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1  |  INTRODUC TION

Satellite observations from the late 20th century and early 21st cen-
tury suggested that plant productivity increased widely in northern 
high latitudes in response to warming (Berner et al.,  2020; Guay 
et al., 2014; Myneni et al., 1997; Nemani et al., 2003). Yet, recent 
large-scale analyses based on atmospheric CO2 measurements from 
the Arctic suggest that summer CO2 uptake has been waning in re-
sponse to rising air temperatures in high-latitude ecosystems over 
the last few decades (Piao et al.,  2014; Wang et al.,  2018). Water 
stress on vegetation could be one of the possible mechanisms ex-
plaining the decrease in the positive response of plant productiv-
ity to warmer temperatures (Angert et al., 2005; Piao et al., 2014; 
Wang et al.,  2018), as water stress has been identified as a cause 
for the “browning” (i.e., decrease in plant biomass) of Arctic tun-
dra (Gonsamo et al.,  2019; Myers-Smith et al.,  2020), and also 
for a decrease in the net growing-season carbon uptake over the 
last decades (Angert et al.,  2005; Wang et al.,  2018). In addition, 
soil moisture affects Arctic plant species distribution (Bring et al., 
2016; Kemppinen et al., 2021; Nabe-Nielsen et al., 2017), and plant 

photosynthetic activity both directly (Dahl et al.,  2017) and indi-
rectly via influencing nutrient mineralization and absorption of nu-
trients by roots (Körner, 2003; López-Blanco et al., 2020).

At the site level, the impacts of soil moisture on tundra CO2 fluxes 
are broadly understood. Drier conditions increase aerobic respira-
tion resulting in a decrease in net carbon storage by tundra ecosys-
tems, while wetter conditions conversely reduce soil decomposition 
and subsequent CO2 losses (Kwon et al., 2016; Lupascu et al., 2014; 
Oberbauer et al., 2007). Yet, a large-scale analysis, which tested 
if soil moisture could explain a decrease in the correlation between 
the normalized difference vegetation index (NDVI) and air tempera-
ture in northern ecosystems, found an increase in soil moisture over 
the last decades, therefore suggesting that soil drying is not the main 
mechanism explaining the reduced response of plant productivity to 
temperature (Wang et al., 2018). However, the hydrology of northern 
high-latitude ecosystems is complex, driven by the tight link between 
water drainage and the presence and depth of permafrost (Liljedahl 
et al., 2011). In addition, micro-topography in Arctic ecosystems results 
in extreme plot-scale variability in vegetation types, soil properties, 
and soil moisture content over the meter scale (Davidson et al., 2016; 
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Abstract
Long-term atmospheric CO2 concentration records have suggested a reduction in the 
positive effect of warming on high-latitude carbon uptake since the 1990s. A vari-
ety of mechanisms have been proposed to explain the reduced net carbon sink of 
northern ecosystems with increased air temperature, including water stress on veg-
etation and increased respiration over recent decades. However, the lack of consist-
ent long-term carbon flux and in situ soil moisture data has severely limited our ability 
to identify the mechanisms responsible for the recent reduced carbon sink strength. 
In this study, we used a record of nearly 100 site-years of eddy covariance data from 
11 continuous permafrost tundra sites distributed across the circumpolar Arctic to 
test the temperature (expressed as growing degree days, GDD) responses of gross 
primary production (GPP), net ecosystem exchange (NEE), and ecosystem respira-
tion (ER) at different periods of the summer (early, peak, and late summer) including 
dominant tundra vegetation classes (graminoids and mosses, and shrubs). We further 
tested GPP, NEE, and ER relationships with soil moisture and vapor pressure deficit to 
identify potential moisture limitations on plant productivity and net carbon exchange. 
Our results show a decrease in GPP with rising GDD during the peak summer (July) 
for both vegetation classes, and a significant relationship between the peak summer 
GPP and soil moisture after statistically controlling for GDD in a partial correlation 
analysis. These results suggest that tundra ecosystems might not benefit from in-
creased temperature as much as suggested by several terrestrial biosphere models, if 
decreased soil moisture limits the peak summer plant productivity, reducing the abil-
ity of these ecosystems to sequester carbon during the summer.
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Wilkman et al., 2018; Zona et al., 2011), adding to the challenges of 
using coarser-scale remote sensing products (e.g., from Landsat [30 m] 
or MODIS [250–1000 m]) to characterize the soil environment in these 
northern ecosystems. Satellite microwave soil moisture retrievals from 
the Soil Moisture Active Passive mission, purported to be one of the 
most reliable global soil moisture products (Zwieback et al., 2019), have 
a very coarse sampling footprint (~40-km) and showed no meaning-
ful correlation with in-situ soil moisture in several Arctic ecosystems 
(Wrona et al., 2017). The disagreement between coarse soil moisture 
remote sensing products and the site-level measurements is exacer-
bated by the sparsity of ground-based data to estimate soil moisture 
across scales in Arctic ecosystems (Wrona et al., 2017). The lack of 
consistent long-term data (i.e., more than 10 years) on site-level plant 
productivity, carbon fluxes (e.g., eddy covariance), and soil moisture 
across northern ecosystems has limited our ability to directly recon-
struct the temporal changes in the Arctic carbon balance resulting 
from environmental changes over recent decades. Given the complex-
ity of these systems, the response of the tundra carbon exchange to 
moisture changes remains a key research question that requires eval-
uation across the Arctic (De Vrese et al., 2022; Göckede et al., 2019).

In this study, to capture the response of surface-atmosphere fluxes 
of carbon dioxide to temperature and moisture at different stages of 
vegetation development, we investigate the correlation between air 
temperature (expressed as growing degree days, GDD), vapor pres-
sure deficit (VPD), volumetric soil moisture content, net ecosystem 
exchange (NEE), gross primary production (GPP), and ecosystem respi-
ration (ER) at different times of the summer. For this analysis, we used 
11 eddy covariance sites distributed throughout the pan-Arctic region. 
Given that different vegetation communities have different soil mois-
ture optima for soil respiration and photosynthesis, we also tested the 
response of NEE, GPP, and ER by grouping sites based on their main 
vegetation classes. In fact, net CO2 uptake has been found to respond 
differently to increased temperature in wetter fens and drier tundra 
ecosystems (Grant et al., 2015). We expect higher GDD to be related to 
higher GPP, and greater net carbon uptake across these temperature-
limited ecosystems in all the summer months. This relationship would 
be especially present in the sites with more drought-tolerant vegeta-
tion (e.g., shrub-dominated ecosystems). We also expect soil moisture 
and VPD to limit plant productivity and carbon sequestration in July 
and August in the ecosystems dominated by graminoids and mosses, 
consistent with the progressive soil and moss drying during the sum-
mer. Finally, we expect a steeper response of ER to increases in GDD 
in dryer shrub dominated ecosystems given that higher soil aeration 
should stimulate ER and decomposition rates to a higher degree.

2  |  METHODS

2.1  |  Study sites

A total of 11 eddy covariance sites distributed throughout the pan-
Arctic region were used in this study (Figure 1). The dataset comprises 
99 site-years of data including NEE, GPP, ER, and GDD; 74 site-years 

included soil moisture data. Some sites had no soil moisture available 
for some years, and RU-CoK had no soil moisture available for the 
entire time period, Table 1. This dataset included a time range from 
6 to 19 years for each site (Table 1). All sites are located in continu-
ous permafrost tundra regions. The 11 sites encompassed a range of 
tundra types, as classified by Walker et al. (2005); see Table 1, and 
moisture status. The wet end of this continuum (with soil moisture 
more than 60%, see Table 1) included sedge/grass, moss and shrub 
wetlands, the intermediate moisture level included graminoid and 
tussock tundra and had an average soil moisture around 47%–60% 
(Table 1), and dwarf and erect shrub tundra occupied the drier end 
with soil moisture about 42%–31% (Table 1). The average summer 
(June–August) GDD, and soil moisture are included in Table 1. GDD 
was estimated as the sum of the mean daily air temperatures above 
5°C for the entire summer, and for each of the three summer months 
(June, July, and August) separately (Ueyama et al., 2013).

Based on vegetation characteristics described in Walker 
et al. (2005), we arranged the sites into two separate groups: (1) the 
“graminoid and moss dominated” which included US-Bes, US-Atq, 
RU-Sam, RU-Cok, RU-Che, US-Ivo and US-ICs, and (2) the “shrub-
dominated” ecosystems which included GL-ZaH, CA-DL1, CA-TVC, 
and US-ICh (Table  1). The US-ICh was included in the “shrub-
dominated” group after discussion with the site PI, as it is a dry heath 
tundra ecosystem dominated by Dryas integrifolia, lichen, Carex spp., 
dwarf evergreen, and deciduous shrubs (Euskirchen et al.,  2017). 
These groupings were based on the dominant vegetation at each 
of the sites: the sites classified as W1, W2, W3, and G4 by Walker 
et al.  (2005) are mostly dominated by mosses, sedges, and grasses 

F I G U R E  1  Location of the 11 eddy covariance (EC) flux tower 
sites included in this study. All sites are located over continuous 
permafrost. Details on the vegetation types, the available time 
periods, the average summer soil moisture at each site, and 
references describing the sites are included in Table 1.
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with only sparse or no shrub cover and have generally higher soil 
moisture, while the sites classified as P2 and S1 are dominated by 
shrubs and have generally lower soil moisture (Table 1).

2.2  |  Eddy covariance data processing and 
meteorological data

A full description of the eddy covariance data processing and de-
tails of the site level instruments are included in the references 
listed in Table 1. Tundra sites are appropriate for eddy covariance 
methods because they fulfill the assumption of flat terrain which 
is often violated in other ecosystems. Moreover, given the short 
stature of tundra vegetation, the eddy covariance instrumenta-
tion is only a few meters from the surface; footprint analyses from 
some of the sites included in this study showed an average fetch of 
about 200 m (Reuss-Schmidt et al., 2019). Negative NEE indicates 
CO2 uptake by the ecosystem, and a positive NEE shows CO2 loss 
to the atmosphere. Missing data were gap-filled according to the 
standard methodology of Ameriflux/Fluxnet for all sites (Pastorello 
et al., 2020), except for some years in US-Bes, and US-Atq due to 
large gaps where a neural network approach was employed as de-
scribed in Goodrich et al.  (2016). ER and GPP were estimated ac-
cording to Lasslop et al. (2010) using the “REddyproc” package in R 
(Wutzler et al., 2018), as nighttime data are unavailable for most of 
the Arctic summer. The algorithm developed by Lasslop et al. (2010) 
partitions NEE using a hyperbolic light response curve to model GPP 
in combination with an exponential model term, to account for the 
temperature sensitivity of respiration. Additionally, the VPD limita-
tion of photosynthesis is considered. The soil moisture data used 
in the study were measured at each site (except for RU-Cok) using 
time-domain reflectometry probes inserted in the moss or soil layers 
in proximity of the eddy covariance towers. We selected a subset 
of the available soil moisture sensors at each site to use consist-
ent depths across sites, and sensors with the most complete record 
within each site (0–20 cm depth, Data  S1). Air temperature and 
relative humidity were measured with an HMP45 Vaisala (Vaisala, 
Vantaa, Finland) and these data were used to calculate actual and 
saturation vapor pressures. VPD was calculated by subtracting the 
actual vapor pressure of the air from the saturated vapor pressure.

2.3  |  Statistical analysis

The relationship between VPD, soil moisture, and GDD for three 
different stages of the summer (early summer: June, peak summer: 
July, and late summer: August) was assessed using regressions and 
mixed-effect models including site as random effect (Bates, 2010). 
These analyses were carried out for the three summer periods, given 
that shifting dynamics and phenological development of vegetation 
might mask the impact of temperature and soil moisture when the 
carbon balance is modeled for the entire summer season. The inclu-
sion of “site” as a random effect in the mixed models allowed us to 

test the consistency between the results once accounting for the 
site-to-site variability and prevented potential artifacts arising from 
pseudo-replication. To evaluate the sensitivity of NEE, GPP, and ER 
to GDD, we employed both linear and third-degree polynomial mod-
els. A third-degree polynomial model was used as it is more flexible 
than a second-degree polynomial model and able to capture more 
complex relationships. Linear and polynomial models were compared 
to evaluate the nature of the relationship between GDD and NEE, 
GPP, and ER and to identify a potential decrease in GPP at the high-
est GDD. This comparison was accomplished by an analysis of vari-
ance (ANOVA) and a Chi-square test. In the presentation of results, 
the polynomial model was used only when it statistically explained 
more of the variation than the linear model (Figure 2, Table 3). We 
also tested the performance of a mixed effect model including “year” 
of measurement, and “site” as continuous and categorical random 
effects, respectively, to account for the different sites measured in 
different years potentially affecting the NEE, GPP, ER, and GDD re-
lationships, and to account for the non-independence of the dataset 
(multiple points from the same sites in different years). Model per-
formance was evaluated based on the Akaike information criterion, 
on the marginal coefficient of determination (similar to the explana-
tory power of the linear models) for generalized mixed effects mod-
els as output by the “r.squaredGLMM” function within the “MuMIn” 
package in R (Johnson,  2014; Nakagawa & Schielzeth,  2013). As 
the model performance did not significantly improve when includ-
ing “year,” only “site” was included as a random effect in the mixed 
models (Tables  2–5). To evaluate the model performance, we also 
examined the standardized residuals using the plot(model) function 
in R to evaluate that the assumption of normally distributed model 
residuals was met. All analyses were carried out in R version 4.2.0 (R 
Core Team, 2022).

To evaluate if average monthly VPD and soil moisture were as-
sociated with cumulative CO2 uptake (NEE), GPP, and ER for June, 
July, and August, we used a partial correlation analysis. Here the 
cumulative NEE, GPP, and ER were each modeled as a function of 
soil moisture and VPD considering GDD for each month separately. 
Partial correlation statistically eliminates the impact of other con-
trolling climate variables, which allowed us to evaluate the impact of 
soil moisture on GPP, NEE, or ER without the confounding effect of 
temperature (i.e., GDD). We also performed a similar partial correla-
tion analysis to test the relationships between the cumulative NEE, 
GPP, and ER, against soil moisture and VPD (statistically controlling 
for GDD) within a mixed effect model, including site as a random 
effect. We tested if the relationship between the monthly cumula-
tive GPP, NEE, and ER with GDD, and the relationship between GPP, 
NEE, and ER and soil moisture (once accounted for GDD) were dif-
ferent between vegetation classes (“graminoid and moss dominated” 
and “shrub dominated”).

We also used partial correlation analysis to test if accounting for 
soil moisture modified the relationship between GPP (or NEE) and 
GDD in July. We regressed the residuals of GPP (and NEE) with the 
residuals of GDD after removing the impact of soil moisture, and then 
tested again if a polynomial model explained data variability better 
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than a linear model of GPP and GDD residuals. For this analysis, we 
selected the model based on the criteria previously listed to gener-
ate the residuals used for Figure 4 and Table 5. Specifically, vegetation 
type was included in the model to test the relationships between the 
residuals in NEE, GPP, ER, and soil moisture after removing the impact 
of GDD as shown in Figure 4, only when the interaction term between 
vegetation type and GDD was significant in explaining the variability 
in NEE, GPP, or ER, and, as mentioned previously, a polynomial fit was 
only used when significantly better than a linear fit.

3  |  RESULTS

The sites and years included in this study spanned a wide range of soil 
moisture conditions and summer GDD (Table 1). The average summer 

(June–August) soil moisture ranged from 31 ± 5% (mean ± 95% CI) 
at GL-ZaH to 66 ± 1% at US-ICh. GDD in June–August ranged from 
64 ± 23°C at US-Bes to 642 ± 25°C at RU-Che (Table 1). Across all the 
sites, GDD were significantly (and strongly) positively correlated with 
VPD (i.e., higher GDD produced higher average VPD) in all summer 
months in both linear regression and mixed-effects models (Table 2). 
GDD was significantly positively related to soil moisture in June, but 
not in July, and weakly negatively correlated to soil moisture in August. 
The results of the linear and mixed-effects model were similar for June 
and July, but in August the mixed model did not show a significant rela-
tionship between soil moisture and GDD (Table 2). The driest and cold-
est conditions were associated with the lowest GPP, lowest net CO2 
uptake, and ER fluxes, as shown by the lighter red points in Figure 2.

GDD was significantly related to NEE, GPP and ER in all months, 
but the percent of explained variance and the best model selected 

F I G U R E  2  Relationships between the (a,d,g) monthly cumulative net ecosystem exchange (NEE), (b,e,h) gross primary productivity (GPP), 
(c,f,i) ecosystem respiration (ER), and growing degree days (GDD), for the months of June, July, and August, for the indicated moisture levels 
(grey dots indicates sites/years with no soil moisture available). Linear models were used when a polynomial fit was not significantly better 
as estimated by an ANOVA between the two models. The statistics of these relationships are included in Table 3. Negative values in NEE 
indicate a CO2 uptake by the ecosystems.
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varied. Relationships with GDD were poorer for NEE than for GPP 
and ER. Polynomial relationships outperformed linear models for 
GPP and ER in June, and for NEE and GPP in July. In late summer 

(August), polynomial models were not significantly better than the 
linear models for any flux. The interaction term between vegetation 
type and GDD was only significant in explaining the variability in 
GPP in June, not significant in explaining the variability in NEE in 
any of the summer months, and always significant in explaining the 
variability in ER (in June–August, Table 4). When site was included as 
a random effect in the mixed-effects models (Figure S1), the interac-
tion term between vegetation type and GDD was never significant 
(Table 4). GPP and ER tended to increase with higher temperatures 
(i.e., GDD), and shrub ecosystems showed a steeper increase with an 
increase in GDD than moss and graminoid-dominated ecosystems 
during all the summer months (Figure 3g–i, Table 4). GPP plateaued 
or slightly declined when GDD exceeded ~175°C and 250°C in June 
and July, respectively, (Figure 3b,e), and this decrease was consistent 
in both the moss and graminoids-dominated and shrub-dominated 
ecosystems in July (Figure 3e).

The partial correlation analysis showed that when statistically 
controlling for GDD, VPD was not significantly related to GPP, NEE, 
and ER in any of the summer months (data not shown). The coef-
ficients of the partial correlations between GPP and soil moisture 
(accounting for GDD) were positive in all summer months (i.e., higher 
plant productivity with higher soil moisture, Table 5). The correlation 

TA B L E  2  Pearson correlation coefficients (r) and coefficient 
of determination (R2) for the linear model, and R2

m for the mixed 
effect model (including site as a random effect) for the relationships 
between the monthly growing degree day (GDD), the average 
monthly vapor pressure deficit (VPD), the average monthly soil 
moisture, for the indicated months

GDD

June July August

VPD r = .91 r = .87 r = .73

R2 = .83 R2 = .77 R2 = .52

p < .001 p < .001 p < .001

R2
m = .72 R2

m = .77 R2
m = .52

p < .001 p < .001 p < .001

Soil moisture r = .36 n.s. r = −.35

R2 = .13 R2 = .12

p = .0018 p = .0020

R2
m = .12 n.s. n.s.

p = .011

GDD

June July August

NEE Lm: R2 = .11 p < .001 Lm: R2 = .12 p < .001 Lm: R2 = .07 p = .0082

Poly: R2 = .14 p = .003 Poly*: R2 = .27 p < .001 Poly: R2 = .11 p = .010

Mem: R2
m = .18 p < .001 Mem: n.s. Mem: R2

m = .062 p = .019

GPP Lm: R2 = .31 p < .001 Lm: R2 = .40 p < .001 Lm: R2 = .36 p < .001

Poly*: R2 = .37 p < .001 Poly*: R2 = .49 p < .001 Poly: R2 = .38 p < .001

Mem: R2
m = .33 p < .001 Mem: R2

m = .11 p < .001 Mem: R2
m = .26 p < .001

ER Lm: R2 = .35 p < .001 Lm: R2 = .45 p < .001 Lm: R2 = .46 p < .001

Poly*: R2 = .41 p < .001 Poly: R2 = .47 p < .001 Poly: R2 = .48 p < .001

Mem: R2
m = .32 p < .001 Mem: R2

m = .31 p < .001 Mem: R2
m = .32 p < .001

Abbreviations: ER, ecosystem respiration; GDD, growing degree days; GPP, gross primary 
productivity; NEE, net ecosystem exchange.

TA B L E  3  Statistics of the relationship 
between the cumulative monthly GPP, 
NEE, and ER and GDD for all sites using 
three different models: Linear model (Lm), 
a third-degree polynomial model (Poly), 
and a mixed-effect model including site 
as random effect (Mem). An asterisk is 
included (*) if the polynomial model was 
significantly different (p < .05) than a 
linear model as assessed from an ANOVA 
and a Chi-square test between the two 
models

TA B L E  4  Statistics of the interaction term between GDD and vegetation type (a linear model was used if not significantly different from 
polynomial or polynomial if significantly better than linear for a p ≤ .05); the p-values of the interaction term between vegetation type and 
GDD were estimated for each of the months separately for the indicated models (Lm-linear mode, Poly: third-order polynomial), and for the 
mixed-effect models (Mem) which included site as random effect

GDD

June July August

NEE Vegetation type*GDD: Lm: p = .73 Vegetation type*GDD: Poly: p = .081 Vegetation type*GDD: Lm: p = .088

Mem: p = .74 Mem: p = .73 Mem: p = .16

GPP Vegetation type*GDD: Poly: p = .015 Vegetation type*GDD: Poly: p = .92 Vegetation type*GDD: Lm: p = .33

Mem: p = .64 Mem: p = .73 Mem: p = .24

ER Vegetation type*GDD: Poly: p < .001 Vegetation type*GDD: Lm: p = .038 Vegetation type*GDD: Lm: p = .047

Mem: p = .12 Mem: p = .90 Mem: p = .86

Abbreviations: ER, ecosystem respiration; GDD, growing degree days; GPP, gross primary productivity; NEE, net ecosystem exchange.
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between NEE and soil moisture was significant (and negative) in June 
and July (i.e., more net CO2 uptake with higher soil moisture), but not 
significant in August (Table 5). The partial correlation between ER 
and soil moisture was not significant in any of the summer months 
for both the linear and mixed effect models (Table 5). The explan-
atory power (R2) of the linear and mixed effect models testing the 
relationships between GPP (or NEE) and soil moisture were low (less 
than 30%), with generally lower explanatory power for the mixed-
effect models compared to the linear models (Table 5). After remov-
ing the influence of soil moisture on the GPP vs GDD relationship 
(e.g., by regressing the residuals of both the correlation between 
GPP and soil moisture, and GDD and soil moisture), there was only a 
marginally significant difference between the polynomial and linear 
models explaining the relationship between the residuals of GPP and 
the residuals of GDD in the partial correlation analysis (p =  .054). 
Additionally, there was no significant difference between the poly-
nomial and linear models in explaining the relationship between the 
residuals of the NEE and soil moisture relationship and the residuals 
of GDD and soil moisture in the partial correlation analysis (p = .55).

4  |  DISCUSSION

As expected, VPD and GDD were strongly correlated in all summer 
months, given that atmospheric warming and drying are associated 
with each other through the non-linear increase in saturation vapor 
pressure with air temperature. The relationship between GDD and 
soil moisture was more complex. The positive correlation between 
GDD and soil moisture in June (i.e., wetter soils with warmer condi-
tions) was likely due to the progressive snow melt and soil thawing 
at the beginning of the summer. This interpretation is supported by 

the significant relationship between the end of the snow melt pe-
riod and soil moisture only in June, and not significant in July and 
August (Zona et al.,  2022), when the active layer approaches its 
maximum depth. The non-significant relationship between GDD and 
soil moisture in July and August in the mixed effect model suggests 
the lack of a consistent response of the peak and late season soil 
moisture to GDD among sites. Soil drying is limited by the increase in 
bulk surface resistance to evapotranspiration with increased VPD-
driven (increasing with higher temperatures) stomatal closure (Grant 
et al., 2015). The drying of the moss surface in peak summer in wet 
tundra further limits the ability to transfer moisture from the soil 
(Liljedahl et al., 2011). Overall, the impact of soil moisture on both 
GPP, and NEE was the highest during the peak season, and is con-
sistent with a decrease in GPP, and net carbon uptake at the highest 
GDD in July. This potential peak summer soil moisture limitation is 
supported by the better performance of a polynomial than a linear 
fit explaining the relationship between GDD and both GPP and NEE 
in July. The polynomial fit was able to capture the increase in GPP 
with an increase in GDD until about 250°C for July, followed by the 
decrease in GPP at the highest GDD. Although including site as a 
random effect decreased the explanatory power of the model (as 
shown by the lower R2

m
 in July), the model retained its significance. 

The increase in GPP with GDD until ~250°C suggests that a moder-
ate warming is beneficial to tundra plants. However, a higher degree 
of warming might negatively affect the tundra vegetation as shown 
by the higher performance of the polynomial fit in explaining the 
relationship between GPP and GDD in July. The decrease in plant 
productivity at the sites subjected to the warmest conditions was 
also observed in the mixed effect model, once accounting for site-
to-site variability. This result is consistent with a non-linear response 
of photosynthesis to temperature in Arctic ecosystems (Ackerman 

Soil moisture (controlling for GDD)

June July August

NEE (controlling for 
GDD)

r = −.40 r = −.54 r = −.14

R2 = .16 R2 = .29 R2 = .02

p < .001 p < .001 p = .22

R2
m = .12 R2

m = .13 R2
m = 0

p = .012 p = .023 p = 0

GPP (controlling for 
GDD)

r = .31 r = .47 r = .34

R2 = .10 R2 = .22 R2 = .12

p = .0068 p < .001 p = .0031

R2
m = .039 R2

m = .062 R2
m = .0089

p = .0024 p = .094 p = .57

ER (controlling for GDD) r = .18 r = −.068 r = .17

R2 = .033 R2 = .0046 R2 = .029

p = .12 p = .57 p = .15

R2
m = .023 R2

m = .028 R2
m = .004

p = .19 p = .33 p = .71

Abbreviations: ER, ecosystem respiration; GDD, growing degree days; GPP, gross primary 
productivity; NEE, net ecosystem exchange.

TA B L E  5  Statistics of the partial 
correlation analysis between the indicated 
variables statistically accounting for GDD, 
using the model selected based on the 
results of Tables 3 and 4 (i.e., a polynomial 
model only if significantly better than 
a linear one, and including vegetation 
type only if the interaction term of 
GDD*vegetation type was significant 
for a p ≤ .05) to generated the residuals 
in GPP, NEE, and ER then used in the 
partial correlations between the indicated 
variables. Included are the R2 of the 
linear model of the residuals in the NEE, 
GPP, and ER and soil moisture controlling 
for GDD, and a mixed-effect model 
R2

m including site as a random effect to 
account for the site-to-site variability
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et al., 2017; Piao et al., 2014). In particular, only sites exposed to the 
highest GDD (i.e., GDD higher than 250°C) showed a plateau (or a 
negative slope) in the GPP and GDD relationship (Figure S1).

The similar decrease in GPP with GDD above ~250°C in both 
moss and graminoid-dominated and shrub-dominated ecosystems in 
July was surprising. We expected GPP to decrease at the highest 
GDD only in the ecosystems dominated by mosses. In fact, desic-
cation associated with warming limits photosynthetic CO2 uptake 
in poikilohydric plants, which includes mosses (Oberbauer et al., 
2007; Van Wijk et al., 2004; Yang et al., 2018), given their lack of 
rooting system. Warming has been generally associated with a re-
duction in biomass accumulation in mosses, but with an increase in 
shrubs (Bao et al., 2022). The rooting system of shrubs allows them 
to access water in deeper soil layers making them physiologically 
better adapted to drier soils (Cahoon et al., 2016). However, a higher 
intensity of warming (by 1.51°C) has been shown to enhance the 

abundance of shrubs and graminoids by half as much (10% vs. 20%) 
than a lower warming intensity (by 1.04°C) (Bao et al., 2022) suggest-
ing that moisture stress can also affect vascular plants' productivity. 
Decreases in soil moisture have been found to limit shrub expansion 
and growth (Boulanger-Lapointe et al., 2014; Naito & Cairns, 2011). 
Moreover, both leaf area and leaf nitrogen content have been found 
to decrease with temperature in drier tundra ecosystems (Bjorkman 
et al., 2018; Grant et al., 2015). Shrub growth is more sensitive to 
temperature in wetter vs. drier sites (Ackerman et al., 2017; Myers-
Smith et al., 2015). Moisture limitation can decrease shrub growth, 
recruitment, and abundance (Ackerman et al.,  2017; Elmendorf 
et al.,  2012; Li et al.,  2016; Myers-Smith et al.,  2015). Our results 
suggest that even if physiologically better adapted to drier soils, 
shrub-dominated ecosystems can experience a limitation in their 
photosynthetic carbon uptake with warming and drying, which is 
most evident during peak season.

F I G U R E  3  Relationships between the (a,d,g) monthly cumulative net ecosystem exchange (NEE), (b,e,h) gross primary productivity (GPP), 
(c,f,i) ecosystem respiration (ER), and growing degree days (GDD), for the months of June, July, and August, for the two indicated ecosystem 
types. The significance in the interaction term between GDD and vegetation type for each of the months and flux component is included in 
Table 4.
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Confirming our last prediction, the increase in ER with increase in 
GDD was always steeper in shrub-dominated ecosystems, consistent 
with the higher sensitivity of drier ecosystems to warming (Hodkinson 
et al., 1999; Oberbauer et al., 2007). The higher soil aeration in the 
drier shrub-dominated ecosystems stimulates ER and decomposition 
(Grant et al., 2015; Oberbauer et al., 2007). Shrub-dominated ecosys-
tems showed a lower ER at lower GDD, consistent with the less pro-
nounced effects of moisture on metabolism at lower temperatures 
(Fischer, 1995; Fischer & Bienkowski, 1987), and possibly related to 
the lower plant productivity and lower plant biomass under drier and 
colder conditions. Overall, both tundra vegetation types remained a 
summer carbon sink because GPP increased more than respiration 
with GDD, opposite to what Parmentier et al. (2011) found.

The importance of soil moisture for the response of tundra eco-
systems to warming is consistent with the dominant role of water 

availability on plant growth across different tundra ecosystem types 
(Bjorkman et al., 2018; Hodkinson et al., 1999). The significant re-
lationships between soil moisture and both NEE and GPP in the 
partial correlation analysis (after controlling for GDD) and in the 
mixed effect model in June and July emerged from different eco-
system processes occurring in the early and peak summer. In June, 
soil moisture is low mostly due to soil water still being frozen, as 
previously described. Warmer conditions, co-occurring with in-
creased soil moisture, activate the vegetation, increasing GPP, and 
net CO2 uptake. The significant partial correlations of soil moisture 
with GPP (or NEE) in the peak summer suggest that the decrease 
in GPP at the highest GDD might be due to soil moisture limitation 
in July. The potential role of soil water limitation in explaining the 
plateau (or slight decrease) in the GPP and GDD relationship at the 
highest GDD is supported by the partial correlation analysis. After 

F I G U R E  4  Partial correlation between the (a,d,g) monthly cumulative net ecosystem exchange (NEE), (b,e,h) gross primary productivity 
(GPP), (c,f,i) ecosystem respiration (ER), and the average monthly soil moisture, while statistically controlling for growing degree days (GDD) 
for the months of June, July, and August. The interaction term between vegetation type and GDD was included in the partial correlation 
model to generate the residual displayed here only when significant as reported in Table 4. The statistics of the relationships displayed in 
these panels are presented in Table 5.
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removing the impact of soil moisture, the polynomial model (which 
can capture the plateau in the GPP/GDD relationship) was only mar-
ginally significantly better than a linear model. A similar result was 
observed for NEE. Once removing the impact of soil moisture, the 
polynomial model was not significantly better than a linear model in 
explaining the relationship between the residuals of NEE and GDD. 
Overall, these results suggest that soil moisture limits the increase 
in GPP (and the net CO2 uptake) at the highest GDD across very dif-
ferent vegetation types. Beyond the site scale, drier conditions have 
been associated with the lack of a positive trend in the minimum late 
summer atmospheric [CO2] (a proxy of photosynthetic CO2 uptake) 
in northern ecosystems since the 1990 s (Angert et al., 2005). This 
finding is consistent with the observed decrease in the net CO2 up-
take with drainage in other tundra ecosystems (Kittler et al., 2017; 
Pegoraro et al., 2021). Snow melt date and soil moisture in July are 
not correlated (Zona et al., 2022), suggesting that the peak summer 
soil moisture was not substantially influenced by the timing of sea-
sonal soil thawing.

In late summer, soil moisture was generally not significant in 
explaining NEE, and GPP after accounting for GDD in the partial 
correlation analysis, as the onset of senescence might decrease 
the water demand from vegetation. At this time of the year, other 
environmental factors, such as temperature and light, may become 
more important than soil moisture in limiting plant growth in these 
northern ecosystems (Starr et al., 2008). We found that in August 
the explained variance for the relationship between GDD and GPP 
(or NEE) was similar between the polynomial model and the linear 
model, suggesting that soil moisture did not limit plant productivity 
and net CO2 sequestration during this time of year. Some studies 
have suggested that warmer conditions do not affect plant growth 
during the late season as the photoperiod is the dominant control 
on phenology at the end of the growing season in the high-Arctic 
(e.g., Arft et al., 1999), while others show the opposite (e.g., Kittler 
et al., 2017) and suggest that warmer temperatures can delay plant 
senescence (Marchand et al., 2004; Zeng et al., 2011). Our previous 
analysis across these same sites (Zona et al., 2022) showed that air 
temperature was generally less important in August than in June and 
July, while solar radiation retained similar importance in explaining 
the variability in GPP during all the stages of the growing season. 
Importantly, GDD was rarely above 250°C in August so that excess 
heat and associated moisture limitation were not likely driving GPP 
down, consistent with the similar explanatory power of the polyno-
mial and linear models in late season.

The non-significant partial correlations between NEE and VPD 
and between GPP and VPD (after accounting for GDD) suggest a 
lack of atmospheric moisture limitation on plant productivity and 
net CO2 uptake across these tundra ecosystems. These results 
are consistent with a similar partial correlation analysis by Wang 
et al.  (2018), testing the temporal changes of NDVI and showing 
a positive or non-significant partial correlation with VPD when 
the data were statistically controlled for the effect of mean sum-
mer temperature. On the other hand, stomatal closure of vascular 
plants at high temperature and VPD has been shown to limit tundra 

carbon uptake (Grant et al., 2015; Williams et al., 2000). The lack of 
a significant association between VPD and GPP, or NEE in the par-
tial correlation analysis might be the result of the strong correlation 
between air temperature (i.e., GDD) and VPD. Once accounting for 
GDD in the partial correlation analysis, the residual variation in GPP 
or NEE was not significantly explained by VPD. Such challenges in 
ranking strongly co-varying environmental controls in observational 
studies have been recognized before (Zona et al., 2009).

Most ecosystem models do not capture the recent decrease 
in the sensitivity of plant productivity to temperature in northern 
ecosystems (Piao et al., 2014; Wang et al., 2018). The non-linear re-
sponses of NEE and GPP to GDD found in our study reinforce the hy-
pothesis that northern tundra ecosystems' responses to temperature 
can be limited by reduced soil moisture. It has been suggested that 
the role of soil moisture has been underestimated in the Arctic and 
alpine systems (le Roux et al., 2013). Our results and others (Angert 
et al.,  2005; Feng et al.,  2021; Gonsamo et al.,  2019) support this 
view. Therefore, soil moisture limitation to plant growth and net car-
bon sequestration should be given greater consideration when mod-
eling the response of northern ecosystems to global warming. This 
is critical when projecting future tundra greening/browning trends: 
models must accurately incorporate the combined non-linear effects 
of temperature and soil moisture on productivity to correctly capture 
the sign and magnitude of Arctic carbon balance. The sparsity of con-
tinuous flux data from these high-latitude ecosystems was the main 
challenge we faced when performing our study and harmonizing the 
datasets, together with the challenges in partitioning the fluxes with 
large gaps in the meteorological datasets. The Arctic research com-
munity should attempt to include additional sites in a wider range of 
vegetation types over continuous permafrost (Pallandt et al., 2022), 
improve coverage of the soil moisture data, and extend the sampling 
to cold periods to improve an overall estimate of the year-round re-
sponse of ecosystems to warmer temperature.
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