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ABSTRACT 

Low temperature thermal acclimation may require adjustments to nitrogen and water use 

to sustain photosynthesis due to slow enzyme functioning and high-water viscosity. However, 

understanding of photosynthetic acclimation to temperatures below 11 °C is limited. We 

acclimated Populus balsamifera to 6 and 10 °C (6A and 10A, respectively) and provided the 

trees with either high or low N fertilizer. We measured net CO2 assimilation rates (Anet), stomatal 

conductance (gs), maximum rates of Rubisco carboxylation (Vcmax) and electron transport (Jmax), 

and dark respiration (Rd) at leaf temperatures of 2, 6, 10, 14 and 18 °C, along with leaf N 

concentrations. The 10A trees had higher Anet than the 6A trees at warmer leaf temperatures, 

which was correlated with higher gs in the 10A trees. The instantaneous temperature responses of 

Vcmax, Jmax and Rd were similar for trees from both acclimation temperatures. While soil N 

availability increased leaf N concentrations, this had no effect on acclimation of photosynthesis 

or respiration. Our results indicate that acclimation below 11 °C occurred primarily through 

changes in stomatal conductance, not photosynthetic biochemistry, and was unaffected by short-

term N supply. Thermal acclimation of stomatal conductance should therefore be a priority for 

future carbon cycle model development. 
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INTRODUCTION 

Photosynthesis, which represents the largest flux of C between the atmosphere and the 

Earth’s surface (Ciais et al. 2013), will be impacted by future changes in global mean 

temperature (Beer et al. 2010). In response to sustained changes in temperature, thermal 

acclimation of photosynthesis can occur; this results in a change in short-term photosynthetic 

responses to temperature in leaves acclimated to different temperatures (Way and Yamori 2013). 

Thermal acclimation can result from changes in membrane fluidity and the synthesis of stress-

related proteins that alter the photosynthetic thermal optimum (Hikosaka et al. 2006) or changes 

in the allocation of resources to carboxylation and photosynthetic electron transport that alter the 

capacity for CO2 fixation (Way and Sage 2008). These adjustments can occur within days of 

exposure to new temperature conditions (Campbell et al. 2007; Smith and Dukes 2017) and may 

help offset reductions in photosynthesis that would otherwise result from the change in 

temperature (Way and Sage 2008; Mathur et al. 2014; Rogers et al. 2017a; Dusenge et al. 2019). 

Photosynthesis is an important component of the terrestrial biosphere models (TBMs) 

that are used to predict how CO2 fluxes between the atmosphere and the land surface will 

respond to different future climate scenarios (Rogers et al. 2017a). However, these models 

typically do not consider thermal acclimation of photosynthesis (Smith and Dukes 2013). TBMs 

that have incorporated photosynthetic thermal acclimation have found that C uptake is 

significantly increased compared to models that do not incorporate acclimation (Lombardozzi et 

al. 2015; Smith et al. 2016; Mercado et al. 2018), which can alter our predictions of future 

climate change (Smith et al. 2017).  

The Kattge and Knorr (2007) model (hereafter referred to as KK 2007) is the most 

commonly used model for photosynthetic temperature acclimation in TBMs, and the functions in 

this model can improve TBM carbon cycle predictions (Smith et al. 2016). The KK 2007 model 

predicts increases in the thermal optima of the instantaneous temperature responses of both the 

maximum rates of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) carboxylation 

(Vcmax) and photosynthetic electron transport (Jmax) with increasing acclimation temperature 

(Kattge and Knorr 2007). The KK 2007 model also predicts an increase in investment in Vcmax 

relative to Jmax at increased acclimation temperatures. The KK 2007 model has been 

parameterized with species acclimated to temperatures from 11–35 °C and produces output 

consistent with data from controlled environment studies conducted across this same temperature 
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range (Smith and Dukes 2017, Scafaro et al. 2017). However, due to the lack of data that address 

acclimation to temperatures below 11 °C, TBMs are forced to either extrapolate the acclimation 

response to temperatures outside of the KK 2007 dataset or they do not include acclimation 

temperatures below 11 °C. Recent work has highlighted the danger of extrapolating these types 

of equations outside of the temperature ranges for which they were developed (Stinziano et al. 

2019), emphasizing the need for measurements of Vcmax and Jmax at low leaf temperatures and in 

trees acclimated to low temperatures. While recent work has extended the formulations of the 

KK 2007 model to lower temperatures using an observational dataset (Kumarathunge et al. 

2019), these responses have gone untested in controlled experiments. 

Results from Rogers et al. (2017b) suggest that trees acclimated to low temperatures may 

require high leaf nitrogen (Nleaf) to sustain high basal rates of Vcmax and Jmax, given that N is 

required to build the enzymes that support these photosynthetic processes (Evans and Seemann 

1989; Walker et al. 2014). This suggestion is consistent with environmental gradient studies and 

data from high latitudes, which have demonstrated greater N investment in Vcmax and Jmax in 

colder regions (Ali et al. 2015, Smith and Dukes 2018). Thus, soil N availability may dictate the 

degree to which trees can satisfy high N demands at low temperatures (Yamori et al. 2014) and 

the degree to which they can thermally acclimate photosynthesis. Although plant N availability is 

limited in many terrestrial ecosystems, N inputs from atmospheric N deposition and intensive 

agriculture (Vitousek et al. 1997; Galloway et al. 2004) may allow trees a greater capacity to 

adjust their photosynthetic rates by providing the N required to synthesize increased 

concentrations of photosynthetic enzymes (Nunes et al. 1993). Nonetheless, while Rogers et al. 

(2017b) found photosynthetic capacity was dependent on N levels, they did not examine changes 

in the thermal sensitivity of photosynthetic capacity resulting from acclimation, which limits our 

understanding of the mechanisms driving acclimation and the ability for these responses to be 

included in TBMs. 

Photosynthetic temperature acclimation may also be impacted by water availability (Lin 

et al. 2012; Reich et al. 2018, Kumarathunge et al. 2020). Water limitations may be particularly 

important at low temperatures, where high viscosity of water can lead to more costly water 

movement (Roderick and Berry 2001; Franks and Brodribb 2005). As a result, plants may 

acclimate by reducing stomatal conductance at low temperatures (Prentice et al. 2014), thus 
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limiting photosynthesis if biochemical capacity (Vcmax and Jmax) is not increased to match the 

reduction in CO2 supply. 

Similar to photosynthesis, leaf respiration can acclimate to elevated temperatures, which 

also dramatically impacts the results from TBM simulations (Atkin et al. 2008). However, the 

mechanisms underlying thermal acclimation of respiration remain unclear (Dusenge et al. 2019). 

Acclimation of respiration has been observed across many different species, where respiration 

rates are reduced for the trees acclimated to higher temperatures, relative to control trees at a 

common measurement temperature (Slot and Kitajima 2015). These results have also been 

confirmed across environmental gradients (Smith and Dukes 2018). Acclimation of respiration to 

low temperatures may also depend on soil N availability, because higher respiration rates at these 

low temperatures may require higher quantities of respiratory enzymes. 

We examined low temperature acclimation in Populus balsamifera (balsam poplar), a 

widespread and high N-demanding tree species (Chapin III 1996; Soolanayakanahally et al. 

2013), under two different soil N concentrations. This species can be found throughout most of 

Canada, and its distribution in North America extends north to Alaska and south towards 

Colorado (Peterson and Peterson, 1992). Balsam poplar is a lowland species common to riparian 

sites that are rich with nutrients (Peterson and Peterson 1992; Rogers et al. 2020). Populus trees 

exhibit thermal acclimation of carbon assimilation when grown at high temperatures (Benomar et 

al. 2019), but little is known about their response to low temperatures.  

In this study, following initial growth at 10 °C, we acclimated half of the study trees to    

6 °C for six days and compared the thermal sensitivity of gas exchange to those trees maintained 

at 10 °C (i.e. the trees kept at 10 °C served as controls). We hypothesized that thermal 

acclimation to 6 °C would result in higher Anet at low leaf temperatures (< 6 °C) compared to the 

10 °C control trees, but would reduce Anet at higher leaf temperatures (> 10 °C). We expected 

this to coincide with increased Vcmax, Jmax and Rd in low temperature-acclimated trees. Because 

leaves require N to build enzymes, we hypothesized that high N fertilizer applied during the 

acclimation period would improve low temperature acclimation. Specifically, we predicted that 

thermal acclimation would be constrained under low soil N, and we therefore expected lower 

Anet, Vcmax Jmax, and Rd in low N trees relative to high N trees acclimated to low temperatures.   
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METHODS AND MATERIALS 

Plant establishment         

 Dormant, one-year old balsam poplar trees (saplings) with fully developed buds were 

purchased from St. Williams Nursery in Norfolk, ON, Canada. The trees originated from Seed 

Zone 34, located in the Lake Simcoe Watershed region (Lake Simcoe Region Conservation 

Authority 2018). The trees were potted on 3 Nov. 2017 into 16.5 cm wide × 17.5 cm deep pots 

using LiteWay® top soil [Premier Tech, Rivière-du-Loup, QC, Canada] mixed with sand [All 

Treat Farms, Arthur, ON, Canada] in a 1:13 ratio. When the plants were removed from the pots 

at the end of the study, we observed limited root growth. 

Starting 16 Nov. 2017, the trees were left to overwinter at the Environmental Sciences 

Western field station outside of London, ON, Canada (43° 4' 29.5896'' N, 81° 20' 14.8632'' W). 

A layer of mulch was placed over the soil surface to prevent excessive soil freezing over the 

winter. Soil surface temperatures were measured with temperature loggers (LogTag Trix-8 

Recorders, Auckland, New Zealand), and air temperatures in London, ON were collected from a 

local weather station (Environment Canada, National Climate Data and Information Archive). 

Soil temperatures averaged 0.2 °C and reached a minimum of -2.1 °C during the months of 

December and January, while air temperature averaged -5.8 °C and reached a low of -19.9 °C 

(Fig. S1). 

The trees were removed from the field on 26 Feb. 2018 and placed in a greenhouse set at 

20 °C day / 15 °C night, and the mulch was removed from the soil. The trees were watered 

regularly, but not fertilized, and they experienced a natural photoperiod; the greenhouse shaded 

an estimated 57 % of sunlight and the trees received an average daily maximum 

photosynthetically active radiation (PAR) of 1250 µmol photons m-2 s-1. On 15 Mar. 2018, the 

trees were placed into a controlled environment chamber (Environmental Growth Chambers, 

Chagrin Falls, OH, USA) set at 10 °C day/night. The chamber was equipped with high-pressure 

sodium and metal halide lights and the trees were exposed to a photoperiod of 11 h with an 

irradiance of 1150 µmol photons m-2 s-1 at plant height. Each tree received 150 mL of water daily 

that was kept at a constant 10 °C.   

 

Acclimation temperatures and N treatments 
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Beginning on 22 Mar. 2018, two trees per day were removed from the 10 °C chamber 

and placed into a 6 °C chamber; this process (movement of trees from the 10 °C chambers to the 

6 °C) was completed after one week. This temperature shift was performed on half of the trees, 

which comprised the 6A treatment. The other half of the trees remained in the 10 °C chamber 

until gas exchange measurements were taken and comprised the 10A treatment. The 10A trees 

were considered to be non-acclimated and used as our controls. The chambers provided 11 h of 

photosynthetically active radiation (PAR = 1150 µmol photons m-2 s-1) and were set at a constant 

target temperature and relative humidity of 60 %. Vapor pressure deficit (VPD) was 0.56 kPa in 

the 6 °C chamber and 0.74 kPa in the 10 °C chamber. During this acclimation period, the trees 

were subjected to their respective temperatures for six days and fertilized with either low N (LN; 

Hoagland’s solution with 40 ml 1.0 M NH4NO3) or high N (HN; Hoagland’s solution with 0 ml 

1.0 M NH4NO3) (see Table S1 and Table S2 for the Hoagland’s solution contents). Each tree 

received 50 mL of fertilizer on the second, fourth and sixth day of the acclimation treatment, and 

50 mL of de-ionized water kept at the chamber temperature during the first, third and fifth day. 

In summary, there were two acclimation temperatures (Tacclimation; 6A and 10A) and two 

fertilization levels (LN or HN), resulting in four experimental treatment combinations. We 

measured 7 individuals per treatment combination (4 × 7 = 28 individuals total).  

 

A/Ci, Rd, and temperature response curves       

 Following six days at Tacclimation, an individual tree (LN or HN) was removed and placed 

into a chamber set at 18 °C, where PAR = 1150 µmol photons m-2 s-1. The trees were given 20–

25 mins to adjust to the new chamber conditions and for the leaf temperature (Tleaf) to approach 

the desired value. Then, the response of net CO2 assimilation rates (Anet) to changes in 

intercellular CO2 concentrations (Ci) were assessed using a LI-6400 XT portable photosynthesis 

system (LI-COR, Lincoln, NE, USA). The LI-6400 XT was set to a constant flow of 300 µmols-1 

and a PAR of 1000 µmol photons m-2 s-1 (10 % blue light), which was light-saturating based on 

prior photosynthetic light response curves (data not shown). Measurements were taken at CO2 

concentrations of 300, 200, 100, 50, 400, 400, 600, 800, 1000, 1200, 1600 and 2000 µmol mol-1 

to generate the A/Ci curves. This was repeated at multiple Tleaf values (in order: Tleaf = 18, 14, 10, 

6 and 2 ° C) by adjusting both the controlled environment chamber and cuvette temperature. 
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Cuvette relative humidity ranged from 48 % to 63 % and the leaf VPD was between 0.5 to 1.1 

kPa over the leaf temperature range. 

After measuring the A/Ci curves at a leaf temperature of 2 °C, the chamber lights were 

turned off and the LI-6400 XT was set to PAR = 0 µmol photons m-2 s-1. Dark respiration (Rd) 

was determined after 10 mins when Tleaf = 2 °C. The chamber and cuvette temperatures were 

gradually ramped up to achieve a Tleaf of 6 °C, and Rd was determined after 10 min. This process 

was repeated for Tleaf values of 10, 14 and 18 °C. Two trees were successively measured in this 

way each day (i.e., the measurement of the trees were staggered over time).  

We determined Vcmax and Jmax from each A/Ci curve using a bilinear model. From there, 

we fit temperature response curves of Vcmax and Jmax for each leaf. Curves were fit using a third-

order polynomial as in O’Sullivan et al. (2013):  

 

kT = exp (a + b*Tleaf + c*Tleaf2)       (Equation 1) 

 

where kT (µmol m-2 s-1) is the process rate (i.e., Vcmax or Jmax) at a leaf temperature (Tleaf), a 

(µmol m-2 s-1) corresponds to the exponential coefficient of kT at Tleaf = 0 °C, b (µmol m-2 s-1°C-1) 

describes the change in process rate with temperature at 0 °C, and c (µmol m-2 s-1 °C-2) describes 

the change in the shape of the curve as temperatures increase. 

 

Specific leaf area (SLA) and leaf N 

Each tree was removed from the chamber after the completion of gas exchange 

measurements. The leaf used for gas exchange was cut at the petiole-stem node and the surface 

area was determined using a LI-3200C leaf area meter (LI-COR, Lincoln, NE, USA) and dried in 

an oven at 60 °C for 3 d. After drying, leaves were weighed and the specific leaf area (SLA; m2 

g-1) was calculated as the leaf area divided by the dry leaf mass. Total leaf N concentration 

(Nmass; g g-1) was determined for each leaf through combustion using a Costech 4010 (Costech 

Analytical Technologies, Valencia, CA, USA). Leaf N was converted to a per area basis (Narea; g 

m-2) using the SLA. 

We used SLA to calculate Anet, Vcmax, Jmax, and Rd on per dry weight (DW) bases (i.e., 

µmol g-1 s-1), indicated using the subscript /DW (e.g., Anet/DW for net CO2 assimilation rates per 

unit dry mass). We used Narea to calculate Anet, Vcmax, Jmax, and Rd on per gram N basis (i.e., 
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µmol g N-1 s-1), indicated using the subscript /N (e.g., Anet/N for net CO2 assimilation rates per 

gram of leaf N).  

 

 

Statistical analyses          

 Two-way ANOVA models were used to assess the treatment effects (Tacclimation, N 

treatment, and their interaction) on SLA and leaf N expressed on a leaf mass (Nmass) and leaf area 

(Narea) basis.  

Generalized linear mixed models were used to assess treatment effects (Tleaf, Tacclimation, N 

treatment, and their interactions) on Anet, Anet/N, Anet/DW, stomatal conductance (gs; mmol m-2 s-1), 

and the Ci/Ca ratio at atmospheric CO2 concentrations of 400 ppm and 2000 ppm. In the models, 

tree ID was included as a random factor to account for the repeated measures structure. 

Subsequently, an ANOVA test was performed to determine the significance of the fixed factors 

in the mixed model. We further examined the effects of Tacclimation, N treatment, and their 

interaction on Anet at CO2 concentrations of 400 ppm and 2000 ppm when Tleaf = Tacclimation using 

two-way ANOVAs. 

Generalized linear mixed models were also used to assess the effects of Tleaf, Tacclimation, N 

treatment, and their interactions on Vcmax, Vcmax/N, Vcmax/DW, Jmax, Jmax/N, Jmax/DW, Rd, Rd/N, and 

Rd/DW. In the models, tree ID was included as a random factor to account for the repeated 

measures structure. Subsequently, an ANOVA test was performed to determine the significance 

of the fixed factors for each mixed model. We further examined the effects of Tacclimation, N 

treatment, and their interaction on Vcmax, Jmax, the ratio between Jmax/Vcmax (JV), and Rd when Tleaf 

= Tacclimation using two-way ANOVAs. In addition, we determined the treatment effects 

(Tacclimation, N, and their interaction) on parameters a, b and c in Eqn. 1 for Vcmax, Jmax and Rd 

using two-way ANOVAs. 

 

Throughout, percent differences were calculated as: 
("#$%&'	)*+,&).(/01&'	)*+,&)

(/01&'	)*+,&)  x 100       (Equation 2) 

 

Residuals were assessed visually for violations of homogeneity and normality. Vcmax/N 

and Jmax/N were squared and Rd/DW was square-root transformed to normalize the residuals; 
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transformations were selected by running through a series of Shapiro-Wilks tests on logarithmic, 

square root, and squared data. The analyses were run in R version 3.6.0 (R Core Development) 

with the packages ‘plantecophys’ (Duursma 2015) for A-Ci curve fitting. The “lm” function in 

base R was used for linear model fitting. The “lmer” function in the “lme4” package (Bates et al. 

2014) was used for generalized linear mixed model fitting. The “Anova” function in the “car” 

package (Fox et al. 2016) was used for ANOVA tests. The packages “eemeans” (Lenth et al. 

2020) and “multcomp” (Hothorn et al. 2008) were used to compare means within a given 

treatment using Tukey’s tests and an α = 0.05. Symbols have been defined in Table 1.  

 

RESULTS 

 

Leaf N and SLA 

Leaf Narea was 10 % greater in the HN trees relative to the LN trees, but there was no 

Tacclimation effect on Narea (Fig. 1a; Table S3). Leaf Nmass was 20 % greater in HN compared to LN 

trees, and 25 % greater in 6A trees than in 10A trees (Table S3). The N treatment did not affect 

SLA, but SLA was 17 % greater in 6A relative to 10A trees (Fig. 1b; Table S3). 

 

Instantaneous temperature response curves: A400      

 Net CO2 assimilation rates measured at 400 ppm CO2 (A400) were 63 % greater in 10A 

trees than in 6A trees. When Tleaf was 18 °C, the 10A trees had 91 % greater A400 than the 6A 

trees, and when Tleaf was 14 °C, the 10A trees had 66 % greater A400 than 6A trees (based on 

averages across both the LN and HN treatments). A significant Tleaf by Tacclimation interaction 

(Table 2) indicated that the effects of Tacclimation were most apparent at high Tleaf (14–18 °C). 

While the N treatment did not alter A400 or the response of A400 to Tacclimation, it did affect the 

thermal sensitivity of A400, with the HN trees showing a less steep increase in A400 with rising 

Tleaf than the LN trees (Fig. 2a, b; Table 2). When assessed at their respective Tacclimation, 10A 

trees had higher A400 than 6A trees (Fig. 2a, b; Table 3). Because the LN trees had similar A400 as 

the HN trees, but lower Narea, LN trees had 52 % higher A400/N than HN trees (Fig. S2; Table S4). 

Despite the effect of Tacclimation on SLA, the A400 results were similar on both a leaf area and dry 

weight basis (Table S4). 
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Stomatal conductance at 400 ppm CO2 (gs400) was 56 % higher in 10A trees than in 6A 

trees, and the N treatments had no effect on gs400 (Table 2). The gs400 increased at higher Tleaf for 

10A trees, but not for 6A trees (Fig. 2c, d; Table 2). The Ci/Ca decreased with increasing Tleaf 

(Fig. 2e, f), but was not influenced by Tacclimation or the N treatments (Table 2).  

 

Instantaneous temperature response curves: A2000 

Net CO2 assimilation rates measured at 2000 ppm CO2 (A2000) did not differ between the 

HN and LN trees (Table 2). A2000 increased with higher Tleaf, and this effect was more 

pronounced in 10A trees compared to 6A trees (Fig. 3a, b), though there was no Tleaf × N 

treatment interaction for A2000 (Table 2).        

 When A2000 was measured at Tacclimation, 10A trees had higher A2000 than 6A trees (Fig. 3a, 

b; Table 3). In addition, the 10A trees measured at a Tleaf of 10 °C had higher A2000/N than the 6A 

trees measured at a Tleaf of 6 °C (Fig. S3; Table S5). The A2000 results were similar on both a leaf 

area and dry weight basis, except that there was no Tacclimation × Tleaf interaction on a dry weight 

basis (Table S4). The A2000 was similar in 10A trees relative to 6A trees at higher Tleafs when dry 

weight was accounted for (Fig. S3). 

Stomatal conductance at 2000 ppm CO2 (gs2000) was 52 % greater in 10A compared to 6A 

trees, and gs2000 increased with increasing Tleaf in 10A trees, but decreased at higher Tleaf in 6A 

trees (Fig. 3c, d; Table 2). The Ci/Ca ratio decreased with increasing Tleaf, and this decline was 

more pronounced in 6A trees relative to 10A trees (Fig. 3e, f; Table 2). 

 

Instantaneous temperature response curves: Vcmax, Jmax, Rd 

Vcmax was greater at higher Tleaf (Fig. 4a, b), however there were no differences in Vcmax 

between the N or Tacclimation treatments (Table 4). When Tleaf = Tacclimation, 10A trees had higher 

Vcmax relative to 6A trees (Fig. 4a, b), but rates were unaffected by the N treatments (Table 3). 

When measured at Tacclimation, Vcmax/N was 27 % higher in the LN trees compared to HN trees 

(Fig. S4; Table S5). None of the parameters describing the thermal response of Vcmax were 

significantly altered by any of the treatments (Table 5). 

Jmax was stimulated by increasing Tleaf (Fig. 4c, d), but there were no differences in Jmax 

between the N or Tacclimation treatments (Table 4). When Tleaf = Tacclimation, 10A trees had higher 

Jmax relative to 6A trees (Fig. 4c, d; Table 2). When expressed on a leaf N basis, the LN trees had 
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29 % higher Jmax/N than the HN trees, and there was a significant interaction where Tleaf had a 

greater effect for the LN trees compared to the HN trees (Fig. S5; Table S6). When Tleaf = 

Tacclimation, 10A trees had higher Jmax (Fig. 4c, d; Table 3), Jmax/N (Fig. S5; Table S5) and Jmax/DW 

(Fig. S5; Table S5) relative to 6A trees. Furthermore, when measured at their respective 

Tacclimation values, there was also a significant N effect on Jmax/N, where the rates were 29 % higher 

in the LN treatment compared to the HN treatment (Fig. S5; Table S5). The treatments did not 

affect the parameters describing the thermal response of Jmax (Table 5). 

Increasing Tleaf significantly reduced the ratio between Jmax and Vcmax, where JV was     

17 % lower in trees measured at leaf temperatures of 18 °C relative to 2 °C (Table S7). The 10A 

trees had lower a J/V relative to the 6A trees when the trees were assessed at their Tacclimation, but 

there were no N treatment effects on J/V measured at Tacclimation (Table S8). The rates of Rd 

increased with increasing Tleaf but were not altered by Tacclimation or N (Fig. 4e, f; Table 4). There 

were also no treatment effects on Rd when Tleaf = Tacclimation (Fig. 4e, f; Table 3). 

 

DISCUSSION 

Thermal acclimation of net CO2 assimilation rate was determined by stomatal conductance 

A greater stomatal conductance in the 10A trees as compared to the 6A trees increased 

Anet at high Tleaf despite the relative insensitivity of gs to Tleaf. This demonstrates the non-linear 

effect of gs on Anet as leaf temperatures change: the benefit of a high gs increases as Tleaf 

increases. Because it is more difficult, and likely more costly (Roderick and Berry 2001; Franks 

and Brodribb 2005; Prentice et al. 2014), to transport water at low temperatures, trees acclimated 

to low temperatures tend to operate at low stomatal conductance (Paillassa et al. 2020). Low 

temperatures increase water viscosity and decrease cell permeability and root water transport, 

both of which can reduce gs (Jensen and Taylor 1961; Fredeen and Sage 1999). For example, for 

various woody and herbaceous species, water uptake and transpiration at low temperatures were 

reduced, and species from cooler climates were found to maintain higher rates of water uptake at 

low soil temperatures (<5 °C) compared to species from warmer regions (Kramer 1942). In 

addition, rice plants exposed to low root temperatures had decreased conductance in shoots, 

though increased aquaporin expression may have offset this decreased water flow (Sakurai et al. 

2005; Murai-Hatano et al. 2008; Kuwagata et al. 2012). The insensitivity of stomatal 

conductance to changes in Tleaf may have been related to the small changes in VPD over the Tleaf 
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range (0.5–1.1 KPa); stomatal conductance was also insensitive to Tleaf changes between 15 and 

25 °C in a previous study on Populus balsamifera trees (Silim et al. 2010). 

At an external CO2 concentration of 2000 ppm, there was an interaction between Tleaf and 

Tacclimation, and the decline in Ci:Ca with increasing temperature was more pronounced in the 6A 

than in the 10A trees. Therefore, rapidly decreasing intercellular CO2 concentrations at higher 

leaf temperatures likely reduced Anet in the 6A trees more than in the 10A trees. Interestingly, the 

acclimation by leaf temperature interaction was not observed for A2000/DW, although it was 

observed for A2000/N and A2000. It is possible that leaf growth and biomass accumulation was 

greater in 10A trees relative to in 6A trees during the acclimation period, causing this difference. 

This would mean that 10A trees had greater A2000 values at high leaf temperatures and biomass 

accumulation than 6A trees. 

 

Photosynthetic and respiration capacity showed no temperature acclimation 

We saw no effect of Tacclimation on the biochemical parameters Vcmax or Jmax. Instead, the 

only response observed was the direct effect of Tleaf on net photosynthesis. This directly 

contradicts a number of previous studies of photosynthetic temperature acclimation (Kattge and 

Knorr 2007; Campbell et al. 2007; Gunderson et al. 2010; Crous et al. 2013; Smith and Dukes, 

2013; Way and Yamori 2014; Yamori et al. 2014; Scafaro et al. 2017; Smith and Dukes 2017; 

Dusenge et al. 2018; Reich et al. 2018; Kumarathunge et al. 2019; Smith et al. 2019; Stefanski et 

al. 2020; but see Smith et al. 2020). The one possible signal of biochemical acclimation that we 

did observe was a decrease in the JV ratio with increased acclimation temperatures. This has 

been commonly observed in other species (Kattge et al. 2007; Way and Sage 2008; Smith and 

Dukes 2017; Smith and Dukes 2018; Kumarathunge et al. 2019) and has been attributed to 

differences in the sensitivity of Vcmax and Jmax to temperature (Hikosaka et al. 2006) or increased 

relative investment in carboxylation to counteract increased photorespiration at high 

temperatures (Smith et al. 2019). Nonetheless, our results suggest that increasing leaf 

temperatures may increase Vcmax and Jmax in Populus balsamifera, but acclimation temperature 

has minimal impacts on these parameters.  

Furthermore, we saw no effect of Tacclimation on Rd, though acclimation of leaf respiration 

has been observed in many tree species (Slot and Kitajima 2015), including Populus balsamifera 

(Silim et al. 2010), and Populus maximowiczii × Populus nigra (Benomar et al. 2019). It may be 
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expected that the trees acclimated to lower temperatures would have greater respiratory capacity 

than the trees acclimated to higher temperatures to limit feedback inhibition of photosynthesis 

(Atkin and Tjoelker 2003). However, thermal acclimation of respiration is not always observed 

in plants (Crous et al. 2017). Marginal differences were observed between the trees acclimated to 

6 and 10 °C when the respiration rates were standardized by N and measured at Tleaf = Tacclimation, 

but these differences were a result of direct temperature effects on respiration capacity. 

 

Soil nitrogen had little impact on temperature acclimation 

The N treatments had little effect on the photosynthetic or respiratory parameters 

measured in our trees. While the HN trees had greater Narea than LN trees, the lack of an impact 

of the N treatments on photosynthesis or respiration indicated that the added leaf N was not 

contributing substantially to leaf carbon exchange processes, and thus not impacting thermal 

acclimation. However, it is possible that the short treatment period may not have allowed for 

enough time for acclimation to occur. Smith and Dukes (2017) found that seven days was long 

enough for photosynthetic thermal acclimation to occur in a number of different species. 

However, the lowest temperature they acclimated the plants to was 15 °C (Smith and Dukes 

2017). In our study, it is possible that low temperatures limited xylem water transport rates of 

nutrients needed for acclimation to occur (Franks and Brodribb 2005), though the changes seen 

in Narea between the N treatments implies this is not likely. Additionally, previous studies have 

shown that temperature acclimation is greater in leaves that develop at the new temperature than 

those that do not (Campbell et al. 2007). Similar studies using longer acclimation time periods 

are needed to further elucidate the effect of the timescale of acclimation. Nonetheless, the lack of 

response of leaf biochemistry to Tacclimation indicates that the acclimation of Anet to low 

temperatures was directly due to changes in stomatal conductance. 

Populus species depend on N stored in the fall for plant growth in the subsequent spring, 

and bark storage proteins are often broken down and used for photosynthesis during the spring 

(Rennenberg et al. 2010). Thus, our trees may have had sufficient amounts of N from internal 

sources, which may explain why our N treatments had minimal impacts on photosynthesis and 

respiration. However, our N treatments were effective on many other parameters (e.g., Nmass and 

Narea). 
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Low temperature-acclimated leaves had the highest SLA 

Specific leaf area has been observed to increase with higher acclimation temperatures 

(Way and Oren 2010). For example, this trend was observed in Populus spp. (Benomar et al. 

2019) and Corymbia calophylla (Aspinwall et al. 2017). A decrease in SLA can compensate for 

the low enzymatic activity at cool temperatures by increasing the density of photosynthetic 

enzymes per area (Kuwagata et al. 2012). In our study, the 6A trees instead had the highest SLA, 

indicating a decrease in leaf density per unit area relative to the 10A trees. This SLA response 

was unexpected given that the acclimation period was only six days long, and the leaves were 

developed and expanded prior to that time. However, the effect of acclimation temperature on 

SLA (17%) was relative minor.  

 

TBMs predictions at low temperatures 

Terrestrial carbon cycling models simulate photosynthetic temperature acclimation via 

adjustments in the instantaneous thermal response of Vcmax and Jmax with changes in acclimation 

temperature (Smith and Dukes 2013). We did not find evidence of this mechanism. Nonetheless, 

our results do not differ from the commonly used KK 2007 model at low temperatures. Both our 

data and the KK 2007 model indicate little acclimation of Jmax and Vcmax at low leaf 

temperatures. This suggests that the KK 2007 model could be extended to lower temperatures, as 

has been recently suggested elsewhere (Kumarathunge et al. 2019). Our data do, however, 

suggest that thermal acclimation of stomatal conductance is an important process for models to 

consider, particularly for low temperatures. Currently, most terrestrial carbon cycling models do 

not simulate thermal acclimation of stomatal conductance (Smith and Dukes 2013). However, a 

growing body of evidence suggests that stomatal conductance changes with acclimation 

temperature (Prentice et al. 2014; Lin et al. 2015; Wang et al. 2017; Dusenge et al. 2020), 

similar to the results we observed. Indeed, models exist to implement this response (Medlyn et 

al. 2011; Wang et al. 2017), which have been included in carbon cycling models (e.g., Stocker et 

al. 2019). Finally, our results do not indicate that short-term N availability has any impact on 

photosynthetic temperature acclimation simplifying modeling efforts. However, future studies 

should investigate the link between longer-term N availability and acclimation of photosynthetic 

capacity. 
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Climate warming in historically cold regions 

Boreal regions experience an average temperature below 10 °C for 9 to 11 months of the 

year (Belda et al. 2014). Summers are typically short and mean annual temperatures can range 

from -10 to 5.5 °C in boreal regions of North America (Hall et al. 2004). Climate change has 

increased air temperatures globally, and these changes are expected to be greater for boreal 

regions, where some models predict temperature increases of 4–10 °C (Sala et al. 2000; Brown 

and Caldeira 2017). Based on our results, climate warming can potentially improve the 

physiological functioning of plants growing at low temperatures (<11 °C). An increase in leaf 

temperature of 4 °C, for example, can increase carbon assimilation, maximum carboxylation 

rates, and electron transport for both trees acclimated to 6 °C and 10 °C. Our results also may 

have important implications for non-boreal regions; for example, temperate regions generally 

experience an average temperature below 10 °C for 5 to 8 months of the year (Belda et al. 2014), 

and an increase in photosynthetic capacity may increase nutrition acquisition in both the fall and 

spring. However, studies on larger trees are needed to confirm these results across life stage. 

 

Conclusions 

We set out to determine whether thermal acclimation of photosynthesis to low 

temperatures was affected by short-term soil N availability. Carbon assimilation was greater in 

the 10A trees than the 6A trees, which was attributed to higher stomatal conductance in the 10A 

trees. Increased N supply did not influence thermal acclimation at these low temperatures. 

Understanding how widespread species, including Populus balsamifera, adjust to changes in air 

temperature will improve our predictions of CO2 uptake in forests. Cold-acclimated ecotypes on 

the northern edge of habit may be subjected to warmer temperatures, which may enhance C 

uptake in the atmosphere as these trees acclimate. In contrast, periods of extended cold can 

reduce CO2 uptake unless these trees are able to acclimate. Given the abundance of this species, 

there can be major consequences of thermal acclimation on the C cycle. 
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FIGURE CAPTIONS 
 

Fig. 1 Average leaf N per area (a) and specific leaf area (b) for Populus balsamifera trees 

acclimated at 6 or 10 °C for six days and fertilized with high (HN) or low nitrogen (LN) 

Hoagland’s solution (Table S1 and S2). The upper whisker represents the 90th percentile, while 

the lower represents the 10th percentile. The lower box boundary indicates the 25th percentile and 

the upper box boundary indicates the 75th percentile with the horizontal line indicating the 

median value. 

 

Fig. 2 Mean values for net CO2 assimilation rates (A), stomatal conductance (gs) and Ci/Ca ± SE 

for Populus balsamifera trees at an atmospheric CO2 concentration of 400 ppm. The trees were 

acclimated at either 6 °C (blue solid line) or 10 °C (red dashed line) for six days, and fertilized 

with high N (HN; panels a, b, c) or low N (LN; panels d, e, f) Hoagland’s solution (Table S1 and 

S2), and measured at leaf temperatures of 2, 6, 10, 14 and 18 °C. A third order polynomial curve 

was fit for each acclimation temperature for Anet, and linear curves were fit for gs and Ci/Ca. 

 

Fig. 3 Mean values for net CO2 assimilation rates (Anet), stomatal conductance (gs) and Ci/Ca ± 

SE for Populus balsamifera trees at an atmospheric CO2 concentration of 2000 ppm. Trees were 

acclimated at either 6 °C (blue solid line) or 10 °C (red dashed line) for six days, and fertilized 
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with high N (HN; panels a, b, c) or low N (LN; panels d, e, f) Hoagland’s solution (Table S1 and 

S2), and measured at leaf temperatures of 2, 6, 10, 14 and 18 °C. A third order polynomial curve 

was fit for each acclimation temperature for Anet, and linear curves were fit for stomatal 

conductance and Ci/Ca. 

 

Fig. 4 Average maximum rates of Rubisco carboxylation (Vcmax), electron transport (Jmax) and 

dark respiration rates (Rd) ± SE for Populus balsamifera trees. The trees were acclimated for six 

days at 6 °C (solid blue lines) or 10 °C (dashed red lines) and fertilized with high nitrogen (HN; 

panels a, c, e) or low N (LN; panels b, d, f) Hoagland’s solution (Table S1 and S2). The trees 

were measured at leaf temperatures of 2, 6, 10, 14 and 18 °C, and for each acclimation 

temperature a third order polynomial curve was fit. 
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Fig. 3  
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Fig. 4 
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Table 1. List of abbreviations with units. 
 
Symbol Definition Units 

Anet  net CO2 assimilation rate µmol m-2 s-1 

Anet/DW net CO2 assimilation rates per unit dry mass µmol g-1 s-1 

Anet/N net CO2 assimilation rates per gram nitrogen  µmol g N-1 s-1 

A400 net CO2 assimilation rate at an atmospheric CO2 of 400 ppm µmol m-2 s-1 

A2000 net CO2 assimilation rate at an atmospheric CO2 of 2000 ppm µmol m-2 s-1 

gs stomatal conductance mmol m-2 s-1 
gs400 stomatal conductance at an atmospheric CO2 of 400 ppm mmol m-2 s-1 
gs2000 stomatal conductance at an atmospheric CO2 of 2000 ppm mmol m-2 s-1 
Vcmax  maximal carboxylation rate µmol m-2 s-1 
Vcmax/DW maximal carboxylation rate per unit dry mass µmol g-1 s-1 
Vcmax/N maximal carboxylation rate per gram nitrogen µmol g N-1 s-1 
Jmax  maximal electron transport rate µmol m-2 s-1 
Jmax/DW maximal electron transport rate per unit dry mass µmol g-1 s-1 
Jmax/N maximal electron transport rate per gram nitrogen µmol g N-1 s-1 
Jmax/Vcmax (JV)  ratio between maximal carboxylation and electron transport rate  
Rd  dark respiration µmol m-2 s-1 
Rd/DW dark respiration per unit dry mass µmol g-1 s-1 
Rd/N dark respiration per gram nitrogen µmol g N-1 s-1 
Tleaf   leaf temperature °C 
Tacclimation acclimated temperature leaf  °C 
Nmass  leaf N concentration g g-1 
Narea  leaf N per area basis mg cm-2 
SLA  specific leaf area cm2 mg-1 
Ci intercellular CO2 concentration µmol m-1 
Ca atmospheric CO2 concentration µmol m-1 
Ci/Ca ratio between intercellular and atmospheric CO2 concentrations  
VPD  vapor pressure deficit kPa 
PAR  photosynthetically active radiation µmol m-2 s-1 
kT process rate from third-order polynomial equation µmol m-2 s-1 
a exponential coefficient of process rate from third-order polynomial µmol m-2 s-1 
b change in process rate with temperature at 0 °C from third-order 

polynomial 
µmol m-2 s-1 °C-1 

c change in the shape of the curve as temperatures increases from third-
order polynomial 

µmol m-2 s-1 °C-2 
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Table 2 Summary statistics for photosynthetic measurements (A400, A2000), stomatal conductance (gs400, gs2000) and the ratio between 

intercellular and atmospheric CO2 concentrations (Ci/Ca) for Populus balsamifera trees. Measurements were determined at five leaf 

temperatures (Tleaf = 2, 6, 10, 14 and 18 °C) for trees acclimated at one of two temperatures (Tacclimation = 6 or 10 °C) under either high 

nitrogen (HN) or low nitrogen (LN) at an atmospheric CO2 concentration of 400 or 2000 ppm. Linear mixed models were run with 

Tacclimation, Tleaf and N level as fixed factors and tree ID as a random factor, and subsequently an ANOVA was performed. The term 

var. refers to the dependent variable used in the mixed model. 

 

Treatment Var. df  F P Var. df  F P Var. df  F P 
Tacclimation A400 1,22 10.9 ** gs400 1,22 13.0 ** Ci/Ca400 1,24 0.1  
N  1,22 3.1   1,22 1.4   1,52 <0.1  
Tleaf  4,88 133.5 **  4,88 3.5 *  4,94 95.7 ** 
Tacclimation × N  1,22 0.1   1,22 0.1   1,35 <0.1  
Tacclimation × Tleaf  4,88 19.5 **  4,88 5.7 **  4,94 1.0  
Tleaf × N  4,88 5.6 **  4,88 1.4   4,93 0.5  
Tacclimation × Tleaf × N  4,88 0.1   4,88 0.3   4,93 0.6  
Tacclimation A2000 1,23 2.0  gs2000 1,23 12.4 ** Ci/Ca2000 1,24 2.8  
N  1,23 1.0   1,23 1.2   1,52 <0.1  
Tleaf  4,92 197.6 **  4,92 1.4   4,94 77.2 ** 
Tacclimation × N  1,23 <0.1   1,23 0.2   1,35 <0.1  
Tacclimation × Tleaf  4,92 3.0 *  4,92 3.7 **  4,94 2.5 * 
Tleaf × N  4,92 1.3   4,92 0.8   4,93 0.8  
Tacclimation × Tleaf × N  4,92 0.2   4,92 0.1   4,93 0.5  

 
** P < 0.01 
* 0.01 < P < 0.05 
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Table 3 Photosynthetic measurements (A400, A2000, Vcmax, Jmax, and Rd) measured when leaf 

temperatures (Tleaf) is equal to the acclimation temperature (Tacclimation). Two-way ANOVA 

models were run with acclimation temperature (Tacclimation = 6 °C or 10 °C) and N level (HN – 

high nitrogen or LN – low nitrogen) as fixed factors; var. refers to the dependent variable used in 

the ANOVA. 

 

Treatment Var. df F P 
Tacclimation A400 1, 24 23.3 ** 
N  1, 24 1.1  
Tacclimation × N  1, 24 <0.1  
Tacclimation A2000 1, 24 17.8 ** 
N  1, 24 0.4  
Tacclimation × N  1, 24 <0.1  
Tacclimation Vcmax 1, 24 13.6 ** 
N  1, 24 0.8  
Tacclimation × N  1, 24 < 0.1  
Tacclimation Jmax 1, 24 8.7 ** 
N  1, 24 0.6  
Tacclimation × N  1, 24 0.2  
Tacclimation Rd 1, 24 2.1  
N  1, 24 0.1  
Tacclimation × N  1, 24 0.1  

 
** P < 0.01 
* 0.01 < P < 0.05 
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Table 4 Summary statistics for photosynthetic measurements (Vcmax, Jmax and Rd) for Populus 

balsamifera trees. Measurements were determined at five leaf temperatures (Tleaf = 2, 6, 10, 14 

and 18 °C) for the trees acclimated at one of two temperatures (Tacclimation = 6 or 10 °C) under 

HN – high nitrogen or LN – low nitrogen. Linear mixed models were run with Tacclimation, Tleaf 

and N level as fixed factors and tree ID as a random factor. 

 

Treatment Var. df  F P 
Tacclimation Vcmax 1, 24 <0.1  
N  1, 24 0.5  
Tleaf  1, 96 116.7 ** 
Tacclimation × N  1, 24 0.3  
Tacclimation × Tleaf  4, 96 0.2  
Tleaf × N  4, 96 0.3  
Tacclimation × Tleaf × N  4. 96 0.4  
Tacclimation Jmax 1, 24 <0.1  
N  1, 24 0.8  
Tleaf  1, 96 146.3 ** 
Tacclimation × N  1, 24 0.2  
Tacclimation × Tleaf  4, 96 0.1  
Tleaf × N  4, 96 0.6  
Tacclimation × Tleaf × N  4. 96 <0.1  
Tacclimation Rd 1, 24 0.1  
N  1, 24 0.1  
Tleaf  1, 96 81.8 ** 
Tacclimation × N  1, 24 0.7  
Tacclimation × Tleaf  4, 96 1.5  
Tleaf × N  4, 96 1.4  
Tacclimation × Tleaf × N  4, 96 0.7  

 
** P < 0.01 
* 0.01 < P < 0.05 

  



 

Table 5 Average parameter values from the instantaneous temperature response curves for 

maximum carboxylation rates (Vcmax), maximum electron transport rates (Jmax) and dark 

respiration (Rd). Parameters were estimated from Eqn. 1, and two-way ANOVA models were run 

with acclimation temperature (Tacclimation = 6 °C or 10 °C) and N level (HN – high nitrogen or LN 

– low nitrogen) as fixed factors. For each of the four treatments there were seven replicates, 

except for the 6 °C – HN treatment, where n = 6. 

 

 Treatment Mean (SE) Mean (SE) Mean (SE) 
  a b c 
Vcmax 6A HN 3.51 ± 0.58 1.13 ± 0.04 0.9989 ± 0.0016 
 6A LN 4.98 ± 0.96 1.10 ± 0.03 1.0004 ± 0.0012 

 10A HN 3.51 ± 0.40 1.13 ± 0.02 0.9990 ± 0.0007 
 10A LN 2.74 ± 0.30 1.21 ± 0.02 0.9962 ± 0.0006 
  F, P F, P F, P 
 Tacclimation 3.35, 0.08 3.62, 0.07 3.38, 0.08 
 N 0.32, 0.58 0.55, 0.46 0.30, 0.59 
 Tacclimation × N 3.32, 0.08 2.82, 0.11 3.51, 0.07 

Jmax 6A HN 11.71 ± 2.04 1.17 ± 0.05 0.9964 ± 0.0017 
 6A LN 17.04 ± 2.79 1.11 ± 0.04 0.9992 ± 0.0017 
 10A HN 11.55 ± 1.96 1.17 ± 0.02 0.9968 ± 0.0006 
 10A LN 13.12 ± 2.34 1.15 ± 0.03 0.9975 ± 0.0012 
  F, P F, P F, P 
 Tacclimation 0.79, 0.38 0.30, 0.59 0.22, 0.64 
 N 2.24, 0.15 1.14, 0.30 1.57, 0.22 
 Tacclimation × N 0.66, 0.42 0.55, 0.47 0.55, 0.47 

Rd 6A HN 0.54 ± 0.09 1.02 ± 0.04 1.0028 ± 0.0018 
 6A LN 0.33 ± 0.09 1.22 ± 0.08 0.9954 ± 0.0030 

 10A HN 0.57 ± 0.19 1.07 ± 0.08 1.0024 ± 0.0036 
 10A LN 0.43 ± 0.10 1.09 ± 0.07 1.0001 ± 0.0033 
  F, P F, P F, P 
 Tacclimation 0.25, 0.62 0.35, 0.56 0.71, 0.41 
 N 1.93, 0.18 2.31, 0.14 2.07, 0.16 
 Tacclimation × N 0.07, 0.80 1.47, 0.24 0.94, 0.34 

 

  



 

SUPPLEMENTAL MATERIAL: 

 

Fig. S1 Average daily air temperatures (non-bold line; Environment Canada, National Climate 

Data and Information Archive) in London, ON from 16 November 2017 to 23 April 2018 and 

daily soil surface temperatures (bold line) in the field from 1 December 2017 to 26 February 

2018. The trees were brought to the Environmental Sciences Western field station on 16 

November 2017 and remained there until 26 February 2018, and temperature loggers were 

placed on the surface of the pots. 

  



 

 

Fig. S2 Mean values for net CO2 assimilation rates (Anet) per nitrogen (N) or per dry weight 

(DW) ± SE for Populus balsamifera trees at an atmospheric CO2 concentration of 400 ppm. The 

trees were acclimated at either 6 °C (blue solid line) or 10 °C (red dashed line) for six days, and 

fertilized with high N (HN; panels a, b, c) or low N (LN; panels d, e, f) Hoagland’s solution, and 

measured at leaf temperatures of 2, 6, 10, 14 and 18 °C. A third order polynomial curve was fit 

for each acclimation temperature for Anet.



 

 

Fig. S3 Mean values for net CO2 assimilation rates (Anet) per nitrogen (N) or per dry weight 

(DW) ± SE for Populus balsamifera trees at an atmospheric CO2 concentration of 2000 ppm. 

The trees were acclimated at either 6 °C (blue solid line) or 10 °C (red dashed line) for six days, 

and fertilized with high N (HN; panels a, b, c) or low N (LN; panels d, e, f) Hoagland’s solution, 

and measured at leaf temperatures of 2, 6, 10, 14 and 18 °C. A third order polynomial curve was 

fit for each acclimation temperature for Anet. 

  



 

 

Fig. S4 Average maximum rates of Rubisco carboxylation (Vcmax) per nitrogen (N) or per dry 

weight (DW) ± SE for Populus balsamifera trees. The trees were acclimated for six days at 6 °C 

(solid blue lines) or 10 °C (dashed red lines) and fertilized with high nitrogen (HN; panels a, c, e) 

or low N (LN; panels b, d, f) Hoagland’s solution. The trees were measured at leaf temperatures 

of 2, 6, 10, 14 and 18 °C, and for each acclimation temperature a third order polynomial curve 

was fit. 

 

  



 

Fig. S5 Average maximum rates of electron transport (Jmax) per nitrogen (N) or dry weight (DW) 

± SE for Populus balsamifera trees. The trees were acclimated for six days at 6 °C (solid blue 

lines) or 10 °C (dashed red lines) and fertilized with high nitrogen (HN; panels a, c, e) or low N 

(LN; panels b, d, f) Hoagland’s solution. The trees were measured at leaf temperatures of 2, 6, 

10, 14 and 18 °C, and for each acclimation temperature a third order polynomial curve was fit. 

 

  



 

 

Fig. S6 Average maximum rates of dark respiration (Rd) per nitrogen (N) or per dry weight 

(DW) ± SE for Populus balsamifera trees. The trees were acclimated for six days at 6 °C (solid 

blue lines) or 10 °C (dashed red lines) and fertilized with high nitrogen (HN; panels a, c, e) or 

low N (LN; panels b, d, f) Hoagland’s solution. The trees were measured at leaf temperatures of 

2, 6, 10, 14 and 18 °C, and for each acclimation temperature a third order polynomial curve was 

fit. 

 

  



 

Table S1 Molarity and quantity of stock solutions required for the half strength Hoagland’s 

solution. 

Compound Molarity (M) Amount (mL) 
K2SO4 0.5 10 
CaCl2 – 2H2O 1.0 10 
KH2PO4 1.0 5 
MgSO4- – 8H2O 1.0 2.5 
Fe-EDTA 0.02 2.5 
NH4NO3 1.0 40 (HN) or 0 (LN) 
Micronutrients Variable 2.5 

 
  



 

Table S2 Molarity of chemical compounds in the micronutrient stock solution. 

Compound Molarity (M) 
BH3O3 0.05  
MNSO4 ∙ H2O 0.01 
ZnSO₄ 0.001 
CuSO4 0.0005 
Na2MoO4 ∙ 2H2O 0.0005 
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Table S3 Nitrogen expressed on a per mass (Nmass) and per area (Narea) basis, and specific leaf 

area (SLA) values for Populus balsamifera leaves acclimated at 6 or 10 °C (Tacclimation) with two 

N levels (N) of high (HN) or low nitrogen (LN) fertilizer for six days. Var. refers to the 

dependent variable of interest. 

 

Var. Treatment df  F P 
Nmass Tacclimation 1, 24 15.7 <0.01** 
 N 1, 24 11.0 <0.01** 
 Tacclimation × N 1, 24 0.3 0.62 
Narea Tacclimation 1, 24 2.4 0.14 
 N 1, 24 4.3 0.05* 
 Tacclimation × N 1, 24 1.9 0.18 
SLA Tacclimation 1, 24 6.5 0.02* 
 N 1, 24 2.9 0.10 
 Tacclimation × N 1, 24 0.4 0.52 

 
** P < 0.01 
* 0.01 < P < 0.05 
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Table S4 Summary statistics for photosynthetic measurements (A400, A2000) per nitrogen (N) and 

dry weight (DW) for Populus balsamifera trees at an atmospheric CO2 concentration of 400 or 

2000 ppm. Measurements were determined at five leaf temperatures (Tleaf; 2, 6, 10, 14 and 18 

°C) for the trees acclimated at 6 or 10 °C (Tacclimation) for six days under two N levels (N; HN – 

high nitrogen or LN – low nitrogen). Linear mixed models were run with acclimation 

temperature, leaf temperature and N level as fixed factors and tree ID as a random factor. Var. 

refers to the dependent variable including Anet at an atmospheric CO2 concentration of 400 ppm 

expressed on a per nitrogen (A400/N) and dry weight (A400/DW) basis, and Anet at an atmospheric 

CO2 concentration of 2000 ppm expressed on a per nitrogen (A2000/N) and dry weight (A2000/DW) 

basis. 

 

Treatment Var. df  F P Var. df  F P 
Tacclimation A400/N 1,22 17.2 <0.01** A400/DW 1,22 6.6 0.02* 
N  1,22 9.0 †<0.01**  1,22 2.4 0.13 
Tleaf  4,88 132.5 <0.01**  4,88 136.4 <0.01** 
Tacclimation × N  1,22 0.1 0.74  1,22 0.4 0.56 
Tacclimation × Tleaf  4,88 23.3 <0.01**  4,88 13.8 <0.01** 
Tleaf × N  4,88 10.2 <0.01**  4,88 4.6 <0.01** 
Tacclimation × Tleaf × N  4,88 0.3 0.89  4,88 0.2 0.92 
Tacclimation A2000/N 1,23 5.5 †0.03* A2000/DW 1,23 0.2 0.70 
N  1,23 5.6 †0.03*  1,23 0.4 0.54 
Tleaf  4,92 209.6 <0.01**  4,92 226.4 <0.01** 
Tacclimation × N  1,23 0.2 0.64  1,23 0.1 0.75 
Tacclimation × Tleaf  4,92 6.1 <0.01**  4,92 0.7 ‡0.61 
Tleaf × N  4,92 5.3  †<0.01**  4,92 0.7 0.61 
Tacclimation × Tleaf × N  4,92 0.9 0.50  4,92 0.1 0.97 

 
** P < 0.01 
* 0.01 < P < 0.05 
† Difference in significance between per area and per N measurements  
‡ Difference in significance between per area and per DW measurements 
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Table S5 Photosynthetic measurements (A400, A2000, Vcmax, Jmax, and Rd) per nitrogen (N) and 

dry weight (DW) measured when Tleaf = Tacclimation. Two-way ANOVA models were run with 

acclimation temperature (Tacclimation; 6 °C or 10 °C) and N level (N; HN – high nitrogen or LN – 

low nitrogen) as fixed factors. The dependent variables (Var.) include carbon assimilation rates 

at atmospheric CO2 concentrations of 400 or 2000 ppm on a per nitrogen (A400/N) and dry weight 

(A400/DW) basis, maximum carboxylation rates on a per nitrogen (Vcmax/N) and dry weight 

(Vcmax/DW) basis, maximum electron transport rates on a per nitrogen (Jmax/N) and dry weight 

(Jmax/DW) basis, and dark respiration rates on a per nitrogen (Rd/N) and dry weight (Rd/DW) basis. 

 

Treatment Var. df  F P Var. df  F P 
Tacclimation A400/N 1, 24 35.1 <0.01** A400/DW 1, 24 19.2 <0.01** 
N  1, 24 5.8 †0.02*  1, 24 0.7 0.41 
Tacclimation × N  1, 24 0.9 0.34  1, 24 <0.1 0.96 
Tacclimation A2000/N 1, 24 29.2 <0.01** A2000/DW 1, 24 14.2 <0.01** 
N  1, 24 4.7 †0.04*  1, 24 0.1 0.79 
Tacclimation × N  1, 24 0.5 0.49  1, 24 0.2 0.70 
Tacclimation Vcmax/N 1, 24 24.0 <0.01** Vcmax/DW 1, 24 9.4 <0.01** 
N  1, 24 6.0 †0.02*  1, 24 0.3 0.56 
Tacclimation × N  1, 24 1.2 0.28  1, 24 0.1 0.75 
Tacclimation Jmax/N 1, 24 17.3 <0.01** Jmax/DW 1, 24 4.8 0.04* 
N  1, 24 5.4 †0.03*  1, 24 0.1 0.70 
Tacclimation × N  1, 24 0.6 0.46  1, 24 0.3 0.57 
Tacclimation Rd/N 1, 24 3.3 0.08 Rd/DW 1, 24 0.5 0.83 
N  1, 24 0.1 0.71  1, 24 0.6 0.46 
Tacclimation × N  1, 24 0.7 0.42  1, 24 0.2 0.66 

 
** P < 0.01 
* 0.01 < P < 0.05 
† Difference in significance between per area and per N measurements 
 

 

  



48 
 
 
Table S6 Summary statistics for photosynthetic measurements (Vcmax, Jmax and Rd) on a nitrogen 

(N) or dry weight (DW) basis for Populus balsamifera trees. Measurements were determined at 

five leaf temperatures (2, 6, 10, 14 and 18 °C) for the trees acclimated at 6 or 10 °C for six days 

under HN – high nitrogen or LN – low nitrogen. Linear mixed models were run with acclimation 

temperature (Tacclimation), leaf temperature (Tleaf) and N level (N) as fixed factors and tree ID as a 

random factor. The dependent variables (Var.) include maximum carboxylation rates on a per 

nitrogen (Vcmax/N) and dry weight (Vcmax/DW) basis, maximum electron transport rates on a per 

nitrogen (Jmax/N) and dry weight (Jmax/DW) basis, and dark respiration rates on a per nitrogen (Rd/N) 

and dry weight (Rd/DW) basis. 

 

Treatment Var. df  F P Var. df  F P 
Tacclimation Vcmax/N 1, 24 0.3 0.56 Vcmax/DW 1, 24 1.3 0.26 
N  1, 24 3.5 0.07  1, 24 0.2 0.70 
Tleaf  4, 96 133.3 <0.01**  1, 96 116.4 <0.01** 
Tacclimation × N  1, 24 <0.1 0.89  1, 24 0.4 0.53 
Tacclimation × Tleaf  4, 96 0.6 0.66  4, 96 0.7 0.59 
Tleaf × N  4, 96 2.0 0.10  4, 96 0.1 0.99 
Tacclimation × Tleaf × N  4. 96 0.3 0.87  4. 96 0.4 0.82 
Tacclimation Jmax/N 1, 24 0.4 0.52 Jmax/DW 1, 24 1.8 0.19 
N  1, 24 4.7 †0.03*  1, 24 0.3 0.58 
Tleaf  4, 96 163.0 <0.01**  1, 96 161.2 <0.01** 
Tacclimation × N  1, 24 <0.1 0.89  1, 24 0.2 0.66 
Tacclimation × Tleaf  4, 96 0.9 0.47  4, 96 0.3 0.90 
Tleaf × N  4, 96 2.7 †0.03*  4, 96 0.3 0.86 
Tacclimation × Tleaf × N  4. 96 0.2 0.95  4. 96 <0.1 0.99 
Tacclimation Rd/N 1, 24 1.4 0.25 Rd/DW 1, 24 2.7 0.11 
N  1, 24 1.9 0.18  1, 24 0.6 0.46 
Tleaf  4, 96 79.3 <0.01**  1, 96 85.9 <0.01** 
Tacclimation × N  1, 24 <0.1 0.99  1, 24 0.6 0.45 
Tacclimation × Tleaf  4, 96 2.3 0.07  4, 96 0.6 0.65 
Tleaf × N  4, 96 2.1 0.09  4, 96 1.7 0.17 
Tacclimation × Tleaf × N  4. 96 0.5 0.72  4. 96 1.0 0.41 

 
** P < 0.01 
* 0.01 < P < 0.05 
† Difference in significance between per area and per N measurements 
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Table S7 Summary statistics for the ratio of Jmax/Vcmax (JV) Populus balsamifera trees 

acclimated at 6 or 10 °C for six days under HN – high nitrogen or LN – low nitrogen. 

Measurements were determined at five leaf temperatures (2, 6, 10, 14 and 18 °C), and linear 

mixed models were run with acclimation temperature (Tacclimation), leaf temperature (Tleaf) and N 

level (N) as fixed factors and tree ID as a random factor. 

 

Treatment df F P 
Tacclimation 1, 24 <0.1 0.90 
N 1, 24 0.7 0.42 
Tleaf 4, 96 13.8 <0.01** 
Tacclimation × N 1, 24 1.6 0.22 
Tacclimation × Tleaf 4, 96 0.7 0.58 
Tleaf × N 4, 96 2.3 0.06 
Tacclimation × Tleaf × N 4. 96 0.3 0.88 

 
** P < 0.01 
* 0.01 < P < 0.05 
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Table S8 Mean ratios of J/V ± SE for Populus balsamifera trees acclimated at 6 or 10 °C 

(Tacclimation; 6A and 10A, respectively) with two N levels (N; high (HN) or low nitrogen (LN)) 

fertilizer. Jmax and Vcmax were determined using temperature response curves when leaf 

temperature was equal to the acclimation temperature (Tleaf = Tacclimation). 

 

Treatment Jmax/Vcmax ± SE 
6A HN 3.53 ± 0.13 
6A LN 3.54 ± 0.13 
10A HN 3.35 ± 0.07 
10A LN 3.18 ± 0.04 
  
 F, P 
Tacclimation 7.3, 0.01 * 
N 0.6, 0.43 
Tacclimation × N 0.7, 0.40 

 
** P < 0.01 
* 0.01 < P < 0.05 

 


