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• A biomass removal experiment simulates
an overgrazing in Andean grassland
(páramo).

• The removal increased the albedo, up-
ward longwave energy, and surface tem-
perature.

• These variables and the grass returned to
their historical values after 1.75 years.

• During the recovery period, a cooling
feedback was observed.

• Daily albedo may be a suitable indicator
of grassland health in the páramo.
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A B S T R A C T
A R T I C L E I N F O
Editor: Anastasia Paschalidou
 In high-altitude Andean grasslands (páramo), overgrazing leads to alterations in both vegetation andmicroclimate. These
alterations need to be identified to devise land management strategies that will preserve and enhance ecosystem pro-
cesses. To elucidate this issue, we designed an overgrazing experiment: we selected two plots covered with native grass
(pajonal), in one of which we mowed to the ground surface. We left the second plot undisturbed to serve as a control.
For both plots, we continuously monitored albedo and ancillary energetic components to generate quarterly and yearly
comparisons for the following parameters: (a) impacts on albedo and resilience of grass; (b) radiative forcing of albedo;
and (c) land surface temperature feedback during the recovery period. In the first quarter following removal, when the
soil was covered with light litter, median albedo increased 38.81% (0.16 ± 0.02), then began a gradual decrease,
which continued until its full recovery 1.75 years later (0.10 ± 0.01). During the first year of the experiment, a strong
mean negative instantaneous radiative forcing was observed (−7.08± 6.03Wm−2), signifying a reduction in net short-
wave energy. This forcing returned to normal, pre-intervention conditions (−0.55± 0.97Wm−2) after 1.75 years, equal
to the energetic recovery period of the grass. Both the amount (from 133.0 ± 44.72 to 119.67± 39.30 Wm−2) and the
partitioning (net shortwave decreased 5%; net longwave increased 9.7%) of net energy were altered after removal, evi-
dence of cooling feedback during the recovery period. This feedback indicated that the decrease in albedo (1.25%) or in-
stantaneous radiative forcing (−4.67 Wm−2) resulted in a decrease in land surface temperature of 1 °C. Thus, our
overgrazing experimentwithout soil destruction followed by a natural recovery time has identified the energetic recovery
period for grass in the páramos; suggesting the albedo as a good indicator of grass resilience.
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1. Introduction
P. Montenegro-Díaz et al.
Shortwave albedo characterizes the surfaces' ability to reflect shortwave
energy. Quantification of albedo is essential for understanding micro, local,
regional, and global climate because it is part of the land surface and atmo-
sphere balances that regulate all environmental processes (evapotranspira-
tion, carbon exchange, etc.) (Bramer et al., 2018; IPCC, 2018). When
human activities transform the land, albedo is modified—which creates a
radiative forcing (or warming forcing) that interrupts the energy exchange
between the land surface and atmosphere (Sagan et al., 1979; Wang et al.,
2019). This altered energy exchange may cause warming and cooling feed-
backs by altering the land surface temperature (Xiao et al., 2017) depend-
ing on latitude, land use, vegetation phenology, and soil stage (e.g., Arora
and Montenegro, 2011; Claussen et al., 2001; Findell et al., 2007).

Albedo is potentially modified by grazing through vegetation change,
green leaf consumption, and land trampling. Such short-termmodifications
in albedo, lead to instantaneous changes in the radiative forcing, feedbacks,
and microclimate—that may influence the regional climate (Dickinson and
Hanson, 1979). It is also known that grazing-induced effects on albedo vary
across ecosystems (te Beest et al., 2016; Wang et al., 2019; Zhao et al.,
2017). All these characteristics make albedo a good biophysical indicator
(Zheng et al., 2019) to measure the vegetation stage and energy availabil-
ity. Nevertheless, we are unaware of any study that has assessed how graz-
ing affects albedo in tropical mountain regions.

Páramo ecosystems occupy some 45,425 km2 of the highlands of Latin
America, the largest extent being found in Colombia and Ecuador and dis-
continuous patches in Costa Rica (Cerro Chirripó), Venezuela (Páramos
de Mérida) and northern Peru (Carrillo-Rojas, 2019; Correa et al., 2020).
These ecosystems are characterized by perennial native grasslands, dark,
humid volcanic soils, a humid climate, and year-round sustained water
flow (Mosquera et al., 2015). Because of these characteristics, páramo eco-
systems have been used since the pre-Inca period for grazing of camelids
(llama, alpaca, and vicuña), sheep, and cattle (Postigo, 2014). It is known
that grazing can alter the properties of grass and soils, as well as soil mois-
ture dynamics and water yields, to a greater or lesser extent depending on
the grazing intensity (Fernandez Monteiro et al., 2011; Hofstede, 1995;
Marín et al., 2018; Montenegro-Díaz et al., 2019; Podwojewski et al.,
2006). It is also known that grazing modulates the albedo and feedbacks
of mountain ecosystems—e.g., cooling in tundra ecosystems (te Beest
et al., 2016)—but the extent and duration of grazing impacts on albedo, in-
stantaneous radiative forcing, and feedbacks in páramo ecosystems have
not yet been studied. Hence, these processes and the resilience of these eco-
systems have not yet been quantified when such variables are focused on
the ability to resist and to recover (Ingrisch and Bahn, 2018) from the graz-
ing. As we can see, páramo ecosystems are the main source of water for
households and the main source of income for indigenous people and
farmers living in their highlands and valleys. Consequently, evidence-
based land management, including strategies for ecosystem restoration, is
essential for preserving these ecosystems and their services; there is an ur-
gent need to undertake such studies.

Grazing may alter the energy balance, therefore it is important to quan-
tify the effects of overgrazing on the energy components of the environ-
ment. Consequently, we hypothesize that overgrazing in páramo
ecosystems increases the albedo via changes in the land surface reflectivity
and then, produces a radiative forcing that alters the energy available for
environmental processes. For this reason, we designed an experiment that
would simulate overgrazing (by biomass removal) to quantify (a) impacts
on albedo and resilience of grass; (b) instantaneous radiative forcing of
albedo; and (c) land surface temperature feedback during albedo recovery
period.

2. Study area

The Zhurucay Ecohydrological Observatory (hereafter Zhurucay),
shown in Fig. 1a-b, is located within a wet páramo ecosystem in southern
Ecuador, on the western side of the Andes Highlands. Zhurucay is adjacent
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to the Quimsacocha National Recreation Area (MAATE, 2015), an undis-
turbed catchment of 7.5 km2 that ranges in elevation from 3400 to 3900
m a.s.l (slopes from 0.0 to 40%) and has high biodiversity and endemism
with a low livestock rate (<0.1 animals ha−1). Like all wet páramo ecosys-
tems, the Zhurucay is a strategic source of water (SENPLADES, 2017) and a
prime carbon storage zone (Carrillo-Rojas et al., 2019). These attributes
make the Zhurucay an ideal place for investigating the hydrological, mete-
orological, and ecological processes of páramo ecosystems (e.g., Carrillo-
Rojas et al., 2020; Lazo et al., 2019; Ochoa-Sánchez et al., 2020).

The Zhurucay exhibits only a slight thermal seasonality. The microme-
teorological record from January 2015 to December 2019 showed an an-
nual average air temperature of 6.32 ± 0.55 °C, average annual relative
humidity of 94.04 ± 0.79%, and average annual shortwave energy of
288.67 ± 21.12 Wm−2. Precipitation is bimodal with unmarked dry sea-
sons—similar to the pattern seen in other páramo ecosystems of the region
(Celleri et al., 2007)—and fog and drizzle are present almost daily (Padrón
et al., 2015). Average annual precipitation is 1345 mm (Sucozhañay and
Célleri, 2018) and average annual drizzle amounts to 340.1 mm
(Berrones et al., 2021). Annual actual evapotranspiration averages 634.7
± 9.0 mm (Carrillo-Rojas et al., 2019). The native vegetation consists
mostly (>80%) of C3 tussock grass, Calamagrostis sp. locally known as
“pajonal,” and interspersed patches of cushion plants and forest Polylepis
sp. No non-native species have invaded the observatory. The dominant
soil type is Andosol (75%), the remainder being Histosols (according to
the US soil taxonomy); the surface soils of both types are rich in organic
matter (Mosquera et al., 2015).

The Zhurucay encompasses one of the most complete super-sites for
ecohydrological and meteorological monitoring in the Andean region, de-
tailed in Carrillo-Rojas et al. (2019) and Sucozhañay and Célleri (2018).
This super-site enables not only conventional measurement of weather, to-
pography, soil taxonomy, and vegetation species within the observatory,
but also monitoring of the energy and water fluxes of the land surface
and atmosphere (Ochoa-Sánchez et al., 2020). The instrumented hillslope
of the super-site, which covers 392 m2 (23 m long x 17 m wide with a
slope of 20%), is surrounded by a fence that prevents intrusion by humans,
herbivory, or grazing (it does not prevent rodents nor invertebrates). The
hillslope is coveredwith perennial tussock grass (Calamagrostis sp.) without
exposure of bare soil; this grass is dark brownish-green in color and about
0.50 m in mean height, with a great amount of standing dead biomass.
The grass roots generally penetrate the soil to a depth of 0.10–0.20 m.
The Andosol soils have a mean depth of 0.43 m, an organic matter content
of 57.41%, and a water retention capacity of 0.72 cm3 cm−3 (saturation
point = 0.5 cm3 cm−3, wilting point = 0.8 cm3 cm−3).

3. Methods

3.1. Study design and experimental setup

Within the instrumented hillslope of the super-site, at an inclination of
<8°, we delineated two parallel plots measuring 195.5 m2 each (23 m
long x 8.5 m wide) for energy flux and soil moisture monitoring: a Treat-
ment plot and a Control plot. A set of sensors were permanently installed
in the middle of each plot (in November 2014) to avoid overlap of the sen-
sors' footprints (each footprint having a radius of 3.0 m, distance between
the set of sensors was 11 m). Each set of sensors consisted of a net radiom-
eter installed to a height of 0.50 m above the soil surface, with a heat flux
plate and a time domain reflectometer installed in the soil at a depth of
0.10 m (see Fig. 1b and Appendix A, which details the main characteristics
of the set of sensors). This paired design enables comparison of micromete-
orological variables under grazed versus undisturbed conditions.

OnAugust 10, 2016we began our study of the effects of overgrazing—a
traditional practice in páramo ecosystems—on microclimate. Using a
lawnmower, we removed the grass to the soil surface in Treatment plot.
The grass shoots were not removed. Vegetation removal was done in a
dry month (August, for which precipitation data covering the previous
five years showed a range of 24.5–62.7 mm month−1). We maintained



Fig. 1. Study area and design of overgrazing experiment. (a-b) Geographic location and views of the Zhurucay Ecohydrological Observatory basin and the super-site for
ecohydrological and meteorological monitoring; (c) Arrangement of sensors for the Treatment and Control plots.
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the plot free of any other disturbances and allowed the grass to regenerate
passively (natural restoration). The photos in Fig. 2 compare the Treatment
plot with Control plot (reference plot) at three intervals: one month, six
months, and three years after vegetation removal. Further details on the de-
sign of the overgrazing experiment and restoration strategy may be found
in Appendix B.

3.2. Data treatment and statistical analysis

The data were recorded as a 4.8-year dataset (January 1, 2015–August
9, 2019). We used five-minute time series plots to identify noise and out-
liers in the dataset and removed the few doubtful values detected
(<2.0%), obviating the need for data gap filling. Although not incorporated
into the analysis, the grass regrowth was measured biweekly inside six sub-
plots within Treatment plot after the grass removal, during the overgrazing
experiment. A photographic record and measurements of grass regrowth
may be found in Appendix C.

Our analysis was based on daily data recorded in Treatment and Control
plots during two periods: (1) the 1.8-year period preceding the overgrazing
experiment, when the land cover of both plots was still in its natural, undis-
turbed state; and (2) the 3-year period during which the overgrazing exper-
iment was conducted in Treatment plot. To enhance the robustness of our
3

interpretations, we divided the second period into (a) one-year sub-
periods (to correspond with previous studies of land use change) and
(b) ¼-year sub-periods (to have sub-periods short enough that surface opti-
cal properties/reflectivity do not change dramatically—i.e., from bare soil
to complete grass regrowth—or too slowly.)

3.2.1. Quantifying the impacts on albedo and resilience of grass
To analyze differences in albedo between Treatment plot and Control

plot before and during the overgrazing experiment, we first used the non-
parametric Mann–Whitney test (H0: no difference between Treatment and
Control plots observed). Second, we quantified the impacts of the
overgrazing experiment on albedo using RStudio softwareHydroGOF pack-
age functions to inform about how larger or shorter was Treatment plot
from Control plot in percentage (MD%), mean absolute difference (MAD),
root mean square difference (RMSD), and the linear correlation (Pearson
correlation [r]). Third, we quantified the resilience that includes the resis-
tance of grass to change after the removal and the recovery of grass from
the removal (according to Capdevila et al. (2020) and Ingrisch and Bahn
(2018)) —through albedo as a representative variable. Resistance index
(Rs, proposed by Orwin and Wardle (2004)) measures the ability of dis-
turbed grass (i.e., Treatment plot) to withstand the effects of the
overgrazing experiment. The index used the albedos (α) of Control and



Fig. 2. Views of Treatment plot (left) and Control plot (right) at (a) one month,
(b) six months, and (c) three years after the biomass removal.

Fig. 3. Comparison of albedo in Treatment and Control plots before and during the
overgrazing experiment. Each violin plot indicates the distribution, median
(horizontal line), quartiles (vertical black bars), and maximum and minimum
(violin limits) albedos.

P. Montenegro-Díaz et al. Science of the Total Environment 832 (2022) 155010
Treatment plots before and during the overgrazing experiment (Eq. (1));
the values were bounded by +1 and 0, with +1 meaning no change was
caused by the overgrazing experiment, and 0 a complete disturbance. The
period of recovery from the grass removal was the time when the albedo
of Treatment plot (as measured by all the aforementioned metrics [MD%,
MAD, RMSD, r, Rs]) recovered to its pre-experiment levels.

Rs ¼ 2 αControl plot−αTreatment plot
�� ��� �

αControl plot þ αControl plot−αTreatment plot
�� ��� �−1

(1)

3.2.2. Quantifying the radiative forcing of albedo
Instantaneous radiative forcing (IFα) describes the instantaneous influ-

ence of a change in albedo over shortwave energy budget (Bozzi et al.,
2015; Xiao et al., 2017). It was calculated to characterize microclimatic re-
sponses (at a land surface level of 0.5 m) to the overgrazing experiment.
This calculation (Eq. (2)) was based on the downward shortwave energy
(Sdown), the difference between the albedos of Treatment and Control
plots, the fraction of Earth's surface affected by the albedo change (fE = 1
when the entire Treatment plot was affected), and the fraction of down-
ward shortwave energy that retained the top of the atmosphere (ta)
(Bozzi et al., 2015). The latter is a proxy of the clearness index (KT),
which is the fraction of extraterrestrial energy (So) that reaches the Earth's
surface (KT = Sdown So−1) (Bozzi et al., 2015).

IFα ¼ −Sdown αTreatment plot−αControl plot
� �

fE ta (2)

3.2.3. Quantifying the feedback of albedo
To identify the contribution of the grazing experiment to microclimatic

dynamics, we estimated themagnitude of the fast (daily scale) feedback (γ),
through (1) the linear regression slope of the changes in albedo (Δα, as a
percentage) versus those in estimated land surface temperature (ΔTs), fol-
lowing the method of Fletcher et al. (2015); and (2) the linear regression
4

slope of the changes in instantaneous radiative forcing (ΔIFα) versus those
in estimated land surface temperature (ΔTs), following the method of
Xiao et al. (2017). The changes were obtained in the form Treatment versus
Control plot during the recovery period of grass. We used the Stefan-
Boltzmann law to estimate land surface temperatures in Treatment versus
Control plot (described in Appendix D) (Nighttime microclimatic effects
were not analyzed because shortwave energy does not exist at night.)
4. Results

4.1. Impacts on albedo and resilience of grass

Under undisturbed conditions, Treatment and Control plots had the
same median albedo (0.11 ± 0.01; p.value >0.05), as illustrated in Fig. 3.
The disturbance-free condition of the two plots—reflected by the null im-
pacts on albedo using the metrics: percentage mean difference (MD%),
mean absolute difference (MAD), root mean square difference (RMSD),
and Pearson correlation (r), and the complete resistance of grass reflected
by resistance index (Rs) shown in Table 1 and Fig. 4—offered an optimal
environment for the grass to maintain its steady state (MD% = 0.00%;
MAD= 0.00; RMSD= 0; r = 0.99; Rs = 0.97 ± 0.03).

Fig. 3 shows the albedo values of Treatment and Control plots during
the three years of the overgrazing experiment following the grass removal
in Treatment plot. The quarterly and annual analyses show a decreasing
trend for the effects of simulated overgrazing on albedo (that is, 1st year
>2nd year >3rd year), but an increasing trend for grass resistance (that is,
1st year<2nd year<3rd year), as shown in Table 1 and Fig. 4. Themaximal
impact and minimal resistance were found in the first year of the experi-
ment (MD% = 26.32%; MAD = 0.03; RMSD = 0.03; r = 0.83; Rs =
0.60 ± 0.13), peaking in the 1st quarter (MD% = 38.81%; MAD = 0.05;
RMSD = 0.05; r = 0.84; Rs = 0.45 ± 0.11) where albedo strongly in-
creased (Treatment median = 0.16 ± 0.02; Control median = 0.12 ±
0.01). In the second year, impact and resistance were both noticeably
altered until the 2nd quarter (MD% = 11.54%; MAD = 0.01; RMSD =
0.01; r=0.87; Rs= 0.80±0.10) after which no further changes occurred
through the end of the third year (MD% ≤ 2.43%; MAD= 0.00; RMSD=
0.00; r ≥ 0.94; Rs≥ 0.93 ± 0.04; p.value >0.05). In other words, with a
strategy of natural regeneration, grass recovered undisturbed reflectivity
conditions (Treatment median = 0.10 ± 0.01; Control median =
0.10 ± 0.01) 1.75 years after the start of the overgrazing experiment.



Table 1
Impacts on albedo, resistance of grass, and instantaneous radiative forcing preced-
ing and during the overgrazing experiment (for each of the three years and for each
quarter).

Periods Impacts Resistance Instantaneous
radiative forcing

MD%

(%)
MAD
(−)

RMSD
(−)

r
(−)

MEAN
(−)

SD
(−)

MEAN
(W
m−2)

SD
(W
m−2)

Preceding the
experiment*

0.15 0.00 0.00 0.99 0.97 ±0.03 0.03 ±0.43

During the experiment
First year 26.32 0.03 0.03 0.83 0.60 ±0.13 −7.08 ±6.03
1st quarter 38.81 0.05 0.05 0.84 0.45 ±0.11 −11.85 ±7.53
2nd quarter 27.39 0.03 0.03 0.91 0.58 ±0.08 −7.83 ±4.84
3rd quarter 18.70 0.02 0.02 0.92 0.69 ±0.06 −3.86 ±1.90
4th quarter 19.37 0.02 0.02 0.89 0.68 ±0.11 −4.63 ±4.76
Second year 8.02 0.01 0.01 0.89 0.85 ±0.12 −1.97 ±2.69
1st quarter 16.19 0.02 0.02 0.91 0.73 ±0.10 −4.08 ±3.32
2nd quarter 11.54 0.01 0.01 0.87 0.80 ±0.10 −3.01 ±2.46
3rd quarter* 2.43 0.00 0.00 0.94 0.94 ±0.05 −0.55 ±0.97
4th quarter* 0.78 0.00 0.00 0.98 0.95 ±0.03 −0.18 ±0.53
Third year* 1.64 0.00 0.00 0.98 0.95 ±0.04 −0.34 ±0.73
1st quarter* 2.30 0.00 0.00 0.95 0.93 ±0.04 −0.53 ±1.08
2nd quarter* 1.49 0.00 0.00 0.99 0.95 ±0.04 −0.34 ±0.69
3rd quarter* 1.63 0.00 0.00 0.99 0.96 ±0.03 −0.28 ±0.36
4th quarter* 1.04 0.00 0.00 0.99 0.95 ±0.03 −0.17 ±0.46

* Indicates that the data from both plots are statistically significant (p.value >0.05).
Percentage mean difference (MD%), mean absolute difference (MAD), root mean
square difference (RMSD), Pearson correlation (r), and standard deviation (SD).

Fig. 4. Time series showing the impacts of overgrazing experiment by mean
absolute difference and the resistance of grass by resistance index before and
during the overgrazing experiment. The response of the microclimate is reflected
by changes in instantaneous radiative forcing (IFα) before and during the
overgrazing experiment. (We used a stepping factor every three data points for
better visualization.)
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4.2. Instantaneous radiative forcing of albedo

Themicroclimate's response to the overgrazing experiment is expressed
through the instantaneous radiative forcing (IFα). Under the undisturbed
conditions, there was no instantaneous radiative forcing at land surface
level (IFα = 0.03 ± 0.43 Wm−2)—but this situation changed after the
grass was removed. The albedo changed, which created an instantaneous
radiative forcing that steadily increased from negative values (IFα max. =
−35.02 Wm−2) to almost zero as can be seen in Table 1 and Fig. 4. The
stronger instantaneous radiative forcing was observed in the first year of
the overgrazing experiment (IFα = −7.08 ± 6.03 Wm−2), especially in
the 1st and 2nd quarters (IFα = −11.85 ± 7.53 Wm−2 and -7.83 ±
4.84 Wm−2, respectively). Then, in the second year, a large difference
was observed as the natural recovery of the grass decreased the instanta-
neous radiative forcing (IFα = −1.97 ± 2.69 Wm−2)—which was partic-
ularly noticeable in the 2nd quarter (IFα = −3.01 ± 2.46 Wm−2). After
this point, the instantaneous radiative forcing remained below zero until
the end of the third year (IFα ≥−0.55± 0.97 Wm−2), evidence of an en-
ergetic recovery.
4.3. Feedback of albedo

In our analysis of the fast feedbacks that took place during the 1.75-
year energetic recovery period—which is a portion of the overgrazing
experiment time (see Sections 4.1 and 4.2)—the magnitude of feed-
backs caused by the grass removal was estimated via linear regression
slopes. A plot of the feedback from the changes in albedo versus those
in estimated land surface temperature (daytime) (Fig. 5a) shows that
when albedo decreased 1.25% during the energetic recovery period,
the land surface temperature decreased 1 °C. An equal decrease in the
land surface temperature was observed when net shortwave energy de-
creased −4.67 Wm−2 during the energetic recovery period (Fig. 5b).
This means that the grass removal increased the land surface tempera-
ture, and then, it was decreasing to the pre-experimental conditions fol-
lowing the grass recovering.
5

5. Discussion

5.1. Impacts on albedo and resilience of grass

Previous studies showing an increase in albedo caused by overgrazing
include Gong Li et al. (2000) (with sheep in a Mongolian grassland); te
Beest et al. (2016) (after intensive herbivory with reindeer in a Norway
shrubland); and Rosset et al. (2001) (after grazing was abandoned in a
Swiss sub-alpine grassland). Our overgrazing experiment in the Zhurucay,
designed to quantify changes in albedo in a páramo ecosystem during an
overgrazing experiment (from an undisturbed to disturbed state to com-
plete recovery), adds to the existing knowledge base. All the metrics tested
(i.e., MD%, MAD, RMSD, r) showed a strong increase in albedo in the exper-
imental plot just after the grass was removed (Treatment max. = 0.21 vs
Control max.=0.15), when the dark, humid soil was covered by light litter
(residue from the grass removal). Albedo remained high during the first
year of the overgrazing experiment (Treatment median = 0.14 ± 0.02 vs
Control median = 0.11 ± 0.01), when light litter and green grass were



Fig. 5.Quarterly fast feedbacks (γ) during the energetic recovery period of grass: (a) Changes in albedo (Δα) versus changes in land surface temperature (ΔTs); and (b) Changes
in instantaneous radiative forcing (ΔIFα) versus changes in land surface temperature (ΔTs). The slope of each plot represents the magnitude of the feedback.
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dominant (Fig. 2a and b; Appendix C), along with killed by the high insola-
tion recorded, mainly in the 1st quarter (Sdown median = 421.53 Wm−2).
Our experiment using simulated overgrazing exactly replicated the condi-
tions of grazing and natural grass recovery in páramo ecosystems:
overgrazing by herbivores exposes grass meristems to freezing and high in-
solation (Hofstede, 1995; Podwojewski et al., 2006)—which, according to
Rosset et al. (2001), delays recovery of the long-term reflectivity of grass.
In our study, the gradual recovery of albedo lasted 1.75 year (Treatment
median = 0.10 ± 0.01; Control median = 0.10 ± 0.01), and meant that
under natural conditions, grass recovery after overgrazing would have
taken the same amount of time. However, if other factors that can strongly
impact grass cover—such as wildfires, agricultural burning, land trampling,
and historical land use—were taken into consideration, the recovery of the
grass could be longer or an alternative statemight be reached (e.g., bare soil
and presence of invasive species).

Resilience is measured quantitatively with a set of proposed indexes
(e.g., Ingrisch and Bahn, 2018; Orwin and Wardle, 2004) that work with
variables that represent the state of a system (Teng et al., 2020). Albedo
is a state variable that indicates the phenology/maturity/health of vegeta-
tion and the state of the soil (through changes in the reflectivity) at different
spatial and temporal scales—by using ground-based sensors or remote sens-
ing. In our study, albedo effectively informed about the resilience of An-
dean grasslands, in agreement with findings from other ecosystems
worldwide (e.g., Gong Li et al., 2000; Lukeš et al., 2016). Nevertheless, var-
iables such as vegetation coverage, plant diversity, vegetation indexes, and
soil properties also measure resilience (e.g., Chou et al., 2020; Gang et al.,
2020; Guillaume et al., 2016). We suggest testing these variables to mea-
sure resilience in páramo ecosystems.

5.2. Instantaneous radiative forcing of albedo

Satellite and ground-level instantaneous radiative forcing data are used
to study land use change at large scales (e.g., Barnes and Roy, 2008) or to
develop technologies for mitigating climate change at small spatial scales
(Bozzi et al., 2015; VanCuren, 2012). However, instantaneous radiative
forcing data are not generally recorded at high temporal resolution, to
take into account covariations of shortwave energy and albedo (Bright
et al., 2015)—as is needed, for example, to better understand howmicrocli-
mate is influenced by the phenological transitions of vegetation (from de-
velopment to senescence) (Richardson et al., 2013). Our study, the first to
look at microclimatic responses to overgrazing in páramo ecosystems, had
the advantage that daily ground-level radiative forcing data are available.

In the absence of disturbance, instantaneous radiative forcing was close
to zero (IFα mean = 0.03 ± 0.43 Wm−2), owing to the slight annual sea-
sonality of downward shortwave energy (Carrillo-Rojas et al., 2016) and
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the constant reflectivity of brownish-green perennial grass that together
produce a steady albedo and net shortwave energy year-round. This
steady-state was altered by the overgrazing experiment, which triggered
an instantaneous radiative forcing (IFα mean = −7.08 ± 6.03 Wm−2)
that decreased net shortwave energy availability in Treatment plot (Treat-
ment mean = 304.40 ± 125.37 Wm−2 vs Control mean = 314.34 ±
131.35 Wm−2), especially during the first year. This decrease was associ-
ated with the higher amount of energy (upward shortwave energy)
reflected from the land surface (Treatment mean = 49.94 ± 25.21
Wm−2 vs Control mean= 39.39± 18.64Wm−2) due to the higher reflec-
tivity of light litter and green grass.

Radiative forcing measures the extent to which changes in albedo influ-
ence climate warming (or cooling) (Betts, 2001), but it does not take into
account non-radiative processes that modify the land surface temperature
(Pielke et al., 2002). Hence, this measure by itself can misrepresent the ef-
fects of land use change on surface temperature (Davin et al., 2007; Pielke
et al., 2002) and must be combinedwith other measures. To fill this knowl-
edge gap, we quantified the effects of the overgrazing experiment on land
surface temperature through feedbacks (Sections 4.3 and 5.3).

5.3. Feedback of albedo

As pointed out by de Wit et al. (2014), the influence of feedbacks from
vegetation change on microclimate dynamics are not typically measured
and included in scenarios of climate change. In an attempt tofill this knowl-
edge gap, we documented the importance of conserving native grasses for
the microclimate of páramo ecosystems. During the 1.75-year recovery
time, we measured feedbacks influencing the response of estimated land
surface temperature (daytime) to changes in albedo and net shortwave en-
ergy. Interestingly, for the Zhurucay, increases in albedo correlate with
higher land surface temperatures (at the plot scale), whereas previous stud-
ies using satellite data at larger spatio-temporal scales found an inverse cor-
relation between land surface temperature and albedo (e.g., de Wit et al.,
2014; VanCuren, 2012; Xiao et al., 2017).

In our study, mostly in the 1st quarter of the recovery period, the higher
land surface temperature in Treatment plot (Treatment mean = 7.70 ±
2.34 °C vs Control mean = 6.36 ± 1.7 °C) resulted from the higher
availability of upward longwave energy (non-radiative flux) (Treatment
mean = 345.77 ± 11.54 Wm−2 vs Control mean = 339.15 ±
8.22 Wm−2), which in turn resulted in differences in net energy amount
(Treatment mean = 119.67 ± 39.30 Wm−2 vs Control mean = 133.0 ±
44.72 Wm−2) and partitioning (Bowen ratio) of net shortwave energy in
5% (Treatment mean = 345.91 ± 130.81 vs Control mean = 363.20 ±
138.67 t Wm−2) and of net longwave energy in 9.7% (Treatment
mean = −49.34 ± 27.21 Wm−2 vs Control mean = −44.54 ± 25.45)



Fig. 6. Time series showing changes in land surface temperature (ΔTs) and in upward longwave energy (ΔLup) before and during the overgrazing experiment. (We used a
stepping factor every three data points for better visualization.)
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after the grass removal. To confirm this, we recorded changes in upward
longwave energy and in land surface temperature for Treatment plot and
compared them with those in Control plot before and during the
overgrazing experiment. As shown in Fig. 6, after an initial increase, land
surface temperature decreased and continued to decrease as long as the
upward longwave energy decreased, until recovery of undisturbed
conditions.

6. Conclusions

The aim of our research was to gain, for the first time, insights into how
grazing impacts microclimate in the páramos and the resilience (resistance
and recovery period) of grass to grazing. During the overgrazing experi-
ment, the energy available for environmental processes was gradually
changing. After the grass removal, the albedo, upward longwave energy,
land surface temperature increased while the net shortwave energy de-
creased, then they returned to their historical values 1.75 years later. This
recovery period means that our overgrazing experiment did not cross the
self-recovery threshold of grass (i.e., the grass did not reach any other alter-
native state). It was due to the resilience of our grass free of earlier distur-
bances. Considering our findings, we can reject the hypothesis, which
stated that overgrazing in páramo ecosystems increases the albedo via
changes in the land surface reflectivity and then, produces a radiative forc-
ing that alters the energy available for environmental processes.

However, we expect that for páramo ecosystems under continued graz-
ing or subjected to practices such as burning, tillage, vegetation change,
7

and soil destruction, the resilience of grass will be lower, and the recovery
period will be longer.

Based on our outcomes, albedo, as an objective measurement, can be
considered a better indicator of grass recovery than subjective interpreta-
tions in páramo ecosystems under different land uses.
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