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Abstract: Mediterranean mountain grasslands, including the Pyrenees, are highly vulnerable to
climate change, due to the increasing temperatures and heat weaves frequency, among other fac-
tors. However, the effects of the increased temperatures on CO2 fluxes in those ecosystems have
been barley explored. To address this gap of knowledge, we established the FLUXPYR-ECOFUN
micrometeorological flux network, which included three eddy covariance flux stations in grasslands
along a management and a climatic gradient (montane to subalpine) at the Pyrenees; we aimed at
assessing interactions among environmental and phenological drivers on CO2 fluxes, with special
attention at the role of temperature as CO2 flux driver under the different climatic and management
conditions across the studied gradient. Our results showed that temperature drove CO2 dynamics
along the studied gradient in different ways. At the subalpine grassland net CO2 uptake was lin-
early enhanced by temperature and CO2 fluxes had not reached a temperature shifting point yet
(according to the segmented linear models) at which the net uptake would become CO2 emissions.
This suggests that in the short term, and under the incoming enhanced temperatures, sub-alpine
grasslands in the Pyrenees might increase their net CO2 uptake, although the mid long-term uptake
may be compromised. On the contrary, the montane grasslands already presented CO2 emissions
at the highest temperatures, most likely driven by a decrease in the greenness and photosynthesis,
which suggests that montane grasslands are expected to reduce their CO2 sink capacity under the
increasing temperatures. Overall, mountain grasslands in the mid- to long-term in the Pyrenees may
experience a reduction in their net CO2 uptake capacity under the current climate change scenario.

Keywords: climatic gradient; management; mountain grasslands; net ecosystem CO2 exchange; temperature

1. Introduction

Globally, two-thirds of agricultural lands are grasslands devoted to forage crops
and/or direct grazing by livestock [1]. Nevertheless, the range of management and climatic
conditions encompassed under the term grasslands is extremely wide, as well as the CO2
dynamics associated with each grassland type [2,3]. Similarly, the magnitude of the climate
change effects may be widely heterogeneous, and the effects of the temperature increase on
the CO2 fluxes will be particularly different for each grassland type.

In this regard, ecosystem scale CO2 fluxes of Mediterranean mountain grasslands,
including those in the Pyrenees, have been barley explored, even though this a is a highly
vulnerable area to climate change [4]. The mean annual temperature in the Pyrenees has
already increased above the global average, and there has been an increase in the heatwave
frequency [5]. Furthermore, the productivity of Mediterranean grasslands is already among
the lowest in Europe [6], due to important water constraints in combination with the high
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temperatures [7], which are specially accused during the summer. All these factors are
threatening the ecosystem services of Mediterranean mountain grasslands, especially those
related to productivity, CO2 net uptake, and carbon storage [8,9].

However, while information on ecosystem scale CO2 fluxes of grasslands [2,10,11] and
forage crops [12–14] of central and northern Europe is rather abundant, such information is
very scarce in the context of Mediterranean mountains [4]. Indeed, the studies that have
reported ecosystem scale CO2 fluxes from Mediterranean grasslands are generally from
the lowland, dry grasslands, or oak savannas [15–20]. Those studies have highlighted
the relevance of high temperatures and water availability as constrainers of CO2 fluxes in
these systems, by decreasing both gross primary production but also ecosystem respiration.
Mediterranean mountain grasslands are a priori less constrained by water availability
and extremely high temperatures than lowland systems, but might be quite sensitive to
temperature increases [21].

In this context, we aim at (1) assessing interactions among environmental and pheno-
logical drivers on CO2 fluxes along a climatic (from montane to sub-alpine) and manage-
ment (intensive and extensive) gradient, with special attention to (2) unravelling the role of
temperature as driver of the CO2 fluxes under the different climatic and management condi-
tions across the studied gradient. For this, we used data from three eddy covariance flux sta-
tions of the Pyrenees, within the FLUXPYR project (https://ecofun.ctfc.cat/fluxpyr/eng/,
accessed on 9 October 2022). The FLUXPYR project (2009–2012) established a European
cross-border micrometeorological flux network for the determination and management
of water, carbon and energy fluxes, and stocks in agricultural and grassland ecosystems
of the Pyrenees. It is here that we present the first long-term (27 site years) dataset of
ecosystem-scale CO2 fluxes from eddy covariance flux stations of the Pyrenees.

2. Materials and Methods
2.1. Study Sites

The study sites are three mountain grasslands distributed along a climatic (altitudinal)
and a management gradient in the Eastern Pyrenees (Figure 1). Our study sites range from
the montane (RIART, 1003 m a. s. l, and BERT, 1275 m a. s. l), to the sub-alpine (CAST
2000 m a. s. l.) zones. Traditionally, the montane sites are under a sub-Mediterranean cli-
mate, with warm summers and relatively mild winters, while the subalpine site has typical
boreal climate, with rainy summers and cold winters (Figure 2 and Table 1). However, the
climate is rapidly changing in the region. During the study period, which is approximately
one decade, mean annual temperatures have already increased around 1.5 ◦C in our study
sites, and although there is a certain interannual variability, the increasing tendency is clear
(Figure 3).

Management regimes range from intensively to extensively managed (Table 1). RIART
is the most intensively managed site, holding a mixed crop-livestock farming system, which
combines the growth of annual forage crop species with direct grazing of beef cattle during
the fallow period. Sown forage crop species alternate cereals grown in monoculture and
cereal-legume mixtures, all of them sown and harvested annually [22]. On the other hand,
BERT and CAST are extensively managed grasslands [23], seasonally grazed by cattle
(BERT), and by cattle and sheep (CAST).

https://ecofun.ctfc.cat/fluxpyr/eng/
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Figure 1. From left to right: Location of the study sites (source of the map: Institut Cartogràfic i 
Geològic de Catalunya, https://www.icgc.cat/, accessed on 10 January 2021); aerial view (source: 
googlemaps); and pictures of the eddy covariance flux stations (source: Laboratory of Functional 
Ecology and Global Change (ECOFUN), http://ecofun.ctfc.cat/, accessed on 10 January 2021). The 
more detailed aerial view of the study sites can be seen in the Annex S1 of the Supplementary ma-
terial. 

Table 1. Site names, coordinates, altitude, mean annual temperature (MAT), source: eddy covari-
ance flux stations, data from the period 2012–2020; mean annual precipitation (MAP), source: Servei 
Meteorologic de Catalunya (https://en.meteocat.gencat.cat/, accessed on 14 August 2022, see the de-
tails in Annex S2); soil type according to the NRCS/USDA nomenclature [24]; and management re-
gime. 

Site Coordinates 
Altitude 
(m a. s. l.) MAT (°C) MAP (mm) Soil Type Management Regime 

Pla de Riart (RI-
ART) 

42°03′48″ N, 
1°30′48″ E 

1003 11.7 ± 7.4 664 ± 187 Petrocalcic cal-
cixerept 

Mixed crop-livestock sys-
tem. Crop rotation of cereal 
monocultures and cereal-
legume mixtures. Cattle 

grazing (0.91 LSU ha−1) dur-
ing the fallow period   

La Bertolina 
(BERT) 

42°05′56” N, 
1°39′40” E 

1275 10.2 ± 6.8 686 ± 193 Udic cal-
ciustept  

Cattle grazing (0.44 LSU 
ha−1), from early June to No-

vember 

Castellar de 
n’Hug (CAST) 

42°18′18” N, 
2°02′01” E 2000 6.9 ± 6.8 944 ± 338 

Lithic 
udorthent 

Cattle and sheep grazing 
(0.74 LSU ha−1), from late 

June to November 

Figure 1. From left to right: Location of the study sites (source of the map: Institut Cartogràfic i Geològic
de Catalunya, https://www.icgc.cat/, accessed on 10 January 2021); aerial view (source: googlemaps);
and pictures of the eddy covariance flux stations (source: Laboratory of Functional Ecology and Global
Change (ECOFUN), http://ecofun.ctfc.cat/, accessed on 10 January 2021). The more detailed aerial
view of the study sites can be seen in the Annex S1 of the Supplementary Material.
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Figure 2. Climogram of the study sites, mean air temperature (Ta), and precipitation. Data sources: 
Ta, eddy covariance flux stations from the period 2012–2020; precipitation from the closest meteor-
ological stations of the Servei Meteorologic de Catalunya (see Annex 2). 

 
Figure 3. (A) Mean annual temperatures (Ta, dots) along time, linear relationship and 95% confi-
dence interval and (B) temperature difference compared to the average in the period 2012–2020. 
Data source: eddy covariance flux stations. 

2.2. Eddy Covariance Measurements 
The study sites were equipped with eddy covariance flux stations running since 2011 

and we included in this study 27 site years. The eddy covariance flux stations continu-
ously measured the concentration of CO2 (mmol m–3) and H2O (mmol m−3) using an open 
path CO2 and H2O gas analyser (LI-7500, LI-COR Inc., Lincoln, NE, USA) at the RIART 
study site, and a closed path CO2 and H2O gas analyser (LI-7200, LI-COR Inc., Lincoln, 
NE, USA) at BERT and CAST. The gas analysers were placed 2.35 m above the ground in 
the case of RIART, at 2.31 m in the case of BERT, and at 2.05 in the case of CAST. Turbulent 
flux components, including wind direction and wind speed, were measured at high-fre-
quency (10 Hz) using a 3D sonic anemometer (CSAT-3, Campbell Scientific Inc, Logan, 
UT, USA) to calculate CO2, H2O, and energy exchange at the ecosystem level. 

Figure 2. Climogram of the study sites, mean air temperature (Ta), and precipitation. Data sources: Ta,
eddy covariance flux stations from the period 2012–2020; precipitation from the closest meteorological
stations of the Servei Meteorologic de Catalunya (see Annex S2).
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Figure 3. (A) Mean annual temperatures (Ta, dots) along time, linear relationship and 95% confidence
interval and (B) temperature difference compared to the average in the period 2012–2020. Data source:
eddy covariance flux stations.

Table 1. Site names, coordinates, altitude, mean annual temperature (MAT), source: eddy covariance
flux stations, data from the period 2012–2020; mean annual precipitation (MAP), source: Servei Mete-
orologic de Catalunya (https://en.meteocat.gencat.cat/, accessed on 14 August 2022, see the details
in Annex S2); soil type according to the NRCS/USDA nomenclature [24]; and management regime.

Site Coordinates Altitude
(m a. s. l.) MAT (◦C) MAP (mm) Soil Type Management Regime

Pla de Riart
(RIART)

42◦03′48” N,
1◦30′48” E 1003 11.7 ± 7.4 664 ± 187 Petrocalcic

calcixerept

Mixed crop-livestock
system. Crop rotation of
cereal monocultures and
cereal-legume mixtures.

Cattle grazing
(0.91 LSU ha−1) during

the fallow period

La Bertolina
(BERT)

42◦05′56” N,
1◦39′40” E 1275 10.2 ± 6.8 686 ± 193 Udic calciustept

Cattle grazing
(0.44 LSU ha−1), from

early June
to November

Castellar de
n’Hug (CAST)

42◦18′18” N,
2◦02′01” E 2000 6.9 ± 6.8 944 ± 338 Lithic

udorthent

Cattle and sheep grazing
(0.74 LSU ha−1), from
late June to November

2.2. Eddy Covariance Measurements

The study sites were equipped with eddy covariance flux stations running since 2011
and we included in this study 27 site years. The eddy covariance flux stations continuously
measured the concentration of CO2 (mmol m–3) and H2O (mmol m−3) using an open path
CO2 and H2O gas analyser (LI-7500, LI-COR Inc., Lincoln, NE, USA) at the RIART study
site, and a closed path CO2 and H2O gas analyser (LI-7200, LI-COR Inc., Lincoln, NE, USA)
at BERT and CAST. The gas analysers were placed 2.35 m above the ground in the case

https://en.meteocat.gencat.cat/
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of RIART, at 2.31 m in the case of BERT, and at 2.05 in the case of CAST. Turbulent flux
components, including wind direction and wind speed, were measured at high-frequency
(10 Hz) using a 3D sonic anemometer (CSAT-3, Campbell Scientific Inc., Logan, UT, USA)
to calculate CO2, H2O, and energy exchange at the ecosystem level.

These stations record ancillary meteorological variables, including incoming and out-
going shortwave and longwave radiation (NR01, Hukseflux, Delft, The Netherlands), air
temperature and relative humidity (CS215, Campbell Scientific Inc, Logan, UT, USA), photo-
synthetically active radiation (SKP215, Skye Instruments Ltd., Powys, UK), and normalized
difference vegetation index. They are calculated as NDVI = (NIR − Red)/(NIR + Red),
where “Red” and “NIR” are the spectral reflectance measurements acquired in the red and
near infrared regions, respectively, measured with an NDVI sensor (S2-412-SS, Apogee
Instruments, Inc., Logan, UT, USA).

We processed raw data provided by the sensors and calculated water fluxes and net
ecosystem CO2 exchange (NEE) at 30 min averages using the EddyPro software (Eddy-Pro-
7.0.8, LI-COR Inc., Lincoln, NE, USA). The calculation of the fluxes involves the high-
frequency data of wind speed and scalar atmospheric concentration. Fluxes are computed
within a finite averaging time (30 min) from the covariance estimates between instan-
taneous deviations in vertical wind speed and gas concentration from their respective
mean values Negative values refer to the flux from the atmosphere to the biosphere and
positive values correspond to the flux from the biosphere to the atmosphere (micromete-
orological sign convention). We applied frequency response corrections [25,26], density
fluctuation corrections [27], and determination of data quality using the Foken et.al. (2004)
approach [28]. The Foken et al. (2004) approach suggests a quality scale ranging from 1
(highest data quality) to 9 (poorest data quality), and we excluded records with quality 7
or higher [29]. Additionally, we rejected CO2 fluxes outside a physically realistic range of
±50 µmol m–2 s–1 [30].

We inspected the night-time (photosynthetically active radiation < 5 µmol photons
m–2 s–1) NEE, as fluxes tend to be underestimated under low turbulence [31], a condition
that can be frequent at night. We carefully examined the possibility of a low turbulence
effect assessing the existence of an u* threshold at all recorded soil temperature classes in
1 ◦C intervals [32]. Relevant u* thresholds were not detected. In addition, we inspected
night-time CO2 fluxes to detect possible outliers and calculated the 0.025, 0.25, 0.5, 0.75,
and 0.975 quantiles for each soil temperature class. Data below the lowest (0.025) or the
highest (0.975) quantile were excluded from further analysis.

The eddy covariance stations recorded net CO2 fluxes according to the corresponding
footprints. The footprint was calculated based on the Kljun model [33] and we filtered the
data according to the dimensions of the study areas, including all the fluxes in which more
than 80% of the contribution came from the area of interest [34]. That footprint length (80%)
was mostly within 250 m in RIART, within 150 m in BERT, and within 200 m in CAST. After-
wards, we gap-filled the NEE data using the sMDSGapFill function [32] of the REddyProc
package [35] for R software (R version 4. 2.2, R Core Team, 2022, Vienna, Austria). Gap
filled NEE data were also partitioned into gross primary production (GPP) and ecosystem
respiration (Reco), according the night-time based partitioning approximation, using the
SMRFLuxPartition equation, which also comes from the REddyProc package.

2.3. Data Analysis

We present interannual dynamics of daily accumulated CO2 fluxes of each studied
site, including gap filled NEE and partitioned GPP and Reco along the studied years.
Additionally, for each study site, we present and describe the intra-annual dynamics of
mean daily cumulative NEE, environmental variables including ambient temperature (Ta),
albedo, vapour pressure deficit (VPD), and the normalized vegetation index (NDVI), the
latter as a proxy of phenological dynamics. Moreover, we assess the site-specific role of
temperature as a driver of CO2 fluxes, of NDVI, and of evapotranspiration (ET, calculated
using the high frequency data of wind speeds and water vapor mixing ratio) as an indicative
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of water availability. For that, we plotted the corresponding relationship among variables,
and we modelled each specific relationship among the variables for each site. The selection
of these study variables is supported by the literature and preliminary analysis showed
that they were significant predictors of CO2 fluxes (Table S1). However, an inspection one
by one of each predictive variable indicated that the relationships between the predictive
and the response variables are linear, but there is a threshold at which the direction of the
relationship shifts. Thus, we used segmented linear models to model those relationships
using the segmented function of the segmented R package [33]. The modelling was done
on the weekly averaged data. All the plots and analysis were done using R software (R
version 4. 2.1, R Core Team, 2022, Vienna, Austria).

3. Results
3.1. CO2 Flux Inter-Annual Dynamics

Along the studied years and sites (Figure 4), the subalpine grassland of CAST was the
site with highest CO2 fluxes. The intensively managed grassland of RIART also presented
peaks of very high CO2 fluxes, but this was the site with most heterogeneous flux dynamics.
There were some site-specific intra-annual particularities on the CO2 flux dynamics, driven
by environmental and phenological dynamics (Section 3.2).
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3.2. Intra-Annual CO2 Fluxes and Environmental and Phenological Dynamics

At an intra-annual scale, CO2 fluxes performed the highest values and the highest net
uptake during spring and summer, while CO2 fluxes decreased during winter, with small
net CO2 uptake or emissions (Figure 5A). The subline grassland (CAST) presented a shorter
period of net CO2 uptake than the montane grasslands (RIART and BERT, Figure 5A).
The period of net uptake at the subalpine grassland (CAST) was concentrated in summer,
while on at the montane grasslands (RIART and BERT), there were two net CO2 uptake
periods: spring and autumn, the autumn peak being much less pronounced than the
spring one. The subalpine grassland (CAST) is coldest among the studied grasslands
with the lowest air temperatures (Ta, Figure 5B) along the year, and the longest period of
snow cover during winter, as shows the albedo data (Figure 5C). The subalpine grassland
also presents the lowest vapor pressure deficit (VPD, Figure 5D), and the highest peak
of vegetation development as indicates the NDVI (Figure 5E). On the other side, at the
montane grasslands (BERT and RIART) the environmental conditions are warmer and
drier, with higher Ta, much less snow presence, and higher VPD (Figure 5). This results in
a longer period of vegetation development and of net CO2 uptake but is less pronounced.
It is characterized by two vegetation growing peaks, one in spring and a second in autumn
after the summer withering (Figure 5E).
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3.3. Environmental and Phenological Drivers of CO2 Fluxes

The role of Ta as a driver of CO2 fluxes (NEE, GPP and Reco) was site dependent. At
the subalpine grassland (CAST), the NEE~Ta relationship tends to be linear (Figure 6A).
This means that as soon as Ta increases, net CO2 uptake also increases with Ta (Figure 6A),
which is the result of increasing GPP and Reco with increasing Ta (Figure 6B), but the
magnitude of respiration fluxes is much smaller than GPP (Figure 6C). On the contrary,
in the montane grasslands (RIART and BERT) there is also an increase in the CO2 fluxes
with Ta, but up to a given threshold at which the relationship shifts, and there are CO2
emissions instead of uptake at the highest temperatures (Figure 6A).
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These patterns were confirmed by the segmented linear models (Table 2 and Figure 7A).
At the subalpine grassland of CAST there was always net CO2 uptake with increasing
Ta, and there was a Ta threshold of 16 ± 2 ◦C from which the slope of the NEE~Ta
relationship was even more pronounced. On the contrary, in the montane grasslands, there
was net uptake up to a temperature threshold of 10.3 ± 0.9 ◦C in the case of RIART and
of 11.3 ± 0.7 ◦C in the case of BERT, from which the relationship between NEE and Ta
shifts, increasing CO2 emissions with temperature, instead of net CO2 uptake, (Table 2
and Figure 7A). A similar pattern was found on the influence of Ta on NDVI (indicative
of phenological development, Figure 8A). The modelling indicates that in the subalpine
grassland (CAST) the NDVI increases with Ta, and at a temperature threshold of 10 ± 2 ◦C,
the NDVI increases even more (Table 2 and Figure 7B). While, in the montane grasslands,
the NDVI increases with temperature up to a temperature threshold of 11.4 ± 0.8 ◦C at
RIART, and of 12.6 ± 0.6 ◦C at BERT, from which NDVI decreases (Table 2 and Figure 7B).
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Table 2. Segmented linear models results for each site: net ecosystem exchange (NEE) as function of
ambient temperature (Ta); normalized vegetation index (NDVI) as function of Ta; evapotranspiration
(ET) as function of Ta. Models’ estimate, standard error (SE), and p-value (Pr (>|t|)): ‘***’ p < 0.001,
‘**’ p < 0.01, not significant (ns) p > 0.05.

Site
Change Point Slope 1 Slope 2 R2

AdjEstimate SE Estimate SE p-Value Estimate SE p-Value

NEE~Ta

RIART 10.3 0.9 −0.21 0.05 *** 0.23 0.03 *** 0.15

BERT 11.3 0.7 −0.13 0.02 *** 0.16 0.03 *** 0.14

CAST 16 2 −0.08 0.02 *** −0.6 0.4 *** 0.09

NDVI~Ta

RIART 11.4 0.8 0.020 0.005 *** −0.030 0.004 *** 0.15

BERT 12.6 0.6 0.030 0.003 *** −0.016 0.004 *** 0.33

CAST 10 2 0.035 0.004 *** 0.011 0.009 ns 0.37

ET~Ta

RIART 18.0 0.6 0.0062 0.0005 *** −0.011 0.003 *** 0.26

BERT 10 1 0.004 0.001 ** 0.0098 0.0009 *** 0.52

CAST 9 1 0.0048 0.0006 *** 0.011 0.001 *** 0.58
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Figure 7. Predicted net ecosystem exchange (NEE), normalized vegetation index (NDVI), and
evapotranspiration (ET) according to the segmented linear models of Table 2.

The role of Ta as a driver of ET also showed differences between sites, although in this
case, there were differences when comparing the extensively managed grasslands (BERT
and CAST) to the intensively managed grassland (RIART, Figure 8B). In the extensively
managed grasslands (BERT and CAST), the modelling confirmed that ET increased with
Ta; while on the contrary, at the intensively managed grassland (RIART), ET increased with
Ta only up to a temperature threshold of 18.0 ± 0.6 ◦C, from which ET decreased (Table 2
and Figure 7C).
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4. Discussion

Our study presents the first long-term (27 site years) dataset of ecosystem-scale CO2
fluxes from eddy covariance flux stations of the Pyrenees (Figure 3); and provides relevant
insights about the CO2 dynamics from Mediterranean mountain grasslands, an ecosys-
tem that is seriously under-represented in the literature. For instance, in a review by
Baldocchi et al. (2018), with 59 sites across the globe, it was reported that long term data
(more than 5 years), published from Mediterranean grasslands, came only from Californian
grasslands, which are generally warmer and drier than the grasslands studied here [19].
To our knowledge, the only published data from Mediterranean mountain grasslands that
might be comparable to our sites are: (i) the data reported by Gilmanov et al. (2007), which
included in their analysis 2 years of net ecosystem exchange (NEE) from an eddy covariance
station of an alti-montane grassland in the Pyrenees (Alinyà, 1770 m a. s. l., MAT 6.1 ◦C
and MAP 1064 mm [35]), which may be somewhat comparable to our site BERT; and (ii) the
2 years of NEE data included in the analysis by Serrano-Ortiz et al. (2014) from an alpine
grassland at Sierra Nevada (2300 m a. s. l., MAT 5.5 ºC and MAP 800 mm [18]).

In the first study, the role of the photosynthesis was highlighted as the driver of NEE
during spring, when there was water available [35]. In the second, the increase in the annual
net CO2 fixation with elevation was highlighted (in their gradient) because of decreasing
aridity via increases in the GPP [18]. However, in both cases, the magnitude of the fluxes
was lower than in our study sites, mostly likely due to the lower productivity and the more
constraining environmental conditions when comparing Alinyà [35] to BERT and Sierra
Nevada [18] to CAST. In any case, what is clear is that these mountain systems are highly
heterogenous and change rapidly in terms of productivity, CO2 exchange, and in general
ecosystem performance. Additionally, in this regard, our contribution unravels differences
on the CO2 flux dynamics along the studied climatic and the management gradient, and
reveals potential differences in the response under the changing environmental conditions.

CO2 fluxes along a climatic and management gradient The subalpine grassland (CAST)
was the most environmentally constrained site, with the lowest temperatures, the longest
presence of snow, and a net ecosystem exchange (NEE) dominated by emissions during
autumn, winter, and mid-spring (Figure 4). However, as soon as the temperature increased
in summer, the vegetation experienced a rapid growth, and there was a pronounced net
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CO2 uptake (ca. between doy 100 and doy 200, Figure 4). This is most likely driven by the
vegetation, which is actively photosynthesising, and performs higher absolute values of
gross primary production (GPP, Figure 6B) than ecosystem respiration (Reco, Figure 6C).

In high-elevation grasslands, some ecosystem functions, including biomass produc-
tion and CO2 exchange, have been traditionally temperature-limited [36]. Thus, in the
Mediterranean region, high-elevation grasslands experience a rapid vegetation growth
and are generally highly productive during the summer, while montane grasslands have a
longer growing season but are less productive during the summer [37]. This agrees with
the common management practices of these extensively managed grasslands. In alpine and
subalpine grasslands, the livestock is brought to the mountains from late June to November,
while in the montane grasslands, the livestock can start to pasture one month sooner (~first
of June) and stay in the field until late November or early December, depending on the
productivity of the year.

However, considering the current increasing trend in the temperature (Figure 3) this
temperature limitation on productivity and CO2 exchange might not be the case in the
incoming future for Mediterranean alpine and sub-alpine grasslands. As our results show,
the NEE and its components—GPP and Reco—were all linearly enhanced by temperature
at the subalpine grassland (CAST, Figure 6). Moreover, CO2 fluxes here have not reached
a temperature shifting point yet (Figure 7 and Table 2), at which the relationship would
change, and net uptake would become CO2 emissions with increasing temperatures. This
suggests than in the short term, and under the incoming enhanced temperatures, sub-alpine
grasslands in Mediterranean mountains might increase their net CO2 uptake. Similar results
have also been reported in other mountain grasslands [38]. The higher temperatures may
favour an earlier starting of vegetation development and a longer length of the growth
period, which may result in a higher CO2 assimilation [21]. Such increase in the productivity
has been reported to happen though mostly under non-water limited conditions, while
warming combined with dry conditions may induce a reduction in the productivity [39].

In the specific case of our sub-alpine grassland (CAST), plants here seem to not be
water limited yet, as shows the greenery of the vegetation even though the high summer
temperatures (NDVI~Ta, Figure 7A) and the increasing evapotranspiration rates with in-
creasing temperatures (ET~Ta, Figure 7B). Additionally, during summer, the soil water
content at CAST does not reach such low values as it does at the montane grasslands
(Figure S1); and even at the lowest soil water content, the NEE at CAST is more often domi-
nated by net uptake than by emissions than in the montane grasslands (Figure S1). Overall,
this suggests that the vegetation may be still adopting a ‘water spending strategy’ [40],
not regulating the stomatal conductance until the soil water content approaches a wilting
point [41]. This strategy can make the system resilient when drought periods are occasional,
since CO2 exchange is not reduced, but may have negative consequences on the ecosystem
if drought periods are more frequent and longer [23,41].

Meanwhile, it is unclear if a warming-enhanced productivity and a warming-enhanced
net CO2 uptake will persist in the mid-long term in Mediterranean alpine and sub-alpine
grasslands. The higher net and gross uptake induced by warming is also accompanied
by higher rates of ecosystem respiration [42–44], which agrees with our Reco data from
the sub-alpine grassland that increases almost exponentially with temperature (CAST,
Figure 6C). Additionally, the Pyrenees have already experienced a global decrease in the
precipitation volume (−2.5 %), and a significant decrease in the snow cover [5]. Such low
water availability in combination with warming can finally lead to shifts in vegetation
composition towards more opportunistic species in perennial alpine and subalpine grass-
lands [36,45]. Those changes in the vegetation composition would drive changes in the
CO2 exchange dynamics [22,23] as well as on soil carbon stocks [46]. Therefore, the CO2
sink capacity of high-altitude Mediterranean grasslands under the current climate change
scenario may experience profound changes in the incoming future.

On the other hand, the studied montane grasslands (RIART and BERT) are already at
the edge of drastically reducing their net CO2 uptake capacity. Contrary to the situation in
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the sub-alpine grassland (CAST), the net CO2 uptake at the montane grasslands (RIART
and BERT) is reduced at the highest temperatures. NEE turns here from net CO2 uptake to
CO2 emissions at the highest temperatures, due to a decrease in the GPP, which is of higher
magnitude than the decrease in the Reco (Figure 6). This is most likely driven by a decrease
in the greenness of the vegetation (Figure 7B) and therefore on the photosynthetic capacity,
which in turn is limited by the high temperatures and the low water availability.

In the studied mountain grasslands (RIART and BERT), the peak biomass, as well as
the highest net CO2 uptake rates, are reached just before the high summer temperatures
(Figure 5). This suggests that temperature here is not a limiting factor, while water instead
is more constraining. When this is the case, small increases in the temperature accompanied
by low water availability can easily decrease the productivity and net CO2 uptake [34]. This
is especially the case during summer when NEE fluxes frequently turn from net uptake
to emissions at the lowest soil water contents (Figure S1). Thus, under the current climate
change scenario, with Mediterranean montane grasslands becoming warmer and drier,
the productivity and the CO2 sink capacity might be significantly compromised. This
might be especially pronounced in the montane grassland of RIART, wherein the mean
annual temperatures are increasing more regularly than in the grasslands at higher altitudes
(Figure 3B).

Note though that interannual CO2 fluxes (Figure 4) in the intensively managed mon-
tane grassland of RIART were the most heterogenous, as fluxes here are dependent not only
on environmental and phenological drivers, but also on management events, including
harvesting, ploughing, and crop type [22]. Ibañez et al. (2021) showed that the crop type
drove CO2 fluxes, with grass-legume mixtures performing higher net CO2 balances than
cereal monocultures. Hence, it is relevant to highlight the opportunities that may arise
from management to mitigate climate change constrains, at least in intensively managed
grasslands. The promotion of forage mixtures instead of monocultures, the introduction of
plant species adapted to the new climatic conditions, and the adjustment of the grazing
calendar are some examples of management measures that may be helpful to this regard.

5. Conclusions

Our study presents the first long-term dataset of ecosystem-scale CO2 fluxes from
eddy covariance flux stations of the Pyrenees. Based on the findings of almost ten years of
continuous measurements in three mountain grasslands, along a climatic and a manage-
ment gradient, we found that net ecosystem CO2 exchange may be seriously endangered by
the temperature increase and the current climate change scenario. At the subalpine grass-
land (CAST), we found that the net ecosystem exchange (NEE) and its components—gross
primary production (GPP) and ecosystem respiration (Reco)—were all linearly enhanced
by temperature; CO2 fluxes had not reached a temperature shifting point yet (according
to the segmented linear models), at which the net uptake would become CO2 emissions.
This suggests than in the short term, and under the incoming enhanced temperatures,
sub-alpine grasslands in Mediterranean mountains might increase their net CO2 uptake.
However, since changes in the water availability and in the plant species composition are
also expected for the region, the mid- to long-term increase in the net CO2 uptake might
be compromised.

On the other hand, the modelling also showed that the montane grasslands (RIART
and BERT) presented already CO2 emissions at the highest temperatures, due to a decrease
in the GPP of a higher magnitude than the decrease in the Reco. Montane grasslands
are more water-limited than temperature-limited, and the CO2 decrease at the highest
temperatures is most likely driven by a decrease in the greenness of the vegetation and the
photosynthetic capacity. Montane grasslands are therefore expected to reduce their CO2
sink capacity under the current increasing temperatures.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos13121980/s1, Figure S1: Data distribution, net ecosystem
exchange (NEE) as function of soil water content (SWC); Table S1: Linear model results, daily
averaged net ecosystem exchange (NEE), gross primary production (GPP) and ecosystem respiration
(Reco), as function of ambient temperature (Ta), evapotranspiration (ET), and normalized vegetation
index (NDVI). Model estimates, standard errors (SE), and p-values: *** p < 0.001, * p < 0.05, not
significant (ns) p > 0.05. Annex S1. Aerial view of the study sites; Annex S2. Location of the closest
meteorological stations to the study sites and meteorological data links.
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