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A B S T R A C T   

With the intensification and frequency of heat waves and periods of water deficit stress, along with rising at-
mospheric carbon dioxide [CO2], understanding the seasonal leaf-gas-exchange responses to combined abiotic 
factors will be important in predicting crop performance in semi-arid production systems. In peanut (Arachis 
hypogaea L.), the availability of developmental stage physiological data on the response to repeated water deficit 
stress periods in an elevated [CO2] (EC) environment is limited and necessary to improve crop model predictions. 
Here, we investigated the effects of season-long EC (650 µmol CO2 m− 2 s− 1) on the physiology and productivity 
of peanut in a semi-arid environment. This study was conducted over two-growing seasons using field-based 
growth chambers to maintain EC conditions, and impose water-stress at three critical developmental stages. 
Our results showed that relative to ambient [CO2] (AC), long-term EC during water-stress episodes, increased 
leaf-level light-saturated CO2 assimilation (Asat), transpiration efficiency (TE), vegetative biomass, and pod yield 
by 58%, 73%, 58%, and 39%, respectively. Although leaf nitrogen content was reduced by 16%, there was 41% 
increase in maximum Rubisco carboxylation efficiency in EC, indicating that there was minimal photosynthetic 
down-regulation. Furthermore, long-term EC modified the short-term physiological response (Asat) to rapid 
changes in [CO2] during the water-stress episodes, generating a much greater change in EC (54%) compared to 
AC (10%). Additionally, long-term EC generated a 23% greater Asat compared to the short-term EC during the 
water-stress episodes. These findings indicate high levels of physiological adjustment in EC, which may increase 
drought resilience. We concluded that EC may reduce the negative impacts of repeated water-stress events at 
critical developmental stages on rain-fed peanut in semi-arid regions. These results can inform current models to 
improve the projections of peanut response to future climates.   

1. Introduction 

Peanut, a major source of protein and oil, is an important global crop 

in arid and semi-arid regions where extreme weather events are com-
mon during the growing season. Peanut productivity is most likely to be 
affected by future climatic variabilities such as elevated [CO2](CE), 

Abbreviations: EC, Elevated atmospheric carbon dioxide concentration (µmol CO2 mol− 1 air); AC, Ambient atmospheric carbon dioxide concentration (µmol CO2 
mol− 1 air); Asat, single leaf light saturated net assimilation rate (µmol CO2 m− 2 s− 1); C, intercellular CO2 concentration (µmol CO2 mol air− 1); E, transpiration (mmol 
H2O m-2 s− 1); gs, stomatal conductance (mol H2O m− 2 s− 1); TE, transpiration efficiency (A/E); Amax, light and CO2-saturated maximum photosynthetic rate without 
stomatal resistance; Jmax, maximum rate of photosynthetic electron transport per leaf area (μmol m− 2 s− 1); Vcmax, the maximum rate of Rubisco-mediated carbox-
ylation per leaf area (μmol m− 2 s− 1). 
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increased temperature (Prasad et al., 2011), and intermittent water 
deficit stress (Ratnakumar and Vadez, 2011) during its growth and 
development. Approximately 90% of world peanut production is under 
rain-fed management in the semi-arid tropics (Gangurde et al., 2019), 
where increased rainfall variability within and between seasons is one of 
the major challenges in crop production (Gadgil et al., 2002). 

Future climates include rising atmospheric [CO2], decreased fresh 
water availability and long-term droughts (Pendergrass et al., 2020). 
Arid and semi-arid regions represent about 40% of the total world land 
area, with an annual average precipitation of less than 250 mm or 500 
mm, respectively. However, EC studies in arid and semi-arid agro-
ecosystems, which experience substantial within-season variability in 
rainfall, (Reumann and Weber, 2006) are still limited and generally 
underrepresented in global climate models (Ahlström et al., 2015). 

The capacity of plants to survive under changing environments re-
flects its phenotypic plasticity, which is the capacity of a genotype to 
change their phenotype under different environments (Pigliucci et al., 
2006; Whitman and Agrawal, 2009). Plants survive in variable envi-
ronments through developmental (seasonal) and short-term plasticity 
(Hamilton and Miller, 2016). The importance of plasticity for selecting 
resilient crop genotypes has been previously reported (Aspinwall et al., 
2015). Evaluating peanut capacity to adjust to short-term and seasonal 
changes in the environment will facilitate the development of improved 
cultivars and management systems to mitigate potential 
climate-induced losses in yield and quality, which may positively in-
fluence global food security. Previous studies have shown that peanut 
may be responsive to EC (Bannayan et al., 2009; Clifford et al., 2000, 
1995, 1993; Prasad et al., 2002; Vu, 2005). However, the 
agro-physiological response of peanut under EC and limited irrigation 
conditions of semi-arid environments, characterized by variable soil 
water availability during critical crop developmental stages, has not 
been extensively studied. 

Physiological acclimation of plant gas exchange can be examined 
using different approaches. The A/Ci curve (net C assimilation rate 
versus the intercellular CO2) approach is used to evaluate the photo-
synthetic acclimation capacity to EC. Other approaches include the 
acclimation ratio of Bunce (2001), which quantifies stomatal acclima-
tion to EC, and the percentage acclimation described by Reich et al. 
(2016), used to quantify respiratory acclimation to warming. Bunce 
stated that values of the ratio (AC(EC)/EC(AC)), which were equal to or 
higher than one, indicated acclimation. AC(EC) represents the plants that 
were grown under ambient [CO2] conditions (AC) and exposed to the 
short-term EC conditions, and EC(AC) represents the plants grown under 
EC conditions and exposed to short-term AC. Reich stated that complete 
acclimation was evident when the percentage value [(AC(EC)-EC(E-

C))/(AC(EC)-AC(AC)) *100] was 100%. Although these two approaches are 
useful surrogates to estimate the acclimation effect, they don’t provide 
mechanistic information regarding acclimation, which is provided by 
the A/Ci approach. 

The leaf photosynthetic acclimation to EC is defined as the change in 
the photosynthetic capacity under EC conditions. Such acclimation is 
determined by changes in: the light and CO2-saturated maximum 
photosynthetic rate without stomatal resistance (Amax, μmol m− 2 s− 1); 
the maximum rate of photosynthetic electron transport per leaf area 
(Jmax, μmol m− 2 s− 1), and the maximum rate of Rubisco-mediated 
carboxylation per leaf area (Vcmax μmol m− 2 s− 1). The downregulation 
acclimation to EC occurs when these photosynthetic parameters are 
reduced under EC conditions, which is commonly observed across 
different plant species. 

The degree of crop physiological response to abiotic stressors will 
depend on the intensity and duration of the stress, and on the timing/ 
developmental stage of the crop. The availability of physiological data 
from semi-arid regions is important to improve global crop models. We 
hypothesized that peanut grown in EC conditions would have: 1) 
enhanced C assimilation (Asat) across developmental stages and minimal 
photosynthetic down-regulation, leading to enhanced vegetative growth 

and pod yield compared to plants in AC conditions; 2) reduced stomatal 
conductance (gs) across developmental stages, thereby decreasing tran-
spiration rate (E) and increasing transpiration use efficiency (TE); and 3) 
modified leaf-level physiological adjustment capability to short-term 
changes in [CO2]. Here, we investigated whether growth at long-term 
EC under semi-arid conditions with repeated water deficit stress 
events would alter peanut’s developmental acclimation, short-term 
physiological adjustment, and productivity. This was evaluated by 
looking at the effect of EC on p biomass, pod yield, key physiological and 
biochemical traits (Asat, gs, Ci, E, TE, Jmax, Vcmax), and the rates of re-
covery from imposed water-stress episodes. 

2. Materials and methods 

We assessed the response of peanut to elevated [CO2] (EC) in a semi- 
arid environment using six field-installed Canopy Evapotranspiration 
and Assimilation (CETA) chambers. The experiment consisted of one 
factor (the atmospheric [CO2]), with two treatment levels (ambient and 
elevated). We imposed periodic water stress events during three critical 
crop developmental stages (pod development, seed development, and 
maturity) to ensure semiarid conditions in the field. Thus, drought was 
not an experimental factor. The two [CO2] treatments were applied at 
random to the six chambers (N = 3 per treatment). Evaluations were 
conducted before imposition of stress (BS), during stress (DS) and after 
stress (AS) following re-watering to field capacity. 

2.1. Experimental design 

A two-year (2015 and 2016) randomized field experiment was con-
ducted at the research field site of the Cropping Systems Research 
Laboratory, USDA-ARS in Lubbock, Texas (33̊ 35′ 40N, 101̊ 53′ 52.” W) 
with an Amarillo fine sandy loam soil type. Eighteen seeds of peanut 
(Arachis hypogaea) genotype cv. C76–16 (runner market type) per meter 
row (180 × 103 plants ha− 1) were planted at 2.5 cm depth in 15 m long 
plots with 1.0 m row spacing. Following emergence, seedlings were 
thinned to six plants per row-meter. C76–16 was selected because it is a 
drought tolerant and high yielding genotype in West Texas (Bhogireddy 
et al., 2020). Six chambers of 1.0 m length by 0.75 m width by 1.0 m 
height (Fig. 1) were randomly placed on a plot fifteen days after planting 
and operated according to Baker et al. (2014b). These open-path 
chambers consist of aluminum frames covered with Lexan (trans-
parent plastic). In addition to good [CO2] and temperature controls, the 
CETA system includes a simulated wind turbulence system, described by 
(Baker et al., 2014a). These field-based chambers control [CO2] under 
natural soil conditions and daily sunlight patterns, thereby increasing 
their relevance to peanut growers. 

We used a randomized, repeated measures design with two carbon 
dioxide concentrations [CO2] as main treatments, each treatment having 
three replicated chambers. The [CO2] treatments were natural ambient 
(AC; ca. 400 µmol mol− 1) and elevated (EC; 650 µmol mol− 1), and the 
supply of CO2 was continuous throughout the growing season. Irrigation 
was supplied using a drip system and nitrogen fertilization of 22.4 kg 
ha− 1 was applied via the irrigation water fifteen days after sowing. 
Fertilization was within the recommended amount for peanuts in west 
Texas (starter N up to 33 kg ha− 1). 

To simulate a dynamic semi-arid environment, we excluded the 
seasonal precipitation input by using the field-based CETA chambers 
and induced water-deficit stress at three critical developmental stages to 
intensify aridic conditions. These growth chambers permitted the sea-
sonal control of [CO2] over the two growing seasons in the field. In this 
study, the only experimental treatment was [CO2] (natural ambient, ca. 
400 µmol mol− 1; and elevated, 650 µmol mol− 1, controlled day and 
night during the entire season), with all other factors being equal be-
tween treatments. 
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2.2. Irrigation scheduling 

Water stress or irrigation scheduling can be monitored by measuring: 
evapotranspiration, canopy temperature (Mahan et al., 2015), water 
vapor deficit (VPD) (Devi et al., 2010), soil relative water content 
(SRWC), and plant photosynthetic rate. In peanut, the crop water stress 
has been monitored using soil moisture sensors (Rowland et al., 2012); 
Normalized Difference Vegetation Index (NDVI), and canopy tempera-
ture (Luis et al., 2016; Mahan et al., 2015). In this study, we monitored 
the crop stress level by using a combination of approaches: 1) contin-
uous measurement of canopy temperature using infrared thermometer; 
2) spot measurements of leaf-level photosynthetic rate; and 3) spot 
measurements of the SRWC using the gravimetric method. The detection 
capability of some approaches may be influenced by environmental 
conditions (cloudiness, relative humidity, air temperature), and the 
plant sensitivity to drought may change by developmental stage. Here, 
we used a combination of approaches to ensure the target stress was 
achieved. In our study, the water stress events were two to three weeks 
long. 

Three water deficit stress episodes were imposed at three critical 
developmental stages (R3; pod development, R5; seed development, and 
R7; maturity) to both [CO2] treatments by withholding irrigation until a 
target plant stress level was achieved. Plant stress status inside each 
chamber was assessed by monitoring plant canopy temperature (Mahan 
et al., 2015), leaf-level photosynthesis, soil relative water content 
(SRWC), and vapor pressure deficit (VPD) (Devi et al., 2010). Soil cores 
from 0 to10 cm soil depth were collected at the end of each water-stress 
episode using a 5 cm diameter auger and the SRWC was determined 
gravimetrically. This approach (SRWC at 0 to 10 cm soil cores) has 
previously been used to monitor water stress in semiarid agroecosystems 
(Bowles et al., 2014). Canopy temperature was measured and recorded 
at fifteen-minute intervals per chamber using a Smart crop infrared 
thermometry system (Smart field Inc., Lubbock, TX, USA) placed at 15 
cm above the crop canopy and facing the center of the row, as described 
by Mahan et al. (2016). Irrigation was scheduled when the target water 
stress was achieved, which was defined when one or more of the 
following occurred: canopy temperature reached 40◦C, photosynthetic 
rate was reduced by more than 30%, soil water content was 25- 30% 
(moderate to severe) of field capacity, or the vapor pressure deficit was 
higher than 2.5 kPa. Each stress episode was maintained for two weeks, 
after which, plots were irrigated to field capacity. Total water supplied 
by irrigation was maintained at semi-arid level of ca. 406 mm m− 2 per 
season in both years of the experiment, which was lower than seasonal 
water applications of 660–711 mm m− 2 used in normal production 
settings in the Texas High Plains. The estimated evapotranspiration (ET) 
across the season for peanuts is 132 mm per month (Abou Kheira, 2009), 
which is about 660 mm per growing season. In this experiment, the total 
water supplied was 406 mm per season, which was about 40% lower 
than the potential ET requirement for the Texas High Plains. Weather 
data were collected from the USDA site weather station. 

2.3. Leaf gas exchange physiology 

Leaf-level gas exchange was measured on the last fully expanded 
leaflet of three different plants per chamber using a portable photo-
synthesis system LI-6400 (LI-COR Inc., Lincoln, NE, USA). Measure-
ments were taken at saturating light, photosynthetic photon flux density 
of 1800 µmol m− 2 s− 1, 500 mmol min− 1 airflow, and cuvette tempera-
ture at 28 ◦C. The physiological leaf-level gas exchange traits evaluated, 
included C assimilation rate at ambient CO2 and saturated light condi-
tions (Asat), stomatal conductance(gs), transpiration (E), and intercel-
lular CO2 concentration (Ci). These traits were determined by three 
types of measurements: 1) instantaneous flux at long-term growth to 
examine the physiological response; 2) A/Ci curves to examine the 
acclimation capacity (Amax, C assimilation rate at ambient CO2 and 
saturated light conditions); and 3) instantaneous flux at growth and 
reciprocal/cross-switch reference [CO2] to examine the short-term 
physiological plasticity. 

2.3.1. Instantaneous gas exchange 
The instantaneous leaf-level gas exchange traits (Asat, Ci, gs, E) and 

transpiration efficiency (TE=A/E) were measured before, during, and 
after each drought stress period. To minimize potential [CO2] variability 
during measurement, following leaf selection which was conducted with 
the antechamber semi-open for ca. two minutes, the antechamber was 
immediately closed to allow the stabilization of the target growth [CO2] 
inside the chamber prior to recording the data. We conducted the 
instantaneous gas exchange measurements at seven developmental 
stages: 1) initiation of bloom (R1) which was about five weeks after 
sowing and was used as the baseline, 2) peg development (R2), 3) pod 
development (R3) during which water-stress episode was imposed, 4) 
full pods (R4), 5) seed development (R5) during which water- stress 
episode was imposed, 6) full seed (R6), and 7) at maturity (R7), during 
which water- stress episode was imposed, and where at least one pod 
exhibits visible natural coloration. Measurements were taken prior to 
imposition of each water-stress episode (denoted before stress; BS) at the 
three critical reproductive stages (R3, R5, and R7). Measurements were 
taken after imposition of water stress (denoted during stress; DS). 
Additionally, we took spot measurements of leaf-level gas exchange 
during the drying period to monitor the plant stress. Following each 
water-stress episode, plots were re-irrigated to field capacity and further 
measurements were taken three days later re-watering (denoted after 
stress; AS). 

2.3.2. Effect of long-term and short-term changes in [CO2] 
To emulate short-term physiological adjustment capability, after 

measuring leaf gas exchange under each long-term growth [CO2] 
treatment, the CO2 concentration in the Licor cuvette was increased to 
650 µmol mol− 1 (for AC plants) and decreased to 400 µmol mol− 1 (for EC 
plants). Gas exchange measurements were taken at the following times: 
before, during and after water stress imposition, at the three critical 
reproductive stages. We calculated the plant response to short-term 
changes in [CO2] for each treatment as: 

Fig. 1. Methodology sketch and experimental design using the field-based Canopy Evapotranspiration and Assimilation (CETA) chambers.  
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%change = {[(Asat)i− − (Asat)r ] / (Asat)i} × 100 

Where i is the initial (acclimated to long-term growth [CO2] condi-
tions) and r is the reciprocal (instantaneous short-term alternative 
[CO2] change in the Licor cuvette) photosynthetic rate measurements 
(Asat) in each treatment. 

2.3.3. Photosynthetic acclimation capacity at maturity stage 
A/Ci curves were generated with cuvette [CO2] ranging from 0 to 

2000 µmol m− 2 s− 1. The A/Ci curve fitting was accomplished using the 
“Plantecophys” package in R3.2.2 (Duursma, 2015). The gas exchange 
parameters estimated from the A/Ci curves include maximum photo-
synthetic rate at saturating light and [CO2] (Amax), Rubisco maximum 
carboxylation (Vcmax) and maximum electron transport rate (Jmax). 
Measurements were taken once, at three days following the alleviation 
of the last stress event (re-watering to field capacity) at the maturity 
stage R7. 

2.4. Total nitrogen 

Green and fresh top fully developed leaves were collected at the 
maturity R7 stage, rapidly oven air-dried, and homogenized (as rec-
ommended) for nutrient analysis. There was no decay at the time of leaf 
sampling. Three replicates of 0.25 g per treatment were analyzed for 
total N (TN) using LECO TruSpec CN (LECO Corporation, St. Joseph, 
MI). 

2.5. Growth and yield related traits 

Yield components were evaluated by collecting all plants contained 
within the one-meter row in each chamber (harvest area was 0.75 m2), 
when all plants were fully mature (R8). Harvested fresh plant material 
was oven-dried at 60 ◦C for 48 h. Traits measured included shoots and 
roots dry biomass (within the top 10 cm soil depth), pod dry biomass, 
total plant dry biomass (vegetative and pod), harvest index (ratio of dry 
pod mass to total biomass), shelling percent, and 100-seed weight. 
Shelling is the process of removing the peanut shell (the hard part) from 
the seed. The pod consists of the shell and the seed. The shelling per-
centage represents the ratio of the seed weight relative to the total pod 
weight. 

2.6. Data analysis 

A complete randomized experimental design was used to evaluate 
the effect of EC on C assimilation, biomass, pod yield, seed weight, 
shelling percentage, and total nitrogen. This experiment consisted of one 
[CO2] treatment with two levels (ambient and elevated). The single 
chamber was considered the statistical unit and 3 replicates per treat-
ment. For the leaf gas exchange, three random plants from each chamber 
were measured, for a total of nine different observational units per 
treatment. For the statistical analysis, the three observational units per 
chamber were averaged to generate a total of three true replicates per 
treatment. For the agronomical traits (i.e. total biomass), we used three 
replicates (1 row-plot per chamber) per treatment per growing season 
for a total of 3 replicates per treatment. Additionally, the data for the 
two years were pooled for a combined analysis between the treatments. 
The data analysis was conducted using three statistical approaches: 1) 
the analysis of variance; 2) the repeated measures analysis, and 3) the T- 
test. The one-way ANOVA was conducted to evaluate the effect of CO2 
on the physiological and agronomical traits measured per growing 
season. The 2-way ANOVA was conducted to estimate the effect of the 
CO2 treatment across the growing seasons, with [CO2] as the fixed fac-
tor, year and [CO2] * year interaction as random effects. For the leaf- 
level physiological traits measured at multiple times across the 
growing seasons, the repeated measures ANOVA was used, with CO2 
considered as a fixed effect factor, and measured time considered as a 

repeated measure. We determined the treatment mean differences by 
using the Holm-Sidak test at the 95% significance level (p ≤ 0.05). The 
T-test (significance level, p ≤ 0.05) was conducted to estimate the mean 
differences between the CO2 groups at a given measured time. Prior to 
analysis, data were checked for statistical assumptions and log- 
transformed, if needed. Data were presented in figures and tables as 
mean ± SD, and as a percentage change relative to control ambient (AC). 
The statistical analysis was performed using Sigma Plot version 14.0. 

3. Results 

3.1. Field and chamber environment 

The summary of the weather station data per season are presented in 
Table 1. In 2015, the mean air temperature was 25.5 ◦C, relative hu-
midity of 54.7%, and rainfall of 233 mm. These were similar to 2016 
with 25.7 ◦C, 54.2% and 291 mm for mean air temperature, relative 
humidity and rainfall, respectively. Measurements of leaf physiological 
traits (Asat, Ci, E, gs) inside and outside the CETA chamber showed no 
significant differences, indicating that plant performance inside the 
chamber was representative of the plant performance in the open field. 
Thus, the chamber effect was not significant, as previously reported 
(Baker et al., 2014a; Gitz et al., 2017). 

Overall, year and year*[CO2] interactions had no effects on leaf 
physiology or yield components (Table 2 and Table S1A). However, 
observed variability in assessed parameters were mainly due to [CO2] 
treatments. Plant reproductive development was similar in both [CO2] 
treatments for both years, with plants reaching first flowering at 30 days 
after planting (data not shown); hence, yearly data were pooled and 
analyzed. 

3.2. Yield and yield components 

Elevated CO2 (EC; 650 ppm) significantly (p < 0.002) enhanced the 
total dry plant biomass by 52% (Fig. 2A) due to the increase in both 
vegetative biomass (58%) (p < 0.001), and pod yield (39%) (p ≤ 0.05), 
compared to ambient CO2 (AC; 400 ppm). EC did not significantly affect 
harvest index (Fig. 2B), percent pod yield (shelling percent, Fig. 2C) and 
100 seed weight (Fig. 2D). 

3.3. Leaf gas exchange physiology 

The comparative analysis of Asat across years, showed similar trends 
in both treatments (Fig. 3, Figure S1). The ANOVA results for the com-
bined analysis showed that EC increased the photosynthetic rate (Asat) 
relative to AC conditions in peanut (Fig. 3 and Table 2). The repeated 
measures analysis showed that drought significantly decreased Asat 
during the water-stress periods across the CO2 treatments. Plants in EC 
maintained higher Asat compared to plants in AC across all reproductive 
stages (Fig. 3 and Table S1B). EC increased the Asat mean across the 
reproductive stages by 12 µmol m− 2 s− 1. The repeated measures analysis 
showed significant differences (p ≤ 0.05) between the selected dates of 
measurement, which corresponded with different plant developmental 
stages and soil water content (Fig. 3 and Table S1B). Water-stress at pod, 
seed, and maturity initiation significantly decreased Asat irrespective of 
[CO2] treatment. However, differences in Asat between EC and AC, 
exacerbated by water-stress, were stronger at pod initiation (R3) and 
maturity initiation (R7) than at seed initiation (R5) (Fig. 3). 

3.4. Effect of elevated [CO2] on leaf physiology 

Plants grown in EC conditions showed higher Asat and Ci values 
throughout the growing season compared to those grown in AC condi-
tions even during the water-stress periods at critical reproductive stages 
(R3, R5, and R7) (Table 3). Conversely, the effect of [CO2] on gs and E 
varied across the reproductive stages. Values for gs and E were not 
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significantly different between CO2 treatments during the early repro-
ductive stages, or with water-stress at R3 and R7 stages. However, values 
of gs and E were lower under EC conditions during water-stress at R5, R6, 
and R7 (when measured three days after re-watering to field capacity). 

The percent change (EC relative to AC) for Asat ranged from +24% to 
+120% (Table 4). Water stress at R3 and R7 resulted in the highest Asat 
percent change values of +104% and +120%, respectively. However, 
this added effect from the water-stress under EC on Asat was smaller 
(40%) at R5 (seed development stage). Furthermore, the percent change 
values under EC relative to AC for E varied over time, ranging from 
− 21% to +10%. Our results showed that EC enhanced the seasonal 
mean of Asat by +58% and decreased the seasonal mean of E by − 6% 
resulting in a 73% greater leaf-level TE compared to AC across the 
growing season. 

3.5. Treatment variability across developmental stages 

To assess the potential beneficial effect of EC during water deficit 

Table 1 
Seasonal and annual environmental conditions: wind speed, relative humidity, pan evaporation, air temp (Ta), soil temperature (Ts), and rainfall during 2015 and 
2016. Data collected from USDA-ARS-Lubbock, TX weather station.   

Wind speed Solar radiation Rel. humidity Air temp (Ta) Evapo. pan Soil temp. (Ts) Rainfall    
@ 2.0 m height   @ 10 cm depth Total  

ms− 1 wm− 2 % ◦C cm ◦C mm 

2015 
May 3.13 219.72 74.48 15.79 18.70 19.76 72.80 
June 3.45 286.02 58.98 14.40 24.86 25.20 56.70 
July 3.17 273.98 55.20 16.45 26.93 27.88 85.40 

August 2.63 259.07 50.31 15.50 26.67 28.74 4.40 
September 2.67 228.87 52.07 15.07 24.62 27.12 14.10 

October 3.42 211.07 50.36 17.88 22.10 24.99 0.00 
Seasonal 2.99 259.94 54.70 15.42 25.51 26.98 233.40 
Annual 3.21 200.17 57.48 14.52 16.10 17.18 634.00 

2016 
June 3.70 298.28 56.54 16.43 23.68 23.45 95.80 
July 3.68 308.73 44.48 14.99 28.49 29.95 10.50 

August 2.77 295.81 45.15 15.45 27.82 31.45 14.10 
September 2.83 208.35 70.54 17.04 22.84 24.52 171.20 
Seasonal 3.25 278.93 54.03 15.96 25.72 27.34 291.60 
Annual 3.32 216.46 52.70 15.38 16.94 18.17 459.90  

Table 2 
P-values of the statistical test of the effect of [CO2] treatments and years on the 
productivity and leaf net photosynthetic capacity at saturated light condition 
(Asat) of peanut subjected to water stress at three critical reproductive stages 
under experimentally designed field semi-arid conditions in West Texas. In 
addition to yield, the seed quality traits, including shelling% (ratio of seed 
weight relative to the total pod weight), seed and 100 seed weight were eval-
uated during the second growing season.   

[CO2] Year [CO2] *Year 

Vegetative biomass 0.001* 0.079 0.376 
Pod yield 0.045 * 0.996 0.582 

Total biomass 0.002 * 0.369 0.380 
Harvest index 0.182 0.170 0.307 

Asat 0.005* 0.282 0.905 
Shelling 0.667   

Seed 0.667   
100 seed weight 0.508    

* Indicates significance difference between the [CO2] treatments at p ≤ 0.05. 

Fig. 2. Effect of elevated [CO2] on peanut productivity, harvest index, shelling 
percent and 100 seed weight under semi-arid conditions and subjected to 
repeated water deficit stress. The two [CO2] treatments are: natural ambient 
(AC; ca. 400 µmol mol− 1) and elevated (EC; 650 µmol mol− 1). Error bars 
indicate the standard deviation from the mean of replicates per treatment. Each 
data point represents the mean across three replicates per treatment across two 
years. 
*Indicates significance difference between the [CO2] treatments at p ≤ 0.05. 

Fig. 3. Effect of EC on Asat over time across the two growing seasons (combined 
data). Asat of peanut at ambient (AC) and elevated [CO2] (EC) across the 
reproductive stages (R1 to R7) three water deficit stress events (BS-before 
stress, DS-during stress, and AS-after stress) under a semi-arid environment. The 
two [CO2] treatments are: natural ambient (AC; ca. 400 µmol mol− 1) and 
elevated (EC; 650 µmol mol− 1). The ANOVA results showed that EC increased 
the photosynthetic rate (Asat) relative to AC conditions in peanut. The repeated 
measures analysis showed that Asat is significantly reduced during the water- 
stress periods across the CO2 treatments. Each data point with the corre-
sponding error bars represents the mean across three replicates per treatment 
across two years. 
* Indicates significant differences at p ≤ 0.05. 
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stress periods, we looked at the percent (%) reduction of measured gas 
exchange parameters, before and during water-stress over the develop-
mental stages, compared to the% reduction under AC (Table 5). During 
the first water-stress period (before stress in R2 to during stress in R3), 
the % reductions in Asat due to water deficit were greater in AC (− 61%) 
compared to EC (− 40%). However, during the second water-stress 
period (before stress in R4 to during stress in R5),% reductions in Asat 
(− 50% in AC and − 47% in EC) were similar for both treatments. In 
contrast, % reductions in E were lower in AC (− 28%) compared to EC 
(− 58%). During the third water-stress period (before stress in R6 to 
during stress in R7),% reductions in Asat and E were lower in EC 
compared to AC. 

3.6. Effects of elevated [CO2] on developmental acclimation 

The A/Ci curve analysis conducted three days after re-watering to 
field capacity, following water deficit stress at R7 (Table 6), showed a 
+41% increase in maximum Rubisco carboxylation capacity (Vcmax) and 
a +50% increase in the Jmax/Vcmax ratio for plants grown in EC compared 
to AC conditions. Furthermore, the leaf total nitrogen content (TN) was 
reduced by -16%. 

3.7. Photosynthetic and transpirational response to short-term changes in 
[CO2] 

We compared the physiological adjustment to long and short-term 
changes in [CO2] BS, before stress (R2); DS, during stress (R3); and 
AS, after stress (R4) by changing the [CO2] in the Licor cuvette. The 
same leaves were measured at AC and EC. Plants grown under EC 
maintained the same photosynthetic (Asat) adjustment before, during 
and after stress. No changes in Asat response to short-term changes in 
[CO2] were observed before stress impositions in both treatments 
(Table 7). During periods of well-watered conditions (BS and AS), the 
long-term growth [CO2] did not influence the plant ability to adjust the 
photosynthetic rate to short-term changes in [CO2]. 

Before the stress (BS), the% change for plants grown at AC (+54%) 
and EC (+50%) were similar. During stress, plants grown at EC (+54%) 
had a much greater percent change than plants grown at AC (+10%). 
Following re-watering (AS), plants grown in EC (+49%) conditions had 
greater short-term Asat capacity to adjust physiologically compared to 
plants grown in AC (+36%) conditions. Additionally, long-term EC 
generated a 23% greater Asat (24.3 µmol CO2 m− 2 s− 1) compared to 
short-term EC (18.7 µmol CO2 m− 2 s− 1) during the water-stress episodes. 

Transpirational (E) response before and after stress were similar in 
plants grown under AC and EC conditions (Table 8). E was only signif-
icantly different during stress, where adjustment in E was 1.36 times 
greater in plants under AC (+25%) compared to EC (+14%) conditions. 

The photosynthetic capacity (Amax) percent change in long-term EC 

Table 3 
Effect of [CO2] treatments (AC and EC) on leaf gas exchange physiological traits (light saturated net assimilation (Asat), intercellular [CO2] (Ci), stomatal conductance 
(gs), transpiration (E), and transpiration efficiency (TE) across different developmental reproductive stages (R1 to R7) in peanut. Each data point represents the mean 
across three replicates per treatment. Drought stress (DS) episodes were induced at three developmental stages.  

Reproductive Stages Asat gs Ci E TE 
µmol CO2 m− 2 s− 1 mol H2O m− 2 s− 1 µmol CO2 mol− 1 air mmol H2O m− 2 s− 1 µmol CO2 mmol H2O− 1 

AC EC AC EC AC EC AC EC AC EC 

R1 33.6 52.6* 1.02 1.00 272 451* 15.6 13.5 2.15 3.90* 
R2 37.4 50.3* 0.33 0.28 136 251* 8.39 8.07 4.46 6.23* 

R3 (DS) 14.7 30.1* 0.10 0.20 181 273* 6.18 6.78 2.38 4.44* 
R4 32.7 43.4* 0.69 0.55* 254 395* 7.10 7.64 4.61 5.68* 

R5 (DS) 16.4 23.0* 0.16 0.09* 186 252* 4.85 3.82* 3.38 6.02* 
R6 32.7 40.7* 0.64 0.30* 267 413* 7.28 5.26* 4.49 7.74* 

R7 (DS) 8.50 18.7* 0.07 0.08 168 238* 2.71 2.83 3.14 6.61* 
R7 25.1 37.3* 0.48 0.33* 263 373* 5.86 4.64* 4.28 8.04*  

* Indicates significance between [CO2] treatments at p ≤ 0.05. 

Table 4 
Percent change (AC relative to EC) of leaf level gas exchange parameters (Asat, E, 
TE) measured at seven reproductive stages (R1 to R7). Each data point repre-
sents the mean across three replicates per treatment. Drought stress (DS) epi-
sodes at three developmental stages.  

Reproductive Stages Asat% E% TE% 

R1 +56.7 − 13.6 +80.9 
R2 +34.7 − 3.83 +39.8 

R3 (DS) +104 +9.78 +86.6 
R4 +32.6 +7.56 +23.3 

R5 (DS) +40.3 − 21.3 +78.1 
R6 +23.8 − 13.1 +72.3 

R7 (DS) +120 +4.43 +111 
R7 +48.6 − 20.8 +87.7 

Mean +57.6 − 6.36 +72.5  

Table 5 
The effect of [CO2] treatments (AC; ca. 400 µmol mol− 1 and EC; 650 µmol mol− 1) 
on leaf-level gas exchange parameters (Asat, E, TE), expressed as a transition 
(between stages) percent change (%) of values prior to water deficit stress (BS) 
relative to values during water deficit stress (DS), during three water deficit 
episodes: first episode from R2 to R3, second episode from R4 to R5, and third 
episode from R6 to R7. Each data point represents the mean across three repli-
cates per treatment.  

Soil water stress at different plant 
growth stages (R) 

[CO2] 
treatment 

Asat% E% TE% 

R2-R3 AC − 60.6 
* 

− 26.4 
* 

− 46.6 
*  

EC − 40.3 − 16.0 − 28.7 
* 

R4-R5 AC − 50.0 − 28.0 
* 

− 26.7 
*  

EC − 47.1 − 57.8 +6.00 
R6-R7 AC − 69.2 

* 
− 62.8 

* 
− 30.1 

*  
EC − 37.7 − 46.3 − 14.6  

* Indicates significance difference between the [CO2] treatments at p ≤ 0.05. 

Table 6 
Gas exchange parameters generated from A/Ci curves (Amax: maximum photo-
synthetic rate; Jmax: maximum rate of photosynthetic electron transport per leaf 
area (μmol m− 2 s− 1); Vcmax: the maximum rate of Rubisco-mediated carboxyl-
ation per leaf area (μmol m− 2 s− 1), measured during the recovery from the third 
water deficit stress period, at the maturity stage, R7 in 2016 for the two CO2 
treatments (AC and EC). Each data point represents the mean across three rep-
licates per treatment.  

Parameters AC EC (EC/AC)% change 

Amax (µmol m− 2 s− 1) 30.5 ± 3.60 42.1* ± 4.20 +38.0 
Rd (µmol m− 2 s− 1) − 0.70 ± 0.01 − 1.20* ± 0.70 +71.4 

Vcmax (µmol m− 2 s− 1) 52.6 ± 1.68 74.1* ± 4.19 +40.9 
Jmax / Vcmax 1.57 ± 0.06 2.36* ± 0.33 +50.3  

* Indicates significance difference between the [CO2] treatments at p ≤ 0.05. 
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(+38%) was similar to the photosynthetic rate (Asat) percent change in 
long-term EC (+30%) and short-term EC (+36%) (Table 9). 

4. Discussion 

The main findings of our study are: the absence of photosynthetic 
downregulation, therefore no major sink limitation; dilution of N; 
reduction of C partitioning to seed; and greater apparent drought 
tolerance under EC. 

4.1. Elevated [CO2] increased plant productivity and yield 

In this study, we observed that EC significantly enhanced the 
biomass production and the pod yield compared to the AC conditions, 
suggesting the positive effect of EC on peanut productivity. This effect 

has been observed in a variety of crop species, including peanut (Ban-
nayan et al., 2009; Haider et al., 2015; Vu, 2005; Burkey et al., 2007). 
However, this is the first study demonstrating the positive effect of EC on 
peanut’s productivity in semi-arid conditions and repeated water deficit 
stress episodes at critical developmental stages. This observation is 
critical for large production regions like the Texas High Plains, where 
the crop is produced under deficit irrigation conditions and episodic 
water deficit stress events are common throughout the growing season, 
especially during peak flower and early pod maturity stages. 

The observed increase in pod yield (39%) of peanut grown in EC 
compared to AC conditions, suggests that peanut’s drought tolerance 
will be enhance by EC in future climates. In agreement with our findings, 
EC increased the drought tolerance in wheat and sweetgum (Lin and 
Wang, 2002; Sholtis et al., 2004). The positive effect of EC upon peanut 
yield has been observed under both well-watered and under different 
stress conditions. Stanciel and Mortley (2000) found that the seed yield 
of hydroponically grown peanut was increased by 36% in EC (800 µmol 
mol− 1) compared to AC conditions. Similarly, Prasad et al. (2003) 
observed that for peanut runner type, rising [CO2] (from 350 µmol 
mol− 1 to 700 µmol mol− 1) led to a 30% increase in seed yield across four 
different temperature regimes (32/22 ◦C to 36/26 ◦C, 40/30 ◦C and 
44/34 ◦C). In addition to alleviating drought stress, the mitigated effect 
of EC has been observed on plants exposed to different environmental 
stresses, including salinity (Ratnakumar et al., 2013) and ozone (Burkey 
et al., 2007). However, the potential positive effect of EC may be lost 
under severe climate events. For example, Prasad et al. (2003) reported 
that pod production was reduced to zero at extreme temperatures of 
44 ◦C regardless of the [CO2] treatment. Furthermore, Gray et al. (2016) 
observed that exposure to severe drought episodes eliminated the 
stimulatory effect of EC in field-grown soybean. However, under semi-
arid conditions with moderate, but repeated water stress events, such as 
our experiment, peanut may exhibit higher productivity in EC compared 
to AC conditions in future climates with non-heatwave temperatures 
episodes. 

In our study, the positive effect of EC was 19% greater for biomass 
compared to pod yield. The increase in biomass does not always trans-
late into higher yield, which is influenced by factors driving the carbon 
allocation process. Our observed increase in total plant biomass versus 
reproductive biomass supports previous findings by Leakey et al. (2009). 
The authors conducted a meta-analysis showing that the yield increase 
in different crop species under EC was lower than predicted. We also 
observed that although EC had a positive effect on peanut’s productiv-
ity, C partitioning to seed, and HI did not benefit from enriched [CO2] 
conditions, as evidenced by similar HI values in both growing seasons. In 
agreement with our results, Ottman et al. (2001) reported a yield in-
crease in sorghum grown under EC and limited water conditions. The 
authors also found that EC did not influence HI across years in sorghum. 
These findings suggest that the induced C surplus at EC conditions may 
drive the partitioning to belowground components and processes (Pre-
scott et al., 2020). Similar response has been observed in other crops. EC 
increased root growth, and water uptake in soybean under limited water 
availability (Gray et al., 2016; Madhu and Hatfield, 2013). These results 
confirmed that EC enhances drought tolerance (Lin and Wang, 2002) in 
some plant species. We hypothesize that in peanut, EC increases the C 
sink strength belowground, particularly root mass, and the 
soil-plant-rhizobium interactions, leading to an increase in N and water 
uptake, with further impact on drought tolerance. 

In general, our results indicate that seed development might be 
limited under EC. However, whether these findings will be similar under 
other environmental conditions and for other peanut market types is 
unclear. Therefore, further research is needed to elucidate the under-
lying mechanisms of C allocation in peanut under EC. Altogether, our 
findings suggest that peanut production in semiarid environments is 
most likely to increase under EC conditions even under deficit irrigation 
production schemes. However, significant reductions of in-season rain-
fall may require greater levels of irrigation to maintain high productivity 

Table 7 
Percent change in leaf photosynthetic rates (ASAT) at long-term ambient (AC) 
and elevatedm (EC) [CO2] growth conditions (in chambers) compared to their 
instantaneous short-term (in cuvette) exposure to alternative [CO2] treatment 
before stress (BS), during stress (DS) and three days following watering (AS).   

Ambient condition (Asat, µmol CO2 

m− 2 s− 1) 
Elevated condition (Asat, µmol CO2 

m− 2 s− 1)  

Long- 
term in 

AC 

Short- 
term in 

EC 

Percent 
change (%) 

Long- 
term in 

EC 

Short- 
term in 

AC 

Percent 
change (%) 

BS 33.1 51.2 +54.4* 51.2 34.0 +50.4* 
DS 17.1 18.7 +9.76 B 24.3 15.8 +54.2*A 
AS 34.2 46.6 +36.3* 44.5 29.8 +49.3*  

* Indicates percent change was significant (p ≤ 0.05) at the given water stress 
state under the specific growing condition. A, B indicates significant difference 
in percent change between AC and EC at a given water availability (BS, DS or 
AS). 

Table 8 
Percent change in leaf transpiration rates (E) at long-term ambient (AC) and 
elevated (EC) [CO2] growth conditions (acclimated in chambers) compared to 
their instantaneous short-term (in cuvette) exposure to the alternative [CO2] 
treatment before stress (BS), during stress (DS) and three days following wa-
tering (AS).   

Ambient growth condition (E, mmol 
H2O m− 2 s− 1) 

Elevated growth condition (E, mmol 
H2O m− 2 s− 1)  

Long- 
term in 

AC 

Short- 
term in 

EC 

Percent 
change (%) 

Long- 
term in 

EC 

Short- 
term in 

AC 

Percent 
change (%) 

BS 16.1 16.0 − 0.19 13.6 14.0 − 2.62 
DS 7.42 5.56 − 25.1* B 6.32 5.56 − 13.6 A 
AS 9.00 8.74 − 2.89 7.00 7.05 − 0.71  

* Indicates percent change was significant (p ≤ 0.05) at the given water stress 
state under the specific growing condition. A, B indicates significant difference 
in percent change between AC and EC at a given water availability (BS, DS or 
AS). 

Table 9 
Comparison of percent change values of leaf photosynthetic rates obtained from 
instantaneous (Asat) vs A/Ci curves (Amax) measurements taken after the stress 
period at the R7 maturity stage in long term ambient (AC) and elevated (EC) 
[CO2] growth conditions in the CETA chambers.   

Asat Amax  

Long-term Short- 
term 

Long-term  

in AC in EC in EC in AC in EC 

Asat and Amax(µmol CO2 m− 2 

s− 1) 
34.2 44.5 46.6 30.5 42.1 

Percent change (%)  +30.1 +36.3  +38.0  
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in EC conditions. 

4.2. Elevated [CO2] influenced Asat, to a greater extent than gs and E 

The stimulatory effect of EC on Asat was observed throughout the 
growing season. However, the response of gs and E to EC varied over 
time. In our study, EC did not reduce gs or E during early reproductive 
stages (R1- R3), regardless of the soil-water-availability. However, 
during the second stress period, at the mid-reproductive stage (R5, seed 
development), we observed a significant decrease in gs, under EC con-
ditions. However, this response was transient, and at later stages 
(maturity, R7) the gs response to EC was similar in both [CO2] treat-
ments. Similarly, the gs reduction at the R5 stage was reported in another 
peanut runner type under EC conditions by Vu (2005). However, 
whether this response was consistent over time is unknow. The signifi-
cant reduction in gs and E under EC conditions is a common response in 
C3 plants, and has been observed in C3 legume species, including soy-
bean (Bunce, 2016). Our results confirm that the mid-reproductive stage 
R5 is a very sensitive developmental stage for legumes, including pea-
nut. These findings suggest that in peanut, the gs response to EC may be 
influenced by the combination of the developmental stage and the soil 
water availability. The changes in physiological and metabolic traits 
across developmental stages and water availabilities have been reported 
for different crop species (Emendack et al., 2018; Yang et al., 2015). 
Therefore, we highlight the importance of evaluating the physiological 
response to EC over time, which may include changes in developmental 
stages, and other environmental conditions, rather than assuming a 
seasonal response, by monitoring gs at one or two developmental stages. 

In our study, at early reproductive stages, we observed changes in 
Asat without changes in gs regardless of the [CO2] treatment and soil 
water availability at 10 cm depth (25− 30% at the end of the water stress 
period (DS). These findings suggest that Asat in peanut may be pre-
dominantly controlled by non-stomatal factors. In this context, Kaiser 
(1987) demonstrated the stomatal independence response associated 
with CO2 assimilation under moderate water-stress (50–70% SRWC) 
conditions. In agreement with our results, the Asat reduction observed in 
peanut under drought conditions have been mostly associated with 
non-stomatal limitations (Pilon et al., 2018). The stomatal short-term 
response to stress includes changes in stomatal opening, while 
long-term responses include metabolic and structural changes. In this 
context, Gitz et al. (2017), using leaf material from this study, showed 
that growth under EC led to a significant reduction in stomatal devel-
opmental initiation and density. Altogether, our results indicate that in 
addition to the influence of developmental stages and water availability 
in a short-term response, stomatal regulation in peanut may be 
controlled by other complex mechanisms associated with structural and 
anatomical changes over long-term exposure to EC. 

Our results showed that EC enhanced the leaf-level TE across the 
growing season. Increased TE under EC has also been observed in a wide 
range of plant species (Leakey et al., 2009), including wheat (Christy 
et al., 2018) and Eucalypt trees (Barton et al., 2012). In most plant 
species this beneficial effect of EC on the leaf-level TE is attributed to the 
increase in Asat and decrease in E, leading to an improved water use. 
These findings suggest that peanut plants under EC conditions may have 
an increased biomass production per unit of water transpired in future 
climates. 

4.3. Lack of photosynthetic down-regulation under EC conditions 

The acclimation capacity was monitored by measuring the effect of 
EC on the instantaneous photosynthetic rates (Asat), the photosynthetic 
capacity parameters (Amax, Vcmax, Jmax, Vcmax/Jmax) and the leaf N. The 
photosynthetic down-regulation to EC can be related to stomatal, 
metabolic, or sink limitations. In our study, EC had minimal influence on 
stomatal conductance and transpiration rate. Thus, the absence of 
photosynthetic down-regulation to EC was related to a strong C sink. 

Here, the absence of sink limitations under EC conditions contributed to 
a balance source-sink relationship leading to greater photosynthetic 
capacity compared to AC conditions, and minimal photosynthetic 
downregulation in peanuts. 

In our study although EC reduced the leaf N content, photosynthetic 
down-regulation was not observed, as evidenced by the increase in Asat 
across the growing season, and the photosynthetic parameters derived 
from the A/Ci curves. There are different hypotheses regarding the 
reduced leaf N under long-term EC conditions: the decrease in leaf N is 
related to N dilution through an increase in plant growth, a reduction in 
N uptake is related to a reduced stomatal conductance leading to a 
decrease in the transpiration rate, and the plant N loss through exudates 
and volatile compounds (Taub and Wang, 2008). In this study, the 
observed reduction in leaf N under EC conditions was related to nitrogen 
dilution as evidenced by the significant increase in plant growth. We 
hypothesize that the additional C fixed under EC conditions is allocated 
to the roots and root-rhizobium interactions. Sholtis et al., (2004) found 
a similar response in the sweetgum forest. 

In contrast with our results, the photosynthetic down-regulation to 
EC has been reported in a wide range of plant species (Chen et al., 2005; 
Gunderson and Wullschleger, 1994; Kanemoto et al., 2009; Moore et al., 
1999;; Seneweera et al., 2011; Sims et al., 1999; Wujeska-Klause et al., 
2019) particularly in C3 plants when nutrients are limiting (Tissue and 
Oechel, 1987); and other legumes including soybean (Rogers et al., 
2006; Zheng et al., 2019), alfalfa (Sanz-Sáez et al., 2013; Goicoechea 
et al., 2014), and faba bean (Parvin et al., 2020). Overall EC induces N 
dilution leading to a photosynthetic down-regulation (Ainsworth et al., 
2004; da Silva et al., 2017). However, in plant species with a strong sink 
capability, including cassava, the leaf N content did not change under EC 
and the photosynthetic down-acclimation to EC was not observed 
(Bagley et al., 2015; Ruiz-Vera et al., 2021). In agreement with the 
cassava study, the lack of photosynthetic downregulation was related to 
an enhanced sink strength. 

Additionally, an increase in root depth may have occurred in EC 
further enhancing the overall C sink. In this study, the soil relative water 
content at the 10 cm soil depth was similar for both CO2 treatments. The 
greater plant growth in EC conditions suggests that EC plants may have 
taken up more water through a deeper, more robust root system, and 
enhanced root-AMF and Rhizobium interactions, compared to the 
ambient plants. Peanut roots of 60–90 cm depth may access water at 
deeper layers during stress periods. Therefore, the assessment of SRWC 
at deeper layers may provide new insights regarding the plant water 
uptake and should be evaluated in future studies. The increase in root 
growth under water deficit conditions has been found in peanuts (Abou 
Kheira, 2009), in particular, enhancement in the rooting depth (Row-
land et al., 2012). Furthermore, contrasting responses regarding accli-
mation to EC has been reported for other legumes including soybean, 
which may photosynthetically acclimate to EC (Bernacchi et al., 2005; 
Hao et al., 2012; Kanemoto et al., 2009) or not (Ainsworth et al., 2004) 
depending on the growing conditions. Additionally, EC increased N 
acquisition in N-fixing legumes (Hikosaka et al., 2006). Thus, given that 
peanut is a N-fixing plant with high-energy seeds and indeterminate 
growth, the lack of down-regulation was not surprising. The increase in 
root biomass and uptake of nutrients and water under EC have been 
reported for different plant species (Seneweera et al., 2011). We hy-
pothesize that root’s growth and root-microbe interactions will benefit 
from the boost in C fixation under EC conditions. 

4.4. Long-term EC enhanced the short-term physiological adjustment 
capacity during water stress 

To assess short-term responses to EC, we exposed the young fully 
developed leaf of plants grown under AC conditions to EC for 1 min (in 
the Licor cuvette).To assess long-term acclimation responses to EC, we 
exposed the young fully developed leaf of plants grown under EC con-
ditions (days to season-long) to EC for 1 min (in the Licor cuvette). Our 
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results showed that the effect of long-term EC on the acclimation 
response had a temporal dimension and varied across the well-watered 
and water-stress periods during the growing season. The similar physi-
ological adjustment capacity (Asat% change) observed during the well- 
watered periods (BS and AS) for both CO2 treatments suggest that 
long-term EC does not influence the short-term physiological adjustment 
capacity in peanut under well-watered conditions. In this study, the 
significant reduction in the photosynthetic adjustment capacity (BS=
+54%, DS=+10%) in AC plants during the soil water-stress period was 
ameliorated in the EC plants (BS=+50%, DS=+54%). These findings 
suggest that long-term EC may have a beneficial effect in the short-term 
photosynthetic adjustment capacity in peanut. 

In this study, plants from both [CO2] treatments recovered following 
the re-hydration event, achieving similar Asat compared to the pre-stress 
(BS) values. Our results are in agreement with those reported by Awal 
and Ikeda (2002), who observed that droughted peanut plants under AC 
conditions recovered following re-hydration. However, regarding the 
short-term photosynthetic adjustment capacity to changes in [CO2], we 
observed different responses between the two CO2 treatments. In 
contrast with the plants grown in EC conditions, which exhibited full 
recovery (98%; similar% changes: BS=+50% and AS=+49%), plants 
grown in AC conditions did not fully recover (67%; BS=+54% and 
AS=+36%) their photosynthetic adjustment capacity to short-term 
[CO2] changes. Altogether, the enhanced short-term photosynthetic 
adjustment capacity observed under EC conditions during the 
water-stress period suggests that peanut plants will be able to re-adjust 
their physiology to compensate for the detrimental effects of moderate 
to severe intermittent drought episodes in future climates. 

Conversely, in this study, the effect of EC upon the leaf-level gs and 
the transpirational adjustment capacity was relatively less-significant as 
compared to their effect upon the leaf-level Asat and the photosynthetic 
adjustment capacity. These differential effects of EC on Asat and E led to 
an enhanced transpirational efficiency (TE) across the growing season. 
The effect of abiotic stress on TE has been previously described (Vadez 
et al., 2014). In agreement with our results, an increased TE under EC 
was also observed in Eucalypt trees (Barton et al., 2012). Our findings 
indicate that peanut plants will most likely increase C fixation with 
minimal changes in the transpirational water loss. 

5. Conclusions 

Studies of plant response to EC in semiarid environments with 
multiple water-deficit stress events are limited. However, this type of 
study is important for assessing crop performance in future climates, 
allowing us to make informed decisions to meet future food demands. 
Further, growth in EC may be a surrogate to assess the performance of 
not-yet-developed photosynthetic-transgenic plants, especially in those 
species where EC leads to higher photosynthetic capacity, such as pea-
nut. Altogether, in a drier environment than current climates, EC will 
help maintain peanut production. However, this is a single genotype 
study and it would be important to evaluate genotypic variation. 
Moreover, a system-level approach should be used to obtain more ac-
curate assessment of peanut agroecosystem performance and the po-
tential impacts on C and H2O cycling in projected future environments. 
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