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Abstract
Climate warming will alter photosynthesis and respiration not only via direct temperature effects on leaf biochemistry but also by increasing atmospheric dryness, thereby
reducing stomatal conductance and suppressing photosynthesis. Our knowledge on
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how climate warming affects these processes is mainly derived from seedlings grown
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spruce trees growing in a peatland ecosystem to whole-ecosystem warming of up to

4

Department of Biology, University of
New Mexico, Albuquerque, NM, USA
6

Nicholas School of the Environment,
Duke University, Durham, NC, USA

7

Division of Plant Sciences, Research
School of Biology, The Australian National
University, Canberra, ACT, Australia
8

Environmental and Climate Sciences
Department, Brookhaven National
Laboratory, Upton, NY, USA

under highly controlled conditions. However, little is known regarding temperature responses of trees growing under field settings. We exposed mature tamarack and black
+9°C above ambient air temperatures in an ongoing long-term experiment (SPRUCE:
Spruce and Peatland Responses Under Changing Environments). Here, we report the
responses of leaf gas exchange after the first two years of warming. We show that
the two species exhibit divergent stomatal responses to warming and vapor pressure
deficit. Warming of up to 9°C increased leaf N in both spruce and tamarack. However,
higher leaf N in the warmer plots translate into higher photosynthesis in tamarack but
not in spruce, with photosynthesis being more constrained by stomatal limitations in
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spruce than in tamarack under warm conditions. Surprisingly, dark respiration did not
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consequent effects on both vegetation carbon and water dynamics.

acclimate to warming in spruce, and thermal acclimation of respiration was only seen
in tamarack once changes in leaf N were considered. Our results highlight how warming can lead to differing stomatal responses to warming in co-occurring species, with
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acclimation than evergreen trees (Dusenge et al., 2019, 2020; Way
& Oren, 2010; Way & Yamori, 2014). Moreover, since A is strongly

Global mean temperatures are expected to warm 2–4°C by the end

correlated with leaf nitrogen (N) content (Evans, 1989; Raven,

of the century, but high latitudes will warm at even faster rates, with

2013; Reich et al., 1995), the effect of warming on A may also be

boreal regions predicted to warm 5–10°C by 2100 (Ciais et al., 2013).

mediated by warming-induced changes in leaf N. Previous studies,

Boreal forests store 32% of the world's forest carbon (Pan et al.,

mainly conducted in growth chambers and glasshouse, have indeed

2011) and cover a third of the world's forested land area (FAO, 2015),

shown that responses of A to warming were highly correlated with

making them key players in regulating the global carbon cycle. Rapid

concomitant changes in leaf N (Dusenge et al., 2020; Way & Sage,

warming could reduce the ability of boreal trees to fix and seques-

2008a, 2008b). Boreal forest productivity is generally limited by soil

ter carbon if rising temperatures inhibit photosynthetic CO2 assim-

nutrients, mainly nitrogen, due to low soil nitrogen mineralization

ilation or stimulate respiratory CO2 emissions, both of which could

rates associated with cold temperatures (Girardin, Hogg, et al., 2016;

ultimately suppress tree growth. Changes in the carbon cycling in

Högberg et al., 2017; Kurz et al., 2013). Therefore, A may respond

these forests would subsequently feed back to impact atmospheric

positively to warming due to increased soil nitrogen availability with

CO2 concentrations (Graven et al., 2013), which could accelerate the

warming (Breemen et al., 1998; Lim et al., 2019; Verburg et al., 1999).

rate of climate change.

However, realistic field studies that explore the link between nitro-

Recent climate change has had variable effects on tree growth
and survival in boreal regions. Warming has stimulated the growth

gen dynamics and A under warming conditions in boreal ecosystems
are rare.

of some boreal trees (Boisvenue & Running, 2006; Nemani et al.,

Leaf respiration increases near exponentially with short-term (i.e.,

2003) while reducing growth in others (Girardin, Hogg, et al., 2016;

minutes to hours) increases in temperature (Atkin & Tjoelker, 2003;

Marchand et al., 2018, 2019). This variability in boreal tree growth

Heskel et al., 2016; O’Sullivan et al., 2013). However, when exposed

responses to warming is partly mediated by other environmen-

to longer-term high growth temperatures, leaf respiration thermally

tal factors, such as soil moisture (Girardin et al., 2016; Hember

acclimates such that respiration rates at a common measurement

et al., 2017), as well as the methodologies used in different stud-

temperature are reduced in warm-grown plants compared to their

ies (Marchand et al., 2018). Similarly, mortality rates of many boreal

cool-grown counterparts (Atkin & Tjoelker, 2003; Wang et al., 2020).

trees have increased in a species-specific manner as temperatures

Thermal acclimation of leaf respiration is common in tree species

have risen (Peng et al., 2011; Zhang et al., 2015), with high mortality

from different biomes and plant functional types (Kroner & Way,

rates in boreal and other forest ecosystems frequently attributed

2016; Mujawamariya et al., 2020; Reich et al., 2016; Slot & Kitajima,

to increasing water stress in a hotter climate (Adams et al., 2017;

2015; Smith & Dukes, 2017; Zhu et al., 2020). In some studies, this

McDowell et al., 2018; Peng et al., 2011; Rowland et al., 2015).

thermal acclimation was shown to be driven by concomitant reduc-

These growth and mortality data imply that some boreal tree spe-

tions in A with warming, since leaf respiration is strongly correlated

cies are more vulnerable to climate change than others (Marchand

with photosynthesis (Dusenge et al., 2019; O'Leary et al., 2019;

et al., 2019, 2020), differences which may correlate with their ability

Wang et al., 2020; Way & Sage, 2008b). In other studies, thermal

to maintain a positive carbon balance under warming without caus-

acclimation in leaf respiration is driven by warming-induced reduc-

ing lethal water stress. Indeed, increased growth of boreal trees has

tions in leaf N (Dusenge et al., 2020; Tjoelker et al., 1999), the main

been predicted to occur as temperatures and CO2 concentrations

constituent of the leaf proteins and enzymes that account for the

rise, stimulating photosynthesis, while declines in growth have been

majority of respiratory energy required for protein turnover (Wang

attributed to high temperature-induced stimulations of respiration

et al., 2020). However, thermal acclimation of leaf respiration has not

(Girardin, Hogg, et al., 2016; Marchand et al., 2019).

been explored in mature boreal tree species when growing in natural

Our understanding of how increasing temperatures affect bo-

field conditions.

real tree net CO2 assimilation rates is mainly derived from warm-

In the field, warmer temperatures often occur during drier peri-

ing studies with young seedlings (e.g., Tjoelker et al., 1998; Way &

ods, and tree growth and survival depend on the ability to maintain

Sage, 2008a, 2008b; Sendall et al., 2015; Zhang, Wang, et al., 2015;

not only carbon balance but also water status (Clark et al., 2013;

Kroner & Way, 2016; Reich et al., 2016; Wei et al., 2017; Benomar

McDowell et al., 2018). Evaporative demand increases as the vapor

et al., 2018; Kurepin et al., 2018; Stefanski et al., 2019; Dusenge

pressure deficit (VPD) rises, and VPD generally rises steeply as air

et al., 2020; but see Kellomaki & Wang, 1996; Bronson & Gower,

temperature warms (Campbell & Norman, 1998). More specifically,

2010 and Lamba et al., 2018), which may not accurately reflect the

high leaf-to-air vapor pressure deficit (VPDL) induces stomatal clo-

physiology of mature forest trees. Net CO2 assimilation rates (A)

sure to minimize plant water loss (Grossiord et al., 2020; Oren et al.,

of some boreal tree species are reduced by experimental warming

1999), but this decline in stomatal conductance also reduces CO2

while other species respond positively to increased growth tem-

diffusion into the leaf for photosynthesis. The sensitivity of stomatal

peratures (Bronson & Gower, 2010; Dusenge et al., 2020; Kurepin

conductance to increasing VPDL may differ among species as a result

et al., 2018; Reich et al., 2015; Way & Sage, 2008b). Differences in

of their position along the anisohydric–isohydric continuum (Klein,

how species respond to warming may be related to plant functional

2014). Species at the more anisohydric end of this continuum, which

type (PFT): deciduous trees show greater photosynthetic thermal

show low stomatal regulation in response to drying and an associated
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variable leaf water potential, may have a lower sensitivity to increas-

biomass). Both tree species have a shallow rooting system, especially

ing VPDL than more isohydric species, which display tighter stoma-

when growing in bogs. Details of the site and experimental setup can

tal regulation and less variability in leaf water status with increasing

be found in Hanson et al. (2017).

aridity (McDowell et al., 2008). Grossiord et al. (2020) reviewed the

Briefly, SPRUCE is one of very few large-scale whole-ecosystem

effects of rising VPD on plant physiological processes and showed

warming experiments, spanning from ~3 m belowground to 7 m

that VPD is increasing as the climate warms, suggesting that stoma-

above soil level. The experiment is a regression-based design with

tal responses to increasing VPD will become increasingly important

five temperature treatments: +0 (i.e., ambient, control tempera-

for regulating plant carbon and water fluxes (Grossiord et al., 2020;

tures), +2.25, +4.5, +6.75 and +9°C, in 10 large octagonal open-top

Park Williams et al., 2013). Nevertheless, little is known about how

enclosures encompassing 114.8 m2, with an interior sampling area of

stomatal conductance responds to high growth temperatures, espe-

66.4 m2. These air temperature targets were successfully achieved

cially in mature trees (Lamba et al., 2018), or whether there are con-

during the period this study was conducted (Figure S1). In both 2016

sistent differences between species or PFTs in stomatal responses

and 2017, the maximum ambient temperature (Tmax) was observed in

to warming, despite the growing recognition of the importance of

July and was 32.1±0.32°C (Mean ± SE), suggesting that trees in the

atmospheric dryness for tree growth (Lendzion & Leuschner, 2008)

+9°C plot experienced temperatures of at least 41°C. Each enclo-

and ecosystem water and carbon fluxes (Novick et al., 2016; Zhang

sure is surrounded beneath the surface (≈3 meters deep) by a corral

et al., 2015).

composed of interlocking walls, which serves to isolate the hydrol-

Given the global importance of evaluating boreal tree responses

ogy of each plot from the soils outside the enclosure. Aboveground

to warming in an ecologically realistic setting, we assessed how large-

heating is achieved by pulling air through return vents located at

scale whole-ecosystem experimental warming impacts leaf phys-

several heights along the walls inside each enclosure and circulat-

iology in mature trees of two common, co-occurring high-latitude

ing it through a propane heating system. Heated air is then blown

species, tamarack (Larix laricina (Du Roi) K. Koch, a deciduous coni-

back inside each enclosure at 1 m height via eight vents directed

fer) and black spruce (Picea mariana (Mill.) B.S.P., an evergreen coni-

away from the closest vegetation to provide uniform heating of the

fer). We hypothesized that:

vegetation by fully mixed air. Soil heating is achieved using 3 m-long
vertical heater elements (100 W) that are distributed across each

(i)		High photosynthetic rates would be maintained in the decidu-

enclosure. The +0 chambers are fully constructed but with no heat

ous species, but not the evergreen species, across the warming

energy added, therefore serving as control treatments for passive

treatments.

warming effects of the chamber. The heating experiment started

(ii) Higher temperatures and VPD in the warmer plots would induce
declines in stomatal conductance in both species.

August 15, 2015 and an elevated CO2 treatment was added the following summer, on June 15, 2016.

(iii) Leaf dark respiration would acclimate to warming. Thus, we

In the SPRUCE experiment, relative humidity (RH) inside the

hypothesized that respiration at a common measurement tem-

enclosures is not controlled, and during the period of the mea-

perature would decrease in warm-grown trees in both species,

surement campaigns of this study, RH ranged in mean value from

thereby leading to a similar respiration rate across all the plots

50% to 29% across the +0 to the +9°C plots, resulting in ~113%

when measured at the growth temperature.

increase in the enclosure air VPD in the warmest plots compared
to the control treatments (Figure S2). During the field campaigns
of this study, the depth to water table was measured with auto-

2
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mated sensors (Hanson et al., 2020). In 2016, the depth to water
table was constant in May and June across the treatments, but
increased by 15% compared to a reference spring water table

This study was conducted at the Oak Ridge National Laboratory's

depth in the +6.75°C plot in August 2016 (Figure S3a), indicating

SPRUCE (Spruce and Peatland Responses Under Changing

a drawdown of soil water in the +6.75°C plot during this period.

Environments) project site at the U.S.D.A. Forest Service's

However, the change in water table depth in August in the warm-

Marcell Experimental Forest, in Minnesota, USA (47°30.476′N;

est, +9°C plot was surprisingly minor, and comparable to the water

93°27.162′W). This forest regenerated following canopy tree re-

table depth in the ambient plots (Figure S2a). However, water table

moval in 1969 and 1974 in a bog located at the southern limit of

depth did increase by 13% in the +9°C plot with elevated CO2 in

boreal peatland forests (Sebestyen et al., 2011). This bog is an

August (though no data were used here from the high CO2 plots,

ombrotrophic peatland, with an elevation ranging from 412.7 to

as described below), illustrating the variability in water table mea-

413.1 m above sea level (Iversen et al., 2017), and a water table

surements across the site due to slight elevation differences and

elevation of ~412 m (Sebestyen et al., 2011). The forest canopy is

equipment performance (Hanson et al., 2020). In June 2017, the

dominated by Picea mariana (black spruce) mixed with less abundant

depth to the water table was constant across the temperature

Larix laricina (tamarack), and the understory is dominated by the eri-

treatments while it increased in August with warming (Figure S3b;

caceous shrubs Rhododendron groenlandicum (Oeder) Kron & Judd

t = −3.9, p = 0.008), indicating relatively drier soils in the warmer

and Chamaedaphne calyculata (L.) Moench (~80% of aboveground

plots later in the year.
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The mean number of larger trees in each enclosure is between

measurements, plus any warming of the respective treatment. The an-

18 and 19, with a minimum and a maximum number of 10 and 27

tecedent reference growth temperatures were 20.0°C in May, 16.3°C

trees, respectively. The mean diameter at breast height of these

in June and 23.0°C in August for 2016. For measurements of A, the

larger trees is 5.2 ± 0.9 cm, with a minimum and a maximum DBH of

data were recorded after A and g were stable for at least 5 minutes

3.5 cm and 6.5 cm, respectively (Hanson et al., 2017). We sampled

under cuvette conditions. In 2017, A, g and R at 25°C and at treatment-

only these larger trees, randomly selecting up to six individuals from

specific growth temperatures were extracted from temperature re-

each species in each plot from trees that were accessible from the

sponse curves (15–45°C) of A –  Ci curves (i.e., light-saturated net CO2

plots’ boardwalks and that had healthy-appearing branches.

assimilation rates measured at varying intercellular CO2 concentrations), and temperature responses of R (10–45°C). These measure-

2.1 | Gas exchange and leaf N measurements

ments were conducted in walk-in growth chambers, and the whole
branch was exposed to the same temperature as the leaf measurement temperature inside the cuvette. The A –  Ci curve was initiated

Field campaigns were conducted in May, June and August 2016, and in

once the branch had been exposed to each target temperature for 30

June and August 2017. The May and June 2016 campaigns were done

minutes, and measurements were conducted sequentially from 15, 25,

before the initiation of elevated CO2 treatments at the site; therefore,

32.5, 40 and 45°C. After the A –  Ci curve measurements, the light in

each temperature treatment was studied in two plots in these months.

both the walk-in chamber and the Licor cuvette were turned off and

From August 2016, only ambient CO2 treatment data were used in this

measurements of R were taken on needles adjacent to those mea-

analysis, and thus data came from one plot in each temperature treat-

sured for the A –  Ci curves to ensure there was no heat damage to the

ment. We studied the two mixed-age (up to ~40 years old) canopy

measured needles. Measurements of R were taken from 45°C down

tree species at SPRUCE, black spruce and tamarack. Measurements

to 10°C in 5°C steps, and the branch was acclimated at each tempera-

were made on sun-exposed branchlets that were 30–50 cm long, cut

ture for 15 minutes. The growth temperatures in 2017 were estimated

using a pruning pole. After cutting, branchlets were immediately put in

as in 2016, with reference temperatures of 21.5 and 23.4°C in June

water, and then recut under water to avoid xylem transport disruption

and August, respectively. For measurements at 25°C in both years,

and stomatal closure. Gas exchange measurements were conducted

the cuvette VPD was 1.68 ± 0.06 kPa (mean ± SE); at the growth tem-

between 08:00 and 19:00 using portable photosynthesis systems

peratures, cuvette VPD ranged from 1.06 ± 0.26 kPa for the control,

(Li-COR 6400 XT, 6400-18 RGB light source and 6400-22 Opaque

+0°C samples to 2.9 ± 0.45 kPa for the +9°C samples, values similar

Conifer Chamber; LI-COR Biosciences). The 2016 measurement

to those experienced by the branchlets in their respective treatment

campaigns were conducted in a laboratory facility at the SPRUCE

enclosures (Figure S2). All measurements were randomized across

site. Each branchlet was brought into the laboratory and measured

the temperature treatments over the measurement periods. In each

immediately after it was harvested. For the 2017 measurement cam-

month (May, June and August) during 2016, measurements across all

paigns, branches were harvested between 4 and 5 am on the measure-

10 treatments were completed within 3 days. In 2017, measurements

ment day, immediately placed in water bottles and recut under water

were completed in 11–13 days.

to avoid stomatal closure. They were then transported in a plastic

After the gas exchange measurements, projected leaf area was

cooler from the field site in Grand Rapids to the walk-in chambers in

determined using ImageJ software (NIH). Leaf tissue was dried at

Minneapolis at the University of Minnesota, where the measurements

70°C until constant mass, ground and analyzed for dry leaf mass per

were conducted. The branchlets were re-cut again before starting the

unit area (LMA) and elemental nitrogen concentrations (N; Costech

measurements. The effect of cutting and the time lag between cutting

Analytical Technologies, Inc.). Values for leaf N, LMA and gas exchange

and gas exchange measurements had no effect on stomatal conduct-

parameters measured at 25°C varied between months, as tree phe-

ance (data not shown). For black spruce, three needle cohorts were

nology shifted over the summer. Therefore, we relativized the values

measured across the two years. The needle cohort that developed in

of each of these parameters by the highest mean plot value for each

the growing season of 2015, that is, the needles developed prior to the

parameter in each month in order to highlight the treatment effects.

temperature treatment initiation, were measured in 2016 (May, June
and August), the 2016 needle cohort were measured in 2017 (in June
and August) and those that developed in 2017 were only measured in

2.2 | Statistical analyses

August 2017 when they were fully expanded.
In 2016, net CO2 assimilation rates (A) and stomatal conductance
(g) were measured at pre-determined saturating light conditions

A mixed-effect model was used to examine the effects of x-variables
(temperature treatment, year, VPDL, leaf N, g25, Tleaf, gg; Table 1; Table

(2000 µmol m−2 s−1) and dark respiration rates (R) were measured after

S1) on y-variables (Relative leaf N, Relative LMA, Relative Na, Relative

15 minutes of dark acclimation. In 2016, both A and R were measured

A25, Relative R25, R25, VPDL, gg, Ag, Cig, Rg, Relative g25, Relative A25N,

−1

at a reference CO2 concentration of 400 µmol mol , and either a

Relative R25N, Relative gg; Table 1; Table S1), with x-variables (Table 1;

common temperature of 25°C (for A25, g25 and R25) or a treatment-

Table S1) being the main effects, and month and plot as random effects.

specific growth temperature (for Ag, gg and Rg), based on mean site air

During statistical analyses, a model with main effects and their inter-

temperatures between 10:00 and 11:00 am during the week prior to

actions was compared to a model with only main effects (i.e., without

|

DUSENGE et al.

3083

TA B L E 1 Summary of the adequate mixed-effect model with main factors for each analysis represented in second column (x-variables),
and month and plot as random factors. Relativized leaf nitrogen on mass (Relative leaf N) and area (Relative leaf Na) basis, relativized leaf
mass area (Relative LMA), net CO2 assimilation rate (Relative A 25) and dark respiration (Relative R 25) measured at 25°C; net CO2 assimilation
rate (A 25, μmol m−2 s−1), stomatal conductance (g25, mol H2O m−2 s−1) and dark respiration (R 25, μmol m−2 s−1) measured at 25°C; leaf-to-air
vapor pressure deficit (VPDL , kPa); stomatal conductance (gg, mol H2O m−2 s−1), net CO2 assimilation rate (A g, μmol m−2 s−1), intercellular
CO2 concentration (Cig, μmol mol−1) and dark respiration (R g, μmol m−2 s−1) measured at growth temperature. Bold values indicate p < 0.05;
bold and italicized values are 0.05 < p < 0.1. DFN and DFD are degrees of freedom in the numerator and denominator, respectively. Dashes
represent variables that were not retained in the simplest adequate model, but were tested in the initial full model.
Linear regressions
Tamarack

Black spruce

y-variable

x-variables

DFN

DFD

F-value

Relative leaf N

Treatment

1

20

8.7

Year

1

22.6

1.1

Year*treatment
Relative LMA

—

R 25

VPDL

<0.0001

3.2

0.048

—

—

32.2

13.8

0.0008

Year

1

21.8

1..3

0.3

2

68.3

0.8

0.5

—

—

—

—

—

—

—

—

—

—

—

Treatment

1

20.5

5.1

0.031

1

34.1

9.7

0.004

Year

1

22.9

1.2

0.3

2

65.4

0.6

0.5

—

—

—

—

—

20.6

4.1

0.057

1

33.5

0.003

0.9

24.4

1.9

0.2

2

48.5

2.7

0.08

—

—

—

—

—

—

Treatment

1

Year

1
—

—

—

—

—

Treatment

1

19.2

0.6

0.4

1

32.4

0.2

0.6

Month

1

22.1

2.8

0.1

2

47.7

0.3

0.7

—

—

60.5

24.8

<0.0001

1

60.1

19.4

<0.0001

2

—

—

—

leaf N

1

Year

1
—

—

—

—

—

—

—

128

15.8

0.0001

—

44

6

0.005

—

—

—

g25

1

60

97.7

<0.0001

1

136

52.5

Year

1

60

0.6

0.047

2

55

7.2

0.0017

<0.0001

2

132

6.4

0.0022

1

133

5.6

0.019

Year*g25

1

60

29.7

Leaf N

1

60

0.098

0.8

<0.0001

Year

1

24.3

2.8

0.1

2

59.9

10.8

<0.0001

Year*Leaf N

1

57.7

5.7

0.02

2

138

4.2

0.016

<0.0001

1

42.1

185.2

0.026

2

55.3

3.9

—

—

30.6

1.5

0.3

40.1

0.3

0.7

—

—

Tleaf

1

12.3

105.5

Year

1

23.2

5.7

—

—

12.3

105

<0.0001

1

23.2

5.7

0.026

2

—

—

—

—

Tleaf

1

Year

1
—

—

—

—

<0.0001
0.027
—

—

Tleaf

1

18

9.2

0.022

1

37.9

0.7

0.4

Year

1

21.2

10.4

0.004

2

48.5

6.9

0.0022

—

—

—

Tleaf

1

57.7

4

0.05

Year

1

58

43.1

—

—

19.7

31.9

<0.0001

1

20.6

4.1

0.054

2

—

—

—

Year*Tleaf
Rg

56.4

57.3

1

Year*Tleaf
Cig

32.2

2

0.8

Year*Tleaf
Ag

1

0.3

—

Year*Tleaf
gg

0.0076

0.05

Year*leaf N
A 25

p-value

—

Month*Treatment
A 25

F-value

20.6

Year*Treatment
Relative R 25

DFD

1

Year*Treatment
Relative A 25
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Year*Treatment

Relative Na

p-value

—

—

Tleaf

1

Year

1

Year*Tleaf

—

<0.0001
—

—

—

—

1

—

37.3

3.7

0.062

2

59.3

0.1

0.8

—

—

36.3

20.4

<0.0001

67.5

14.2

<0.0001

—

—

—

—

—

—
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F I G U R E 1 Responses of relativized
leaf nitrogen concentration per dry mass
(Relative N) and per unit leaf area (Relative
Na), and relativized leaf mass per unit area
(Relative LMA) to warming treatments in
tamarack (a, c, e) and black spruce (b, d, f).
Symbol colors represent the year in which
needles developed: 2015 (white), 2016
(gray) and 2017 (black). Symbol shapes
represent measurement months: May
(diamonds), June (squares) and August
(circles). Dashed, solid and dotted black
lines (p < 0.05) (b) are regression lines for
2015, 2016 and 2017 needle cohorts,
respectively; solid blue line (p < 0.05)
(a, d, e, f) is the overall regression line
when years do not differ. Measurements
were taken in 2016 and 2017 (see
Methods for details). Each datapoint
represents the mean value of trees in each
plot: in 2016, n = 4–6 trees per plot, and
2 plots per temperature in May, n = 2–4
trees/plot and 2 plots per temperature in
June, and n = 2–4 trees/plot and 1 plot
per temperature August. In 2017, n = 2–3
trees/plot and 1 plot per temperature
in both June and August. In tamarack,
n = 1 tree/plot in one of the +0 plots (see
Methods for details) [Colour figure can be
viewed at wileyonlinelibrary.com]

interaction of main effects) using a generalized least square function

and August. In each field campaign, trees were randomly selected from

(gls) and maximum likelihood method (ML), and we compared the two

each plot; therefore, the same set of trees was not measured in each

models with an anova function in R (R Core Team, 2019). The best

month. Other R packages were used during data wrangling, analyses

model was chosen based on the lowest Akaike Information Criterion

and plotting: plyr (for data manipulation; Wickham, 2011), dplyr (for

(AIC) value. However, in our study, we used instead AICc, which

data manipulation; Wickham et al., 2019), AICmodavg (for calculating

is an AIC version appropriate for small sample sizes (Tables S1a,b).

AICc; Mazerolle, 2020) and nlme (Pinheiro et al., 2019).

Thereafter, the adequate main effects structure (i.e., with or without
interaction of main effects) was refit with a mixed-effect model using
conditional Wald-F statistic in asreml-R package (Butler et al., 2017).
In 2016, in each temperature treatment, one branchlet from each
of six spruce trees/plot was harvested for measurements in May. In

3
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3.1 | Leaf nitrogen and gas exchange

June and August 2016, this was reduced to four trees/plot of both species to minimize destructive harvesting in this long-term experiment,

Leaf nitrogen concentrations on a mass basis (N) increased with

except in one ambient temperature plot where there is only one extant

warming in both species (Table 1; Figure S4a,b; Table S2); relative leaf

tamarack tree. In 2017, two to three trees/plot were measured in June

N was 34–41% greater in +9°C trees than the +0°C plots (Figure 1a,b).

|
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Leaf mass per unit area (LMA) was constant across the warming treat-

S6a,b; Table S2). These responses in A 25N indicate that progressive

ments in tamarack while LMA declined with warming in black spruce

increases in leaf N in the warmer plots contributed to higher net

(Figure 1c,d; Figure S4c,d; Table 1). Despite these warming-induced

photosynthetic rates in tamarack, with weaker effects of leaf N on

morphological changes, relative leaf N on an area basis (Na) increased

A 25 in spruce. The R 25 was constant across the warming treatments

with warming in both species (Figure 1e,f; Table 1).

in both species (Figure 2c,d; Table 1), indicating an apparent lack

To assess thermal acclimation, we measured net CO2 assimilation

of acclimation to warming. However, after normalizing R 25 to leaf

rates (A), stomatal conductance (g) and dark respiration rates (R) at

N (R 25N), R 25N decreased with warming in tamarack, implying that

a leaf temperature of 25°C (A 25, g25 and R 25, respectively). Relative

increases in leaf N were offsetting acclimation-related declines in

A 25 increased 42% over the 9°C warming gradient in tamarack, in-

respiration in this species (Figure S6c; Table S2). In contrast, R 25N

dicating increased photosynthetic performance in elevated growth

was constant across the treatments in spruce, demonstrating a lack

temperatures. In contrast, A 25 remained constant across the warm-

of thermal acclimation in this species, even when accounting for the

ing treatments in spruce (Table 1; Figure 2a,b). Relative g25 was 50%

warming-induced increase in leaf N (Figure S6d; Table S2).

greater in +9°C trees than the +0°C plots in tamarack, indicating

In both species, higher g25 was strongly correlated with higher

acclimation of g to the high temperatures and VPD in the warmer

A 25 (Figure 3b,e; Table 1). The relationship between g25 and A 25 also

plots (Figure S5a; Table S2). In contrast, g25 showed no consistent

changed over the years in both spruce and tamarack. In tamarack,

response to the treatments in spruce (Figure S5b; Table S2). To ex-

the relationship was weaker in 2017 compared to 2016 (Figure 3e;

plore to what extent the changes in A 25 were driven by warming-

Table 1), while in spruce, the relationship was stronger in the 2017

stimulated increases in leaf N (assuming that most of the leaf N was

needle cohort compared to the 2015 or 2016 ones (Figure 3b;

metabolically active), we normalized A 25 to leaf N (A 25N). The A 25N

Table 1). The spruce g25 also appeared to be higher in needle cohorts

was constant across the warming treatments in both species (Figure

that developed within the temperature treatments compared with

F I G U R E 2 Impact of temperature treatments on leaf CO2 fluxes. Responses of net CO2 assimilation (A 25) (a, b), and dark respiration
rates (R 25) (c, d) measured at 25°C to warming in tamarack (a, c) and black spruce (b, d). Symbol colors represent the year in which needles
developed: 2015 (white), 2016 (gray) and 2017 (black). Symbol shapes represent measurement months: May (diamonds), June (squares) and
August (circles). Dashed blue line (p < 0.1) (a) is the overall regression line when years do not differ. Measurements were taken in 2016 and
2017 (see Methods for details). Each datapoint represents the mean value of trees in each plot: in 2016, n = 4–6 trees per plot, and 2 plots
per temperature in May, n = 2–4 trees/plot and 2 plots per temperature in June, and n = 2–4 trees/plot and 1 plot per temperature August.
In 2017, n = 2–3 trees/plot and 1 plot per temperature in both June and August. In tamarack, n = 1 tree/plot in one of the +0 plots (see
Methods for details) [Colour figure can be viewed at wileyonlinelibrary.com]
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those that developed prior to the treatment initiation (Figure S5b;
Table S2).
In tamarack, higher leaf N was correlated with higher A 25, while

DUSENGE et al.

experienced in the whole-ecosystem enclosures (Figure S2). This
increasing VPDL induced strong declines in spruce stomatal conductance at growth temperature (g g), but not in tamarack g g (Figure

in spruce, higher Na was actually correlated with a lower A 25, a result

S7; Table S2). And while g g was positively correlated with leaf tem-

that is linked to the finding that at a given leaf N content, A 25 was

perature in tamarack, higher leaf temperatures did not affect g g in

higher in the more recently developed needles (Figure 3a,d; Table 1).

spruce (Figure 4c,d; Table 1). Similarly, net CO2 assimilation rates at

Leaf N was not correlated with R 25 in tamarack, but was positively

the growth temperature (A g) increased with higher leaf tempera-

correlated with R 25 in the 2015 spruce needles, with the strength

tures in tamarack while A g was unrelated to leaf temperature in

of this relationship decreasing in the more recent spruce needle co-

spruce (Figure 4e,f). In tamarack, A g was positively correlated with

horts (Figure 3c,f; Table 1).

g g and leaf N in the warmer plots, generating a constant intercellular
CO2 concentration (Ci) from 15 to 35°C (Figure 4g; Figure S8d,e;

3.2 | Field conditions performance

Table 1; Table S2), as both the demand for and supply of CO2 for
photosynthesis balanced across the warming treatments. In spruce,
A g was also positively related to g g, but (as with the A 25 data) A g

We also assessed gas exchange at the prevailing growth temper-

was negatively correlated with Na, which was related to differences

ature to evaluate leaf carbon fluxes under ecologically relevant

between leaf cohorts in their leaf N-A g relationships (Figure S8a,b;

conditions. Higher measurement temperatures resulted in simi-

Table S2). The net effect of these changes was a marginally signifi-

lar increases in VPDL within the measurement cuvette for both

cant decline in Ci as leaf temperatures increased from 15 to 35°C

species (Figure 4a,b; Table 1), consistent with plot-level changes

in spruce. This decline reflects increasing stomatal limitations on

F I G U R E 3 Relationships between photosynthesis, dark respiration, leaf nitrogen and stomatal conductance. Net CO2 assimilation rate
(A 25, μmol m−2 s−1) measured at 25°C as a function of leaf nitrogen (Na, g m−2) (a, d), A 25 as a function of stomatal conductance measured
at 25°C (g25, mol H2O m−2 s−1) (b, e), and dark respiration (R 25, μmol m−2 s−1) as a function of leaf nitrogen (c, f) in black spruce (a, b, c) and
tamarack (d, e, f). Symbol colors represent the year in which needles developed: 2015 (white), 2016 (gray) and 2017 (black). Symbol shapes
represent measurement months: May (diamonds), June (squares) and August (circles). Dashed, solid and dotted black lines (p < 0.05) (b)
are regression lines for 2015, 2016 and 2017 needle cohorts, respectively. Measurements were taken in 2016 and 2017 (see Methods for
details). Each datapoint represents the mean value of trees in each plot: in 2016, n = 4–6 trees per plot, and 2 plots per temperature in May,
n = 2–4 trees/plot and 2 plots per temperature in June, and n = 2–4 trees/plot and 1 plot per temperature August. In 2017, n = 2–3 trees/plot
and 1 plot per temperature in both June and August. In tamarack, n = 1 tree/plot in one of the +0 plots (see Methods for details)
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F I G U R E 4 Responses of leaf gas
exchange to prevailing leaf temperatures
across the warming treatments.
Responses of leaf-to-air vapor pressure
deficit (VPDL , kPa) (a, b), stomatal
conductance (gg, mol H2O m−2 s−1) (c,
d), net CO2 assimilation rate (A g, µmol
m−2 s−1) (e, f) and intercellular CO2
concentration (Cig, µmol mol−1) (g, h)
to changes in leaf temperatures (°C).
Symbol colors represent the year in which
needles developed: 2015 (white), 2016
(gray) and 2017 (black). Symbol shapes
represent measurement months: May
(diamonds), June (squares) and August
(circles). Dashed, solid and dotted black
lines (p < 0.05) (a, b, c, e) are regression
lines for 2015, 2016 and 2017 needle
cohorts, respectively; dashed blue
line (0.05 < p < 0.1) (h) is the overall
regression line when years do not differ.
Measurements were taken in 2016 and
2017 (see Methods for details). Each
datapoint represents the mean value of
trees in each plot; in 2016, n = 4–6 trees
per plot, and 2 plots per temperature in
May, n = 2–4 trees/plot and 2 plots per
temperature in June, and n = 2–4 trees/
plot and 1 plot per temperature August.
In 2017, n = 2–3 trees/plot and 1 plot per
temperature in both June and August. In
tamarack, n = 1 tree/plot in one of the +0
plots (see Methods for details)

carbon gain in the high leaf temperatures of the warmer treatments

4
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DISCUSSION

(Figure 4h; Figure S7b; Table 1; Table S2).
The R g increased with increasing leaf temperature in both species,

We explored how large-scale whole-ecosystem experimental

and was positively correlated with leaf N, but with weaker relation-

warming impacts leaf physiology in mature trees of two common,

ships in needles that developed in the treatments compared to the

co-occurring high-latitude species growing on a peatland. Overall,

2015 needles in spruce (Figure 5a,b; Figure S8c,f; Table 1; Table S2).

we found that the two species showed contrasting responses to

But while the impact of a rise in leaf temperature on R g was constant

increased air and soil temperatures. In tamarack, stomatal con-

across different needle cohorts in both species, spruce needles that

ductance increased in the warmer, higher VPD plots, enhancing

developed within the warming treatments had significantly lower

photosynthesis. In spruce, higher leaf temperatures had remark-

respiration rates compared to needles developed prior to treatment

ably little effect on stomatal conductance, and stomatal conduct-

initiation. These lower respiration rates in the 2016 and 2017 needle

ance was similar across the warming treatments when assessed at

cohorts indicate some degree of thermal acclimation over time.

conditions similar to their respective growth temperatures and VPD.
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F I G U R E 5 Responses of dark respiration to prevailing leaf temperatures (R g, µmol m−2 s−1) across the warming treatments in tamarack
(a) and black spruce (b). Symbol colors represent the year in which needles developed: 2015 (white), 2016 (gray) and 2017 (black). Symbol
shapes represent measurement months: May (diamonds), June (squares) and August (circles). Dashed, solid and dotted black lines (p < 0.05)
(b) are regression lines for 2015, 2016 and 2017 needle cohorts, respectively; solid blue line (p < 0.05) (a) is the overall regression line when
years do not differ. Measurements were taken in 2016 and 2017 (see Methods for details). Each datapoint represents the mean value of
trees in each plot; in 2016, n = 4–6 trees per plot, and 2 plots per temperature in May, n = 2–4 trees/plot and 2 plots per temperature in
June, and n = 2–4 trees/plot and 1 plot per temperature August. In 2017, n = 2–3 trees/plot and 1 plot per temperature in both June and
August. In tamarack, n = 1 tree/plot in one of the +0 plots (see Methods for details) [Colour figure can be viewed at wileyonlinelibrary.com]

Higher stomatal conductance combined with increased leaf N in re-

2000), and may thus show weak photosynthetic responses to in-

sponse to warming resulted in increased photosynthetic rates when

creased total leaf N content. An evergreen leaf habit is often an ad-

assessed at the growth conditions in tamarack. In contrast, the weak

aptation to low fertility soil (Girardin, Hogg, et al., 2016; Sigurdsson

stomatal response to high temperatures and VPD in spruce mini-

et al., 2013), and black spruce may be engaging in nitrogen luxury

mized the effect of the warming-induced increase in leaf N, leading

consumption (Chapin, 1980; Salifu & Timmer, 2003; Tripler et al.,

to a similar photosynthetic rate in spruce across the 9°C warming

2002), allocating extra nitrogen to non-photosynthetic processes

range. Surprisingly, in contrast to many previous studies (Reich et al.,

(Scafaro et al., 2017) or to inactive photosynthetic enzymes that

2016; Slot & Kitajima, 2015; Smith & Dukes, 2017), leaf respiration

can act as nitrogen storage pools for later use (e.g., non-active

showed relatively little apparent acclimation to warming in either

Rubisco; Stinziano & Way, 2017). Indeed, pre-treatment work at the

species when expressed on a leaf area basis. While the lack of ther-

SPRUCE site indicates that photosynthetic capacity of spruce is not

mal acclimation of respiration held for spruce even after accounting

N-limited, but perhaps co-limited by P (Jensen et al., 2019), which

for warming-induced increases in leaf N, we did find evidence for

may explain the results we see whereby higher leaf N is actually

thermal acclimation in tamarack once the rise in leaf N seen in the

correlated with lower photosynthetic rates when the three spruce

warmer plots was taken into account.

needle cohorts are pooled.

Higher leaf N in both species may be a direct impact of elevated

Higher VPD induced partial stomatal closure in black spruce,

growth temperatures on tree physiological processes, but is likely

but generated little stomatal response in tamarack. These findings

more reflective of greater soil N availability in warmer plots, as in-

corroborate results from a recent study which reported similar dif-

creases in N mineralization rates are common in soil warming ex-

ferences in stomatal responses to temperature in seedlings of these

periments (Breemen et al., 1998; Melillo et al., 2011; Rustad et al.,

two species, where stomatal conductance was stimulated in warm-

2001; Verburg et al., 1999), and preliminary data indicate similar

grown tamarack, especially at higher leaf temperatures, but not in

responses at the SPRUCE experiment (C.M. Iversen, pers. com-

black spruce (Dusenge et al., 2020). Throughout the 3-year period

mun.). Photosynthesis is usually positively correlated with leaf N

with different needle cohorts, spruce maintained a relatively con-

(Reich et al., 1995), since N-rich proteins in photosynthetic metab-

stant range of gg (Figure S6b), despite the increased depth to water

olism account for a large proportion of total leaf N (Evans, 1989;

table seen in August of 2016 and 2017 (Figure S3). In contrast, tam-

Raven, 2013). Indeed, previous warming studies have demonstrated

arack upregulated gg in August 2016 (Figure S6a), approximately

a close relationship between thermal acclimation of photosynthe-

doubling its gg values from ~0.05 mol H2O m−2 s−1 to ~0.1 mol H2O

sis to warming and changes in leaf N (Crous et al., 2018; Dusenge

m−2 s−1, thus prioritizing the uptake of CO2 over the conservation of

et al., 2020; Way & Sage, 2008a, 2008b). This appears to be the

water as the depth to the water table increased. In 2017, the differ-

case for tamarack, since higher leaf N in warmer plots was linked

ence in the water table depth between June and August was rela-

with higher photosynthetic rates. In contrast, evergreen species,

tively greater than that in 2016. However, gg in tamarack was largely

such as spruce, have a high nitrogen use efficiency (Kloeppel et al.,

similar in both June and August 2017, and higher than that of spruce
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in August 2017 (Figure S6), reflecting weaker stomatal regulation of

The combined responses of net photosynthesis and respiration to

water loss in tamarack in response to reduced soil water availability.

warming parallel the species-specific growth responses to elevated tem-

In 2016, these differences in stomatal responses were also reflected

peratures in the SPRUCE experiment during the study period (Graham

in differences in branch water potential, where spruce maintained

et al., in review). Respiratory costs (i.e., Rg) rose with increasing leaf

a relatively constant branch water potential throughout the grow-

temperature in both species in both 2016 and 2017. When combined

ing season, while branch water potentials declined in tamarack in

with a lack of increased carbon uptake across the temperature treat-

August when the water table depth increased (Table S3 in Warren

ments, these high respiration rates in trees from the warmer plots may

et al., 2021). Taken together, these data show that tamarack exhib-

contribute to the decreasing growth in black spruce observed after the

ited more anisohydric behavior, with weak stomatal regulation in re-

first year of warming treatments (Graham et al., in review). In contrast,

sponse to warming, increasing VPD and changes in the water table

over the same period, growth in tamarack remained constant across

depth generating more negative water potentials, while black spruce

the temperature treatments (Graham et al., in review), suggesting that

showed more isohydric behavior (Sullivan et al., 2017; Warren et al.,

increased photosynthetic rates in tamarack (Figure 4e) offset warming-

2021). The branch-level data in Warren et al. (2021) are also consis-

induced CO2 respiratory losses to maintain a constant carbon uptake

tent with sap-flux results from SPRUCE, which show greater stim-

across warming treatments. But in 2017, the negative growth response

ulations of tree-level water use with warming in tamarack than in

to warming in spruce started to weaken (Graham et al., in review).

spruce (Figure 5 in Warren et al., 2021), which imply that the leaf

Despite this shift over time, our data still indicate that the effects

level responses in stomatal conductance are consistent with tree

of warming will likely be less beneficial to black spruce compared to

level water use patterns. While our findings contrast with earlier

tamarack. Using tree rings, Girardin, Hogg, et al. (2016) showed that

sap-flux based attributions of the isohydricity of these two species

warm summers negatively impact black spruce growth across most

(Pappas et al., 2018), our data imply that black spruce regulates its

of its range in North America, but tamarack growth was much less

stomata to prioritize hydraulic safety under warmer and high VPD air

sensitive to temperature. Additional work shows that black spruce

conditions over the ability to fix extra CO2. Similar results of reduced

productivity is declining toward the species’ eastern and southern

stomatal conductance with warming and high VPD, and increased

range as the climate warms (Girardin et al., 2014; Marchand et al.,

water savings, were also observed in another warming field study

2019), a change attributed to greater water stress in hot condi-

with mature congeneric spruce species from Europe (Hasper et al.,

tions, but also higher respiratory costs (Girardin, Hogg, et al., 2016;

2016; Lamba et al., 2018). In contrast, the lack of stomatal response

Marchand et al., 2019), which is consistent with our results for R g. In

to warming and atmospheric drying in tamarack, a fast-growing de-

contrast, black spruce growth in its northern populations in Alaska,

ciduous conifer, increases its risk of drought stress while allowing it

where temperatures are not as warm, has been stable over the past

to maintain carbon uptake rates across a wide range of temperature

decades (Sullivan et al., 2017).

conditions.

The results presented here represent whole-ecosystem warm-

Several earlier studies, including those with boreal tree species,

ing responses of leaf physiology after 2 years of warming, and there

have reported strong acclimation of leaf dark respiration to warming

is currently debate about the degree to which initial results from

(e.gDusenge et al., 2020; Mujawamariya et al., 2020; Reich et al.,

large-scale experiments reflect the longer-term responses of these

2016; Slot & Kitajima, 2015; Smith & Dukes, 2017). Thermal accli-

species to high temperatures (Komatsu et al., 2019). For example,

mation of R results in reduced leaf respiratory rates in warm-grown

warming and drought initially increased ecosystem CO2 release in

trees when measured at a common leaf temperature, leading to

Alaskan Arctic tundra (Oechel et al., 2000), but that system returned

near-(and sometimes complete) homeostatic respiration rates mea-

to a summer carbon sink after four decades. Similarly, in an 18 year-

sured at the respective growth temperatures (Mujawamariya et al.,

long soil warming experiment in a nitrogen-limited boreal forest,

2020; Reich et al., 2016; Slot & Kitajima, 2015). This thermal acclima-

growth stimulation of Picea abies was only seen within the first de-

tion is usually correlated with a concomitant reduction in photosyn-

cade of the experiment (Lim et al., 2019). In contrast, in an almost

thesis (Dusenge et al., 2019; Wang et al., 2020) and/or leaf N content

two decades-long multi-factorial experiment in a temperate grass-

(e.g. Dusenge et al., 2020; Ahmad Rashid et al., 2020; Tjoelker et al.,

land combining temperature, CO2, precipitation and nitrogen manip-

1999). In this study, while neither species showed a decline in R 25

ulations, the effect of warming (and the other treatment factors) on

with warming on a leaf area basis, this result does not account for

net primary productivity did not vary from year to year (Zhu et al.,

warming-induced stimulations of leaf N. Once we accounted for the

2016). At SPRUCE, the negative growth response to warming in

differences in leaf N, R 25N did decline in tamarack, indicating that

spruce has weakened as the experiment progresses, and tree growth

this species did thermally acclimate R, though there was still no ev-

in tamarack has been increasing in response to warming since the

idence for thermal acclimation of R in spruce, even when examining

second year of the warming treatments (Graham et al., in review).

R 25N. However, the positive correlation between respiration and leaf

These time-dependent shifts in plant responses to warming may be

N in spruce implies that there was an increased investment in re-

driven by warming-induced changes in a range of processes, such

spiratory machinery at high temperatures to meet energy demands

as nutrient cycling, physiological acclimation and plant community

for metabolism in the warmer growth conditions (as also seen in

composition, that occur at longer timescales (Bjorkman et al., 2018;

Eucalyptus in Crous et al., 2017).

Elmendorf et al., 2012; Komatsu et al., 2019; Oechel et al., 2000).
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However, our results agree with a recent study examining the impact
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