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Abstract

While the impacts of climate change on individual species and communities have been well
documented there is little evidence on climate-mediated changes for entire ecosystems.
Pristine alpine environments can provide unique insights into natural, physical and ecologi-
cal response to climate change yet broad scale and long-term studies on these potential
‘ecosystem sentinels’ are scarce. We addressed this issue by examining cover changes of
1689 high-elevation wetlands (temporarily or perennial water-saturated grounds) in the
Bolivian Cordillera Real, a region that has experienced significant warming and glacier melt-
ing over the last 30 years. We combined high spatial resolution satellite images from PLEIA-
DES with the long-term images archive from LANDSAT to 1) examine environmental factors
(e.g., glacier cover, wetland and watershed size) that affected wetland cover changes, and
2) identify wetlands’ features that affect their vulnerability (using habitat drying as a proxy) in
the face of climate change. Over the (1984—2011) period, our data showed an increasing
trend in the mean wetland total area and number, mainly related to the appearance of wet
grassland patches during the wetter years. Wetland cover also showed high inter-annual
variability and their area for a given year was positively correlated to precipitation intensities
in the three months prior to the image date. Also, round wetlands located in highly glacier-
ized catchments were less prone to drying, while relatively small wetlands with irregularly
shaped contours suffered the highest rates of drying over the last three decades. High
Andean wetlands can therefore be considered as ecosystem sentinels for climate change,
as they seem sensitive to glacier melting. Beyond the specific focus of this study, our work
illustrates how satellite-based monitoring of ecosystem sentinels can help filling the lack of
information on the ecological consequences of current and changing climate conditions, a
common and crucial issue especially in less-developed countries.
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Introduction

Climate change is a major challenge for species and ecosystems, resulting in significant modifi-
cations in biodiversity patterns and processes worldwide [1, 2]. One promising approach to
study the integrated effects of climate change on biodiversity and on ecosystem services
involves monitoring the responses of entire ecosystems, as they may represent sensitive indica-
tors of both drivers and responses [3]. As the overall distribution of ecosystems largely reflects
current climate conditions, it is likely that changes in temperature, precipitation, and carbon
dioxide levels, together with additional environmental changes (e.g., grazing intensity, glacier
melting, invasive species) would significantly alter the geographical distribution of ecosystems
[4]. Furthermore, rapid and widespread modifications in the geographical distribution of
entire ecosystems may deeply impact biogeochemical cycles (e.g., water and carbon) at both
local and regional levels [5]. Climate change is also expected to alter significantly the quality
and the quantity of natural resources to human societies [6].

Ecosystem sentinels for global changes have already been identified for several biomes
throughout the world such as savannas [7] and coral reefs [8]. However, in most cases, it
remains difficult to disentangle climate change effects from anthropogenic pressures. Ideally,
ecosystem sentinels should present both a high sensitivity to climate change and a low one to
human perturbation so that it is possible to identify early signals of climate change and vari-
ability while minimizing the number of confounding factors potentially masking its detection
[9]. Pristine arctic and alpine environments such as aquatic systems (e.g., lakes and rivers,

[10, 11, 12]) and alpine grasslands (e.g., [13]) can provide quite unique insights into natural,
physical and ecological response to climate change as many arctic and alpine communities are
located near the edge of their climatic limits [14]. While these ecosystems have been identified
since the late 1990’s as ideal candidates to set up environmental observatories of the ecological
effects of climate change (e.g., The Global Observation Research Initiative in Alpine environ-
ments—[15]), the lack of historical data in such remote and understudied regions has not
allowed to obtain information on how entire natural communities and ecosystems have
responded to recent patterns in climate change [16].

In the cordilleras of the tropical Andes, high-elevation wetlands (over 4500 m above sea
level, a.s.l.) are located in environments of relatively low annual precipitation and soil moisture
deficits within a region also known as puna [17]. These wetlands can be described as areas of
swamp, marsh, meadow, fen or peatlands, perennial or temporary, with water that is stagnant
or flowing (Fig 1A). These ecosystems may represent ideal ecosystem sentinels of the effects of
recent climate change for several reasons (see also [18]). First, most of these wetlands are
located in topographical depressions either downstream from glaciers that are rapidly receding
([19], Fig 1A and 1B) or within small watersheds presenting a strong coupling between atmo-
spheric forcing (precipitation patterns) and water flows [20]. The contribution of glaciers to
water input may account for as much as 27% during the dry season [21], explaining why their
recession/disappearance may affect adjacent wetlands. Second, high-elevation wetlands in the
Andes provide important biogeochemical functions such as water flow regulation and organic
matter accumulation [22]. Their functioning can be easily affected by the change of climatic
conditions as a simultaneous increase in temperature and decrease in water level may favor
soil oxygenation, organic matter decomposition and, in turn, the release of large amounts of
CO, into the atmosphere within only a few years [23, 24]. There is experimental evidence that
persistently high temperatures can reduce carbon accumulation in peatlands by up to 30%
owing to the decline of plant productivity and the rise of microbial decomposition of organic
matter [25]. In the high Andes, a 3°C increase in temperature could result in a theoretical
600-m upward movement of plant species [26], with potential impacts on wetland flora
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Fig 1. Photographs of the study system in the Cordillera Real of Bolivia (above 4500 m). A. Wetland in the arid landscape of the puna, B. Proximity
of wetlands and glaciers, C. Cushion plants (Distichia muscoides) composing the wetlands, D. Example of a bird species (Chloephaga melanoptera)
tightly dependent on wetlands. © Fabien Anthelme (A) and Olivier Dangles (B-D).

https://doi.org/10.1371/journal.pone.0175814.g001

composition. All this can have potentially significant consequences for carbon storage/release
dynamics [27] and wetland productivity that maintains an extensive camelid pastoralism sup-
porting over 700,000 rural Andean households in the region [28, 29]. Third, being “wetlands
in drylands”, Andean high-elevation wetlands can be easily detected and delimited using
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satellite images. Indeed, optical satellite data (e.g., LANDSAT) provide quite large time series
(30 years) with an access to near infrared bands, which is effective to assess vegetation density
[30].

In this study, we used a combination of high-resolution satellite images (PLEIADES) and
the LANDSAT archive to map the location and extent of wetlands across the Cordillera Real of
Bolivia, and to quantify changes in their surface area over the last 30 years. As high-altitude
wetlands in the Bolivian Andes are almost entirely covered by vegetation (see Fig 1), our satel-
lite image analyses mainly documented changes in vegetation cover and dynamics over time.
Vegetation dynamics finely responds to changes in water and soil conditions, in turn influ-
enced by climate change. The two specific objectives of this study were 1) to identify environ-
mental factors (e.g., glacier cover in the catchment, wetland size, and watershed size) that
affect wetland long-term surface changes at both regional and individual scales, and 2) to iden-
tify the characteristics of individual wetlands (e.g., shape, size, and location in the catchment)
that control their propensity to dry (as a result of changes in abiotic conditions). This latter
objective intends to allow developing a vulnerability map of high altitude wetlands to guide
conservation plan.

Materials and methods

Study region and climate settings

The Cordillera Real (15°45’- 16°45’ South, 67°40’- 68°40” West) is part of the Bolivian Eastern
Cordillera between the Altiplano plateau in the west and the Amazon basin in the east. The Cor-
dillera Real stretches from south-south-east to north-north-west over 130 km with an approxi-
mate width of 15-20 km (Fig 2A and 2B). Several summits reach more than 6,000 m a.s.1;
however, due to the low latitude, glaciation is reduced (about 150 km?) and glaciers are rela-
tively small: 80% cover less than 0.5 km” [19, 21]. The study region is the upper part of the Cor-
dillera Real, i.e. above 4500 m a.s.l. This elevation limit was chosen to ensure the exclusion of
most human activities such as villages, mining activities, overgrazing, water collection and arti-
ficial lakes that may impact the observed ecosystems.

The climate of this tropical cordillera is characterized by a low annual temperature range
(< 5°C) with a slight peak in summer (December-February) when solar radiation and air
moisture are at their maximum. Incident solar radiation is strong all year round and not sea-
sonally contrasted due to the low latitude and because at its maximum (in summer) it is atten-
uated by pronounced cloudiness. On the other hand, when incident solar radiation is
minimum (May-August) the atmosphere is dry and cloudiness is not a limiting factor. In con-
trast, seasonality of humidity and precipitation is strong. Humid and precipitation fluxes come
from the northeast via the Amazonian basin and precipitation can reach 800-1000 mm yr~"
on glaciers at about 5000 m a.s.1 [31]. As a consequence, the eastern side of the Cordillera is
more humid than the western side. The October-December period is characterized by a pro-
gressive increase in moisture and precipitation. Accumulation rates reach maximum between
January and April (2/3 of the total amounts). The period between May and September is char-
acterized by a dry atmosphere, strong westerly winds at high elevations, low cloudiness, and
cooler temperatures. The seasonal pattern displays significant modifications due to climatic
variability that is mainly controlled by El Nifio Southern Oscillation (ENSO) phases at the
multiannual time scale [32]. However, precipitation regimes in the southern region of the
tropical Andean are moderately correlated with sea surface temperature anomalies with a
ENSO-rainfall signal highly variable depending on latitude, elevation and the side of the
Andes [33]. A review of climate changes in the 20" century along the tropical Andes [34]
reported 1) a decreasing trend in precipitation after the mid-20™ century in southern Peru and

PLOS ONE | https://doi.org/10.1371/journal.pone.0175814 May 24,2017 4/22


https://doi.org/10.1371/journal.pone.0175814

®'PLOS | one

Ecosystem sentinels for climate change

-16 -16" -15 157"

-16

©
-
1

-68°

-68 -68~ -67 -67 -67

Fig 2. Map of the study site and satellite images. Map of the study area in the Cordillera Real, Bolivia (A, B) and examples of high
elevation wetland delineation from Pléiades image recorded in 2013 (C) and Landsat-TM 2007 (D). The white outlines in (D) show the
extension of the wetlands quantified from the 2007 Landsat image. Overlapping these outlines on the 2013 Pléiades image (C) shows the
overall good agreement with the extension of the wetland six years later. The blue arrow illustrates the growth of the wetland between the
two dates.

https://doi.org/10.1371/journal.pone.0175814.g002

the Bolivian Altiplano [35, 36, 37]; 2) a rise of air temperature at an accelerated rate relative to
the global average over recent decades. Mean air temperature has increased by 0.10°C decade™
in the last 70 yr, which represents an overall temperature increase of 0.68°C since 1939 [35].

1

High-elevation wetlands

While vegetation cover is generally sparse in the alpine belt of the cordillera (dominated by
Festuca dolichophylla ]. Presl, Agrostis tolucensis Kunth and various species of Pycnophyllum
and Deyeuxia) several deep valleys formed by the last ice ages shelter extended wetlands whose
characteristics vary depending on water availability. In our study, the term “wetlands” defines
a range of ecosystems from temporary wet grasslands to perennial peat bogs. Most of these
wetlands are restricted to the alpine and sub-alpine belts at elevations between 3200 to 5000

m a.s.l, and appear as green oases in an overall arid landscape (Fig 2C and 2D). Their vegeta-
tion contrasts sharply with surrounding terrestrial communities by having plant cover usually
greater than 70% and high plant productivity [17]. These wetlands are characterized by the so-
called cushion plants (Fig 1C), some compact, low growing, mat forming plants commonly
found in alpine and polar environments around the world. In Bolivia, above 4000 m a.s.,
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cushion plants of the Juncaceae and Cyperaceae families (in decreasing order of abundance:
Oxychloe andina Phil., Distichia muscoides Nees and Meyen, Phylloscirpus deserticola (Phil.)
Dhooge and Goetgh. and D. filamentosa Buchenau dominate the lawn and hummock commu-
nities while aquatic macrophytes (e.g., Ranunculus uniflorus Phil. ex Reiche, Lilaeopsis maclovi-
ana (Gand.) A.-W. Hill, Callitriche heteropoda Engelm. ex Hegelm. are found in open water
pools [38, 39]. High Andean wetlands in the Peruvian and Bolivian puna are important staging
grounds for migratory birds ([40], Fig 1D) and breeding grounds for invertebrates, amphibi-
ans, and fish [17, 41]. The taxonomic diversity of this rich fauna is generally positively corre-
lated with habitat area [40, 42]. Wetlands’ ability to promote vegetation growth lessens soil
erosion and buffers water flow, providing a steady flow of water downstream while reducing
the severity of floods and droughts [17]. They also support unique ecosystems and services
that sustain the livelihoods of people by providing year-round water supply and forage for wild
and domestic animals. A regional initiative for the conservation and wise use of high Andean
wetlands was approved in November 2005 within the framework of the Intergovernmental
Convention on Wetlands (RAMSAR, [43]). While much of this vegetation is perennial, part of
these wetlands can dry out or extend on the margins, depending on precipitation intensity.
Moreover, when fed by rains, parts of the mineral landscape can become vegetated by pioneer
herbaceous species forming new grasslands.

Satellite images acquisition and processing

To quantify the spatio-temporal changes in glaciers and wetlands at the scale of the Cordillera
Real, images from the LANDSAT and PLETADES satellites were used. The first step consisted
in the collection, correction, treatment, and classification of the satellite images. From this
information, the inventory, analysis and categorization of wetland variability patterns were
conducted. The methodology is detailed below.

S1 Table presents the list of the used LANDSAT images covering the period 1984-2011 and
the PLEIADES images from 2013. All the images were recorded during the dry season
(between May and August) to ensure minimal snow-cover and cloud-cover. This period is also
the most relevant for conservation and development issues as native fauna and livestock
strongly depend upon wetland pastures during the dry season. Landsat images were selected
for their radiometric characteristics and spatial resolution (15 m in panchromatic and 30 m in
multispectral); such images are widely used for multi-temporal analysis of wetlands [30]. All
LANDSAT images were downloaded from the Earth Explorer server of the United States Geo-
logical Survey (http://earthexplorer.usgs.gov/). The LANDSAT 7 ETM+ images after May 31,
2003 were dismissed as, from this date, these images present systematic stripes, due to a mal-
function of the sensor (SLC-off). PLEIADES images were acquired for their high resolution
(0.5 m) allowing complementary information to be accessible. The ASTER Global Digital Ele-
vation Model version 2 (GDEM, http://gdem.ersdac.jspacesystems.or.jp/) was used to delin-
eate watersheds and characterize their morphometric variables (see below).

All images were corrected and digitally processed in the same way. Before generating
indexes and classification (see 3.3) the following operations were performed: 1) co-registration
of images, 2) atmospheric correction, and 3) conversion of digital numbers to reflectance val-
ues. Co-registration was performed with the tool AutoSync of ERDAS IMAGINE v.2011 soft-
ware. This tool algebraically recognizes the coordinates of common points between two
satellite images and co-register them automatically using stereo-correlation between the two
images. To carry out this process, a reference image is chosen to which all other images are
geometrically corrected. In our case the LANDSAT 7 ETM+ from July 11, 2002 Band 8 was
chosen as the reference image. The atmospheric correction process was performed with the
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tool ATCOR3 (Atmospheric correction v.3 GEOSYSTEMS GmbH company) of ERDAS
IMAGINE software. For this processing, the program requires using a DEM from which dif-
ferent topographic variables are calculated: the slope, the aspect, elevation and sky-view factor.
In addition, the tool also considers the exact time of the image acquisition, which provides
information about the zenith and azimuthal positions of the sun, and therefore the incidence
angles during the image acquisition. The transformation of the satellite image pixels digital
numbers to reflectance values was performed using the LANDSAT Reflectance tool of ERDAS
IMAGINE software. To carry out this process, we used the radiometric sensor calibration
parameters available in the metadata files for each satellite image. This process allows taking
into account the inclination of the sun at the time of the image capture.

All images were classified by normalized difference indexes for vegetation and snow
(NDVI, NDSI) that allows automatically identifying on satellite images different types of
objects from changes in their own spectral characteristics in different bands [30, 44]. To deter-
mine the threshold of vegetation, we used the high spatial resolution PLEIADES images.
Indeed, wetlands are easily recognizable at a 50-cm resolution. The comparison of the real-
color image and a combination bands involving the near-infrared band allowed us to distin-
guish and then to manually delineate the wetlands outline on the PLEIADES images using a
GIS (Fig 2C and 2D). For the LANDSAT images, to determine the NDVI threshold allowing
us accessing to the most accurate delineation of a wetland, we relied on the fact that the area
of the entity extracted by using a NDVI threshold value is a function of the threshold value
(S1 Table). So there is a relationship between the surface areas determined for any entity on
the LANDSAT image using a NDVI threshold and the surface area of the same entity delin-
eated on the PLEIADES image. This allowed us defining the most accurate threshold that max-
imizes the correlation of the two surface areas. We used 33 wetlands and compared their
surface area computed on the PLEIADES image and a LANDSAT images with different NDVI
thresholds to obtain the used value of 0.468 (S1 Fig). The overall uncertainty on the wetlands
surface area was computed as the horizontal uncertainty of the position of the margin of the
polygon representing a wetland. This horizontal uncertainty was quantified by varying the
NDVT threshold from 0.448 to 0.488. These values match an interval of +/- 0.02 on the used
NDVI threshold value of 0.468 and allow conserving a low RMSE value when comparing the
wetland delineation between the PLEIADES and LANDSAT images for 2011 (see Supp. Mat.).
This uncertainty varies from one year to another from few km? (considering the wetland total
area) up to +/- 10 km”.

For the glaciers, the NDSI threshold was set to 0.4 by comparing the glacier outline auto-
matically obtained with field measurements [19, 31]. To automate the image processing, a clas-
sification algorithm was generated; divided into three steps: 1) images corrections, 2)
classification, and 3) topological control for the final categorization of objects. The algorithm
allowed obtaining for each LANDSAT image used in the study a vector layer of the extent of
the glacier/snow and wetlands present in the images. These layers can be overlaid to illustrate
the spatio-temporal changes in the study variables. We then calculated the total area and num-
ber of wetlands, and the area of glaciers and snow-covered surfaces directly from each annual
layer.

Data analyses

Long-term trends of wetland area and number and environmental factors. We esti-
mated the regional long-term trends in wetland surface area by fitting linear models allowing
different slopes and intercepts to be computed (ordinary least squares). The R-value and the p-
value of each slope coefficient were also calculated. Due to the unknown correlated structure
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of the model, these statistics aim to provide information of the fitted linear trend of each time
series, rather than testing a hypothesis.

We selected six ecologically relevant factors for which we tested their significance in influ-
encing the overall wetland area trend: 1) elevation (m a.s.1.), 2) orientation (west/east), 3) slope
(degrees from horizontal), 4) initial wetland size (i.e. habitat extent, m?)—these factors were
directly given by the ArcGIS contingency table -, 5) watershed area (m?) and 6) percentage of
glacier cover in the catchment (%GCC). For these last two factors, watershed delimitation was
realized using Spatial Analyst in ArcGIS 10.0. The drainage area for 121 previously selected
points (outlets) was calculated on the basis of ASTER GDEM v2. The glacier outlines and
watershed contours shape files were merged using ArcGIS 10.0. This enabled computing the
percentage of the glacier cover in the watersheds, a commonly used index to estimate the
potential influence of a glacier on an aquatic system (e.g., [45]).

We then used analysis of covariance (ANCOVA) to determine if statistically significant dif-
ferences in wetland area temporal trends depended on these six factors: orientation (west vs.
east), elevation, slope, glacier cover in the catchment, initial wetland size and watershed area.
For the five latter variables we compared the first and the last quartiles of each wetland variable
distribution (e.g., 25% largest vs. 25% smallest wetlands, 25% steepest vs. 25% flattest wetlands
and so on).

Wetland area related to changes in precipitations and glacier and snow-covered sur-
faces. To assess whether changes in wetland area was related to change in precipitations, we
used precipitation data obtained over the (1984-2011) period from a meteorological station
located in the Zongo valley (16°15’ S, 68°10° W, i.e. within the study area). It is noteworthy
that this station is the only one within our study area covering the entire study period. We
tested the cross-correlation between the wetland area at time t, and the monthly precipitation
over 1 to 12 months before time t, using the correlation function estimation in R. The best cor-
relation was obtained for a period of three months prior to image acquisition. Wetland areas
were then plotted against monthly precipitation and glacier and snow-covered surfaces mea-
sured over the study period. The R-value and the p-value of each slope coefficient were also
calculated. We then combined the two predictive variables into a single multiple linear
regression.

Drying frequency and vulnerability of individual wetlands. As each wetland presents
highly diverse features that may affect its response to environmental alteration, individual wet-
land monitoring is essential to understand spatio-temporal dynamics and define factors that
drive these changes. In particular, we observed on the satellite images that many individual
wetlands were prone to dry out partially. The appearance of dry patches resulted in a reduction
of the overall surface of available high-quality habitat for flora and fauna and of the connectiv-
ity among irrigated patches. Wetland patch drying can occur at different spatial scales with a
potentially strong impact on a spatially structured plant and animal populations, especially for
small organisms with limited mobility. These constitute the bulk of alpine wetland biodiver-
sity. Even limited drying of tenths of meters can have significant impacts on population dis-
persal patterns living in alpine ecosystems, as shown for amphibians [46], insects [47] and
crustaceans [48]. This suggests that habitat loss during dryer years could be a major issue to
understand the vulnerability of individual wetlands over time.

Individual wetland monitoring cannot be automated in GIS and has to be performed man-
ually. For this reason, of the 705 wetlands identified in 1984 in the study region, we randomly
selected a sub-sample of 423 entities for this analysis. Drying events resulted in the division of
wetlands in a certain number of fragments. For each year (between 1984 and 2011), a value
was assigned for each fragment of one wetland entity thereby allowing counting the number of
fragments resulting from drying since 1984. We recognize that using the mean of several years
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Fig 3. Changes in the total annual wetland surface area and wetland count over the 1984-2011 period
in the Cordillera Real, Bolivia. The uncertainty in wetland cover calculations based on satellite images
varies from a few km? to 10 km? depending on the year (see Methods).

https://doi.org/10.1371/journal.pone.0175814.9003

as a reference "wetland state" may have been more robust than a single year to perform our
trend analyses, but it was technically impossible to run the "individual wetland monitoring" by
using several years as a baseline. However, we consider that 1984 was an appropriate reference
year, as it presented baseline values of wetland cover and number over the three decades (simi-
lar values were found in 1985, 1986, 1987, 1990, 1992, 1995, and 1998; see Fig 3).

Based on these analyses, we calculated the drying frequency of each individual wetland, i.e.
the number of years over the 1984-2011 period for which several fragments were detected on
the location of the reference wetland (S2 Fig). We also calculated the drying intensity, i.e. the
average number of fragments resulting from drying, but as the two indices were highly corre-
lated (> 0.67) we decided to present only the drying frequency.

We then used Generalized Linear Models (GLMs) to test the effects on wetland drying fre-
quency of five variables used in the ANCOVA analysis (elevation, slope, wetland area, wetland
watershed area, glacier cover in the watershed) and their interactions. A term “valley” was
included to allow within-site comparisons, while controlling variations resulting from unmea-
sured valley-specific variables (i.e. hydrology, local climatic conditions). Valley was treated as a
fixed effect, but we obtained similar results by means of the generalized linear mixed model
function (glmmPQL; MASS library for R), with valley as random effect. To this list of seven
factors we added another variable commonly used in habitat conservation studies: the shape of
the wetland (see [49] for a recent review). The shape of a wetland may have significant influ-
ences on its functioning and response to climate change as highly convoluted shapes may be
more susceptible to disturbances (e.g. drought): a proportionately greater amount of area is
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exposed to the dry matrix surrounding wetlands [50]. Following [51], we calculated a shape
index (SI) of wetland units by dividing the unit perimeter by that of an equal-sized circle as fol-
lows:

p
SI = W
where P is the perimeter of the wetland unit and A is wetland unit area. SI varies from 1 for
perfect circles to 8 or higher for irregularly shaped fragments.

We then applied these results obtained with our sub-sample of 423 wetlands to our entire
dataset (1689 wetlands in 2011) so that we could obtain a broad-scale and up-to-date predic-
tion of their vulnerability status (see results for further information on our vulnerability
index).

Results

At a regional scale, a linear increase in both wetland area (+1.15 km*/yr, R* = 0.72, p < 0.001)
and wetland number (+37.4 wetlands/yr, R* = 0.76, p < 0.001) was evidenced since 1984

(Fig 3). This equals to an estimated increase of 300°% in wetland surface area and 218°%
increase in wetland number in 30 years. We also found a strong inter-annual variability in
both wetland surface area and number, and a strong positive correlation between these two
variables (slope = 3.0, R* = 0.93, p < 0.001; Fig 4A). While the total surface area of wetlands
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Fig 4. Area and number of wetlands. A) Relationship between high-elevation wetland surface area and count and B) changes in the distribution of
individual high-elevation wetland surface areas from 1984 to 2011 in the Cordillera Real, Bolivia.

https://doi.org/10.1371/journal.pone.0175814.9004
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https://doi.org/10.1371/journal.pone.0175814.9005

significantly increased over the last 30 years, the distribution of individual wetland size showed
no detectable temporal trend in mean and median values. However, we observed a barely sig-
nificant increase in the top-quartile values of individual wetland surface area over time

(slope = 0.8, R* = 0.32, p = 0.076; Fig 4B).

Three environmental variables significantly affected the observed temporal increase in wet-
land surface area over the last 30 years: orientation, watershed surface area and initial wetland
size in 1984 (Fig 5 and Table 1). Surface area expansion was stronger for large wetlands drain-
ing large watersheds and located on the western side of the Cordillera. Elevation, slope and the
percent of glacier cover in the catchment (% GCC) had no significant effect on the temporal
trend in wetland area increase. We found no significant effect on the interaction between time
and environmental variables on wetlands surface area trends.

While monthly precipitations showed no significant trends over the (1984-2011) period
(Fig 6A), we found a significant decrease in the area of glaciers and snow-covered surfaces
over the same period (Fig 6C, p < 0.001). Total wetland area was significantly positively corre-
lated with the monthly precipitation values over the three months preceding the LANDSAT
image (Fig 6B, p = 0.004). Glacier and snow-covered surface areas also correlated negatively
with total wetland area but the relationship was barely significant (p = 0.04). By combining
the two predictors (glacier and snow-covered surfaces, GSC and precipitation, PP) into a mul-
tiple regression model, changes in wetland area (W) were predicted by the following equation:
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Table 1. Results of the analysis of covariance of time and six environmental features (elevation, orientation, slope, watershed surface area, wet-
land initial size, and glacier cover in the catchment) on the evolution of wetland cover between 1984 and 2014 in the Cordillera Real (Bolivia).

Source

Time

Elevation

Time x elevation
Residuals

Time

Orientation

Time x orientation
Residuals

Time

Slope

Time x slope

Residuals

Time

Watershed surface area
Time x watershed surface area
Residuals

Time

Initial size

Time x initial surface area
Residuals

Time

Glacier cover

Time x glacier cover
Residuals

* denotes significant effect.

https://doi.org/10.1371/journal.pone.0175814.t001

DF Mean square F P

1 1531 3.33 0.074

1 978 2.13 0.151

1 352 0.77 0.385
48 22033

1 8321 6.17 0.017*

1 12646 9.37 0.003*

1 722 0.53 0.468
48 64763

1 3350 6.78 0.012*

1 448 0.91 0.345

1 39 0.08 0.778
48 23730

1 2322 6.40 0.015*

1 2219 6.11 0.017*

1 288 0.79 0.377
48 17429

1 2764 6.78 0.012*

1 3012 7.39 0.009*

1 298 0.73 0.396
48 19559

1 4655 6.57 0.013*

1 238 0.34 0.565

1 33 0.05 0.829
48 33986

W =-0.064 GSC + 1.10 PP + 66.12. The R” value of the two-variable model increased by 0.17
(R? = 0.42) compared to the R* value of the best single variable model.

By following individually a subsample of 423 wetlands, we analyzed wetland-drying fre-
quency as an indicator of wetland vulnerability over the last 30 years. Among the eight vari-
ables included in our GLM analysis, %GCC (Likelihood ratio test = 4.7, p = 0.02; Table 2; Fig
7A) and wetland shape index (SI; Likelihood ratio test = 13.1, p < 0.001; Table 2; Fig 7C) were
the only single variables that significantly affected wetland drying rate over the last 30 years:
round wetlands and those located in highly glacierized catchments were less prone to drying.
While the ‘initial area of wetland’ was not significant in the GLM (see Table 2, Fig 7B), its inter-
action with SI was by far the most significant term affecting wetland drying over the last 30
years (LRT = 48.4, p < 0.0001; Table 2). Relatively small wetlands with high shape index (SI)
values, i.e. irregularly shaped contours were most prone to drying (Fig 8).

Based on results in Fig 7, we built a predictive map of the drying vulnerability for the 1689
wetlands recorded in 2011 the Cordillera Real (Fig 9). Our vulnerability index was calculated
as follows: wetland with small area (first quartile of the entire population) and large SI (fourth
quartile of the entire population) were considered as highly sensitive to drying and therefore
highly vulnerable in the future (red dots, Fig 9). Wetlands with large area (fourth quartile) and
low SI (first quartile) had a low vulnerability status (green dots) while the rest of wetlands had
an intermediate vulnerability status (orange dots). Of the 1689 wetlands a majority (85.3 %)
showed an intermediate vulnerability, 8.5 % showed a high vulnerability and 6.2 % showed a
low vulnerability.
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https://doi.org/10.1371/journal.pone.0175814.9006

Discussion

Satellite remote sensing to monitor ecosystem sentinels

Satellite observations have revolutionized our understanding of ecosystem resource monitor-

ing and management [52, 53] and our study is an example of how remote sensing can be used

for the monitoring of ecosystem sentinels in the face of climate change. For example, [53]

quantified changes in global surface water over the past 32 years at 30-metre resolution, and
found a net increase in permanent water, mainly related to reservoir filling and climate change
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Table 2. Results of the generalized linear model’s deviance analysis on wetland drying frequency. Only significant interaction effects are shown. AIC
is the Akaike’s Information Criterion for the initial model after removal of the “effect” term. Likelihood-ratio test (LRT) and associated p-value test the hypothe-
sis that the suppression of the “effect” term provides no better fit than the initial model.

Effect terms

Glacier cover in the catchment
Shape index (SI)

Catchment area

Slope

Elevation

Watershed surface area (WA)
WA x S|

* denotes significant effect.

https://doi.org/10.1371/journal.pone.0175814.t002

Deviance AlC LRT P
1650.9 2305.7 4.7 0.020*
1691.7 2346.4 13.1 <0.001*
1644.4 2299.2 1.2 0.272
1643.2 2298.0 0.1 0.944
1644.0 2298.7 0.8 0.377
1644.4 2299.2 1.2 0.272
1656.3 2311.0 48.4 <0.0001*

(e.g., glacier melt). Examining the high-resolution map provided by the authors (see https://
global-surface-water.appspot.com/) further revealed that wetlands in the Bolivian Cordillera
Real showed highly valley-specific trends over the 1984-1999 to 2000-2015 period, ranging
from a “decreasing” to “no change” to “increase” in water occurrence intensity. Overall, our
findings are in line with the results presented by [53].

Several methodological issues need to be discussed to appreciate potential limitations of our
results. For example, the entities outlined in this work, and identified as wetlands, are defined
on the basis of a threshold applied on reflectance values of a 900-m? area (surface area of one
pixel of a LANDSAT image). This reflectance value characterizes vegetation intensity on that
area. It is worth emphasizing that mixed pixels, i.e. containing both vegetation and bare soil
can be missed, as well as entities smaller than 900 m”. However, we are confident that our
methodology gave a robust estimation of annual changes in the number and surface area of
wetlands because 1) all used images have the same spatial resolution, 2) all images were con-
verted from digital number to reflectance values, and 3) the same NDVI threshold was applied
to all images. In addition, we already mentioned the relevance of the NDVI to delineate wet-
lands on LANDSAT images based on the comparison with the high spatial resolution PLEIA-
DES images that allowed a manual delineation of wetlands with a high degree of confidence.
Regarding the monitoring of individual wetlands changes, it is worth emphasizing that this
monitoring is relative to the initial state of the wetlands, i.e. the reference year 1984, and that
we have no evidence regarding the fact that this year 1984 was peculiar or not.

Wetland cover trends and climate change

Our work revealed an increase in high-elevation wetland total area over the 1984-2011 period
in the Cordillera Real of Bolivia. Changes in wetland cover were positively correlated to precip-
itation intensities but showed high inter-annual variability. Because precipitation time series
did not display any significant trend over the (1984-2011) period it is likely that part of the
observed increase in wetland area could be related to an increase frequency in extreme precipi-
tation events over the last decades, a reality that is predicted to accentuate in the future [54].
While we found no relationship between ENSO indices and wetland area or precipitation
intensity (results not shown) our data showed longer duration and more intense precipitations
events during some negative ENSO years, like 1999-2000 and 2010-2011, in agreement with
previous reports in the region [33, 55]. Such intense events coincided with an increased num-
ber of LANDSAT cells with high NDVT index, supporting the importance of extreme climatic
events in shaping arid and semi-arid ecosystems [56]. In addition to changes in melt water
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https://doi.org/10.1371/journal.pone.0175814.9007
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supplies (see below), inter-annual precipitations are likely to play a significant role in wetland
cover dynamics but further studies are needed to better understand the underlying mechanism
in play. Indeed, changes in wetland cover depend not only on the distribution and intensity of
precipitation but also on the land surface properties that control how precipitation is parti-
tioned among evaporation, storage at the surface and at depth, and runoff [57].

Contrastingly to precipitation time series, the time series of glacier and snow-covered sur-
face revealed a significant reduction of about 35 % over the (1984-2011) period. This estima-
tion is in the range of those reported by several, detailed glacier-balance studies performed in
the region [19, 58]. Glacier reduction coincided with wetland increase over the study period,
and our multiple regression model revealed that the “glacier term” improved the predictive
power of the model made by precipitations alone. While correlation does not imply causation,
the widely observed increase in ice melt rates in the tropical Andes is expected to a short-term
increase in water availability at high elevation [59]. Existing glacier retreat scenarios in the
Andes suggest that the increase in water availability will not last and that the observed positive
trend in wetland cover is likely to be reversed in a near future [e.g., 60]. Indeed, the current
increase in glacier runoft is expected to slow until it reaches its maximum and then start a pro-
nounced decline until the glacier has no more influence on outflows [60]. The probability of
this sequence to occur is very high in significantly glacierized watersheds, which is the case for
most wetlands in our study area. Also, higher temperatures and excess in water from nearby
glacier melt may induce a rapid vegetation growth, a phenomenon that has been evidenced in
several landscapes worldwide undergoing an important glacier shrinkage over recent years/
decades, e.g., in Chile [61], Alaska [62], and Colombia [63]. In the Cordillera Real, smaller Dis-
tichia peat areas are found in slopes or plateaus with high runoff or seepage and their forma-
tion could be favored during prolonged periods of high runoff (FA and OD, pers. obs.).
However, the importance of glacial contribution to runoff is complex as it depends on the
magnitude of other components of the hydrological cycle, and is thus regionally highly variable
[45, 60].
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Fig 9. Map of the predictive vulnerability status of 1689 wetlands recorded in 2011 in the Cordillera
Real, Bolivia. Wetlands are represented by small marks that define irregular shape where clustered.
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Ecological implications of changes in wetland cover and drying

While we found an overall increase in wetland cover over the (1984-2011) period, this trend
was not associated with larger areas of individual wetlands but rather to an increase in the total
number of wetlands (i.e. appearance of new, more or less temporary wetlands). As mentioned
earlier, our definition of “wetlands” ranges from wet grasslands to peat bogs and it is likely that
the documented increase in wetland cover mainly concerned the “wet grassland” category. In
contrast with the dominant, cushion-forming species of high Andean wetlands, which require
several decades to colonize new habitats in a changing environment [17, 18, 38], species of the
Poaceae family have the capacity to perform rapid colonization in alpine systems [64, 65]. In
our systems, heavy precipitations and accumulation of water into small depression are
expected to rapidly trigger the growth of Poaceae. While these plant assemblages can be con-
sumed by livestock and serve as foraging grounds to wild fauna, they are far from presenting
the same economical value than more perennial and complex wetlands like peat bogs, which
develop up to 10 m-depth organic soils with exceptionally high water retention and forage for
livestock during dry seasons [22, 38]. From a conservation perspective, Poaceae-dominated
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wetlands have been shown to shelter more generalist species, which are also observed outside
wetlands, thus not providing a long-term habitats for the specific biodiversity of cushion-dom-
inated wetlands [39]. Moreover, the monitoring of individual perennial wetland dynamics
over the study period clearly demonstrated that they were subject to frequent drying events.
These wetlands provide important wildlife habitat in the tropical Andes and the functional
connectivity of those habitat patches is crucial for the persistence and resilience of spatially
structured wild populations [66] and extensive camelid pastoralism. Wetland drying dynamics
was mainly a result of alternating drier and wetter years, a phenomenon well evidenced by the
great inter-annual variability in wetland cover trend.

Interestingly, our results suggest that the drying process of wetland habitat can be partly
buffered by glacier cover in the wetlands’ catchment, as the drying rate was negatively corre-
lated with percentage of glacier cover in the catchment. This is an important finding in the
context of climate change (temperatures are predicted to increase by 5°C over the next 90
years in the Andes, [67, 68]) as many small glaciers whose upper reaches are lower than 5400
m will probably disappear by the middle of the 21* century [19]. Glaciers lying on the highest
summits (i.e. above 6,000 m in the Cordillera Real) will probably lose between 40 and 90% of
their volume by 2100 [68]. Taking into account that glacier contribution to water discharge in
the Cordillera Real during the dry season can reach close to 27% [21], their shrinkage within
the next decades is likely to strongly impact the future of wetland conservation. While glaciers
seem to play a significant role in the future of wetland conservation in the Cordillera Real,
intrinsic factors such as wetland area and shape index are by far the most reliable variables to
predict whether they will be prone to drying or not. This may have strong consequences for
biodiversity [17, 39], especially by changing the structure of cushion plant communities, them-
selves conditioning the presence of other plant species through their important nurse effect
[39, 69].

Conclusion

Despite the correlative nature of our results, wetland cover variations appeared to finely
respond to increases in both precipitation extreme events and glacier melting over the 1984-
2011 period in the Bolivian Cordillera Real. The observed increase in wetland cover is probably
momentary in view of the predicted future decrease in both total precipitations [54] and gla-
cier run-off [21] in the region for the coming decades. Moreover, the increase in wetland sur-
face area and number was mostly due to the apparition of temporary wet grasslands, while
more perennial and complex wetlands experienced strong drying processes resulting from
alternating drier and wetter years. This type of wetland is at great risk as the presence of rapidly
disappearing glaciers in their catchments buffer against drying. High Andean wetlands can
therefore be considered as ecosystem sentinel for climate change as they seem sensitive to
changes in both extreme rainfall events and glacier melt water supply.

Beyond the specific focus of our study, this work supports the recent view that satellite-
based monitoring of ecosystem sentinels can help filling the lack of information on current
and changing environmental conditions [70], a common and crucial problem issue in climate
change research, particularly in less-developed countries [71]. This opens a promising line of
research to better evaluate the conservation status of entire ecosystems, in particular in remote
areas. Additional information on the social dynamics associated with these changes are
urgently needed as the interaction between the ongoing climate-forced physical changes in
land-cover and socio-economic forces affecting land-use has the potential to initiate a destruc-
tive positive feedback loop. In the high tropical Andes, grazing, mining, and peat extraction
will probably become more intense on the remaining optimal sites as more and more sites
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become degraded, dooming many of these unique ecosystems and their ability to support
livelihoods.
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