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Abstract

Urban wetlands on the Qinghai–Tibetan Plateau are increasingly recognized as potentially
important components of city-scale carbon budgets; however, their CO2 flux dynamics
and associated environmental drivers remain insufficiently quantified, particularly under
high-altitude urban conditions. In this study, we addressed this knowledge gap by con-
ducting continuous eddy covariance observations at Haihu Wetland Park in Xining City,
China. Carbon fluxes were monitored throughout 2023 using the Huangshui Park Station
flux tower. We quantified the temporal dynamics of gross primary productivity (GPP),
ecosystem respiration (Re), and net ecosystem exchange (NEE), and systematically assessed
their responses to key environmental drivers across multiple temporal scales. GPP and Re
exhibited unimodal seasonal patterns, with substantially higher values during the growing
season. NEE showed pronounced diel cycling, with nighttime CO2 release and daytime
uptake, and shifted seasonally between net source and net sink states. At the daily scale
(n = 365), Pearson correlations showed that air temperature (Ta), 5 cm soil temperature
(Ts5) and volumetric soil water content (SWC) exhibited the strongest associations with the
flux components, whereas photosynthetic photon flux density (PPFD) showed moderate
associations and precipitation was weak. At the monthly scale (n = 12), Mantel tests further
highlighted a dominant thermal control on GPP and Re (Ta and Ts5), whereas precipitation
showed additional associations with Re and NEE. Overall, the ecosystem acted as a net
CO2 sink in 2023 (annual NEE = −292.25 g C m−2 yr−1 under our sign convention), with
uptake concentrated in the first eight months of the year. Under the combined effects of
multiple environmental factors, plateau urban wetlands functioned as a strong carbon sink,
and the results of this study provide a data basis for improving the accuracy of carbon
budget estimates for this type of ecosystem.
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1. Introduction
The accelerated pace of global urbanization has driven widespread land-cover conver-

sion worldwide, often replacing high-carbon-sequestration ecosystems (e.g., wetlands and
grasslands) with impervious or intensively managed surfaces, thereby reshaping urban
carbon source–sink dynamics [1–5]. In response to these challenges, urban wetland eco-
logical engineering, which integrates habitat restoration with landscape and hydrological
functions, has been increasingly implemented as a nature-based solution to enhance urban
carbon uptake and climate resilience. Urban wetlands are wetlands embedded within
urban landscapes and influenced by urban hydrology, land use, and human activities [6,7].
As integral components of urban ecosystems, they provide essential ecosystem services,
including carbon sequestration and the regulation of regional carbon cycling [8,9]. Ac-
cordingly, continuous monitoring of ecosystem CO2 exchange and quantification of its
relationships with key environmental drivers have become research priorities for improving
the assessment and management of urban carbon budgets [10].

A variety of methods have been developed to monitor ecosystem carbon exchange [11].
Early studies primarily relied on manual in situ measurements using static chambers cou-
pled with gas chromatography, but such measurements are discontinuous and cannot
capture integrated flux dynamics at ecosystem scales. With advances in micrometeorolog-
ical observations, the eddy covariance (EC) technique has become one of the dominant
approaches for monitoring CO2 exchange [12–15]. The EC technique determines CO2 fluxes
by calculating the covariance between CO2 concentration fluctuations and vertical wind
velocity over a given unit area and time. Owing to its advantages of continuous in situ
observations, minimal disturbance to natural environments, large spatial representative-
ness, and high temporal resolution, EC has been widely applied and has played a critical
role in carbon flux studies of typical terrestrial ecosystems, including forests, grasslands,
and croplands [16]. Consequently, carbon flux research in these terrestrial ecosystems has
become a major focus [17–20].

In addition, the eddy covariance (EC) technique has been widely applied to various
wetland ecosystems (including coastal salt marshes and restored wetlands) as well as urban
ecosystems to quantify CO2 and energy fluxes and to examine their responses to changing
environmental conditions [21]. Syntheses based on multi-site EC observations have further
explored the spatiotemporal variability of CO2 fluxes and their environmental controls
across different wetland types (e.g., coastal wetlands) [22]. In China’s high-altitude natural
wetlands (e.g., alpine and tundra wetlands), long-term EC observations have revealed
clear relationships between net ecosystem exchange (NEE) and key environmental drivers,
including photosynthetically active radiation and soil temperature, offering important
mechanistic insights into carbon cycling processes in high-altitude ecosystems [23]. These
studies demonstrate the effectiveness and broad applicability of EC in monitoring carbon
dynamics in complex ecosystems [24,25]. Moreover, urban greenhouse gas flux networks
based on EC, such as INFLUX, have highlighted the potential of this framework for co-
ordinated, multi-site monitoring of urban carbon sources and sinks, providing a global
perspective and methodological reference for urban carbon cycle research [26].

However, long-term and continuous eddy covariance (EC) observations of plateau
urban wetland ecosystems remain relatively scarce, particularly for urban wetlands on the
Qinghai–Tibetan Plateau, which are highly sensitive to climate change and anthropogenic
influences. The Qinghai–Tibetan Plateau, with an average elevation exceeding 4000 m, is
commonly referred to as the “Third Pole of the World.” Its unique geographical setting
gives rise to distinct climatic conditions, under which organic carbon decomposition
proceeds slowly, allowing large amounts of organic carbon to be preserved in deep soil
layers over long timescales. As a result, the region represents the world’s highest-altitude
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carbon reservoir [27]. In addition, the Qinghai–Tibetan Plateau is rich in wetland resources
and constitutes one of the most important wetland distribution regions in China [28].
However, climate warming has already altered wetland distribution patterns and ecosystem
functioning across the plateau [29–32]. Therefore, under the global change context that
necessitates a reassessment of future carbon storage potential [33], an in-depth investigation
of carbon flux dynamics in urban wetlands on the Qinghai–Tibetan Plateau is of great
significance for understanding regional wetland carbon budgets, carbon cycling, and
carbon mitigation, and also provides a reference for carbon balance assessments of similar
high-altitude urban ecosystems worldwide. This study investigates the spatiotemporal
dynamics of ecosystem carbon fluxes in a plateau urban wetland using eddy covariance
observations from Haihu Wetland Park, Xining. We analyze the responses of carbon flux
components to key environmental drivers and assess the carbon source–sink status of
the ecosystem, providing a basis for carbon budget evaluation in urban wetlands on the
Qinghai–Tibetan Plateau.

2. Materials and Methods
2.1. Overview of the Study Area

This study was conducted in Haihu Wetland Park, Xining, on the northeastern Qinghai–
Tibetan Plateau (Figure 1). The ecosystem eddy covariance observation and research station
operated by the Qinghai Provincial Forestry and Grassland Administration is located
within the park (Huangshui Park Station; 36◦39′13.21′′ N, 101◦41′13.62′′ E).

Figure 1. Geographic location of the eddy covariance (EC) flux tower at Haihu Wetland Park, Xining
City, northeastern Qinghai–Tibetan Plateau, China (36◦39′13.21′′ N, 101◦41′13.62′′ E).

Haihu Wetland Park in Xining is located in the Hehuang Valley on the northeastern
Qinghai–Tibetan Plateau and represents a typical plateau urban wetland ecosystem. The
region is characterized by a plateau semi-arid climate, with relatively low mean annual air
temperatures, pronounced diurnal temperature variations, and generally low precipitation
that is unevenly distributed and mainly concentrated during the warm season. Strong solar
radiation, low-temperature conditions, and distinct seasonal hydrothermal regimes jointly
shape the unique ecological environment of the region. These climatic characteristics tend
to slow organic matter decomposition and play an important role in regulating carbon
accumulation and carbon exchange processes in wetland ecosystems. [34]. The eddy
covariance flux tower is located in the central area of the park. The underlying surface
within the flux source area is heterogeneous, consisting mainly of woodland, grassland,
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and wetland patches. The vegetation is dominated by trees, with Populus cathayana, Salix
babylonica, and Pinus tabuliformis as the major dominant species.

The underlying surface within the flux footprint area is heterogeneous, consisting
mainly of woodland, grassland, and wetland patches. To quantify the flux source area, we
applied the Flux Footprint Prediction (FFP) model [35–37] to estimate cumulative footprints
and identify the 80% flux contribution zone, which exhibited a radial extent of 203–458 m
with directional elongation in the northeast (40–90◦) and southwest (200–260◦) sectors. This
defined the study area as the 80% flux-contributing footprint centered on the flux tower,
ensuring that the EC observations were spatially representative of the land-cover variability
in the park and minimizing uncertainty in the flux measurements.

2.2. Methodology

EC technique was used to quantify ecosystem–atmosphere CO2 exchange and concur-
rent meteorological and soil conditions. The EC system consisted of a three-dimensional
sonic anemometer (WindMaster Pro, Gill Instruments Ltd., Lymington, UK) and an open-
path infrared gas analyzer (LI-7500DS, LI-COR Biosciences, Lincoln, NE, USA), sampling
at 10 Hz. Auxiliary sensors included a PPFD sensor (LI-190R, LI-COR Biosciences, Lincoln,
NE, USA), net radiometer (CNR4, Kipp & Zonen B.V., Delft, The Netherlands), soil heat
flux plate (HFP01, Hukseflux Thermal Sensors B.V., Delft, The Netherlands), soil moisture
probe (Hydro Probe, Campbell Scientific Inc., Logan, UT, USA; installed at 5 cm depth),
air temperature and relative humidity sensor (HMP155A, Vaisala Oyj, Vantaa, Finland),
and tipping-bucket rain gauge (TR-525, Texas Electronics Inc., Dallas, TX, USA) [38,39]. All
variables were averaged over 30 min intervals (local time).

High-frequency raw data from 1 January to 31 December 2023 were processed in
EddyPro (v7.0.9) to compute 30 min turbulent fluxes. Standard corrections were applied,
including planar-fit coordinate rotation, time-lag compensation, frequency-response correc-
tion, and Webb–Pearman–Leuning (WPL) density correction [40,41]. Data gaps and outliers
caused by instrument malfunction or abnormal meteorological conditions were identified
and removed following objective criteria, and remaining gaps were subsequently filled to
generate continuous time series [42]. Flux quality was screened using EddyPro diagnos-
tic flags and quality flags (Foken classes) [43,44]. Post-processing and aggregation were
conducted in Tovi (v2.8.1) for quality-control screening, visual inspection, and gap filling.
Fluxes were removed when: (i) instrument diagnostic flags indicated malfunction; (ii) val-
ues equaled the missing-value flag (e.g., −9999); or (iii) flux quality fell below the accepted
level (i.e., records flagged as quality class 2). Visual inspection was used only as a secondary
check to confirm periods affected by instrument issues or abnormal meteorological events.
A friction velocity (u*) threshold was determined from grouped nighttime data using the
empirical quantile approach [45,46]. Nighttime was defined as PPFD < 10 µmol m−2 s−1.
Thresholds were estimated separately by season (defined following the meteorological
convention: winter (DJF, December–February), spring (MAM, March–May), summer (JJA,
June–August), and autumn (SON, September–November)) and the final site-specific u*
threshold was set to 0.197 m s−1. Flux records with u* below this threshold were excluded
and subsequently gap-filled using the methods described in Section 2.3.

2.3. Data Handling

Data gaps in 30 min NEE were filled using commonly applied empirical response
functions, with separate schemes for nighttime and daytime periods. For nighttime
(PPFD < 10 µmol m−2 s−1) under sufficient turbulence (u* ≥ 0.197 m s−1), we fitted an ex-

https://doi.org/10.3390/atmos17020219

https://doi.org/10.3390/atmos17020219


Atmosphere 2026, 17, 219 5 of 19

ponential temperature–respiration relationship separately for the growing and non-growing
seasons [47]:

NEEnight = a × exp(b × Ta) (1)

Parameters a and b, which are fitted based on quality-controlled data, were determined
using seasonal thresholds defined according to local meteorological conventions, with Ta

representing air temperature (◦C). At night, photosynthesis is negligible and nighttime
NEE is assumed to approximate Re. The fitted relationship was therefore used to predict
missing nighttime NEE and to provide respiration estimates for flux partitioning.

For daytime periods during the growing season, missing NEE values were filled
using a rectangular hyperbolic light response (Michaelis–Menten) function [48], with sea-
sonal variation taken into account by fitting parameters monthly using quality-controlled
daytime data:

NEEday = −
(
α × PPFD × Pmax

α × PPFD + Pmax

)
+ Rd (2)

where α is the apparent quantum yield, PPFD is photosynthetic photon flux density
(µmol m−2 s−1), Pmax is the maximum photosynthetic capacity (µmol m−2 s−1), and Rd

is daytime respiration (µmol m−2 s−1). Parameters were fitted on a monthly basis using
quality-controlled daytime data, and the fitted function was used to predict NEE for time
steps with missing daytime observations.

The gap-filling criteria, including the u* threshold of 0.197 m s−1, were selected based
on the method established by Foken et al. (2004) and validated with data from prior studies
in similar ecosystems [45,49]. This threshold value was chosen to exclude data points
with insufficient turbulence, as such conditions may lead to inaccurate flux measurements.
These parameters were explicitly validated through visual inspection of the quality flags
and flux diagnostic tools in EddyPro (v7.0.9), ensuring the results were representative
and reliable. Additionally, a more stringent gap-filling method was applied in periods of
high-frequency noise, ensuring that data consistency was maintained.

We adopted the standard sign convention in which NEE < 0 µmol m−2 s−1 indicates
net CO2 uptake (carbon sink) and NEE > 0 µmol m−2 s−1 indicates net CO2 release (carbon
source). Under nighttime conditions (PPFD < 10 µmol m−2 s−1) and sufficient turbulence
(u* ≥ 0.197 m s−1), photosynthesis is negligible (GPP ≈ 0) and thus nighttime NEE can
be approximated as Re. We fitted a temperature–respiration response function to quality-
screened nighttime data using air temperature (Ta), with parameters estimated separately
for each season. Ecosystem respiration for all time steps (including daytime) was then
estimated by predicting Re from the fitted response function using the corresponding
temperature at each 30 min time step [50]. Finally, GPP was obtained by flux partitioning
based on:

NEE = Re − GPP (3)

Rearranging Equation (3) yields:

GPP = Re − NEE (4)

where NEE, Re, and GPP are all expressed in units of µmol m−2 s−1.
During energy transfer processes within ecosystems, net radiation (Rn) was defined as

positive for downward (toward the surface) radiative fluxes and negative for upward fluxes.
The energy balance equation for eddy covariance flux measurements can be expressed as
follows [39]:

Rn − G − S − Q = H + LE (5)

https://doi.org/10.3390/atmos17020219

https://doi.org/10.3390/atmos17020219


Atmosphere 2026, 17, 219 6 of 19

In Equation (5), Rn is net radiation, G is soil heat flux, S denotes heat stored within
the canopy, Q summarizes other minor storage terms, H is sensible heat flux, and LE is
latent heat flux. In practical observations, the magnitudes of S and Q are relatively small
and were therefore neglected. Under this assumption, the energy balance equation can be
simplified as follows:

Rn − G = H + LE (6)

In Equation (6), Rn − G represents the available energy, while H + LE is referred to
as turbulent energy. When the available energy equals the turbulent energy, the energy
balance is considered closed; otherwise, a lack of closure is indicated. After quality control
and data processing, linear regression of (H + LE) against (Rn − G) yielded a slope of 0.89,
indicating a satisfactory level of energy balance closure in this study.

2.4. Statistical Methods

Carbon flux data were processed and analyzed using Microsoft Excel, EddyPro (v7.0.9),
Tovi (v2.8.1), and Origin (2025b). Statistical analyses, including Pearson correlation anal-
ysis and Mantel tests, were performed using Chiplot Online (https://www.chiplot.com
(accessed on 8 February 2026)), a web-based tool for statistical analysis. Pearson corre-
lation analysis was performed at the daily scale using daily means (n = 365 after gap
filling) to quantify linear associations between carbon flux components (GPP, Re, and NEE)
and environmental variables. Mantel tests were conducted at the monthly scale (n = 12)
using monthly aggregated data to reduce high-frequency noise and emphasize seasonal
covariation patterns between fluxes and environmental conditions. Euclidean distance
matrices were constructed for both sets, and the Mantel test was performed using Euclidean
distances for both matrices. Significance was assessed using 999 permutations, and Mantel
p-values are reported in the text and visualized using color coding.

3. Results
3.1. Temporal Variability of Gross Primary Productivity (GPP)
3.1.1. Diurnal Variation of GPP

GPP exhibited a pronounced diurnal cycle, peaking around midday and approaching
zero at night when photosynthesis is negligible due to the absence of light. The monthly
mean diurnal cycles of GPP were derived from the 2023 half-hourly estimates by averaging
GPP at the same time of day within each month (Figure 2). GPP showed a pronounced
diurnal cycle, with an inverted V-shaped curve, peaking around midday and approaching
zero at night, when photosynthesis is negligible due to the absence of light. The annual
maximum of the monthly mean diurnal peak occurred in September (21.86 µmol m−2 s−1).
To further characterize seasonal differences, we estimated the mean daily photosynthetically
active duration as the period when GPP > 0 µmol m−2 s−1. The growing season showed a
longer duration than the non-growing season (11.8 h vs. 9.0 h on average), with the longest
durations in June–July (13 h) and the shortest in January (7 h). Duration alone does not
quantify photosynthetic strength or cumulative carbon uptake; nevertheless, it provides
complementary evidence for seasonal variation in GPP. Notably, a longer active duration
did not necessarily coincide with a higher diurnal peak. Although the photosynthetically
active duration in May was longer than in October, the diurnal peak GPP was lower, which
aligns with the relatively less favorable light and temperature conditions in May compared
to October.
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Figure 2. Monthly mean diurnal cycles of gross primary productivity (GPP) during the growing
season (a) and non-growing season (b) at Haihu Wetland Park, Xining, northeastern Qinghai–Tibetan
Plateau. Monthly mean values (symbols) were derived from half-hourly observations by averaging
GPP at the same time of day within each month. Shaded areas represent ±1 standard deviation (SD),
reflecting day-to-day variability within each month.

3.1.2. Annual Dynamics of GPP

GPP followed a distinct annual cycle, rising from late winter into spring, reaching
a midsummer maximum and declining towards winter (Figure 3). The values remained
consistently low during approximately DOY 1–90, increased through the main growing
period (approximately DOY 90–240), and then decreased during autumn and early winter
(approximately DOY 240–360), returning to levels similar to those observed at the beginning
of the year. This temporal evolution agrees with the monthly patterns shown in Figure 2.
The daily mean GPP peaked at 9.25 µmol m−2 s−1 (Figure 3), corresponding to the period
of highest vegetation activity. To capture the dominant intra-annual periodicity, we fitted
a sinusoidal function to the daily mean GPP series derived from quality-screened 30 min
observations. Where x represents the day of the year (DOY; 1–365), the fitted model was:
GPP = 4.62 − 2.45 sin(2πx/365 + 0.98). The model explained 71% of the variance (R2 = 0.71),
indicating that a single annual harmonic captures most of the seasonal signal in GPP at
this site.

 
Figure 3. Annual variation in gross primary productivity (GPP) at Haihu Wetland Park, Xining,
northeastern Qinghai–Tibetan Plateau. Open circles represent observed daily mean GPP values. The
solid red line represents the fitted sinusoidal model (GPP = 4.62 − 2.45 sin(2πx/365 + 0.98)), and the
dashed line denotes the modeled GPP. The model explains 71% of the variance (R2 = 0.71).
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3.2. Temporal Variability of Ecosystem Respiration (Re)
3.2.1. Diurnal Variation of Re

Re showed clear diurnal variability, with greater short-term variability at night in the
growing season compared to the daytime. In the growing season (Figure 4a), after sunrise,
Re increased steadily, reached a clear maximum at approximately 16:00 local time, and
then decreased toward evening. In the non-growing season (Figure 4b), Re was lower
in magnitude throughout the day and varied more among months, yet the diel signal
remained evident: Re increased after sunrise and attained its daily maximum near 20:00,
several hours later than in the growing season. The highest monthly mean diurnal peak
of Re in the growing season occurred in October (8.0 µmol m−2 s−1), whereas the peak
Re during the non-growing season occurred in November (4.2 µmol m−2 s−1). Seasonal
differences were also apparent in the magnitude of Re, which followed the order: mid-to-
late growing season (July–October) > early growing season (June) > transitional months
(May and November) > deep winter (January, February, and December).

  
(a) (b) Figure 4. Monthly mean diurnal cycles of ecosystem respiration (Re) during the growing season (a)
and non-growing season (b) at Haihu Wetland Park, Xining, northeastern Qinghai–Tibetan Plateau.
Monthly mean values (symbols) were derived from half-hourly observations by averaging Re at the
same time of day within each month. Shaded areas represent ±1 standard deviation (SD), reflecting
day-to-day variability within each month.

3.2.2. Annual Dynamics of Re

Re showed a clear seasonal cycle, rising from low values early in the year to an annual
maximum around DOY 300 and then dropping sharply toward winter (Figure 5). Re
increased overall during the first approximately 300 days and peaked near DOY 300 at
about 9.93 µmol m−2 s−1. After the peak, Re declined rapidly and returned to levels
comparable to those at the start of the year. This pattern aligns with the expected contrast
between the growing and non-growing seasons. From spring into summer, Re generally
increased alongside rising air temperature and radiation. From spring to summer, Re
generally increased with rising air temperature and radiation, and elevated Re persisted
into autumn. As late autumn approached, Re reached its peak, and then declined to its
annual minimum following the onset of winter. To describe the temporal variability in Re,
we fitted a sinusoidal function to the daily mean Re time series derived from the quality-
controlled 30 min data. With x denoting day of year (DOY; 1–365), the fitted equation
was: Re = 3.8 − 2.27 sin(2πx/365 + 0.72). The model explained a substantial portion of the
intra-annual variability (R2 = 0.62), indicating that a single seasonal harmonic captures the
dominant annual pattern of Re at this site.
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Figure 5. Annual variation in ecosystem respiration (Re) at Haihu Wetland Park, Xining, northeastern
Qinghai–Tibetan Plateau. Open circles represent observed daily mean Re values. The solid blue line
represents the fitted sinusoidal model (Re = 3.80 − 2.27 sin(2πx/365 + 0.72)), and the dashed line
denotes the modeled Re. The model explains 62% of the variance (R2 = 0.62).

3.3. Temporal Variability of Net Ecosystem Exchange (NEE)
3.3.1. Diurnal Variation of NEE

NEE exhibited a pronounced diurnal pattern, with a midday trough indicating net
CO2 uptake, which then shifted to net CO2 release in the early evening. In the non-growing
season, a similar diurnal pattern was observed, but with a shorter daytime uptake window.
NEE typically transitioned from positive to negative values between 08:00 and 10:00,
with the daily minimum occurring around midday (10:00–13:00). In the late afternoon
(17:00–18:30), NEE returned to positive values, marking a shift to net CO2 release. Figure 6
illustrates the monthly mean diurnal pattern of NEE in 2023. The pattern was U-shaped
in most months, with NEE reaching its daily minimum (most negative values) from late
morning to early afternoon and progressively increasing in the evening (17:30–18:30),
indicating a shift to net CO2 release. In the non-growing season, the daytime uptake period
was shorter, and the daily minimum occurred around midday (11:00–13:00), but the overall
diurnal cycle remained similar to the growing season.

  
(a) (b) Figure 6. Monthly mean diurnal cycles of net ecosystem exchange (NEE) during the growing

season (a) and non-growing season (b) at Haihu Wetland Park, Xining, northeastern Qinghai–Tibetan
Plateau. Monthly mean values (symbols) were derived from half-hourly observations by averaging
NEE at the same time of day within each month. Shaded areas represent ±1 standard deviation (SD),
reflecting day-to-day variability within each month. Negative NEE values indicate net CO2 uptake,
whereas positive values indicate net CO2 release.
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3.3.2. Annual Dynamics of NEE

NEE followed a bimodal annual pattern, with transitions between net CO2 sink and
source (Figure 7). During DOY 1–90, NEE trended upward and became positive, indicating
net CO2 release in late winter to early spring when GPP remained low. From DOY 90 to
180, NEE crossed into negative values and declined further, reaching its annual minimum
(strongest uptake) between DOY 150 and 180. Between DOY 180 and 270, NEE became less
negative, indicating a weakened (but persistent) sink during summer. From DOY 270 to 360,
NEE increased sharply, turned positive around DOY 300, and reached its annual maximum,
indicating peak net carbon release. In autumn, Re increased while GPP decreased, leading
to a temporary shift of the ecosystem to net carbon release. This increase in Re is consistent
with the Re maximum observed in October.

 
Figure 7. Annual variation in net ecosystem exchange (NEE) at Haihu Wetland Park, Xining, north-
eastern Qinghai–Tibetan Plateau. Negative values indicate net CO2 uptake (carbon sink), and positive
values indicate net CO2 release (carbon source).

3.4. Dynamics of Environmental Factors

In 2023, radiation, temperature, and soil moisture exhibited marked seasonal variabil-
ity at the site (Figure 8). PPFD increased from spring to midsummer and then declined,
forming an inverted V-shaped annual trajectory. Monthly mean PPFD reached its maximum
in July (574.3 µmol m−2 s−1) and remained much lower in winter (≈200 µmol m−2 s−1

on average). The PPFD record also showed intermittent short-term excursions from the
seasonal curve, with several of these occurring during periods with precipitation and
greater cloudiness. Air temperature followed a coherent annual cycle. The mean Ta was
8.24 ◦C. The monthly maximum of daily Tmax occurred in July (31.98 ◦C), and the monthly
minimum of daily Tmin occurred in January (−28.6 ◦C). Ts5 varied in phase with Ta, peak-
ing in July (22.93 ◦C) and reaching a minimum in January (−5.1 ◦C). Across the year, Ts5

was slightly higher than Ta, indicating a small but persistent offset between near-surface
soil and air temperatures. Curve fits to the temperature indices yielded a unimodal sea-
sonal form, characterized by spring warming, a summer peak, and cooling toward winter.
SWC also showed a clear seasonal progression. Values were relatively high but more
variable in spring and summer, increased into autumn, and peaked around DOY ~300
before decreasing to winter minima. Precipitation occurred mainly in late spring and early
summer, whereas winter was largely dry. The flux-tower rain gauge recorded 121.8 mm of
precipitation in 2023, with rainfall concentrated in a limited seasonal window and occurring
primarily as discrete, high-intensity events.
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Figure 8. Annual dynamics of environmental variables at Haihu Wetland Park, Xining, northeastern
Qinghai–Tibetan Plateau: (a) photosynthetic photon flux density (PPFD); (b) air temperature (Ta),
daily maximum air temperature (Tmax), daily minimum air temperature (Tmin), and soil temperature
at 5 cm depth (Ts5); (c) volumetric soil water content (SWC); and (d) precipitation.

4. Discussion
4.1. Mechanisms of Environmental Controls on NEE, GPP, and Re

Carbon flux dynamics in urban ecosystems are jointly influenced by natural and an-
thropogenic factors, among which water and thermal conditions are generally regarded
as the key environmental drivers regulating carbon exchange processes [51]. Although
the study area is located within an urban setting, its climatic conditions and ecological
processes still exhibit pronounced characteristics of alpine environments. Therefore, car-
bon exchange processes in this urban wetland can be reasonably compared with those
observed in alpine grassland and wetland ecosystems. Pearson correlation analysis based
on daily means (n = 365) revealed varying associations between environmental variables
and carbon flux components (Figure 9a). GPP was positively correlated with Re (r = 0.81,
p < 0.001). In contrast, NEE was weakly but significantly negatively correlated with GPP
(r = −0.32, p < 0.001), indicating that higher GPP tended to be associated with stronger net
CO2 uptake under our sign convention. In contrast, Re showed a weak positive correlation
with NEE (r = 0.30), suggesting that respiration may partially offset increases in net uptake
associated with higher GPP. This offset effect is consistent with the relatively weak pairwise
correlations of NEE to individual environmental factors, as NEE represents the integrated
outcome of the combined responses of GPP and Re [52,53]. Among the examined envi-
ronmental variables, temperature showed the strongest associations with the carbon flux
components [54,55]. Both Ta and Ts5 were significantly and positively correlated with GPP
and Re. Compared with Ta, Ts5 exhibited stronger correlations with GPP (r = 0.79) and Re
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(r = 0.71), which is consistent with previous findings that soil temperature is often more
closely linked to carbon flux dynamics. These results further suggest the importance of soil
thermal conditions for variations in carbon flux components [56]. PPFD showed positive
correlations with GPP and Re and a weak negative correlation with NEE; however, the
correlation coefficients were relatively low, indicating limited explanatory power in carbon
flux components. This pattern may be attributed to the generally sufficient solar radiation
conditions in alpine regions, suggesting that PPFD may not be a primary limiting factor for
GPP at the daily scale in the study area. Precipitation exhibited weak and non-significant
correlations with carbon flux components (|r| < 0.15), whereas SWC showed moderate
positive correlations with GPP (r = 0.44), Re (r = 0.62), and NEE (r = 0.44). This difference
likely reflects the constrained evapotranspiration capacity in alpine environments, where
the impacts of short-term precipitation events on soil moisture dynamics and vegetation
physiological processes tend to be delayed [57]. In contrast, SWC more directly reflects
soil microbial activity and root physiological processes, and may therefore be more closely
associated with variations in flux components.

 
(a) (b) 

Figure 9. Relationships between environmental variables and carbon flux components at Haihu
Wetland Park, Xining, northeastern Qinghai–Tibetan Plateau. (a) Pearson correlation matrix based on
daily mean values (n = 365). Significance levels are denoted as * p < 0.05, ** p < 0.01, and *** p < 0.001.
(b) Mantel test results based on monthly aggregated data (n = 12). Pearson significance levels are
denoted as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Line colors indicate Mantel test
significance (blue, p ≤ 0.001; green, 0.001 < p ≤ 0.01; red, 0.01 < p ≤ 0.05; grey, p > 0.05); line types
indicate the direction of association (solid, positive; dashed, negative); and line widths indicate
Mantel r values (r ≥ 0.5, 0.25 ≤ r < 0.5, r < 0.25). Euclidean distance matrices were used for both
carbon flux components and environmental variables.

To reduce high-frequency noise and emphasize seasonal covariation, we conducted
Mantel tests on monthly aggregated data (n = 12) (Figure 9b), which evaluate the cor-
respondence between distance matrices of carbon flux components and environmental
variables. The Mantel results further supported a dominant thermal control, with additional
precipitation-related effects at the monthly scale. Specifically, GPP exhibited significant
Mantel associations with Ta (Mantel’s r = 0.733, p = 0.001) and Ts5 (Mantel’s r = 0.782,
p = 0.001), whereas precipitation and SWC were not significant (p > 0.05), which may
indicate that moisture effects were more apparent at the daily scale than in month-to-
month distance-based comparisons. Re also showed significant Mantel correlations with
Ts5 (r = 0.573, p = 0.001) and Ta (r = 0.539, p = 0.004), and additionally with precipitation
(r = 0.513, p = 0.005), implying that precipitation may modulate respiration at the monthly
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scale, likely via changes in substrate availability and moisture conditions. In contrast,
NEE showed a significant Mantel relationship only with precipitation (r = 0.427, p = 0.045)
while associations with temperature, PPFD, and SWC were not significant (p > 0.05), con-
sistent with NEE being a net balance variable that integrates opposing responses of GPP
and Re. Taken together, the daily-scale Pearson results and monthly-scale Mantel tests
suggest that temperature is the dominant control on GPP and Re, whereas precipitation
can additionally modulate respiration and the net carbon balance at the monthly scale.
This pattern is broadly consistent with the hydrothermal coupling mechanism reported for
alpine ecosystems [58].

In addition to hydrothermal controls, the biogeochemical status of urban wetland
soils—shaped by macro- and micronutrient availability, trace metal inputs, and enzyme-
mediated microbial processes—may influence carbon turnover and soil CO2 emissions [59].
However, because nutrient concentrations, trace metals, and soil enzyme activities were
not measured in this study, these mechanisms cannot be directly tested with our current
dataset and should be considered as plausible explanations rather than quantified drivers.
Future work combining flux observations with stratified soil sampling across dominant
land-cover types within the footprint (e.g., woodland, grassland, and wetland patches)
and analyses of nutrients, metal contents, and key carbon-degrading enzymes would
help to evaluate whether biogeochemical “hotspots” contribute to the observed seasonal
source–sink transitions.

Pearson correlation analysis indicated that temperature and SWC were key environ-
mental factors associated with variability in carbon flux components in the study area,
while Mantel tests further showed stronger associations between Ta, Ts5, and the flux com-
ponents. In addition, nonlinear fits between Ta, Ts5, and carbon flux components provided
quantitative support for temperature as a major correlate of flux variability. As shown
in Figure 10, GPP exhibited a pronounced sigmoidal (S-shaped) response to both Ta and
Ts5 [60]. When Ta or Ts5 was below 5 ◦C, GPP was strongly suppressed and approached its
minimum values, indicating limitation under low temperatures. In the intermediate range
(5–15 ◦C), GPP increased rapidly, consistent with enhanced vegetation physiological activity
at warmer temperatures. When Ta or Ts5 exceeded 15 ◦C, GPP entered a high-temperature
saturation phase, during which further temperature increases produced only marginal
increases in GPP. This non-linear temperature response pattern, in which GPP reaches an
optimum and saturates or declines at high temperatures, has been widely observed across
eddy covariance flux towers, where the apparent optimum air temperature for photosyn-
thesis provides a key constraint on GPP responses to thermal conditions. Re responses to
Ta and Ts5 followed a quadratic relationship, showing broadly similar trends to GPP but
with more gradual increases and an apparent leveling-off tendency at higher temperatures.
In contrast, the relationships between NEE and Ta or Ts5 exhibited a distinct nonlinear opti-
mum pattern: with increasing temperature, NEE did not change monotonically but instead
became least negative (approaching zero or becoming positive) within an intermediate
temperature range, indicating weakened sink strength and, in some cases, a temporary
shift toward a CO2 source. This nonlinear response of NEE may reflect differences in the
temperature sensitivities of GPP and Re [61]. Under low-temperature conditions, both GPP
and Re were limited and NEE was generally negative, indicating net CO2 uptake under our
sign convention. As temperature increased, Re appeared to be more temperature-sensitive
than GPP [10,62], and enhanced respiration partially offset carbon uptake, leading to a
weakened sink or a temporary source. At higher temperatures, increases in photosynthetic
capacity were associated with periods when GPP exceeded Re, and the ecosystem reverted
to a net CO2 sink. This nonlinear temperature dependence of NEE was also evident at the
annual scale. During DOY 150–270 (approximately June–September), Ta and Ts5 reached
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relatively high levels; however, NEE became less negative during this period. Together,
these results suggest that temperature influences seasonal transitions between CO2 sink
and source states primarily by altering the relative magnitudes of GPP and Re, rather than
through a simple linear enhancement of fluxes.

  
(a) (b) 

Figure 10. Relationships between (a) air temperature (Ta) and (b) soil temperature at 5 cm depth
(Ts5) and gross primary productivity (GPP), ecosystem respiration (Re), and net ecosystem exchange
(NEE) at Haihu Wetland Park, Xining, northeastern Qinghai–Tibetan Plateau. Curves represent fitted
nonlinear relationships. Red circles represent GPP, blue diamonds represent Re, and green triangles
represent NEE.

4.2. Carbon Source-Sink Characteristics Analysis

Based on the partitioned fluxes, monthly totals (g C m−2 month−1) of GPP, Re, and
NEE were calculated for 2023 (Figure 11). GPP was substantially higher during the growing
season (June–October) but remained low during the non-growing season. Notably, Re
maintained measurable values even in winter, suggesting persistent biological activity of
soil microorganisms under cold conditions [59]. Re reached its maximum monthly total
in October (249.2 g C m−2 month−1), substantially exceeding summer values, which is
consistent with enhanced ecosystem respiration associated with litter inputs and decompo-
sition processes in autumn [63]. NEE was negative in most months, suggesting that the
study area functioned as a carbon sink (net CO2 uptake) for much of the year. Overall,
the cumulative net carbon uptake in 2023 was 292.25 g C m−2 yr−1, indicating that the
ecosystem acted as a strong annual carbon sink. This sink strength was substantially greater
than that reported for alpine shrublands in northern Tibet (5.56 g C m−2 yr−1) [64], likely
reflecting differences in ecosystem type, surface characteristics, and soil organic carbon
content within the flux footprint. Clear month-to-month transitions between carbon sink
and carbon source states were also evident. From January to August, the ecosystem acted
as a carbon sink, accounting for 88.5% of the annual net uptake, with the strongest monthly
uptake occurring in June (68.1 g C m−2 month−1), primarily driven by high GPP in early
summer. The ecosystem shifted to a carbon source in September, and carbon release peaked
in October (50.18 g C m−2 month−1). This reversal likely reflects a much stronger increase
in Re than in GPP during autumn [65], which reversed the carbon balance and caused
the transition from a carbon sink to a carbon source. In November and December, the
ecosystem shifted back to a carbon sink, coinciding with decreased Re, leading to another
change in the sink–source behavior.
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Figure 11. Monthly cumulative sums of gross primary productivity (GPP), ecosystem respiration (Re),
and net ecosystem exchange (NEE) at Haihu Wetland Park, Xining, northeastern Qinghai–Tibetan
Plateau. Negative NEE values indicate net carbon uptake, whereas positive values indicate net
carbon release.

5. Conclusions
This study used eddy covariance observations from Haihu Wetland Park to quantify

the temporal dynamics of GPP, Re, and NEE in an urban wetland ecosystem in Xining, and
to examine their associations with key environmental drivers. The main conclusions are
as follows:

(1) Figures 2–7 show that GPP, Re, and NEE exhibited pronounced diurnal and seasonal
variability. At the diurnal scale, both GPP and Re displayed generally unimodal
patterns, with higher peak values during the growing season than during the non-
growing season, while NEE was characterized by nocturnal CO2 release and daytime
uptake. At the annual scale, GPP and Re followed unimodal seasonal trajectories,
whereas NEE exhibited a bimodal pattern, indicating clear seasonal transitions be-
tween net CO2 source and sink states.

(2) As shown in Figures 8–10, At the daily scale, Pearson correlation analysis indicated
that temperature (Ta and Ts5) and SWC were the strongest correlates of variability
in carbon flux components, whereas PPFD showed moderate associations and pre-
cipitation was weak. At the monthly scale, Mantel tests indicated strong thermal
associations with GPP and Re (Ta and Ts5), and precipitation was additionally as-
sociated with Re and NEE, while SWC was not significant. Both Ta and Ts5 were
significantly and positively correlated with GPP and Re, with stronger correlations for
Ts5, suggesting that soil temperature (Ts5) may better track variability in ecosystem
carbon exchange than air temperature (Ta). Nonlinear fits were consistent with these
patterns. GPP exhibited a sigmoidal response to both Ta and Ts5, showing strong
suppression at low temperatures, a rapid increase over an intermediate temperature
range, and diminishing gains at higher temperatures. Re increased nonlinearly with
Ta and Ts5 but more gradually, while NEE exhibited a nonlinear optimum response.
Overall, carbon exchange at this site was most strongly associated with combined hy-
drothermal conditions, and seasonal source–sink transitions were broadly consistent
with seasonal temperature dynamics.

(3) According to Figure 11, the study area functioned overall as a net carbon sink, with
an annual net carbon uptake of 292.25 g C m−2 yr−1. Net carbon sequestration was
concentrated between January and August, whereas the ecosystem temporarily shifted
to a net carbon source during September–October when increases in Re outpaced
those in GPP.
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We note that our inference on hydrothermal regulation is based on the environmental
variables measured at the flux tower; unmeasured biogeochemical factors (e.g., nutrients,
metals, and enzyme activities) may additionally modulate respiration dynamics in this
urban wetland and therefore warrant further investigation. It should also be acknowledged
that the hydrothermal controls and annual carbon sink behavior identified in this study are
derived from observations at a single urban wetland site over a single year. Interannual
climate variability, extreme weather events, and site-specific factors related to urban man-
agement and land-cover composition may lead to different carbon flux responses in other
years or locations. Accordingly, while our results provide robust process-level evidence for
hydrothermal regulation at this site, their generalization to other urban wetlands or longer
temporal scales should be made with caution. Multi-year and multi-site eddy covariance
observations are required to further evaluate the consistency and broader applicability
of these patterns. From an applied perspective, this study provides empirical constraints
and process-level evidence for urban wetland carbon flux research, contributing to more
accurate carbon budget estimation, improved interpretation of eddy covariance observa-
tions, and enhanced understanding of carbon source–sink dynamics in urban wetland
ecosystems, particularly in high-altitude regions.
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Abbreviations
The following abbreviations are used in this manuscript:

GPP Gross Primary Productivity
Re Ecosystem Respiration
NEE Net Ecosystem Exchange
Ta Air Temperature
Ts5 Soil Temperature at 5 cm (Depth)
Tmax Monthly Maximum of Daily Tmax

Tmin Monthly Minimum of Daily Tmin

SWC Volumetric Soil Water Content
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PPFD Photosynthetic Photon Flux Density
EC Eddy Covariance
WPL Webb–Pearman–Leuning (Correction)
Rn Net Radiation
G Soil Heat Flux
S Canopy Heat Storage
Q Other Minor Storage Terms
H Sensible Heat Flux
LE Latent Heat Flux
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