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Abstract: The United Nations defines desertification as the loss of productivity in arid and semiarid
environments. The extended steppes of Patagonia harbor small meadows whose compounded area is
comparatively small, but their aboveground net primary production (ANPP) is up to ten times higher
than their surroundings. These meadows then represent a key ecosystem for cattle grazing systems,
but there are no descriptions of the trends in their ANPP and, consequently, their carrying capacity,
and, as a result, their degradation syndromes. Our objectives were as follows: (1) analyze the trends
of mean and spatial heterogeneity of annual ANPP in meadows and neighboring steppes and relate
them with precipitation and temperature, (2) evaluate the impact on the livestock carrying capacity of
meadows in the region, and (3) evaluate the degradation trends of these meadows, based on a novel
description proposed to characterize the trend syndromes of these type of ecosystems. We identified
meadow areas across a subcontinental scale in Patagonia, covering a mean annual precipitation range
from 129 to 936 mm. We estimated ANPP on a monthly basis from 2000 to 2019 via regional calibrated
remote sensing information. In the last two decades, ANPP decreased in 74% of the studied meadow
areas, while remaining relatively stable in the nearby steppes. This decrease was relatively higher
in the arid end of the analyzed precipitation gradient. Hence, the global carrying capacity for all
the studied meadow areas decreased by 8%. Finally, we identified four trend syndromes based on
the combination of the ANPP trend and its spatial heterogeneity, calculated as the spatial standard
deviation. The predominant trend syndrome, in 55% of the area, was associated with a negative
trend of both ANPP and spatial heterogeneity. These results could help prioritize areas where specific
management decisions, given the different trend syndromes, could help revert ANPP negative trends.

Keywords: wetland; arid environment; steppe; relative rate of change; carrying capacity; trend
syndrome; global climate change; precipitation; temperature; Patagonia

1. Introduction

Wetlands situated in arid zones are fundamental as a carbon sink [1], partially because
of their high productivity [2]. However, because of direct human disturbance and climate
change, they are prone to desertification and a reduction in productivity over time [3], which
can lead to the loss of wetland areas [4]. Patagonian meadows, locally named “mallines” or
“vegas”, are a case of wetland inserted in an arid and semi-arid matrix [5,6], although they
are also found in areas with a humid climate and oceanic characteristics in the extreme
south of the region [7,8]. These meadows experience large seasonal fluctuations in the
groundwater table, including flooded conditions during winter and early spring [9]. This
implies a greater relative availability of water with respect to the surrounding steppe, which
also leads to an aboveground net primary productivity (ANPP) that can be up to ten times
higher than in the steppes [10-12]. Additionally, they exhibit a high internal heterogeneity
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of ANPP associated with the groundwater table depth from the more xeric peripheral
environments (generally with the groundwater table at greater depths) to the more central
humid parts, where the ANPP can vary from 2000 to 10,000 kg/ha.yr, respectively [10-13].
Even though meadows represent less than 5% of the Patagonian region [14,15], they are
key to the development and sustainability of rural environments [5,14,16]. They are an
essential source of forage feed [10-12,17,18], and consequently, they are key determinants
of the animal carrying capacity [19]. Within the last twenty years, there has been an
increasing amount of evidence indicating negative trends of ANPP across vast areas of
Patagonia [10,20-23], where trends exhibited localized clusters [20,21]. However, three
aspects remain poorly understood. First, the descriptions for Patagonia were carried out
without discriminating meadows from the surrounding steppes. Therefore, potential ANPP
trends in meadows are unknown, and it is unclear if they resemble those of steppes. Second,
consequently, there are no regional descriptions of the change in the carrying capacity of
meadows. Third, and beyond the meadows of Patagonia, we lack a conceptual framework
to compare the trend syndromes of meadows.

Potentially, meadows may be more vulnerable to adverse climatic conditions, such
as drought and or high heat events, given that the availability of water depends on the
excesses of precipitation that congregate within the watershed that contains them. Two
potential and related mechanisms might provoke negative trends of ANPP. First, the
surrounding steppe soils exhibit a maximum water-holding capacity that is lower than
the mean annual precipitation [24], partially because annual precipitation is concentrated
in the winter period [25]. The winter excesses of water accumulate at the lower portions
of the landscape where meadows are located [6]. If there are shifts in the seasonality of
precipitation, from the winter to the spring, and/or decreases in the amount of precipitation
over time, as observed in some areas of Patagonia [26], then the steppes area might not
experience negative shifts in the water storage, or they might be mild. However, this
might affect the water that congregates in the lower portions of the landscape, potentially
decreasing the water table depth and affecting meadow plants’ access to water. Moreover,
there are positive temperature trends in vast areas of Patagonia [23]. These temperature
trends affected both positive and negative ANPP within the beginning of the growing
season of meadows [27]. Less clear is the impact of this trend on the annual ANPP for
both meadow areas and the nearby steppes. Increases in temperature can lead to increases
in water demand, depleting water levels earlier, and decreases in ANPP, with different
relative effects on meadows compared to nearby steppe areas. Furthermore, it is unknown
if the potential ANPP trends are greater in more xeric environments compared to more
humid ones.

On top of the climate effect on meadow’s ANPP trends are the potential effects of
different management practices. Within Patagonia, sheep grazing is the most extended
land use [19,28]. In this context, meadows are prone to interventions that seek to revert
degradation processes [29]. Overgrazing by both domestic and native herbivores can
decrease vegetation cover, which induces a higher evaporative rate of the soil and intensifies
erosion and salinization processes [30]. If this process persists over time and is accelerated
by adverse climatic conditions, it can lead to irreversible conditions [31,32]. Furthermore,
the courses that provided water within a meadow begin to erode, producing gullies and
acting as a drainage network [31]. During this process, it is expected that meadows’ mean
ANPP will decrease over time and that its heterogeneity will, first, increase, given by patches
of high and low ANPP. This increase in heterogeneity would be due to the existence of areas
that dried up and others that still did not. However, if meadows’ watercourses continue
to erode, there might be an irreversible shift, a tipping point [33,34], where ANPP keeps
decreasing but is different from the previous phase; here, ANPP heterogeneity decreases
as well. Landscape management practices may be implemented to avoid reaching such
tipping points. Actions to redistribute and preserve the available water [29] should improve
meadows’ productivity, avoiding the turn to an irreversible negative trend. Capturing these
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trends across meadows would deepen the understanding of these ecosystems functioning
before capturing their loss of area [4].

Our main objective was to quantify the degradation trends of meadows across Patagonia
through ANPP trends. Furthermore, we compared these trends with those in surrounding
steppes and related their trends with environmental controls. Therefore, we addressed the
following three specific objectives: (1) analyze the trends of mean and spatial heterogeneity
of annual ANPP in meadows and neighboring steppes and relate them with precipitation
and temperature, (2) evaluate the impact on the livestock carrying capacity of meadows in
the region, and (3) evaluate the degradation trends of these meadows, based on a novel
description proposed to characterize the trend syndromes of these type of ecosystems.

2. Materials and Methods
2.1. Study Area

The study area was circumscribed to the phytogeographic region of Patagonia, from
the south of the Colorado River to the extreme south of the Tierra del Fuego Island
(Figure 1). The climate of this wide region is cold temperate, with a mean annual
temperature that oscillates between 12 °C in the north and 3 °C in the south, and
absolute minimum temperatures below —20 °C [35]. Annual precipitation decreases
and its variability increases from west to east [8,36]. On the western side of the Andes,
the amount of annual rainfall exceeds 2000 mm [35]. In contrast, in the central part of
extra-Andean Patagonia, annual precipitation reaches only 125 mm in the center east
and 500 mm in the western part [36,37]. In most of the region, annual precipitation is
concentrated in the winter period [25], with a consequent very marked summer water
deficit [8]. However, the southern parts of the region is additionally affected by air
masses coming from the Atlantic Ocean, which results in a more uniform seasonal
distribution of precipitations [35] by manifesting some additional rains [8].

2.2. Data
2.2.1. Meadow Area Detection and Selection

This study focused on selected meadow areas (Figure 2). These areas were obtained
from a layer created by Merlo (2017) [40], based on Crego et al. (2014) [41]. In addition,
we included areas not contained in Merlo (2017) and selected steppe areas adjacent to
the selected meadows (Figure 1). The vector layer created by Merlo (2017) consisted
of 150,000 ha of 450,000 ha of meadow areas selected from a classification carried out
by Crego et al. (2014). This classification indicated the probability of containing more
than 5% of meadow within a 100 ha pixel. Merlo (2017) selected only pixels with at
least 80% probability of containing 5% or more meadow areas. However, given the
coarse resolution of the pixel used in the classification, further analyses were needed.
Specifically, we redrew some of the meadow area boundaries, leaving out areas that were
not visually identified as meadows (Figure S1). This action was especially important for
meadow areas located on Tierra del Fuego Island. In addition, we manually delimited
new meadow areas (Figure S1) from meadows identified in the literature [6,42-49] but
not classified by Crego et al. (2014). As a result of this edition, the layer consisted of
374,000 ha of meadows, distributed in 855 meadow polygons (Figure 2).

In addition, we generated a similar layer of steppe areas neighboring meadow areas
(Figure 1). We drew polygons of selected steppe areas close to the meadow areas and of
similar size. In some cases, it was not possible to delimit nearby steppe areas; this action
was carried out across 65% of the meadow surface, accounting for 240,000 ha of steppe,
represented by 739 steppe polygons.
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Figure 1. Meadow (green) and steppe (orange) areas evaluated, located within the phytogeographic

region of Patagonia at the southern end of South America (figure inserted in upper left margin). The
dotted lines delimit the phytogeographic units of Patagonia [38,39]. As a reference, in grayscale and
with a number, the 18 units that presented meadows areas are identified. 1: Grass shrub steppe;
2: Grass steppe of Festuca pallescens; 3: Humid grass steppe of Festuca gracillima; 4: Deciduous forest
of Nothofagus sp. and temperate rainforest; 5: Eastern temperate steppe of Festuca gracillima and
Empetrum rubrum; 6: Highland shrub steppe with Colliguaja integerrima; 7: Low steppe of Senecio
algens and Oxalis compacta; 8: Tall shrub and grass shrub steppe; 9: Low shrub steppe; 10: Dry
grass steppe of Festuca gracillima; 11: Eastern temperate steppe of Festuca gracillima and Chiliotrichum
diffusum; 12: Eastern Mediterranean-temperate steppe of Festuca gracillima; 13: Ecotonal shrub steppe
with Prosopis denudans; 14: Andean temperate-antiboreal deciduous arborescent scrub of Nothofagus
antarctica and Chiliotrichum diffusum; 15: Eastern temperate steppe of Festuca gracillima and Mulinum
spinosum. 16: Low shrub steppe with Mulguraea tridens; 17: Low shrub steppe with Nardophyllum
bryoides; 18: Shrub steppe with Chuquiraga avellanedae. The dashed black line corresponds to the
Colorado River.
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Figure 2. Diagrammatic representation of the methodological steps, in which three stages stand
out: (a) meadow areas detection and selection, (b) ANPP estimation, and (c) trend analysis. The
numbers in each stage represent the three big steps. (a) Step 1: The edition of the vector layer of
meadows created by Merlo 2017, which was a selection of areas from the raster layer created by
Crego et al. (2014) [41]. Red circles indicate sectors that presented the highest level of editing of the
Merlo 2017 layer. Additionally, from this meadow layer, we created others for neighboring steppe
areas. (b) Step 2: Obtaining EVI values from MODIS satellite data to estimate the fraction of the
incoming photosynthetically active radiation (PAR) which is absorbed (fAPARg). Thus, then, we
estimated aboveground net primary productivity (ANPP) via the logic of a radiative model, where
ea represented the radiation use efficiency for aboveground production (ea). (c) Step 3: Database
processing, first by selecting pixels with high-reliability quality and, second, discarding areas whose
mean annual ANPP and precipitation ratio was below or above the 5% and 95% percentiles. Once
the database was processed, trend analyses were performed to estimate the relative rate of change of
ANPP and its spatial standard deviation (SDgpatiai ANPP) per meadow area.

2.2.2. ANPP Estimation

We estimated monthly ANPP for all the pixels contained in each meadow and neigh-
boring steppe areas (Figure 2). For this, we used a specific software developed for monthly
forage production estimations for grazing areas of South America [50]. This software is
based on satellite information provided by the MODIS project, for a pixel size of 250 m per
side, for the period of 2000-2019, with the exception of some areas located in the southern
end of the region (involving areas in the MODIS scene h14v14 that were not yet available
in the software). In these areas, the estimation was made using the Google Earth Engine
platform (GEE) [51]. In all cases, we selected only those pixels with high-quality reliability
(by the selection of pixels with 0 value of the MODIS band SummaryQA), and we estimated
ANPP via the logic of a radiative model (Equation (1)) [52].

ANPP = PAR x fAPARg x ea 1)

This model establishes that ANPP (in g m~2 day ') is a consequence of the triple
product between the incoming photosynthetically active radiation (PAR, in M] m~2 day 1),
the fraction of PAR which is absorbed (fAPARg, a proportion), and the radiation use
efficiency for aboveground production (ea, in g dry matter MJ~1).

These components of the radiative model were obtained from different sources.
PAR was obtained via digitizing maps describing the mean monthly dynamics of PAR
across Patagonia [53]. fAPARg was estimated from information provided by remote
sensing, through the Enhanced Vegetation Index (EVI). EVI values were obtained from
the product MOD13Q1, every 16 days at a resolution of 5.3 ha from the year 2000 to
2019 (Figure 2). The transformation of EVI to fAPARg used the same parameters for
meadows and steppes (fAPARg = 1.15 * EVI — 0.0174, for EVI values less than 0.0159 or
greater than 0.8412 corresponded to 0 and 0.95 fAPARg, respectively) [50]. ea was equal
to 0.72 g dry matter M]J~! for meadows and 0.31 g dry matter MJ ! for steppes [12,54].
This approximation does not consider seasonal variations of ea and assumes that the
variations in potential inter-annual variations of ANPP are due to PAR and fAPARg,
in seasonal terms for PAR, and seasonal and inter-annual terms for fAPARg. This
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assumption implies that seasonal variations in ea are absorbed over a longer period by
fAPARg [55,56]. Spatially, ANPP estimations and their variations were a consequence
of the spatial patterns of PAR, fAPARg, and ea, in this last one only when comparing
meadow areas to the nearby steppes.

2.2.3. Geographic and Climatic Data

Each area, either meadow or steppe areas, was associated with its political district (de-
partment and province), phytogeographic unit [38,39], and climatic data (precipitation and
temperature). We obtained temperature and precipitation records for the period 2000-2019
from monthly estimates at a 0.05° resolution generated by the TerraClimate dataset [57]
and obtained from GEE platform [51]. The annual period considered for temperature and
precipitation data was related to the growing season of the vegetation, which we considered
from July of a calendar year to June of the following one [10-12]. Hence, we considered
the annual temperature as the average of the monthly temperatures corresponding to the
growing season. Previously, we estimated the monthly mean temperature by averaging the
monthly maximum and minimum temperatures. Regarding precipitation, we considered
the precipitation of each growing season as that registered from May of a calendar year
to April of the following one, given that in most of Patagonia, rainfall accumulates in the
autumn-winter period [36,37]. Thus, we then estimated mean annual temperature (MAT)
and mean annual precipitation (MAP) for the 2000-2019 period.

2.2.4. Database Processing

From the monthly ANPP estimates for each MODIS pixel, we obtained a database
with almost 13 million records for meadows (19 years * 12 months * 55,000 pixels, from
855 areas) and 8 million for steppes (19 years * 12 months * 36,000 pixels, from 739 areas,
Figure 2). We discarded either meadow or steppe areas with excessive missing data related
to pixel atmospheric quality. Therefore, we performed a series of analyses considering
the pixels within each area and evaluated the amount of data per area to make the final
decision. This analysis consisted of four steps. Firstly, we associated each monthly ANPP
estimation per pixel with a specific growing season, from July of a calendar year to June of
the following one. Secondly, we defined three phases, within the growing season: “resting”
(May, June, July, and August), “intermediate” (March, April, September, and October), and
“active” (January, February, November and December). This division followed previous
studies describing the seasonal dynamics of ANPP or spectral indices for both meadows
and steppes [10-12]. Thirdly, we discarded pixels that had 50% or more missing growing
season data in the “active” phase. Lastly, we removed areas with less than 14 growing
seasons and less than 50% of the pixels in it. In large areas (greater than 100 ha), we relaxed
the previous condition to 12 seasons and more than 100 ha (20 pixels) with data. As a
consequence of this processing, 738 polygons of meadow and 680 of steppe remained.

Once pixels and areas with excessive missing data were discarded, we built two indicators
per area and growing season. First, the annual ANPP is estimated from the average of the
annual ANPP of all the pixels contained in each area. Second, the ANPP heterogeneity,
estimated from the spatial standard deviation (SDspatial) of the annual ANPD, is also
calculated from the pixels contained in each area. Because of the described processing,
we obtained a matrix where each row represented a meadow or steppe area (n = 738 and
n = 680, respectively) for each of the 19 seasons (26,942 rows). Therefore, this matrix was
composed of the annual ANPP, the SDspatial of it, and the climate descriptors, for each of
the 19 growing seasons.

Finally, to avoid including meadow or steppe areas with possible errors in their
delimitation and following previous similar procedures [12], we estimated the precipitation
use efficiency (PUE) as the ratio between the mean annual ANPP and MAP. Those areas
that were below or above the 5% and 95% percentiles, respectively, were discarded from
the analyses. Thus, the final data frame included 665 meadow areas, which represented
250,000 ha, and 617 steppe areas, which represented 176,000 ha.
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2.3. Analysis

To address the first objective and to analyze the trends of ANPP and its heterogeneity
over time, we estimated the relative rate of change (RRC) of ANPP and its spatial standard
deviation per meadow area. To estimate both RRCs for each area, we regressed either In
(ANPP) or In (SDgpatial of ANPP) against the independent variable time (19 years) [58]. The
respective slopes represented a direct estimator of the relative annual change of ANPP and
its heterogeneity. Then, we took three complementary approaches.

The first approach aimed to estimate the trend of the entire meadow and steppe
ecosystems. Consequently, we estimated the mean annual ANPP weighted by the area, in
meadows and steppes, and for each of the 19 seasons. Furthermore, we divided the analysis
into two more groups. First, we analyzed the changes for the entire type of ecosystem,
meadow or steppe. Second, we looked at the areas within each type of ecosystem by type of
trend, positive or negative. This analysis allowed us to understand the relative importance
of the size of each meadow area on the overall trend of the ecosystem. In the case of steppes,
the analysis did not aim to characterize the importance by weighted area but represents
a reference for understanding the behavior of vegetation in sync with climate variations.
Then, to evaluate the average ANPP trends, we described using simple linear regression
models the association between the weighted ANPP, total, and for each subset, with season.

For the second approach, we compared the RRC of ANPP by pair of meadow and
steppe areas to corroborate if the observed patterns were similar across the two types of
vegetation. We evaluated the association between the RRC of ANPP in meadows compared
to that of the nearby steppe areas through the Pearson regression coefficient (“psych”
R package [59]). Furthermore, we counted the pairs, meadow and nearby steppe by type
of RRC of ANPP, where there were four potential scenarios, both negative, both positive,
and either positive or negative.

For the third and last approach, we evaluated the association between the trends of
ANPP and its heterogeneity with environmental controls across the regional gradient in
three steps. First, to understand if meadow areas inserted in the arid end of the region had a
steeper change of ANPP and heterogeneity over time, we examined the association between
the RRC of ANPP and its heterogeneity with MAP and MAT. Second, to understand if trends
of ANPP and its heterogeneity were associated with changes over time in precipitation
and temperature, we also examined the association between the RRC of ANPP and its
heterogeneity with the RRC of MAP and MAT, both in meadow and steppe areas. The
RRC of MAP and MAT were estimated for each meadow and steppe area using the same
procedure described for the RRC of the ANPP. In these first two steps, we performed
multiple linear regression models, which considered the type of vegetation (meadow or
steppe) as an independent categorical variable and evaluated each independent variable
separately, that is, the MAP, MAT, and RRC of MAP and MAT. Third, we performed two
multiple regressions to identify which independent variable (standardized MAP and MAT
versus their RRC) had the greatest influence on each response variable (RRC of the ANPP
and its heterogeneity). In both regressions, the type of vegetation was also considered an
independent categorical variable.

To address the second objective, we evaluated the impact on the livestock carrying
capacity of meadows in the region and estimated the initial and final mean livestock
carrying capacity for the 2000-2019 period. We estimated the carrying capacity for each
meadow area based on ANPP, since it is the main variable that determines it, using the
Equations (2) and (3) proposed by Golluscio et al. (1998), which are expressed as follows:

Carrying capacity (sheep ha™!) = (ANPP * HI/100)/individual consumption, ~ (2)

HI (%) = —5.71 + 0.7154 + (ANPP)??, ©)

where HI represents the harvest index, the proportion of ANPP that can be potentially
consumed by sheep. We assumed an annual individual consumption of 350 kg dry matter
sheep~! yr~!, considering a 40 kg sheep with a daily intake of 2.4% of its body weight [60].
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To estimate the initial HI and carrying capacity values, we considered the ANPP of the first
season 2000-2001 in kg dry matter ha~! yr~1. Instead, to estimate the final HI and carrying
capacity, we considered the final ANPP as follows:

ANPPfia1 = ANPP; a1 * (1 + RRC)'S, (4)

where RRC represents the relative rate of change expressed in yr—!, and 18 represents the
final growing season used in the analysis. These estimations per meadow area were also
assigned to four potential trend syndromes (described below, related to the third specific
objective). We carried out two types of ANOVA and Tukey’s test, on the one hand, to
determine if the degradation trends had different carrying capacity values and, on the
other, to quantify the net effect of the potential trends of ANPP on the most extended
activity in the area: direct grazing by sheep. In the first test, the response variables were the
estimations of the initial and final carrying capacity by area, and the independent variable
was the trend syndrome, which had four levels (I, II, III, and IV). The second test compared
the overall change in the carrying capacity of meadows, where the independent variable
was the moment, which had two levels (initial and final).

To address the third and final specific objective and to propose and evaluate the
degradation trends of these ecosystems, based on four different trend syndromes derived
from the combination of temporal trends of the ANPP and its heterogeneity, we evalu-
ated the percentage of meadow areas in four possible quadrants, which represented the
proposed trend syndromes (Figure 3). Regardless of statistical significance, the upper left
quadrant (I) corresponded to cases in which the RRC of the ANPP was positive, but that
of its heterogeneity was negative, representing an improvement situation; the upper right
quadrant (II) corresponded to cases in which both RRCs were positive, representing slight
degradation; the lower right one (III) to cases in which the RRC of the ANPP was negative,
but that of its heterogeneity was positive, representing moderate degradation; and the
lower left (IV) to cases in which both RRCs were negative, representing severe degradation.
In turn, we quantified the area represented by each of these possible trend syndromes, both
for the total and for each phytogeographic unit of Patagonia.

O
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Figure 3. Conceptual representation of the description to characterize the degradation trends of
ecosystems such as meadows. The proposed trend syndromes are based on the combination of the
trend (positive as green arrow and negative as red arrow) in aboveground net primary production
(ANPP) and of its spatial heterogeneity, spatial standard deviation (SDspaﬁal). To estimate these
trends, the regression of In (ANPP) or In (SDgpatial 0f ANPP) against the independent variable time is
proposed. The slope of these regressions represents a direct estimator of the relative annual change
of ANPP or its heterogeneity. Thus, the proposed trend syndromes are divided into the following:
(I) (green) as improvement situation defined by increase in ANPP and decrease in SDgpatia) OVer
time; (II) (yellow) as slight degradation defined by increase in ANPP and SDspatial ; (IIT) (orange) as
moderate degradation defined by decrease in ANPP but increase in SDgptia1; (IV) (red) as severe
degradation defined by decrease in ANPP and SDgpatia1-
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All processes were conducted using R software (version 4.0.2, R Core Team 2020), where
for data manipulation, we used “dplyr” [61] and “tidyr” [62] packages and Microsoft Excel.

3. Results
3.1. ANPP Trends
3.1.1. Average ANPP Trends

In the last two decades, the area-weighted mean ANPP of Patagonian meadows decreased
by 6%, from an average of 3600 kg/ha.yr~! to 3400 kg/ha.yr~! (11.4 kg dry matter ha~!
per season, Figure 4 left panel). On the contrary, the neighboring steppe areas did not
show a significant trend (Figure 4 right panel). However, if only meadow areas with a
negative trend are considered, ANPP decreased by 11% from 3800 to 3400 kg /ha.yr~!, at a
decrease rate of 21.4 kg dry matter ha~! per season (ANPP = 46,636.72 — 21.43 * season,
p value = 0.004, R? = 0.39). In contrast, in meadow areas with a positive trend, ANPP
increased by 8%, from 3200 to 3500 kg/ha.yr~!, at an average positive rate of 16.1 kg dry
matter ha ! per season (ANPP = —28,887.84 + 16.06 * season, p value = 0.01, R? = 0.32).
Additionally, meadow areas with a negative trend presented higher ANPP values at the
beginning of the studied period compared to those areas with a positive trend. However,
at the end of the analyzed period, the ANPP of both types was similar.
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Figure 4. Dynamics of aboveground net primary productivity (ANPP) throughout the 19 seasons under
study in the entire meadow (left panel) and steppe (right panel) ecosystems. Each point corresponds to
the average of the mean annual ANPP weighted by meadow or steppe area. The solid line represented a
marginally significant linear model fit (meadow areas: ANPP = 26,330.01 — 11.35 * season, p value = 0.08,
R? = 0.17), while the dotted line was non-significant (steppe areas: ANPP = 3600 — 1465 * season,
p value = 0.36, R? = 0.049).

3.1.2. Relative Rate of Change of ANPP by Pair of Meadow and Steppe Areas

The ANPP relative rate of change (RRC) of meadow areas was positively associated
with that of the neighboring steppes (Pearson’s coefficient = 0.39, p value < 0.05), and,
independent of the sign, the RRC was more variable in meadows than in steppes (Figure 5).
ANPP RRC of meadow areas had a similar sign (either positive or negative) to that of the
nearby steppe ones in 66% of the cases (Figure 5). In 42% of the analyzed pairs, both had a
negative trend of ANPP. Within this pattern, in 85% of the cases, the relative decrease in
ANPP was greater in meadows than in steppes. In 24% of the analyzed pairs, both had
a positive trend (Figure 5). Within this pattern, in 79% of the cases, the relative increase
in ANPP was greater in meadows than in steppes. When looking at opposite trends, the
one that dominated was that where the RRC was negative in meadows but positive in
steppes, with 21% of the cases. The other combination of opposite trends, where meadow
areas had a positive RRC, but the nearby steppe negative represented 13% of the cases
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(Figure 5). The RRC of the ANPP in meadows varied between —0.036 and 0.022 year’l,
while, in steppes, it varied between —0.011 and 0.026 year ! (Figure 5). In other words, the
changes in meadows implied an annual decrease in the ANPP of 3.6% and an increase of
2.2%, while in steppes, they were 1.1% and 2.6%, respectively.

0.04 - -
13% : 24% -'
n=70 : n=129

0.021

0 00. ................... o
.

..................

-0.02-

e e ”oy
__.-@n=224 o n=115
-0.02 0.00 0.02
Steppes ANPP RRC

Figure 5. Distribution of the relative rate of change (RRC, year‘l) of the aboveground net primary

Meadows ANPP RRC

-0.04

productivity (ANPP) in meadows as a function of the RRC of the ANPP in steppes adjacent to them.
Each point corresponds to the ANPP RRC of a meadow area and that of its neighboring steppe pair. T
analyzed 2000-2019. Each color represents different quadrants as follows: positive RRC in meadows,
but negative in steppes (quadrant I, orange); positive RRC in meadows and steppes (quadrant II,
green); negative RRC in meadows, but positive in steppes (quadrant III, yellow); negative RRC in
meadows and steppes (quadrant IV, red). The percentage and number of total cases per quadrant are
indicated in the margins of the quadrants (total n = 538). Gray dotted line corresponds to the 1:1 ratio.

3.1.3. ANPP Trends Relationship with Environmental Controls

The variables considered related to environmental controls did not explain the
variation in the RRC of ANPP and its heterogeneity between meadow or steppe areas
since the proportion of the variability explained by the evaluated models was very low
(Figure S2, Table S1). Nevertheless, ANPP RRC was more variable in the arid end of the
MAP gradient than in the humid one (Figure 6(1)). For example, below 400 mm of MAP,
ANPP RRC ranged from —0.0536 to 0.0220 but from —0.0198 to 0.0196 for sites above
600 mm of MAP. Furthermore, precipitation had a predominance of negative trends,
while temperature only had positive ones (Figure 6(2,3) and Figure S3). Additionally, de-
spite the low fit, meadow areas ANPP RRC was negatively associated with mean annual
precipitation (p value < 0.001, R? = 0.03, Figure 6(1), Table S1), while no statistical pattern
was observed for the nearby steppe areas (Figure S2, Table S1). Independently of the
MAP, ANPP RRC was positively associated with RRC of precipitation (p value < 0.001,
R? = 0.06, Figure 6(2)) and temperature (p value < 0.001, R? =0.09, Figure 6(3)) when
considered in a multiple regression approach (Table S1).



Remote Sens. 2023, 15, 2531

11 0f 19

ANPP RRC

0.04-
0.02-
0.00{
-0.02-

-0.04

-0.06

0

200 400 600 800 1000 -0.03 -0.02 -0.01 000 0.01 0000 0005 0010 0.015 0.020
MAP (mm) Precipitation RRC Temperature RRC

Figure 6. Meadow area’s relative rate of change (RRC) of aboveground net primary productivity
(ANPP) as a function of (1) mean annual precipitation (MAP), (2) precipitation RRC, and (3) tem-
perature RRC. Each point corresponds to a meadow area (polygon), where the trend of ANPP was
estimated through the RRC for the period between 2000 and 2019. The black lines represent the fit of
a statistically significant linear model (p value < 0.05). Thin and gray dotted lines correspond to zero
values on the axes. Thick and gray dashed line in panels (2) and (3) corresponds to 1:1 relation. For
more details on the models represented in this figure, see Table S1.

3.2. Impact on Livestock Carrying Capacity of Meadows

From 2000 to 2019, the carrying capacity changed in two of the four proposed trend
syndromes (Figure 7, blue lowercase letters). It increased by 19%, from 2.7 to 3.2 sheep ha™!,
in meadows under Syndrome II (positive ANPP and SDgpatia) RRC) and decreased in a
similar proportion, from 5.1 to 4.3 sheep ha~!, in those under Syndrome III (negative ANPP
and positive SDgpatial RRC), while there was no significant change in meadows under Trend
Syndromes I (positive ANPP and negative SDgpatial RRC) and IV (negative ANPP and
SDspatial RRC) (Figure 7, blue lowercase letters). In addition, although the initial mean
carrying capacity was higher in meadows under Trend Syndromes Il and IV (Figure 7,
black capital letters), the final mean carrying capacity of the latter did not differ from that
under Trend Syndromes I and II (Figure 7, black lowercase letters). Due to the fact that
Trend Syndromes III and IV represented 75% of the evaluated area, the total amount of
animals decreased by 75,000 sheep in the entire region (Figure 7, Total) or 8%.

3.3. Trend Syndromes in Meadow Areas

Meadow areas” ANPP RRC was positively associated with ANPP SDgpat RRC
(p value < 0.0001, Pearson coefficient = 0.55). Most meadow areas (41%) presented a
trend syndrome of severe degradation, in which RRCs were negative, representing 55%
of the studied area (~137,000 ha) (Figure 8(1), Quadrant IV). The second most important
(27%) trend syndrome was slight degradation, in which both RRCs were positive, and it
represented 19% of the studied area (~47,000 ha) (Figure 8(1), Quadrant II,). The third
most important (16%) was moderate degradation, in which ANPP RRC was negative, but
its SDgpatial had a positive RRC, and it represented 20% of the studied area (~47,000 ha)
(Figure 8(1), Quadrant III). Finally, a few meadow areas (16%) presented an improvement
situation, in which ANPP increased and its SDspatial decreased over time, and it repre-
sented only 7% of the studied area (~16,000 ha) (Figure 8(1), Quadrant I). Moreover, the
Trend Syndromes IV, II, and III were distributed in almost all the phytogeographic units
containing meadow areas (Figure 8(2)), although around 77% of the area of meadows
that presented each of these trend syndromes were only in three phytogeographic units
(Figure 8(3)). Instead, Syndrome I was distributed in fewer units, one, two, and nine
(Figure 8(3)), representing 94% of the cases.
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Figure 7. (1) Initial (white bars) and final (gray bars) mean carrying capacity (sheep ha~!) for
the period 20002019 for each trend syndrome (I, improvement situation (green panel); II, slight
degradation (yellow panel); III, moderate degradation (orange panel); IV, severe degradation (red
panel) and total (white panel) meadow areas. The vertical lines represent the standard deviation.
Different letters indicate significant differences (p value < 0.05) between trend syndromes in initial
(capital letters) or final (lowercase letters) carrying capacity. Different letters in lower case and blue
color indicate significant differences (p value < 0.05) between the initial and final mean carrying
capacity for each syndrome and the total. (2) Overall change in carrying capacity of meadows after
19 seasons, expressed in number of total sheep, both for a subset of meadows, according to their
trend syndrome, and for the total meadows. In both panels, (1) and (2), the carrying capacity was
estimated from the ANPP.
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Figure 8. Characterization of four possible trend syndromes in meadows and their spatial distribution,
represented in colors: improvement situation (I, green); slight degradation (II, yellow); moderate
degradation (III, orange); severe degradation (IV, red). These trend syndromes refer to the trends of
aboveground net primary productivity (ANPP) (positive or negative) and its heterogeneity (positive
or negative). (1) presents the distribution of the relative rate of change (RRC) of the ANPP as a
function of the RRC of the spatial standard deviation of the ANPP in meadow areas for the period
of 20002019, where each quadrant represents a trend syndrome. The percentage and number of
total cases per quadrant are indicated in the margins of the quadrants (total n = 648). In addition, a
box within each quadrant indicates the percentage of the area represented by each syndrome. The
gray dotted line corresponds to the 1:1 ratio. (2) presents a map with the distribution of these trend
syndromes in the evaluated meadow areas. Six phytogeographic units, only those that jointly account
for more than 90% of the evaluated meadows area, are identified in grayscale and with a number:
1 as grass shrub steppe; 2 as grass steppe of Festuca pallescens; 3 as humid grass steppe of Festuca
gracillima; 9 as low shrub steppe; 10 as dry grass steppe of Festuca gracillima; 16 as low shrub steppe
with Mulguraea tridens. The dashed black line corresponds to the Colorado River, and the gray one
to the limits of the phytogeographic units. (3) presents the percentage of each trend syndrome by
phytogeographic unit. The unit reference number is the same as Panel 2, and only those units that
jointly account for more than 90% of the evaluated meadows area are shown.
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4. Discussion

Overall, our results highlighted three main aspects. First, ANPP decreased over time
in most of the studied meadow areas, suggesting meadow desertification, but in a few
ones, ANPP increased. These temporal trends, characterized by the relative rate of change,
were greater in meadows than in steppes. Additionally, the RRC of ANPP was more
variable towards the arid end of the analyzed moisture gradient. Second, the observed
patterns suggest a net decrease over time in the provision of two key ecosystem services,
its potential capacity as a carbon input and the provision of forage for livestock. Third,
our approach indicated that 55% of the analyzed meadow areas corresponded to a severe
degradation trend, where both ANPP and its spatial variation decreased from 2000 to 2019.
If the following degradation trend syndrome is considered, where ANPP decreased over
time, but its spatial variation increased, it reached 75% of the analyzed areas. Otherwise,
the remaining 25% experienced an increase in ANPP over time.

The ANPP of meadows decreased in the first two decades of the 2000s, while the
nearby steppes had, in many cases, lower and opposite trends, or no trend at all. In
correspondence with these trends in the steppes, previous studies determined losses of
vegetation cover in the steppes in the period 2008-2012 [8] and increases in 20142019 [63].
Furthermore, meadow areas” ANPP trends suggest an effect of desertification mediated not
only by environmental factors, but management related as well. Regarding the environ-
mental role, and when comparing the RRC between meadows from the nearby steppes, it
supports the proposed mechanism, which indicated that soils from the surrounding steppe
areas exhibited a maximum water-holding capacity lower than the mean annual precipita-
tion [24,25], leading to the lower magnitude of ANPP RRC compared to that of meadow
areas. This suggests that the accumulated water in lower portions of the landscape during
winter, where meadows are located, had an impact over time in meadows. However, when
comparing the ANPP RRC between meadow areas of Patagonia with that of grasslands
in the nearby Pampas biome, with similar ANPP ranges but independent of water table
regimes, the latter had up to three times greater RRC [58]. Thus, the influence of the water
table in meadows acts as a buffer against events of drought or intense heat in comparison
to other similarly productive grasslands.

Regarding the human-related factors, at least two observed patterns emphasized its
role. Firstly, and more notoriously, there were meadow areas with opposite ANPP trend to
the nearby steppe areas trend and that of precipitation as well. Secondly, the environmental
factors explained very little of the variation in the ANPP trend. Moreover, in many cases
where the sign of the ANPP trend was like that of precipitation, the former had a higher
magnitude, suggesting changes not only mediated by the evaluated environmental factor.
Meadow areas with negative ANPP trends and opposite to other factors, or higher than that
of precipitation, suggests overgrazing [64] since it is the main human-related activity across
the region. Within the analyzed period, domestic and wild herbivore stocking increased,
mainly through livestock and guanacos (the main wild herbivore), beyond the region
carrying capacity [28]. Potentially, meadow areas might have been the rangeland areas
that hosted livestock numbers, given the limitation steppe vegetation imposes on forage
availability, quality, and livestock bite size [65]. On the contrary, positive trends suggest the
implementation of practices associated with water redistribution [29] or fertilization [23].

ANPP’s negative trend impacted two ecosystem services: carbon (C) dynamics and
livestock carrying capacity. In the last two decades, assuming a 45% C concentration in
the dry matter [66], ANPP’s negative trend represented a total decrease in C inputs of
24,220 megagrams (Mg). Enriquez et al. (2015) [64], working across a series of meadows
in Patagonia, determined that long-term overgrazing altered the C cycle by reducing on
average 2900 kgDM ha~! (30%) and 6700 kgDM ha~! (65%) of above and belowground
plant biomass, respectively, and decreasing C inputs to the soil, which meant a decrease of
35% of the total ecosystem C pool. Regarding the second ecosystem service (the carrying
capacity), ANPP 's negative trend represented an 8% decrease. In sync with our findings,
from 2002 to 2018, sheep decreased by 2.2 million across 69 million ha of Patagonia [67,68].
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Given the observed stocking numbers decreased and the meadow’s carrying capacity
reduction, these systems potentially accounted for 3.3% (73,000 sheep) of the variation,
representing less than 0.5% of the area. Additionally, other factors beyond ANPP may have
affected negatively the stocking numbers of Patagonia, including reductions in drinking
water points and/or forage quality [8].

The proposed trend syndromes classification provides new insights into one of the
iconic areas associated with the study of desertification, Patagonia [69]. The quantification
and determination of desertification require reference situations to be compared and/or
long-term ANPP datasets [70,71]. The proposed approach sorted both limitations using
nearby steppe areas as references and a metric related to ANPP but independent of the
mean itself (i.e., the relative rate of change). We believe this approach complements
previous metrics relating to ANPP and precipitation dynamics, as are the precipitation
use efficiency and the marginal response to precipitation [69], which are of less use in this
type of ecosystem. Through this approach, we were able to indicate that 55% (~137,000 ha)
of the evaluated area is under the worst syndrome of degradation. Across Patagonia,
considering a similar period of time, NDVI inter-annual dynamics were majorly associated
with the description of a negative trend, which recently shifted to a positive phase [72].
Different from that description, meadow areas seem to be under a long-term negative trend
exacerbated by a reduction in ANPP’s spatial variation. Furthermore, the negative trend
of both ANPP’s mean and its spatial variation suggests the shift towards a new stable
state [73]. This new state suggests the loss of soil layers, specifically the ones rich in soil
organic matter [64,74]. If this new stable state is confirmed, it would indicate that reversing
this trend will require probably a longer period, driven by soil formation processes [75].

5. Conclusions

Overall, we were able to quantify, for the first time, the degradation trends in mead-
ows along a wide environmental gradient, as anticipated by different local conceptual
models [30-32,76,77]. In the last two decades, for the set of studied meadows, the ANPP
decreased, which reduced their livestock carrying capacity, while the nearby steppes re-
mained relatively stable. In this sense, the trend syndrome that prevailed across meadow
areas was the one that represented the worst syndrome of degradation. Therefore, it is
essential to adopt management practices that allow sustainable use of this key ecosystem.
These results could help identify priority areas along with specific management decisions
given the different trend syndromes. Moreover, through the characterization of these
syndromes, future studies could evaluate the impact of different management practices
applied in meadows and encourage the development on a larger scale of those that present
improvement situations.

Furthermore, our findings are essential to establish new meadow areas to protect
and complement previous studies that prioritized their conservation based on aquatic and
terrestrial biodiversity [78]. In this sense, future efforts should lead to an inventory of
meadows, that allows knowing their location with greater precision and accuracy, and a
vegetation and soil monitoring network, similar to the one existing in steppe areas [79],
both combined with the power of remote sensing. Thus, our results could be taken as
a basis, in combination with a recent distribution map of wetlands of Argentina [14], to
inventory them and install monitoring stations, which implies a great challenge given the
large territorial extension in which the meadows are located.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/rs15102531/s1. Figure S1. Comparison between the layer of meadow
areas created by Merlo (2017; yellow polygons) [40], based on a previous classification carried out
by Crego et al. (2014) [41], and the layer resulting from our edition (green polygons). Differences
between both layers in Patagonia (Panel 1) are exemplified in the Argentine province of Santa Cruz
(Panel 2, a), showing the incorporation of new meadow areas based on the literature, and Tierra del
Fuego (Panel 2, b.1 and b.2) and showing the contrast between both layers. Boxes with dotted lines
correspond to areas represented in greater detail, on a smaller scale. The dashed black line in Panel 1
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corresponds to the Colorado River. Figure S2. Relative rate of change (RRC) of aboveground net primary
productivity (ANPP) (a) and RRC of the spatial standard deviation of the ANPP (b) as a function of
(1) mean annual precipitation (MAP), (2) mean annual temperature (MAT), (3) precipitation RRC, and
(4) temperature RRC, in meadows (green dots) and steppes (orange dots). Each point corresponds to an
area of meadow or steppe evaluated, for the period between 2000 and 2019. The black lines represent
the fit of a statistically significant linear model (p value < 0.05) for meadows or both (a thin dashed line
means no difference between their slopes). For more details on the models represented in this figure, see
Table S1. Panels a.1, a.3, and a.4 are the same ones represented in Figure 5. Figure S3. Box plot of the
relative rate of change (RRC) of the precipitation and temperature registered in meadow and steppe
areas for the period 2000-2019. Table S1. Multiple regression models of (a) the relative rate of change
(RRC) of the mean annual aboveground net primary productivity (ANPP) and (b) the RRC of the spatial
standard deviation (SD) of the ANPP, depending on the type of vegetation (TVeg, either meadow or
steppe), of the environmental controls, mean annual precipitation (MAP), mean annual temperature
(MAT), and their respective RRC (RRCpjap and RRCyjat). The first column indicates the three types of
models evaluated, from which it is represented the association of said dependent variables (a and b)
with the TVeg and (1) the MAP, (2) the MAT, (3) both standardized environmental controls (MAP_st and
MAT _st), (4) the RRCpap, (5) the RRCyat, and (6) with both RRC (RRCyap and RRCyga1). Models (1),
(2), (4), and (5) are represented graphically in Figure S2. For each dependent variable included in the
models, the estimators, the standard error, the p value, and the adjusted R2 are informed. The intercept
refers to steppe areas with no effect on the independent variables. Significant effects (p value < 0.05) are
indicated in bold.
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