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ARTICLE INFO ABSTRACT

Keywords: Livestock breeding is among the main productive activities in drylands, often reducing vegetation cover,
Abiotic stress impacting the surrounding environment and plant regeneration. However, the magnitude of the change in
Dryk_mds environmental variables in response to vegetation changes has rarely been assessed in arid ecosystems. Our
Nutrients P . . . - s .

VB objective was to quantify changes in vegetation cover and floristic composition, as well as the associated

microclimatic and edaphic variables that can challenge the ecosystem’s restorative capacity in the Monte desert
woodland of Argentina. We surveyed sites at 600 (disturbed) and 2000 m (relatively undisturbed) from five rural
livestock posts. We found that disturbed sites had lower vegetation cover, altered floristic composition and more
stressful environmental conditions for plants. The widest difference was a 50 % decrease in soil NO3-N con-
centration, coupled with a 30 % increase in solar radiation (mainly UV-B), a 4 °C increase in air temperature, and
coarser soil texture. Potential constraints to plant regeneration would be therefore not only related to low water
availability, but also to lower fertility, higher radiation and temperature. Decisions on species selection to restore
these ecosystems must therefore consider plant traits related to nutrient use and uptake capacity, and resistance
to photo-oxidative stress, in addition to drought resistance.

Vegetation cover

1. Introduction regime, make them prone to degradation when disturbed (Reynolds

et al., 2007).

Drylands cover about 41 % of the Earth’s land surface and are home
to 38 % of the world’s human population (MEA, 2005). They include
ecosystems with aridity indices (ratio of precipitation to potential
evapotranspiration) lower than 0.65, including hyper-arid, arid,
semi-arid and sub-humid ecosystems, constituting the most extensive
biome on the planet (Kimura and Moriyama, 2019). They are charac-
terised by low, highly variable, and unpredictable rainfall, low vegeta-
tion cover, low soil nutrient content (Whitford and Duval, 2019), high
solar radiation, low humidity, and in hot deserts, high temperature,
resulting in high evapotranspiration. These extreme climatic conditions
for plants, and the strong dependence of these ecosystems on rainfall

One of the most common economic activities in drylands is livestock
breeding (Thornton, 2010). Grazing is one of the key drivers of dryland
degradation that results in alterations in vegetation and soil, which can
affect ecosystem functioning in the short and long terms (Eldridge et al.,
2017). Studies in several arid and semi-arid ecosystems with livestock
report lower vegetation cover, species richness (e.g. Gaitan et al., 2018),
and functional biocrust diversity (Mallen-Cooper et al., 2018) than
similar ecosystems without livestock activity. Livestock also favours soil
degradation, both directly through trampling and indirectly through
vegetation cover and biocrust reduction, which decreases nutrient
concentration, organic matter content and soil stability, and also alters
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water infiltration (Eldridge et al., 2017; Gaitan et al., 2018). In addition,
vegetation cover reduction increases photosynthetically active radiation
(PAR) and ultraviolet- B (UV-B) solar radiation reaching the soil surface
due to reduced shading and increased bare soil albedo (Dedkov et al.,
2020), altering energy balance and near-surface micro-environment
(Jankju, 2013). Reduced vegetation cover also modifies water avail-
ability on the topsoil and deeper soil layers by decreasing effects of
plants canopies on soil water evaporation on the topsoil but increasing
water use in deeper layers (e.g. Jankju, 2013). These alterations in
vegetation, soil, nutrients, water, and micro-environment can affect
natural plants regeneration, through impacting germination, seedling
establishment and further plant growth (Principe et al., 2019).

The way in which the disturbed environment affects plant regener-
ation will depend on the magnitude of the environmental changes
compared to the undisturbed habitat in which plants evolved, and on the
regeneration niche of the different species (Roque Marca et al., 2021).
Different conceptual approaches (e.g. King and Hobbs, 2006; Scheffer
et al., 2012) propose that there are structural or functional thresholds
that when are surpassed during a natural or anthropogenic disturbance
the system is no longer able to self-recovery to the original condition (or
stable state). In those cases, the sole removing of the disturbance agent
(in this case, livestock grazing) is not enough for the ecosystem recovery,
and active restoration actions are needed, at least to accelerate the
plants regeneration process (e.g. Villagra et al., 2009). In this context,
understanding the biophysical conditions of a disturbed habitat is
essential to make decisions on restoration actions. Re-vegetation is the
most commonly used restoration practice in arid and semi-arid ecosys-
tems (Pineiro et al., 2013), but deserts are often difficult to restore due to
the high rate of post-transplant mortality associated with extreme
environmental conditions (Vallejo et al., 2012). Knowing the abiotic
environment of the disturbed habitat may enable accurate choices on
species selection, nursery breeding practices, and post-transplant
amendments (Pineiro et al., 2013).

In this study, we aimed to quantify changes in the biophysical
environment of areas disturbed mainly (but not only) by extensive
livestock grazing in an arid ecosystem, the Central Monte desert domi-
nated by Neltuma flexuosa in South America. Despite its fragility and
heavy history of anthropogenic disturbance (Villagra et al., 2009;
Goiran et al., 2012), this is the Argentine ecoregion least represented in
ecological restoration studies (Rovere, 2015). To quantify the changes in
the biophysical environment due to human-induced disturbances, we
measured vegetation cover and floristic composition, together with
plant growth resources and abiotic environmental stressors for plant
development. We discuss our results in relation to background knowl-
edge on the ecophysiology of plant species from the Monte desert.
Measuring the magnitude of environmental change can improve our
understanding of livestock grazing effects on biophysical properties that
might challenge the natural regeneration capacity of the system.

2. Materials and methods
2.1. Study area and sites selection

The Central Monte Desert is a South-American hot desert, with a
mean annual rainfall of 160 mm (average of the period 1972-2014)
mostly occurring in late spring and summer. Mean annual temperature is
18.5 °C, with absolute maximal and minimal of 48 °C in summer and
—10 °C in winter, respectively (Meglioli et al., 2017). The region com-
prises a NW-SE oriented valley-dune system, with a 6-15 m deep sub-
terranean watershed that supports woodlands dominated by the
phreatophyte species Neltuma flexuosa. The study area has different
landscape units (valleys, depressions, sand dunes), with associated plant
communities. Woody plants (trees, shrubs) dominate vegetation, with a
minority presence of grasses and herbaceous species. Neltuma flexuosa
woodlands were intensively logged in the last century during the
expansion of the railway and agricultural oasis (Villagra et al., 2009).
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This ecosystem is home to a rural population descendant of the Huarpe
indigenous people, who are organised in single-family livestock settle-
ments, scattered in low density over the territory (Goiran et al., 2012).
Livestock is mainly goats-based and, to a lesser extent, cattle, which are
raised mainly for self-consumption. Livestock activity produces a clear
decrease in vegetation cover, mainly near livestock posts, where animals
concentrate each day to drink water from groundwater wells. Livestock
effects on vegetation are attenuated in areas distant from watering
points, as observed in other arid areas worldwide (e.g. Goiran et al.,
2012).

Within this ecosystem, our study area was located within the Bosques
Telteca Nature and Cultural Reserve (32° 20'S; 68° 00'W) and in sur-
rounding areas. The reserve is open (i.e. not surrounded by any kind of
fence), with livestock posts both inside and outside it, showing a con-
tinuity at landscape level in vegetation and land use. We selected 5
family livestock breeding posts: La Primavera, Las Delicias, El Diamante,
Santa Lucia, and La Esperanza (Fig. 1). We followed Goiran et al. (2012),
who found that there is a gradient of vegetation cover, i.e. an increase in
vegetation cover from the stalls towards the undisturbed woodland,
assessed with the soil adjusted total vegetation index (SATVI). At each
livestock breeding post, we drew a direction line and selected a
disturbed site (D) ~ 600 m away from the post, and a relatively undis-
turbed site, considered as a control (C) ~ 2000 m away from it (Figs. 1
and 2). All study sites were located in inter-dune valleys. Field mea-
surements and sampling were carried out between August 27th and 31st,
2018. Measurements were done in winter because it is the most stable
season for nutrient, chloride and soil water determinations, as rainfall is
almost null and most of the vegetation is not actively growing. This
allowed us to reduce the heterogeneity within and between sites, getting
a conservative value of the variation in the measured conditions.

2.2. Vegetation, signs of livestock presence and human activity

We determined the floristic composition and vegetation cover at
disturbed and control sites using the modified point-quadrat method
(Passera et al., 1983). At each of the sites, we plotted three transects (50
m long, 6 m apart) parallel to each other. We registered the presence of
vegetation (to species level), leaf litter or bare soil every 0.5 m, adding
up a total of 100 observations per transect. We expressed the cover data
as an average of the three transects. In addition, we walked along a strip
transect (6 m wide and 50 m long, covering an area of ~300 m> per site),
recording domestic animal faeces as signs of livestock presence (goats,
cows and horses). We also recorded any presence of pruning scars or
stumps as indicators of human extraction of wood as fuel source or other
rural uses.

2.3. Environmental variables

2.3.1. Solar radiation

We measured photosynthetically active radiation (PAR) photon
irradiance and ultraviolet-B (UV-B) irradiance. We measured PAR with a
1 m long integrating bar connected to a LI-190SB quantum sensor (Li-
Cor, Lincoln, USA), and we measured UV-B with a Skye SKU 430
hemispherical sensor (280-315 nm) connected to a SpectroSense2 (Skye
Instruments Ltd, Powys, UK). We recorded radiation along the central
transect used to measure vegetation cover, every 2.5 m, for a total of 20
points per transect per site. We placed the PAR integrating bar
perpendicular to the transect at each of the measurement points, and
recorded PAR photon irradiance. At each PAR recording point, we also
took 10 UV-B irradiance measurements along 1 m, every 10 cm, and
calculated an average value. We then averaged the data of the 20 PAR
and UV-B measurement points along the transect, obtaining an average
value per site. We performed the measurements on completely clear
days, 3 h around solar noon. Due to time constraints, we surveyed one
disturbed and one control site relative to one livestock post each day. We
completed measurements at all pairs of disturbed and control sites of the
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Fig. 1. Map of the study area.

The study was carried out in Bosques Telteca Nature and Cultural Reserve, and its surrounding area, Mendoza province, Argentina. Letters indicate the names of the
studied posts, LP: La Primavera, LD: Las Delicias, SL: Santa Lucia, ED: El Diamante and LE: La Esperanza. Map created using the free and open source QGIS with layers
extracted from Arana et al. (2017) and LADYOT - IADIZA — CONICET (Personal communication).

5 livestock posts on 5 consecutive days.

2.3.2. Air temperature and vapor pressure deficit

We installed a temperature (T) and relative humidity (RH) sensor
(Hygrobutton, iButton DS1923, Maxim Integrated, San Jose, USA) pro-
tected from direct solar radiation, 50 cm above the soil surface in the
centre of each disturbed and control site, and took measurements at half-
hourly intervals during 2 days. We calculated the Vapor Pressure Deficit
(VPD) as the vapor pressure difference between the leaf and the air,
considering that the air inside the leaf is saturated with water (RH = 100
%) and that the temperature of the leaf is equal to the temperature of the
air, following Ewers and Oren (2000). We calculated the average daily
VPD (Total mean) and the average of maximum VPD values, i.e. of the
values between mid-morning and mid-afternoon (Maximum mean).
Regarding T, we considered the maximum, minimum and mean daily
values.

2.3.3. Rainfall

We installed one rain gauge in the centre of each disturbed and
control site. Rain gauges were built up with a polyvinyl chloride pipe of
110 mm internal diameter, 1 m height, with a plastic cap at the bottom
and a plastic funnel at the top, and were filled with a 2 cm oil layer to
avoid water evaporation. We measured the water level inside rain
gauges with a tape meter, during one year (from August 30th’ 2018 to
August 15th’ 2019), every 60 days. Although we did not expect an effect

of the disturbance on rainfall level, we recorded this variable in order to
determine whether differences in soil water content or vegetation cover
might be associated with differences in rainfall among sites, if any. In
this regard, rainfall is scarce and often differentially falls in patches
across areas a few kilometres apart.

2.3.4. Soil temperature

We buried temperature sensors (Thermochron iButton DS1921,
Maxim Integrated, San Jose, USA) 15 cm deep in the soil in the centre of
each disturbed and control site. We selected that depth to survey a soil
zone that is likely to be explored by seedling roots of woody desert
species. Sensors took measurements half-hourly during 2-days.

We took soil samples at 15-25 cm depth, every 5 m along the central
transect used for the determination of vegetation cover. We took a total
of 10 samples per site, in which we measured the variables detailed
below. We expressed the results as an average of the 10 samples per site.

2.3.5. Soil pH and electrical conductivity (EC)

We placed 25 g of soil in 50 g of distilled water and shook for 30 min.
Then we filtered the sample, and on the liquid phase we measured pH
and EC with an UP-25 sensor (Denver Instrument, New York, USA) and
an LF 91 conductivity meter (WTW, Weilheim, Germany).
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SITES
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SANTA LUCIA LAS DELICIAS LA PRIMAVERA

EL DIAMANTE

LA ESPERANZA

Fig. 2. Sites pictures.
Photographs depicting representative control and disturbed sites associated with each post inside and around the Bosques Telteca Nature and Cultural Reserve,
Mendoza, Argentina.
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2.3.6. Soil chlorides

We determined the chloride concentration in the sample using the
argentometric method. This consisted of the titration of an aqueous
solution, obtained by stirring the substrate in distilled water, with a
solution of silver nitrate.

2.3.7. Soil moisture

We took around 100 g soil samples, which we placed in hermetically
sealed bags and weighed them in the field using a 3-digit portable bal-
ance (Scout SPX223, Ohaus Corporation, Parsippany, USA). Then, we
dried them at 105 °C for 48 h, and determined the relative water content
by the gravimetric method.

2.3.8. Soil organic matter (OM)

We determined the percentage of organic matter using the dry
combustion method (Davies, 1974). This consisted of obtaining the dry
weight of a soil sample and subsequent ignition of the organic matter in
a muffle at 430 °C for 2 h. Then, we calculated the amount of organic
matter by the gravimetric method using a high-precision scale
(Pioneer™ InCal PA214, Ohaus Corporation, Parsippany, USA).

2.3.9. Soil texture

We obtained a single sample of 100 g for each site, from the mixture
of 10 g of each of the samples taken. We removed plant material by
sieving the sample with a 2 mm pore mesh. Then, we determined soil
particle size distribution by dry mechanical sieving. We sieved the soil
sample during 5 min through a battery of 5 sieves of decreasing mesh
opening, using a mechanical shaker. Then we weighed on a high pre-
cision scale (PioneerTM InCal PA214, Ohaus Corporation, Parsippany,
USA) each of the fractions remaining in the sieves.

2.3.10. Soil nutrients

We calculated total nitrogen (N) by means of the Kjeldahl method
(Pearcy et al., 1989), consisting of digestion of the sample in an acid
medium, subsequent distillation and titration of the resulting solution.
Nitrates were estimated by the cadmium reduction method (Jones,
1984) using the HACH NitraVer5 reactive kits, and phosphates were
estimated by carbonic extraction using the Arizona technique (Mc
George, 1939). We calculated the concentration of nitrates (NO3-N) and
phosphate (POg) by spectrophotometry, with a HACH DR 2800 spec-
trophotometer (HACH Company, Colorado, USA).

2.4. Data analysis

We tested the differences between control and disturbed sites
regarded to vegetation, soil, and aboveground environment variables
using generalised linear model (GLM) based on a) binomial distribution
with logit link function for plant cover (except herbs), soil moisture
content, organic matter and texture (proportion data); b) Tweedie dis-
tribution for herbs cover (proportion data with excess zeros); c) Poisson
distribution with natural logarithmic link function for the number of
species and signs of livestock presence (count data) and d) Gaussian
distribution with the identity link function for the rest of the measure-
ments (continuous data). We run one independent GLM (« level = 0.05)
for each abovementioned variable (response variable), considering sites
(C and D) and posts (LP, LD, SL, ED and LE) as explanatory variables.
Although post identity was not our variable of interest, we had to
include it as part of our experimental design, i.e., we examined non-
independent sites. We incorporated post in our models as a fixed ef-
fect — rather than as a random effect- to avoid singular fits (i.e. variances
equal zero or close to zero) due to the low levels of this variable and the
small sample sizes (Gomes, 2022). We run the models with and without
the interaction term (post x site), and selected the most parsimonious
model based on AIC and BIC differences between models. In most cases,
the selected model was without the interaction. The homoscedasticity
and normality of residuals assumptions were visually assessed.
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Complementarily, we explored whether the measured variables
(sections 2.2 to 2.4) allow us to characterize sites with different degrees
of disturbance (C and D) by means of principal component analysis
(PCA). To characterize the sites according to a) the vegetation cover
(section 2.2) we considered the cover of each species relative to the total
vegetation cover of each site and computed a PCA with a Hellinger pre-
transformation. We removed the species which its contribution to the
PCA was null/insignificant (e.g. rare species). We determined the cor-
relation (Pearson coefficient) between species relative cover (Fig. S1)
and excluded the highly correlated ones (r > 0.72) in order to avoid
highly redundancy in the data. Then, we discriminated the sites based on
b) the environmental variables measured (sections 2.2 to 2.4). We first
imputed the missing data for rainfall and VPD (0.83 % of the total data).
We determined the Pearson linear correlation between the measured
variables (Fig. S2) and excluded the highly correlated ones (r > 0.85) in
the same way as we did with the previously described PCA. In both
cases, we evaluated the species/variable contribution to each principal
component (PC1 and PC2) through correlation analysis (Pearson’s co-
efficient — Table S2).

We used the statistical software R (version 4.3.2 software, R Core
Team, Vienna, Austria).

3. Results
3.1. Vegetation and signs of livestock presence

In spite of the differences between posts that arise as part of
landscape-level heterogeneity (Table S1), disturbed (D) sites showed ~
20 % less vegetation cover than control (C) sites, consistent with a
greater livestock presence, as suggested by the proximity of these sites to
the posts, and the highest amount of domestic animal faeces (Table 1).
These differences in vegetation cover were mainly due to a lower cover
of woody species on disturbed sites. Despite differences in vegetation
cover, most of disturbed and control sites did not differ in litter cover.

We detected a difference in the floristic composition, but not in the
number of species surveyed. Although both disturbed and control sites
shared a high proportion of species, Larrea divaricata, Mulguraea aspera
and Panicum urvilleanum were only observed in disturbed sites, and
Atriplex lampa, Senna aphylla, Leptochloa crinita and Setaria leucopila
were only recorded in control sites (Table 1).

As expected, we found a higher number of domestic livestock faeces,
including goats, cattle and horses, in the disturbed sites than in the
control ones (Table 1). At the same time, we did not distinguish the
presence of pruning scars or stumps in any of the sampled sites, which
confirms that the main anthropogenic agent of disturbance at present is
livestock.

3.2. Environmental variables

We found mostly higher UV-B radiation at the disturbed sites,
although differences in PAR between disturbed and control sites were
only recorded at two of the five posts studied. Where differences in solar
radiation were recorded, this was ~30 % higher in disturbed sites than
in control sites (Table 2). PAR and UV-B midday values registered in
control sites were around 863 + 92 pmol m 2 s and 1 + 0.1 W m 2
respectively. The daily maximum air temperature 50 cm above the
topsoil was ~4 °C higher in disturbed than in control sites. Likewise,
maximum daily evaporative demand was ~20 % higher in disturbed
sites (Table 2). Rainfall was similar in both types of sites.

We found that disturbed sites had ~2 °C higher average daily soil
temperature and daily minimum soil temperature than control sites, but
we did not detect differences in daily maximum soil temperature, con-
trary to air temperature records (Table 2). Our results show that
disturbed sites had lower (~14 % less) chloride concentration than
control sites. In addition, most of disturbed sites showed lower OM than
control sites, although OM values were low in all cases, ranging from



Table 1

Vegetation and sings of human activity.

Vegetal cover, floristic composition and signs of livestock presence for each site type associated to 5 different posts inside and around the Bosque Telteca Nature and

Cultural Reserve. The cover values are indicated as the mean + SE (n = 3), while the total species and animal faeces are indicated as absolute values (n =1).

Post La Primavera Las Delicias Santa Lucia El Diamante La Esperanza Data
Site C D C D C D C D C D comparison*®
Cover (%)
Bare soil 4257 + 6.74 66.01 = 4.44° 1980 + 551 59.74 + 7.5° 21.78 + 412 4752 + 3.02° 4092 = 7.19 5413 £ 7.24 4026 + 512 5149 £ 920 Int
Leaf litter 858 + 0.66 792 + 057 1353 + 389 561 + 033 891 + 249 561 + 132 924 + 216 561 = 1.65 825 = 175 1419 + 3.63° Int
Vegetation 4884 + 7.37 26.07 £ 433 66.67 = 8.03 34.65 = 6.95 69.31 = 4.00 46.86 = 3.68 49.83 = 9.29 40.26 = 6.89 51.49 = 348 3432 * 6.06 C>D
‘Woody plants 4851 + 7.14 2145 £ 493 66.67 + 8.03 29.04 + 8.27 69.31 = 4.00 46.86 + 3.68 49.83 + 9.29 40.26 + 6.89 50.83 + 3.63 33.97 = 5.75 C>D

Trees 2541 + 9.74 1419 + 238 61.06 + 886 12.54 = 3.68° 24.09 + 109 3465 = 3.8 3333 + 258 2277 + 730 2376 + 6.02 2178 + 151 Int

Bulnesia retama  2.31 + 231 330 + 175 1122 + 931 792 + 4.68 792 & 400 7.26 + 3.89 990 + 099 1155 + 564 891 + 057 693 + 262

Geoffrea 1254 + 238 726 + 1.19 825 + 0.87 033 + 033 396 £ 206 726 + 258

decorticans

/\]"/"””" 1056 + 8.66 3.63 + 231 4455 + 514 462 = 119 1617 + 744 1904 = 184 2310 + 216 1122 + 216 1089 + 3.75 759 + 216

exuosa

Shrubs 32.67 + 262 891 + 297 3135 + 125 2079 + 893 5347 + 7.92 17.82 + 057 2673 + 11.03 2475 + 830 29.04 + 119 12.87 + 4.68 c>D

Atamisquea 231 + 132 1716 + 4.06 297 + 099 0.66 £ 0.66 627 + 444 099 + 099 033 + 033 330 + 330

emarginata

Atriplex lampa 495 = 0.99 528 + 2.70 0.66 + 0.66

Boungaimvillea o5 987 033 + 033 5.63 £ 2001 264 + 144 231 + 144 429 £ 231 693 % 249 462 £ 132

spinosa

Larrea 297 + 297 135 + 1.30 396 + 249 924 + 288

divaricata

Lycium 1221 + 493 231 + 231 1419 + 843 165 + 165 1353 + 087 858 + 165 462 + 1.65 627 + 231 462 + 315 030 £ 030

tenuispinosum

Mulguraea 132 £ 087 3.63 = 3.15 264 = 132

aspera

Senna aphylla 099 = 0.57 1.65 £ 1.65

Suacda 165 + 0.6 693 & 171 099 % 0.5 231 + 144

divaricata

(”j;//‘””’"“" 891 + 151 198 + L5I 1023 + 381 2211 + 543 430 + 230 1155 + 3.45 396 £ 396 1485 + 262

usillo

Herbs 033 + 033 462 = 1.19° 561 = 1.75° 033 + 033 0.66 = 0.66 297 + 1.14 231 + 1.84 Int

fristida 0.66 + 0.66 231 + 066 231 + 184

mendocina

Leptochloa 033 + 033 0.66 + 0.66

crinita

Panicum 462 £ 119 561 + 175

urvilleanum

Setaria 22 23

leucopila 033 = 033
Total species 11 9 4 8 9 8 7 9 12 7 C=D
Animal faeces 7 21 9 17 6 17 6 13 13 15 C<D

Goat 1 5 0 2 0 0 2 3 2

Cow 4 1 0 10 3 4 4 3 5 4

Horse 2 5 9 5 3 8 2 8 5 9

C: Control, D: Disturbed. When the interaction between post and site (/n¢) is statistically significant * denotes differences between sites within the same post. *According to GLMs (a level = 0.05 - Table S1)

o 32 ndd 'N'T

YISSOT (S20Z) 42T STUAUO.NAUg PLIY fo [pwmop



Table 2

Environmental variables.

Environmental variables for each site type associated to 5 different posts inside and around the Bosque Telteca Nature and Cultural Reserve. The values are

indicated as the mean + SE, with the exception of maximum and minimum temperatures, rainfall and soil texture which are indicated as absolute values.

Post La Primavera Las Delicias Santa Lucia El Diamante La Esperanza n Data
Site C D C D C D C D C D comparison*
Solar radiation

PAR (pmol m?s™) 969 = 64 1298 + 35° 496 = 76 1246 = 43° 962 + 68 1099 = 81 931 = 91 1052+ 89 955 £ 90 974 = 76 10 Int

UV-B (watts m?) 119 + 0.06 168 + 0.05° 055 = 0.06 128 + 0.04° 091 + 005 098 = 007 115 = 011 129 + 007 1.06  + 0.08 137+ 0.06° 10 Int
Air temperature (°C)

Mean 158 = 08 160 = 09 149 = 06 151 + 09 155 + 07 155 = 08 153 + 08 169 =+ 09 149 + 07 158 + 08 96 Cc=D

Maximum 323 33.6 27.1 34.0 30.1 317 312 34.7 29.3 342 1 c<D

Minimum 43 44 56 32 52 5.0 4.6 50 44 4.4 1 Cc=D
VPD (kPa)

Total mean 14 = 01 14 = 01 12 = 01 - 1.3 = 01 1.3 = 01 13 = 01 L5 = 01 12+ 01 14 £ 01 96 C=D

Maximum mean 27 = 03 30 = 03 20 = 02 - 25 £ 02 26 = 03 25 = 03 32 £ 02 22 £ 02 28 £ 03 26 Cc<D
Rainfall (mm year") 228 227 180 238 159 - 158 116 308 282 1 Cc=D
Soil temperature (°C)

Mean 154 + 03 176+ 03 141 + 03 16.1 + 05 149 + 04 171 = 05 172+ 06 190 + 04 153 + 04 166 + 03 96 Cc<D

Maximum 20.7 222 19.7 248 217 25.0 27.0 26.5 224 22.0 1 C=D

Minimum 10.8 13.6 9.0 9.1 8.7 10.5 9.5 13.1 8.2 11.4 1 c<D
Soil pH (-) 796 £ 0.13 8.07 = 0.12 821 = 0.08 788 £ 0.10 805 £ 021 800 = 011 794 = 012 763 == 009 757 £ 0.09 785 + 0.08 10 Cc=D
Soil EC (uS/cm) 226 42 113 10 227 20 125 £ 11 206 + 26 177 20 232 £ 65 170+ 19 176 + 14 112 11 10 Cc>D
Soil chlorides (pg g") 428 + 22 39.0 + 34 566 + 6.8 456 + 32 458 + 56 444 = 42 490 + 122 374 + 22 40.0 + 1.6 364 + 24 10 Cc>D
Soil moisture (%) 119 = 0.09 162 + 023 146 = 0.15 086 = 0.06° 1.64 + 016 148 = 007 1.65 = 0.5 Lo+ 0.09° 127 + 0.6 150 + 0.18 10 Int
Soil OM (%) 0.64 £ 0.05 047 £ 0.03° 094 = 0.10 059 + 0.04° 072 £ 008 073 = 007 092 =+ 008 063 =+ 006° 069 = 005 054 + 003 10 Int
Soil texture (%)

Fine sand 61.74 71.14 52.65 72.01 48.55 58.47 49.41 61.29 51.88 70.54 1 Cc<D

Very fine sand 2221 12.30 23.44 18.41 30.59 24.23 25.88 14.16 28.45 20.39 1 Cc>D

Silt and clay 10.52 295 16.60 3.02 14.45 11.84 14.69 6.48 11.26 537 1 Cc>D
Soil nutrients (ug g"')

Total Nitrogen 202 £ 21 95 £ 15° 277 £ 21 129 + 15° 182 + 19 207 £ 46 255 & 25 174+ 31° 174 £+ 19 101 + 10° 10 Int

Nitrates-N 13 + 03 07 + 0.1 39 = 04 1.7 + 05 21 + 08 1.8 = 0.6 35 + 14 08 + 02 09 + 02 1.0 + 02 10 Cc>D

Phosphates 72 = 21 48 £ 14 241 = 28 30 + 07° 184 + 1.6 125 = 16 137 + 23 80 + 17 89 + 16 68 £ 16 10 Int

C: Control, D: Disturbed. When the interaction between post and site (/n?) is statistically significant * denotes differences between sites within the same post. *According to GLMs (a level = 0.05 - Table S1)
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0.47 £+ 0.03 % to 0.94 + 0.10 % (Table 2).

Disturbed sites had lower values of soil EC than control sites, but in
all cases the soil was non-saline. On the other hand, pH was alkaline
(~7.9) and similar in both types of sites. Relative soil water content was
low and similar between disturbed and control sites in the majority of
the cases, although at the two posts where differences were found,
relative soil water content was lower at the disturbed sites. In all cases,
90 % of the soil consisted of fine and very fine particles, silt and clay.
However, soil texture was coarser in disturbed sites than in control sites.
The disturbed sites were also found to be impoverished in total N and
nitrates concentration, with differences ~35 % and ~48 % respectively
than the control sites (Table 2). Phosphate concentration was mostly
similar between the two levels of disturbance.

3.3. Characterization of disturbed and control sites

Control and disturbed sites were characterized by a different floristic
composition and relative vegetation cover (Fig. 3), together with
different values of aboveground and soil variables (Fig. 4). Likewise, the
control sites were more heterogeneous in terms of these variables that
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the disturbed ones (i.e. disturbed sites presented lower dispersion of the
data).

Regarding the vegetation, the first two PCA components (PC1 and
PC2) explained 63.0 % of the total variance (39.0 % and 24.0 %,
respectively — Fig. 3). The PC1, significantly due to Bulnesia retama,
Larrea divaricata, and Suaeda divaricata presence (Fig. S3), segregated
the sites into two groups, corresponding to control and disturbed sites.
An exception was observed in the disturbed site Santa Lucia, which
presented a vegetation array more similar to the control sites. The PC2,
instead, was significantly correlated with Neltuma flexuosa (Fig. S3) and
segregated the control sites in two groups: Santa Lucia, La Primavera
and La Esperanza sites differed from Las Delicias and El Diamante sites
in that they had a higher cover of shrub species. The latter, on the other
hand, were characterized by a high coverage of the tree species
N. flexuosa.

Considering the environmental variables, the first two PCA compo-
nents (PC1 and PC2) explained 62.7 % of the total variance of the data.
Alike to vegetation PCA, the PC1 (which explained 45.0 % of the total
variance) segregated the sites in two groups, corresponding to control
and disturbed sites (Fig. 4). The variables that contributed the most to
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Fig. 3. Vegetation cover — PCA.

Principal component analysis (PC1 and PC2) of the vegetation cover among control and disturbed sites associated to 5 different posts in the area of Bosques Telteca
Nature and Cultural Reserve, Mendoza, Argentina. Bold letters indicate the names of the studied posts, LP: La Primavera, LD: Las Delicias, SL: Santa Lucia, ED: El
Diamante and LE: La Esperanza and the sites ¢: control and d: disturbed. Italic letters indicate the name of the plant species, S.div: Suaeda divaricate, S.aph: Senna
aphylla, T.usi: Trichomaria usillo, M.asp: Mulguraea aspera, A.men: Aristida mendocina, L.div: Larrea divaricata, B.ret: Bulnesia retama and N.flex: Neltuma flexuosa.
Triangles with different color indicate vegetation cover under different site types. Ellipses represent the confidence interval (« level = 0.05) and larger triangles in
ellipses indicate the mean values (centroids). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 4. Environmental variables — PCA.

Principal component analysis (PC1 and PC2) of the environmental variables among control and disturbed sites associated to 5 different posts in the area of Bosques
Telteca Nature and Cultural Reserve, Mendoza, Argentina. Bold letters indicate the names of the studied posts, LP: La Primavera, LD: Las Delicias, SL: Santa Lucia,
ED: El Diamante and LE: La Esperanza and the sites c¢: control and d: disturbed. Normal letters indicate the variables, Chlo: Chlorides, L.lit: Leaf litter, S.temp: Soil
mean temperature, A.temp: Air maximum temperature, A.fae: Animal faeces, T.spp: Total species, Rain: Rainfall and VF.sand: Very fine sand. Triangles with different
colors indicate environmental variables under different site types. Ellipses represent the confidence interval (« level = 0.05) and larger triangles in ellipses indicate
the mean values (centroids). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

this separation were PAR, soil and aerial temperatures and the number
of animal faeces higher in disturbed than in control sites, and litter
cover, chlorides concentration and fine soils particles higher in control
than in disturbed sites (Fig. 4, Fig. S3). The PC2 was highly correlated
with the number of species (Fig. S3) and explained 17.7 % of the total
variance of the data. It had a greater effect in the control than in the
disturbed sites, as in the PCA of plant cover. In summary, the microen-
vironmental variables that allowed discriminating the disturbed and
control sites were somehow related to changes in vegetation cover and
composition. These changes were associated to changes in the above and
belowground microenvironment: solar radiation, temperature, soil
erosion, chlorides concentration and surface soil moisture.

4. Discussion

Our results show that sites highly disturbed mainly by livestock ac-
tivity presented lower vegetation cover, somewhat altered floristic
composition, and more stressful environmental conditions for plant
growth than control sites, with low human disturbance, which is in
agreement with expectations. The most dramatic environmental differ-
ences were a reduction of about 50 % in nitrate concentration in an

ecosystem already highly limited by nutrients, and an increase of about
30 % in solar radiation (mainly reflected by an increase in UV-B). This
was accompanied by an increase in evaporative demand of about 20 %,
along with higher air temperatures (difference of ~4 °C), and coarser
soil texture (with probably lower water retention). In the following
subsections we discuss the relationship between variables at the light of
antecedents in this and other systems, and the potential implications for
vegetation restoration based on ecophysiological information of woody
species of the Monte desert ecosystem.

4.1. Livestock grazing reduces vegetation cover and alters floristic
composition

Our records of vegetation cover at both types of sites (57 % at control
sites and 36 % at disturbed sites) are consistent with values reported by
Goiran et al. (2012) using satellite images, and by Garcia et al. (2015)
and Magnano et al. (2023) based on field surveys in the same ecosystem.
However, unlike the last authors, we did not observe a decrease in the
number of species sampled due to the land-use intensity. It is important
to note that Magnano et al. (2023) studied as their degraded (highly
disturbed) sites plots much closer to the livestock settlement (~50 m
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away from the rural post) than in our study (600 m). Of the total species
sampled, most were reported as forage species for domestic livestock
(goats, cattle and horses), except Larrea divaricata (Egea et al., 2014).
Atriplex lampa is one of the species most consumed by goats, especially in
winter (Egea et al., 2014). So, it seems that the grazing pressure could
have contributed to shape the plant community of the disturbed sites,
notably decreasing the abundance of A. lampa, as well as S. aphylia,
S. leucopila and L. crinita, although their abundances were already very
low (or sometimes absent) in the control sites. In the opposite direction,
livestock grazing may have favoured L. divaricata, because it is a
non-palatable species (Guevara and Estevez, 2018). An exception to
these vegetation trends was observed in Santa Lucia post, where the
disturbed site presented a rather similar vegetation composition than all
the control sites. This might be due to the different history of livestock
use in this post compared to the other posts (personal communication,
gathered from informal interviews with people living in the posts and
Telteca’s park rangers). In this regard, the posts —except Santa Lucia-
were characterized by a long-term (at least 80 years) use dominated by
all-year round goat grazing. In Santa Lucia, this year-round goat grazing
was introduced in the system six years before the present study. Previ-
ously, the post was characterized by cattle raising, which was restricted
to shorter temporal grazing windows each year, during the most pro-
ductive period in terms of forage availability for this type of livestock.
More studies are needed relating the history and diversity of manage-
ment strategies to the vegetation conditions in the region.

4.2. Livestock-disturbed sites show low soil fertility

The livestock-disturbed sites showed a scenario of increased abiotic
stress compared to the control sites. The strongest effect of disturbance
was on the concentration of nitrogen, one of the most important mac-
ronutrients for plants. At the studied ecosystem, the dunes and the inter-
dune valleys (the former with 20 % less vegetation cover than the latter)
also showed similar differences as those observed in the present study in
soil N, according to records taken in summer (Guevara et al., 2010).
Therefore, it seems that a difference in vegetation cover in the order of
20 % -both occurring naturally due to differences at the landscape level
or due to different anthropogenic pressure- may be a key driver of the
differential N levels. In a previous study it was shown that, despite dif-
ferences in soil fertility, N. flexuosa trees growing in both landscape units
did not differ in leaf N concentration, suggesting that this species has
mechanisms to compensate for nutrient deficiency (Guevara et al.,
2018). This compensation in N uptake in poorly fertile soils may be due
to symbiosis with N-fixing bacteria in this leguminous species. In this
regard, earlier studies of foliar °N natural abundance indicated that C4
grasses and N. flexuosa trees from dune flanks may fix atmospheric Ny
(Aranibar et al., 2014). This large difference in soil fertility between
disturbed and undisturbed sites suggests that, either in the process of
natural re-colonisation of disturbed areas, or through active restoration
programmes, plants that can establish symbiosis with micro-organisms
that fix atmospheric N, may be more likely to become established, as
recorded in other desert systems (e.g. Carrillo-Garcia et al., 2002). On
the other hand, cyanobacteria and cyanolichens in biological soil crusts
(BSC) can also fix atmospheric N2 and favour the release of POy in
alkaline soils such as those of the studied Monte ecosystem or other
deserts (Chaves et al., 2020). Thus, in this scenario of disturbance of the
Monte, in which the normal low soil water is accompanied by reduced N
in the soil, as well as solar radiation is increased, the role of BSC can be
fundamental when trying to restore an area with reduced vegetation
cover.

Another soil variable reflecting the potential impact of the lower
vegetation cover in the disturbed sites was the chloride content. Soil
chloride distribution is used as an indicator of water transport, partic-
ularly in arid and semi-arid systems (Herczeg and Leaney, 2011). In
desert systems, low soil chloride pools —as observed in disturbed sites in
our study- indicate low rates of vegetation water uptake and high
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deep-water drainage (Scanlon et al., 2005).
4.3. Livestock-disturbed sites show high solar radiation

Another feature of the disturbed sites was an increase of about 30 %
in solar irradiance, recorded in winter in the present study, with dif-
ferences mainly associated with UV-B radiation. These differences are
likely to become more pronounced in the summer. Excessive UV-B can
limit plant growth through its effect on molecular damage (Hideg et al.,
2013). However, plants possess mechanisms to protect themselves from
excessive solar radiation, either by reflecting or absorbing it. In the
former case, trichomes and epicuticular waxes are efficient in reflecting
UV-B and PAR (Holmes and Keiller, 2002). In our study ecosystem there
are various species from the family Zygophyllaceae (i.e. Larrea divaricata,
Bulnesia retama), characterised by the presence of waxes on their leaves
and stems that provide protection against excess radiation and desic-
cation (Ruiz Leal, 1972). Desert plants are naturally adapted to high
solar radiation, and the ability to tolerate excess radiation in open sites
will depend on the species’ traits and their plasticity. In this regard,
studies on four representative species of the Central Monte desert, Bul-
nesia retama, Neltuma argentina, N. flexuosa and N. alpataco, demon-
strated that these species did not show plasticity in epicuticular waxes or
photoprotective compounds against water stress (Biruk et al., 2022).
Therefore, although the species are adapted to current deserts condi-
tions, it remains open the question about their adaptability to face even
higher radiation stress arising as a consequence of reduced vegetation
cover due to livestock pressure.

4.4. Livestock-disturbed sites show increased air temperature

The mean temperature increase of 4 °C recorded in winter at the
disturbed sites compared to the control sites is likely to intensify in
summer. This temperature difference is the midpoint of the range of
temperature increases predicted by the Intergovernmental Panel on
Climate Change towards the end of the 21°%t century (IPCC, 2023).
Considering that this system is a hot desert where we have recorded air
temperatures up to 50 °C in the shade in summer (unpublished results),
the higher temperatures measured in the disturbed sites, coupled with
the aridity of the ecosystem, are likely to contribute to increased envi-
ronmental stress challenging plant growth and survival at the low
vegetation-covered sites. High evaporative demand associated with
rising temperature increases atmospheric drought, accentuating the soil
water deficit. Although desert plants are adapted to this extreme envi-
ronment, how much these changes will impact plant growth and sur-
vival will depend on the physiological thresholds of the different species
in their ability to tolerate or avoid soil and atmospheric drought and
high temperatures. There are studies of some of the species of the Monte
desert in response to drought conditions, showing a multiplicity of re-
sponses (e.g. Biruk, 2021; Biruk et al., 2022). However, there are no
specific studies about heat tolerance of any of them. In this regard, high
temperatures per se can be lethal for plants (Teskey et al., 2015).
Moreover, a common mechanism to dissipate high temperature is by
means of transpiration cooling, which is highly impaired under condi-
tions of low soil water content —a phenomenon known as hot-drought
(Hammond et al., 2022). More studies are needed about the behaviour
of native species under multiple environmental stress in order to predict
the fate of these systems in response to degradation and climate change
as well as to guide the selection of species according to the environ-
mental characteristics of the sites to be actively restored.

5. Conclusion

This study provides a quantitative assessment of the increased
environmental stress in livestock-disturbed areas compared to the con-
ditions already stressful for plants’ development typical of arid ecosys-
tems. From our results, disturbed sites in inter-dunes valleys approach
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biophysical conditions of dune flanks in terms of soil chemistry, soil
texture, plant cover and temperature. This assessment, although partial
and limited, can be a preliminary guide for decision making to revert
this degradation path with active restoration strategies, which in addi-
tion to livestock exclusion would mean planting of selected species (i.e.,
those found in dunes) with different transplanting interventions (use of
organic amendment, irrigation, shading, BSC inoculation, etc.). In this
regard, although some recovery of the vegetation structure may be
possible if the system has not surpassed the structural and functional
threshold that define its state, it is known that recruitment of grasses and
woody species is highly limited in disturbed arid ecosystems due to high
abiotic stress (Bosco et al., 2018), and thus active interventions are
needed to reverse the degradation process (e.g. Fick et al., 2016). For
instance, a grazing exclusion experiment in the Dry Chaco region (a
close but less arid ecosystem than ours) has shown that after 7-8 years of
livestock removal, only palatable grass species increased their cover,
with no changes in woody species, herbs, forbs and vines (Trigo et al.,
2020). Our results suggest that the traits to be determined for the se-
lection of species include, not only their drought resistance, but their
mechanisms of heat tolerance, photoprotection and nutrient use, either
in relation to the efficiency of use or the association with soil microor-
ganisms that allow plants to overcome the strong limitation of water,
nutrients and high irradiance and temperature in disturbed sites.
Considering that interannual variation in rainfall and temperature is
high and not predictable in these ecosystems, this work is a starting
point for understanding environmental changes at disturbed sites, but a
broader picture would be obtained by including summer measurements
in different years as well as ecophysiological studies of different species
in the field.
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