive-pressure chambers under four different CO,
concentrations at the University of Hawaii’s College of Tropical Agriculture and Human
Resources (CTAHR) Magoon Research Station. The experiment was designed as a split
plot design with CO; concentration (352, 763, 1108, and 1515 ppm) as the whole plot
factor and fertilizer (conventional vs. organic) as the split-plot factor. A fertile Mollisol
(Waialua series; Very-fine, mixed, superactive, isohyperthermic Pachic Haplustolls) was
collected from a fallowed field at Hoa Aina o Makaha Farm in Makaha, Hawai’i.
Fertilizers were hand-mixed into 12 kg dry soil at recommended rates for optimal sweet
potato growth (Valenzuela et al., 1994). 5.82 grams of a 10/10/10 fertilizer and 1.66
grams of 0/0/20 fertilizer was added to each pot of soil for the conventional treatment at
the equivalent rate of 80 kg Nitrogen (N)/ha and 112 kg Potassium (K)/ha, a 1:1.4 N:K
ratio, which has been shown to result in high quality sweet potato storage roots (Hammett
and Miller, 1982). An additional 1.82 grams of 0/0/20 fertilizer was added as a side
dressing 6 weeks after planting at the equivalent rate of 50 kg K/ha. Steer manure
compost acted as the organic fertilizer and 216.93 grams was applied to each pot at the
equivalent rate of 80 kg N/ha and 168 kg K/ha. This rate was determined based on its
relatively high C:N ratio (20:1), 1% N, and 2.4% K concentrations. Using the median
number of plants harvested in 350 previous elevated-CO, experiments (Poorter and
Navas, 2003) eight replicates were grown for the two respective fertilizer treatments at
each CO, concentration across a 90-day period.



Four identical growth chambers (Figure 2) were constructed from a wooden frame
(253 cm wide X 97 cm high X 244 cm deep) with the roof sloping down at a 4° angle.
Walls were made out of clear 0.15 mm thick polyethylene greenhouse film (AT Films
Inc., USA) with two of the walls being removable side panels for maintenance and
watering of plants. To elevate the CO, concentration in the chambers, pure cylinder CO,
was bled into an intake pipe where it mixed with ambient air before reaching the chamber
interior. The CO, flow rate was precisely controlled with an inline needle valve, allowing
air enrichment to the desired concentration of CO,. Air exhausted through a 1 cm gap
along the top of the chamber, causing complete air turnover approximately once every
6.3 minutes. Concentrations of CO, were continually measured using a WMA-4 CO,
analyzer (PP Systems, USA) with an accuracy of £10 ppm (353 and 763 ppm chambers)
and £20 ppm (1108 and 1515 ppm chambers). Temperature (accuracy: £ 0.35 °C) and
relative humidity (accuracy: = 2.5%) were measured using a HOBO U12-012 (Onset
Computer Corporation, USA) data logger.

Figure 2: Schematic drawing of climate controlled growth chamber. 1: CO, cylinder; 2:
needle inlet valve; 3: intake pipe; 4: WMA-4 CO, analyzer; 5: HOBO data logger; 6:
removable side panel; grey: conventional fertilizer; white: organic fertilizer.



2.2. Growth and Maintenance

Experiments were designed to ensure that plants were not limited by water, light,
or nutrient availability, as these have been shown to mitigate the effect of elevated CO,
fertilization (Rogers and Dahlman, 1993; Bhattachrya, 1990; Erbs, 2010). Plant and
chamber conditions were monitored daily to ensure optimal growing conditions and
target CO, concentrations. Tensiometers (IRROMETER Company, Inc., USA) were used
to monitor soil moisture and plants were hand watered whenever matric potentials were
higher than 25 kPa to obtain optimal soil moisture conditions throughout the experiment.
To avoid any potential location or chamber influence, plants were rotated within the
chamber weekly and between chambers every three weeks. A stringent pest control
regime was designed to ensure that pest infestation didn’t impact sweet potato growth.
Admire® Pro (Bayer CropScience, USA), a soil-applied systemic, controlled aphids,
whiteflies, and other sucking pests. EpiMek® 0.15 EC (Syngenta®, USA), a foliar applied
miticide/insecticide, regulated broad and spider mites.

2.3. Biomass assessment

To evaluate the effect of elevated CO, on plant growth, a destructive harvest was
performed at the end of growth and dry weights were collected. After 12 weeks of
growth, the above-ground (stem and leaves) and below-ground (storage root and fine
root) material were harvested, separated, dried at 60 °C for 7 days, and weighed

(uncertainty £ 0.01 g) for fresh and dry biomass.

A best-fit CO, response curve was used to assess the biomass responses to
elevated CO,. There are many advantages to summarize the data by using best-fit CO,
response curve over other forms of statistical analysis. It allows interpolation at CO,
scenarios beyond or in-between actual concentrations plants are grown under and it
calculates response variables, making it possible to compare responsiveness to other plant
species. Analysis of biomass was completed in terms of a hyperbolic response, as

routinely invoked for modeling biological systems. Data was fit to a two-parameter



rectangular hyperbola function as used by Hunt et al. (1991, 1993) and Schubert and
Jahren (2011) as follows:

y = [abx/(a+bx)] 1)

where y is the plant-yield variable (i.e., biomass), x is the CO, concentration (ppm), a is
the asymptote, and b is the slope parameter at y = x = 100 ppm, the value used for CO,
compensation point of dicotyledons (Ludlow and Jarvis, 1971; after Hunt et al., 1991) .
The yield variable y was taken as a dry weight basis (g), expressed in natural logarithmic
form, as is standard method to ensure homogeneity of variance across treatments (Poorter
and Garnier, 1996). The asymptote of the hyperbolic function, variable a, can be thought
of as the “maximum yield potential” which would be the highest yield possible under the
most optimal level of atmospheric CO,. Hunt and colleagues (1991, 1993) defined the
value b as an overall index of CO, responsiveness, measuring the rate at which a plant
reaches its asymptote and no longer responds to an increase in CO, concentrations. At
low b values, the function approaches the asymptote slowly, having continual CO,
fertilization at VECC. At high b values, the function approaches the asymptote more
rapidly, showing reduced CO; fertilization at VECC. Plants with low b values would

therefore be able to take greater advantage of high CO, conditions.

Estimates of a and b were obtained by fitting the model to the observed data,

while maximizing the correlation coefficient (r):

Z(y,- _)’fl-)2 (2)

r= [1--

Z(yi _)_/)2

where y is the average biomass value at each respective CO, level, yf is the fitted biomass
value given by the hyperbolic model, and yavg is the mean biomass value across all CO,
levels. Maximized r-values were obtained by using iterative optimization (Solver, Excel),
which changed the values of a and b until the model resulted in a best fit. The r-values
could then be used to indicate how well the models fit the data.



In discussion section 4.1, we compare our biomass response data to 24 previous
studies looking at the effect of SECC on root crops. Raw data was collected from these
studies and changes in percent biomass were calculated in comparison to plants grown
under ambient CO, concentrations. All percent increases were calculated by normalizing
the data to the same ambient concentration of 390ppm. This is essential because every
study grows plants under slightly different ambient CO, concentrations ranging from 332
to 400ppm. Normalizing all the percent increases to 390ppm allows for better comparison
between our study and other root crop studies grown under SECC. (Sources and data

used in these calculations can be found in Appendix Table Al)

2.4. Nutrient analysis

To assess the effect elevated CO; has on nutrient concentration, sweet potatoes
(>100g) were collected from each plant after harvest. Storage roots were blended, freeze-
dried, and ball milled before passing through a 150 mesh sieve (0.104 mm). Material <
0.104 mm was then collected for nutrient analysis. Three samples were randomly chosen
from each treatment to be analyzed for nutrient content. Soluble and insoluble fiber was
determined using AOAC Method 991.43, a sequential enzymatic digestion by heat-stable
(alpha)-amylase, protease and amyloglucosidase. Storage roots were sent to Midwest
Laboratories, Inc., Omaha, NE USA to be analyzed for protein, fat, carbohydrates,
calories, ash (a proximate amount of minerals in a given material), total sugars (glucose,
fructose, and sucrose), phosphorus, potassium, magnesium, calcium, sulfur, iron,
manganese, boron, and zinc (See Table A2 for methods used at Midwest laboratories and

importance of each nutrient in both plant and human metabolism).

Responses of elevated CO, on nutrient concentrations will potentially impact the
nutrient density score (NDS) of sweet potato storage roots grown under elevated CO,
conditions. NDS’s are built around the concept of comparing different food choices by a
comparison of the amounts of key nutrients contained in 100 kcal or 100 g of a given
food (Hansen, 1973). There have been multiple approaches to define nutrient density
(Drewnowski, 2005; Hansen, 1973; Padberg et al., 1993). However, there is no

10



universally accepted protocol for NDS calculation. All definitions take some combination
of “healthier” nutrients to encourage in a diet (e.g., proteins, vitamins, minerals, total
dietary fiber) and compare them to “less healthy” nutrients to limit (e.g., calories,
unsaturated fat, sodium, carbohydrates, sugars). NDS for this research were calculated
using the observed storage root nutrient responses, similar to an approach used by Scheidt
and Daniel (2004).

NDS were based on 8 food components, some of which are recommended (i.e.,
protein, dietary fiber, calcium, iron, magnesium and potassium) and some of which are to
be restricted (i.e., calories and sugars). The selection of these nutrients is based off of
current regulatory frameworks and dietary guidance (2005 Dietary Guidelines for
Americans; U.S. Food and Drug Administration). Percent daily values (%DV) were
calculated for each food component based on a 2000-calorie daily diet using the
recommended daily values given by the Food and Drug Administration’s specific
nutritional labeling requirements and guidelines. NDS were calculated according to the
following:

(%DV

protein

+%D Ve + %DV, + %DV, + %DV, +%D ka
6

NDS B (%D Vcalories + %D VTotalSugar)/
2

(3)

where the numerator is the mean %DV of recommended food components and the
denominator is the mean %DV of restricted food components. Therefore, greater NDS
values represent a food that is healthier. A NDS greater than 1.0 is considered “healthy”
as it suggests a consumption rate of more recommended nutrients than restricted

nutrients.

It will also be important to understand the total storage root nutrients available

(TNA) for a plant grown under elevated CO, concentrations. TNA represent the total
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amount of nutrients available in the storage roots harvested from an average sized plant
grown under varying CO; concentrations. We calculated these values by multiplying the
nutrient concentrations by the number of servings for an average sized sweet potato plant
at each CO; concentration.

2.5 Statistical analysis

General linear model (GLM) analysis of variance (ANOVA) was used in
MINITAB16 software to test for significant CO, effects on storage root nutrients and
biomass responses. Results were determined as follows: highly significant (P<0.01),
significant (P<0.05), trend (0.1>P>0.05), and not significant (P>0.1). Tukey pairwise
comparisons were calculated to obtain confidence intervals allowing for a comparison of

the mean values between CO, treatments.
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CHAPTER 3. RESULTS
3.1 Chamber results

Using a HOBO data logger, relative humidity (%), temperature (°C), and CO,
(ppm) data were collected every ten minutes throughout the 90-day growth experiment.
Experimental and two-day averages were calculated throughout the duration of the
experiment (Figure 3) and resulted in a strong correlation between daily average
temperature and relative humidity trends between chambers (Table 1). Experimental
averages deviated less than £ 0.3 °C and £ 1.3 %RH between the four chambers, which is
less than the accuracy listed for the sensors. Experimental CO, averages were maintained
within £10% of the target concentration, a common standard throughout previous studies
(Manderscheid, 2010; Franzaring, 2008; Hans-Joachim, 2012). Elevated target
concentrations were 760, 1140, and 1520 and experimental averages resulted in
concentrations of 763, 1108, and 1518, respectively. The two highest elevated chambers,
1108 ppm and 1518 ppm, had larger CO, deviations from the experimental average due
to watering and maintenance within the chambers. Chamber CO; concentration quickly
equilibrated to ambient concentrations after a side panel was removed, but took 30-45
minutes to reach target concentrations after maintenance. This skewed the two-day

averages towards lower concentrations during maintenance periods.

Table 1

Chamber conditions throughout twelve-week experiment.?
CO, Temperature Humidity
(ppm)” (°C)° (%)°
353 +23 294+16 71574
76372 29616 72.2+6.9
1108 + 127 29.7+16 724+7.2
1515 + 168 29.7+16 72.8+6.9

% Sixteen plants were grown for each set of conditions, with half randomly supplemented
with the organic amendment and the other half receiving the conventional fertilizer.
® All values are reported as the experimental mean + 1o
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Figure 3: CO, and environmental chamber conditions monitored throughout the 12-week
growth experiment. Open symbols represent two day averages and solid lines represent
experimental averages.

3.2 Biomass models and growth responses

Sweet potato grown to maturity under elevated CO, levels and in conventional
fertilizer amendments resulted in increased above-ground and storage root dry biomass
compared with those grown under ambient conditions. Hyperbolic model results
described in section 2.3 (Eg. 1 and 2) indicate that storage roots do not reach its
asymptote (lower b values) as quickly as above-ground material when grown under
elevated CO, (Table 2). The hyperbolic models were strongly correlated with above-
ground and storage root observations with R? values of 0.98 and 0.97, respectively (Table
2). Individual variability is to be expected in all biological experiments. However, within
treatment plant-to-plant biomass did not exceed variability observed in previous plant
experiments. Measured as the standard deviation of the natural log-transformed dry
biomass data, total biomass variability for plants grown at each CO, concentration
averaged 0.05. This value is much lower than 0.28, the median variability in total

biomass determined by Poorter and Navas (2003) for 700 herbaceous species.
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The average observed above-ground dry biomass increased by 24%, 25%,
and 31% in comparison to the plants grown under ambient conditions for the plants
grown under CO; concentrations of 763, 1108, and 1515 ppm, respectively (Figure 4).
The average observed storage roots showed remarkable increases in dry biomass,
increasing by 95%, 99%, and 118% for the plants grown under CO, concentrations of
763, 1108, and 1515 ppm, respectively.

Table 2
Conventional fertilizer hyperbolic model (Egn. 1 and 2) results of above and storage root
biomass for sweet potato grown under VECC.

a b R°
Above-ground 3.78 0.16 0.98
Storage root 5.13 0.09 0.97
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Figure 4: Above-ground and storage root dry biomass for conventional amendments
(open diamonds) £ o (error bars) with hyperbolic model results (black line).

3.3 Storage root nutrient concentration

CO;, fertilization had positive and negative responses on the nutritional values
measured in sweet potato storage roots (Table 3). When the average of the three elevated
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treatments were compared to those grown under ambient conditions, respective
increasing responses were found for the following: carbohydrates, 4.4%; total dietary
fiber (TDF), 5.3%; and total sugars, 4.6% (Figure 5a, b, and c). Decreasing responses
were found for protein (34.6%) and ash (minerals) (15.7%) (Figure 5d and e). Fat showed
negative trends for plants grown under 750 ppm concentration, but then increased similar
to ambient concentrations when grown under 1108 and 1515 ppm, with an average 44.5%

decrease for the three elevated concentrations in comparison to ambient (Figure 5f).
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Figure 5: Nutrient concentrations of sweet potato storage roots grown under ambient
(353 ppm) and elevated (763, 1108, and 1515 ppm) CO; conditions. Statistical
significance of elevated CO, on nutrients is indicated as *** (P < 0.01), ** (P < 0.05),
*(0.1 > P > 0.05), or (P > 0.1). Concentrations with different capital letters are
considered statistically different based on Tukey pairwise comparisons.
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Table 3

Average nutrient concentrations of sweet potato grown under ambient and elevated CO, concentrations (763, 1108, 1518 ppm)
in conventional fertilizer with percent changes in parenthesis and GLM ANOVA p-value results for effect of CO, on nutrient
concentrations.

Elevated CO, (ppm) ANOVA

353 763 1108 1518 p-value

Protien 1.12 0.77 (-31.6) 0.79 (-29.4) 0.64 (-42.7) 0.00
Fat 0.22 0.07 (-67.2) 0.11 (-49.2) 0.18 (-17.2) 0.01
Ash 1.10 0.90 (-18.3) 0.94 (-14.3) 0.94 (-14.6) 0.02
Carbohydrates 21.25 22.09 (4.0) 22.26 (4.8) 22.16 (4.3) 0.00
Calories 74.17 84.49 (13.9) 86.73 (16.9) 82.69 (11.5) 0.18
Sucrose 1.61 2.10 (30.2) 1.72 (6.6) 231 (43.49) 0.29
Glucose 1.56 1.30 (-16.5) 1.64 (5.1) 150 (-3.7) 0.26
Fructose 1.27 1.03 (-18.9) 1.26 (-0.7) 1.18 (-6.6) 0.17
% Insol. Fiber 1.07 1.07 (0.1) 1.07 (0.5) 1.33 (24.8) 0.38
% Sol. Fiber 1.16 121 (5.1) 112 (-2.9) 121 (4.8) 0.83
% Total Fiber 2.22 228 (2.7) 219 (-1.3) 254 (14.4) 0.41
Total Sugars 4.44 443 (-0.2) 4.62 (4.0 4.89 (10.0) 0.27
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3.4 Storage root mineral concentration

CO;, fertilization resulted in general negative trends for nine mineral
concentrations analyzed in sweet potato storage roots (Table 4). When the average of the
three elevated treatments were compared to those grown under ambient conditions,
decreasing concentrations were found ranging from 6% to 71%. The decreases, from
largest to smallest, are as follows: manganese, 71%; calcium, 47%; iron, 42%);
magnesium, 26%; phosphorus, 24%; sodium, 18%; boron, 13%; potassium, 6%; and zinc,
6%. Phosphorus and magnesium were the only two minerals that had significant (P <
0.05) ANOVA results (Figure 6 a& b) in response to CO,. However, when grown under
elevated CO, concentrations, manganese, sodium, calcium, and iron resulted in negative
trends (Figure 6c-f). Potassium, zinc, and boron concentrations resulted in non-significant
or trending results (P > 0.1)
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Figure 6: Mineral concentrations of sweet potato storage roots grown under ambient
(353 ppm) and elevated (763, 1108, and 1515 ppm) CO, conditions. Statistical
significance of elevated CO, on mineral concentration is indicated as *** (P < 0.01), **
(P < 0.05), *(0.1 > P > 0.05), or T(P > 0.1). Concentrations with different capital letters
are considered statistically different based on Tukey pairwise comparisons.
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Table 4

Average mineral concentrations of sweet potato grown under ambient and elevated CO, concentrations (763, 1108, 1518 ppm)
in conventional amended soils with percent changes in parenthesis and ANOVA p-value results for elevated CO, on mineral
concentrations.

Elevated CO, (ppm) ANOVA
353 763 1118 1518 p-value
% Nitrogen 0.68 0.46 (-32.0) 0.48 (-29.6) 0.39 (-32.0) 0.01
% Phosphorus 0.20 0.15 (-23.3) 0.15 (-25.0) 0.15 (-23.3) 0.02
% K 2.07 1.87 (-9.6) 2.00 (-3.7) 2.01 (-9.6) 0.63
% Mg 0.07 0.06 (-18.2) 0.06 (-22.7) 0.05 (-18.2) 0.03
% Ca 0.07 0.04 (-40.0) 0.03 (-55.0) 0.04 (-40.0) 0.08
%S 0.06 0.04 (-33.3) 0.05 (-22.2) 0.04 (-33.3) 0.00
% Na 0.06 0.05 (-19.5) 0.06 (-7.4) 0.05 (-19.5) 0.09
Fe ppm 103.00 61.00 (-40.8) 56.00 (-45.6) 62.00 (-40.8) 0.09
Mn ppm 19.00 6.33 (-66.7) 5.67 (-70.2) 4.67 (-66.7) 0.05
B ppm 5.00 4.00 (-20.0) 533 (6.7) 3.67 (-20.0) 0.11
Cu ppm 10.00 10.67 (6.7) 26.33 (163.3) 21.00 (6.7) 0.66
Zn ppm 7.00 5.67 (-19.0) 8.33 (19.0) 5.67 (-19.0) 0.26
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3.5 Nutrient density scores

Figure 7 shows the NDS and %DV for plants grown under ambient and elevated
CO; concentrations (763, 1108, and 1515 ppm), where elevated CO, resulted in a
negative response of NDS. The largest decrease in NDS is from ambient to 763 ppm,
where a decrease in 0.8 in the NDS was observed. From 763 ppm to 1108 ppm, the NDS
only decreased by 0.1. From 1108 ppm to 1515 ppm there was no change in NDS. This
suggests that most changes in nutrient content will happen in sweet potato grown under

SECC and while nutrient content continues to alter at VECC the effects are not as abrupt.

Nutrition Ambient 763ppm 1108 ppm 1515 ppm
Facts Standard Sening | Standard Senving | Standard Sening | Standard Sening
Serving Size 100 grams 100 grams 100 grams 100 grams
Nutrient Density Score 3-8 3.0 29 29
Amount Per Serving %DV* %DV* %DV* %DV*
Calories* 83 83 84 83
Total Fat ns. <% ns. <1% ns. <1% ns. <%
Sodium 17mg  <1% 14mg  <1% 14mg  <1% 12mg  <1%
Potassium 552mg 16% 498mg 14% 531mg 15% 535mg 15%
Total Carbohydrate 21.20 7% 221g 7.4% 2239 74% | 221g 74%
Dietary Fiber 229 9% 2.3g9 9% 2.2g9 9% 259  10%
Sugars 4.4q 449 4.69 499
Protein 11g  2.2% .89 1.5% .8g 1.6% 69 1.3%
Calcium 18mg 1.8% | 106mg1.1% | 8mg 8% | .98mg .98%
Iron 27mg  15% 1.6mg 9% 1.5mg 8% 1.7mg 9%
Phosphorus 53mg 5.3% 41mg 4.1% 40mg 4% 41mg 4.1%
Magnesium 20mg 4.9% | 16mg 4% | 15mg 3.8% | 12mg 3.1%
Zinc 19mg 1.2% A5mg 1% .22mg 1.5% A5mg 1%
Manganese .5mg  26% .2mg  8.4% .15mg  7.5% 12mg 6.2%
Percent Dailly Values are based on a 2,000 calorie diet.
Not a significant source of fat

Figure 7. Nutrient density scores and nutritional label for sweet potato grown under
ambient and elevated CO, concentrations.
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3.5 Total storage root nutrients available

Positive responses were found for calories, protein, carbohydrates, TDF, total
sugars, K, Na, and P when grown under elevated CO, concentrations (Figure 8).
Increasing trends (0.1>p>.05) were observed for Mg and Zn and no strong trends or
significance was found for Ca, Fe, Mn, and Cu when grown under elevated CO,
concentrations. These large increases in TNA, especially in carbohydrates and sugars,
suggest that in a CO, enriched environment, more total edible energy will come from a
single sweet potato plant. For example, 78% more edible carbohydrates exist in a plant

grown in 763 ppm CO; concentration in comparison to ambient conditions.

Nutrition ambient 763ppm 1108ppm 1515 ppm
FaCtS Total Plant Total Plant Total Plant Total Plant
Serving Size 267 grams 458 grams 484 grams 492 grams
Amount Per Serving %DV %DV %DV %DV
Calories** 220 380 411 407
Total Fat n.s. <1% |ns <1% | n.s. <1% | n.s. <1%
Sodium*** 45mg 2% | 62mg 25% | 76mg 3.2% | 60mg 2.5%
Potassium*** 1465mg  42% | 2778mg  79% | 2586mg 74% | 2630mg 75%
Total Carbohydrate*** 56 7g 19% | 101g 34% | 108g 36% | 1099 36%
Dietary Fiber™™ 599 24% | 104g 42% | 10.6g 42% | 12.69 50%
Sugars™” 11.8g 2049 22.5g 24.1g
Protein** 3g 6% | 3.59 7% | 3.89 8% | 3.29 6.3%
Calciumt 47mg 4.7% | 49mg 49% | 39mg 3.9% | 47mg 4.7%
Iront 7.3mg 41% | 7.4mg 1% | 72mg 40% | 81mg  45%
Phosphorus™* 141mg 14% | 187mg  19% | 1mg 19% | 200mg 20%
Magnesium™ 52mg 13% | 73mg 18% | 73mg 18% | 60mg 15%
Zinc" .5mg 3.3% | .69mg 4.6% | 1mg 7% | .75mg 5%
Manganese"' 1.4mg 69% | .78mg 39% | .74mg 37% | .6mg 30%
Percent Dailly Values are based on a 2,000 calorie diet
MNot a significant source of fat

Figure 8. Total nutrients available for sweet potato grown under ambient and elevated
CO, concentrations.
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CHAPTER 4. DISCUSSION

4.1 Increases in biomass

Percent biomass increases from current atmospheric CO, concentration (395 ppm)
from the modeled hyperbolic response curve were plotted against the average percent
biomass increase curves for 23 herbaceous species taken from Hunt et al. (1991, 1993)
and the results of 24 previous studies (Table A2) on five different root crops (Figure 9).
When comparing this study’s modeled and observed above-ground biomass results at
slightly elevated CO, concentrations (e.g., 450-750) to previous studies on root crops,
similar increases to above-ground biomass in sweet potato are seen (b of Figure 7A), but
lower responses than studies on sugar beet, radish, and potato (a, c, d of Figure 7A).
Sweet potato above-ground biomass was 5.9 to 13.2 percent less responsive than modeled
results of 23 herbacous species (Hunt et al., 1991, 1993) grown under SECC from 600 to
1520 ppm, respectively (Figure 7A). This decreased response in sweet potato above-
ground material may be due to late leaf senescence during storage root bulking stage
(McLaurin and Kays, 1993; Bourke, 1983). However, this is commonly seen in Solanum
tuberosum (White potato) at the end of the growing cycle as well (Kolbe and Stephan-
Beckmann, 1997a, b) and sweet potato above-ground biomass was less responsive in

comparison to white potato (d Figure 7A).

When comparing the modeled storage root biomass results at SECC to previous
studies on root crops, similar increases to sugar beet, sweet potato, carrot, and white
potato were observed (a,b,d,e of Figure 7B), but responses were lower than those
produced by radish (c of Figure 7B). Our results suggest sweet potato below-ground
biomass was 22.8 to 62.7 percent more responsive than modeled results of 23 herbacous
species (Hunt et al., 1991, 1993) grown under SECC from 600 to 1520 ppm, respectively
(Figure 7B). Plant responses to elevated CO, have been shown to be species specific
(Korner, 2000; Jablonski et al., 2002), but a general response of increased root biomass
and root to shoot ratios (R:S) have been observed in previous studies (Madhu and
Hatfield, 2013; ldso, 1988). This increase in R:S has been shown to increase 34.9% in
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sweet potato (Cure, 1985) where most other species R:S ratio ranges from an 8.5%
decrease to a 6.4% increase (Madhu and Hatfield, 2013). Rogers and colleagues (1996)
reviewed 264 observations from 62 reports of plants grown under SECC indicating 59.5
percent had increased R:S, 37.5 percent had decreased R:S, and 3.0 percent showed no
response. Root crops have large below-ground storage organs (e.g., tubers, rhizomes,
true roots, etc.) and have been shown to act as a carbon sink when grown under elevated
CO; (Overdieck et al., 1988; Miglietta et al., 2000; Hogy and Fangmeier 2009b) which
could explain the enhanced response when compared to herbaceous species. On average
there was a 62 percent increase in R:S ratio when compared to plants grown under
ambient concentrations and a large portion of the net increase (40% of the above-ground
and 47% of the storage root biomass) occurred above 700 ppm, approximately the
average atmospheric CO, level expected by the year 2100 (IPCC, 2001). These results
suggest that CO, fertilization will continue to supplement storage root biomass of sweet
potato grown under VECC due to increased R:S ratios and utilization of the below

ground storage organ as a carbon sink.

Only seven, non two-point experiments, of the 24 previous root crop studies could
be extrapolated using the hyperbolic model, and only one where plants were grown at
elevated concentrations greater than 750 ppm (Schubert and Jahren, 2011). Schubert and
Jahren (2011) grew Raphaus sativus (common radish) at CO, concentrations up to 1791
ppm and had similar b values (responsiveness: See section 2.3) compared to this study.
The studies that grew plants at SECC included two growing sweet potato and four
growing white poatato. Storage root modeled projections for sweet potato and white
potato averaged 50.0% and 45.8% increases at 1520 ppm, respectively (Table 5). Only
one study, Bhattachrya et al. (1999), resulted in similar b-values to this study for the
storage root biomass, all others were much greater (Table 5). Therefore, using the
hyperbolic model on SECC data may underestimate the fertilization response of below-
ground biomass of crops grown at VECC.
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Figure 9: Projected percent biomass increase for above-ground and storage root dry
biomass (open diamonds) of sweet potato across atmospheric CO, concentrations
estimated for the next 150 years (353-1515 ppm) compared with previous results on root
crops (Shaded bars; a. Beta vulgaris, sugar beet; b. Ipomoea batatas Lam., sweet potato;
c. Raphanus sativus, radish; d. Solanum tuberosum, potato; e. Daucus carota, carrot) and
the percent increase of 23 responsive (b<1) herbaceous species, using the hyperbolic
model results from Hunt et al. 1991, 1993. Open diamonds (this study) and closed
diamonds (Hunt et al. 1991, 1993) mark the CO, concentrations plants were grown under
with the dashed line representing extrapolated data from Hunt et al. 1991, 1993. Shaded
bars represent the average percent increase calculated for each root crop (y-axis) with the
range of CO, concentrations the crop was grown under (x-axis).
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Table 5
Model results of non two-point studies with projected percent increases calculated from
extrapolation of hyperbolic model for crops grown to CO, concentrations up to 1520

ppm.

Percent increase from Ambient® % Net

Model Results at each CO, concentration (ppm) increase
a b r 600 760 1140 1520 at high
CO,
Sweet Potato
This Study
Above 3.78 .16 .99 116 161 217 24.4 52.5
Below 513 .09 .99 375 554 80.3 93.8 60.0
Bhattacharya et al. (1990)
Above 340 .25 .99 6.2 8.5 11.3 12.6 50.7
Below 495 .09 .84 322 469 66.9 77.6 58.5
Biswas et al. (1996)
Above 435 .18 .60 1397 195 264 29.8 53.1
Below 435 .22 51 16.42 159 21.3 24.0 31.6
Potato
Donnelly et al. (2001)
Above 6.99 .30 .99 221 312 428 48.7 54.6
Below 837 .34 .964 29.1 4168 58 66.4 56.2
Conn and Cochran (2006)
Above n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Below 8.79 .52 .95 21 29.5 40.3 45.6 53.9
Miglietta et al. (1998)
Above n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Below 572 .22 .85 195 276 377 42.8 54.4
Heagle et al. (2003)
Above ? 409 58 .99 40 54 71 7.9 49.4
Below? 7.80 .38 97 222 314 429 48.8 54.5
Above® 454 54 81 5.2 7.1 94 10.5 50.5
Below? 790 .70 .99 123 17.0 2238 25.5 51.8
Radish
Schubert and Jahren (2011)
Above 589 .23 .88 201 285 389 44.2 54.5
Below 6.18 .07 .82 64.2 100.2 156.0 189.1 66.0
23 Herbaceous Species
Hunt et al. (1991, 1993)
Above 6.97 .38 - 175 245 333 37.6 53.5
Below 6.40 .38 - 147 205 276 31.1 52.7

Percent changes were calculated as increases from 395ppm.
Two different cultivars were recorded for this study and modeled separately.
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4.2 Elevated CO, on nutrient concentrations

Increased rates of photosynthesis, WUE, and NUE on plants grown at elevated
CO; concentrations not only alter biomass, but also change the plants elemental
composition. The majority of studies looking at these effects have focused on the foliar
portion of crops, or the seed or grain of major global crops and resulted in increased
carbohydrate concentration and decreased protein and mineral concentration (Seneweer
and Conroy, 1997; Fangmeier et al., 1999; Prior et al., 1998). Loladze (2002) reviewed
25 studies that looked at changes in mineral concentration of plants grown under slightly
elevated (twice ambient) CO, concentrations. He found average percent decreases in N,
P, K, Ca, S, Mg, Fe, Zn, Mn, and Cu for all foliar plants, and decreases for all minerals
except K (.86% increase) and Cu (no data) for wheat showing the same trends found for
wheat mineral concentration in another study (Hogy et al., 2009a). Studies focused on the
storage organs of root crops are primarily focused on S. tuberosum (white potato) and
show similar decreasing mineral concentration trends when grown under slightly elevated
CO; concentrations (Table 6) (Fangemeier, 2002; Heagle, 2003; Hogy and Fangmeier,
2009b) Decreases in mineral concentration has been shown to be a result of dilution from
greater incorporation of carbon-rich molecules (i.e., carbohydrates) instead of mineral
incorporation (Porter et al., 1997; Fangmeier et al., 1997) and some minerals may also
show decreased uptake due to lower transpiration under SECC (23% on average Kimball
et al., 2002; Cure and Acock, 1986; Rogers and Dahlman, 1993) resulting in partial
stomatal closure and lower rates of mass flow (Conroy and Hockling, 1993; Conn and
Cochran, 2006). This study was the first of its kind to look at the changes in nutrient

concentration from VECC on sweet potato storage roots.
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Table 6
Percent change in Mineral Concentration for a doubling of ambient CO, concentration taken from this study as well as other
studies looking at CO, on mineral concentration.

Sweet Potato White Potato White Potato Foliar Wheat Grain Wheat
Hogy and
Fangmeier Heagle et al., Hogy et al.,
This Study (2009hb) (2003) Loladze (2002) (2009a)
% Nitrogen -32.02 n.a. -20.71 -15.54 -19.77 n.a.
% Phosphorus -23.33 5.60 -3.39 -7.82 -2.34 -0.20
% K -9.65 -3.20 2.17 -9.87 1.64 1.00
% Mg -18.18 -1.20 2.08 -9.87 -10.88 1.30
% Ca -40.00 -6.10 -4.12 -7.84 -14.84 -1.10
%S -33.33 1.00 n.a. -1.88 -19.77 -1.60
% Na -19.47 n.a. n.a. n.a. n.a. -4.10
Fe ppm -40.78 4.80 -1.37 -0.93 -15.32 -3.40
Mn ppm -66.67 0.07 0.24 -0.48 -6.74 -3.40
B ppm -20.00 -6.40 n.a. n.a n.a n.a
Cu ppm 6.67 n.a. 7.08 -14.54 0.00 -2.80
Zn ppm -19.05 -22.80 -10.13 -12.50 -20.74 -0.60
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4.3. Nutrient density scores and total storage root nutrients available

Although there are increases in TNA for proteins and a number of minerals, the
decreasing NDS suggest that it will be necessary to eat larger amounts of storage roots to
get the same %DV of proteins and minerals, while getting an excess amount of
carbohydrates and sugars. This trend could impact the approach to a balanced diet in an

elevated CO, world with most of the nutrient changes happening under SECC.

4.4 Organic vs. conventional responses

All previously discussed results were for sweet potato grown in conventional
fertilizer amendments. To compare the influence of nutrient availability, sweet potato
plants were also grown under organic fertilizer amendments and biomass and nutrient
responses were analyzed. Similar to the conventional amendment, chemical analyses
suggest that the increased biomass may be nutrient depleted in organic amended soils.
Significant (P < 0.05) increases in carbohydrates (2.0%) and decreases in protein (-
28.6%) and phosphorus (-11.3%) concentrations were found in the organic treatments.
The conventional amendments resulted in significant decreases in magnesium (-25.8%)
and decreasing trends (P < 0.1) were also found for calcium (-46.7%), sodium (-18.4%),

iron (-42.1%) and manganese (-70.8%) that weren’t found in the organic treatments.

Organic amendments showed similar response to elevated CO, in above-ground
dry biomass, but were less responsive for storage root dry biomass (Figure 10). The
impact of amendment type may be due to the immediate access plants have to nutrients
and its impact on plant growth. Conventionally bound nutrients, especially N, are readily
available and much more soluble, whereas organically bound nutrients interact with soil
microbes in the soil to convert organically bound N to forms available to plants in the
form of nitrate (NO3).

Both above-ground and storage root dry biomass hyperbolic response curves for

the organic treatment resulted in weaker correlations to the observed values, as shown by

their lower R? values (Table 7). These weaker correlations are primarily due to the large
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residual caused by the data point at CO, concentration 763 ppm. The 763 ppm treatment
had a lower amount of fine root allocation by 40 percent in comparison to all other
organic CO, treatments. Increased fine root allocation is often associated with a plant
looking to tap new sources of nutrients through absorption by increasing its surface area
(Tester and Leigh, 2001). It also had a greater response in storage root allocation (13%)
and decreased response in above-ground material (-20%) in comparison to the VECC.
One possibility is that organic plants grown in the SECC were further along in the final
phase of sweet potato development. The final phase includes rapid rates of storage root
bulking, reduced growth of vines and fine root material, and senescing leaf material
(Lebot, 2004). This may explain why storage roots observations were much greater than
the plants grown in VECC and above-ground material was less than the plants grown
under VECC. However, no evidence suggests that plants grown under SECC mature
more rapidly than plants grown under VECC and conventional amended treatments
showed no similar response. The dramatically enhanced performance of conventionally
(i.e., synthetic) over organically (i.e., manure-based) fertilized plants suggests that
optimal nutrient availability will be crucial for support of enhanced crop production at

elevated pCO..
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Figure 10. Organic (grey) vs. conventional (black) above-ground and storage root
biomass response curves and observations with error bars representing + one standard
deviation.
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Table 7.

Biomass and hyperbolic model results of Sweet potato grown under VECC for both organic and conventional fertilizer
amendments. Concentrations with different capital letters are considered statistically different based on Tukey pairwise
comparisons.

Model Results

Ambient 763 ppm 1108 ppm 1515 ppm a b R

Conventional

Leaves 157+2.6 20.3+4.4 205+3.3 21.2+3.1 3.12 0.09 0.99
A AB AB B

Stems 16.1+2.0 19.3+238 19.3+2.6 204+2.3 3.05 0.12 0.97
A AB AB B

Total Above 31.8+4.2 39.6+£6.8 39.8+5.9 416+5.3 3.78 0.16 0.98
A B B B

Storage Root 61.8+6.7 120.6 + 9.6 122.7+15.2 1349+ 18.0 5.13 0.09 0.97
A B B B

Fine Root 35+24 38+22 3.7+£1.6 46+4.0 - - -
A A A A

Total Plant 97.1+3.7 164.0+ 4.0 166.2 + 10.6 181.1+10.4 5.37 0.13 0.98

Organic

Leaves 14.7+1.7 17.3+1.9 21.1+43 21.8+4.1 3.13 0.07 0.89
A AB BC C

Stems 13.6+2.4 148+1.6 179+ 3.6 18.8+4.1 2.94 0.08 0.79
A AB B B

Total Above 28.4+3.9 321+32 400+ 7.7 40.6 £8.2 3.73 0.12 0.85
A AB BC C

Storage Root 53.3+13.9 100.3x11.4 86.2 +22.3 91.0+£235 4.7 0.11 0.79
A B B B

Fine Root 7271 47+3.1 82+6.4 8.2+6.2 - - -
A A A A

Total Plant 889+7.1 137.0+7.7 133.4+12.8 139.8 +10.2 5.09 0.16 0.95
A B B B
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CHAPTER 5. CONCLUSION

This experiment showed that sweet potato biomass and nutrient concentrations
under SECC responded similarly to previous studies on a wide range of crop and non-
crop species. However, sweet potato grown under VECC projected for the next 150 years
showed continued storage root biomass fertilization. Fitting the hyperbolic model to other
root-crop species grown under SECC resulted in high r values, but generally had lower b-
values, suggesting that in order to get accurate projections crops should be grown in
VECC instead of using extrapolation. Although crop production under VECC could see
increases in biomass production, changes to nutrition could raise a new set of concerns in
a high CO, world. Decreasing concentrations of protein and minerals in sweet potato
grown under elevated CO; lower nutrient density scores but most of the nutritional
changes occur in plants grown under SECC. Decreasing NDS will impact developing
countries more severely because they have less access to different types of foods and
often eat seasonal crops. Therefore, small decreases in proteins and minerals would
increase rates of malnourishment and diet related illnesses in areas of the world that are
already suffering from malnourishment and will be most affected by future climate
change. If nutrient changes can be managed fertilization response under VECC levels
could improve crop production in some of the poorest nations of the world, providing that
nutrient (i.e., nitrogen, phosphorus, potassium, etc.) and water resources are sufficient

and sustainable.
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Table Al

APPENDIX

Methods used in determining nutritive concentration and their respective human and plant benefits

What Was How Plants Use It How Humans Use It Method Used to
Analyzed Analyze
e Used in growth, development and e Proteins provide essential amino acids
Protein reproduction by providing carbon, nitrogen, which each have a specialized function AOAC 992.15
and sulfur resources. in the human body. Of the 20 amino
acids that exist, 9 must be obtained
through diet.
Fat e Commonly found in seeds and used as a dense e Provides energy, protects organs, and AOAC 922.06
source of energy for plants. allows the body to absorb necessary
nutrients such as vitamins A, D, E, and K
Ash (Mineral e Plants need a number of different minerals for e Humans need a number of minerals for AOAC 900.02
L.O.l) growth, maintenance, and reproduction. proper bodily functions.
Carbohydrates e Plants use carbohydrates for energy or as e Carbohydrates provide energy for Calculation
building blocks to make more complex working muscles, fuel for the central
molecules. nervous system, enable fat metabolism,
and prevent protein from being used as
energy.
Calories o Calories provide energy to a plant because e Calories are a measurement of the energy 21 CFR Part
they are directly related to the amount of fat, given off by the concentration of fat, 101.9

Total Sugars

protein, and carbohydrate concentrations.

e Sugars are essential in providing energy to
plants during respiration and can be used to
create more complex molecules essential to
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protein, and carbohydrates in a given
food.

The main sugars in fruits and vegetables
are glucose, fructose, and sucrose, which
play an essential role in cellular energy

(Calculation)

AOAC 982.14
HPLC/RI-Hot
water extraction



Insoluble
Fiber

Soluble Fiber

Nitrogen

Phosphorus

Potassium

Magnesium

plant functions.

Insoluble fiber is primarily made up of
cellulose, hemicellulose and lignin. These are
used primarily in growth to support structural
integrity of cell walls.

Soluble fiber is made up of water-soluble
saccharides which function as long-term
storage sources of sugars, and therefore
energy.

Nitrogen is a part of all living cells and is a
necessary part of all proteins, enzymes and
metabolic processes involved in the synthesis
and transfer of energy.

Phosphorus is an essential part of the process
of photosynthesis.

Potassium aids in the building of protein,
photosynthesis, fruit quality and reduction of
diseases.

Magnesium is part of the chlorophyll in all
green plants and essential for photosynthesis
and also helps activate many plant enzymes
needed for growth.
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in our body.

Both sources of fiber increase food
volume without increasing caloric intake
and aid in digestion.

Insoluble fiber regulates blood sugar,
lowering risk in diabetes and can add
bulk to the stool, alleviating constipation.

Soluble fiber can lower the LDL
Cholesterol and the absorption of
glucose into the blood stream lowering
risk to cardiovascular disease and helps
stabilize blood sugar levels.

Nitrogen is the building block for amino
acids, which are the building blocks of
proteins, and are essential for human
nutrition.

The main function of phosphorus is in
the formation of bones and teeth. It also
helps with kidney function, muscle
contractions, normal heartbeat, and nerve
signaling.

Your body needs potassium to build
proteins, break down and use
carbohydrates, and control the electrical
activity of the heart.

Magnesium helps in the contraction and
relaxation of muscles, function of certain
enzymes in the body, production and
transport of energy, and production of

AOAC 991.43

AOAC 991.43

ICP-AES

ICP-AES

ICP-AES

ICP-AES



Calcium

Sulfur

Sodium

Iron

Manganese

Boron

Copper

Calcium is an essential part of plant cell wall
structure and provides for normal transport
and retention of other elements in the plant.

Sulfur is essential for the production of
protein and improves root growth and seed
production.

Sodium is generally a toxin for most plants,
inhibiting growth, but is also a desirable way
to build osmotic potential and aid in water
uptake.

Essential for formation of chlorophyll.

Functions with enzyme systems involved in
breakdown of carbohydrates, and nitrogen
metabolism.

Aids in the use of nutrients and regulation of
other nutrients and is essential for seed and
fruit development.

Important for reproductive growth.
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protein.

Calcium aids in building strong bones
and teeth, clotting blood, sending and

receiving nerve signals, squeezing and
relaxing muscles, releasing hormones,
and keeping a normal heartbeat.

Sulfur is essential for building of
numerous amino acids, which are
essential in human nutrition.

The body uses sodium to control blood
pressure and blood volume. Sodium is
also needed for your muscles and nerves
to work properly.

The human body needs iron to make the
oxygen-carrying proteins hemoglobin
and myoglobin. Hemoglobin is found in
red blood cells and myoglobin is found
in muscles.

Essential for enzymes needed in the use
of biotin, B-1, and vitamin C. It also
helps with metabolization of proteins and
digestion.

Boron has been found to help bones
utilize calcium and help regulate the
magnesium and phosphorus balance in
the body.

Copper works with iron to help the body
form red blood cells. It also helps keep

ICP-AES

ICP-AES

ICP-AES

ICP-AES

ICP-AES

ICP-AES

ICP-AES



Zinc

Essential for the transformation of
carbohydrates and is part of the enzyme
systems which regulate plant growth.

the blood vessels, nerves, immune
system, and bones healthy.

Zinc is needed for the body's defensive ICP-AES
(immune) system to properly work and

plays a role in cell division, cell growth,

wound healing, and the breakdown of

carbohydrates.
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Table A2

Previous literature results for other root crop species with both above and below ground
biomass response.

Common Biomass Control CO,  Elevated CO, % Biomass
Species Name Part (ppmv) (ppmv) Change Reference
Beta vulgaris sugar beet AG 332 725 49 Ziska et al. 1995
Beta vulgaris sugar beet AG 332 725 153 Ziska et al. 1995
Beta vulgaris sugar beet AG 332 725 28 Ziska et al. 1995
Beta vulgaris sugar beet AG 375 550 -11 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 5 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 32 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 20 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 Mandersched et al, 2010
Beta vulgaris sugar beet AG 375 550 21 Mandersched et al, 2010
Ipomoea batatas sweet potato AG 364 438 6 (Bhattacharya et al., 1990)
Ipomoea batatas sweet potato AG 364 666 9 (Bhattacharya et al., 1990)
Ipomoea batatas sweet potato AG 354 431 22 (Biswas et al., 1996)
Ipomoea batatas sweet potato AG 354 506 23 (Biswas et al., 1996)
Ipomoea batatas sweet potato AG 354 659 12 (Biswas et al., 1996)
Ipomoea batatas sweet potato AG 361 438 -15 (Biswas et al., 1996)
Ipomoea batatas sweet potato AG 361 514 -2 (Biswas et al., 1996)
Ipomoea batatas sweet potato AG 361 665 19 (Biswas et al., 1996)
Raphanus sativus radish AG 386 761 7 (Barnes and Pfirrmann, 1992)
Raphanus sativus radish AG 330 600 25 (Chu et al., 1992)
Raphanus sativus radish AG 350 700 8 (Wong, 1993)
Raphanus sativus radish AG 350 700 52 (Wong, 1993)
Raphanus sativus radish AG 350 650 22 (Overdieck et al., 1988)
Raphanus sativus radish AG 300 700 39.6 Romanova et al, 2002
Solanum tuberosum potato AG 398 543 23 (Donnelly et al., 2001)
Solanum tuberosum potato AG 398 694 28 (Donnelly et al., 2001)
Solanum tuberosum potato AG 360 900 17 Tao (2010)
Solanum tuberosum potato AG 360 900 48 Tao (2010)
Beta vulgaris sugar beet BG 332 775 29 Ziska et al. 1995
Beta vulgaris sugar beet BG 332 775 178 Ziska et al. 1995
Beta vulgaris sugar beet BG 332 775 87 Ziska et al. 1995
Beta vulgaris sugar beet BG 375 550 14 Mandersched et al, 2010
Beta vulgaris sugar beet BG 375 550 10 Mandersched et al, 2010
Beta vulgaris sugar beet BG 375 550 17 Mandersched et al, 2010
Beta vulgaris sugar beet BG 375 550 8 Mandersched et al, 2010
Beta vulgaris sugar beet BG 375 550 36 Mandersched et al, 2010
Beta vulgaris sugar beet BG 375 550 18 Mandersched et al, 2010
Beta vulgaris sugar beet BG 378 668 26 (Demmers-Derks et al., 1998)
Daucus carota carrot BG 348 551 31 (Wheeler et al., 1994)
Daucus carota carrot BG 348 551 80 (Wheeler et al., 1994)
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Ipomoea batatas sweet potato BG 364 438 63 (Bhattacharya et al., 1990)
Ipomoea batatas sweet potato BG 364 666 40 (Bhattacharya et al., 1990)
Ipomoea batatas sweet potato BG 361 438 26 (Biswas et al., 1996)
Ipomoea batatas sweet potato BG 361 514 43 (Biswas et al., 1996)
Ipomoea batatas sweet potato BG 361 665 69 (Biswas et al., 1996)
Raphanus sativus radish BG 350 650 70 (Jablonski, 1997)
Raphanus sativus radish BG 330 600 40 (Chu et al., 1992)
Raphanus sativus radish BG 386 761 43 (Barnes and Pfirrmann, 1992)
Raphanus sativus radish BG 350 700 289 (Wong, 1993)
Raphanus sativus radish BG 350 700 113 (Wong, 1993)
Raphanus sativus radish BG 350 650 78 (Overdieck et al., 1988)
Solanum tuberosum potato BG 360 900 107 Tao (2010)
Solanum tuberosum potato BG 360 900 142 Tao (2010)
Solanum curtilobum potato BG 360 720 85 olivo (2002)
Solanum tuberosum potato BG 360 720 40 olivo (2002)
Solanum tuberosum potato BG 365 550 34 Magliulo
Solanum tuberosum potato BG 365 550 53 Magliulo
Solanum tuberosum potato BG 400 1000 100 Ludewig et al. (1998)
Solanum tuberosum potato BG 400 720 25 Katny et al. (2005)
Solanum tuberosum potato BG 350 750 27 Schapendonk et al., 2000
Solanum tuberosum potato BG 350 750 49 Schapendonk et al., 2000
Solanum tuberosum potato BG 350 700 33 (Chen et al., 2003)
Solanum tuberosum potato BG 380 550 6 (Hogy and Fangmeier, 2009)
Solanum tuberosum potato BG 370 715 29 (Heagle et al., 2003)
Solanum tuberosum potato BG 370 540 20 (Heagle et al., 2003)
Solanum tuberosum potato BG 370 715 22 (Heagle et al., 2003)
Solanum tuberosum potato BG 398 543 26 (Donnelly et al., 2001)
Solanum tuberosum potato BG 398 694 41 (Donnelly et al., 2001)
Solanum tuberosum potato BG 369 543 20 (Conn and Cochran, 2006)
Solanum tuberosum potato BG 369 707 36 (Conn and Cochran, 2006)

Barnes, J.D., Pfirrmann, T., 1992. The influence of CO, and Ogs singly and in
combination, on gas exchange, growth and nutrient status of radish (Raphanus
sativus L.). New Phytol. 121, 403-412.
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Table A3
Pre incubation soil fertility measurements taken before the addition of organic and conventional fertilizers. All samples
processed at the Agricultural Diagnostics Service Center at the University of Hawaii at Manoa.

mmbhos/cm Parts per million Percent mg/dm®
pH EC P K Ca Mg N TC Mn Fe Cu Zn
Mollisol #1 6.6 042 470 840 2726 1551 009 1.2 267 23 7.7 86
Mollisol #2 6.7 042 535 844 2732 1572 013 1.2 222 23 72 84
Mollisol #3 6.6 042 553 834 2752 1554 015 1.2 219 24 70 84
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Table A4.
Steer manure compost elemental composition used in calculation of applicable rates to amend into soils. All samples were

processed at the Agricultural Diagnostics Service Center at the University of Hawaii at Manoa.

Percent Part per million
N C P K Ca Mg Na Fe Mn Zn Cu B
Compost #1 1.09 1928 041 226 233 074 051 10841 410 58 25 49
Compost #2 125 1979 049 244 221 082 0.56 8701 251 78 28 51
Compost #3 112 1897 051 256 217 0.86 0.58 8176 258 83 29 57
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Table A5

Post incubation soil fertility measurements taken after the addition of organic and conventional fertilizers. All samples
processed at the Agricultural Diagnostics Service Center at the University of Hawaii at Manoa.

mmhos/cm ppm mg/dm?
CO; (ppm)  Ammendment pH EC P K Ca Mg N TC Mn Fe Cu Zn
352 Organic 7 0.76 568 656 1953 895 009 14 244 20 83 85
763 Organic 7 0.77 625 666 1959 895 028 14 258 20 83 83
1108 Organic 7 0.75 659 664 1933 898 036 14 255 18 82 82
1515 Organic 7 0.7 663 655 1957 895 018 15 250 20 84 93
352 Conventional 6.6 0.68 551 512 1802 893 014 12 258 18 81 738
763 Conventional 6.6 0.68 592 515 1809 890 019 12 265 18 82 82
1108 Conventional 6.5 0.68 647 508 1847 873 008 12 258 19 8 7.9
1515 Conventional 6.5 0.67 551 507 1829 886 028 12 245 19 81 87
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Table A6

Post experiment soil fertility measurements taken as the average of the three replicates per treatment. The soils were collected

from the same plants that were used in nutrient analysis. All soil measurements were taken at Midwest Laboratories.

Neutral Ammonium Acetate

Phosphorus (Exchangeable) % Base Saturation (Computed) DTPA Extraction
oM
(Lon p1? p2° Olsen® K Mg Ca Na pH CEC K Mg Ca Na Nitrate-N (FIA) S Zn Mn Fe Cu B
megq/

Fertilizer Cco2 % ppm ppm 100g % ppm Ibs/A ppm
Conventional 352 3.6 64 132 128 499 1187 2183 307 6.6 249 5.1 40 44 53 12 22 112 11 31 47 3.3 1.2
Conventional 763 3.6 56 123 113 504 1238 2238 289 6.7 24.6 53 42 46 5.1 13 24 97 11 33 41 35 1.2
Conventional 1108 3.6 56 132 131 519 1335 2399 305 6.7 25.8 5.2 43 47 5.1 11 20 103 11 35 40 35 1.2
Conventional 1515 3.6 68 121 127 436 1195 2185 286 6.7 242 4.6 41 45 5.1 12 22 102 11 34 39 3.4 11
Organic 352 3.7 56 133 122 779 1213 2248 316 6.9 24.7 8.1 41 46 5.6 28 51 92 11 30 38 3.4 1.4
Organic 763 3.8 59 118 125 717 1205 2237 314 6.9 24.4 75 41 46 5.6 21 37 91 11 30 38 33 14
Organic 1108 3.7 62 139 127 692 1234 2340 315 7.0 251 7.1 41 47 5.4 22 40 102 12 33 38 34 13
Organic 1515 3.8 67 145 133 667 1210 2305 310 6.9 247 6.9 41 47 5.5 24 44 100 12 33 39 35 13

@ Weak Bray (1:7)
® Strong Bray (1:7)
¢Bicarbobate P
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Table A7
Weeks 1-3 stem length, leaf number and leaf area measurements for ambient chamber.

Week 1 Week 2 Week 3

Stem Leaf Stem Leaf Stem Leaf

Pot Length  # of Area Length  # of Area Length  # of Area
# CO, Fertilizer  (cm) Leaves (cm?)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 Ambient Inorganic 11 6 - 24.5 15 - 935 27 34.7

2 Ambient Inorganic 11.5 4 - 22 13 - 69.5 21 26.0

3 Ambient Inorganic 9.5 5 - 49 23 - 152.5 43 29.5

4  Ambient Inorganic 14.5 6 - 40 27 - 166 44 29.5

5 Ambient Inorganic 14 7 - 31 16 - 82 27 33.0

6 Ambient Inorganic 9.5 7 - 39.5 19 - 171.5 42 34.7

7 Ambient Inorganic 12.5 5 - 49 19 - 224 46 34.7

8 Ambient Inorganic 10.5 6 - 48.5 22 - 187 41 29.5

9 Ambient Organic 115 9 - 47.5 28 - 189 48 27.8

10 Ambient Organic 105 5 - 24.5 14 - 715 22 31.2
11 Ambient Organic 9 5 - 35.5 24 - 180.5 49 31.2
12 Ambient Organic 125 8 - 43 25 - 118 38 29.5
13 Ambient Organic 9.5 6 - 23 17 - 1135 34 33.0
14  Ambient Organic 12 3 - 30 13 - 122 31 27.8
15 Ambient Organic 115 6 - 34 16 - 117.5 35 34.7
16 Ambient Organic 12 6 - 43.5 18 - 1685 45 33.0
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Table A8
Weeks 4-6 stem length, leaf number and leaf area measurements for ambient chamber

Week 4 Week 5 Week 6

Stem Leaf Stem Leaf Stem Leaf

Pot Length  # of Area Length  # of Area Length  #of Area
# CO, Fertilizer (cm) Leaves (cm?)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 Ambient Inorganic 293 49 34.7 488 103 33.0 439 112 29.5

2 Ambient Inorganic 248 40 31.2 521 99 31.2 531.5 107 33.0

3 Ambient Inorganic  265.5 58 31.2 353 83 31.2 406 96 24.3

4 Ambient Inorganic 353 60 31.2 450 108 36.5 508 114 31.2

5 Ambient Inorganic 180 41 34.7 261 71 29.5 2185 77 29.5

6 Ambient Inorganic  328.5 56 36.5 403.5 98 33.0 441 110 31.2

7 Ambient Inorganic  408.5 67 34.7 5185 104 34.7 595 109 26.0

8 Ambient Inorganic 293 56 31.2 397 82 31.2 414 91 27.8

9 Ambient Organic 264 58 31.2 390.5 82 26.0 468 98 22.6

10 Ambient Organic 266 48 31.2 384.5 75 34.7 415.5 89 26.0
11  Ambient Organic 240 56 34.7 378.5 98 31.2 411 108 20.8
12 Ambient Organic ~ 205.5 44 27.8 285 73 24.3 319 85 26.0
13 Ambient Organic 200 45 34.7 409.5 78 29.5 473.5 91 27.8
14 Ambient Organic  166.5 44 27.8 399.5 86 31.2 472.25 100 26.0
15 Ambient Organic 188 45 34.7 3125 88 34.7 442 113 36.5
16 Ambient Organic 182 50 33.0 321 89 33.0 359 92 27.8
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Table A9
Weeks 8-12 stem length, leaf number and leaf area measurements for ambient chamber

Week 8 Week 10 Week 12

Stem Leaf Stem Leaf Stem Leaf

Pot Length  # of Area Length  # of Area Length  # of Area
#  CO, Fertilizer  (cm) Leaves (cm®)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 Ambient Inorganic 680 151 29.5 822 152 24.3 734 140 29.5

2 Ambient Inorganic 789 164 33.0 1105 176 24.3 1119 168 27.8

3 Ambient Inorganic 624 139 26.0 867 212 38.2 972 199 24.3

4 Ambient Inorganic 633 148 31.2 942 211 36.5 1017 185 27.8

5 Ambient Inorganic 550 139 36.5 778 203 34.7 892 198 27.8

6 Ambient Inorganic 579 178 31.2 931.5 210 34.7 1069 218 31.2

7 Ambient Inorganic 813 172 27.8 1072 185 24.3 1173 199 34.7

8 Ambient Inorganic  597.5 148 33.0 879 204 34.7 954 180 27.8

9 Ambient Organic 754 128 27.8 1116 173 34.7 1053 192 27.8

10 Ambient Organic 609 143 26.0 746 188 26.0 870 182 24.3
11 Ambient Organic 596 179 31.2 842.5 204 31.2 1033 209 20.8
12 Ambient Organic 510 142 26.0 716 186 27.8 869 212 27.8
13 Ambient Organic 660 164 33.0 785 198 31.2 783 172 29.5
14 Ambient Organic 654 167 34.7 862 209 27.8 1036 201 26.0
15 Ambient Organic 620 163 39.9 798 220 38.2 1153 214 27.8
16 Ambient Organic 557 158 29.5 791 192 27.8 874 188 24.3
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Table A10
Weeks 1-3 stem length, leaf number and leaf area measurements for 763 ppm chamber.

Week 1 Week 2 Week 3
Pot CO, Fertilizer Stem # of Leaf Stem # of Leaf Stem # of Leaf
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Length Leaves Area Length Leaves Area Length Leaves Area

(cm) (cm’) _ (cm) (cm’) _ (cm) (cm?)
1 763 ppm Inorganic 12 7 - 48 30 - 2465 45 33.0
2 763 ppm Inorganic 14 8 - 46 22 - 176 36 34.7
3 763 ppm Inorganic 18.5 7 - 735 32 - 217 48 33.0
4 763 ppm Inorganic  15.5 8 - 83.5 29 - 213 38 27.8
5 763 ppm Inorganic 18.5 8 - 84 32 - 171 34 27.8
6 763 ppm Inorganic 12 7 - 59 27 - 263 47 29.5
7 763 ppm Inorganic  12.5 5 - 70 24 - 214 32 38.2
8 763 ppm Inorganic 15 7 - 49.5 34 - 268 43 31.2
9 763 ppm Organic 125 5 - 43 27 - 189.5 30 27.8
10 763 ppm Organic 14 5 - 70 28 - 251.5 44 24.3
11 763 ppm Organic 155 5 - 73.5 34 - 226 47 29.5
12 763 ppm Organic 16 6 - 455 26 - 167 31 27.8
13 763 ppm Organic 11 5 - 51 20 - 179.5 45 29.5
14 763 ppm Organic 14 6 - 51 25 - 222 33 29.5
15 763 ppm Organic 14 8 - 95 36 - 264 47 31.2
16 763 ppm Organic 13 8 - 76 39 - 240.5 38 31.2
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Table A1l
Weeks 4-6 stem length, leaf number and leaf area measurements for 763 ppm chamber.

Week 4 Week 5 Week 6
Pot Stem # of Leaf Stem # of Leaf Stem # of Leaf
# CO; Fertilizer Length Leaves Area Length Leaves Area Length Leaves Area
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(cm) (cm?)  (cm) (cm?)  (cm) (cm?)
1 763 ppm Inorganic 337 58 33.0 492.5 103 34.7 637 132 24.3
2 763 ppm Inorganic 229 47 34.7 389 115 36.5 467.5 134 31.2
3 763 ppm Inorganic 276 54 33.0 397 78 34.7 564.5 101 27.8
4 763 ppm Inorganic 272 43 27.8 431 69 34.7 450 91 29.5
5 763 ppm Inorganic 223.5 41 36.5 333 58 31.2 400 99 27.8
6 763 ppm Inorganic 341 56 34.7 555.5 104 38.2 591.5 125 29.5
7 763 ppm Inorganic  325.5 44 31.2 557 90 36.5 583 118 31.2
8 763 ppm Inorganic 373 65 31.2 428 114 33.0 572 120 22.6
9 763 ppm Organic 257 40 31.2 416.5 86 34.7 458 122 29.5
10 763 ppm Organic 272.5 49 24.3 391 81 34.7 410 98 26.0
11 763 ppm Organic 246 51 31.2 388 79 33.0 470 106 33.0
12 763 ppm Organic 192 47 31.2 375.5 88 34.7 456 96 24.3
13 763 ppm Organic 208 53 24.3 387 75 34.7 463 102 24.3
14 763 ppm Organic 253.5 47 27.8 367 70 34.7 421.5 93 26.0
15 763 ppm Organic 273 56 27.8 378 84 33.0 285.5 109 27.8
16 763 ppm Organic 285 45 31.2 385 84 33.0 431.5 99 27.8
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Table A12
Weeks 8-12 stem length, leaf number and leaf area measurements for 763 ppm chamber.

Week 8 Week 10 Week 12
Pot CO, Fertilizer Stem # of Leaf Stem # of Leaf Stem # of Leaf
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Length Leaves Area Length Leaves Area Length Leaves Area

(cm) (cm?)  (cm) (cm?)  (cm) (cm?)

1 763 ppm Inorganic 823 187 29.5 992 216 24.3 1096 215 20.8
2 763 ppm Inorganic 593 173 33.0 725 240 38.2 835 222 34.7
3 763 ppm Inorganic 596 132 29.5 691 183 31.2 804 193 27.8
4 763 ppm Inorganic 803 189 33.0 997 206 34.7 1384 219 19.1
5 763 ppm Inorganic 1024 179 29.5 087 216 31.2 1089 192 31.2
6 763 ppm Inorganic 794 202 36.5 1069 231 38.2 1270 207 27.8
7 763 ppm Inorganic 1038 282 38.2 1064 245 41.7 1489 263 34.7
8 763 ppm Inorganic 745 169 34.7 898 229 34.7 1094 215 26.0
9 763 ppm Organic 595 278 31.2 695 248 31.2 900 221 27.8
10 763 ppm Organic 543 165 36.5 825 166 24.3 960 201 24.3
11 763 ppm Organic 597 162 36.5 720 161 27.8 909 194 24.3
12 763 ppm Organic 687 175 36.5 949 212 22.6 1097 238 22.6
13 763 ppm Organic 712 149 29.5 899 198 24.3 972.5 232 33.0
14 763 ppm Organic 582 154 31.2 864.5 186 27.8 993 172 31.2
15 763 ppm Organic 586 164 34.7 576.5 195 27.8 934 211 27.8
16 763 ppm Organic 621 175 33.0 828 183 27.8 960.5 193 22.6
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Table A13
Weeks 1-3 stem length, leaf number and leaf area measurements for 1108 ppm chamber.

Week 1 Week 2 Week 3
Stem Leaf Stem Leaf Stem Leaf
Pot Length  # of Area Length # of Area Length #of Area
#  CO, Fertilizer (cm) Leaves (cm?)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 1108 ppm  Inorganic 10 5 - 32.5 20 - 232 42 34.7
2 1108 ppm  Inorganic 12.5 6 - 63 26 - 159.5 39 38.2
3 1108 ppm  Inorganic 12 4 - 29.5 16 - 104.5 28 29.5
4 1108 ppm  Inorganic 12.5 6 - 50 25 - 176.5 45 34.7
5 1108 ppm  Inorganic 10.5 5 - 36 20 - 1715 45 34.7
6 1108 ppm  Inorganic 11 6 - 96 31 - 279 51 31.2
7 1108 ppm  Inorganic 15.5 6 - 78 34 - 286 59 46.9
8 1108 ppm  Inorganic 15 7 - 75 30 - 263 57 38.2
9 1108 ppm  Organic  16.5 7 - 79 29 - 224 50 43.4
10 1108 ppm  Organic  15.5 9 - 97 40 - 256 59 46.9
11 1108 ppm  Organic 13 6 - 36 21 - 201.5 30 45.1
12 1108 ppm  Organic 9 3 - 42 24 - 185 37 29.5
13 1108 ppm  Organic 12 7 - 46 20 - 118 33 46.9
14 1108 ppm  Organic 12 6 - 53 24 - 1745 43 41.7
15 1108 ppm  Organic 155 6 - 69 37 - 241.5 47 31.2
16 1108 ppm Organic 9 4 - 23 14 - 107 24 31.2
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Table Al4
Weeks 4-6 stem length, leaf number and leaf area measurements for 1108 ppm chamber.

Week 4 Week 5 Week 6
Stem Leaf Stem Leaf Stem Leaf
Pot Length  # of Area Length  # of Area Length  # of Area
#  CO, Fertilizer  (cm) Leaves (cm®)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 1108 ppm  Inorganic 287 69 36.5 592.2 144 33.0 693.5 137 27.8
2 1108 ppm  Inorganic 203.5 46 38.2 468 76 34.7 497 119 26.0
3 1108 ppm  Inorganic 224.5 48 31.2 655.5 118 33.0 655.5 137 34.7
4 1108 ppm  Inorganic 234 62 27.8 426.5 103 29.5 468 96 33.0
5 1108 ppm  Inorganic 217 63 36.5 431 108 34.7 4985 96 31.2
6 1108 ppm  Inorganic 326.5 59 34.7 566 96 36.5 601 105 29.5
7 1108 ppm  Inorganic 336 66 46.9 425 97 31.2 4925 93 24.3
8 1108 ppm  Inorganic 291.5 71 38.2 467 104 33.0 486 96 27.8
9 1108 ppm  Organic 263 55 43.4 276 55 31.2 314 66 29.5
10 1108 ppm  Organic 277 63 27.8 413.5 70 27.8 488 90 31.2
11 1108 ppm  Organic  226.5 44 36.5 271.5 79 29.5 3195 98 34.7
12 1108 ppm  Organic 229 55 34.7 384.5 101 26.0 448.5 128 27.8
13 1108 ppm  Organic 215 50 46.9 330.5 74 33.0 411 96 29.5
14 1108 ppm  Organic 239 52 41.7 470.1 93 31.2 545.6 122 29.5
15 1108 ppm  Organic 261 51 31.2 407.5 89 38.2 469 133 31.2
16 1108 ppm Organic 198 44 36.5 521.8 112 31.2 586.5 136 27.8
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Table A15
Weeks 8-12 stem length, leaf number and leaf area measurements for 1108 ppm chamber.

Week 8 Week 10 Week 12
Stem Leaf Stem Leaf Stem Leaf
Pot Length  # of Area Length  #of Area Length  # of Area
# CO, Fertilizer (cm) Leaves (cm?)  (cm) Leaves (cm?) (cm) Leaves (cm?)
1 1108 ppm Inorganic 844 178 31.2 1149 275 22.6 1114 231 27.8
2 1108 ppm Inorganic 746 149 24.3 668.5 254 24.3 1046 257 27.8
3 1108 ppm Inorganic 1042 165 31.2 1129 252 20.8 1612 253 29.5
4 1108 ppm Inorganic 667 218 31.2 802 225 22.6 950 217 24.3
5 1108 ppm Inorganic 764 165 29.5 1039.5 242 27.8 1170 224 26.0
6 1108 ppm Inorganic 786 194 31.2 997 206 34.7 1137 201 26.0
7 1108 ppm Inorganic 829 202 24.3 898 228 22.6 1029 205 31.2
8 1108 ppm  Inorganic 855 194 26.0 1213 240 31.2 948 220 31.2
9 1108 ppm Organic 576 128 31.2 802 182 27.8 914 181 27.8
10 1108 ppm Organic 547 160 31.2 753 181 24.3 741 197 24.3
11 1108 ppm Organic 629 153 31.2 907.5 197 20.8 1167 205 26.0
12 1108 ppm Organic  673.5 90 24.3 879 201 20.8 9705 212 26.0
13 1108 ppm Organic 560 159 24.3 936 195 31.2 858 216 26.0
14 1108 ppm Organic 897 164 29.5 1028 220 26.0 1379 228 24.3
15 1108 ppm Organic 830 116 27.8 1105 234 24.3 1379 247 20.8
16 1108 ppm Organic 737 197 27.8 906 212 27.8 994 212 27.8

65



Table A16
Weeks 1-3 stem length, leaf number and leaf area measurements for 1515 ppm chamber.

Week 1 Week 2 Week 3
Stem Leaf Stem Leaf Stem Leaf
Pot Length  # of Area Length  # of Area Length  # of Area
#  CO, Fertilizer  (cm) Leaves (cm®)  (cm) Leaves (cm?)  (cm) Leaves (cm?)
1 1515ppm Inorganic 14 7 - 68.5 27 - 397 65 39.9
2 1515ppm Inorganic 155 6 - 45 17 - 102 26 31.2
3 1515ppm  Inorganic 11 5 - 44 24 - 175.5 43 36.5
4 1515ppm  Inorganic 18.5 10 - 111 42 - 351 50 31.2
5 1515ppm  Inorganic 15 8 - 110.5 43 - 350 80 34.7
6 1515ppm  Inorganic 13 7 - 69 31 - 334 80 34.7
7 1515ppm  Inorganic 17 11 - 98 41 - 230 50 34.7
8 1515ppm  Inorganic 20 8 - 81 33 - 285.5 58 34.7
9 1515ppm  Organic 5 7 - 126.5 42 - 310.5 69 31.2
10 1515ppm  Organic 85 5 - 33 23 - 124 33 33.0
11 1515ppm  Organic 15 8 - 61 30 - 188 39 33.0
12 1515ppm  Organic 145 5 - 525 30 - 200.5 42 31.2
13 1515ppm  Organic  13.5 5 - 31 21 - 177.5 31 24.3
14 1515ppm  Organic  16.5 7 - 55 20 - 154 38 38.2
15 1515ppm  Organic 12 8 - 82 40 - 248 41 31.2
16 1515ppm Organic 12 5 - 57.5 27 - 201.5 46 31.2
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Table A17
Weeks 4-6 stem length, leaf number and leaf area measurements for 1515 ppm chamber.

Week 4 Week 5 Week 6
Stem Stem Stem

Pot Length  # of Leaf Length  #of Leaf Length #of Leaf
# CO; Fertilizer (cm) Leaves Area (cm) Leaves Area (cm) Leaves Area
1 1515ppm  Inorganic 465 72 46.9 621 97 38.2 748 157 29.5

2 1515ppm  Inorganic 209.5 44 38.2 433 87 33.0 550 124 27.8

3 1515ppm  Inorganic 251 57 36.5 472 90 34.7 483.5 122 27.8

4 1515ppm  Inorganic 376.5 73 31.2 495 151 34.7 595 131 31.2

5 1515ppm  Inorganic 408 86 34.7 590 99 31.2 604 114 27.8

6 1515ppm Inorganic 4235 88 34.7 519.5 97 34.7 570 121 27.8

7 1515ppm  Inorganic 309.5 63 31.2 421.5 80 31.2 354 103 27.8

8 1515ppm  Inorganic 331 64 33.0 424 79 34.7 477.5 110 26.0

9 1515ppm Organic 278 73 33.0 388,55 90 24.3 524.5 123 22.6
10 1515ppm  Organic  204.5 47 33.0 457 86 33.0 586.5 117 27.8
11 1515ppm Organic  226.5 47 33.0 338 61 33.0 393.5 81 26.0
12 1515ppm  Organic 2375 51 31.2 3315 70 34.7 491.5 101 26.0
13 1515ppm  Organic 222 50 24.3 429.5 82 24.3 623 96 27.8
14 1515ppm  Organic 216 49 38.2 422 80 33.0 503 114 27.8
15 1515ppm  Organic 300 52 31.2 402 80 31.2 468.5 104 27.8
16 1515ppm Organic 2725 58 31.2 451 75 31.2 444.5 101 29.5
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Table A18
Weeks 8-12 stem length, leaf number and leaf area measurements for 1515 ppm chamber.

Week 8 Week 10 Week 12
Stem Stem Stem

Pot Length  # of Leaf Length #of Leaf Length  #of Leaf
# CO; Fertilizer (cm) Leaves Area (cm) Leaves Area (cm) Leaves Area
1 1515ppm  Inorganic 935 229 24.3 1021 235 39.9 1086 250 31.2

2 1515ppm Inorganic 825 163 26.0 1070 249 29.5 1356 231 19.1

3 1515ppm  Inorganic 860 183 26.0 884.6 226 29.5 1012 212 31.2

4 1515ppm  Inorganic 791 204 24.3 910 227 31.2 1104 229 22.6

5 1515ppm Inorganic 752.5 192 27.8 848 215 27.8 975.5 235 22.6

6 1515ppm Inorganic 791 176 27.8 938 221 31.2 1211 254 34.7

7 1515ppm  Inorganic 576 164 30.4 769 192 27.8 874 208 26.0

8 1515ppm  Inorganic 529 181 20.8 894 202 36.5 991 198 31.2

9 1515ppm  Organic 707 83 27.8 886 209 24.3 1038 225 20.8
10 1515ppm  Organic 639 174 27.8 1022 232 20.8 1339 248 22.6
11 1515ppm Organic 6415 156 29.5 858 171 29.5 988.5 173 22.6
12 1515ppm  Organic 732 197 27.8 927 197 26.0 1027 232 22.6
13 1515ppm  Organic 742 105 24.3 1106 224 20.8 10845 254 19.1
14 1515ppm  Organic 801 186 24.3 971.5 226 27.8 1215 239 36.5
15 1515ppm Organic 678 182 24.3 890 190 22.6 1008 191 22.6
16 1515ppm Organic 683 194 24.3 791 179 26.0 795 182 27.8
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Table A19

Average elemental leaf concentrations in dried sweet potato leaf material at varying levels of CO, and fertilizer amendment.

Fertilizer Cco, % ppm
N P K Mg Ca S Na Fe Mn B Cu Zn

Conventional 352 2.99 0.26 411 0.75 0.92 0.31 0.57 267 132 855 6.67 25.7
Conventional 763 2.29 0.22 3.42 0.65 0.93 0.25 0.56 242 115 766 5.33 21.0
Conventional 1108 2.00 0.20 3.57 0.58 0.92 0.23 0.56 281 114 704 6.33 17.7
Conventional 1515 1.73 0.19 3.26 0.67 1.05 0.23 0.63 258 109 793 4.33 15.7
Organic 352 2.83 0.30 4.10 0.78 1.07 0.36 0.71 231 118 982 9.67 29.3
Organic 763 2.09 0.23 3.20 0.70 1.08 0.29 0.71 332 98 857 7.00 20.7
Organic 1108 1.88 0.21 2.70 0.72 1.20 0.27 0.74 170 104 913 6.00 19.3
Organic 1515 1.74 0.23 3.10 0.67 1.08 0.29 0.73 202 78 855 6.00 19.0
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Figure Al
Post experiment soil phosphorus vs. CO, concentration from values in Table A6. Error
bars represent = 1 standard deviation.
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Figure A2

Post experiment soil exchangeable ions vs. CO, concentration from values in Table A6.
Error bars represent £ 1 standard deviation.
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Soil Nitrate
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Figure A3
Post experiment soil nitrate vs. CO, concentration taken from values in table A6. Error

bars represent = 1 standard deviation.
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Figure A4

Post experiment soil organic matter (organic vs. conventional) from values taken from
table A6. Error bars represent = 1 standard deviation.
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Figure A5
Post experiment soil weak bray phosphorus (organic vs. conventional) from values taken
from table A6. Error bars represent = 1 standard deviation.
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Figure A6
Post experiment soil strong bray phosphorus (organic vs. conventional) from values taken
from table A6. Error bars represent = 1 standard deviation.
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Figure A7
Post experiment soil bicarbonate phosphorus (organic vs. conventional) from values
taken from table A6. Error bars represent + 1 standard deviation.
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Figure A8
Post experiment soil nitrate (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure A9
Post experiment soil potassium (organic vs. conventional) from values taken from table

AG. Error bars represent + 1 standard deviation.

78



Magnesium
1400 -

1350 -

1300 -

1250 -

Mg(ppm)

1200 -

1150 -

1100 -

@ Inorganic M Organic

Figure A10

Post experiment soil magnesium (organic vs. conventional) from values taken from table
AG. Error bars represent + 1 standard deviation.
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Figure A1l
Post experiment soil calcium (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure A12
Post experiment soil sodium (organic vs. conventional) from values taken from table A®6.
Error bars represent £ 1 standard deviation.
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Figure A13
Post experiment soil pH (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure Al4

Post experiment soil cation exchange capacity (organic vs. conventional) from values
taken from table A6. Error bars represent + 1 standard deviation.
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Figure A15
Post experiment soil sulfur (organic vs. conventional) from values taken from table AG6.
Error bars represent £ 1 standard deviation.
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Figure A16
Post experiment soil zinc (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure A17

Post experiment soil iron (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure A18
Post experiment soil copper (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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Figure A19
Post experiment soil boron (organic vs. conventional) from values taken from table A6.
Error bars represent £ 1 standard deviation.
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