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Abstract

As land use intensifies globally, it increasingly exerts pressure on protected areas. Despite
open, nonforested landscapes comprising up to 40% of protected areas globally, assess-
ments have predominately focused on forests, overlooking the major pressures on
rangelands from livestock overgrazing and land conversion. Across the southern Caucasus,
a biodiversity hotspot extending over 5 countries, we conducted a broadscale assessment
of the extent to which protected areas mitigate land-use pressure on rangelands in them.
Using satellite-based indicators of rangeland vegetation greenness from 1988 to 2019, we
assessed the effectiveness of 52 protected areas. This period encompassed the collapse of
the Soviet Union, economic crises, armed conflicts, and a major expansion of the protected
area network. We applied matching statistics combined with fixed-effects panel regressions
to quantify the effectiveness of protected areas in curbing degradation as indicated by
green vegetation loss. Protected areas were, overall, largely ineffective. Green vegetation
loss was higher inside than outside protected areas in most countries, except for Geot-
gia and Turkey. Multiple-use protected areas (IUCN categories IV=VI) were even more
ineffective in reducing vegetation loss than strictly protected areas (I & II), highlighting
the need for better aligning conservation and development targets in these areas. Mapping
>10,000 livestock corrals from satellite images showed that protected areas with a relatively
high density of livestock corrals had markedly high green vegetation loss. Ineffectiveness
appeared driven by livestock overgrazing. Our key finding was that protected areas did not
curb rangeland degradation in the Caucasus. This situation is likely emblematic of many
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regions worldwide, which highlights the need to incorporate degradation and nonforest

ecosystems into effectiveness assessments.
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INTRODUCTION

Protected areas are a cornerstone of conservation efforts world-
wide, established to safeguard species and habitats and to
maintain ecosystem integrity and services (Bruner et al., 2001;
Watson et al., 2014). There has been a marked expansion of the
protected area network in the past decades, partially driven by
Aichi target 11 (Maxwell et al., 2020), and this trend is poised
to continue with the recently agreed-on target of protecting
30% of Earth’s land sutface by 2030 (CBD, 2022). Although
more land is protected, human pressures on these lands increase
(Jones et al., 2018). That is why it is important to understand the
effectiveness of protected areas in curbing human pressures and
delivering biodiversity targets (Jones et al., 2018; Laurance et al.,
2012).

Land use affects protected atreas in various ways (Jones et al.,
2018), through agricultural activities, forestry, urban area devel-
opment, extension of transportation network, and expansion
of energy production (Schulze et al., 2018). These pressutes
have manifold impacts, including, but not limited to, habitat
loss, fragmentation, and degradation (Banks-Leite et al., 2020).
However, some land use (e.g, livestock grazing, mowing) can
be expected or even desired inside protected areas, particularly
in multiple-use areas or where the history of human habitation
is long (Mammides, 2020). Additionally, certain land manage-
ment practices may align well with protected areas’ goals, such
as controlled fire or mowing to maintain seminatural grass-
lands (Gavin et al., 2018). Accordingly, a better understanding
of the baseline land-use practices in protected areas and their
surroundings and how these have changed over time is needed
for assessments of protected area effectiveness (Pressey et al.,
2015, 2021).

The effectiveness of protected areas varies widely (Jones
et al., 2018; Laurance et al., 2012). Encouragingly, protected
areas are generally successful in protecting forests (Geldmann
et al., 2013), and even if they do not prevent it completely, for-
est loss is reduced (Wolf et al., 2021), albeit with differences in
effectiveness among countries and over time (Butsic, Munteanu,
et al., 2017). Although much is known about protected area
effectiveness in stemming forest loss, which is relatively easy to
measutre from remotely sensed data (Ghoddousi et al., 2022),
about 40% of the world’s protected areas are not forested (i.c.,
have <20% tree cover), including steppes, rangelands, deserts,
tundra, and alpine areas (European Commission, 2018). The
effectiveness of these protected areas in shielding them from
land-use impacts is largely unknown (Bai et al., 2008; Song et al.,
2018). It is thus necessary to expand assessments of protected
area effectiveness beyond forested landscapes.

One challenge in this is that land use in nonforested ecosys-
tems typically does not lead to the full conversion of land cover
but rather modifies natural vegetation gradually and in more
subtle ways, which is difficult to measure (Dubovyk, 2017).
For example, livestock grazing, a common human land use
inside protected areas, may cause widespread habitat degrada-
tion but is much more challenging to define and detect than
forest loss (Schleicher et al., 2017; Soofi et al., 2018). Degra-
dation is assumed to be particularly widespread in the world’s
nonforested ecosystems (ILRI et al., 2021; Stromberg & Staver,
2022). With the UN Decade on Restoration (Dudley et al., 2020)
and target 2 of the Global Biodiversity Framework, reversing
degradation is now a global priority, the goal of which is to
effectively restore at least 30% of degraded ecosystems by 2030
(CBD, 2022). Tracking habitat degradation and recovery should
thus be a basis for assessing the effectiveness of area-based con-
servation in such systems. However, this is challenging because
defining habitat degradation necessitates an understanding of
the social-ecological context of the drivers of degradation, and
detecting degradation at scale is difficult because satellite-based
indicators for degradation in nonforest ecosystems are not read-
ily available (Dubovyk, 2017; Gibbs & Salmon, 2015; Vogt et al.,
2011). Developing and testing approaches for assessing whether
protected areas reduce degradation in nonforested ecosystems
is thus a priority.

Our focus was on rangelands, by which we mean shrublands,
grasslands, and steppes, covering 54% of the global terres-
trial surface (ILRI et al, 2021). Rangelands are among the
most widespread nonforest ecosystems, hosting rich biodiver-
sity, storing large amounts of carbon, and providing food for
millions of people (Strémberg & Staver, 2022). They are also
particularly vulnerable to degradation due to livestock overgraz-
ing and anthropogenic fires (Bond & Parr, 2010; Stromberg &
Staver, 2022). Despite the importance of rangelands and the
strong land-use pressures they are exposed to, the patterns of
rangeland degradation in- and outside protected areas are largely
unknown. Evaluations of protected area effectiveness focusing
on rangelands are rare (but see Mammides et al. [2024]).

Recent advances in remote sensing provide an opportunity
to better estimate rangeland degradation because long-term
and frequent measurements of vegetation are now available
(Gibbs & Salmon, 2015; Lewinska et al.,, 2020; Piipponen
et al.,, 2022). Traditionally, rangeland status and degradation
have been assessed using vegetation indices, such as the nor-
malized difference vegetation index (NDVI), to approximate
vegetation vitality and cover and, when tracked over time, to
assess degradation (de Jong et al., 2011). However, vegetation
indices can be inaccurate in sparse vegetation cover where bare

85UB01 SUOLIWIOD SAERID) 3 [qeatjdde U Aq peunob 8. DR VO ‘88N JO S3IN J0j ARRIqIT BUIIUO AB]1A UO (SUORIPUOD-PLE-SLLLBHWOD" A8 | I ATe1d) 1o UO//SdIY) SUORIPUOD PUe SW L 3L 385 *[1Z02/TT/22] uo ARigiauluo A1 ‘lLpeg Jreyi|ted yoressay puy AiseAun webuiueBem Ag STyT 1G09/TTTT OT/I0PAL0D A3 ARRIqI BUIIUO01qUOD//SHNY WOy papeoluMoq ‘0 ‘6ELTEZST



CONSERVATION BIOLOGY

‘“@:‘ 3of14

soil is widespread, which is common in rangelands (Elmore
et al., 2000; Huete et al.,, 1985; Smith et al., 2019). Spectral
unmixing addresses this issue by estimating actual ground cover
fractions (e.g., green vegetation, soil) (Hostert et al., 2003; Smith
et al., 2019). Assessing these ground cover fractions over time
can provide insights into the drivers of rangeland degradation,
such as climate change and overgrazing (Stanimitova et al.,
2019). With sufficient availability of satellite observations from
new acquisitions and image archives and with increased com-
putational capacities, spectral mixture analysis is now possible
across large geographic extents and over longer petiods (Frantz
et al., 2022). Such indicators of rangeland vegetation greenness
can serve as proxies for rangeland degradation, and integrating
these indicators in the assessments of protected area effective-
ness should therefore facilitate moving beyond the prevailing
bias of effectiveness studies toward forested protected areas
(Ghoddousi et al., 2022).

The Caucasus Ecoregion, between the Black and Caspian
seas, is one of the most biologically diverse and culturally rich
regions on Earth (Krever et al., 2001). Around 39% of the Cau-
casus is composed of rangelands (Bleyhl et al., 2017), which have
been subject to seminomadic pastoralism and agriculture for
millennia (de Leeuw et al., 2019; Neudert, 2021). Howevet, in
the 20th and 21st centuries, the Caucasus has expetienced major
land-use changes (Buchner et al., 2020; Neudert, 2021). For
example, the collapse of the Soviet Union and multiple armed
conflicts that followed in the 1990s caused major changes in
institutions and livelihoods, while also intensifying exploitation
of natural resources in parts of the region (Brandt, 1992; Rade-
loff et al., 2013). Likewise, there were major land-use changes
in the region’s rangelands due to widespread cropland aban-
donment (Baumann et al., 2014; Buchner et al., 2020, 2022)
and steep fluctuations in livestock numbers (FAO, 2023) but
also to violations of protected atrea policies, for example, via
illegal livestock grazing (Krever et al., 2001). Concomitantly,
there has been a major expansion of the protected area network,
with a general shift in management practices from strict protec-
tion to multiple-use landscapes (Gunya et al., 2021; Montalvo
Mancheno et al., 2016). Despite these major changes, the effec-
tiveness of protected areas in safeguarding rangelands in the
Caucasus is unclear (Bragina et al., 2015; Montalvo Mancheno
et al,, 2010). Additionally, the role of livestock, as a key pressure
on protected areas in the region, is unknown (Neudert, 2021).

We focused on 52 protected areas in 5 countries in the south-
ern Caucasus, where rangelands are the dominant land cover
and play a key role in the livelihood of local communities (Buch-
ner et al., 2020; Neudert, 2021). We analyzed fractional green
vegetation derived from Landsat satellite image time series from
1988 to 2019 and applied a rigorous impact evaluation frame-
work. Further, we assessed the correlation between livestock
presence, as one of the major drivers of land-use change in
this region, and rangeland green vegetation loss inside protected
areas (Neudert, 2021). Specifically, we addressed the following
questions: Have protected ateas been effective in curbing range-
land degradation, as approximated through green vegetation
loss? How does effectiveness differ among countries, manage-

ment categories (strictly protected vs. multiple-use areas), and
protected areas of different sizes and ages? And, what is the
association between livestock presence and green vegetation
loss inside protected areas?

METHODS
Study area

We focused on the southern Caucasus (Figure 1), which we
defined according to the Caucasus Ecoregion boundary (Krever
et al., 2001); the Kura River, Surami Pass, and Rioni River
demarcated the northern boundary. The area covers all of
Armenia and parts of Azerbaijan, Georgia, Iran, and Turkey.
Most of the southern Caucasus consists of mountainous range-
lands, with vegetation characterized by open juniper woodlands,
steppes, mountain grasslands, and occasionally broadleaved
forests (Bleyhl et al., 2019; Buchner et al., 2020). The rangelands
in the Caucasus have high species richness, including plants
(~2800 species, many endemic to rangelands), amphibians (e.g;,
Caucasian salamander [Mertensiella cancasica)), reptiles (e.g., Cau-
casian viper [ Vipera kaznakovi]), and birds (e.g,, Caucasian grouse
[Lyrurus miokosiewiczi]) (Zazanashvili et al., 2020). This region is
also home to a wide diversity of threatened megafauna, such as
bezoar goat (Capra aegagrus), brown bear (Ursus arctos), mouflon
(Ovis gmelini), and Persian leopard (Panthera pardus tulliana), which
have their core populations in protected areas.

We included a selection of protected areas in [UCN manage-
ment categories I-VI from the World Database of Protected
Areas (www.protectedplanet.net). We excluded protected areas
representing lakes and wetlands (# = 9). We only included pro-
tected areas established before 2013, given the temporal extent
of our vegetation greenness data (1988-2019; see below) and
that the effects of conservation interventions may not appear in
newly established protected areas (#» = 9) (Bruner et al., 2001).
Because the impact of protected areas may not always match
their management objectives (Guan et al., 2021; Leberger et al.,
2020; Leroux et al., 2010), we visually checked the land-cover
maps of protected areas in IUCN management category III
and removed them from the analyses (# = 22). These natu-
ral monuments represent caves, canyons, mountain peaks, or
similar features with little to no rangeland cover in the south-
ern Caucasus. Two protected areas were in the conflict zone
between Armenia and Azerbaijan, so we assumed they were not
operational during the study period and removed them. The
remaining 52 protected areas (Appendix S1) were distributed
among the countries as follows: Armenia 16, Azerbaijan 11,
Georgia 8, Iran 9, and Turkey 8, and they had a wide range
of TUCN management categories (I, II, IV, and V; none in
category VI) and establishment dates (1929-2011) (Figure 1).
We divided the protected areas according to management cate-
goties into strictly protected (i.e., IUCN category I & 1I) and
multiple-use areas (i.e., IUCN categories IV & V) (Elleason
et al.,, 2021). The total area of the selected protected areas was
around 14,100 km®.
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FIGURE 1 Study area in the southern Caucasus showing the distribution of rangelands (Bleyhl et al., 2017; Buchner et al., 2020) and the location of the
selected strictly protected (IUCN categories I & II) and multiple-use areas (IV-VI) in Armenia, Azerbaijan, Georgia, Iran, and Turkey.
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Digitization of
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Pearson’s
correlation test
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FIGURE 2  Analytical workflow showing how we assessed the effectiveness of protected areas (PAs) in preventing rangeland degradation (i.e., loss of green
vegetation) in the southern Caucasus (RQ1), measured the impacts of contextual and management elements on effectiveness (RQ2), and quantified the role of

livestock grazing on green vegetation loss in protected areas (RQ3).

Data analyses

We assessed the impact of protected areas on rangeland green
vegetation loss in the southern Caucasus in 3 steps (Figure 2).
First, we tested the effectiveness of protected areas in reduc-
ing rangeland green vegetation loss by comparing pixels inside
and outside protected areas. Second, we determined whether
contextual and management elements, such as country, IUCN
category, size or the age of protected areas, influenced the level
of effectiveness against rangeland green vegetation loss. Finally,

we assessed whether livestock grazing, based on density of sum-
mer pasture corrals, determined the level of green vegetation
loss inside the protected areas.

Degradation indicators
We used the land-cover maps by Buchner et al. (2020) and

Bleyhl et al. (2017) to identify rangelands inside and outside
protected areas across the southern Caucasus. To approximate
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degradation in these rangelands, we analyzed time series of
green vegetation cumulative endmember fraction (CEF), which
represents annual sums of green vegetation ground cover frac-
tions measured in our case every month (Lewifiska et al., 2020).
The time series derived by Lewinska et al. (2021) was based on
about 43,800 unmixed Landsat satellite images acquired from
1988 to 2019 and decomposed to 4 fractional covers: soil or
bare rock, green vegetation, dry vegetation, and shade. Because
ground cover fractions change over the course of a year due
to changes in phenology and illumination (Kuemmerle et al,,
2006), summing fractional cover detived at constant intervals
over a calendar year normalizes these changes. To assess green
vegetation loss at 30-m resolution, we analyzed changes in
green vegetation CEF represented as a percentage point change
and scaled from 0 to 1 (Lewinska et al., 2020). A decrease
in green vegetation fraction over time can either result in a
change from green vegetation to soil (i.e., green vegetation loss)
or dry vegetation (i.e., desiccation) (Lewinska et al., 2020). We
masked pixels with missing observations for a given year. More
details on the estimation of our rangeland green vegetation loss
measure are in Lewinska et al. (2020, 2021).

Impact evaluation

We selected a random sample of 347,632 rangeland pixels,
53,816 inside and 293,816 outside protected areas, with a
minimum distance of 500 m to limit the effects of spatial auto-
correlation for further analyses. To account for potential leakage
and blockage effects from protected areas (Fuller et al., 2019),
we did not include any outside points (i.e., control points)
within 10 km of protected areas. Because protected areas are
not distributed randomly, estimates of their effectiveness can be
biased if there are systemic differences in baseline characteris-
tics between protected and unprotected areas that affect both
protection and disturbance (Butsic, Lewis, et al., 2017; Joppa &
Pfaff, 2009). Commonly known as the “high and far” bias, pro-
tected areas are often concentrated in areas with high elevations,
difficult accessibility, or low agricultural productivity (Joppa &
Pfaff, 2009). To account for this nonrandom placement of pro-
tected areas, we selected in our subset of random pixels those
that were similar in their underlying characteristics (e.g., remote-
ness, ruggedness, agricultural suitability) but differed in their
protection status (i.e., treated vs. control). We used nearest-
neighbor matching without replacement and a caliper size of a
quarter of the estimated propensity score (Guo & Fraser, 2010).

We matched comparable observations of both groups (pro-
tected and unprotected) according to their propensity score. We
derived this score from a logistic regression model in which
treatment status was regressed on the length of the growing
period, soil workability index, ruggedness, distance to the neat-
est major road, and distance to the nearest settlement. We
assumed that the length of growing period (i.e., period of the
year when the average temperature is >5°C and precipitation
plus moisture storage exceeds half the potential evapotranspi-
ration [IIASA & FAQ, 2012]) and the soil workability (i.c., soil

texture, effective soil depth and volume, and soil phases con-
straining soil management [IIASA & FAO, 2012]) determine the
likelihood of rangeland productivity for use (Neal, 2024). More-
over, we assumed that ruggedness (i.e., topographically uneven,
rocky or steep terrain [Sappington et al., 2007]) and distances
from roads and settlements determine rangeland accessibility
for use (Butsic, Munteanu, et al., 2017). Although elevation has
been used as a matching variable in protected area impact eval-
uations (Joppa & Pfaff, 2009; Nelson & Chomitz, 2011), we did
not include it due to its correlation with accessibility, terrain,
and climate, which we considered separately and deemed more
direct determinants of degradation than elevation. We resam-
pled these control variables to our target resolution of 30 m with
nearest neighbor resampling (Table 1). In the resulting matched
data set of 68,030 rangeland pixels (34,394 inside, 33,636 outside
protected areas), we assessed the standardized mean differences
and variance ratios between protected and unprotected areas,
which showed a balance in the matched sample (Appendices S2
& S3). Therefore, we were able to isolate the effect of protected
area presence on rangeland green vegetation loss. We con-
ducted the matching analysis with Matchlt (Ho et al., 2011) in
R 1.1.453.

A second source of potential bias was unobservable static
vatiables, such as weather fluctuations (Cameron & Trivedi,
2005), potentially affecting green vegetation cover in rangelands
(Kohli et al., 2021). To account for the impact of drought,
we used the annual standardized precipitation evapotranspira-
tion index (SPEI-3) from the global SPEI database (https://
spei.csic.es/database.html). The SPEI-3 is a cumulative drought
index based on monthly precipitation and evapotranspiration
data at 0.5° (ca. 50 km) resolution with an accumulation petiod
of 3 months (SPEI-3) for 19882019, which represents above-
ground productivity in grassland vegetation (Vicente-Serrano &
National Center for Atmospheric Research Staff, 2010). Pos-
itive SPEI-3 values indicate wetter conditions and negative
values indicate drier conditions for vegetation growth, with
both extreme or prolonged deviations from zero indicating sub-
optimal conditions for vegetation growth. Although livestock
grazing may also affect green vegetation cover, we did not
include this variable (see below) in the model because of poten-
tial endogeneity problems from reverse causality (i.c., livestock
cause green vegetation loss but corrals are placed in areas of
high green vegetation cover).

We then parametrized a fixed-effects panel regression model
and predicted the yearly logit-transformed rangeland green veg-
etation loss by treatment from 1988 to 2019. We chose the linear
probability model over panel logit or probit specifications due
to the difficulty of parameterizing the latter with fixed effects
(Wooldridge, 2011). Specifically, we determined effectiveness
with the following linear panel regression:

logit (Y;,) = By X Byear;, + 8, X SPEL; + ¢;, )
where Y, is rangeland greenness for 7 unit of observation and #

point in time; 7; indicates whether an observation is protected
(1, yes; 0, no); year,, is the time dummy vatiable indicating the
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TABLE 1 Variables and data sets used to assess the effectiveness of protected areas on rangeland green vegetation loss in the southern Caucasus from 1988 to
2019.
Category Variable Unit Period Resolution Source
Response Green vegetation fraction 0-1 green vegetation cumulative ~ 1988-2019 30 m Lewinska et al., 2021
endmember fraction
Treatment Protected areas 1: protection 2020 Vector Wotld Database on Protected
0: no protection Areas (www.protectedplanet.com)
Panel regression  Administrative boundaries of ~ Armenia, Azerbaijan, Georgia, Time invariant Vector Database of Global Administrative
variables countties Iran, Turkey Areas (version 3.0) (www.gadm.org)
International Union for Strictly protected (I & II), Time invariant - World Database on Protected
Conservation of Nature multiple-use areas IV & V) Areas
management categories
Size of protected areas Area (km?) Time invariant - World Database on Protected
Areas and WWF Caucasus
Programme Office
Age of protected areas Years since establishment 1988-2020 - World Database on Protected
Areas and WWF Caucasus
Programme Office
Climatic influence Standardized precipitation 1988-2018 0.5° Vicente-Serrano et al., 2010
evapotranspiration index with an
accumulation period of 3 months
(SPEI-3)
Control variables  Length of growing period 0-365 days Time invariant 30 arcmin ITASA & FAO, 2012
Soil workability Classes 0-7 Time invariant 30 arcmin ITASA & FAO, 2012
Ruggedness 0 (flat) to 1 (most rugged) Time invariant 30 m Calculated using a 90-m
neighborhood rule (Sappington
et al.,, 2007) based on topography
data from Shuttle Radar
Topography Mission
(http://search.carthdata.nasa.gov)
Distance to nearest major road m Time invariant 30 m Open Street Map
(\V\V\V.()anSthCtnl}lp.()fg
Distance to nearest settlement  m Time invariant 30 m Open Street Map and WWF

Caucasus Programme Office

30-year study period; SPEI-3; is climatic influences; rangeland
greenness 31 and 8, are the coefficients to be estimated; and ¢;,
is the error term.

To assess the impacts of contextual and management ele-
ments (Ghoddousi et al., 2022; Rodrigues & Cazalis, 2020),
we classified the data set based on the country, management
category, size, and age of protected areas and reran the fixed-
effects panel regressions, comparing their protection effect in
each run with the range-wide average. Each country has its
own environmental policies and socioeconomic conditions that
can affect protected area effectiveness (Butsic, Munteanu, et al.,
2017). The management elements, such as the IUCN categories
(strictly protected vs. multiple use), also reflect the levels of law
enforcement and baseline land uses, important for protected
area performance (Elleason et al., 2021). Furthermore, there is
some evidence indicating positive impacts of protected area size
and age on their effectiveness (Bowker et al., 2017; Wolf et al,,
2021; Zhao et al,, 2019). Accordingly, we stratified the analy-
sis regarding interaction effects of treatment and country (C}),
TUCN categories (IUCN)), size (s5;), and age of protected area

(@p):
logit (Y;) = By X Pyear; + B, X SPEL; + B3 X C; +

B4 XTUCN; + 5 X 5 + g X ay + ¢ (2)

We performed panel regressions with the plm package
(Croissant & Millo, 2008).

Livestock grazing pressure

We assessed the relationship between rangeland green vegeta-
tion loss and livestock (i.e., sheep, goat, and cattle) presence
in protected areas to quantify whether livestock grazing pres-
sure reduced the green vegetation (Jamsranjav et al., 2018).
Transhumance by using summer and winter pastures is com-
mon in the Caucasus (de Leeuw et al., 2019; Neudert, 2015;
Wiesmair et al., 20106), and the location of livestock corrals is
a proxy for livestock presence (Bleyhl et al., 2019). Wild large
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herbivores (e.g., bezoar goat, mouflon) occur in small numbers
inside some protected areas of the Caucasus but are typically
absent on unprotected lands (Bleyhl et al., 2019; Kuemmerle
et al., 2020) and, thus, are not a main cause of overgrazing and
degradation. We stratified the region to elevations above 1500 m
asl with a topography model (EROS Center, 2018) to identify
summer pastures (Bleyhl et al., 2019; de Leeuw et al., 2019). We
used the most recent high-resolution satellite images available
in 2020 in Google Earth (https://carth.google.com) to digitize
livestock corrals for all summer pastures of the southern Cauca-
sus. We identified the corrals as artificial structures (e.g;, shack,
stone wall, or tarp) in open pastures with homogenous open soil
near the corral clearly visible in high-resolution imagery (Bleyhl
et al,, 2019). We did not analyze winter pastures because they
are commonly located in more accessible, lower elevation areas
coinciding with a variety of other human infrastructures that are
easily misidentified as corrals. To facilitate the digitizing, we used
a systematic grid of 1.5-km tresolution over the study area. We
then extracted the number of corrals in our protected areas (see
above) and calculated their density in summer pastures of pro-
tected areas. Four protected areas, all in Azerbaijan (Shamkir,
Korchay [I & IV], and Hirkan [IV]), were at <1500 m asl, and
we removed them from this part of our analyses. As a mea-
sure of degradation, we calculated the mean green vegetation
CEF loss from 2014 to 2019 in each protected area. We used
this period because it corresponded to when active corrals were
observable in Google Earth satellite images. We were unable to
perform a trend analysis on the corral numbers because data
from older periods were not available. However, because the
location of corrals is stable in the region, we are confident
that their contemporary location is a robust proxy for livestock
grazing pressure. We used Pearson’s correlation coefficient test
to assess the relationship between mean green vegetation loss
and corral density. We further tested this relationship for differ-
ent subsets of our data based on the country and management
categories (strictly protected vs. multiple-use areas).

RESULTS
State of rangelands in the southern Caucasus

Protected areas in the southern Caucasus were predominantly
covered by rangelands, with >50% of protected areas covered
by rangelands in 36 out of the 52 protected areas. Only one pro-
tected area in Georgia (Mtirala National Park) did not contain
any rangeland, and we removed it from the analyses. There was
no clear overarching trend in the green vegetation CEF from
1988 to 2019. Instead, green vegetation CEF across rangelands
in the southern Caucasus was highly dynamic inside and outside
protected areas (0-0.87).

Rangelands in Georgia had the highest mean green vegetation
CEF level (0.25) and variation (0.01), whereas mean green veg-
etation CEF level and variation were lower in Azerbaijan (0.13
and 0.008, respectively) and Iran (0.11 and 0.008, respectively).
Across the study area, the highest absolute number of pixels
with a green vegetation loss signal was in Turkey. We did not

TABLE 2  The comparison of the country-level and International Union
for Conservation of Nature (IUCN) management category deviations from the
average effect (—0.013) of protection on rangeland green vegetation loss in the
southern Caucasus.

Category Protection effect SE
Country
Armenia —0.030 <0.001
Azerbaijan —0.018 <0.001
Georgia 0.014 <0.001
Iran —0.007 <0.001
Turkey 0.010 <0.001
TUCN
& 1II —0.008 <0.001
V&V —0.015 <0.001

find evidence that the observed changes in rangeland vegetation
were due to changes in weather conditions because the tempo-
ral dynamics of rangeland green vegetation CEF did not follow
SPEI-3 patterns (Appendices S4-S8), and our linear regression
models showed limited explanatory power of SPEI-3 to explain
variability in green vegetation CER.

Protected area effectiveness

Across the southern Caucasus, protection decreased rangeland
green vegetation CEF by 0.013 (standard error of difference
<0.001) compared with pixels outside them, suggesting that
protected areas were ineffective in preventing green vegetation
loss. In Armenia, Azerbaijan, and Iran, matched pixels outside
protected areas had higher green vegetation CEF than those
inside protected areas (Figure 3). This trend was reversed in
Georgia and Turkey (Figure 3), and protected rangelands in the
northern parts of the study area had the highest mean green veg-
etation CEF (e.g, in Borjomi National Park, Georgia and Posof
Sanctuary, Turkey) (Figure 4).

Impact of contextual and management
elements

The impact of protected areas in preventing rangeland green
vegetation loss differed over space and time, as well as among
countries and management categories (Table 2). Protected areas
in Armenia were the most ineffective, followed by Azerbai-
jan. In Iran, their impact was similar to the range-wide average
(=0.013), and in Georgia and Turkey, protected areas were
effective according to our assessment.

Comparing the protected area impact across management
categories, we found lower effectiveness for multiple-use pro-
tected areas (IUCN categories IV & V). The effects of strictly
protected areas (IUCN categories I & II) were similar to the
range-wide average (—0.013) (Table 2). We found no effect of
protected area size and age on rangeland greenness.
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Impacts of livestock grazing on rangeland green
vegetation loss

We digitized 10,116 corrals (Armenia 1374, Azerbaijan 1361,
Georgia 798, Iran 3181, Turkey 3402). Livestock corrals were
widespread with high concentrations in the Gegham Mountains
in Armenia, in the northern foothills of Murovdag in Azer-
baijan, in the Javakheti Plateau in Georgia, along the northern
slopes of Alborz Mountains and the foothills of Mt. Sabalan
in Iran, in the Yalnizgam Mountains, and in the foothills
of Mt. Ararat or Agri and Mt Kisir in Turkey. The high-
est densities in rangelands occurred in Iran (0.05 corral/km?),
Turkey (0.04), and Armenia (0.04) and the lowest in Azer-
baijan (0.02). Among protected areas, we found the highest
density of livestock corrals in Iranian protected areas (0.30).
In other countries, corral density was relatively similar inside
protected areas (Armenia and Turkey 0.04 corral/km?, Geot-
gia 0.05 corral/km?, Azerbaijan 0.06 corral/km?). There was
a much higher density of livestock corrals in multiple-use pro-
tected areas (0.12 corral/km? in 31 protected areas) than in
strictly protected areas (0.04 corral/km? in 17 protected areas).

We found a significant (p < 0.05 threshold) negative rela-
tionship between mean green vegetation loss from 2014 to
2019 and the density of corrals in protected areas (r = —0.42,
p < 0.01). Howevert, this relationship varied among countries.
In Armenia (r = —0.02, p = 0.92) and Georgia (r = —0.11,
p = 0.80), we observed weak and nonsignificant relationships
between mean green vegetation loss and the density of livestock
corrals. In protected areas in Iran, there was a nonsignificant
negative correlation (r= —0.46, p = 0.20) between these 2 vari-
ables. We detected the strongest negative relationships in Turkey
(although nonsignificant) (r= —0.68, p = 0.06) and Azerbaijan
(r=—0.85, p = 0.02). When considering the management cat-
egories, there was a negative relationship between mean green
vegetation loss from 2014 to 2019 and the density of corrals
for both strictly protected (r = —0.39, p = 0.10) and multiple-
use protected areas (r = —0.40, p = 0.02), although the former
relationship was not significant.

DISCUSSION

Land degradation affects over one third of the global land
mass (FAO & ITPS, 2015) and is expected to further increase
due to climate change and intensifying land use (Stanimirova
et al.,, 2019). Rangelands, covering a quarter of Farth’s sur-
face and directly supporting over one billion people, are
particularly affected by degradation (Bond & Parr, 2010; Str6m-
berg & Staver, 2022). However, the effectiveness of protected
areas in abating rangeland degradation remains unclear despite
many protected areas in rangeland regions. Here, we use
satellite-based measures of green vegetation loss in rangelands
(Lewinska et al., 2021) as a degradation proxy in a robust impact
evaluation framework to assess protected area effectiveness in
the southern Caucasus. Three main findings were derived from
our assessment of 52 protected areas in five countries. First, pro-

tected areas in rangelands were largely ineffective in reducing
green vegetation loss from 1988 to 2019, a pattern contrasting
results found for assessments of the effectiveness of protected
areas in safeguarding forests in the Caucasus and other post-
Soviet countries (Bragina et al., 2015; Butsic, Munteanu, et al.,
2017). Second, the level of effectiveness of protected areas vat-
ied with contextual and management elements such as country
differences (protection only effective in Georgia and Turkey)
or protected area management (multiple-use areas less effective
than strictly protected areas). Third, through mapping live-
stock corrals as an indicator of grazing pressure, we could link
the observed green vegetation loss signals to livestock grazing
inside protected areas, especially in Azerbaijan and Turkey. This
suggests overgrazing is a main driver of the observed ineffec-
tiveness. Our approach is transferable and can provide insight
into land-use pressures on protected rangelands more generally.

Our first primary finding was the apparent ineffectiveness of
protected atreas in reducing rangeland degradation in the south-
ern Caucasus. Surprisingly, and despite some spatiotemporal
variation across the region, rangelands outside protected areas
had an overall higher green vegetation fraction compared with
matched locations inside. This result was unexpected because
protected areas are meant to reduce degradation and improve
the state of ecosystems over time. However, there are at least 3
explanations for this finding,

First, this pattern could be due to agricultural intensifica-
tion in farmland areas outside protected areas. After decades
of agricultural expansion during the Soviet era, the post-Soviet
transition and armed conflicts led to widespread abandonment
of farmlands (Baumann et al., 2014; Buchner et al., 2020, 2022).
Formerly fertilized but now abandoned land outside protected
areas is likely to have a higher green vegetation level than
more marginal and historically unfertilized areas inside pro-
tected areas. Unfortunately, due to a lack of data on the levels
of fertilizers or the initial state of vegetation, we were unable to
test these factors in our analyses.

Second, most protected areas in the Caucasus, even with the
highest protection levels (i.e., IUCN categories I & II), allow
livestock grazing inside their boundaries because it often pre-
dates park establishments. This allowance can create goodwill
between local people and the parks. According to our data, the
densities of livestock corrals in summer pastures of protected
areas were similar to pastures outside (in Armenia and Turkey)
or even higher than in unprotected areas (in Azerbaijan X3,
Georgia X1.6, and Iran X0). Pastures inside protected areas are
thus de facto a common resource pool in many parts of the
southern Caucasus, making them vulnerable to overexploita-
tion when institutions weaken (Dietz et al., 2003; Hardin, 1968,
Ostrom et al., 1999). This was, unfortunately, common after
the breakdown of the Soviet Union and when armed conflicts
prevailed.

Third, the security and infrastructure provided by protected
areas may be desired by pastoralists (A.G. personal observa-
tion) and lead to higher livestock densities there. For example,
in many protected areas, forestry or ranger roads allow easier
access to high pastures for pastoralists, and patrolling rangers
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reduce the risk of livestock theft. Therefore, despite some
restrictions, protected areas may have a limited impact on
overgrazing and degradation.

Our second primary finding underlines that contextual and
management clements greatly affect protected areas’ effec-
tiveness. Importantly, our results are consistent with previous
studies showing notable variations in the performance of pro-
tected areas across countries (Elleason et al., 2021; Geldmann
et al., 2019). Encouragingly, despite more pronounced green
vegetation loss across the country, a high density of livestock
corrals, and strong land-use pressure (Kurdoglu & Cokealiskan,
2011), protected areas of Turkey were overall effective in our
assessment. Similarly, protected areas in Georgia were effec-
tive in protecting their rangelands against degradation and had
a higher green vegetation level than unprotected areas. How-
ever, in other counttries, protected areas were ineffective against
rangeland green vegetation loss. Despite an increasing green
vegetation trend (Lewifiska et al., 2021), protected areas in
Armenia had limited effectiveness in avoiding green vegeta-
tion loss. In Azerbaijan, the overall degradation of rangelands
was observed previously (Lewifiska et al., 2021; Neudert et al.,
2013), which, together with an increase in livestock numbers
(de Leeuw et al.,, 2019), may explain the lower effectiveness
we found. Finally, the Iranian protected areas in our study area
were also ineffective. These protected areas currently lack suffi-
cient resources to curb human pressures, partly due to economic
sanctions (Ghoddousi et al., 2017; Khalatbati et al., 2018). The
variations we observed suggest a need for conservation initia-
tives to move beyond mere protected area expansion targets and
seek to improve the effectiveness of existing protected areas as
well.

A key determinant of the effectiveness of protected areas
is their governance (Eklund & Cabeza, 2017). However, the
comparison of the performance of protected areas under differ-
ent management categories has been inconclusive. For example,
multiple-use areas were more effective than strictly protected
areas in preventing tropical forest loss due to fire (Nelson &
Chomitz, 2011). Conversely, strictly protected ateas wete mote
effective against agricultural expansion into their boundaries
(Joppa & Pfaff, 2011). Finally, across the globe, differences in
governance types had limited power in explaining the human
footprint inside protected areas (Elleason et al., 2021). In our
study, the effectiveness of strictly protected areas (IUCN cat-
egories I & II) was higher than that of multiple-use areas
(IUCN categories IV=VI). This pattern was somewhat expected
because a more diverse set of land uses (e.g;, livestock pastoral-
ism, agriculture, mining) is permitted in multiple-use protected
areas but might also hint to some of these land uses leading
to degradation. Despite the existence of livestock quota, graz-
ing season, and other management measures in most of the
multiple-use protected areas, these regulations are often not
fully enforced in the region (A.G. personal observation). Setting
socially acceptable and ecologically sustainable levels of land use
would be needed to avoid further damage to these landscapes.
More generally, our results showed that the strength of institu-
tions, whether at country ot site level, plays a major role in the
effectiveness of protected areas in the southern Caucasus.

Our third primary finding was that livestock grazing appears
to be the likely cause for the low effectiveness of rangeland
protected areas. Generally, livestock, occupying around 26%
of the wotld’s terrestrial area (Foley et al., 2011; Godde et al.,
2018), is a major driver of habitat degradation (Bond & Parr,
2010). Our analyses showed a clear relationship between live-
stock presence and rangeland degradation, approximated by
green vegetation loss inside protected areas, in line with other
studies, especially in Azerbaijan (de Leeuw et al., 2019; Lewinska
et al., 2021). We found strong country-specific variation in this
association, with the strongest relationships in Azerbaijan and
Turkey. This might reflect environmental variation, for example,
drier conditions that are more prone to overgrazing (Mysterud,
20006; Neudert et al., 2013) and differences in stocking rates
and livestock husbandry regimes (e.g., Azerbaijan had a stock of
7.57 million sheep vs. 0.61 million in Armenia in 2019; FAQ,
2023). Moreovet, the collapse of the Soviet Union resulted
in marked changes in livestock numbers and husbandry sys-
tems in the former Soviet Caucasus countries (all except for
Iran and Turkey). Plummeting livestock numbers in all coun-
tries but Azerbaijan (FAO, 2023), more stationary husbandry
regimes (Wiesmair et al., 20106), and disrupted transhumance
(Radvanyi & Muduyev, 2007) have redistributed grazing pres-
sure and resulted in degradation in some areas and recovery in
others (Dara et al., 2020; de Leeuw et al., 2019; Neudert, 2015).
Given such variation in the impacts of livestock pastoralism on
rangelands, a social-ecological undetstanding of this land use
in protected areas is crucial (de Leeuw et al., 2019; Jamsranjav
etal., 2018).

Our results highlight that despite a higher density of live-
stock corrals in multiple-use areas, the relationship between
degradation levels and livestock presence is similar across dif-
ferent protected area management categories. This pattern, in
combination with the higher effectiveness of strictly protected
areas, shows that livestock grazing, wherever at higher lev-
els, is a major driver of rangeland degradation in this region.
Unsustainable levels of livestock grazing cause soil degrada-
tion, plant biomass reduction, and desertification (Hilker et al.,
2014). In Azerbaijan, Neudert et al. (2013) documented over-
stocking only in some pastures; in the majority of others,
spatially unadjusted grazing caused degradation, which indicates
the need for destocking and changing herding patterns. How-
evet, determining sustainable levels of grazing is challenging
because overgrazing is often considered a value-laden determi-
nation, reflecting management perspectives that may conflict
with those of local people (Mysterud, 2006). Therefore, bene-
fitting from local traditional knowledge and robust assessments
of green vegetation dynamics is necessary to devise site-specific
grazing management regimes that reconcile conservation and
development goals, especially in multiple-use protected areas.

Our results strengthen calls for moving beyond merely using
forest cover as an indicator of protected area effectiveness
because it may lead to an oversimplified or even misleading pic-
ture (Ghoddousi et al., 2022; Green et al., 2020; Htun et al,,
2009). This is particularly crucial for regions such as the Cau-
casus, where open landscapes are widespread, and relying on
forest cover as the only indicator of performance may lead to
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the assumption that protected areas ate effective because for-
est loss is limited overall (Bragina et al., 2015; Buchner et al.,
2020). Furthermore, in this region, land use often does not
result in complete conversion (Buchner et al., 2020) but more
commonly leads to habitat degradation (Cortner et al., 2024).
For example, around 20% of rangelands in the Caucasus expe-
rienced degradation by green vegetation loss from 1987 to 2019
(Lewinska et al., 2021), whereas conversion of rangelands was
limited (Buchner et al., 2020). During the same period, the area
of forest degradation in Georgia was substantially larger than
the area of deforestation (ca. >3500 km? vs. about 160 km?,
respectively) (Chen et al., 2021). Given these tendencies, fur-
ther development of habitat degradation indices and integration
of them in protected area impact evaluation frameworks are
essential.

Monitoring rangeland degradation is not straightforward due
to methodological and definitional constraints (Dubovyk, 2017;
Gibbs & Salmon, 2015; Vogt et al., 2011). We used CEFs
from satellite image time series, an approach well suited for
landscapes with sparse vegetation (Lewinska et al., 2020). We
additionally identified livestock corrals as an indicator of graz-
ing pressure, highlighting the usefulness of remote sensing
in assessing the effectiveness of nonforested protected areas.
Despite these advances, we acknowledge some limitations. First,
there may be other drivers of rangeland green vegetation loss
(e.g., fire, mowing) we did not consider. Second, these drivers,
including livestock grazing, may be compatible with protected
area goals in some cases, depending on the intensity (Gavin
et al., 2018). However, livestock overgrazing is a major threat
to rangelands in the Caucasus (de Leeuw et al., 2019; Neud-
ert, 2021) and is of concern in its protected areas. Although
the density of livestock corrals was related to the overall level
of green vegetation loss in protected areas, this data set does
not consider livestock type and numbers, both crucial determi-
nants of grazing pressure. Moreover, some of the corrals may
be temporally inactive or abandoned, which we could not detect
from satellite images. The exclusion of winter corrals from the
analysis due to difficulties in detecting them may have biased
our assessment of livestock grazing pressure if transhumance is
not exercised. However, pastoralism in the Caucasus predomi-
nantly involves migrating between summer and winter pastures
(de Leeuw et al., 2019); therefore, summer corrals are a suitable
proxy for livestock grazing pressure in this region. Finally, the
identification of summer pastures as rangelands >1500 m asl
might omit some summer pastures, although another study (de
Leeuw et al.,, 2019) also indicated that summer pastures in the
Caucasus are above 1600 m asl.

Land use is a major threat to biodiversity, and protected
areas are key to limiting this threat (Schulze et al., 2018). Our
study is among the first comprehensive assessments of pro-
tected area effectiveness in protecting rangelands (Mammides
et al., 2024). The methodology we devise can be applied to
many predominantly open landscapes worldwide. Our approach
allows for a better consideration of rangeland grazing pres-
sure and socioeconomic and contextual elements to ensure the
social and ecological outcomes of protected areas (Ghoddousi

et al., 2022; Pozo et al., 2021). Moreover, the overall tendency
of rangeland recovery in this region (Lewifiska et al., 2021) and
the move toward a more sedentary livestock husbandry, instead
of nomadic pastoralism (Wiesmair et al., 2016), suggest there
may be opportunities for restoration of the ecological function
of unprotected rangelands and for the conservation and rein-
troduction of wild herbivores (e.g., mouflon, goitered gazelle
|Gazella subgutturosal), when combined with poaching alleviation
(Bleyhl et al., 2019; Kuemmetle et al., 2020).
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