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Abstract

Past research has shown that plants possess the capacity to alter their instantaneous response of photosynthesis to 
temperature in response to a longer-term change in temperature (i.e. acclimate). This acclimation is typically the result 
of processes that influence net photosynthesis (Anet), including leaf biochemical processes such as the maximum rate of 
Rubisco carboxylation (Vcmax) and the maximum rate of photosynthetic electron transport (Jmax), stomatal conductance (gs) 
and dark respiration (Rd). However, these processes are rarely examined in the field or in concert with other environmental 
factors, such as precipitation amount. Here, we use a fully factorial warming (active heating up to +4 °C; mean = +3.1 °C) by 
precipitation (−50 % ambient to 150 % ambient) manipulation experiment in an old-field ecosystem in the north-eastern 
USA to examine the degree to which Ulmus americana saplings acclimate through biochemical and stomatal adjustments. 
We found that rates of Anet at ambient CO2 levels of 400 µmol mol−1 (A400) did not differ across climate treatments or with leaf 
temperatures from 20 to 30 °C. Canopy temperatures rarely reached above 30 °C in any treatment, suggesting that seasonal 
carbon assimilation was relatively homeostatic across all treatments. Assessments of the component processes of A400 
revealed that decreases in gs with leaf temperature from 20 to 30 °C were balanced by increases in Vcmax, resulting in stable 
A400 rates despite concurrent increases in Rd. Photosynthesis was not affected by precipitation treatments, likely because the 
relatively dry year led to small treatment effects on soil moisture. As temperature acclimation is likely to come at a cost to 
the plant via resource reallocation, it may not benefit plants to acclimate to warming in cases where warming would not 
otherwise reduce assimilation. These results suggest that photosynthetic temperature acclimation to future warming will 
be context-specific and that it is important to consider assimilatory benefit when assessing acclimation responses.

Keywords:  Boston-Area Climate Experiment (BACE); electron transport; old field; plant physiology; respiration; Rubisco; 
stomatal conductance; Ulmus americana.
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Introduction
Photosynthetic carbon uptake and respiratory carbon release 
by land plants are the two largest fluxes of carbon between the 
atmosphere and the Earth’s surface (Ciais et al. 2013). Each of these 
fluxes is sensitive to changes in temperature. As temperatures 
continue to increase as a result of climate change, it is important 
to understand the long-term response of these carbon exchange 
processes to temperature in order to accurately determine the 
rate and magnitude of the change in the future land carbon sink. 
Over short time periods (e.g. seconds to minutes), increasing leaf 
temperatures stimulate the enzymatic processes that underlie 
photosynthesis and respiration, which results in exponential 
increases in these process rates at low temperatures (Medlyn 
et  al. 2002a). At increasingly higher temperatures, this rate of 
increase slows and eventually peaks at an optimum temperature 
(Medlyn et al. 2002a; Lin et al. 2012; Yamori et al. 2014). However, 
this response may change over longer time periods (e.g. days 
to weeks) as a result of temperature acclimation (Atkin and 
Tjoelker 2003; Smith and Dukes 2013; Way and Yamori 2014).

The response of net photosynthesis to temperature 
is primarily determined by the temperature responses of 
photosynthetic biochemistry, respiratory processes and stomata 
(Lin et al. 2012). Each of these factors may have slightly different 
temperature responses over short and long time scales. As 
such, it is important to consider each factor individually when 
determining the mechanisms determining the temperature 
response of net photosynthesis (Lloyd and Farquhar 2008; Lin 
et al. 2012; Tan et al. 2017; Slot and Winter 2017b).

Two biochemical processes that drive photosynthesis are 
the maximum rate of Rubisco carboxylation (Vcmax) and the 
maximum rate of regeneration of Ribulose-1,5,-bisphosphate 
via electron transport (Jmax). Previous research has shown that 
temperature acclimation generally results in an increase in 
the thermal optimum of Vcmax and Jmax (Kattge and Knorr 2007; 
Kumarathunge et al. 2019) as a result of change in the thermal 
stability of the component membranes (Sage and Kubien 2007), 
altered production of different Rubisco activase isoforms (Sage 
and Kubien 2007; Yamori et al. 2014), the production of different 
Rubisco subunit isoforms (Hikosaka et al. 2006) and/or changes 
in the fatty acids in thylakoid membranes (Murakami et al. 2000).

Acclimation increases Vcmax and Jmax rates with increasing 
temperatures when rates are measured at the acclimation 
temperature (Smith and Dukes 2017). Acclimation may also 
alter the rates of Vcmax and Jmax observed at a specified leaf 
temperature (i.e. basal rates). Studies report contrasting results 
for how basal rates of Vcmax and Jmax change across temperature 
gradients. Some studies have found that these basal rates 
decrease with increasing temperature (Ali et  al. 2015), while 
other studies indicate no changes (Kattge and Knorr 2007), and 
others even suggest that the response may be dependent on 
water availability (Smith and Dukes 2018). Finally, studies tend 
to find a decrease in the ratio of Jmax to Vcmax (Jmax/Vcmax) in warm-
acclimated plants (Kattge and Knorr 2007; Smith and Dukes 
2017; Kumarathunge et al. 2019). This is thought to result from 
a shift in allocation of leaf nitrogen from electron transport to 
Rubisco carboxylation processes (e.g. Crous et al. 2018; Stefanski 
et al. 2020).

The mechanisms underlying leaf respiratory temperature 
acclimation are not well understood (Atkin and Tjoelker 2003). 
However, like with photosynthesis, respiratory temperature 
acclimation tends to decrease the sensitivity of leaf respiratory 
rates to instantaneous changes in temperature (Atkin and 
Tjoelker 2003). Respiratory acclimation can also result in a 

decrease in rates at a standardized temperature below the 
temperature at which respiration peaks (Atkin and Tjoelker 2003). 
The combined effect of these responses can lead to homeostatic 
rates at the acclimated temperature (Loveys et  al. 2003; Slot 
and Kitajima 2015; Heskel et  al. 2016). The mechanisms are 
not as straightforward because respiration is driven by supply 
of substrate and a demand for respiratory products (Lambers 
et al. 1983; Amthor 1984). As such, acclimation responses tend to 
follow similar patterns to photosynthetic capacity (Smith et al. 
2019; Wang et al. 2020), which can influence both leaf respiratory 
supply and demand (Gifford 2003).

The final component of the net photosynthetic response 
to temperature is stomatal conductance (Lin et  al. 2012; 
Dusenge et  al. 2019). Indeed, stomatal conductance responses 
to instantaneous changes in temperature have been shown 
to have greater effects on the temperature optimum for 
photosynthesis than biochemical processes, such as Vcmax, 
Jmax or Rd (Lin et  al. 2012). Nonetheless, it is unclear to what 
degree stomatal conductance acclimates, if at all, to long-term 
changes in temperature. Some analyses suggest that leaves 
of warm-grown plants may show reduced stomatal closure 
under instantaneous warming (Medlyn et al. 2011), thus acting 
to increase the temperature optimum of net photosynthesis. 
However, other studies show consistent decreases in stomatal 
conductance under elevated temperatures (Hasper et  al. 2016; 
Lamba et al. 2018) and other studies show acclimation responses 
in some species but not others (Marchin et al. 2016; Urban et al. 
2017; Wu et al. 2018).

While much work has been done on leaf carbon exchange 
acclimation to temperature, few studies have examined the 
interactive effect of long-term changes in temperature with 
changes in water availability (Smith and Dukes 2013; Smith et al. 
2014). Reductions in soil moisture can negatively impact net 
photosynthesis through decreases in stomatal conductance as 
well as biochemical processes (Keenan et al. 2010; Smith et al. 
2016b). This effect may be exacerbated by warming-induced 
increases in evaporation and vapour pressure deficit. However, 
theoretical studies have shown that plants may increase 
photosynthetic biochemical capacity to counteract increases in 
vapour pressure deficit under dry conditions (Wang et al. 2017). 
Water availability may be expected to reduce the temperature 
optimum of net photosynthesis if stomatal limitations to 
photosynthesis increase faster with instantaneous changes 
in temperature due to a limited amount of water available to 
meet demand at high leaf temperatures (Reich et  al. 2018; 
Kumarathunge et al. 2020).

Here, we monitored the rates of biochemical, stomatal and 
respiratory processes in Ulmus americana across different preset 
leaf temperatures (20–40 °C) throughout a growing season under 
two levels of canopy warming (ambient and ambient +~3  °C) 
and three levels of precipitation (ambient, +50 % ambient, −50 % 
ambient). We expected the fastest rate of photosynthesis to be 
achieved at higher leaf temperatures in the warmed compared 
to unwarmed treatments. We expected this to result from 
increases in the leaf temperature at which photosynthetic 
biochemistry (Vcmax and Jmax) was fastest with warming, a lower 
reduction in stomatal conductance at high measurement 
leaf temperatures with warming, and reduced mitochondrial 
dark respiration at high measurement leaf temperatures with 
warming. We also hypothesized that stomatal limitation to 
photosynthesis would be greater in the warming treatments at 
any given leaf temperature because the warming treatments 
increase vapour pressure deficit, which was not controlled 
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in our study. We also expected that stomatal limitation to 
photosynthesis would be greater with decreasing precipitation 
due to soil moisture stress. We predicted that these responses 
would be countered by increases in biochemical process rates 
under the warming and increased precipitation treatments. 
Finally, we expected Rd at any given leaf temperature to be lower 
in the warming treatments, which would reduce carbon loss at 
high temperatures.

Materials and Methods

Boston-Area Climate Experiment

The experiment was conducted at the Boston-Area Climate 
Experiment (BACE) (Suseela et  al. 2012; Hoeppner and Dukes 
2012). The BACE is located in an old-field ecosystem composed 
mostly of non-native grass and forb species (Hoeppner and 
Dukes 2012) at the University of Massachusetts’ Suburban 
Experiment Station in Waltham, MA, USA (42°23′3″N, 
71°12′52″W). The site had a mean annual temperature of 9.3 °C 
and mean annual precipitation of 1180  mm, with similar 
amounts of precipitation falling in each month (NOAA National 
Climatic Data Center Cooperative Station ID 190535, January 
1960 to April 2009). The experimental area had a loam topsoil 
(0–0.3 m) over a gravelly sandy loam subsoil. The experiment 
consisted of three experimental blocks that each contained 
twelve 2 m × 2 m plots (36 plots total). In each block, clear 
plastic slats provided 50 % cover over a ~9 m × 13 m area that 
included the four ‘dry’ plots in the block; the slats and gutter 
system redirected half of the ambient rainfall to storage tanks. 
The rainfall intercepted by the plastic slats was redirected to 
storage tanks and then immediately redistributed over an area 
of similar size encompassing the four ‘wet’ plots. This created 
three precipitation treatments: dry (50 % of ambient), wet (150 % 
of ambient) and ambient. Warming treatments were applied 
within the precipitation treatments with ceramic heaters 
mounted 1 m above all corners of each plot that supplied either 
no, low (200 W per heater), medium (600 W per heater) or high 
(1000 W per heater) levels of warming to the plot. Plastic ‘dummy’ 
boxes were used to replicate non-warming effects of heaters (e.g. 
shading) in the unwarmed plots. Infrared radiometers (Apogee 
Instruments, Logan, UT, USA) sensed the canopy temperature in 
the unwarmed and ‘high’ plots, and a feedback control system 
(LabVIEW; National Instruments Corp., Austin, TX, USA) was 
set to attempt to maintain a 4  °C difference between the two. 
All heaters within a group of four plots were wired to the same 
circuit. The three precipitation treatments and four temperature 
treatments provided 12 climate treatments; however, this 
experiment only used the six treatments experiencing no 
warming or high warming. All treatments were turned on by July 
2008. The heating system was turned off after the 2013 growing 
season, but turned on again in April 2016 (day of year 111), and 
remained on for the duration of this study.

Plot canopy temperatures

We assessed the impact of the warming treatments on plot-level 
canopy temperatures during our measurement period using 
data from the infrared radiometers mounted above each plot. 
Specifically, we extracted canopy temperatures from day of year 
192–306 from the high warming and unwarmed plots. We used 
hourly averaged data for the middle of the day when the plants 
were assumed to be most active (1000–1600 h; solar noon was 
~1300 h).

Soil moisture

The relative extractable water (θR) was monitored throughout 
the 2016 season in each plot. The θR for each plot was calculated 
as in Smith et al. (2016a) following Vicca et al. (2012) as

 (1)

where θT is the observed total extractable water and θT,max is the 
maximum total extractable water over multiple soil layers. The 
θT is calculated as

 (2)

where θSn is the soil water content of a given layer n, θSn,wp is the 
soil water content at the wilting point for layer n and Hn is the 
thickness of layer n. Here, we measured θS at three layers (0–0.3, 
0.45 and 0.60 m) using time domain reflectometry (TDR 100; 
Campbell Scientific, Logan, UT, USA) and permanently installed 
waveguides. θS across the 0–0.3 m range was estimated using 
vertical waveguides, while horizontal waveguides at 0.45 m and 
0.60 m depths were used to estimate θS across the 0.3–0.525 m 
range and 0.525–0.75 m range, respectively. We used an estimate 
of 0.14 m3 m−3 volumetric water content (VWC) for θS,wp at 0–0.3 
m depth, and 0.08 m3 m−3 VWC was used for depths below 0.3 m 
(Saxton and Rawls 2006). For θT,max, estimated field capacity values 
of 0.28 m3 m−3 VWC for 0–0.3 m depth and 0.18 m3 m−3 VWC for 
depths below 0.3 m were used in place of θS in equation (2) (Saxton 
and Rawls 2006). In cases where θR was estimated below zero or 
above one, estimates were set to zero and one, respectively.

Leaf and photosynthetic sampling

During the summer of 2016, two individual U.  americana 
saplings per plot in the no warming and high warming plots 
were chosen as focal individuals for sampling. Saplings had 
been planted as seedlings in December 2014 towards the 
southeast and northwest corners of the plots. As such, they had 
experienced the precipitation treatments for 18 months, and the 
warming treatments for almost 3 months, prior to the start of 
measurements in 2016. Due to a fire in the dry plots of block 
one, no individuals in that section were used for measurements, 
leaving a total of 32 individuals used for measurements. 
Throughout the 2016 growing season (day of year 192–306), 
these individuals were used for repeated measurements of gas 
exchange and other leaf traits roughly once every 14 days.

Gas exchange and leaf trait measurements were taken 
sequentially throughout the growing season. Gas exchange 
measurements were made using a LI-6400 portable 
photosynthesis machine (Li-Cor Biosciences, Lincoln, NE, 
USA). On measurement days, two individuals were measured. 
Throughout the season, we moved around the plots sequentially, 
repeating measurements on individuals after measuring all 
focal individuals in the experiment. One leaf per individual was 
tagged and used throughout the experiment. To assess both the 
leaf temperature and warming responses of net photosynthesis 
and the underlying drivers of net photosynthesis for these 
individuals, we took net photosynthesis (Anet) at different 
intercellular CO2 (Ci) values to generate A/Ci response curves at 
multiple leaf temperatures per individual on the measurement 
day. The leaf temperatures used were 20, 25, 30, 35 and 40 °C. In 
some cases, not all leaf temperatures could be achieved in the 
field. In total, 32, 50, 62, 47 and 24 A/Ci curves were taken at leaf 
temperatures of 20, 25, 30, 35 and 40 °C, respectively. The A/Ci 
curves were made at a saturating light level of 1800 µmol m−2 s−1 
by changing the CO2 concentration of the reference air through 

θR =
θT

θT,max

θT = (θS1 − θS1,wp)H1 + (θS2 − θS2,wp)H2 + ...(θSn − θSn,wp)n
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a cycle of 400, 300, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, 1500 
and 2000 µmol mol−1. Following each A/Ci curve, the reference air 
CO2 concentration was set to 400 µmol mol−1 and the lights inside 
the chamber turned off. After letting the infrared gas analyzers 
(IRGAs) stabilize (~1 h), measurements of dark respiration were 
taken at each of the leaf temperatures used for A/Ci curves for 
that individual on that measurement day. All gas exchange 
measurements were taken at a fixed flow rate of 300 µmol s−1.

Data used in this manuscript are publicly available (DOI: 
10.5281/zenodo.3600547) and can be accessed at https://github.
com/SmithEcophysLab/bace_2016_gas_exchange.

Data analysis

The effect of the climate treatments on plot-level canopy 
temperatures and θR over the course of the season was 
assessed using a linear mixed-effects model with precipitation 
treatment, warming treatment and the interaction between 
precipitation treatment and warming treatment as categorical 
fixed effects. The block, block by precipitation treatment, block 
by precipitation treatment by warming treatment and day of 
year were included as random intercept terms.

The maximum rate of Rubisco carboxylation (Vcmax) and 
the maximum rate of electron transport for RuBP regeneration 
were fit from each A/Ci curve using the ‘fitaci’ function in the 
‘plantecophys’ package (Duursma 2015) in R version 3.3.3. 
This method utilizes the Farquhar, von Caemmerer and Berry 
(Farquhar et al. 1980) model of photosynthetic biochemistry. To 
fit the model, we used the observed dark respiration (Rd) point 
measured following each A/Ci curve. In total, 247 A/Ci curves 
were successfully fit.

We also calculated an index of stomatal limitation to Rubisco 
carboxylation rate-limited photosynthesis (l) (Farquhar and 
Sharkey 1982) for each Anet value at 400 µmol mol−1 CO2 (A400) as:

l = 1− A400

Amod

 (3)

where Amod is the rate of photosynthesis at Ci = 400, calculated as

Amod = Vcmax
400− Γ ∗

400+ K
− Rd

 (4)

where Vcmax is the rate of Vcmax calculated from the Anet-Ci curve 
fitting (µmol m−2 s−1), Γ ∗ is the CO2 compensation point (µmol 
mol−1), K is the Michaelis–Menten constant for Rubisco (µmol 
mol−1) and Rd is the measured rate of dark respiration (µmol m−2 
s−1). The parameters Γ ∗ and K were calculated based on leaf 
temperature using functions from Bernacchi et al. (2001).

We assessed the impact of the climate treatments on A400, 
stomatal conductance at 400  µmol mol−1 atmospheric CO2, l, 
Vcmax, Jmax and Rd as well as the ratio of Jmax to Vcmax (Jmax/Vcmax) 
using linear mixed-effects model with precipitation treatment, 
warming treatment and the measurement leaf temperature 
as categorical fixed effects in a fully factorial design. The tree 
measured as well as the tree measured nested within date of 
measurement were included as indices of repeated measures 
and the block, block by precipitation treatment and block by 
precipitation treatment by warming treatment were included 
as random intercept terms. The repeated measures design 
accounts for the fact that the same leaf was measured multiple 
times throughout the experiment. All gas exchange and leaf 
trait values except l were natural-log transformed before fitting 
the mixed-effects models to meet normality assumptions.

Throughout, mixed-effects models were fit using the ‘lmer’ 
function in the ‘lme4’ package (Bates et  al. 2015) in R version 
3.5.0. Parameter significance for each model was assessed using 

Wald’s χ 2 calculated by the ‘Anova’ function in the ‘car’ package 
(Fox and Weisberg 2011) in R version 3.5.0. Post hoc calculations of 
least squared means and error values as well as comparisons of 
means using Tukey’s tests were computed using the ‘emmeans’ 
package (Lenth 2016) in R version 3.5.0.

Note that we did not fit instantaneous temperature response 
curves to our data, as has been done in previous field studies 
(Battaglia et  al. 1996; Medlyn et  al. 2002b; Jensen et  al. 2015; 
Sendall et  al. 2015; Vårhammar et  al. 2015). Such temperature 
response models have too many parameters (≥3) to fit to our data 
set, which only included measurements at ≤5 leaf temperatures 
per leaf per day due to the technical challenges of achieving a 
variable range of leaf temperatures on intact leaves in the field.

Results

Plot canopy temperatures

The 1000- to 1600-h plot-level plant canopy temperatures (Tcan) 
were greater in the high warming than the no warming plots 
across the measurement period (P < 0.001; Table 1; Fig. 1). The 
marginal mean (± SE) Tcan estimated from the mixed model 
was 20.1 ± 0.8 °C and 17.0 ± 0.7 °C in the high warming and no 
warming plots, respectively. Thus, the average warming was 
3.1  °C. Neither the precipitation treatments (P > 0.05) nor the 
interaction between precipitation and warming treatments  
(P > 0.05) significantly influenced Tcan (Table 1).

Soil moisture

Throughout the growing season, relative extractable water 
(θR) was unaffected by the warming treatments (P > 0.05), 
precipitation treatments (P > 0.05) or their interaction (P > 0.05; 
Table 1; Fig.  1). There was an increase in soil moisture during 
later measurement periods (Fig.  1). The marginal mean (± SE) 
θR across all plots estimated from the mixed model during the 
measurement period was 0.066 ± 0.019.

Net photosynthesis

The light-saturated rate of net photosynthesis at atmospheric 
CO2 of 400 µmol mol−1 (A400) was not influenced by the climate 
treatments at any leaf temperature (P > 0.05 in all cases; Table 2; 
Fig. 2). The only significant predictor of A400 in our model was 
measurement leaf temperature (P < 0.001; Table 2; Fig. 2). Post hoc 
Tukey’s tests (α = 0.05) indicated that A400 rates were similarly 
high at leaf temperatures between 20 and 30 °C, but significantly 
slowed at 35 °C and dropped even further at 40 °C (Fig. 2).

Table 1. Analysis of variance results examining the treatment 
effect on environmental conditions. The analysis of variance used 
a linear mixed-effects model with precipitation treatment, warming 
treatment and the interaction between precipitation treatment 
and warming treatment as categorical fixed effects. The block, 
block by precipitation treatment, block by precipitation treatment 
by warming treatment and day of year were included as random 
intercept terms. Tcan = canopy temperature; θR = relative extractable 
water. Significance testing was done using Wald’s χ 2. P-values less 
than 0.05 are bolded.

Tcan θR

df χ 2 P χ 2 P

Warming (W) 1 195.33 <0.001 3.13 0.077
Precipitation (P) 2 3.54 0.170 0.91 0.635
W * P 2 4.07 0.131 0.74 0.692
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Photosynthetic biochemistry

Neither the maximum rate of Rubisco carboxylation (Vcmax;  
P > 0.05) nor the maximum rate of electron transport for 
RuBP regeneration (Jmax; P > 0.05) was significantly impacted 
by the warming treatment (Table  2; Fig.  3). The strongest 
determinant of Vcmax and Jmax was the measurement leaf 

temperature (Vcmax: P  <  0.001; Jmax: P  <  0.001; Table  2; Fig.  3). 
For Vcmax, a post hoc test indicated that rates rose from 20 to 
35  °C (P  < 0.05; Fig.  3), but rates at 40  °C were not different 
from those at 35  °C (P > 0.05; Fig. 3). For Jmax, a post hoc test 
indicated that rates rose from 20 to 30 °C (P < 0.05; Fig. 3), but 
rates at 35 °C and 40 °C were not different from rates at 30 °C 
(P > 0.05; Fig. 3). There was no interaction between warming 
treatment and leaf temperature for Vcmax (P > 0.05) or Jmax (P 
> 0.05). The precipitation treatment had no significant effect 
on Jmax (P > 0.05 for any term that included precipitation; 
Table 2; Fig. 3). There was a marginally significant difference 
in Vcmax across precipitation treatments (P  =  0.093, Table  2; 
Fig.  3). Post hoc-estimated marginal means for Vcmax were 
35.2 (95 % CI: 18.6–67.2), 60.3 (38.6–94.3) and 53.0 (33.3–84.5) 
µmol m−2 s−1 in the reduced, ambient and added precipitation 
treatments, respectively, possibly indicating a decrease in the 
reduced precipitation treatments. However, post hoc Tukey’s 
tests found no significant differences among precipitation 
treatments (P > 0.10).

The Jmax/Vcmax ratio decreased significantly (P < 0.001) with 
measurement leaf temperature from 2.34 at 20  °C to 0.93 at 
40  °C due to the different temperature responses of Jmax and 
Vcmax (Fig.  3). There was a significant but small difference in 
Jmax/Vcmax between warming treatments (P  =  0.048, Table  2; 
Fig.  3). Post hoc-estimated marginal means for Jmax/Vcmax 
were 1.57 (95  % CI: 1.41–1.73) and 1.48 (1.33–1.64) in the no 
and high warming treatments, respectively. However, post 
hoc Tukey’s tests found no significant differences among 
precipitation treatments (P > 0.10). There was no effect 
of precipitation treatment or the interaction between 
precipitation treatment and warming treatment on Jmax/Vcmax  
(P > 0.05 in both cases, Table 2; Fig. 3).

Stomatal conductance

Neither stomatal conductance (gs) nor stomatal limitation 
to Rubisco carboxylation rate-limited photosynthesis (l) was 
significantly affected by the climate treatments (P > 0.05 in all 
cases; Table 3; Fig. 4). Both stomatal parameters decreased with 
measurement leaf temperature (P < 0.001 in both cases; Table 3; 
Fig.  4). There was no interaction between climate treatments 
and leaf temperature for gs or l (P > 0.05 in all cases; Table  3; 
Fig. 4).

Figure 1. (A) Average canopy temperature (Tcan) in the ambient (black line) 

and high (red line) warming treatments over the course of the experiment. (B) 

Relative extractable water (θR) in each plot over the course of the experiment. 

Dots, upward triangles and downward triangles indicate ambient (AmP), added 

(AdP) and reduced (RP) precipitation plots. Blue and red symbols indicate 

ambient (AW) and high (HW) warming plots. The black line indicates the 

marginal mean θR across all plots estimated from the mixed-effects model. 

Points are jittered for visibility.

Table 2. Analysis of variance results examining the treatment effect on gas exchange parameters. Significance testing was done using Wald’s 
χ 2. The analysis of variance used a linear mixed-effects model with precipitation treatment, warming treatment and the measurement leaf 
temperature as categorical fixed effects in a fully factorial design. The tree measured and the tree measured nested within date of measurement 
were included as indices of repeated measures and the block, block by precipitation treatment and block by precipitation treatment by warming 
treatment were included as random intercept terms. A400 = rate of net photosynthesis at ambient CO2 of 400 µmol mol−1; Vcmax = maximum rate 
of Rubisco carboxylation; Jmax = maximum rate of electron transport; Rd = rate of dark respiration. Significance testing was done using Wald’s χ 2. 
P-values less than 0.05 are bolded.

A400 Vcmax Jmax Jmax/Vcmax Rd Rd/Vcmax

df χ 2 P χ 2 P χ 2 P χ 2 P χ 2 P χ 2 P

Warming (W) 1 <0.01 0.956 0.17 0.679 0.00 0.983 3.90 0.048 0.32 0.572 1.65 0.200
Precipitation (P) 2 2.99 0.224 4.74 0.093 4.06 0.131 3.29 0.193 3.60 0.165 1.98 0.372
Leaf temperature 

(Tleaf)
4 141.97 <0.001 370.06 <0.001 111.90 <0.001 638.39 <0.001 257.29 <0.001 4.89 0.299

W * P 2 1.36 0.505 1.15 0.563 1.22 0.544 0.17 0.918 2.48 0.290 3.39 0.184
W * Tleaf 4 3.00 0.558 2.55 0.636 4.74 0.315 1.06 0.900 3.67 0.452 1.88 0.757
P * Tleaf 8 1.79 0.987 5.59 0.693 2.93 0.939 6.31 0.613 10.68 0.221 5.12 0.745
W * P * Tleaf 8 4.60 0.799 5.36 0.718 3.01 0.934 8.50 0.386 8.39 0.397 6.78 0.560
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Leaf dark respiration

Leaf dark respiration (Rd) was not significantly affected by the 
climate treatments (P > 0.05 in all cases; Table 2; Fig. 5). Instead, 
the primary driver of Rd was leaf temperature at the time of 
measurement (P < 0.001; Table 2), with Rd rates increasing with 
increasing measurement temperatures from 20 to 40 °C (Fig. 5). 
The Rd/Vcmax ratio was not impacted by the climate treatments (P 
> 0.05 in all cases), leaf temperature (P > 0.05) or the interaction 
between leaf temperature and climate treatments (P > 0.05; 
Table 2; Fig. 5).

Discussion
Model sensitivity studies have shown that the inclusion 
of temperature acclimation of leaf carbon exchange can 
alter future climate (Smith et  al. 2017) and carbon cycling 
(Wythers et al. 2005; King et al. 2006; Atkin et al. 2008; Friend 
2010; Lombardozzi et al. 2015; Smith et al. 2016a) projections. 
As such, a wide body of research has been dedicated to 
understanding the mechanisms underlying temperature 
acclimation responses (Atkin and Tjoelker 2003; Campbell 
et  al. 2007; Kattge and Knorr 2007; Smith and Dukes 2013, 
2017; Way and Yamori 2014; Yamori et al. 2014; Dusenge et al. 
2019; Kumarathunge et al. 2019). Growth chamber studies (e.g. 
Scafaro et al. 2017; Smith and Dukes 2017; Smith et al. 2019) and 
cross-site comparisons (Kattge and Knorr 2007; Kumarathunge 
et al. 2019) suggest that the short-term temperature response 
of leaf biochemical processes changes as a result of long-term 
changes in temperature. However, while a few studies have 
examined these biochemical processes in the context of field 
warming experiments (Gunderson et al. 2010; Crous et al. 2011, 
2013; Heskel et al. 2016; Reich et al. 2018; Kumarathunge et al. 

2019; Stefanski et al. 2020), fewer have explored these responses 
in concert with other climatic changes, such as variation in 
precipitation (but see Stefanski et al. 2020).

Here, using a warming by precipitation manipulation 
field experiment, we found that photosynthetic processes 
showed very little acclimation to a 3.1  °C average increase in 
daytime canopy temperatures. The net rate of photosynthesis 
is determined by the rate of stomatal conductance, 

Figure 3. (A) The maximum rate of Rubisco carboxylation (Vcmax), (B) the maximum 

rate of electron transport (Jmax) and (C) Jmax/Vcmax in each plot over the course of 

the experiment. Open circles, upward triangles and downward triangles indicate 

ambient (AmP), added (AdP) and reduced (RP) precipitation plots, respectively. Blue 

and red symbols indicate ambient (AW) and high (HW) warming plots, respectively. 

The filled black dots in the top and middle panel indicate the estimated marginal 

mean values across all plots at each leaf temperature estimated from the mixed-

effects model. The filled blue and red dots in the bottom panel indicate the 

estimated marginal mean Jmax/Vcmax in the ambient (AW) and high (HW) warming 

plots, respectively, at each leaf temperature estimated from the mixed-effects 

model. Error bars are standard errors of the mean. Points are jittered for visibility.

Figure 2. The rate of net photosynthesis at ambient CO2 of 400 µmol mol−1 (A400) 

in each plot over the course of the experiment. Open circles, upward triangles 

and downward triangles indicate ambient (AmP), added (AdP) and reduced (RP) 

precipitation plots, respectively. Blue and red symbols indicate ambient (AW) 

and high (HW) warming plots, respectively. The filled black dots indicate the 

marginal mean A400 across all plots at each leaf temperature estimated from 

the mixed-effects model. Error bars are standard errors of the mean. Points are 

jittered for visibility.
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photosynthetic enzymatic rates and respiration rates, and 
each of these is sensitive to short- and long-term changes in 
temperature (Lin et  al. 2012; Dusenge et  al. 2019). We found 
strong evidence of these responses to short-term, but not long-
term, changes in temperature. The maximum rates of Rubisco 
carboxylation and dark respiration increased with increasing 
leaf temperature, because enzymatic processes sped up at 
higher temperatures. These results are similar to those found 
in previous studies (Kattge and Knorr 2007; Scafaro et al. 2017; 
Slot and Winter 2017b; Smith and Dukes 2017; Kumarathunge 
et al. 2019). Stomatal conductance, on the other hand, decreased 
with increasing leaf temperature, leading to greater stomatal 
limitation as temperatures increased, a response also common 
in other studies (Lin et al. 2012; Slot and Winter 2017a, b). This 
was likely driven by an increase in vapour pressure deficit (Lin 
et al. 2012). Interestingly, the combined effect of these responses 
was no significant change in net photosynthetic rates across 
temperatures up to 30  °C. As canopy temperatures rarely 
reached 30  °C, this suggests there was no meaningful change 
in carbon assimilation by leaves in the warming versus ambient 
treatment over the course of the growing season.

This lack of a temperature acclimation response runs counter 
to previous field studies that examined net photosynthesis 
responses (Gunderson et al. 2010; Sendall et al. 2015). However, 
the conditions of our site suggest that there may not have been 
any ‘need’ to acclimate, as conditions were such that carbon 
assimilation was not impacted by the warming treatment 
imposed. This differs from other field warming studies such 
as that performed by Sendall et  al. (2015), where acclimation 
responses were necessary to for plants to maintain optimal 
rates of photosynthesis. This result highlights the need to 
consider physiological flexibility in acclimation studies, 
as plants show strong responses of stomatal conductance 
(Medlyn et al. 2011; Lin et al. 2012; Slot and Winter 2017a, b) and 
biochemical process rates (Medlyn et al. 2002a; Kattge and Knorr 
2007; Scafaro et al. 2017; Slot and Winter 2017b; Smith and Dukes 
2017; Kumarathunge et  al. 2019) with instantaneous changes 
in temperature. If this flexibility allows a plant to maintain 
similar rates of carbon assimilation across its typical range 
of environmental conditions, then acclimation might not be 
expected to occur.

Interestingly, our biochemical results are similar to those 
found in a similar field warming by precipitation manipulation 
study performed by Stefanski et al. (2020). Both results indicate 
little acclimation of photosynthetic biochemistry to either 
warming or precipitation manipulation. Stefanski et  al. (2020) 

Table 3. Analysis of variance results examining the treatment effect on stomatal parameters. The analysis of variance used a linear mixed-
effects model with precipitation treatment, warming treatment and the measurement leaf temperature as categorical fixed effects in a fully 
factorial design. The tree measured and the tree measured nested within date of measurement were included as indices of repeated measures, 
and the block, block by precipitation treatment and block by precipitation treatment by warming treatment were included as random intercept 
terms. gs = rate of stomatal conductance; l = stomatal limitation to Rubisco carboxylation rate-limited photosynthesis. Significance testing was 
done using Wald’s χ 2. P-values less than 0.05 are bolded.

gs l

df χ 2 P χ 2 P

Warming (W) 1 0.02 0.891 1.52 0.217
Precipitation (P) 2 2.77 0.250 1.61 0.447
Leaf temperature (Tleaf) 4 266.92 <0.001 118.28 <0.001
W * P 2 0.94 0.625 1.14 0.566
W * Tleaf 4 2.34 0.674 5.51 0.239
P * Tleaf 8 5.40 0.714 5.32 0.723
W * P * Tleaf 8 7.16 0.519 4.25 0.834

Figure 4. (A) The stomatal conductance (gs) and (B) stomatal limitation to Rubisco 

carboxylation rate-limited photosynthesis (l) in each plot over the course of the 

experiment. Open circles, upward triangles and downward triangles indicate 

ambient (AmP), added (AdP) and reduced (RP) precipitation plots, respectively. 

Blue and red symbols indicate ambient (AW) and high (HW) warming plots, 

respectively. The filled black dots indicate the marginal mean values across all 

plots at each leaf temperature estimated from the mixed-effects model. Error 

bars are standard errors of the mean. Points are jittered for visibility.
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did find a decrease in the ratio of Jmax to Vcmax with warming, 
which was not observed in our study. Multiple meta-analyses 
(Kattge and Knorr 2007; Kumarathunge et  al. 2019), as well 
as cross-site analyses (Smith and Dukes 2018), indicate that 
Jmax:Vcmax decreases with warming, possibly indicating that this 
response is an important and consistent characteristic of the 
temperature acclimation response that should be accounted for 
in vegetation models (Smith and Dukes 2013). However, results 
from our study as well as other individual studies showing high 
sensitivity of Vcmax and Jmax, but not the ratio of the two (Crous 
et al. 2013) indicate that the universality of the response requires 
further study.

Interestingly, we found very little response to precipitation in 
our study, in contrast to results from previous studies (Keenan 
et al. 2010; Smith et al. 2016b; Reich et al. 2018; Kumarathunge et al. 

2020). However, our experiment took place during a relatively 
dry year (mean relative extractable water was <10  %). This 
resulted in little change in soil moisture across our precipitation 
treatments, which likely limited our ability to detect any 
precipitation signal. This also limited our ability to detect the 
interaction between warming and moisture availability, which 
has been shown to be important in other systems (Reich et al. 
2018).

The stomatal conductance response to temperature that we 
observed matches well with observations from other studies 
that indicate conductance decreases with warming (Hasper 
et  al. 2016; Lamba et  al. 2018). However, we did not see any 
acclimation response, as has been observed in some species 
in previous studies (Marchin et  al. 2016; Urban et  al. 2017; Wu 
et al. 2018). This may be due to different hydrological strategies 
employed by the different species used in each study (McDowell 
et al. 2008); however, further cross-site and species evaluations 
are necessary to fully understand this response.

As with photosynthesis, we saw little temperature 
acclimation of dark respiration, in contrast to previous studies 
(Atkin et al. 2015; Vanderwel et al. 2015; Reich et al. 2016). Instead, 
dark respiration increased with increasing leaf temperature. 
This indicates that leaves grown under the warming treatments 
respired more carbon over the course of the season. A possible 
explanation for this can be found in the close coupling of dark 
respiration to Rubisco carboxylation, a link observed in previous 
studies (Smith et  al. 2019; Wang et  al. 2020). These results 
suggest that more respiration is required to maintain faster 
rates of carboxylation at higher temperatures, indicating that 
in these species there may be a cost to not acclimating, in the 
form of respiratory carbon lost under the warmer temperatures. 
This may have contributed to the non-significant decreasing 
trend in net photosynthesis as measurement temperatures 
increased from 20 to 30 °C and the sharper, significant decrease 
as temperatures rose to 35 °C and 40 °C (Fig. 2). However, it is 
important to note that the dark respiration measured here is 
not the same as day respiration, which directly impacts Anet (Lin 
et al. 2012), though it is likely similar.

While we performed our experiment under field conditions 
and used treatments that correspond to climate projections 
(Ciais et  al. 2013), the applicability of our results to larger 
spatial and temporal scales needs to be taken with caution. 
For instance, our warming apparatus used infrared canopy 
heaters that warmed the surface of the plant canopy and 
soil, but did not change the temperature of the air. There are 
issues with extrapolating these results to predict outcomes 
expected from air warming that is happening with climate 
change (De Boeck and Nijs 2011; De Boeck et al. 2012; Ettinger 
et al. 2019). One reason for this is that plants may maintain leaf 
temperatures that are more homeostatic than air temperatures 
(Michaletz et  al. 2015), and thus not warm as quickly as the 
air with climate change. This may further limit expected 
temperature acclimation responses over time. Additionally, 
we only examined the response of a single species. As species 
vary in their ecological strategies (Reich 2014), one might 
expect there to be species-level variability in the responses 
we observed. For instance, Rubisco kinetics (Galmés et al. 2014) 
and stomatal traits (Lin et al. 2015) differ among plant species, 
effects that might change the incentive to acclimate to changing 
temperatures in those species through changes in the cost and/
or benefit of acclimation. Our research suggests that, for some 
species, acclimation benefits might not outweigh the costs, but 
we cannot evaluate how common this response is.

Figure 5. (A) Leaf dark respiration (Rd) and (B) the ratio of Rd to the maximum rate 

of Rubisco carboxylation (Rd/Vcmax) in each plot over the course of the experiment. 

Open circles, upward triangles and downward triangles indicate ambient (AmP), 

added (AdP) and reduced (RP) precipitation plots, respectively. Blue and red 

symbols indicate ambient (AW) and high (HW) warming plots, respectively. The 

filled black dots indicate the marginal mean values across all plots at each leaf 

temperature estimated from the mixed-effects model. Error bars are standard 

errors of the mean. Points are jittered for visibility.
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In conclusion, our results highlight a case where temperature 
acclimation was not necessary to maintain virtually homeostatic 
rates of photosynthetic carbon assimilation under temperature 
increases expected from climate change. This indicates that, 
in some cases, physiological flexibility may be able to deal 
with warmer conditions without acclimation. Temperature 
acclimation likely comes at some cost, either through changes 
in enzymatic amount or activation or other changes in leaf 
structure (Atkin and Tjoelker 2003; Sage and Kubien 2007). While 
more research is needed to better define and quantify these 
costs, it is important to consider the assimilatory benefit relative 
to these costs when assessing acclimation responses.
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