
Temperature Influence on Potato Leaf and Branch Distribution and on Canopy
Photosynthetic Rate

David H. Fleisher,* Dennis J. Timlin, and Vangimalla R. Reddy

ABSTRACT
Mature potato (Solanum tuberosum L. cv. Kennebec) canopies are

composed of leaves originating frommain- and axillary-stem branches.
Canopy leaf distribution and its corresponding contribution to whole-
canopy photosynthetic rates have not been quantified. An experiment
using SPAR (Soil–Plant–Atmosphere–Research) chambers main-
tained at 16-h day/night thermoperiods of 14/10, 17/12, 20/15, 23/18,
28/23, and 34/29�C was conducted. Mature canopies were divided
into three horizontal layers of equal depth. Canopies were defoliated
at each layer, from the ground upward, on successive days. Response
curves for photosynthetic rate vs. irradiance were obtained after each
defoliation. Leaf area within each layer followed a quadratic rela-
tionship with temperature. The largest areas were between 16.6 and
22.1�C. Main-stem leaves accounted for .50% of the total leaf area
at temperatures,22�C, while the proportion of axillary-stem leaf area
in each layer increased with temperature. Canopymaximum gross pho-
tosynthetic rates, AMAX, before harvest ranged from 9.5 to 34.8 mmol
CO2 m

22 s21 (production-area basis) and were higher at 14/10, 17/12,
and 20/15�C temperatures than at 23/18, 28/23, and 34/29�C. These
values were largely related to the quantity of leaf area in each cham-
ber. The value of AMAX and canopy light use efficiency declined as
successive canopy layers were removed, primarily due to decreases in
canopy light interception. These results indicate that the relative pro-
portion of main- or axillary-stem leaves are not as important for po-
tato canopy modeling considerations as is the need to simulate the
correct quantity of leaf area.

TEMPERATURE profoundly influences the growth and
development of the potato canopy. Leaf appearance,

expansion, and senescence (Kirk and Marshall, 1992;
van Delden et al., 2001; Vos, 1995), leaf orientation and
physiological age (Ng and Loomis, 1984; Steward et al.,
1981), and stem elongation and branching (Allen and
Scott, 1980; Marinus and Bodlaender, 1975; Struik et al.,
1989) are significantly correlated with temperature. The
leaf-level photosynthetic rate also varies with tempera-
ture; however, few whole-canopy gas exchange studies
have been conducted (Hammes and De Jager, 1990; Ku
et al., 1977; Prange et al., 1990; Thornton et al., 1996).
Most potato models (e.g., SUBSTOR and LINTUL-

POTATO) represent the canopy as a single large stem
and homogenous leaf layer (e.g., IBSNAT, 1993; Kooman
and Haverkort, 1995; Shaykewich et al., 1998). Increases
in canopy leaf area are simulated as an exponential or

nonlinear function of temperature. Canopy leaf area is
used to estimate the interception of PAR (photosynthet-
ically active radiation). Increases in plant mass (grams per
plant) are computed by multiplying light interception by
a constant value for radiation use efficiency (grams of bio-
mass per megajoule of intercepted PAR; e.g., IBSNAT,
1993; Kooman and Haverkort, 1995; Shaykewich et al.,
1998). Potato models can be improved by including more
detailed canopy responses to temperature (Vos, 1995).
More sophisticated modeling approaches that estimate
canopy photosynthetic rate by integrating gas exchange
from different leaf layers in the canopy have been de-
veloped to improve accuracy in other crop models (e.g.,
Boote and Pickering, 1994). Knowledge of potato leaf and
branch distribution at different canopy depths and their
contribution to plant growth rate is needed to adopt these
approaches for potato.

Potato is an indeterminate crop with regard to its
growth habit (Allen and Scott, 1980; Ewing, 1997; Vos,
1995); vegetative growth can continue well after floral
and tuber initiation. Potato main stems terminate in an
inflorescence, at which point typically two apical, or up-
per, axillary stems develop from the axils of the second
and third leaf below the inflorescence. Basal axillary
stems can also emerge between the axils of lower leaves
on the main stem. Basal and apical axillary stems also
terminate in an inflorescence and may give rise to addi-
tional lateral branches, depending on cultivar, planting
density, plant assimilate supply, soil nutrition, and envi-
ronmental conditions (Steward et al., 1981; Vos, 1995;
Vos and Biemond, 1992). Thus, mature potato canopies
are composed of leaves and branches that can be clas-
sified as main, basal, or apical (e.g., main-stem branch
and main-stem leaves, basal-stem branch and basal-stem
leaves, apical-stem branch and apical-stem leaves).

The manner in which potato branches and leaves are
distributed throughout the canopy and their correspond-
ing contribution to photosynthetic rate has not been
quantified. Air temperatures at 238C and above increase
the number of axillary branches and the leaf appear-
ance and senescence rates (Manrique et al., 1989; Marinus
and Bodlaender, 1975). Cooler temperatures promote
lower total leaf and branch numbers, but produce larger
leaves that remain photosynthetically active for longer
periods of time (Benoit et al., 1986; Manrique et al., 1989;
Marinus and Bodlaender, 1975; Wolf et al., 1990). Growth
temperatures.258C produce plants with elongated stems,
smaller leaves, increased internode number, and inhib-
ited tuber development (Borah and Milthorpe, 1962;
Steward et al., 1981; Struik et al., 1989). Optimum tem-
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peratures for leaf-level photosynthetic rate range from
20 to 248C (Hammes and De Jager, 1990; Ku et al., 1977;
Prange et al., 1990; Thornton et al., 1996). Warmer tem-
peratures reduce the net photosynthetic rate; however, it
is difficult to extrapolate leaf-level measurements to the
whole canopy (Thornton et al., 1996). Differences in can-
opy composition according to basal, apical, andmain-stem
branches and leaveswould be expected at different growth
temperatures and these differences may influence whole-
canopy gas exchange.
In this study, the influence of air temperature on lat-

eral stem and leaf production at different layers in the
potato canopy was investigated. The leaf area of dif-
ferent canopy layers and its distribution according to
main, basal, or apical stem was evaluated as a function
of air temperature. Measurements of whole-plant gross
photosynthetic response vs. irradiance following sequen-
tial harvesting of canopy layers were used to further as-
sess the contribution of these layers to whole-plant gas
exchange rates. This information can be used to address
knowledge gaps in existing potato crop models.

MATERIALS AND METHODS

Plant Culture

Certified potato (cv. Kennebec) seed tubers (54.9 6 10.04 g
mean fresh weight) were planted in a 50:50 peat/vermiculite
potting medium in 15-L pots at a depth of 5 cm in the summer
of 2004 at the USDA-ARS facilities in Beltsville, MD. Pots
were kept in reach-in growth chambers (Environmental Growth
Chambers, Chagrin Falls, OH) at 208C with a 16-h photoperiod
and 6.61 MJ PAR m22 d21 (550 mmol m22 s21 PPF [photosyn-
thetic photon flux density]) until 5 DAE (days after emer-
gence). Plants were selected for uniformity based on leaf count,
thinned to a single main stem per pot, and transferred to one of
six outdoor SPAR (Soil–Plant–Atmosphere–Research) cham-
bers (12 plants m22). The SPAR chambers were set to one of
six different day/night temperature regimes: 14/10, 17/12, 20/
15, 23/18, 28/23, and 34/298C with a 16-h day/night thermo-
period. Average 24-h air temperatures (and standard devia-
tions) for the duration of the experiment were 12.7 6 1.92,
15.9 6 3.13, 19.3 6 2.30, 22.0 6 2.27, 26.7 6 2.29, and 32.1 6
2.348C for each chamber, respectively. Average, maximum, and
minimum photosynthetic irradiance was 7.9 6 2.59, 12.0, and
1.6 MJ PAR m22 d21 for all treatments, typical values for this
region of the USA. The photoperiod during the experiment
was approximately 14 h. A minimum of 370 mmol mol21 atmo-
spheric [CO2] wasmaintained at all times during the day. Night-
time [CO2] was uncontrolled and ranged between 500 and
733 mmol mol21. Plants were irrigated once per day with tap
water (2 L per pot). Each pot received 500 mL of nutrient so-
lution (Robinson, 1984) twice per week before 30 DAE and
1000 mL after 30 DAE.

SPAR Chambers

The SPAR chambers used in this research were described in
detail by Reddy et al. (2001). The chambers were rectangular,
with a horizontal production area of 1 m2, a height of 2.3 m,
and a total growing volume of 3360 L. Chamber walls and
ceiling were transparent to sunlight. Fiberglass shading mate-
rial (Reddy et al., 2001), adjusted for plant height twice per
week, was applied to the sidewalls to eliminate the need for
border plants. Air temperature was controlled and water vapor
removed by solenoid valves that injected chilled water through

cooling coils located in the air handler of each chamber. A ded-
icated Sun SPARC 5 work station (Sun Microsystems, Moun-
tainview, CA) logged environmental data (air and soil-media
temperatures, relative humidity, [CO2], and PAR above and be-
low the canopy) every 300 s. Ambient PARwasmeasured with a
quantum sensor (LI-190 SA, LI-COR, Lincoln, NE) maintained
at 5 cm above the top of the canopy in each chamber. Quantum
line sensors (LI-191 SA, LI-COR, Lincoln, NE), one per cham-
ber, measured PAR at the bottom of the canopy.

Each chamber formed a semiclosed system for measure-
ment of [CO2] flux. The CO2 leakage rates were estimated daily
for each chamber using an N2O tracer gas system (Baker et al.,
2004). Each chamber was fitted with its own infrared gas an-
alyzer (Model no. LI-6262, LI-COR Biosciences, Lincoln, NE)
and pure CO2 supplied from a compressed gas cylinder to mass
flow controllers (Omega Engineering, Stanford, CT) located in
the air ducting in each chamber using a feed-forward, feed-
back PID (proportional integral derivative) control algorithm
was used to maintain [CO2]. The amount of CO2 injected, the
amount leaking from the system, and the amount injected but
not taken up by the plants were all used to calculate the CER
(CO2 exchange rate, mmol CO2 m22 s21) at 5-min intervals.

During the daytime, CER values represent net photosyn-
thesis, AN. Two mean values for dark respiration, RD, at day
and night temperatures, were estimated each 24-h period.
Daytime RD was obtained by averaging CER values at the day
temperature between 20:00 and 22:00 when PARwas zero, and
nighttime, or dark period, RD was estimated at the night tem-
perature between 01:00 and 04:00. Resulting RD values were
added to AN to estimate gross photosynthesis (Eq. [1]). Al-
though RD does not account for photorespiration and may be
affected by CO2, this method has successfully been used
to relate C assimilation to dry matter (Dutton et al., 1988;
Reddy et al., 1989; van Iersel and Kang, 2002) from growth
chamber data.

AG 5 AN 1 RD [1]

whereAG is gross instantaneous photosynthetic rate (mmol CO2

m22 s21),AN is net instantaneous photosynthetic rate (mmol CO2

m22 s21), and RD is dark respiration (mmol CO2 m22 s21).

Harvest Procedures

Each chamber was harvested during a 3-d period. Initial
harvest dates were determined based on the time at which ex-
pansion of the uppermost main-stem leaf ceased (Table 1).
Plant canopies were divided into three horizontal layers (B,
bottom; M, middle; T, top; Fig. 1) based on the height of the
main stem plus the longest apical-stem branches (Table 1). The
high standard deviations at the 20/15 and 34/298C treatments
(Table 1) was due to the lack of apical branch development on
two to three plants in those chambers. Leaves were harvested
from each layer in the morning on successive days, starting
with Layer B on Day 1, M on Day 2, and T on Day 3, and
immediately measured using a leaf area meter (Model no. LI-

Table 1. Starting harvest dateH (DAE, days after emergence) and
total plant height and standard deviation at harvest for each
temperature treatment.

Treatment H Height SD

day/night �C DAE cm
14/10 64 22.8 3.04
17/12 63 27.4 3.80
20/15 63 31.3 12.39
23/18 57 48.3 7.98
28/23 55 67.5 7.70
34/29 50 48.0 14.45
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3100, LI-COR Biosciences, Lincoln, NE). The branch from
which the leaf originated (main, basal, or apical stem) was
recorded. A minimum of 9 h of daylight was available follow-
ing each harvest so that response curves of photosynthetic rate
vs. irradiance (ranging between 0 and 1800 mmol PPF m22 s21)
could be measured for the remaining canopy layers. The quan-
tum line sensor was moved upward to rest |5 cm below the
bottom of the remaining leaf canopy. Intercepted photosyn-
thetically active radiation, IPAR, was computed as the ratio
between incident and below-canopy measured PAR values.
Changes in IPAR due to successive canopy harvesting were
recorded and the percentage reduction in IPAR between the
full canopy and harvested canopy, %IPAR, was computed as:

%IPAR(i) 5 100
[IPAR(full) 2 IPAR(i)]

IPAR(full)
[2]

where %IPAR(i) is percentage reduction of IPAR due to the
harvested canopy layer, IPAR(i) is IPAR measured follow-
ing canopy harvest of the bottom (i 5 M 1 T) or middle layer
(i 5 T), and IPAR(full) is IPAR measured with all canopy
layers before harvest of the bottom layer.

After final harvest of Layer T, all branches were harvested
and separated according to main, basal, or apical stem types.
All leaves, stems, roots, and tubers were dried at 708C until
constant weight. Senesced leaves were collected periodically
from each chamber and included in the analysis of total bio-
mass at harvest.

Data Analysis

Canopy gas exchange data were averaged at 15-min inter-
vals for the full canopy (B 1 M 1 T) before harvest (Day 0)
and the remaining canopy at harvest Day 1 (M1 T) and 2 (T).
A rectangular hyperbola (Eq. [3]; Loomis and Connor, 1996)
was fit to the relationship betweenAG (hereafter referred to as
measured AG) and irradiance for each day of interest (note that
1 J PAR 5 4.57 mmol PPF as in Thimijan and Heins, 1983):

AG 5
aIAMAX

aI 1 AMAX
[3]

where I is incident PAR above the canopy (J PAR m22 s21),
AMAX is the gross photosynthetic rate at saturating irradiance

(mmol CO2 m22 s21), and a is canopy light use efficiency (mmol
CO2 J21 PAR).

The NLIN procedure in SAS (SAS Institute, 2001) was used
to obtain parameter values using the Gauss–Newton nonlinear
least squares iterative method.

Regression was used to analyze the temperature response
on harvest components at final harvest (total, leaf, stem, and
tuber dry mass and leaf area) and leaf area from harvests of
each canopy layer. The SAS procedure Proc Mixed (Littell
et al., 1996) was used to calculate the coefficients of the re-
gression. The experiment was analyzed as a repeated measures
design with temperature as a fixed effect, chambers as subjects,
and harvest canopy layer as the repeated measurement. Tem-
perature, expressed as the average of the observed 24-h tem-
perature measured in each chamber during the experiment,
was the continuous variable applied to the chambers. The co-
variance was modeled as an autoregressive response. The Proc
Mixed procedure was also used for analysis of final harvest
components, with chamber as the random variable. There were
12 replications of harvested plants for each subplot (harvest
period). Regression lines were fitted to the response of each
dry matter variable to temperature and the regression coeffi-
cients tested for significance. Because Proc Mixed uses a maxi-
mum likelihood method to perform the regression analysis,
sums of squares are not computed (Littell et al., 1996) and a
direct r 2 value cannot be obtained. Instead, the slope between
predicted and observed values is provided, with a value closest
to 1 indicating the best possible fit. Tables are provided that
show the regression coefficient and standard errors (only sig-
nificant coefficients [P , 0.05] were included in a particular
model). Estimates were used to compare coefficients among
the regression equations for final harvest components and
for leaf area at different canopy layers and at different tem-
peratures. Common coefficients are used to indicate no signifi-
cant difference.

RESULTS
Final Harvest Components

Means and regression coefficients of final harvest com-
ponents vs. temperature are summarized in Tables 2 and
3. Linear and quadratic terms were sufficient to describe
the relationship between harvest components and tem-
perature. Total biomass increased with cooler tem-
peratures (maximum at 16.68C) primarily due to tuber
dry mass (Fig. 2A). Total leaf dry mass and leaf area
showed a similar trend (Fig. 2B and 2D). Main-stem leaf
area represented the largest fraction of canopy leaf area
at temperatures ,248C (Fig. 2D and 2F). As tempera-
tures increased, canopy branch mass increased (maxi-
mum at 238C) while leaf dry mass decreased (Fig. 2B).
This response is primarily due to increased basal- and
apical-stem branch growth (Fig. 2C and 2E), more rapid
senescence of main-stem leaf area, and smaller leaf sizes
at warmer temperatures. At an average temperature of
328C (corresponding to the 34/298C treatment), no tubers
initiated (Fig. 2A). Root dry mass was not correlated with
temperature (Table 2).

Sequential Harvest Components
Treatment means and regression coefficients for total

and main-, basal-, and apical-stem leaf area within each

Fig. 1. Schematic representation of a hypothetical potato plant shown
with main (M), basal (B), and apical (A) stems. For harvesting pur-
poses, the canopy was divided into three horizontal sections (top,
middle, and bottom), each 1/3 the height of the main stem plus the
longest apical-stem [A(1)] branches.
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canopy layer vs. temperature were obtained (Tables 4
and 5). Most regressions included a significant positive
linear term and a small negative quadratic term. This re-
sult indicates that, within a given layer of the canopy,
leaf area contributed from a particular branch type in-
creased until an optimum temperature value was reached,
at which point it gradually decreased (Table 5, Fig. 3);
however, the different coefficients indicated in Table 5
show that the exact responses for leaf area vs. tempera-
ture vary with branch type and with canopy layer as ex-
plained below.
Common linear and quadratic slopes were obtained

for the regressions of the total stem leaf area within each
canopy layer (“Total” in Table 5) vs. temperature; how-
ever, a different intercept was obtained for B than M or
T layers. This result indicates that the response of total
leaf area in each layer of the canopy with temperature
was identical, but with an offset of about 2300 cm2 in

the B layer (Fig. 3A). Main-stem leaf area for B and
M layers had common slopes and intercepts, while the
T layer had a large negative slope, indicating a more
rapid decline with increasing temperature for the T
layer (Fig. 3B). Basal- and apical-stem leaf area had
different linear or quadratic terms, indicating that the
exact temperature response for leaf area for these branch
types also varied by canopy layer (Fig. 3C and 3D). Basal-
stem leaf area showed a similar response to increasing
temperature in all layers. No apical-stem leaf area was
measured in the B layer; however, apical-stem leaf area
in the T canopy layer showed stronger responses to in-
creasing temperature than theM layer (Fig. 3D). For both
of these branch types, the majority of leaf area was in the
T canopy layer (Fig. 3C and 3D).

Figure 4 shows the fraction of total leaf area within
each canopy layer attributed to main-, basal-, or apical-
stem leaf area. Main-stem leaves accounted for most

Table 3. Regression coefficients (and standard errors) for final harvest components vs. average 24-h temperature corresponding to each
temperature treatment.

Component Intercept SE Linear SE Quadratic SE Slope†

g or cm2 plant21 g or cm2 plant21 �C21 g or cm2 plant21 �C22

Dry mass

Total – – 12.23 0.38 20.37 0.015 0.997
Tubers – – 9.63 0.36 20.31 0.014 0.982
Dead leaf – – – – 0.01 0.001 0.908
Branch 231.2 5.42 3.31 0.512 20.07 0.013 0.893
Main stem 211.02 1.83 1.34 0.173 20.03 0.0038 0.965
Basal stem 213.1 3.55 1.27 0.335 20.02 0.0074 0.811
Apical stem – – 0.043 0.028 20.0001 0.0011 0.572

Leaf area

Total – – 362.75 13.99 210.86 0.54 0.99
Main stem – – 284.02 13.06 29.25 0.503 0.932
Basal stem – – 63.49 10.02 21.45 0.39 0.853
Apical stem 1942.3 277.05 196.5 26.19 24.07 0.58 0.83

Fraction of total branch dry mass or leaf area

Branch
Main stem 1.31 0.0063 20.035 0.0029 – – 1.01
Basal stem – – – – 0.0009 0.00004 0.978
Apical stem – – – – 0.0003 0.00003 0.862

Leaf area
Main stem 1.54 0.052 20.047 0.0023 – – 0.994
Basal stem – – – – 0.0007 0.00003 1.02
Apical stem 20.59 0.184 0.055 0.002 20.0009 0.00004 0.935

†The slope of a regression line fit to predicted vs. observed data.

Table 2. Means and standard deviations for final harvest components per temperature treatment (day/night �C) expressed on a per
plant basis.

14/10�C 17/12�C 20/15�C 23/18�C 28/23�C 34/29�C

Component Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Dry mass, g plant21

Total 93 18.0 103 19.5 103 20.6 87 20.2 64 17 13 6.9
Tubers 75 15.8 80 17.9 79 17.9 55 16.4 24 9.5 0 0
Roots 4 1.4 4 18 4 18 5 2.1 4 1 1 0.8
Dead leaves 0 0.4 1 0.4 3 1.9 5 4.5 5 2.9 5 2.8
Leaves 12 2.7 15 3.8 13 3.7 12 5.1 17 5 3 2.8
Branchs 2 1.2 3 1.4 5 3.2 10 5.6 13 4.9 4 3.8
Main stems 2 1.0 2 0.6 3 1.2 5 1.9 4 0.6 1 0.9
Basal stems 0 0.2 1 0.8 1 1.1 3 1.6 7 3.4 3 2.4
Apical stems 0 0 0 0.1 0 1.0 2 2.1 2 0.9 1 0.5

Leaf area, cm2 plant21

Total 2580 506 3292 443 3152 867 2292 724 2254 399 365 381
Main stems 2211 290 2706 353 2310 598 1086 481 478 178 29 43
Basal stems 369 250 500 355 703 375 736 330 1170 586 248 274
Apical stems 0 0 89 96 139 73 468 196 606 211 88 95
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of the leaf area in the bottom and middle layers of the
canopy until basal- and apical-stem leaf area increased
at |278C and higher (Fig. 4A and 4B). Basal-stem leaf
area accounted for .50% once temperatures exceeded

278C. In the top layer, basal- and apical-stem leaves con-
tributedmost of the leaf area by 228C and above (Fig. 4C).
As temperatures increased, basal-stem leaf area was twice
that of apical.
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Fig. 2. Pooled harvest components vs. average 24-h temperature (�C): (A) total and tuber dry mass; (B) branch and leaf dry mass; (C) total and
main-, basal-, and apical-stem branch dry mass; (D) total and main-, basal-, and apical-stem leaf area; and fraction of total branch (E) dry mass or
(F) leaf area from main-, basal-, and apical-stem branches or leaves. Symbols are observed data, lines are trend lines estimated with the co-
efficients in Table 3; observed data for branch and leaf components not shown to improve clarity.

Table 4. Means and standard deviations for leaf area of each branch type (all stems pooled together [total], main stem, basal stem, or apical
stem) at different potato canopy layers (B, bottom; M, middle; and T, top layer) for each temperature treatment (day/night).

Leaf area

14/10�C 17/12�C 20/15�C 23/18�C 28/23�C 34/29�C

Branch type Layer Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

cm2 plant21

Total B 540 243.3 986 169.8 875 519.6 563 329.9 434 196.5 48 60.4
M 1097 252 1290 285.7 1044 281.8 761 236.9 845 223.1 87 107.5
T 942 283.9 1016 336.8 1233 385.6 968 300.2 974 320.6 229 243.9

Main stem B 398 182.8 819 235.2 693 460.2 497 301.9 212 153.7 9 18.7
M 969 171.8 1137 229.3 894 180.4 511 212.3 249 89.3 16 29.7
T 845 261 749 274.6 724 180.8 79 111.7 17 44.4 3 11.7

Basal stem B 142 91.8 167 138.4 183 116.4 66 42.3 222 119.7 39 53.4
M 129 103.6 153 109.4 150 136.7 207 109 413 201.9 59 71.3
T 97 88.8 179 154.6 371 249.6 463 225.4 535 339.7 150 163.8

Apical stem B 0 0 0 0 0 0 0 0 0 0 0 0
M 0 0 0 0 0 0 43 75.7 183 142.8 13 20.8
T 0 0 88 95.9 138 72.5 425 161.9 423 168.4 75 87.1
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Photosynthetic Performance at Different
Canopy Depths

Nonlinear regression results for Eq. [3] are summa-
rized in Table 6. Predicted and measured AG vs. irra-
diance at successive harvests is illustrated in Fig. 5. The
initial slope of the curve at the origin is a, canopy light
use efficiency, and the asymptotic value of AG when

light is no longer limiting is AMAX. The parameters a
and AMAX declined as successive canopy layers were
removed within a given treatment when expressed on a
production-area basis (Table 6). The top canopy layer
accounted for 60 to 80% of the total PAR intercepted
by the full canopy (%IPAR, Table 6) indicating that
the decrease in parameter values was probably due to
changes in light interception.No clear patterns inRDwere
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Fig. 3. Leaf area vs. observed average 24-h temperature at different canopy layers: (A) total leaf area; (B) main-stem leaf area; (C) basal-stem leaf
area; and (D) apical-stem leaf area. Symbols are observed data, lines are trend lines estimated with regression coefficients in Table 5; observed
data from individual canopy layers not shown to improve clarity. Common regression coefficients were obtained for the top and middle layers in
(A) and the bottom and middle layers in (B).

Table 5. Regression coefficients and standard errors for leaf area vs. 24-h daily air temperature. Separate regressions were fit to each branch
type (all stems pooled together [total], main stem, basal stem, or apical stem) at each potato canopy layer (B, bottom; M, middle; T, top).

Branch type Layer Intercept SE Linear SE Quadratic SE Slope†

cm2 plant21 cm2 plant21 �C21 cm2 plant21 �C22

Total B 2505.6 320.0 148.3 30.24 24.2 0.67 0.969
M, T‡ 2197.3 319.0 148.3 30.24 24.2 0.67 0.975

Main stem B, M‡ 520.4 381.82 50.8 30.2 22.2 0.67 0.973
T 2259.6 404.82 2125.7 38.3 1.7 0.85 0.917

Basal stem B 2789.3 212.65 93.4 20 22.1 0.45 1.04
M 2804.1 212.68 93.4 20 22.0 0.45 0.847
T 2742.1 213 93.4 20 21.9 0.45 0.884

Apical stem B NS NS NS NS NS NS –
M 2351.6 144.98 33.2 13.78 20.6 0.31 0.507
T 21567.3 143.48 160.7 13.58 23.4 0.30 0.88

Main-stem fraction B 0.11 0.364 0.085 0.0346 20.003 0.001 0.926
M 0.96 0.361 0.015 0.0344 20.0013 0.001 0.989
T 2.66 0.360 20.166 0.0341 0.0026 0.001 0.956

Basal-stem fraction B 0.91 0.284 20.088 0.027 0.003 0.001 1.104
M 0.17 0.282 20.023 0.027 0.001 0.001 0.974
T 20.25 0.282 0.024 0.001 0.0002 0.001 0.989

Apical-stem fraction B NS NS NS NS NS NS –
M,T‡ 20.9 0.249 0.079 0.024 20.0014 0.001 0.96

†The slope of the regression line fit to predicted vs. observed data.
‡Regression coefficients were not significantly different for these canopy layers.
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observed as successive layers were removed (Table 6).
Within a given temperature treatment, the M and T can-
opy layers were responsible for.75% ofAMAX, with the
uppermost canopy layer accounting for 50% or more in
most of the treatments.

DISCUSSION
Although plants were harvested at different chrono-

logical times, their physiological ages were similar. Har-
vest times for each treatment (Table 1) started when
main-stem leaf expansion ceased. These times coincided
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Fig. 4. Fraction of leaf area per canopy layer attributed to stem type vs. observed average 24-h temperature: (A) bottom layer; (B) middle layer; and
(C) top layer. Symbols are observed data, lines are trend lines estimated with the regression coefficients in Table 5.

Table 6. Reduction of intercepted photosynthetically active radiation (IPAR) after removal of leaves from lower canopy layer, canopy
maximum light use efficiency (a) and standard error, maximum rate at saturating irradiance (AMAX) and standard error, mean square
error, and dark respiration (RD) for the remaining canopy layers by temperature treatment (day/night).

Treatment
Canopy
layer† IPAR a SE AMAX SE MSE RD

% mmol CO2 J
21 PAR mmol CO2 m

22 s21 1023(mmol CO2 m
22 s21)2 mmol CO2 m

22 s21

14/10�C full 0 0.52 0.02 29.8 1.09 2.221 3.41
M1T 8.6 0.22 0.01 27.1 0.52 0.274 3.18
T 23.7 0.12 0.01 15.0 0.66 0.356 2.73

17/12�C full 0 0.37 0.02 34.8 0.98 2.577 2.95
M1T 14.6 0.16 0.01 26.4 0.64 0.263 1.14
T 41.7 0.15 0.01 14.8 0.32 0.139 1.14

20/15�C full 0 0.25 0.01 31.1 0.80 1.111 3.18
M1T 7.5 0.20 0.01 19.1 0.36 0.645 3.41
T 29.0 0.16 0.01 12.1 0.32 0.253 2.73

23/18�C full 0 0.17 0.01 26.3 0.93 1.157 2.95
M1T 12.0 0.19 0.01 17.3 0.50 0.362 4.55
T 38.0 0.09 0.01 15.9 0.68 0.248 2.95

28/23�C full 0 0.19 0.01 26.3 0.75 0.739 6.34
M1T ‡ 0.16 0.01 20.0 0.77 0.336 6.11
T 29.3 0.00 0.01 10.9 0.34 0.191 5.70

34/29�C full 0 0.09 0.01 9.53 0.41 0.341 5.43
M1T 6.6 0.09 0.02 6.36 0.89 0.527 6.30
T 19.7 0.09 0.01 5.68 2.02 0.150 7.27

†Full, full canopy; M1T, canopy with bottom layer removed; T, canopy with bottom and middle layers removed.
‡Data not recorded on this date.
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with an initial decline from the peak seasonal values in
daily photosynthetic rates for the temperature treatments
(data not shown). Thus, measured harvest components
obtained describe the canopy composition at or close to
maximum leaf area index.

Harvest Components
Harvest results (Table 2, Fig. 2) confirm the strong

influence of temperature on potato growth and devel-
opment. The higher leaf areas and total and tuber dry
mass, and lower stem mass measured at the cooler tem-
peratures (Fig. 2) are consistentwithBorah andMilthorpe
(1962), Ewing (1997), Marinus and Bodlaender (1975),
Struik et al., 1989, and Wheeler et al. (1986). The reduc-

tion in tuber yield and leaf area at warmer tempera-
tures confirms that high temperature adversely affects
growth rate and tuber filling as reported by Marinus and
Bodlaender (1975) and Wheeler et al. (1986).

The results indicate howmain-, apical-, and basal-stem
contributions to canopy development vary with tem-
perature. Main-stem leaf areas comprised the highest
fraction of total leaf area at |228C, while basal- and apical-
stem leaf areas became more significant at warmer tem-
peratures (Fig. 2F). Similar relations were observed for
the fraction of branch dry mass in the canopy (Fig. 2E).
Cool temperatures delay leaf physiological aging and se-
nescence (Firman et al., 1995; Ng and Loomis, 1984),
increase individual leaf expansion and area (Kirk and
Marshall, 1992), and decrease total leaf number and stem

Irradiance (J PAR m-2 s-1)

0 100 200 300 400

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

28/23 C

Irradiance (J PAR m-2 s-1)

0 100 200 300 400

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

34/29 C

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

20/15 C

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

14/10 C

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

23/18 C

A
G

 (
um

ol
 C

O
2 

m
-2

 s
-1

)

0

5

10

15

20

25

30

B+M+T
M+T
T

17/12 C

Fig. 5. Measured data (symbols) and simulated (lines) values (using Eq. [3] and parameters in Table 6) of canopy gross photosynthetic rate (AG) vs.
irradiance at successive harvest dates. Alternative units: 1 J PAR 5 4.57 mmol (Thimijan and Heins, 1983).
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branching in potato (Marinus and Bodlaender, 1975).
Borah and Milthorpe (1962) suggested the increased
number of leaf and stem organs at higher temperatures
creates more competition for assimilate supply, the result
being less canopy leaf area and smaller tuber yield com-
pared with cooler temperatures. The implication from
these results is that, at cooler temperatures, less canopy
structure is needed to maximize light interception and
tuber production.
These observations were further supported by classi-

fication of leaf area by stem type at different canopy
layers (Table 4). Main-stem leaves accounted for .40%
of the leaf area within each canopy layer at 238C and
below (Fig. 4). In the potato plant, main-stem leaves
form before the formation of apical-stem leaves. Thus,
the large contribution of main-stem leaf area from the
bottom and middle layers supports the observation that
cool temperatures increase chronological leaf duration
(Firman et al., 1995; Ng and Loomis, 1984). The larger
main-stem leaf areas at these colder temperatures may
also have suppressed formation of basal-stem branches
by increasing the amount of shade in the lower canopy
(Vos, 1995).

Photosynthetic Parameters
Light use efficiency and AMAX values for the full

canopy (B 1 M 1 T) were higher at the 20/15, 17/12,
and 14/108C treatments than the 23/18, 28/23, or 34/298C
treatments (Table 6). Dark respiration was higher at 28/
23 and 34/298C, probably due to the higher temperatures
(McCree, 1988). Because the parameters were expressed
on a production-area basis, parameter differences be-
tween temperature treatments also relates to the amount
of leaf area in each growth chamber at the time of harvest
(Fig. 3). Parameters were statistically similar, however,
at different temperature treatments when expressed on
a per-unit-leaf-area basis, although RD values for the 28/
23 and 34/298C treatments were two to three times the
values at cooler temperatures (data not shown). Thus,
differences in full-canopy gross photosynthetic perfor-
mance at high irradiance can primarily be attributed to
differences in the total amount of leaf area in the growth
chamber at the time of measurement; however, canopy
net photosynthetic performance, and thus plant growth
rate, is strongly affected by temperature in terms of its
effects on respiration.
The decline in a and AMAX as successive layers were

removed from the canopy (Table 6) was probably due to
the decrease in light interception as leaf area was re-
moved. These results were consistent with canopy pho-
tosynthetic responses reported in a similar study with
tomato (Lycopersicon esculentum Mill., Acock et al.,
1978), where canopy net photosynthetic rate, expressed
on a production-area basis, was strongly affected when
the leaf area indexwas reduced to a value of 3.0 and lower.
The decline in a with successive layers of leaf removal
indicates a decrease in photosynthetic rate at lower, non-
saturating levels of irradiance. This result indicates that
lower canopy leaves, although physiologically older, still
contribute toward light use efficiency of the full canopy

(Table 6). The largest decreases in AMAX occurred fol-
lowing removal of the middle canopy layer, which con-
tained significantly more leaf area than the bottom layer.
The 20/15 and 23/188C treatments showed a larger de-
crease in AMAX following removal of the bottom layer;
however, only limited gas exchange data was obtained
on that harvest date at high irradiance due to partly
cloudy skies (Fig. 5). The AMAX value in the top canopy
layer accounts for .50% of the full canopy value and
%IPAR, confirming the fact that canopy photosynthetic
rate and light interception is primarily dependent on the
uppermost canopy leaves, regardless of the composition
of the canopy within this layer.

Implications for Modeling
The data provide unique information on potato can-

opy growth and development under controlled condi-
tions. The data can be used to test leaf area predictions
across a wide range of temperatures from potato models
such as SIMPOTATO (Hodges, 1992) or SUBSTOR
(IBSNAT, 1993) that depict canopy growth as a single
large stem and homogenous leaf layer. More sophisti-
cated modeling approaches that estimate canopy photo-
synthetic rate by integrating gas exchange from different
leaf layers in the plant canopy have also been devel-
oped (Boote and Pickering, 1994; Ng and Loomis, 1984).
The data on leaf appearance and expansion on lateral
branches at different depths in the canopy can be used
to test the canopy growth component of these models
(Fleisher et al., 2006). In particular, the model simulations
of lateral-stem growth can be evaluated. As the results
indicate, the contribution of lateral-stem leaf area to can-
opy development at warmer temperatures is an important
response in potato.

The gas exchange data (Table 6, Fig. 5) indicate that
accurate estimates of leaf area (and light interception)
are critical to obtain reasonable predictions of instan-
taneous gross photosynthetic rates. The distribution of
leaf area within a particular canopy layer according to
different stem types was not as important as the quantity
of leaf area. The primary influence of temperature ap-
peared to be on the production of canopy leaf area and
dark respiration rates (Table 6). Thus, models that are
intended to be used solely for yield prediction should
be focused on improving estimates of leaf area and light
interception and do not necessarily need to simulate
apical and basal stems to the level of detail obtained in
this study. While the data cannot be used to develop
modeling routines for gas exchange, it can be used to test
model predictions of photosynthesis at corresponding
leaf areas and temperatures.

Potato models for use in scientific investigations, how-
ever, such as global warming scenarios and identifica-
tion of desirable breeding characteristics, can benefit by
using the data to improve simulations of canopy growth.
Our results indicate that apical- and basal-stem devel-
opment and their contribution to canopy leaf area is
important to understanding potato responses at high
temperature. Models that are developed to include this
level of detail can be used to more accurately simulate
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and evaluate potential changes in potato production in
response to varying climactic conditions.

CONCLUSION
Data on potato branch and leaf area distribution in

mature canopies and their contribution to the whole-
plant gross photosynthetic rate was obtained from SPAR
chambers maintained at 16-h day/night thermoperiods
of 14/10, 17/12, 20/15, 23/18, 28/23, and 34/298C. Can-
opies were divided into three horizontal layers of equal
depth and defoliated at each layer, from the ground
upward, on successive days. Regression analysis of har-
vest data vs. temperature indicated growth patterns con-
sistent with the literature; total and tuber dry mass and
canopy leaf area decreased with increasing temperatures
while stem drymass increased. Novel datawere obtained
on the distribution of leaf area within the canopy accord-
ing to different branch types (main, apical, and basal
stems). Specifically, main-stem leaf area was the largest
fraction of the leaf area of all three canopy layers at daily
air temperatures 238C and below. As temperature in-
creased, apical- and basal-stem leaf area comprised the
largest component of the leaf area in each canopy layer.
These results indicate that lateral branch development
in potato plays the largest role in canopy growth and
developmental response to increasing temperatures.
Gas exchange measurements vs. irradiance were ob-

tained following successive removal of each canopy layer.
Before harvest of the first canopy layer, canopy maxi-
mum gross photosynthetic rates, AMAX, ranged from 9.5
to 34.8 mmol CO2 m22 s21 (production-area basis) and
were higher at 14/10, 17/12, and 20/158C temperature re-
gimes than at 23/18, 28/23, and 34/298C. These differences
were largely related to the quantity of leaf area within
each chamber and canopy layer as opposed to an in-
fluence of temperature or stem type on photosynthetic
performance. The values of AMAX and canopy light use
efficiency declined as successive canopy layers were re-
moved, primarily due to decreases in light interception in
the canopy.
These results indicate that potato models intended

for use in yield predictions should be focused on im-
proving estimates of leaf area and light interception
and do not necessarily need to simulate apical and basal
stems to the level of detail obtained in this study. Mod-
els intended for scientific investigation, however, such
as global climate change impact and identification of
potato branching characteristics important for breeding
trials, can benefit by using the data to provide an addi-
tional level of detail in canopy growth and develop-
ment. The results indicate that apical- and basal-stem
development and their contribution to canopy leaf area
is important to understanding potato responses at high
temperature. Models that are developed to include this
level of detail can be used to more accurately simulate
and evaluate potential changes in potato production in
response to varying climatic conditions. The data set
can support both model development and validation of
these goals.
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