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Peatlands within the boreal-temperate ecotone contain the majority of terrestrial carbon
in this region, and there is concern over the fate of such carbon stores in the face of
global environmental changes. The Spruce and Peatland Response Under Changing
Environments (SPRUCE) facility aims to advance the understanding of how such
peatlands may respond to such changes, using a combination of whole ecosystem
warming (WEW; +0, 2.25, 4.5, 6.75, and 9◦ C) and elevated CO2 (eCO2 ; +500 ppm)
treatments in an intact bog ecosystem. We examined photosynthetic and respiration
responses in leaves of two ericaceous shrub species–leatherleaf [Chamaedaphne
calyculata (L.) Moench] and bog Labrador tea [Rhododendron groenlandicum (Oeder)
Kron & Judd]–to the first year of combined eCO2 and WEW treatments at SPRUCE. We
surveyed the leaf N content per area (Narea ), net photosynthesis (AST ) and respiration
(RD25 ) at 25◦ C and 400 ppm CO2 and net photosynthesis at mean growing conditions
(AGR ) of newly emerged, mature and overwintered leaves. We also measured leaf
non-structural carbohydrate content (NSC) in mature leaves. The effects of WEW and
eCO2 varied by season and species, highlighting the need to accommodate such
variability in modeling this system. In mature leaves, we did not observe a response to
either treatment of AST or RD25 in R. groenlandicum, but we did observe a 50% decrease
in AST of C. calyculata with eCO2 . In mature leaves under eCO2 , neither species had
increased AGR and both had increases in NSC, indicating acclimation of photosynthesis
to eCO2 may be related to source-sink imbalances of carbohydrates. Thus, productivity
gains of shrubs under eCO2 may be lower than previously predicted for this site by
models not accounting for such acclimation. In newly emerged leaves, AST increased
with WEW in R. groenlandicum, but not C. calyculata. Overwintered leaves exhibited a
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decrease in RD25 for R. groenlandicum and in AST for C. calyculata with increasing WEW,
as well as an increase of AGR with eCO2 in both species. Responses in newly emerged
and overwintered leaves may reflect physiological acclimation or phenological changes
in response to treatments.
Keywords: Chamaedaphne calyculata, ericaceous shrubs, elevated CO2 , gas exchange, non-structural
carbohydrates, Rhododendron groenlandicum, whole ecosystem warming

INTRODUCTION

abscise early in their second growing season (Hileman and Lieto,
1981), and R. groenlandicum exhibits similar evergreen habit
(Small, 1972; Hébert and Thiffault, 2011). Such shrubs’ low light
and nutrient requirements, resilience to disturbance, and ability
to spread through vegetative reproduction make them dominant
components of the plant community of many boreal peatlands.
At SPRUCE, similar light-saturated rates of photosynthesis per
unit leaf area (∼7.5 to 10 µmol m−2 s−1 ) were documented
for trees and shrubs (Jensen et al., 2019). In other sites, R.
groenlandicum has been noted to have photosynthetic rates three
times higher than that of black spruce [Picea mariana (Mill.)
Britton, Sterns & Poggenburg] (Hébert and Thiffault, 2011).
In the long term, the storage of carbon in northern
peatlands is dependent on the maintenance of a neutral or net
uptake of carbon in the balance of gross primary productivity
and ecosystem respiration. Large flux collar measurements
that incorporate the full understory community of this site
(shrubs, forbs, and bryophytes), indicate that productivity of
this community is very similar to ecosystem respiration losses,
with some years having net carbon uptake and others having
net losses (Hanson et al., 2016). Indeed, pretreatment assessment
of carbon fluxes was unable to resolve whether this ecosystem
as a whole was a net source or sink of CO2 in a typical year,
with estimated annual net ecosystem exchange (NEE) ranging
from −60 to +50 g C m−2 y−1 (Griffiths et al., 2017). High
interannual variability in NEE may be typical of such bogs. For
instance, a similar North American bog had NEE ranging from
−9 to −70 g C m−2 y−1 over a 4 year eddy covariance study
(Lafleur et al., 2003).
Photosynthesis and leaf respiration are two key components
in predicting ecosystem NEE and how it may change in response
to global change factors. Previous research into warming effects
found that respiration acclimated more to warming than did
photosynthesis, resulting in a net increase in carbon assimilation
in the majority of tree species studied, especially those from
temperate and boreal regions (Way and Oren, 2010; Atkin et al.,
2015; Reich et al., 2016). However, the acclimation of these
processes to warming can take many forms, and only one-half
the plant species thus studied show “constructive adjustment”
that increases net photosynthesis at growth conditions (Way and
Yamori, 2014). As a substrate of carbon assimilation, elevated
CO2 (eCO2 ) generally increases leaf-level net photosynthesis
in the short-term, but longer-term acclimation as a result
of decreased investment in photosynthetic enzymes per unit
leaf area or source-sink imbalances of photosynthates is also
commonly, but not universally, observed (Ainsworth and Long,
2005; McDowell, 2011; Smith and Dukes, 2013). A recent

Saturated soil systems in boreal and tundra regions (i.e.,
peatlands) have been estimated to contain 24% of terrestrial
soil carbon, and concern over the fate of these carbon stores
has been expressed for decades (Gorham, 1991; Schlesinger and
Bernhardt, 2013). It is hard to overstate the importance of
peatlands to the carbon storage in the boreal-temperate ecotone.
Peatland forests typically contain more than six times the soil
carbon of non-peatland forests in Minnesota, USA (Grigal
et al., 2011). In this region, landscape level carbon storage is
primarily determined by the extent of peatlands due to this
bimodal distribution. Experimental manipulation of peatland
communities from boreal regions have shown the potential for
rapid responses in the carbon cycling, particularly associated with
hydrological changes and increased temperatures (Weltzin et al.,
2000; Bridgham et al., 2008; Breeuwer et al., 2010; Potvin et al.,
2015). Soil carbon in peatlands initially enters the ecosystem
through photosynthesis of both vascular and non-vascular plants,
so one of the first steps to understanding how such carbon
accumulates or is lost from these ecosystems is understanding the
carbon economy of the plants living in them.
The Spruce and Peatland Response Under Changing
Environments (SPRUCE; mnspruce.ornl.gov.) facility aims
to advance the understanding of how such peatlands in the
boreal-temperate ecotone may respond to whole ecosystem
warming (WEW) and elevated atmospheric CO2 concentration
(eCO2 ) at a Sphagnum bog in northern Minnesota (Hanson et al.,
2017). These treatments are scheduled to run for a full decade, so
that long-term effects of WEW and eCO2 may emerge through
both functional and structural changes to the plant community
and ecosystem.
At the bog where the SPRUCE facility is located, the annual
net primary productivity of the understory was estimated to
be 34% higher than that of overstory trees (Griffiths et al.,
2017). This understory is dominated by two ericaceous shrub
species: leatherleaf [Chamaedaphne calyculata (L.) Moench] and
bog Labrador tea [Rhododendron groenlandicum (Oeder) Kron
& Judd]. Many shrubs of the family Ericaceae can tolerate low
nutrient and high acidity environments, such as Sphagnum bogs,
thanks in part to symbiotic associations with ericoid mycorrhiza
(Cairney and Meharg, 2003) that provide roots with both
inorganic and organic forms of nitrogen (Hébert and Thiffault,
2011). It also has been suggested that the evergreen habit in
bog species is an adaptive use of nitrogen that allows for greater
photosynthetic gain for a given unit of nitrogen (Small, 1972).
Approximately 70% of leaves on C. calyculata overwinter and
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eCO2 to reduce photosynthesis at standard conditions, increase
photosynthesis at growth conditions and have no effect on
respiration. We expected increases in NSC under eCO2 due to
previous research on source-sink limitations in other species.
Based on pretreatment data (Jensen et al., 2019), we expected
that leaf N would not be effected by treatments or correspond
well with photosynthetic rates, but given potential changes with
WEW and eCO2 treatments at the leaf, plant and ecosystem level,
it was deemed important to investigate.

meta-analysis (Li et al., 2018) found a mean increase of 26.2%
in leaf non-structural carbohydrates (NSC) for woody species
grown in eCO2 , an indicator of such source-sink imbalances.
The impacts of eCO2 on respiration are less clear than those
on photosynthesis and in many cases no effect is observed
(Smith and Dukes, 2013).
The SPRUCE study is distinguished from previous opentop chamber studies by the combination of WEW and eCO2
treatments, as well as the degree of warming (up to +9◦ C),
elevation of [CO2 ] (more than double ambient levels), scale
(intact mature forest), and planned duration of study (10 years).
These highest levels of WEW are more than twice the projected
annual temperature increase under IPPC RCP 8.5, however
SPRUCE was designed to robustly calibrate temperatures over a
large range of temperatures to accommodate model uncertainty
and the projection of extreme heat events (Hanson et al., 2017).
The design of SPRUCE allows for the study of eCO2 effects near
the upper range of projections for 2100 and, importantly, possible
interactions between the WEW and eCO2 treatments. Resolving
such interactions is an essential element to understanding the
response of plant communities and biogeochemical cycling in a
context of global change (Schlesinger and Bernhardt, 2013; Way
et al., 2015; Dusenge et al., 2019).
The application of WEW and eCO2 to an otherwise intact
ecosystem using large open-top chambers permits the assessment
of not just direct effects of the treatments on these processes,
but also feedbacks from effects on other processes, such as
nutrient and water cycling. One such feedback can be in the
form of altered phenology as a result of either treatment, but
particularly WEW. Such changes in phenology have potential
impacts not just on the relative length of the growing season
in each WEW treatment, but other factors such as the duration
of frost-hardiness in evergreen leaves (Richardson et al., 2018).
Thus, it is important not just to evaluate the responses of mature
leaves to treatments, but responses throughout the leaf life-cycle.
In this study, we examine the photosynthetic and respiration
responses of C. calyculata and R. groenlandicum to the first
year of combined eCO2 and WEW treatments at the SPRUCE
facility. We examined the first cohort of leaves of these evergreen
shrubs to grow under treatment conditions through their entire
life cycle from June 2016 until May 2017. We measured lightsaturated photosynthesis (AST ) and dark-acclimated respiration
(RD25 ) in newly emerged, mature and overwintered leaves
from each plot under standardized conditions (25◦ C and
400 ppm CO2 ) as an indicator of acclimation to treatments.
We also examined the photosynthetic rate (AGR ) under the
treatment growth temperature and [CO2 ] to assess likely
differences in carbon assimilation realized in the field. Finally,
we examined leaf N and NSC as potential indicators of
investment of photosynthetic enzymes or source-sink imbalances
of photosynthates, respectively.
From past research indicating a greater acclimation of
respiration than photosynthesis to long-term warming in many
species (Way and Oren, 2010; Atkin et al., 2015; Reich et al.,
2016), we expected that WEW would increase net photosynthesis
and decrease respiration at standard conditions, as well as
increase net photosynthesis at growth conditions. We expected
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MATERIALS AND METHODS
Site Description
The Spruce and Peatland Response Under Changing
Environments (SPRUCE) facility is located in northern
Minnesota, in the Laurentian Mixed Forest Province (McNab
and Avers, 1994) of the temperate-boreal ecotone (N 47◦ 30.476’;
W 93◦ 27.162’; 410 m ASL). The main SPRUCE experiment
consists of 10 chambered plots and 2 unchambered plots located
in the S1 Bog of the Marcell Experimental Forest. The S1 Bog is
an 8.1 ha ombrotrophic Sphagnum bog with a mean peat depth
of 2.5 m (Boelter and Verry, 1977; Nichols, 1998) and peat depth
exceeding 9 m in some areas (Parsekian et al., 2012). The site has
a continental climate, with mean annual precipitation of 780 mm
and mean monthly air temperatures ranging from −15◦ C in
January to 19◦ C in July (Sebestyen et al., 2011).
The bog surface is dominated by a bryophyte layer of
Sphagnum species, with minor components of aulacomnium
moss [Aulacomnium palustre (Hedw.) Schwägr.], Schreber’s
big red stem moss [Pleurozium schreberi (Brid.) Mitt.], and
juniper polytrichum moss (Polytrichum juniperinum Hedw.).
The vascular plant community consists of a discontinuous
overstory of P. mariana and tamarack [Larix laricina (Du Roi) K.
Koch] and an understory composed of shrubs and graminoids.
The understory is dominated (∼80% of aboveground biomass)
by the ericaceous shrubs R. groenlandicum and C. calyculata, but
also contains bog rosemary (Andromeda polifolia L.), bog laurel
(Kalmia polifolia Wangenh.), creeping snowberry (Gaultheria
hispidula (L.) Muhl. ex Bigelow), three-seeded sedge (Carex
trisperma Dewey), tussock cottongrass (Eriophorum vaginatum
L.), pitcherplant (Sarracenia purpurea L.), and threeleaf false
lily of the valley [Maianthemum trifolium (L.) Sloboda]
(Hanson et al., 2017).
The SPRUCE experimental plots are octagonal with a width
of ∼9 m, surrounded by a boardwalk with moveable walkways
to limit the impact of sampling the plot interior (Hanson et al.,
2017). The interior measurement plots are each surrounded
by a 12 m wide, 7 m high octagonal open-top enclosure sealed
to the peat surface made of double walled 16 mm acrylic
glazing, with a 35◦ frustum designed to limit heat loss while
permitting inputs of natural precipitation; the frustum adds an
additional ∼1.4 m height. Each plot was hydrologically isolated
from the surrounding bog with interlocking vinyl sheet-pile walls
(Sebestyen and Griffiths, 2016), placed outside of the enclosure
circumference to allow water running off the walls to remain
within the plot. This method of hydrologic isolation allows for
drainage of the plots when water levels approach the acrotelm,
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targets were set: 20.2◦ C for C. calyculata and 23.0◦ C for R.
groenlandicum. Data analyses for AGR , however, was performed
using measured leaf temperature, not the targets for each plot.
Earlier gas exchange measurements at this site indicated
that net CO2 assimilation rates generally saturate at or below
a photosynthetic photon flux density (PPFD) of 700 µmol
m−2 s−1 (Jensen et al., 2019). Accordingly, we conducted all
photosynthesis measurements at 1,000 µmol m−2 s−1 to ensure
light saturation while avoiding photoinhibition. Leaves from gas
exchange were marked and measured for leaf area inside the gas
exchange cuvette before being harvested.
While we tried to capture a snapshot of growing conditions
using AGR , actual field conditions show great variability over
a given day or month. To illustrate, the mean half-hourly
air temperature in June 2016 at 1 m height in the control
chamber ranged from 3.4 to 34.6◦ C, with the differences in
daily maxima and minima often exceeding 20◦ C. Thus, while
25◦ C may seem high for a “standard” temperature in a climate
where the highest monthly mean temperature is 19◦ C, it is
not an uncommon daytime temperature in the growing season.
However, given possible non-linearities in the temperature
responses of photosynthesis and respiration, measurements
under only one or two sets of conditions are only indicators of
possible acclimation to growth conditions.

analogous to outflow from the bog, while allowing for collection
of outflow for chemical analysis and drops in the water table
from treatment effects, especially increased evapotranspiration
from WEW. The 10 enclosed and 2 non-enclosed plots shared
a common set of measurements, both automated and manual
(Krassovski et al., 2015; Hanson et al., 2017). We focused
measurements on only the 10 chambered plots to keep chamber
effects on environmental conditions, such as light, consistent
between treated plots and controls (Hanson et al., 2017). Each
chambered plot had a unique combination of treatment levels
in a regression design (Cottingham et al., 2005). The WEW
treatments were relative to the chambered control plot, with
targets of +0.00, +2.25, +4.50, +6.75, and +9.00◦ C above the
control. In one-half of the plots, elevated atmospheric [CO2 ]
treatments (eCO2 , +500 ppm) began 15 June 2016. Control
depth for soil temperature was −2 m and control height for air
temperature and atmospheric CO2 was 2 m, while tests of control
systems show consistent vertical profiles in the treatment targets.
These profiles and further details on CO2 and temperature
regulation, as well as chamber effects on light and precipitation
can be found in Hanson et al. (2017).

Gas Exchange Measurements
We sampled the 2016 cohort of leaves on the two major shrub
species (C. calyculata and R. groenlandicum) during three sample
periods over their lifespan. The typical lifespan of leaves of these
species at this site extends from early May to the following
early June, with a dormant period during the winter. This
dormant period typically begins in October, but the WEW
treatments extend canopy greenness until up to early December
(Richardson et al., 2018). Thus, we targeted measurements of
newly emerged (8–14 June 2016), mature (1–19 September 2016),
and overwintered leaves (12–14 May 2017). During each of these
sampling periods, we measured gas exchange in the field on one
to three individuals per plot per species, using dual infrared gasanalyzer (IRGA) photosynthesis systems (either LI-6400XT or
LI-6800; LI-COR, Inc., Lincoln, Nebraska, USA) with a red-blue
light-emitting diode (LED) light source and 6 cm2 chamber. Up
to four systems were used in a given sample period. IRGA zeros
and spans were checked at the beginning of each day and matched
before each measurement. Samples within a plot for a sample
period were summarized as a mean value and the plot was treated
as the experimental unit.
For each sample, we measured net photosynthesis (AST )
at standard temperature (25◦ C) and [CO2 ] (400 ppm). After
20 min of dark acclimation, we also measured respiration
(RD25 ) at this temperature and [CO2 ]. Finally, we measured
net photosynthesis in the growing conditions of each chamber
(AGR ). These measurements were made at either 400 ppm (as an
approximation of ambient [CO2 ]) or 900 ppm [CO2 ] (ambient
+500 ppm) and growing temperature, which we defined as
the mean daytime temperature of the 10 days preceding the
measurement period for the species at 1 m height in the control
plot, plus the WEW target for each plot. The control plot target
temperatures were 18.9 and 13.1◦ C for the June 2016 and May
2017 campaigns, respectively. In the September 2016 campaign,
we measured each species in a different week, so separate control
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Leaf Structure and Chemical Analyses
All harvested leaves from gas-exchange samples were placed on
ice until transport to facilities off-site for oven drying at 70◦ C
for several weeks before being ground to powder. Leaf mass
per area (LMA) was determined as the projected (one-sided)
leaf area, divided by dry mass. To determine N concentration,
a subsample was taken from the powder of each leaf sample
and analyzed via combustion gas chromatography using an ECS
4010 CHNSO Analyzer (Costech Analytical Technologies Inc.,
Valencia, California, USA).
Foliar samples for NSC analyses were collected in a separate
campaign in August 2016. These samples microwaved (90 s)
at on-site facilities to halt enzyme activity, then immediately
placed into a freezer until shipped on ice off-site for oven
drying and grinding. Samples were assayed for NSC with defined
categories: free sugars (glucose and fructose), all soluble sugars
(free sugars and sucrose), and starch, following procedures
outlined in Woodruff and Meinzer (2011). Distilled water was
combined with 10–15 mg of plant sample powder and extracted
in steam for 1.5 h. Photometric determination was made based on
a 340 nm absorbance of samples in solution against a reference
[D-(+)-Glucose solution 1 mg mL−1 in 0.1% benzoic acid;
Sigma-Aldrich, St. Louis, Missouri, USA] on a Synergy 2 MultiMode Microplate Reader (Biotek, Winooski, Vermont, USA)
after glucose conversion to glucose-6-P. Aliquots were taken
from centrifuged water extracted samples to determine free
sugars. Another set of aliquots was combined with invertase from
baker’s yeast (Saccharomyces cerevisiae Hansen, Grade VII, ≥300
units mg−1 ) for sucrose extraction. Sucrose concentration was
determined by subtracting the initial free sugar concentration
from this post-sucrose-extraction NSC concentration. Total nonstructural carbohydrates (TNC) was determined with the final set
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of aliquots by placement in a water bath overnight at 48◦ C after
combination with amyloglucosidase from Aspergillus niger van
Tieghem. Starch concentrations were determined by subtracting
post-sucrose-extraction NSC concentration from TNC.

as a factor (C; 1 for eCO2 , 0 for ambient), then ranked
them according to Akaike’s Information Criterion corrected for
sample size (AICc) (Bolker, 2008). For AGR , T was measured
leaf temperature. For all other variables, T was the mean
growing season temperature (April–October 2016) difference at
1-m canopy height, relative to the control chamber. Because
the response over five levels of WEW may not be linear,
we considered second-order polynomial terms for T. Models

Statistical Analyses
For each measurement period and species, we fit a series
of models with temperature (T; degrees Celsius) and eCO2

TABLE 1 | Top two models for each gas exchange variable, species, and measurement period as evaluated by Akaike Information Criterion corrected for sample size
(AICc) for the independent variables temperature (T, Celsius) and elevated [CO2 ] treatment (C, 0 = ambient [CO2 ], 1 = +500 ppm).
Variable

Species

Sample period

RD25

C. calyculata

June 2016
Sep. 2016

RD25

R. groenlandicum

C. calyculata

R. groenlandicum

AGR

C. calyculata

R. groenlandicum

−0.010 T +1.66

1

0.013 T 2 −0.097 T −0.160 C +0.889

2

−0.148 C +0.803

0.53
0.58

Weight

R2

0.886

0.7289
1.10

2

0.168 C +0.974

June 2016

1

0.0697 T 2 −0.675 T +2.79

2

1.774

1

0.844

4.19

0.109
0.366

0.86

0.281

0.35

0.273
0.781

2

0.059 C +0.815

May 2017

1

−0.0576 T +0.819

2

0.568

June 2016

1

7.95

2

−0.020 T +8.03

Sep. 2016

1

−2.04 C +4.08

2

0.111 T −2.04 C +3.62

Sep. 2016

AGR

1.62

2

1

June 2016

1AICc

1

3

May 2017

AST

Model

May 2017

Sep. 2016

AST

Rank

3.88
2.18

0.112

0.04

0.663

0.71

0.223
0.784

4.03
0.33

0.105

0.02

0.465

0.37

0.394
0.887

4.28

0.104

<0.01

0.829

0.63

4.14

0.105

0.69

1

−0.453 T +6.69

0.646

0.42

2

0.040 T 2 −0.766 T +6.95

3.30

0.124

0.44

3.54

0.110

0.43

0.631

0.24

3

−0.454 T −0.449 C +6.39

1

0.608 T +6.42

2

8.97

1.27

1

5.87

2

−2.26 C +7.00

May 2017

1

3.17

2

−0.197 T +4.00

June 2016

1

7.89

2

−0.122 T +10.7

Sep. 2016

1

5.06

0.334
0.614

1.63

0.271

0.23

0.75
3.38

0.139

0.09

0.880
4.10

0.113

0.02

0.688

2

0.814 C +4.66

3.28

0.134

3

0.118 T +2.15

3.48

0.121

0.08

May 2017

1

4.52 C +4.15

0.617

0.45

2

6.41

June 2016

1

9.16

2

0.508 T −2.62

1

10.08

2

2.43 C +8.86

1

3.71 C +3.05

2

4.91

Sep. 2016
May 2017

1.67

0.10

0.268
0.541

0.45

0.431

0.32

0.564
1.14
4.23

0.319

0.27

0.831

0.57

0.100

For models beyond the top 2 ranked by AICc, the model is provided when the Akaike weight was >0.10. Evaluated models included a second order polynomial T interaction with C
and all nested submodels of this interaction (see text for details). Dependent variables are mean plot values per unit leaf area of dark-acclimated respiration at 25◦ C (RD25 , µmol CO2
m−2 s−1 ), net photosynthesis at 25◦ C and saturating light (AST , µmol CO2 m−2 s−1 ), net photosynthesis at growth temperature and saturating light (AGR , µmol CO2 m−2 s−1 ).
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included lower order terms if an interaction or polynomial term
was included. Models considered for the June measurements,
before initiation of the eCO2 treatment, were: T 2 + T, T, and an
intercept only model. For other measurement dates, these models
were considered, as well as: C × (T 2 + T), C + T 2 + T, C × T,
C + T, and C. All analyses were conducted in R version 3.4.3 (R
Core Team, 2018) using the MuMIn package (Barton, 2018) to

compare all models using AICc. All data used in these analyses
are publicly available (Ward et al., 2019).

RESULTS
The top statistical models (those with Akaike weights > 0.10),
as selected by Akaike Information Criterion corrected for

TABLE 2 | Top two models for each leaf structure and chemistry variable, species, and measurement period as evaluated by Akaike Information Criterion corrected for
sample size (AICc) for the independent variables temperature (T, Celsius) and elevated [CO2 ] treatment (C, 0 = ambient [CO2 ], 1 = +500 ppm).
Variable

Species

Sample period

Rank

Model

LMA

C. calyculata

June 2016

1

73.41

2

−1.37 T +79.18

Sep. 2016

1

1.54 T2 −15.68 T +134.1

2

−3.61 T +123.5

May 2017

1

1.25 T2 −18.75 T +123.1

2

1.22 T2 −11.76 T +12.30 C +114.6

3

105.5

2.42

LMA

Narea

R. groenlandicum

C. calyculata

4

−2.21 T +114.7

June 2016

1

103.6

2

2.76 T +92.1

Sep. 2016

1

39.0 C +149.8

R. groenlandicum

C. calyculata

0.37
0.44

1.24

0.190

0.55

1.56

0.161
0.105

0.14

0.626
1.15

0.25
0.46

2

20.8 C +113.2
1.226

2

−0.0230 T +1.322

Sep. 2016

1

1.43

2

−0.042 T +1.61

0.37

0.263

3

−0.230 C +1.55

0.98

0.193

0.28

4

−0.042 T −0.229 C +1.72

1.09

0.183

0.60

2.27

0.198

1

1.58

2

−0.024 T +1.76

June 2016

1

1.48

2

0.0213 T +1.39

Sep. 2016

1

1.89

August 2016

August 2016

August 2016

R. groenlandicum

1.82

0.353
0.650

1

Sugar
Content

0.114
0.353

June 2016

R. groenlandicum
C. calyculata

0.08
0.76

123.6

Content

Soluble

3.76

0.149
0.748

169.3

R. groenlandicum
C. calyculata

0.827
3.43

1

NSC

Starch

R2

2

May 2017
Total

Weight

May 2017

May 2017
Narea

1AICc

0.262
0.534

0.76

0.366

0.30

0.857
3.69

0.136

0.05

0.316
0.32

0.614
0.18

0.846
3.51

0.147

0.07

0.756

2

0.105 C +1.84

3.74

0.117

0.05

3

−0.017 T + 1.96

3.80

0.113

0.05

3.92

0.110

0.04

0.864

0.60

1

1.27

2

0.0673 C +1.237

1

27.50 C +38.90

2

52.65

1

39.20 C +44.60

2

1.34 T +3.915 C +39.0

1

28.60 C +5.100

2

19.40

1

36.60 C +15.60

2

0.3219 T +36.55 C +14.51

1

33.25

2

0.2176 T +32.34

1

1.059 T +25.90

2

30.35

0.785

4.87
2.37

0.076
0.761

0.88

0.233

0.92

0.855

0.60

4.83

0.076
0.947

0.87

5.82

0.052

0.88

4.02

0.105

0.03

0.616

0.46

0.784

1.89

0.240

For models beyond the top 2 ranked by AICc, the model is provided when the Akaike weight was >0.10. Evaluated models included a second order polynomial T interaction with C
and all nested submodels of this interaction (see text for details). Dependent variables are mean plot values of leaf mass per unit projected area (LMA), nitrogen content per unit leaf
area (Narea ), total non-structural carbohydrates (Total NSC, mg g−1 ), starch (mg g−1 ), and soluble sugars (glucose, fructose, and sucrose, mg g−1 ) concentrations by dry mass.
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FIGURE 1 | Mean dark-acclimated respiration per unit leaf area at 25◦ C (RD25 ) for two shrub species at the SPRUCE site, for newly expanded (A,B; June 2016),
mature (C,D; September 2016), and overwintered (E,F; May 2017) leaves in each plot. Warming treatments indicate growing season (April–October) mean daytime
temperature difference from the control plot and color indicates ambient (400 ppm) or elevated (900 ppm) [CO2 ] treatments. Lines indicate fit of best model, as
evaluated using Akaike Information Criterion corrected for sample size (AICc). Panels without lines have intercept-only best models as shown in Table 1.

plots with a weak curvilinear response to temperature in C.
calyculata, while showing no response to either treatment in
R. groenlandicum (Figures 1C,D). In overwintered leaves, C.
calyculata did not exhibit a clear response to WEW, while
R. groenlandicum exhibited lower RD25 with increasing WEW.
Neither species exhibited a response of RD25 to eCO2 treatment
in overwintered foliage.
Net photosynthesis at 25◦ C, saturating light and [CO2 ] at 400
ppm (AST ) was examined as an indicator of changes in basal
photosynthetic rates under a common set of conditions. In newly
emerged leaves in R. groenlandicum, AST increased with WEW,
but not in those in C. calyculata (Figures 2A,B). In mature leaves
of C. calyculata, there was a decrease in AST with eCO2 , but not
in R. groenlandicum (Figures 2C,D). Overwintered leaves of C.
calyculata exhibited lower AST with increasing WEW, while those
of R. groenlandicum did not exhibit a clear response to WEW
(Figures 2D,E). Neither species exhibited a response of AST to
eCO2 treatment in overwintered foliage.
Estimates of net photosynthesis at treatment [CO2 ] and air
temperature (AGR ) are presented as an indicator of differences
in photosynthetic rates realized in field conditions. In newly
emerged leaves, we saw that the best model for AGR response
to WEW in R. groenlandicum was a constant value, although

sample size (AICc), are presented in Table 1 for gas exchange
variables and Table 2 for leaf chemistry variables. We also present
coefficient of determination (R2 ) for these models, not as the basis
for model selection, but as a metric of variance explained by the
model. In the following figures, we present the top ranked model
along with plot means for newly emerged (June 2016), mature
(September 2016), and overwintered (May 2017) leaves of each
species. Note that eCO2 treatment (atmospheric [CO2 ] + 500
ppm) was initiated following the June 2016 measurement period.
Warming treatments are presented as mean growing season
temperature (April–October 2016) difference at 1 m canopy
height, relative to the control chamber (e.g., Figures 1, 2), except
for net photosynthesis at treatment [CO2 ] and air temperature
(AGR ; Figure 3) where measured leaf temperature is presented.

Gas Exchange
We examined RD25 (dark respiration rate at 25◦ C) as an
indicator of thermal acclimation of respiration to WEW
treatments, with RD25 expected to decline with increasing WEW
in cases of thermal acclimation. In newly emerged leaves of
C. calyculata, RD25 exhibited no response to WEW, while it
exhibited a curvilinear response in those of R. groenlandicum
(Figures 1A,B). In mature leaves, RD25 was lower in eCO2
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FIGURE 2 | Mean net photosynthesis per unit leaf area at 25◦ C, 400 ppm [CO2 ] and saturating light (AST ) for two shrub species at the SPRUCE site in each plot, for
newly expanded (A,B; June 2016), mature (C,D; September 2016), and overwintered (E,F; May 2017) leaves. Warming treatments indicate growing season
(April–October) mean daytime temperature difference from the control plot and color indicates ambient (400 ppm) or elevated (900 ppm) [CO2 ] treatments. Lines
indicate fit of best model, as evaluated using Akaike Information Criterion corrected for sample size (AICc). Panels without lines have intercept-only best models as
shown in Table 1.

this model was nearly equally weighted by AICc with a positive
response to temperature (Table 1). Despite a decrease in AST
with eCO2 in mature leaves of C. calyculata (Figure 2C), AGR
did not show a notable response to eCO2 in either species
(Figures 3C,D). As in June, high variability in AGR of R.
groenlandicum in September led to similar weights between an
intercept-only model and a positive response (+27%) to eCO2
(Akaike weight 0.564 vs. 0.319; Table 1). What may be more
notable was that, even at more than double [CO2 ], AGR was
not higher under eCO2 across WEW treatments in C. calyculata
during this season (Figure 3C), with an intercept-only model
being weighted much more heavily than a positive effect of eCO2
(Akaike weight 0.688 vs. 0.134; Table 1). On the other hand,
overwintered leaves grown in eCO2 showed consistently higher
AGR across WEW treatments in both species (Figures 3E,F).

LMA increased from June to September for R. groenlandicum
(Figure 4B vs. Figure 4D), with mature leaves grown in eCO2
exhibiting higher LMA in this species. In overwintered leaves of
R. groenlandicum, we did not observe a consistent response to
either treatment.
We found no consistent response to nitrogen content per
unit leaf area (Narea ) to either treatment in either species in
any season (Table 2). Mature leaves collected in August 2016
exhibited consistently higher total NSC under eCO2 across
WEW treatments in both species (Figure 5; Table 2). In C.
calyculata, this is attributable almost exclusively to starch, with
soluble sugars being relatively consistent across treatments. In
R. groenlandicum, elevated starch levels under eCO2 are still
the primary source of variability, with soluble sugars increasing
somewhat with WEW but not eCO2 .

Leaf Structure and Chemistry

DISCUSSION

Leaf mass per area (LMA) in newly emerged leaves showed no
consistent response to WEW in either species (Figures 4A,B;
Table 2). We saw a non-linear dependence of LMA on WEW
temperature in mature and overwintered leaves of C. calyculata
(Figures 4C,E), with warmed plots having lower LMA than
the control, but no impact of eCO2 on LMA in this species.
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Treatment Effects on Mature Leaves
Experimental treatment effects on plant physiology are often
assessed on mature leaves during the peak growing season.
In our study, this would correspond to our September 2016
sample period (Figures 1C,D, 2C,D, 3C,D, 4C,D). There was
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FIGURE 3 | Mean net photosynthesis per unit leaf area at saturating light (AGR ) for two shrub species at the SPRUCE site in each plot, for newly expanded (A,B; June
2016), mature (C,D; September 2016), and overwintered (E,F; May 2017) leaves vs. mean measured leaf temperature. Leaf temperature and chamber [CO2 ] were
targeted to growth conditions of each plot. Elevated atmospheric [CO2 ] treatments (+500 ppm) began the week following the June 2016 measurements. Lines
indicate fit of best model, as evaluated using Akaike Information Criterion corrected for sample size (AICc). Panels without lines have intercept-only best models as
shown in Table 1.

a minor effect of WEW in mature leaves of C. calyculata, with
moderate levels of WEW associated with decreased respiration
(RD25 ) (Figure 1C) and lower LMA (Figure 4C). Photosynthesis
under standardized temperature and [CO2 ] (AST ) decreased by
∼50% in leaves grown under eCO2 relative to those grown
under ambient [CO2 ] in this species (Figure 2C), whereas
photosynthesis under growth temperatures and [CO2 ] (AGR )
showed no response to either treatment (Figure 3C).
Past CO2 studies have shown a decreased investment in
photosynthetic enzymes per unit leaf area, such as Rubisco,
with eCO2 (Ainsworth and Long, 2005). While we did not
measure Rubisco content, we did not observe a decrease in
Narea that corresponded to decreased AST in C. calyculata. In
a field fertilization study with a much greater range of Narea
than our study, no relation between Narea and AST was found
for R. groenlandicum and only a weak relation was found for
C. calyculata (Bubier et al., 2011). Pretreatment data for these
species at this site also exhibited poor correlation between leaf
N and photosynthetic parameters (Jensen et al., 2019). Thus, it
seems that decreased AST under eCO2 cannot be explained by
changes in Narea .
In mature leaves of R. groenlandicum, we saw no consistent
response in RD25 , AST , or AGR to either treatment (Figures 1D,
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2D, 3D, respectively). We would note, however that high plot-toplot variability would have made it difficult to resolve an impact
of eCO2 on AST or AGR in mature leaves of this species. We did
observe an increase of LMA with eCO2 in this species (Figure 4).
Increases in LMA may impact light absorption, gas diffusion
and, in Rhododendron species, increase drought tolerance while
reducing frost tolerance via thermonasty (Niinemets and Sack,
2006; Niinemets, 2016). Thus, while we see no correspondence
of this LMA change to net photosynthesis or respiration rates
measured in this study, it may warrant future investigation in
evaluating other aspects of leaf-level physiology.
Source-sink imbalance in carbohydrates has also been
observed in previous eCO2 studies and linked to reduce
photosynthesis (Ainsworth and Long, 2005; Li et al., 2018). In
both species, measurements of NSC content (Figure 5) increased
dramatically in response to eCO2 , particularly in the form of
starch. The seasonal pattern of NSC in foliage of these species
is typically near a minimum in September, as reserves have
been drawn down through canopy expansion in preceding
months (Furze et al., 2018). Thus, the accumulation of NSC
under eCO2 may warrant further investigation across seasons
(and in tissues beyond leaves) as an indicator of such sourcesink imbalances.
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FIGURE 4 | Mean leaf mass per unit projected leaf area (LMA) for two shrub species at the SPRUCE site in each plot, for newly expanded (A,B; June 2016), mature
(C,D; September 2016), and overwintered (E,F; May 2017) leaves. Lines indicate fit of best model, as evaluated using Akaike Information Criterion corrected for
sample size (AICc). Panels without lines have intercept-only best models as shown in Table 2.

from winter dormancy. In C. calyculata, we observed no response
to WEW in RD25 , AST , AGR , LMA, or Narea (Tables 1, 2) in newly
emerged leaves. On the other hand, in newly emerged leaves of
R. groendlandicum, we saw an increase in AST with increasing
WEW (Figure 2B). We also observed a decrease in RD25 in
this species with WEW, until the highest WEW treatments
were reached (Figure 1B). To some degree, this decrease may
represent thermal acclimation of respiration, widely observed
across tree species (Way and Oren, 2010), but this could not
explain the increase at the highest level of WEW. However, as
this is a period of leaf growth and expansion, our results are also
likely impacted by phenological shifts.
At the SPRUCE site, both manual observations of flowering
dates of these two species (Heiderman et al., 2018) and automated
“phenocam” data of shrub layer greenness in the experimental
plots (Richardson et al., 2018) are available. Manual observations
outside of the chambers documented that R. groenlandicum
began flowering only on 1 June 2016, while C. calyculata began
flowering 6 May 2016. Automated phenological observations
within the SPRUCE chambers detected canopy development in
the shrub layer approximately 18 days earlier in the warmest
WEW treatments compared to the control (Richardson et al.,
2018). Thus, the patterns in gas exchange we observe in R.
groenlandicum during our June measurements may represent

One limitation to photosynthesis not considered in our
measurements is P availability, which is commonly associated
with increased leaf starch concentrations (Marschner, 2012).
Pretreatment data from this site indicate colimitation of growth
by P and N with a P:N ratio of ∼16 (Phillips et al., 2017).
There exists some uncertainty that, if N availability increased
as a result of WEW, these species would assimilate additional
N into photosynthetic enzymes. At a similar bog in North
America, where N:P ratios are typically 15–20 in these species
(Wang and Moore, 2014), fertilization with N decreased leaf
P content and changes in foliar polyamines and amino acids
were consistent with those under physiological stress from excess
N (Bubier et al., 2011). Whatever the cause of lower AST in
eCO2 in C. calyculata, it does not result in reductions of realized
photosynthesis as represented by AGR , given the positive effects of
eCO2 on carbon assimilation (Figures 3C,E). Neither, however,
are there consistent increases in AGR in either species with eCO2 ,
as one might expect with a +500 ppm treatment.

Treatment Effects on Newly Emerged and
Overwintered Leaves
We found that the effects of WEW and eCO2 on leaf gas exchange
and chemistry varied by species during periods of rapid changes
in leaves of these species, both after emergence and after recovery
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FIGURE 5 | Mean proportion of non-structural carbohydrates (NSC) by dry mass for mature leaves of two shrub species at the SPRUCE site in each plot. Warming
treatments indicate mean growing season temperature (April–October 2016) difference at 1 m canopy height, relative to the control chamber (Plot 6). Lines indicate fit
of best model, as evaluated using Akaike Information Criterion corrected for sample size (AICc). Panels without lines have intercept-only best models as shown in
Table 2. Total non-structural carbohydrates (NSC; A,B), starch (C,D) and soluble sugars (sucrose and fructose; E,F).

overwintered leaves may also reflect differential damage from
winter conditions. It has long been noted that the depth of
snowpack and timing of snow melt can impact the extent of
winter damage to foliage of such ericaceous shrubs (Gates, 1912).
As with newly emerged leaves, phenological shifts in response
to treatments may impact observed physiological rates, such as
through timing of the loss of freezing tolerance (Richardson
et al., 2018) or senescence of overwintered leaves.

accelerated leaf ontogeny under WEW, while leaves in C.
calyculata may have reached a similar developmental stage
across WEW treatments by this time. This role of phenology
in the springtime response is further supported by the lack of
WEW effects on basal rates of respiration and photosynthesis in
mature leaves of R. groenlandicum measured in early September
(Figures 1D, 2D).
As in newly emerged leaves, responses of overwintered
leaves to treatments varied by species, with AST declining with
WEW temperature in C. calyculata, but not R. groenlandicum
(Figures 2E,F). On the other hand, RD25 declined with WEW
in R. groenlandicum, but not C. calyculata (Figures 1E,F).
Measurements of AGR (Figures 3E,F) indicate a large
enhancement of photosynthesis under eCO2 across temperatures
in overwintered leaves of both species, while those of AST do
not indicate a decrease with eCO2 (Figures 2E,F). This contrasts
with measurements made during the preceding September,
indicating that apparent acclimation to eCO2 may be seasonally
variable. As the current year’s cohort of leaves are beginning
to develop during this period, it may be that there is less of a
source-sink imbalance for photosynthates at this time of year.
Differences between species and treatments in the physiology of
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Implications for Modeling Ecosystem
Response to Changing Environments
For SPRUCE, models calibrated to pretreatment gas exchange
parameters predicted declines of ∼50–95% in net primary
productivity (NPP) of these two species in a +9◦ C WEW scenario
under ambient CO2 , but only 0–15% under eCO2 (Jensen et al.,
2019). At current temperatures, the NPP of the shrub layer
was predicted to increase 40–100% under eCO2 . However, these
modeling efforts did not consider acclimation to eCO2 or WEW.
Both experimental and modeling studies have shown that such
acclimation can buffer responses of both photosynthesis and
respiration determined from short-term variation in temperature
and [CO2 ] (Dewar et al., 1999; Smith and Dukes, 2013; Reich
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et al., 2016; Smith, 2017; Dusenge et al., 2019; Kumarathunge
et al., 2019; Vico et al., 2019).
Ultimately, ecosystem level observations of carbon stocks and
flows, such as biomass and annual NPP, must constrain models
that use physiological processes to predict ecosystem response.
Previous observational and experimental studies indicate that
warmer and drier environments may cause a shift in northern
plant communities toward a greater abundance and biomass
of ericaceous shrubs. A large mesocosm study using intact
monoliths from a North American bog found that heating with
infrared lamps favored shrub growth over that of graminoids
and decreases in the water table led to increased shrub growth
and decreased bryophyte productivity (Weltzin et al., 2000).
Similarly, mesocosm studies in northern Europe have found
increases in ericaceous shrub cover in boreal communities that
are transplanted southward (Breeuwer et al., 2010) and that are
exposed to intermittent drops in water levels (Breeuwer et al.,
2009). Over a 12 year period of local warming, shrub cover was
observed to increase in a tussock tundra community with greater
increases observed in open-top chambers used to passively warm
the plant community within them (Molau, 2010). In a study
of ombrotrophic peatland soils across an altitude range that
corresponded to a ∼5◦ C increase in mean soil temperatures and
decreasing soil moisture from high to low sites, it was concluded
that increases in ericaceous shrub cover could be part of a positive
feedback between shifts in leaf litter chemistry, nutrient cycling,
and microbial community composition (Bragazza et al., 2013).
Given the increase in the duration of canopy greenness of
this layer under WEW (Richardson et al., 2018) combined
with our observations of higher photosynthesis in the early
growing season for R. groenlandicum (Figures 2B, 3B), we may
expect warming to increase shrub productivity by extension
of the growing season. Our results are in general agreement
with observations of increased shrub leaf area under WEW
at this site, but with no large effect of eCO2 (McPartland
et al., 2019). However, instantaneous measurements such as
those presented here do not capture the full carbon economy
of the leaf. To fully understand the integrated response of
the plant community to the treatments, measurements of leaf
gas-exchange must be combined with other information, such
as community composition and leaf area (e.g., Weltzin et al.,
2000; McPartland et al., 2019), phenology (e.g., Richardson
et al., 2018), profiles of nutrient availability and rooting density
(e.g. Iversen et al., 2018), Sphagnum productivity (e.g., Walker
et al., 2017), and integrated understory gas exchange (e.g.,
Hanson et al., 2016).
Importantly, our findings of WEW effects in newly emerged
and overwintered leaves connect two previous findings from
this site: shifts in phenology of canopy greenness in these

species (Richardson et al., 2018) and seasonal variation in
parameters describing photosynthesis and respiration (Jensen
et al., 2019), which are critical to modeling annual productivity.
Also important to such efforts are our observations that C.
calyculata leaves grown in eCO2 may have a decreased basal
rate of net photosynthesis and that eCO2 treatments have
not consistently increased photosynthesis, despite more than a
doubling of CO2 . Additionally, we see no clear indication of
a decrease in net photosynthesis with WEW in mature leaves.
We would note that the information-theory approach to analysis
used here would allow predictions of treatment impacts not
just from a single set of equations fit to our observations,
but an ensemble of explanatory models with relevant weights
(Tables 1, 2). Future research on the role of leaf structure,
nutrients and photosynthate transport and utilization is needed
to understand whole-plant responses to these treatments and
thus predict ecosystem response to novel environments. Through
the combined efforts of intensive measurement campaigns and
integrative modeling efforts (e.g., Jiang et al., 2018; Jensen et al.,
2019), it may be possible to capture the responses of individual
species to this novel long-term field manipulation and build
better predictions of ecosystem response to global change in this
critical ecotone between the boreal and temperate regions.
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