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Abstract
Peatlands store a significant amount of terrestrial organic carbon in plant biomass and soils. The
Spruce and Peatland Responses Under Changing Environments (SPRUCE) project is a warming
and elevated carbon dioxide (eCO2) experiment designed to test how the carbon sequestration and
storage capacity of peatland ecosystems will respond to climate change. Here, we report changes in
the vascular plant community that have occurred during the first five years of SPRUCE. We tracked
species composition, diversity, and aboveground net primary production (ANPP) in chambers
warmed at a wide range of temperatures (+0,+2.25,+4.5,+6.75,+9 ◦C), and two CO2 levels
(~400 [ambient] and 900 parts per million). We observed an increase in aboveground vascular
plant biomass accumulation, due primarily to an increase in shrub abundance. Overall species
diversity decreased substantially, likely due in part to shading by increases in shrub density. The
main driver of change in the vascular plant community was temperature, with minimal effects of
CO2 evident. These results indicate an overall increase in ANPP with warming, but highlight the
importance of interactions between direct (warming) and indirect (competition) effects in
determining how boreal peatlands will respond to climate change.

1. Introduction

1.1. The role of peatlands in the global carbon cycle
Arctic and boreal peatlands form in regions with
cool, wet climates where annual rates of primary pro-
ductivity are greater than rates of ecosystem respira-
tion. Over millennia, this has led to a significant store
of organic carbon (Gorham 1991, Yu et al 2010, Treat
et al 2019). It is estimated that one third of the global
pool of soil organic carbon is stored in peatlands
(Gorham 1991, Tarnocai et al 2009). As rapid warm-
ing changes the climate of the north, rates of car-
bon cycling are expected to change dramatically (Dise
2009).While studies have shown an increase in above-
ground net primary productivity (NPP) with warm-
ing (Weltzin et al 2000, Boelman et al 2003, 2005),
soil respiration rates are also likely to increase (Dav-
idson and Janssens 2006, Fenner and Freeman 2011).

The composition of vegetation communities plays an
important role in determining the carbon balance of
peatlands as either sinks or sources of carbon to the
atmosphere. For example, shifts from dominance by
graminoid species to woody plants, or changes in the
relative abundance of vascular plants versus Sphag-
num mosses may substantially alter rates of carbon
sequestration in peatlands (Potvin et al 2015, Norby
et al 2019). Characterizing how warming will affect
peatland plant community is important to predict-
ing the effects of climate change on terrestrial carbon
cycling.

1.2. Peatland ecological responses to global change
Experimental studies on the effects of climate change
on peatlands have yielded a range of species responses
depending on initial community composition and
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hydrology (i.e. nutrient-rich fens versus nutrient-
poor bogs), and the type of experimental manipu-
lation. Studies found that a direct effect of warm-
ing was to increase shrub presence in both bogs
and fens, coincident with a decrease in non-vascular
moss and graminoid cover (Weltzin et al 2000,
2003, Churchill et al 2015). Warming has also been
shown to have a universally negative effect on forbs
and non-vascular Sphagnum mosses (Weltzin et al
2000, 2003, Walker et al 2006, Dieleman et al 2015,
Norby et al 2019). Fewer studies have tested the
effects of elevated CO2 (eCO2) in peatlands, but
some studies have demonstrated an increase in
graminoid abundance in response to eCO2 (Ber-
endse et al 2001, Dieleman et al 2015). This res-
ult is consistent with other studies in graminoid-
dominated ecosystems that have shown a positive
effect of eCO2 on the growth of grasses and sedges
(Owensby et al 1999, Dieleman et al 2015, Mueller
et al 2016).

Vascular species composition affects ecosystem
productivity, and is therefore an important aspect
of the peatland carbon cycle. Increases in both
shrub and sedge cover have been found to correlate
with greater estimates of aboveground NPP (Boel-
man et al 2003, Ward et al 2013, McPartland et al
2018). Vegetation manipulation studies that have
explicitly tested the relationship between plant func-
tional types (PFTs) and peatland carbon cycling have
demonstrated that PFT cover is a strong predictor
of the CO2 sink strength of peatlands (Ward et al
2009, Kuiper et al 2014, Potvin et al 2015, Goud
et al 2018). In some cases, the carbon sink strength
of peatlands has been shown to increase with a
greater cover of evergreen and woody shrub species
(Churchill et al 2015, Ward et al 2013). However,
the increased sink potential of woody plants may be
outweighed by the detrimental effects of increased
shrub cover on graminoid species (Goud et al 2018),
and Sphagnum mosses (Potvin et al 2015, Norby
et al 2019). Together, these studies indicate the sens-
itivity of peatland carbon sequestration to climate
warming.

1.3. The role of species diversity in bog peatlands
Northern ecosystems, and in particular nutrient-poor
bogs have extremely low levels of species diversity
compared with other terrestrial ecosystems (Gaston
2000). Consequently, the loss of an individual spe-
cies from a bog may indicate the loss of an entire
plant functional group. Loss of functional diversity
in other ecosystems has been shown to negatively
affect primary productivity and ecosystem function
(Tilman et al 1996, 1997, Reich et al 2012). Given
that warming has already been shown to affect peat-
land species diversity (Walker et al 2006, McPartland
et al 2019), studying diversity is an important aspect
of the overall picture of peatland ecological response
to global change.

1.4. Research objectives and hypotheses
This paper reports findings from the first five years of
the Spruce and Peatland Responses Under Changing
Environments (SPRUCE) experiment on the vascu-
lar plant community change. SPRUCE is a whole-
ecosystem warming and eCO2 experiment located in
northern Minnesota, USA. Since 2015, a suite of eco-
logical, physiological, and biogeochemical processes
have been tracked in response to a wide range of tem-
perature and CO2 treatments. We monitored species
cover, leaf area, and standing biomass of the ground
and shrub layers annually. Our research was guided
by the following hypotheses: (1) aboveground net
primary productivity (ANPP) would increase with
warming, coincident with an increase in shrub cover
and leaf area index (LAI), (2) abundance of gramin-
oids would respond positively to warming and eCO2,
and (3) forb cover would decrease as a result of shad-
ing by shrubs. We also predicted a decrease in species
and functional diversity with warming and eCO2 as
dominance by specific PFTs increased and some spe-
cies became less common.

2. Material andmethods

2.1. Study site and experimental design
The SPRUCE project is located at the USDA Forest
Service’s Marcell Experimental Forest (47.30◦N,
93.29◦W), within the Chippewa National Forest of
Minnesota (figure 1). The Marcell Experimental
Forest has been a research site of the USDA Forest
Service since the early 1960s (Bay 1967, Verry and
Timmons 1982, Harriss et al 1985). The mean annual
air temperature from 1961 to 2005 was 3.3 ◦C and
average annual precipitation was 768 mm. Mean
annual temperatures have increased approximately
0.4 ◦C per decade since the 1980s (Kolka et al 2011).
The SPRUCE experiment was designed following
a regression-based approach in which ecological
changes could be measured in response to a broad
range of increasing temperature treatments (Hanson
et al 2017). The treatments are intended to explore
the effects of increased above- and belowground tem-
peratures and eCO2 levels on ecological and biogeo-
chemical processes at the southern edge of the boreal
biome (Tfaily et al 2014). Belowground warming
began in June 2014, aboveground warming started
in August 2015, and eCO2 treatments were initiated
in spring of 2016. All subsequent years represent the
whole-ecosystem warming and eCO2 treatments.

SPRUCE is located in an ombrotrophic bog dom-
inated by Picea mariana (Mill.) B.S.P. (black spruce)
and Larix laricina (Du Roi) K. Koch (tamarack), with
an understory of ericacous shrubs, graminoids, and
forbs. The experiment consists of ten large octagonal
enclosures that are 12.8 m in diameter (114.8 m2 in
area), 8 m tall, with a belowground corral that pen-
etrates through the peat to mineral material below,
which averages 2.9 m deep across the experimental
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Figure 1. Aerial image of the SPRUCE experiment, located
at the USDA Forest Service’s Marcell Experimental Forest in
the Chippewa National Forests in north-central Minnesota.
Photo credit Misha B. Krassovski, Oak Ridge National
Laboratory. Reproduced with permission.

plots. The enclosures are maintained at a series of
increasing temperatures by forced air warming and
deep peat resistance heating (Hanson et al 2017). The
treatments consist of five temperatures (+0, +2.5,
+4.5, +6.75 and +9 ◦C) and two CO2 levels (ambi-
ent and ~900 ppm). The temperature treatments are
implemented continuously by maintaining a fixed
differential from ambient temperatures in the two
+0 ◦C reference plots. Mean air temperature meas-
urements are made every half hour with thermistors
(model HMP-155; Vaisala, Inc.) installed at the center
of each plot at 0.5, 1, 2 and 4mabove the surface of the
peat. In addition, we monitored three unchambered
control plots, also 12.8 m in diameter, without the
enclosed structure but with similar construction dis-
turbances.

2.2. Vegetation cover surveys and destructive
biomass harvest
Wemeasured the vegetation composition at SPRUCE
from 2014 to 2019 between late June and mid-July
of each year. Three 2 m2 subplots were established
in 2014 within each treatment plot by driving PVC
stakes into the peat to mark the area for repeated
measurement. Each subplot was placed to be repres-
entative of bog microtopography and included areas
with both hummocks and hollows. A 1 × 2 m rect-
angular frame with 50 grid cells 20 × 20 cm in size
was positioned on the PVC pipes above the shrub
layer, and the presence and absence of all species in
each grid cell was recorded. If a species was present
in half of the 50 grid cells, it was considered to
occupy 50% of the plot. We acknowledge that this
method overestimates true cover because a small spe-
cies if present in every cell would be measured at
100% cover despite not physically covering the entire
plot. We classified each species into PFT for ana-
lysis of cover change (table S1 (available online at
stacks.iop.org/ERL/12/124066/mmedia)).

Shrub layer growth assessments were obtained
annually by destructive harvest of two small 0.25 m2

plots within the chambers, or immediately outside of
the unchambered control enclosures, separate from
the survey plots. Sampling occurred annually from
2015 to 2019. Clipped plots were sampled at the peak
of annual net primary production in the middle of
August. In 2018 the number of plots per chamber was
doubled to four. All vegetation above the peatland
moss layer was clipped at the surface of the moss and
placed in plastic bags for sorting. Sorting included
the separation by species, followed by a separation of
the tissues into current-year vs. older tissues. Current-
year ANPP for each shrub species were evaluated via
separation of all new stem and foliar growth from
prior year tissues. Incremental changes in stem dia-
meter were not accounted for. Graminoid and forb
ANPP were equal to the total amount of species-
specific tissues. The cumulative mass of current-year
growth for leaves and stem tissues was interpreted as
vascular species ANPP for the designated plot. Older
tissues are included in an overall estimate of above-
ground carbon stored in vascular plant biomass.

2.3. Estimation of leaf area
LAI was measured at SPRUCE from 2017 to 2019
using an LI-COR LAI 2200 (Lincoln, NE) instru-
ment that estimated leaf area per unit ground area as
the amount of incoming light available below a can-
opy (Gower and Norman 1991). Measurements were
done near mid-day on a cloud-free day. The reference
sensor was positioned on a tripod in an openmeadow
with no nearby tree cover. Measurements were taken
at two central sampling locations in each of the three
vegetation survey plots in each chamber away from
disturbances. At each sampling location, two scans
were taken each at 1 m above the shrub canopy and
beneath the shrub canopy at the surface of the peat.

2.4. Data analysis
We used the vegetation survey data to analyze
changes in community composition using non-
metric multidimensional scaling (NMDS) ordina-
tion using a Bray-Curtis dissimilarity index (Minchin
1987). NMDS examines changes in community com-
position based solely on observations of species com-
position without reference to the experimental units.
Ordination was performed using subplot-level veget-
ation survey data on all species from 2014 to 2019,
and chamber-level mean values were extracted from
the ordination results for plotting. This was done to
capture within-chamber variation. The relationship
of the experimental units to species compositional
changewas analyzed on subplot-level data using post-
hoc permutation testing (Legendre and Anderson
1999). Permutation tests resample the existing data
against a random distribution to determine the stat-
istical significance of the predictor variables. For the
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permutation testing, we used the experimental tem-
perature differential values (i.e. +0, +2.25, +4.5,
+6.75 and +9 C), rather than actual measurements
of temperature because we lacked pre-treatment con-
tinuous temperature data for 2014. An alpha-level of
0.05 was used to determine whether treatment was a
statistically significant predictor of variation within
the NMDS.

We calculated subplot-level species diversity using
the Shannon diversity index, which incorporates both
species richness and evenness into a single measure of
alpha diversity:

H ′ = −
s∑

i=1

pi log(pi) (1)

In this equation, Shannon diversity (H’) is calcu-
lated at the subplot-level in which pi represents the
proportion of the population represented by species i
(Gotelli and Ellison 2013). NMDS, permutation test-
ing, and analysis of Shannon diversity were all per-
formed using the R Vegan package for community
ecology (Oksanen et al 2018).

We employed a linear mixed effects model com-
parison framework to examine the responses of plant
abundance (for both species and PFT percent cover
and biomass), LAI, and Shannon diversity to warm-
ing and eCO2. We used the 2015–2019 survey and
ANPPdata for this analysis.We analyzed cover change
for shrubs, graminoids, and forbs. We used growing-
season temperature data collected by the sensor loc-
ated in each chamber at 0.5 m above the peat surface.
We calculated average chamber temperatures for the
entire growing season, beginning in mid-April and
extending through to the end of October (DOY 110–
305). To determine the appropriate growing season
window to use in our analysis we visually examined
phenology photo series captured daily in each cham-
ber by Richardson et al (2018), to establish when
spring greening and autumn senescence occurred.
Temperature was added to our model as a continu-
ous variable, and CO2 level was included as a factor.
We structured the model to examine the interaction
between the predictors in addition to the effect of each
individually. To isolate the effects of experimental
manipulation and control for change over time, we
included year as a random effect (equation (2)):

y= βTemp + βCO2+ βTemp ∗ βCO2+ ui + εi (2)

Where y represents change in the abundance of
a particular species or PFT, measured either using
our vegetation survey or destructive harvest method,
βTemp represents a continuous temperature variable,
βCO2 represents a binary factor of CO2 level (ambient,
or ~900 ppm), ui represents a random effect asso-
ciated with sample year, and εi is an error term. We
compared models by sequentially removing the fixed
effects for either temperature or CO2 to determine the

relative explanatory power of each predictor variable.
We report only the results for the best model, determ-
ined by the Akaike Information Criterion (AIC). We
used marginal and conditional R2 values to report
the amount of variance explained by the fixed effects
and full model, respectively. We used change in AIC
(∆AIC) to assess the increases in model parsimony
associated with omitting fixed effects in order to
determine the best model. We also performed basic
significance testing using the Satterthwaite’s method
for calculating p-values for fixed effects in linear
mixed models (Kuznetsova et al 2017). All modeling
was done at the chamber level using the average of the
replicate subplots. Linear mixed effects modeling was
done in R using the lme4 package (Bates et al 2015).
In presenting our results, we opted to fit regression
lines to the models that had a marginal R2 value of
greater than 0.2, indicating that the best model cap-
tured a reasonable amount of variance in the data.

3. Results

3.1. Analysis of species composition and diversity
The results of our NMDS analysis indicate a shift in
species composition over the course of the experi-
ment (figure 2). The ordination had a stress of 0.22 for
two dimensions, indicating that the variance within
the dataset was captured reasonablywell. Results from
the permutation testing indicate that temperaturewas
strongly predictive of variation in species compos-
ition, but that there was a large amount of vari-
ation not accounted for by temperature (R2 = 0.18,
p < 0.001). Carbon dioxide level was not significantly
correlated with compositional differences (R2 = 0.01,
p = 0.08). Sample year also emerged as a signific-
ant predictor (R2 = 0.11, p < 0.001). Differences in
species composition appeared slight until 2017 and
increased substantially between 2017 and 2019 (fig-
ure 2). Analysis of changes in plot-level Shannon
diversity indices indicated that species diversity is
strongly negatively correlated with warming, which
was cumulative across years (figure 3). The bestmodel
included only the effect of temperature (table 1, table
S2).

3.2. Analysis of bog PFT response to experimental
manipulation
We analyzed the response of PFTs to warming and
elevated CO2 for both the vegetation survey and har-
vest datasets (table S1) (figure 4, table 1). For the sake
of comparison, we left V. oxycoccos out of our survey
dataset because it was not represented in the harvest
dataset, but we did analyze it separately (See section
3.3). The harvest dataset also included only the forb
Maianthemum trifolium. The survey dataset included
observations of several forbs, butM. trifolium repres-
ented over 97% of forb observations, so the forb sur-
vey data are essentially also a characterization of cover
change of that species.
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Table 1. Linear mixed effect model comparison results for vegetation layer response to increased temperature and elevated CO2. Results
capture change in Shannon diversity index, abundance measured as cover (from the survey dataset) and aboveground net primary
production (ANPP) (from the destructive biomass harvest) from 2015 to 2019. We examined the responses of both plant functional type
(PFT) cover, and of individual shrub species. We also examined the overall changes in shrub layer by measuring leaf area index (LAI)
and total carbon mass. Marginal and conditional r2 describe how much variance was described by the fixed effects and overall model,
respectively. Change in Akaike Information Criterion (∆AIC) indicates the change in model parsimony from the full to the reduced
model. Only the most parsimonious model results are shown. Asterisks indicate significance at increasing confidence levels (∗∗∗

p < 0.001, ∗∗ p < 0.01, ∗ p < 0.05). Acronyms are as follows: RHGR—Rhododendron groenlandicum, CHCA—Chamaedaphne
calyculata, VAAN—Vaccinium angustifolium, VAOC—Vaccinium oxycoccos, MATR—Maianthemum trifolium.

Linear mixed effects model comparison results
Marginal r2 Conditional r2 AIC ∆AIC βTemp βCO2 βTemp∗CO2

Shannon 0.345 0.639 −59.7 −3.89 0.934∗∗∗ − −
PFT Cover
Low Shrub 0.105 0.467 449 −0.977 −1.621∗ − −
Graminoid 0.150 0.589 432 −1.62 −1.85∗∗ − −
Forb 0.416 0.732 387 − −2.09∗∗∗ 26.2 −1.05
PFT ANPP
Low Shrub 0.425 0.540 497 − 6.59∗∗ 36.9 −0.349
Graminoid 0.145 0.145 475 −3.96 3.06∗∗ − −
Forb (Matr) 0.160 0.301 238 −3.04 −0.314∗∗ − −
Species Cover
Rhgr 0.057 0.127 279 −3.52 − 0.0 −
Chca 0.005 0.005 354 −0.01 −0.116 − −
Vaan 0.059 0.060 351 −3.72 0.394 − −
Vaox 0.320 0.708 351 − −1.63∗∗∗ −0.025∗ 0.0∗

Species ANPP
Rhgr 0.150 0.390 484 −2.45 3.72∗∗ − −
Chca 0.060 0.134 475 −2.39 − 13.9 −
Vaan 0.084 0.126 346 −3.29 0.624 − −
LAI 0.598 0.717 94.8 −2.09 0.264∗∗∗ − −
Shrub C mass 0.163 0.220 960 −3.81 10.7∗ − –

Figure 2. Results of the non-metric multi-dimensional scaling ordination of species composition for six years of SPRUCE. Error
bars represent standard deviation for the three subplots surveyed in each chamber. Note that 2014 and 2015 were prior to the
initiation of the aboveground warming treatments and are therefore considered baseline conditions. Note we maintain consistent
symbology across years to allow tracking of individual chambers.

Shrub cover did not respond to treatment, but
shrub ANPP increased with temperature (figure 4,
top panel). The two datasets have contradictory res-
ults for graminoid abundance—the survey data show
a weak decline, where the ANPP data shows a slight

increase in graminoid biomass (figure 4, middle
panel). The two datasets agree that both forb cover
and ANPP have declined with warming (figure 4,
bottom panel). Model fit was strongest for forbs in
both datasets, and relatively weak for both shrubs and
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Figure 3. Response of Shannon diversity index to warming during growing season from day-of-year (DOY) 110–305. Shannon
indices were calculated from the vegetation survey data. Closed symbols indicate the chambered treatment plots, and open
symbols are the unchambered control plots. The regression line is fit using only the chambered treatment plots, and reflects that
the marginal r2 value of the most parsimonious model was equal to or greater than 0.20.

graminiods (table 1). In most cases, the most parsi-
monious model included only the fixed effect of tem-
perature treatment (table 1, table S2).

3.3. Shrub species response to warming and
elevated CO2
We examined the individual responses of four
common species—Rhododendron groenlandicum,
Chamaedaphne calyculata, Vaccinium angustifolium,
and Vaccinium oxycoccos (figure 5, table 1). V. oxycoc-
cos was only represented in the survey data because
it is small creeping species that did not contribute
a significant amount of ANPP during the sample
period. The survey data for R. groenlandicum and C.
calyculata indicate no change over the study period,
whereas the ANPP data show a weak increase and
weak decrease for each of those species, respectively.
The two datasets both show a marked increase in
both cover and biomass increment of V. angustifo-
lium, and the survey data shows a marked decrease
in the abundance of V. oxycoccos (figure 5). In almost
all cases, the most parsimonious model included only
the fixed effect of temperature treatment, but CO2

level emerged in some species such as R. groenland-
icum that only exhibited weak trends, but those mod-
els were not significant (table 1, table S2). Those
models captured very little variance in the data, and
further visual examination of those cases did not
reveal strong patterns associated with CO2 level.

3.4. Characterization of whole-community
response to warming and elevated CO2
In order to assess entire vascular plant community
response to treatment we measured LAI and total
aboveground carbon stocks, including all biomass
and foliage for the ground layer (figure 6). LAI was
measured in 2017–2019, and carbon mass data were
available from 2015 to 2019. Both LAI and overall
aboveground carbon stores showed an increase with

warming, and no effect of CO2, as determined via
model selection (table 1, table S2).

4. Discussion

4.1. Peatland vascular species response to warming
and elevated CO2
After five years of experimental manipulation of tem-
perature and CO2 levels at SPRUCE, we observed a
series of changes to the composition, diversity, and
productivity of the vascular plant community. Our
results indicate that these changes are driven primar-
ily by temperature, with only a minor effect of eCO2

apparent at present. The two most striking findings
from our study were the increase in aboveground vas-
cular plant cover and the sharp decrease in species
diversity. The increase in ANPP was driven by a few
shrub species, while the decrease in diversity is the
result of the elimination of uncommon species, and
species that grow on the Sphagnum surface, in par-
ticular forbs. The decrease in species of low stature,
may be due to a combination of the direct (warming)
and indirect (shading) effects (Strauss 1991). Unlike
in other types of ecosystems where diversity loss is
associatedwith decreases in productivity (Tilman et al
1996, 1997), at SPRUCE diversity loss occurred des-
pite an increase in NPP. The loss of diversity in peat-
lands is of concern given the already low levels of spe-
cies richness present in these ecosystems, and the pos-
sibility that the loss of a single species may also rep-
resent the loss of an entire PFT (Reich et al 2012).

Shrubs are the most abundant PFT at SPRUCE,
accounting for 65%of all survey observations. Shrubs
showed the greatest overall increase in biomass,
although this as not the case for all shrub species.
Shrubs play a significant role in the carbon cycling of
arctic and boreal ecosystems, including in peatlands.
Numerous observational and experimental studies
have documented increases in shrub presence across
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Figure 4. Vegetation cover and ANPP response of shrubs, graminoids, and forbs to warming during growing season from
day-of-year (DOY) 110–305 from 2015 to 2019. Results capture change in abundance measured as cover (from survey dataset)
and ANPP (from destructive biomass harvest). Acronym in the bottom right panel (Matr) refers to the species M. trifolium.
Closed symbols indicate the chambered treatment plots, and open symbols are the unchambered control plots. The regression
line is fit using only the chambered treatment plots for models that had a marginal r2value of equal to or greater than 0.20. Note
that that y-axis scales differ among graphs.

the far north (Elmendorf et al 2012, Bjorkman et al
2018, Myers-Smith et al 2020). In boreal and arc-
tic ecosystems, shrubs are becoming more dominant
as a direct response to warming (Walker et al 2006,
Myers-Smith et al 2011, 2015). The increase in vascu-
lar species has been shown to alter ecosystem function
by speeding up rates of carbon and nitrogen cycling

(Hobbie 1996, Myers-Smith et al 2011, Mekonnen
et al 2018). The shift to shrub dominance could lead
to an increase in aboveground NPP, but also increase
the overall rate of carbon cycling and contribute to
a decrease in the long-term carbon storage of these
ecosystems as rates of decomposition rise (Chapin
et al 1996). These studies, which range from the high
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Figure 5. Response of shrub species cover and ANPP to warming during growing season from day-of-year (DOY) 110–305 from
2015 to 2019. Closed symbols indicate the chambered treatment plots, and open symbols are the unchambered control plots.
Results capture change in abundance measured as cover (from survey dataset) and ANPP (from destructive biomass harvest). The
regression line is fit using only the chambered treatment plots for models that had a marginal r2value of greater than 0.20.
Acronyms: RHGR—Rhododendron groenlandicum, CHCA—Chamaedaphne calyculata, VAAN—Vaccinium angustifolium,
VAOC—Vaccinium oxycoccos. Note that that y-axis scales differ among graphs.
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Figure 6. Leaf area index and vascular carbon mass for 2017–2019 growing seasons in response to warming. Closed symbols
indicate the chambered treatment plots, and open symbols are the unchambered control plots. The regression line is fit using only
the treatment plots for models that had a marginal r2value of greater than 0.20.

arctic to our study site at the southern edge of the
boreal biome suggest widespread shift towards dom-
inance by vascular woody plants and away from non-
vascular species of mosses and bryophytes driven by
climate warming.

Individual species dynamics were reflected some-
what differently by the survey and harvest datasets
demonstrating the sensitivity of our assessment to
the method of data collection. For example, the sur-
vey and ANPP datasets were not consistent regarding
changes in graminoid abundance. Although neither
response was particularly strong, the survey data
indicated a weak decrease in abundance, whereas the
harvest dataset indicated an increase in graminoid
ANPP. These differences could be due to changes in
leaf physiology due to warming and eCO2 driving an
increase in leaf mass per area which would be cap-
tured in biomass but not as percent cover. The two
datasets also offer slightly different pictures of change
in shrub abundance. In the survey dataset, shrub
PFT cover is flat during the study period, whereas
the biomass data show a marked increase in shrub
ANPP. A likely explanation is that the survey data
becomes saturated if a species is present in 100% of
cells, regardless of its biomass. Therefore our method
was unable to capture changes in cover in species
that were very abundant at the beginning of the
study.

Our results showed only minor effects of CO2

treatment, and we are thus unable to draw conclu-
sions regarding its effects on the vascular plant com-
munity at this time. Although our data were noisy,
our model selection indicated that the best mixed
effects models included only the term for temperat-
ure. In handful of cases, the best model included both
terms, or included only the effect of CO2. However,
when we visually examined those cases, there was no
separation evident between plots with ambient and
eCO2, and those models captured very low levels of
variance overall. Further, there was only one instance
where CO2 emerged as a significant model predictor.
Our findings are consistent with other recent studies

from the SPRUCE project. Malhotra et al (2020)
examined the belowground component of vascular
productivity, and found no significant CO2 effect des-
pite large overall increases in fine-root growth asso-
ciated with temperature. Hanson et al (2020) simil-
arly found only a minor effect of CO2 in a whole-
ecosystem assessment of the SPRUCE carbon budget.
Ward et al (2019) measured leaf-level physiology in
the two most common shrub species (R. groenland-
icum and C. calyculata) and did not observe signific-
ant gains in photosynthetic capacity. In the case of C.
calyculata they observed a decrease in net photosyn-
thesis in plants growing in eCO2 treatments. These
studies, along with our results, suggest that effects
of eCO2 on the structure and carbon budget of the
ecosystem have been only marginally observed. Elev-
ated CO2 has been shown to increase the water-use
efficiency in vascular plants (Chapin III et al 2011),
particularly in xeric ecosystems such as grasslands
(Owensby 1999, Morgan et al 2011). Despite evid-
ence for drying at the soil surface (Norby et al 2019)
SPRUCE remains a wetland site with no lack of water
availability for deeply-rooted species such as the ones
in our study. This could partially account for the lack
of CO2 effect at present.

4.2. Implication of ecosystem change at SPRUCE
The results of our study indicate an overall increase
in vascular ANPP that should be considered in the
context of changes to the whole ecosystem. Research
by Hanson et al (2020) showed that warming is caus-
ing dramatic losses of carbon primarily as a result of
increased soil respiration. These losses aremany times
greater than what is being offset by increased vascu-
lar plant uptake. In addition, results by Norby et al
(2019) indicate that the crucial Sphagnummosses that
sequester the majority of carbon in peat soils are in
decline as a result of warming, drying, and shading
by shrubs, further reducing the carbon sink potential
of the SPRUCE peatland. Although SPRUCE is loc-
ated on the southern edge of the boreal biome, it is
representative of peatlands around the circumpolar
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north (Tarnocai et al 2009). The total loss of carbon
from this ecosystem even as warming stimulates plant
growth corroborates many observational and exper-
imental studies that have documented increases in
plant growth at the same time asmillennia-old carbon
is being lost from northern ecosystems as the climate
warms (Myneni et al 1997, Tape et al 2006, Schuur
et al 2008, Myers-Smith et al 2020).
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