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Abstract: Alpine wetlands sequester large amounts of soil carbon, so it is vital to gain a full un-
derstanding of their land-atmospheric CO2 exchanges and how they contribute to regional carbon
neutrality; such an understanding is currently lacking for the Qinghai—Tibet Plateau (QTP), which is
undergoing unprecedented climate warming. We analyzed two-year (2018–2019) continuous CO2

flux data, measured by eddy covariance techniques, to quantify the carbon budgets of two alpine
wetlands (Luanhaizi peatland (LHZ) and Xiaobohu swamp (XBH)) on the northeastern QTP. At
an 8-day scale, boosted regression tree model-based analysis showed that variations in growing
season CO2 fluxes were predominantly determined by atmospheric water vapor, having a relative
contribution of more than 65%. Variations in nongrowing season CO2 fluxes were mainly controlled
by site (categorical variable) and topsoil temperature (Ts), with cumulative relative contributions of
81.8%. At a monthly scale, structural equation models revealed that net ecosystem CO2 exchange
(NEE) at both sites was regulated more by gross primary productivity (GPP), than by ecosystem
respiration (RES), which were both in turn directly controlled by atmospheric water vapor. The
general linear model showed that variations in nongrowing season CO2 fluxes were significantly
(p < 0.001) driven by the main effect of site and Ts. Annually, LHZ acted as a net carbon source, and
NEE, GPP, and RES were 41.5 ± 17.8, 631.5 ± 19.4, and 673.0 ± 37.2 g C/(m2 year), respectively.
XBH behaved as a net carbon sink, and NEE, GPP, and RES were –40.9 ± 7.5, 595.1 ± 15.4, and
554.2 ± 7.9 g C/(m2 year), respectively. These distinctly different carbon budgets were primarily
caused by the nongrowing season RES being approximately twice as large at LHZ (p < 0.001), rather
than by other equivalent growing season CO2 fluxes (p > 0.10). Overall, variations in growing season
CO2 fluxes were mainly controlled by atmospheric water vapor, while those of the nongrowing
season were jointly determined by site attributes and soil temperatures. Our results highlight the
different carbon functions of alpine peatland and alpine swampland, and show that nongrowing sea-
son CO2 emissions should be taken into full consideration when upscaling regional carbon budgets.
Current and predicted marked winter warming will directly stimulate increased CO2 emissions from
alpine wetlands, which will positively feedback to climate change.
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1. Introduction

Due to their water-logged and relatively low-temperature conditions, wetlands com-
prise a large component of global terrestrial carbon reserves; they store ~30% of the global
soil carbon pool, despite only constituting ~5% of the land surface [1–3]. Although pristine
alpine wetlands could be potential future carbon sources because of the projected warming
and drying climate [1,4,5], carbon accumulation in mid- and high-latitude wetlands has
increased slightly over recent decades [2,6]. Thus, increased knowledge of carbon dynamics
and their responses to environmental controls in alpine wetlands is essential to address
this discrepancy and to quantify the contributions of wetlands in mitigating atmospheric
greenhouse gas concentrations [4,7,8].

Alpine wetlands can be either carbon sources or carbon sinks depending on local hy-
drothermal conditions, consequent vegetation types, soil physical and chemical properties,
and microorganism compositions [9–12]. Gross primary productivity (GPP) and ecosystem
respiration (RES) are two contrasting processes that determine carbon budgets, and those
are closely related to ecohydrological factors, usually with nonlinear relationships [13–15].
Water availability has been shown to be an important control of the seasonal variability in
CO2 fluxes of alpine wetlands, through its simultaneous effects on vegetation growth and
organic matter decomposition [4,9,16]. Vascular plant coverage has an asymptotic relation-
ship with GPP, and an incremental relationship with RES, but their sensitivity varies by leaf
area index and vegetation type [17,18]. Under the context of climate warming scenarios,
recent studies have shown that plant productivity outweighs ecosystem respiration, and
alpine peatlands have become more efficient carbon sinks because of a higher sensitivity
of GPP compared to RES, longer growing season, and more plant carbon input [19–21].
Contrarily, other studies have suggested that decreased moisture availability caused by
warming could stimulate more soil respiration and potentially reverse the carbon sink
function [6,22,23]. Quantifying the relative contributions of biotic and abiotic controls
on carbon budgets has the potential to understand this debate but has been poorly ad-
dressed because of their intertwined relationships [22]. Moreover, nongrowing season
CO2 emissions are believed to play a considerable role in carbon budgets, but there is
still much uncertainty due to limited long-term field observations [4,18]. More detailed
knowledge is greatly needed to quantify and predict the fate of the carbon function of
alpine wetlands under remarkable winter warming and increasing precipitation [9,13].
Year-round continuous measurements, rather than merely from the growing season, are
required in alpine wetlands to address this issue [23,24].

Carbon budgets of alpine wetlands on the Qinghai—Tibet Plateau (QTP) have drawn
increased attention recently [11,13,25,26]; the QTP wetlands house relatively large soil
carbon reservoirs because of lower decomposition rates and higher vegetation photosyn-
thetic production compared with other surrounding wetland ecosystems [4,17]. Moreover,
wetlands on the QTP have been expanding due to the warming climate and decreased
human activity [27]. However, the carbon sink/source functions in alpine wetlands are
highly variable. For instance, the wetlands of Zoige, Qinghai Lake (Xiaobohu: XBH),
and Hehei have recently behaved as carbon sinks, with annual carbon accumulations of
approximately 170, 250, and 510 g C/m2, respectively [12,13,28]. In contrast, Luanhaizi
(LHZ) wetland has been a carbon source and released approximately 100 g C/(m2 year) to
the atmosphere from 2005 to 2014 [14,17,25]. Therefore, quantifying the carbon dynamics of
contrasting alpine wetlands will be helpful in understanding the confounding mechanisms
in their carbon budgets. In this study, we obtained CO2 fluxes and auxiliary environmental
variables, measured by eddy covariance systems, over a two-year period from 2018 to 2019,
from both LHZ and XBH on the northeastern QTP (Figure S1). This enables us to quantify
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inter-seasonal and inter-annual CO2 budgets of the two contrasting alpine wetlands and
to explore the relative contributions of each of the main environmental controls and their
underlying ecological processes. We hypothesize that RES will contribute more than GPP
to the distinct carbon functions of the two wetlands, because prior studies have reported
that annual GPP was nearly equivalent in these two wetlands (630 g C/m2 in LHZ [17]
and 640 g C/m2 in XHB [29]).

2. Materials and Methods
2.1. Site Descriptions

The two alpine wetlands, namely Luanhaizi (LHZ, 37◦35′ N, 101◦20′ E, 3250 m alti-
tude) and Xiaobohu (XBH, 36◦42′ N, 100◦47′ E, 3210 m altitude), are both located on the
northeastern Qinghai—Tibet Plateau (Figure S1); these can be classified as peatland and
swampland, respectively, according to the differences in vegetation community, hydrologi-
cal processes, and soil history [27]. The climate is cold and humid, belonging to the plateau
monsoon climate of the alpine, frigid temperate zone.

LHZ lies adjacent to the Haibei National Field Research Station for Alpine Grasslands,
which is a long-standing member of the Chinese Flux Observation and Research Network
(ChinaFLUX). XBH lies on the eastern Qinghai Lake and belongs to the Qinghai Normal
University. The mean annual air temperature and precipitation were –1.1 ◦C and 490.0 mm
in LHZ [17], respectively, and 1.2 ◦C and 357.0 mm in XBH [29]. The 0–20 cm soil organic
carbon content averaged 15.7% at LHZ and 6.2% at XBH. In LHZ, the dominant plant
species were Kobresis tibetica, Carex pamirensis, C. alrofusca, Blysmus sinocompressus, Hip-
puris vulgaris, and Triglochin palustre [14]. The relative vegetation coverage, aboveground
biomass, and belowground biomass during the flourishing growth stage (July-August)
were approximately 95%, 340 g/m2, and 4200 g/m2, respectively [25]. LHZ was constantly
submerged during the growing season, and the water depth was about 20 cm, with re-
markable spatial and temporal variations [9]. In XBH, the dominant plant species were C.
limosa, B. sinocompressusm, K. tibetica, Schoenoplectus tabernaemontani, and Phragmites australis.
The relative vegetation coverage, aboveground biomass, and belowground biomass from
July to August averaged 85%, 225 g/m2, and 3200 g/m2, respectively. The maximum
volumetric topsoil water content was about 60% [29].

2.2. Measurements

CO2 fluxes were measured by eddy covariance techniques at both sites. An eddy
flux tower, including a three-dimensional ultrasound anemometer (CSAT3, the offset
error < ± 8.0 cm/s, Campbell Scientific, Logan, UT, USA) and an open-path infrared
CO2/H2O analyzer (Li-7500 for LHZ and Li-7500A for XBH, the typical zero drift was
± 0.1 ppm in CO2 and ± 0.03 mmol/mol in H2O, Li-Cor, Lincoln, NE, USA), was installed

at a height of approximately 2.0 m above the surface; these have been in place since 2003
in LHZ and since 2010 in XBH. The raw data frequency was 10 Hz. A micro-meteorology
station was also constructed adjacent to the flux tower, to monitor air temperature, atmo-
spheric water vapor, wind speed and direction, four-component radiation, precipitation,
and topsoil temperature. More detailed measurement information can be found in prior
papers [17,29]. The growing season was simply defined as May–October for both sites and
was robust because the enhanced vegetation index was above 0.2 during these periods
(Figure 1f).
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Figure 1. The seasonal variations in precipitation (a), air temperature (Ta), (b), net radiation (Rn), (c), topsoil temperature
(Ts), (d), atmospheric water vapor (Vapor), (e) and enhanced vegetation index (EVI), (f) from 2018 to 2019 at the two
alpine wetlands.

2.3. Data Collection and Processing

Subsequent to raw high-frequency data collection, half-hour CO2 fluxes were com-
puted from spike removal, two-dimensional coordinate rotation, time-lag compensation,
and the Webb-Pearman-Leuning (WPL) ‘Burba correction’ for density fluctuations because
of the self-heating effect [30] using Eddypro 7.0.6 (Li-Cor, Lincoln, NE, USA). The calculated
CO2 fluxes were screened to improve data quality by removal of a quality flag with “2” [31]
and outliers (beyond 4.5 standard deviations) in a 10-day window, and by filtering against
lower turbulence (threshold nighttime friction velocity was 0.15 m s−1). The annual valid
data coverage was ~40%, with ~70% and ~20% in the daytime and nighttime, respectively,
comparable to data reported for ChinaFLUX [32] and other alpine sites [22]. The CO2 flux
data were gap-filled by a machine learning algorithm of boosted regression trees (BRT) [33],
which was conducted using a dataset with a valid flux subset and corresponding routine
meteorological subset, including air temperature, atmospheric water vapor, net radia-
tion, wind velocity, and topsoil temperature. Machine learning algorithms were found
to outperform other conventional gap-filling techniques by incorporating all of the main
environmental controls simultaneously [34,35]. Because of the distinctly different processes
governing CO2 exchanges between growing season daytime (Growing: the simultaneous
occurrence of plant photosynthesis and ecosystem respiration) and nongrowing season
all-time and growing season nighttime (Nongrowing: only ecosystem respiration occurred),
we filled data gaps separately. Firstly, boosted regression trees were fitted using the Grow-
ing valid dataset (BRT-growing) and the Nongrowing valid dataset (BRT-nongrowing),
respectively. Secondly, the fitted BRT-growing and BRT-nongrowing, respectively, were
used to fill data gaps with corresponding meteorological variables. After several compar-
isons, tree complexity, learning rate, and number of trees in BRT were fixed at 5, 0.005, and
5000, respectively.
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The growing season daytime ecosystem respiration was estimated from the
nongrowing-BRT and extrapolated based on the daytime meteorological variables. There-
fore, daily ecosystem respiration (RES) is the sum of daytime respiration and nocturnal
respiration. Daily GPP equals the values that daily RES minus daily NEE.

The enhanced vegetation index (EVI, MYD13Q1) was adopted as a metric for capturing
the relationship between CO2 fluxes and biotic variables in alpine grasslands [35–37]. The
8-day EVI was flux tower-centric at 500 × 500 m spatial resolution and was obtained from
the Oak Ridge National Laboratory Distributed Active Archive Center (ORNL DAAC, https:
//modis.ornl.gov/globalsubset/). Half-hour values of CO2 fluxes and meteorological
variables were aggregated into an 8-day scale to match the temporal resolution of the EVI.

2.4. Statistical Analysis

BRT is well documented for ecological studies [33–35] and was here adopted to explore
the relative contributions to 8-day CO2 fluxes of the main environmental controls, which
included continuous variables (air temperature, atmospheric water vapor, wind speed, net
radiation, topsoil temperature, and enhanced area index) and categorical variables (site
name, indicative site attributes). Vapor pressure deficit (VPD) can also represent atmo-
spheric moisture status but was excluded from the key environmental controls because
of its limited contribution to variations in CO2 fluxes (Figure S2) in alpine grasslands [35].
More importantly, this algorithm can tolerate collinearity and nonnormality among en-
vironmental controls, which are rather common in environmental studies. Piecewise
structural equation models (SEM) were used to identify the total effects and pathways
of environmental controls on monthly CO2 fluxes. BRT and SEM were performed by the
package of “Dismo” [33] and “piecewiseSEM” [38] in R 4.0.3 [39]. Other conventional
statistical analysis, such as linear regression, correlative analysis, and general linear models
were also conducted in R.

3. Results
3.1. Information Regarding Abiotic and Biotic Controls

The two wetlands experienced small differences in climate during the two study years,
with LHZ being relatively wetter and colder (Figure 1). Annual precipitation averaged
487.8 mm at LHZ and 291.8 mm at XBH. Annual mean air temperature (Ta) was –0.9 ◦C
at LHZ, which was lower than that of XBH by 3.3 ◦C. Mean daily net radiation (Rn) was
almost equivalent, being approximately 85.0 W/m2 at both locations. Annual mean topsoil
temperature (Ts) and atmospheric water vapor were also similar at the two wetlands, and
averaged 2.7 ◦C and 4.9 kPa, respectively. Vapor pressure deficit (VPD) was 0.26 kPa in
LHZ and 0.39 kPa in XBH. However, there was a distinct difference in EVI, with an annual
value of 0.40 at LHZ and 0.17 at XBH. The maximum 8-day EVI was approximately 0.62 at
the end of July in LHZ, which was over twice more than that of XBH (0.25; Figure 1).

3.2. Eight-Day Variations in CO2 Fluxes

The trends of seasonal CO2 fluxes were similar at the two sites, although the magni-
tudes were to some extent different (Figure 2). Daily GPP averaged 3.23 ± 1.88 g C/(m2 d)
(Mean ± S.D., the same below) at LHZ and 3.43 ± 2.25 g C/(m2 d) at XBH. The paired-
sample t-test showed that the difference was marginally significant (p = 0.07). Daily RES
was 1.83 ± 0.90 g C/(m2 d) at LHZ, which was significantly (p < 0.001) more (by 17.6%)
than that of XBH. Therefore, daily NEE was 0.11 ± 1.57 g C/(m2 d) at LHZ, and this was
much higher than that of XBH (–0.11 ± 0.96 g C/(m2 d)).

https://modis.ornl.gov/globalsubset/
https://modis.ornl.gov/globalsubset/
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Figure 2. The 8-day variations in CO2 fluxes of the two alpine wetlands (gross primary productivity GPP, (a); ecosystem
respiration RES, (b); net ecosystem CO2 exchange NEE, (c)).

During the growing season, the mean total deviance and 10-fold cross-validation
deviance for 8-day GPP, RES, and NEE were 108.57 and 9.67, 72.14 and 3.47, and 269.57 and
17.64, respectively, which suggested the good performance of the BRT models
(R2 > 0.90, Figure S3). The results showed that the variations of 8-day GPP and 8-day NEE
were mostly determined by atmospheric water vapor, with relative contributions of more
than 65% (Figure 3a). GPP showed a positive correlation with atmospheric water vapor,
while NEE showed a negative correlation with atmospheric water vapor (Figure 4a,d).
Variations in 8-day RES were jointly controlled by atmospheric water vapor and Ts, which
explained 76.5% of the total variations. RES showed a positive correlation with both atmo-
spheric water vapor and Ts (Figure 4b,c). It should be noted that the relative contribution
of site (categorical variables) was less than 2%, which indicated that the growing season
patterns of 8-day CO2 fluxes at the two sites should be attributed to variations in environ-
mental controls rather than site attributes. Furthermore, the contribution of EVI to NEE
was more than 10%, although it was only 5.0% for GPP and 9.8% for RES (Figure 3a).

During the nongrowing season, the mean total deviance and 10-fold cross-validation
deviance for 8-day NEE were 9.57 and 2.59 (R2 = 0.73; Figure S3), respectively. The variabil-
ity in NEE was jointly determined by site attributes and Ts, with cumulative relative contri-
butions of 81.8% (Figure 3b). Mean daily NEE was approximately 1.07 ± 1.57 g C/(m2 d)
at LHZ, which was about twice that of XBH (0.56 ± 0.96 g C/(m2 d), Figure 4e). NEE
exponentially increased with Ts at both sites (Figure 4f).



Atmosphere 2021, 12, 1695 7 of 15
Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. The relative contributions of environmental controls on variations in the growing season 
(a) and the nongrowing season (b) 8-day CO2 fluxes of the two alpine wetlands. 

 

 

Figure 3. The relative contributions of environmental controls on variations in the growing season
(a) and the nongrowing season (b) 8-day CO2 fluxes of the two alpine wetlands.

Atmosphere 2021, 12, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 3. The relative contributions of environmental controls on variations in the growing season 
(a) and the nongrowing season (b) 8-day CO2 fluxes of the two alpine wetlands. 

 

 
Figure 4. The fitted 8-day CO2 fluxes (net ecosystem exchange NEE, (a,e,f) ecosystem respiration RES,
(b,c) gross primary productivity GPP, (d) in relation to each of the important predictors (Vapor: atmo-
spheric water vapor; Ts: topsoil temperature) used in the model during the growing season (a,d) and
nongrowing season (e,f).



Atmosphere 2021, 12, 1695 8 of 15

3.3. Monthly Variations in CO2 Fluxes

Maximum monthly GPP occurred in July and August at both sites (Figure 5), and
averaged 179.6 ± 28.0 g C/(m2 month) at LHZ and 161.6 ± 11.0 g C/(m2 month) at
XBH. Similarly, maximum monthly RES averaged 97.2 ± 6.0 g C/(m2 month) at LHZ and
105.2 ± 5.8 g C/(m2 month) at XBH during July and August. The minimum monthly NEE
averaged –82.4 ± 24.3 g C/(m2 month) at LHZ and –56.4 ± 7.3 g C/(m2 month) at XBH
during these two months. Interestingly, the maximum monthly NEE occurred in November
(47.5± 3.2 g C/(m2 month)) at LHZ, while it occurred in April (30.3 ± 1.4 g C/(m2 month))
at XBH, reflecting different hydrothermal conditions. The monthly RES at LHZ
(56.1 ± 27.2 g C/(m2 month)) was significantly (p < 0.001) more than that at XBH
(46.2 ± 35.7 g C/(m2 month)), in contrast to the undetectable difference in monthly GPP
(p = 0.23) and monthly NEE (p = 0.10) at the two sites (Figure 6). Further analysis showed
that the difference of RES mainly stemmed from an approximately two-fold larger non-
growing season RES at LHZ (Figure 6b). Moreover, the nongrowing season RES comprised
as much as 29.5% of the annual RES in LHZ, but only comprised 18.5% in XHB.
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During the growing season, both NEE and RES were significantly correlated with
GPP, with 69.0% of the per-unit GPP contributed to RES and 31.0% to NEE. Monthly NEE
at both sites was controlled much more by monthly GPP than by monthly RES, indicated
by stronger standardized coefficients for the former (Figure 7). GPP and RES were both
controlled by atmospheric water vapor and the direct effect was similar for both LHZ and
XBH (0.78 versus 0.79 for GPP, and 1.01 versus 0.96 for RES) for the two wetlands. It should
be noted that the indirect effect of atmospheric water vapor through EVI on CO2 fluxes was
significant (p < 0.05) at XBH alone, and the total effects of atmospheric water vapor on GPP
and RES were 1.19 (0.79 + 1.09 × 037) and 1.07 (0.79 + 1.09 × 0.26), respectively (Figure 7b).
This might be caused by XBH being a much lower EVI (Figure 1f). Therefore, the variations
in monthly CO2 fluxes were predominantly determined by monthly atmospheric water
vapor during the growing season, and the effect of vegetation growth was important at
XBH with lower plant coverage. GPP/RES, which evaluates the relative contribution of
CO2 exchange processes to the total CO2 exchange, averaged 1.21 ± 0.61 at LHZ and
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1.20 ± 0.35 at XBH, respectively. The paired-sample t-test showed that the difference in
GPP/RES between the two sites was non-significant (p = 0.91, N = 12).
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During the nongrowing season, monthly NEE was controlled by monthly Ts, and the
relationship could be depicted by a Q10-based model (NEE = a× eln(Q10)(Ts−10)/10, Q10
describes the proportional increase in the rate of respiration per 10 ◦C rise in temperature [5];
Figure 8). The reference respiration in LHZ was 29.8% more than that of XBH, while Q10
was 27.3% lower at the former site. Furthermore, the general linear model of monthly
ln(NEE) with Ts and site (categorical variable) revealed that the main effects of Ts and site
attributes were both significant (p < 0.001), but the interaction was insignificant (p = 0.91;
Table S1). Thus, the nongrowing season monthly NEE should be jointly determined by Ts
and site attributes.
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Figure 7. The piecewise SEM models of monthly CO2 fluxes for LHZ (a) and for XBH (b) during
the growing season. Numbers on arrows are standardized path coefficients, black dashed arrows
are negative and red solid are negative, grey thin arrows show non-significant standardized path
coefficients (significance levels are ns p > 0.05, * p < 0.05, ** p < 0.01 and *** p < 0.001). R2 value indicates
the variance explained by the model. The line weight is ten times the standardized coefficients.
Abbreviations: Ts: topsoil temperature, Vapor: atmospheric water vapor; EVI: enhanced area index;
GPP: gross primary productivity; RES: ecosystem respiration; NEE: net ecosystem CO2 exchange.
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Overall, LHZ acted as a carbon source at an annual rate of 41.5 ± 17.8 g C/(m2 year)
while XBH was a carbon sink at a rate of –40.9 ± 7.5 g C/(m2 year). Annual GPP and RES
at HLZ were 631.5 ± 19.4 and 673.0 ± 37.2 g C/(m2 year), respectively, and those at XBH
were 595.1 ± 15.4 and 554.2 ± 7.9 g C/(m2 year) (Figure 5). Bivariate correlation analysis
showed that the site-to-site variations in annual NEE were more significantly determined
by annual RES (p = 0.02, N = 4), than by annual GPP (p = 0.13, N = 4). Forward stepwise
linear regression showed that the variations in annual NEE and annual RES were both
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related to annual accumulative EVI (p < 0.03, N = 4, R2 > 0.94; Table S2). Annually, the
carbon use efficiency (-NEE/GPP) averaged −0.065 ± 0.026 at LHZ and 0.068 ± 0.011 at
XBH, respectively.

4. Discussion
4.1. Environmental Controls on CO2 Fluxes

The variations in growing season CO2 fluxes were mainly determined by atmospheric
water vapor in the two alpine wetlands (Figures 3 and 7), which is inconsistent with the
long-standing view that thermal conditions predominantly control CO2 fluxes in these
temperature-limited wetlands [14,15,40]. There are two potential explanations for this
finding from the perspectives of the atmospheric water vapor itself and plant physiol-
ogy. First, atmospheric water vapor is an integral indicator of hydrothermal status and
can exert a substantial influence on land carbon uptake variability through its indirect
effects from soil moisture-atmosphere feedbacks [41,42]; this is indeed exponentially re-
lated to Ta (atmospheric water vapor = 3.9e0.08Ta, R2 = 0.97, p < 0.001) and Ts (atmospheric
water vapor = 2.6e0.11Ts, R2 = 0.83, p < 0.001) and would, thus, be a reasonable proxy of
thermal conditions. Second, the optimum temperature of plant physiological activity is
closely related to the growing season air temperature due to long-term plant evolutionary
adaptation [43]. In other words, current thermal conditions should be comparable for
analogous plant photosynthesis and growth within a certain cold site [44,45]. Addition-
ally, the effects of thermal conditions on CO2 fluxes are markedly moisture-dependent,
based on reports from warming experiments in alpine regions [45,46]. Thus, atmospheric
water vapor should be a reliable metric of hydrothermal conditions controlling growing
season CO2 fluxes in alpine wetlands [12,35]. The nongrowing season CO2 fluxes were
jointly controlled by site attributes and Ts (Figures 3 and 8). This stems from the fact that
ecosystem respiration consists of root autotrophic respiration and microbial heterotrophic
respiration, which are closely related to substrate availability and soil temperatures in
alpine regions [9,44]. Therefore, atmospheric water vapor, more than air/soil temperatures,
regulated the variability in growing season CO2 fluxes, while site attributes and soil tem-
peratures jointly controlled nongrowing season CO2 emissions in our wetlands. These
findings are consistent with previous studies [4,12,18]. Given that the nongrowing season
temperature is projected to further increase across the QTP [47], these alpine wetlands will
likely release more carbon and positively feedback to climate change [5]; this prediction
is different from the model simulations of a single site where little attention was paid to
nongrowing season CO2 dynamics [13,26].

4.2. Carbon Budgets of the Two Wetlands

The distinct carbon function of the two wetlands is explained more by RES, than by
GPP, specifically by nongrowing RES (Figures 4 and 6). The smaller annual carbon use
efficiency (about 6%) and little difference in growing GPP/RES (1.20) also confirmed the
important role of nongrowing RES in carbon budgets. The nongrowing season daily CO2
effluxes were 1.07 g C/(m2 d) in LHZ and 0.56 g C/(m2 d) in XBH, which lie within the
reported values of other alpine wetlands [4,40]. The higher nongrowing season RES at
LHZ compared to XBH thus contributed to a net carbon source at LHZ. Soil temperature
was similar at both sites (Figure 1) and was still high enough to support organic matter
decomposition and root respiration due to the snow insulation effect, despite the air
temperature being below –10 ◦C [4,16]; hence, greater root biomass and more soil organic
carbon at LHZ, rather than thermal conditions, probably led to more ecosystem respiration
at LHZ compared to XBH during the nongrowing season [1,4]. Meanwhile, the easily
degradable labile carbon from plant litter, induced by higher vegetation coverage (e.g., two-
fold higher EVI at LHZ), will stimulate enhanced microbial growth, carbon mineralization,
and soil respiration at LHZ [11]. However, the temperature sensitivity of RES was much
higher at XBH (Figure 8), which also indicated lower stability of soil organic matter at this
site [21].
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The nonsignificant difference in GPP possibly stems from the higher productivity of
swampland plants compared to peatland plants [9]. This appears to be confirmed by a
three-fold higher sensitivity of GPP to EVI (slope = 40.5 g C/(m2 d)) at XBH compared
to that at LHZ (slope = 14.5 g C/(m2 d)). The growing season RES was closely correlated
with GPP (R2 > 0.90, p < 0.001; Figure S4) at both sites, through substrate supply [13].
Therefore, nonsignificant GPP results in little difference in growing season plant autotrophic
respiration and the consequent RES, specifically, nongrowing season RES contributes to
the distinct carbon functions in the two alpine wetlands.

Higher carbon sink capacity appears to coincide with higher precipitation, which is
in agreement with previous reports from alpine wetlands [14,19,40]. However, the un-
derlying responses of the two sites are clearly different. Greater precipitation inhibited
carbon dynamics at LHZ while stimulated carbon exchanges at XBH (Figure S5). Specif-
ically, at LHZ, the higher precipitation (536.1 mm versus 439.6 mm) decreased annual
GPP less by 27.5 g C/m2 (645.2 g C/(m2 year) versus 617.7 g C/(m2 year)), compared
to a decrease in RES of 52.6 g C/m2 (699.3 g C/(m2 year) versus 646.7 g C/(m2 year)).
Decreased carbon fluxes might be caused by more waterlogged patches and lower oxygen
availability for soil respiration under higher precipitation [14,17,23]. At XBH, the greater
precipitation (238.8 mm versus 344.7 mm) stimulated increased GPP by 21.8 g C/m2

(584.2 g C/(m2 year) versus 606.0 g C/(m2 year)), compared to an increase in RES of
11.1 g C/m2 (548.7 g C/(m2 year) versus 559.8 g C/(m2 year)). Such a phenomenon indi-
cates that GPP and RES at XBH should be to some extent water-stressed, which agrees well
with previously reported positive relationships between CO2 fluxes and water availability
at the same site from 2012 to 2013 [29]. Indeed, recent studies have suggested that the
response of soil carbon decomposition to water-table manipulation in LHZ is controlled by
ferrous iron, in contrast to the classic “enzyme latch” theory seen in other wetlands [21,48].
Therefore, the different responses of CO2 fluxes to promoted precipitation between peat-
lands and swamplands should be taken into full consideration in predicting the feedback
of alpine wetlands to climate change on the QTP. Further, more extensive and long-term
studies, including those on another potent greenhouse gas, CH4, are required to quantify
the contribution of alpine wetlands to the regional carbon neutrality of alpine wetlands [8].

5. Conclusions

Using two-year continuous measurements from the northeastern Qinghai—Tibet
Plateau, this study revealed that an alpine peatland site acted as a net carbon source,
while an alpine swampland site acted as a net carbon sink. Growing season CO2 fluxes
were predominantly controlled by atmospheric water vapor, while nongrowing season
ecosystem respiration was regulated by site attributes and topsoil temperatures. Ecosystem
respiration, specifically nongrowing season CO2 emissions, potentially accounted for the
distinctly different carbon budgets of the two alpine wetlands. These findings highlight the
crucial role of nongrowing season CO2 dynamics in alpine wetlands, which will positively
feedback to climate change under the context of marked winter warming.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12121695/s1, Table S1: The analysis of variance from the general linear model of monthly
net ecosystem exchange (ln(NEE) with soil temperature (Ts, continuous variable) and site attributes
(Site, categorical variable) during the nongrowing season, Table S2: The Pearson correlation analysis
between annual CO2 fluxes (NEE, RES, GPP) with environmental controls (Ta: air temperature; Vapor:
atmospheric water vapor; Rain: precipitation; Rn: net radiation; Ts: topsoil temperature; EVIsum:
accumulative enhanced vegetation index). Figure S1: The geographic location of the two alpine
wetlands, Figure S2: The relative contributions of environmental controls to variations in the growing
season (a) and the nongrowing season (b) 8-day CO2 fluxes of the two alpine wetlands, Figure S3.
The fitted 8-day CO2 fluxes (NEE: (a, d); RES (b); GPP (c)) in relation to each of the predictors (Rain:
precipitation; Ta: air temperature; Rn: net radiation; Vapor: atmospheric water vapor; Ts: topsoil
temperature; EVI: enhanced vegetation index; Site: categorical variable, LHZ and XBH) used in the
model during the growing season (a, b, c) and nongrowing season (d), Figure S4: The relationship
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between monthly ecosystem respiration (RES) and monthly gross primary productivity (GPP) during
the growing season of the two alpine wetlands (LHZ: Luanhaizi and XBH: Xiaobohu). The shading
areas are 95% confidence intervals, Figure S5: The relationships of annual carbon fluxes and annual
precipitation of the two alpine wetland sites (Xiaobohu: XBH and Luanhaizi: LHZ).
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