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Despite the agronomic importance of potato (Solanum tuberosum L.), the interaction of
atmospheric carbon dioxide concentration ([CO,]) and drought has not been well studied.
Two soil-plant-atmosphere research (SPAR) chamber experiments were conducted con-
currently at ambient (370 pmol mol~?) and elevated (740 wmol mol~?*) [CO,]. Daily irrigation
for each chamber was applied according to a fixed percentage of the water uptake measured
for a control chamber for each [CO,| treatment. We monitored diurnal and seasonal canopy
photosynthetic (Ag) and transpiration rates and organ dry weights at harvest. Plants grown

under elevated [CO,] had consistently larger photosynthetic rates through most of the
growth season, with the maximum Ag at 1600 pmol photons m~2 s* 14% higher at the well-
watered treatments. Water stress influenced ambient [CO,] plants to a larger extent, and
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reduced maximum canopy Ag, growth season duration, and seasonal net carbon assimila-
tion up to 50% of the control in both [CO,] treatments. Water use efficiency increased with
water stress, particularly at elevated [CO,], ranging from 4.9 to 9.3 gdry mass L™ *. Larger
photosynthetic rates for elevated [CO,] resulted in higher seasonal dry mass and radiation
use efficiency (RUE) as compared with ambient [CO,] at the same irrigation level. This extra
assimilate was partitioned to underground organs, resulting in higher harvest indices. Our
findings indicate that increases in potato growth and productivity with elevated [CO,] are
consistent over most levels of water stress. This work can support various climate change
scenarios that evaluate different management practices with potato.

Published by Elsevier B.V.

1. Introduction production. Despite the agronomic importance of this crop,

studies on the interaction of drought and [CO,] on seasonal

Potato is sensitive to drought with reductions in yield
occurring at even moderate levels of water stress (Jefferies,
1993; Gregory and Simmonds, 1992; Jefferies and Mackerron,
1987; van Loon, 1981). Increased atmospheric carbon dioxide
concentration ([CO,]) is known to improve water use efficiency
(WUE) (Eamus, 1991), and increase net photosynthetic rate and
above and/or below ground biomass (Baker and Allen, 1994) in
C3species. Thus, projected increases in global [CO,] (Baker and
Allen, 1994) may help mitigate the impact of drought on potato

* Corresponding author. Tel.: +1 3015047339; fax: +1 3015045823.
E-mail address: david.fleisher@ars.usda.gov (D.H. Fleisher).
0168-1923/$ - see front matter. Published by Elsevier B.V.
doi:10.1016/j.agrformet.2008.02.007

potato growth and development have not been conducted.
Potatoes exhibit a positive response to [CO,] enrichment,
with most research indicating increases in total biomass and/
or yield. Schapendonk et al. (2000), Sicher and Bunce (1999),
Wheeler et al. (1999), and Wheeler (1991) measured a 27-49%
tuber yield increase when [CO,] was maintained at approxi-
mately double that of ambient (370 pmolmol™' versus
740 pmol mol™?). Goudriaan and de Ruiter (1983) was the
one exception to this trend, and observed a slightly negative
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yield response to [CO,] doubling. Miglietta et al. (1998)
observed a 40% increase in yield, but no significant increase
in total biomass, an observation they attributed to relatively
low light levels. Lawson et al. (2001) and Miglietta et al. (1998)
measured an increase in leaf senescence and flowering,
suggesting that elevated [CO,] may hasten developmental
rate.

Water stress primarily reduces potato canopy expansion
(Jefferies, 1995; Vos and Groenwold, 1988) and can delay tuber
initiation and bulking (Walworth and Carling, 2002; Bélanger
et al., 2001; Costa et al., 1997; Wright and Stark, 1990). Long-
term (1-2 weeks or longer) drought reduces leaf area index and
canopy longevity (Fleisher et al., 2008; Deblonde and Ledent,
2001; Jefferies, 1993; Jefferies and Mackerron, 1993; Trebejo
and Midmore, 1990), resulting in decreased intercepted
photosynthetically active radiation (PAR) and net assimilation
over the course of the growing season (Susnoschi and
Shimshi, 1985). Bélanger et al. (2001) and Trebejo and Midmore
(1990) also observed an increase in carbon partitioning to
below ground organs (root and tubers) at the expense of above
canopy growth in water stressed potato.

Data on potato gas exchange responses to [CO,] and water
stress are sparse. Ku et al. (1977) found that elevated [CO,]
reduced transpiration rates and increased photosynthesis and
WUE in potato leaves. In an experiment with potatoes grown
at 350 and 700 pmolmol™! [CO,] in open-top chambers,
Schapendonk et al. (2000) measured nearly an 80% increase
in the light-saturated rate of canopy photosynthesis with
elevated [CO,]. This differential between [CO,| treatments
declined over the course of the growing season. Sicher and
Bunce (1999) measured increased net photosynthetic rates in
the leaves of potato plants grown at elevated [CO,] over the
entire growing season as compared to ambient [CO,] and
observed only a moderate amount of photosynthetic acclima-
tion.

The effects of drought on potato leaf level photosynthesis
are small compared with stem and leaf elongation rates
(Tourneux et al., 2003; Jefferies, 1995; Vos and Groenwold,
1988), suggesting that the main effect of drought on canopy
photosynthesis may be due to reduced leaf area production
and duration (Jefferies, 1993, 1995). Costa et al. (1997) observed
reductions in canopy photosynthetic rate that were correlated
with irrigation treatment, with the highest rates occurring
with well-watered plants. However, these measurements
were limited to flowering and tuber maturation stages and
sink strength is known to affect photosynthetic rates (Basu
et al,, 1999). Vos and Groenwold (1989) measured canopy gas
exchange parameters on droughted potato and concluded that
the rate of photosynthesis, relative to a non-water stressed
control, was suitable for assessing the degree of drought
impact on productivity. However, additional gas exchange
studies are needed to further quantify the effects of [CO,]
enrichment on water stressed potato during an entire growing
season.

The effect of [CO,] and water stress on potato gas exchange
and productivity was investigated using six different levels of
irrigation at ambient (370 umolmol™?) and elevated
(740 pmol mol™!) [CO,] in soil-plant-atmosphere-research
(SPAR) chambers. The objectives were to (1) quantify trends
in canopy photosynthesis, seasonal net assimilation rate,

seasonal and diurnal transpiration and water use patterns in
response to differences in irrigation amount, (2) assess how
these trends were influenced by [CO,], and (3) relate these
responses to end-of-season productivity, including dry matter
production and radiation and water use efficiencies. Research
results are important for evaluating production and manage-
ment practices of potato under future climate change
scenarios.

2. Materials and methods
2.1. SPAR chambers

Two experiments, one at 370 umol mol~* [CO,] and the other
at 740, were conducted concurrently each using six soil-
plant-atmosphere-research (SPAR) chambers at United
States Department of Agriculture-Agricultural Research
Service (USDA-ARS) facilities in Beltsville, MD, USA in
the summer of 2005. The SPAR chambers consist of
transparent chamber tops, 2.2m x 1.4m x 2.5m (length
x width x height) constructed of 0.0127 m thick Plexiglas
and are similar to systems at the University of Florida
(Pickering et al., 1994), Corvallis, OR (Tingey et al., 1996), and
Mississippi State University (Reddy et al., 2001). Each SPAR
chamber top is mounted to a steel soil bin measuring
20m x 0.5m x 1.0m (length x width x depth). A dedicated
Sun SPARC 5* workstation (Sun Microsystems Inc., Mountain-
view, CA, USA) logged environmental data (air and soil-media
temperatures, relative humidity, [CO,], and PAR above and
below the canopy) every 300 s. Additional physical descrip-
tion and methods of operation and monitoring of these SPAR
chambers have been described previously (Baker et al., 2004).

Each chamber formed a semi-closed system for measure-
ment of [CO,] flux. [CO,] leakage rates were estimated daily for
each chamber using an N,O tracer gas system (Baker et al,,
2004). Each chamber was fitted with its own infrared gas
analyzer (model #LI-6262, Licor Biosciences, Lincoln, NE, USA).
Pure CO, supplied from a compressed gas cylinder to mass
flow controllers (Omega Engineering Inc., Stanford, CT, USA)
located in the air ducting in each chamber was coupled with a
feed-forward, feed-back PID (proportional-integral-derivative)
control algorithm in order to maintain chamber [CO,]. The
amount of [CO,] injected, the amount of [CO,] leaking from the
system, and the amount of [CO,] injected but not taken up by
the plants were all used to calculate the [CO,] exchange rate
(CER, pmol CO, m~2s~%) at 5-min intervals. Condensate was
collected from the cooling coils of each chamber and weighed
every 15-min (Timlin et al., 2007; Baker et al., 2004). This
condensate represented whole-canopy transpiration as a
vapor barrier was placed over the soil surface to minimize
evaporation.

The soilbin of each SPAR chamber was filled in layers
(approx 0.15m thick and 2x0.50m in area) and wet
thoroughly as each layer was added. The soil type was 75%
coarse sand and 25% vermiculite (Grace Construction Pro-

1 Mention of a trademark or proprietary product does not con-
stitute a guarantee or warranty of the product by the USDA and
does not imply the exclusion of other available products.
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ducts, Cambridge, MA, USA) by volume. Fifteen 30 cm-long
TDR waveguides (three rod) were installed horizontally in each
soilbin perpendicular to the widest dimension. These were
installed at three horizontal positions at five soil depths. A
calibration relationship between water content and dielectric
constant was developed using soil from the chambers. Water
contents from air dry to saturation were used. Additional
information on the TDR system and soil characteristics can be
found in Timlin et al. (2007).

2.2. Plant culture

Time release fertilizer (Osmocote 14-14-14, The Scotts Com-
pany, OH, USA) was incorporated in the top 5 cm of the soil in
each chamber at a rate of 60 g m~2 prior to planting. On 27 May
2005, certified potato (Solanum tuberosum cv. Kennebec) seed
tubers (54.9 + 10.04 g mean fresh weight) were planted at a
depth of approximately 5cm in six rows (12 plants m~?) in
SPAR chambers. All SPAR chambers were maintained at a
constant day/night 16 h/8 h thermoperiod of 23/18 °C. The
average seasonal relative humidity of the air during the
respective two parts of the thermoperiod was 58 + 8.1 and
58 +8.8% which provided an air vapor pressure deficit of
1.3 +£0.26 and 0.97 + 0.2 kPa. Daytime [CO,] was controlled at
either 370 and 740 pmol mol~?! for the six SPAR chambers in
each [CO,] level. Night-time [CO,] was uncontrolled, but varied
between 461 and 635pmolmol ' with an average of
536 + 55.7 umol mol~* for all chambers during the course of
the experiment. Photoperiod averaged 14.1h during the
course of the experiment (27 May through 21 October 2005)
and average daily light integrals over the course of the
experiments are provided in Table 1. Chamber soil volumes
(270 L) were soaked with tap water prior to planting; however,
during the growing season, irrigation was controlled so that
the bottom layer did not saturate to prevent drainage of water
from the soil (Timlin et al., 2007). Irrigation was not supplied
again until 3 weeks after emergence (see below), at which
point volumetric water content was approximately 130 L for
each chamber. After emergence, potato plants were pruned to
allow only the growth of a single main stem and transparent
plastic film (4 mil thickness) was used to cover the top of the
soil around each plant to minimize evaporation from the soil
surface. Shade curtains were added at 21 days after emergence
(DAE) to maintain the production area and minimize border
effects.

Irrigation was supplied in the form of 1/2 strength Woody’s
solution (Robinson, 1984) and distributed by drippers
arranged in three 2.0 m rows with 0.20 m spacing between
rows in each chamber. The drippers were spaced at 0.10 m
intervals. Irrigation treatments were initiated at 21 DAE (days
after emergence), corresponding to main stem flowering.
Varying amounts of irrigation was provided to each SPAR
chamber on a daily basis according to 90, 75, 50, 25 and 10% of
the daily water uptake (computed from TDR system as
described below) measured from the control chamber (100%).
Separate control chambers were used for the 370 and
740 pmol mol~! [CO,] experiments. Irrigation was applied
after 22:00 h for each chamber. Harvest times (Table 1) were
selected when canopy photosynthetic rates dropped to below
50% of their peak value.

2.3. Data collection

Hourly TDR water contents were multiplied by soil volume for
each layer to obtain total volume of water in the soilbin of each
chamber for each hourly measurement. The hourly water
volumes were averaged by depth and summed to obtain a
daily total water volume in the soilbins. Water uptake per day
was obtained as the difference between the 06:00 and 21:00 h
water contents, and seasonal water uptake was calculated as
the sum of the daily uptake values. Additional information on
the TDR system operation may be found in Timlin et al. (2007).

During the daytime, CER values represent canopy net
photosynthesis, Ay. Two mean values for dark respiration, Rp,
at day and night temperatures, were estimated for each 24-h
period. Daytime Rp was obtained by averaging CER values at
the day temperature between 20:00 and 22:00 h when PAR was
zero, and nighttime, or dark period, Rp was estimated at the
night temperature between 01:00 and 04:00 h. Resulting Rp
values were added to Ay to estimate gross photosynthesis, Ag,
asinEq. (1). Although Rp does not account for photorespiration
and may be affected by [CO,], this method has successfully
been used to relate carbon assimilation to dry matter (van
Iersel and Kang, 2002; Reddy et al., 1989; Dutton et al., 1988)
from growth chamber data:

Agc =Ax+Rp (1)

where Ag is the gross instantaneous photosynthetic rate
(nmol CO, m~2 571, Ay the net instantaneous photosynthetic
rate (umolCO,m 2s™%), and Rp the dark respiration
(wmol CO, m—2s7h).

Canopy gas exchange data were averaged at 15-min
intervals. A rectangular hyperbola (Eqg. (2)) (Acock et al., 1976),
was fit to the relationship between Ag and incident PAR in order

to analyze light-response curves for each day of interest:

altC
Ac = al +1C @)

where Ag is the gross photosynthetic rate (umol CO, m 2574, 1
the incident PAR above the canopy (umol PAR m 2s7%), 7 the
canopy conductance to [CO,| transfer (m s %), « the canopy
light utilization efficiency (wmol CO, umol~* PAR), and C the
[CO,] (expressed as pmol CO, m~3).

The NLIN procedure in SAS statistical software (The SAS
system for Windows, 8.02, SAS Institute Inc., Cary, NC, USA)
was used to obtain parameter values using the Gauss-Newton
nonlinear least squares iterative method.

At harvest, all senesced leaf material was gathered and
recorded for each chamber. Root weights were estimated on a
chamber basis from root cores that were taken at five different
depths at four horizontal positions in each soil layer and
included stolon weights. Plants were separated according to
stem, remaining green leaf, and tubers. All plant material was
dried to constant weight in air forced ovens at 70 °C.

2.4.  Evaluation of experimental approach

At the end of the growth season, the total irrigation to each
chamber, expressed as a percentage of the control amount at
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Table 1 - Harvest date (days after emergence, DAE), seasonal irrigation and water uptake, and average daily light integral

expressed as photosynthetically active radiation (PAR) per irrigation treatment at 370 and 740 pmol mol ! [CO,] from
planting through harvest

Irrigation Harvest date Seasonal irrigation Seasonal uptake PAR
(% of control) (DAE) (L)>be L) (mol PPF m~—2 day )
370 740 370 740 370 740 370 740
100 126 132 737 637 714 640 35+13 35+13
90 134 98 664 (90) 443 (88) 668 559 34+13 38+11
75 119 110 516 (71) 416 (74) 542 485 37+12 37+12
50 91 91 248 (50) 225 (48) 331 380 38+ 11 38+ 11
25 81 81 103 (24) 100 (26) 242 221 39+12 39+12
10 74 74 37 (10) 33 (9) 193 122 39+11 39+11

Standard deviations are indicated where appropriate.

@ Values in parenthesis are the seasonal irrigation amounts expressed as a percentage of the control for ambient (370) and elevated (740) [CO,).

® Computed using the TDR system.

¢ Soil volume was saturated prior to planting with approximately 170 L of water not included in this column.

the time of chamber harvest, is indicated in parenthesis in
Table 1. These actual percentages match closely with the
desired treatment amounts. There was approximately 170 L of
water available to the plants in the soil compartment at the
start of the irrigation treatments. Thus, total uptake exceeded
total irrigation for the less well-watered treatments (Table 1).

A comparison of end of growth season cumulative net

A modified form of the Gompertz growth equation (Eq. (3))
(Thornley and Johnson, 1990) was used to describe the
relationship between cumulative net assimilation versus
time. The maximum net assimilation rate was taken as the
difference in assimilation rate between 20 and 80% of the time
required to reach the final assimilation Xg:

assimilation (mol CO, m~?) versus total dry mass production X = X, elnXe/Xo)(1-e )] @3)
(including all senesced leaf material) was made in order to
evaluate the accuracy of the gas exchange measurements over 180] _
the entire growth season (Fig. 1). The inverse of the slope of the Ambient
regression line indicates a carbon content of 0.41gCg* 1601 ‘
biomass for 370 wumol mol~* [CO,] and 0.46 g C g~ * biomass for 140 |
740 pmol mol™* [CO,]. Assuming a 41% carbon content for 1201
potato (Wheeler et al., 1996), these results indicate a slight &
over-prediction in cumulative net photosynthetic rate at £ 100,
elevated [CO,]. However, Stitt and Krapp (1999) and Long C‘)\‘ 80
et al. (1996) described increased carbohydrate contents in 9 60
leaves of plants grown with elevated [CO,] (possibly due to g
increased nitrogen use efficiency by elevated [CO,)), a finding = A0
that may explain the larger carbon content estimated in this D 20
experiment. Potential sources of error likely include carbon U 0 = : g }
loss during harvesting procedures, including loss of senesced % B0 { v :
leaf material and respiratory losses during initial oven drying 4 160 Elevated
(Monje, 1993). o

€ 140

o
2.5.  Data analysis -% 120

, 2 100
Regression was used to analyze the responses of canopy gross g
photosyntheticrate athigh irradiance (1600 pmol PAR m~2s™?), O 804
seasonal and specific respiration, radiation and water use 60 -
efficiency, transpiration, and dry matter production versus 40 ) ) - )
irrigation amount expressed as a percentage of the control y =0.0384x ; r2 = 0.99
chamber. Irrigation amount was treated as a continuous 201 ' ' o '
variable and [CO,] as qualitative. SAS (The SAS system for 0 T T r :
0 1000 2000 3000 4000 5000

Windows, 9.01, SAS Institute Inc., Cary, NC, USA) Proc GLM was
used to determine the appropriate regression form (linear or
nonlinear), calculate the coefficients of the regression, and test
for common slopes and intercepts between [CO,] levels.
Regression lines and/or coefficients that were not significantly
different from one another between [CO,] levels were noted in
the appropriate tables and figures.

Dry mass (g m*2)

Fig. 1 - Cumulative net assimilation (mol CO, m~?) versus
end of season dry matter production (g dry mass m~?) for
potatoes grown at 370 pmol mol ™! [CO,] (ambient) and
740 pmol mol ! [CO,] (elevated).
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where X, is the initial net assimilation at 0 days after emer-
gence (i.e. tq = 0) (0.05 mol CO, m~?), X;the final cumulative net
assimilation at harvest (mol CO, m~2), X the cumulative net
assimilation at current time increment (mol CO, m™2), D the
cumulative net assimilation at current time increment

(mol CO, m~?), t4 the days after emergence (days).

3. Results
3.1. Canopy photosynthesis, respiration, and
radiation use efficiency

Light response curves for 3 days with full sunlight (i.e. little or
no cloud cover) (DAE 29, 45, and 65) were selected to assess
irrigation and [CO,] effects on gross photosynthetic rates at
different times during the growth season. Parameters from
fitting Eq. (2) to this data were shown in Table 2. Canopy light
use efficiency () and t were at their highest values for both
[CO,] levels at DAE 65 for irrigations above 25% of the control.
On DAE 45 and 65, « was smaller at decreasing irrigation
amounts, likely a result of smaller canopy size. Conductance
to [CO,] transfer (r) decreased with irrigation on all DAE. This
trend was particularly evident when comparing 10 and 25%
irrigation values versus 50 through 100%. This response was
presumably due to increased stomatal resistance with the less
watered plants. No consistent differences in « between [CO,]
levels were apparent. However, t was clearly smaller for
elevated versus ambient [CO,] at most irrigation treatments.

Fig. 2 illustrated these responses with light response curves at
45 and 65 DAE. Despite the decline in t between [CO,] levels,
elevated [CO,] gross photosynthetic rates were still higher
than ambient [CO,] at a given PAR level during most days of the
growth season, with no clear indication of acclimation
occurring (Fig. 2).

Weekly averages for canopy Ag at 1600 pmol PAR m
(Ag-1600) during the course of the growth season for several
irrigation treatments at each [CO,] treatment were shown in
Fig. 3. Polynomial regression parameters were summarized in
Table 3. Maximum Ac-1600 values were smaller with at the
lower irrigation treatments for both [CO,] levels. This result
followed from the observation that « and r terms declined with
DAE, particularly between 10 and 25% versus the more well-
watered treatments (Table 2). Maximum Ag-1600 values were
also not clearly different between 50, 75, 90 and 100% irrigation
treatments (Fig. 3, 75 and 90% not shown for clarity). However,
the duration of time for which this value was maintained was
clearly influenced by irrigation and largely due to differences
on leaf area production and persistence over the course of the
growth season.

Total seasonal respiration declined linearly with irrigation
for both [CO,] levels (Fig. 4A). This result was due to higher net
assimilation rates (and thus, larger biomass) as irrigation
increased. Respiration for the 10%, 370 [CO,] treatment was
relatively high, particularly when expressed on a dry mass
basis (Fig. 4B). A comparison of seasonal net assimilation and
the estimated total C fraction of end of growth season biomass
for that treatment indicated that biomass was under-

-2 S—l

00 e A T
DAE 45 . DAE 65 e
// ”
I PR . /. [ T . . .
80 e e
s/
60 £ EEh e S & 7 .
s
V'
i

. 40+~ T /
‘tf) /4
) ] o)
g 20 Ambient, 100% Ambient, 100%
o) —— —— ——  Elevated, 100% —— —— ——  Elevated, 100%
O o0 } t } t
E 100
3 DAE 45 DAE 65
ég 80 - [N .

60 - e Lot 1 e

I/ N - @
40 A > - oo
-~
-7 e
20 : S ‘
Ambient, 25% Ambient, 25%
—— ——  Elevated, 25% —— —— ——  Elevated, 25%
D T T T T T T T T
0 500 1000 1500 2000 O 500 1000 1500 2000

PPF (umol PAR m? s’}

Fig. 2 - Gross photosynthetic rate versus photosynthetic photon flux (PPF) at 45 and 65 days after emergence (DAE) for
selected irrigation treatments at ambient and elevated [CO,]. Curve parameters are from Table 2 and 95% confidence limits

are shown at 1200 umol PARm 25!

. Measured data shown for ambient treatments only for clarity.
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Table 2 - Canopy light utilization efficiency (¢) and canopy conductance to [CO,] transfer (z) for potato canopies grown at
370 and 740 umol mol * [CO,] at different water stress treatments

DAE Irrigation (% control) o (pmol CO, pmol ! photon) 7 (mms™)
370 740 370 740

29 100 0.070 £+ 0.004 0.061 + 0.003 5.9 +£0.35 4.24+0.33
90 0.088 + 0.005 0.062 + 0.003 5.3+0.27 3.7+£03
75 0.057 £+ 0.005 0.052 + 0.002 5.7+£0.51 29+0.18
50 0.053 £+ 0.006 0.051 +£0.003 4.24+0.49 29+0.2
25 0.042 +0.003 0.069 + 0.005 2.6 £0.15 1.4 +0.07
10 0.057 +0.004 0.048 + 0.007 23+£0.1 1.6+£0.18

45 100 0.072 + 0.004 0.074 + 0.004 8.2 £0.68 81+1.1
90 0.081 + 0.004 0.059 + 0.002 9.5+0.83 85+1.1
75 0.062 + 0.004 0.065 + 0.004 8.5+0.78 9.0 +£1.62
50 0.057 +£0.003 0.053 +£0.003 10.1+1.20 6.8+ 1.0
25 0.037 £ 0.002 0.05 + 0.003 5.6 £0.35 5.3+0.74
10 0.045 £ 0.002 0.034 +0.003 3.3£0.16 14+0.13

65 100 0.10 + 0.001 0.11 + 0.008 11.4+0.21 7.7 +11
90 0.11 + 0.001 0.088 +0.001 11.5+£0.23 8.7 £0.27
75 0.10 + 0.004 0.094 + 0.002 11.5+0.62 10.0 + 0.45
50 0.11 4+ 0.003 0.067 £0.001 15.0+0.73 6.4+0.3
25 0.042 +0.003 0.061 + 0.002 8.6 £1.26 5.8 £0.54
10 0.041 £+ 0.002 0.033 £0.001 2.2 +£0.09 1.1+0.04

Parameters are shown at three different days after emergence (DAE). Standard errors of the estimate are provided.

estimated by approximately 30%,; thus, respiration was most
likely over-predicted for this chamber. Regression lines were
not significant for seasonal specific respiration when this
treatment was removed from analysis (Fig. 4B). Therefore,
respiration rates were not affected by irrigation amount on a
unit dry mass basis. Specific respiration was significantly
higher (¢=0.05) for ambient versus elevated [CO,] when
averaged across remaining irrigation treatments (7.5
0.68 mol [CO,] x 1073 gdry mass™' versus 5.2 + 0.46 mol [-
[CO,] x 1072 g dry mass ™)

Results of the fit of Eq. (3) to cumulative net assimilation
versus DAE are shown in Table 4. Fig. S5A depicts the fit for
the 100% irrigation treatment. Maximum assimilation rate
was nonlinearly correlated with decreasing irrigation
amount and was significantly larger for elevated [CO,]
treatments at a given level of irrigation (Fig. 5B). Maximum
assimilation rate also nonlinearly increased with

irrigation amount, likely due to increased period of leaf
development and appearance in the canopy, resulting in a
distribution of younger leaves in the canopy of the well-
watered treatments (van Loon, 1981). The duration of the
maximum assimilation rate throughout the growth season
was linearly correlated with irrigation but was not influ-
enced by [CO,] as regression lines were not significantly
different (Fig. 5C).

A comparison of cumulative intercepted PAR at the
end of the growth season, expressed as a percentage of
incident radiation, is shown in Fig. 6 (top). There was little
difference in intercepted PAR during the course of the
growth season between [CO,] treatments at a given level of
irrigation. However, RUE was larger for elevated versus
ambient [CO,] plants at most water stress treatments
(Fig. 6). RUE was linearly correlated with irrigation amount
(Fig. 6) with a minimum differential of 0.4 g MJ ' intercepted

Table 3 - Regression parameters for weekly averages of Ag at 1600 pmol PAR m

~2 57 for selected irrigation treatments in

Fig. 3 at elevated and ambient [CO,], where y =b0 + blx + b2x>

[CO,] (wmol mol %)

Irrigation (% of control)

Regression parameters

bo b1 b2 2
370 100 93 (5.42) a 14.8 (1.31) a 0.7 (0.07) a 0.89
50 ~22.7 (44) b 19.0 (1.44) b ~1.0(0.10) b 0.97
25 _94(53)a 10.3 (1.88) ¢ ~0.6(0.14) a 0.89
10 ~11.5 (4.56) a 125 (1.74) a,c ~1.0(0.14) b 0.87
740 100 263 (7.50) a 217 (173) a ~1.0 (0.08) a 0.91
50 ~14.1 (5.94) a,b 16.7 (1.95) b ~0.8(0.14) ab 0.94
25 183 (4.96) a 17.0 (1.75) b ~10(0.13) a 0.94
10 ~7.9(346) b 9.8 (1.33) c ~0.7 (0.11) b 0.89

Different letters indicate whether regression terms were significantly different between irrigations within a given [CO,] treatment. Regression
equations were also significantly different between [CO,] treatments within a given level of irrigation.
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ambient and elevated [CO,]. Regression lines were not
significantly different. (B) End of season-specific
respiration versus irrigation treatment. Regressions were
not significant. Lines indicate significantly different
treatment means averaged across irrigation level by [CO,]
treatment without the 10% ambient treatment.

PAR between [CO,] treatments. RUE decreased by over 30%
for both [CO,] treatments between the 100 and 10%
irrigation levels. These results support the findings for
increases in net assimilation rate with elevated [CO,] in
Fig. 5B.

3.2.  Transpiration and water use efficiency

Diurnal trends for canopy transpiration rates for several
irrigation treatments are shown in Fig. 7 for a sunny day.
Transpiration rates closely tracked the patterns in PAR during

Table 4 - Gompertz parameters (final cumulative net assimilation at harvest (X;) and decay in cumulative net assimilation

rate (D)) for the fit between cumulative net assimilation versus days after emergence (DAE) from emergence to harvest for
potato plants grown at 370 and 740 umol mol~* [CO,] at different water stress treatments

Irrigation (% of control) X¢ (mol CO, m 2 D (days ™)
370 740 370 740

100 1185+ 1.14 171.3 £ 1.60 0.039 + 0.0004 0.035 + 0.0003
90 124.0 +£1.20 122.2 + 0.68 0.037 + 0.0004 0.044 + 0.0002
75 125.6 +2.57 136.5+0.63 0.038 + 0.0004 0.039 £ 0.0002
50 106.3 +1.13 107.3 £ 1.45 0.039 + 0.0003 0.044 + 0.0005
25 60.7 £+ 0.80 95.5 +1.34 0.045 £ 0.0005 0.046 + 0.0005
10 31.7 £0.29 39.5+0.29 0.054 + 0.0005 0.051 + 0.0003

Standard errors are shown.
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Fig. 7 - Diurnal canopy transpiration values and PAR for potatoes grown at 370 and 740 umol mol~* [CO,] at 90, 75, 50, and

25% irrigation treatments at 45 days after emergence.

the day at both [CO,] levels and all irrigation levels.
Transpiration rates were significantly higher with increased
irrigation amount at all levels of irrigation, and were also
significantly higher for ambient versus elevated [CO,] within a
given irrigation treatment (Table 5). At most irrigation
treatments, the intercepts and linear terms in the regression
equation (b1) were significantly higher for ambient [CO,] as
compared with elevated [CO,]. This increase explains the
sharper rise in ambient [CO,] transpiration with time of day
(and increasing radiation) in Fig. 7. A similar pattern was

observed for most days during the course of the growth
season.

The larger photosynthetic rates and reduced transpiration
of elevated [CO,] plants resulted in an increase in water use
efficiency (WUE) for most days throughout the growth season
(Fig. 6). End of growth season WUE increased by more than 20%
between the 100 and 10% irrigation treatments for both [CO,]
treatments. WUE was also larger for elevated [CO,] at most
irrigation treatments, with a 26% increase over ambient [CO,]
at the 10% irrigation treatment.

Table 5 - Regression coefficients for diurnal patterns of transpiration for selected irrigation treatments at 45 days after

emergence corresponding to Fig. 7 where y = b0 + b1x + b2x?

Irrigation (% of control) [CO,] (ppm) Regression parameters
bo bl b2 r
90 370 —-221a 56a -0.22 a 0.92
740 -129b 34b -0.14 a 0.82
75 370 —-212a 4.98 a —0.19 a 0.92
740 -9.93b 2.96 b -0.12b 0.79
50 370 -16.7 a 444 a —0.18 a 0.97
740 -13.2b 343b -0.14b 0.89
25 370 -122a 3.12a —0.12 a 0.93
740 ~775b 217 a —0.085 a 0.84

Different letters (a and b) indicate whether regression terms were significantly different between [CO,] treatments within a given irrigation
treatment. Regression equations were also significantly different between irrigation treatments within a given level of [CO,].




1118

AGRICULTURAL AND FOREST METEOROLOGY 148 (2008) 1109-1122

(A) 500
—~ 400 .
. =
= L~
@ ~ e
3300 3 3 . l,//’, B
0 T pery=d
0 e
8 200 T T
= L
© St ==
° =
F 100 1
*  Ambient: y=0.20x+105; 12 = 0.95
©  Elevated: y=0.36x+106; % = 0.91
(C) 150 . , ,
¢
125 %/ Tf
< 100
L
2 :
o
>
=
N s
o 50 /%// s
*  Ambient y=-0.0001x2+0.2x+23; 2 = 0.72
©  Elevated: same
(E) :
*  Ambient: y=8.6x081: 2= 008
O Elevated: y=1,7x'°'9; 2=086
° s e S
=
©
i
o
o
[e]
=
7]
o
8
AN
4 \s{\\‘ °
N
-
\\:.:~ _ [+]
B SN
% g
0.0 r : :
0 200 400 600 800

Irrigation amount (L)

(B) 180
*  Ambient y=0.15; 12 = 0.54
150 ©  Elevated: same
., 120
5 -
a
o % 5
|~
g ® .
= 60
5]
l’ ,//
30 } j/ i
A ' ‘ ‘
o °
200 *  Ambient: y= -0.0002x2+0.2x+34; 12 = 0.1
©  Elevated: y=-0.0005x2+0.4x+41.5; r2 = 0.2
. 150 e
[
[
©
o /.-/F7 -
=] o ,l/ a0
2 00 : SRS (8 . E B
] s J )
£ G P e
[ 17 4
R G S & : b N
0 = - - —
0 200 400 600 800

Irrigation amount (L)

Fig. 8 - End-of-season dry mass production for potatoes grown at 370 and 740 umol mol~* [CO,] versus irrigation amount.
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3.3.  Dry matter production

Dry matter production reflected the differences in photo-
synthetic rate and respiration between [CO,] and irrigation
treatments (Fig. 8). Total biomass and stem mass were
linearly correlated with irrigation (Fig. 8A and B). Elevated
[CO,] treatments produced significantly more total biomass
than ambient [CO,], particularly as irrigation increased. Leaf
mass continued to increase with irrigation (Fig. 8C), while
tuber mass peaked at 396 L of irrigation (between 50 and 75%
irrigation treatments) at elevated [CO,] and 554 L at ambient
[CO,] (between 75 and 90% irrigation treatments) (Fig. 8D).
Root to shoot ratios were highest at lower levels of irrigation
and rapidly decreased with irrigation amount (Fig. 8E). There
was a small, but significant [CO,] effect. Dead leaf and
root mass were not significantly different between [CO,]
treatments (data not shown), but were correlated with
irrigation (dead leaf: y = 2.0x; > = 0.9; roots: y = —0.01x + 14.5;
r>=0.5).

4. Discussion
4.1.  Canopy photosynthesis, respiration, and RUE

The increase in maximum net assimilation rate between [CO,]
treatments (Fig. 5B) is attributable to the higher A; and lower
specific respiration rates at a given irrigation treatment. The
increase in canopy Ag with PAR with elevated [CO,] was
observed for other C3 crops (e.g. Reddy et al., 1989, 1995; Jones
et al, 1985). The decrease in Ag-1600 and the duration of
maximum assimilation rate with irrigation is largely a
response of decreased production of leaf mass (Fig. 8C) and
a shorter growing season (Table 1). The shortened growing
season due to water stress has been observed previously with
potato (Onder et al, 2005; Trebejo and Midmore, 1990;
Susnoschi and Shimshi, 1985).

Specific respiration rates of plants grown in enriched [CO,]
have been reported to decrease (Bunce, 2005; Idso and Kimball,
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1993; Wullschleger et al., 1992). One possible reason for the
decreased respiration rate per unit mass is a lowered protein
content in tissue with elevated [CO,] (e.g. Bunce, 2005). In this
case, we measured an average 1 and 0.5% increase in leaf and
stem N content for ambient versus elevated [CO,] plant tissue
taken at several points during the growth season (data not
shown). In addition, the majority of the additional photo-
synthate fixed by the elevated [CO,] potato plants was
partitioned to tubers and roots (Fig. 8D and E). The relatively
low respiratory requirements for these organs may also
explain the lower specific respiration rates observed in this
study (Fig. 4B).

Various researchers have observed that leaves of C3 plants
rapidly acclimate to [CO,] enrichment, with the result being
thatinitialincreases inleaflevel net assimilation rate decline
to that of ambient [CO,] after several days of exposure
(Lawson et al., 2001; Sicher and Bunce, 1999). Thus, observed
increases in productivity due to increased [CO,] would
primarily depend on more rapid establishment of leaf area
than in ambient [CO,]. In the present study, differences in the
quantity of intercepted PAR throughout the growth season
were not detected (Fig. 6, daily patterns not shown). Although
leaf area index was not measured in-season, individual leaf
expansionrates were slightly higher atambient [CO,] and leaf
appearance rates were not significantly different between
[CO,] treatments (data not shown). Significant differences in
leaf dry matter production or senesced leaf were also not
observed between [CO,] treatments within a given irrigation
treatment (Fig. 8C). The specific leaf area of green leaves at
harvest ranged between 123 and 232cm?®g ' dry mass;
however, not enough samples were taken to evaluate if
statistical differences were present between [CO,] treat-
ments. Theseresultsindicate that the totalleaf area produced
per treatment throughout the growth season was similar at
each irrigation level. Thus, the dynamics of canopy leaf area
expansion and intercepted PAR were not significantly
different between [CO,] treatments for a given irrigation
treatment over the course of the growth season. Similar
results were reported by Schapendonk et al. (2000) and
Miglietta et al. (1998). The increased productivity with the
elevated [CO,] treatment must be due to increased rate of
assimilation at the elevated [CO,], a result which is indicated
by the elevated RUE (Fig. 6).

The values for canopy light use efficiency and canopy
conductance to [CO,] were within reported values for other
C3 plants (e.g. Acock et al., 1985; Reddy et al., 1989, 1995).
Neither « or t declined with time (Table 2), indicating
photosynthetic acclimation to [CO,] was not detected at the
canopy level. It has been speculated that photosynthetic
acclimation to elevated [CO,] may be somewhat reduced by
potato due to its capacity to form large storage sinks for
carbohydrate (Schapendonk et al.,, 2000; Miglietta et al.,
1998). Some of the largest differences in Ag-1600 between
[CO,] treatments at a given irrigation level were observed
during the middle portion of the growing season. For
example, maximum As-1600 at week 10 was approximately
72 pmol CO, m2s~! for ambient and 83 pmol CO, m 257!
for elevated [CO,] at the 100% irrigation treatment (Fig. 3).
Net assimilation rates were also linear during this time for
most irrigation treatments (Fig. 5A). This time corresponded

to approximately 2 weeks after mainstem flowering and
tuber initiation. These results support this hypothesis that
tuber sink strength may play a role in mediating certain
aspects of photosynthetic acclimation in potato leaves (Basu
et al., 1999).

4.2. Transpiration, water uptake, and WUE

Transpiration rates were lower for plants grown under
elevated [CO,] at most water stress treatments (Fig. 7). Whole
growth season water uptake values were also smaller for
elevated [CO,] plants (Table 1). As noted above, the dynamics
of leaf area production and light interception were similar
throughout the growth season at both [CO,] treatments at a
given level of water stress. Thus, the lower transpiration rates
at elevated [CO,] were likely the result of reduced stomatal
conductance in the canopy as has been reported in other
studies of potato under elevated [CO,] (Sicher and Bunce, 1999;
Wheeler et al., 1999).

Seasonal water uptake (Table 1) was linearly proportional
to irrigation for all treatments and fell within the typical range
of 400-700 mm cumulative evapotranspiration for field-grown
potato (Wright and Stark, 1990), particularly for the well-
watered treatments. At both [CO,] treatments, WUE increased
with decreasing irrigation amount (Fig. 6), consistent with
observations from other potato studies (Onder et al., 2005;
Trebejo and Midmore, 1990; Vos and Groenwold, 1989).
Increased WUE with [CO,] enrichment has been reported for
other C3 species (Baker and Allen, 1994; Eamus, 1991). Wheeler
et al. (1999) observed an increase in WUE when [CO,] was
increased from 400 to 1000 pmol mol~ for hydroponically
grown potato and Ku et al. (1977) measured increased leaf-
level WUE; however, few other studies on water use and [CO,]
interactions have been conducted for potato. When expressed
on a tuber fresh weight basis, WUE values ranged from 5 to 14
and 11 to 30kgyield m > for ambient and elevated [CO,,
respectively. Typical values for field grown potato range from 5
to 11.7 kgm™> (Trebejo and Midmore, 1990). Thus, WUE is
nearly doubled when expressed on a tuber yield basis for the
elevated [CO,] treatments.

Although general C3 crop responses to [CO,] enrichment
include improved WUE, seasonal water use can actually be
larger for plants grown at elevated [CO,] because of
increased leaf area (Baker and Allen, 1994; Eamus, 1991).
Wheeler et al. (1999) observed slightly more water use for
hydroponically grown potato at elevated [CO,]. However,
only a 50-day growth cycle was used in the analysis. We did
not observe this response due to the majority of the increase
in biomass at elevated [CO,] partitioned to below ground
organs.

4.3. Dry matter production

Typical responses of well-watered potato to [CO,] enrichment
include increased total biomass and yield (Schapendonk et al.,
2000; Sicher and Bunce, 1999; Miglietta et al., 1998; Wheeler
et al.,, 1991, 1999). Our results indicate that this increase in
productivity between [CO,] levels is also maintained at most
levels of water stress (Fig. 8A). The increase in biomass was
accompanied by a decrease in water uptake and irrigation
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requirements as compared to the well-watered control
treatment, resulting in larger WUE for the elevated [CO,]
treatments (Table 1; Fig. 6). The additional biomass produced
with elevated [CO,] was primarily partitioned to tubers and
roots as leaf and stem production were not significantly
different between [CO,] treatments at a given irrigation level
(Fig. 8). Reduced water use and increased productivity indicate
that elevated [CO,] will result in more efficient potato
production given similar environmental conditions for non-
droughted and droughted plants.

A similar nonlinear tuber yield response to irrigation was
observed for both [CO,] treatments (Fig. 8D). A decline in tuber
production has been observed with drought in other research
(e.g. Walworth and Carling, 2002; Deblonde and Ledent, 2001;
Costa et al., 1997; Trebejo and Midmore, 1990). The maximum
tuber yield occurred at irrigation amounts between the 50 and
75% irrigation treatments at elevated [CO,] and the 75 and 90%
treatments at ambient [CO,]. Harvest indices were highest at
the 10 or 25% irrigation treatments; however, as irrigation
increased, more biomass is partitioned to leaves and stems
(Fig. 8C), resulting in a drop in harvest index to below 0.3 for
both [CO,] treatments. This decrease in harvest index with
increased irrigation has been reported by Onder et al. (2005)
and Susnoschi and Shimshi (1985).

One reason for the curvilinear response is likely due to
increased respiratory demand by the higher biomass of the
well-irrigated treatments (Fig. 8A) resulting in less carbon
available for tuber growth.

Kennebec is classified as a cultivar with a high degree of
drought resistance (Vos and Groenwold, 1988). Thus, extra-
polation of the measured effects of [CO,] and water stress on
its productivity and canopy gas exchange responses to other
potato cultivars should be conservative. Care must also be
taken when extrapolating these results directly from a
controlled environment study to field production. None-
theless, the relative responses observed in the study are
applicable for crop modeling and evaluating climate change
scenarios. The general responses described in this paper
indicate [CO,] enrichment increased WUE and partitioning to
tubers in response to season long water stress as compared
with ambient [CO,] production. This increase in tuber sink in
the elevated [CO,] plants may help play a role in drought
induced substrate feedback inhibition of photosynthesis (Basu
etal., 1999) by serving as a large sink for photosynthate (Farrar
and Williams, 1991). Overall, the results indicate that
increases in potato gas exchange, dry matter production
and yield with elevated [CO,] are consistent at various levels of
water stress as compared with ambient [CO,]. These data and
findings can be used to support studies and decision support
tools for evaluating potato production under various climate
change scenarios.

5. Conclusions

Potato photosynthesis and dry matter production exhibited
a positive response to [CO,| enrichment at various levels of
water stress as compared with production under ambient
[CO,] when studied under controlled environment condi-
tions. Total biomass, yield, and water use efficiency (WUE)

increased under elevated [CO,], with the largest percent
increases occurring at irrigation levels that induced the
most water stress. WUE was nearly doubled under enriched
[CO,] when expressed on a tuber fresh weight basis. In
contrast with ambient [CO,] conditions, elevated [CO,]
plants maintained a higher daily net assimilation rate
throughout most of the growing season. At moderate and
more severe levels of water stress, [CO,] enrichment
appeared to encourage shifting of assimilate into tubers
as opposed to additional vegetative growth. As a result,
harvest indices were higher with elevated [CO,]. Care must
be taken when extrapolating these results directly from a
controlled environment study to field production. None-
theless, these results indicate that the enhancements to
potato productivity under enriched [CO,] are consistent at
various levels of water stress.
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