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Abstract 
Context  Wild ungulates and livestock modify a 
large range of vegetation patterns and processes at 
the landscape scale. However, we still lack studies 
that address how changes in herbivores’ type and 
management can determine small-scale ecosystem 
functioning.
Objectives  We compared landscape vegetation 
processes within a traditional livestock grazing 
(transhumant) and a system consisting exclusively of 
wild ungulates. We also investigated methodological 
approaches to map very fine spatial-scale changes 
in vegetation structure and functioning over time 
in a mountainous Mediterranean system (Iberian 
Peninsula).
Methods  We performed different UAV flights 
per season over exclusion fences, within these two 

long-term grazing contexts. Later, we processed 
images to obtain spatially explicit data on vegetation 
structure (vegetation cover and mean vegetation patch 
area) and vegetation greenness (NDVI).
Results  Very high spatial-resolution images 
provided key information on the spatial distribution 
and seasonal oscillation of small vegetation patches. 
Mean annual NDVI showed similar values in 
both grazing contexts albeit seasonal and annual 
differences in NDVI between grazed and ungrazed 
areas. Vegetation cover remained rather constant 
across seasons but differed between grazing contexts 
and fencing. The mean vegetation patch area changed 
seasonally according to the grazing context, without 
significant differences in mean annual values in 
fenced and non-fenced areas.
Conclusions  Accurate image classification helped 
to uncover differences in vegetation functioning in 
presence of wild ungulates and livestock. Multi-
temporal studies at this fine-scale level improve 
the detection of ephemeral vegetation patches and 
increase the comprehension of cascade processes 
mediated by both ungulate groups, such as vegetation 
response to climate. The temporal and spatial 
vegetation patterns should be considered before the 
implementation of management measures, especially 
in landscapes within potential rewilding processes.
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Introduction

Spatial and temporal changes in primary productivity 
and vegetation cover are key information to 
understanding how ecosystems function (Gaitán 
et al. 2013; Sanaei et al. 2018; Regos et al. 2021). For 
instance, temporal changes in vegetation productivity 
and structure indicate how climate determines food 
resources availability (e.g. biomass and nutrient) 
for different trophic levels (Hamel et al. 2009; Royo 
et  al. 2017; Johnson et  al. 2018), how vegetation 
cover and patch area can reveal habitat availability 
(Zweifel-Schielly et al. 2009; Hughey et al. 2021) and 
what spatiotemporal patterns of primary productivity 
can give evidence on how species interact (Odadi 
2011). Although primary productivity and vegetation 
cover have already been used in different studies to 
disentangle climate-vegetation-herbivory interactions 
in terrestrial ecosystems (e.g. Giralt-Rueda and 
Santamaria 2021; Keyserlingk et  al. 2021), we still 
lack studies that contrast the effects of wild and 
domestic ungulates on very fine-scale vegetation 
functioning in a spatially explicit framework. 
Understanding how domestic and wild ungulates 
modulate very small-scale responses of vegetation to 
seasonality can help us to better manage ecosystems 
based on the mechanisms that mediate resilience in 
grazed ecosystems (Murray et al. 2013).

Abiotic factors, such as water availability or 
temperature, are frequently highlighted as key drivers 
of seasonal changes in primary productivity and 
vegetation cover (Augustine and McNaughton 2006; 
Wang et  al. 2020). Using satellite-based vegetation 
indexes as a proxy for primary productivity, some 
studies have disentangled the susceptibility of 
ecosystems to drought, seasonality anomalies, or 
changes in rainfall patterns at large spatial scales 
(Lohmann et al. 2012; Grant et al. 2017). Moreover, 
anthropogenic factors are also indicated as key drivers 
of vegetation cover and productivity (e.g. agriculture, 
livestock production or land abandonment) 
(Khorchani et  al. 2021; Ibáñez-Alvarez et  al. 2022) 
and consequently determine their responses to 
climate. However, biotic factors, such as species 
interaction, herbivory or diseases can determine 
vegetation functioning throughout time (Barbosa 
et  al. 2020). Therefore, the presence of domestic or 
wild ungulates may increase primary productivity 
and decrease vegetation cover (Manier and Hobbs 

2007; Charles et al. 2017) by affecting physiological 
conditions and species distribution and occurrence 
(Espunyes et al. 2019; Desforges et al. 2021).

Indeed, abiotic, biotic and anthropogenic 
landscape-scale drivers occur simultaneously, 
diversifying the response of vegetation and creating 
complexity in how grazed ecosystems function. For 
instance, rural land abandonment (anthropogenic 
driver) can lead to rewilding processes that 
consequently may replace livestock with wild 
ungulates and change animal foraging patterns (biotic 
driver) and ecosystem functioning (Svenning et  al. 
2016; Linnell et al. 2020). Besides, the complexity in 
the responses of ecosystems to rewilding processes 
can increase when climate change (abiotic driver) 
alters seasonal vegetation patterns. Grazing intensity 
from medium-sized ungulates could also control the 
responses of ecosystems to climate change (Biuw 
et  al. 2014). The effects of replacing domestic 
or wild ungulate remain unknown especially in 
grazing-adapted habitats, such as in grasslands under 
traditional grazing systems or in shrublands with a 
long-term presence of wild and domestic ungulates 
(Newman et al. 2014; Ramirez et al. 2019; Vuorinen 
et  al. 2021). Taking into account the complexity of 
the rewilding framework described, we still need to 
deepen our knowledge on what are the differences 
among grazing intensities and ungulate species to 
determine vegetation functioning in different climate 
conditions and land management contexts (Forbes 
et al. 2019; Carpio et al. 2021; Laguna et al. 2021).

Numerous studies evaluate climate-vegetation-
herbivory interactions using plot- or large-scale 
approaches (e.g. Lohmann et  al. 2012; Giralt-Rueda 
and Santamaria 2021). However, there is a lack of 
research at the intermediate scale, i.e. medium to 
small spatial-scale remote sensing approaches that 
provide fine-scale and spatially explicit information 
on vegetation communities and soil processes 
to understand ecosystem functioning (Cunliffe 
et  al. 2020; Sankey et  al. 2021). This intermediate 
framework can allow conservation measures for 
particular threatened species and environments 
(Velamazán et  al. 2017; Kerby et  al. 2022). 
Multispectral sensors attached to Unmanned Aerial 
Vehicles (UAVs) have been appointed as key tools 
to fill this knowledge gap because they can provide 
information on vegetation cover and productivity 
at an intermediate spatial scale (that is, between 
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satellite- and plot-based studies) (Klosterman et  al. 
2018; Ren et  al. 2021; Kolstad et  al. 2022), which 
allow us to study climate-vegetation-herbivory 
interactions at varying spatial and temporal 
scales. UAV sensors provide a singular and useful 
perspective of the landscapes at a centimeter-level 
(Riginos et al. 2009; Stavi et al. 2021) with a multi-
temporal perspective (Ecke et  al. 2022), helping to 
estimate the productivity and biomass of ephemeral 
vegetation patches. It is also important to note 
that several technical challenges regarding image 
processing from UAV sensors should be addressed, 
such as the management of shaded areas or cloud 
effects on image brightness.

Here, we investigated methodological approaches 
to map very fine spatial-scale changes in vegetation 
structure and primary productivity over time in a 
mountainous Mediterranean system. Using three 
grazing contexts (wild, domestic and exclusion 
plots), we also examined spatiotemporal changes 
in these vegetation properties (productivity, cover 
and mean patch area), with a particular focus on 
evaluating the relationship of abiotic (seasonality), 
biotic (herbivory) and anthropogenic (ungulate 
management) factors with micro- to meso-scale 
vegetation patterns. We hypothesized that seasonality 
is the main driver of intra-annual vegetation changes 
(productivity, cover and patch area) because seasonal 
rainfall and temperature strongly drive semi-arid 
ecosystems (Augustine and McNaughton 2006; 
Lohmann et al. 2012). However, we also expect that 
grazing/browsing pressures play an important role to 
modulate these responses because herbivory affects 
plant leaf area (Gorné and Díaz 2022) and dung from 
medium-sized ungulates can change the nutrient 
balance in ecosystems (Valdés-Correcher et  al. 
2019). In particular, we expect higher intra-annual 
changes in ecosystem productivity where domestic 
ungulates are present because a monospecific and 
higher herbivory pressure can favour herbaceous 
plants resistant to herbivory (Beguin et al. 2022) and 
consequently can show a faster response to changes 
in climate conditions (Wang et  al. 2020). We also 
expect seasonal dissimilarities in the response 
of vegetation to climate and herbivory because 
transhumant livestock changes foraging locations 
following seasonal patterns (Hevia et  al. 2013). In 
this context, we first searched for methodological 
approaches to standardize imagery obtained from 

different UAV flights. Using these data, we then 
explored similarities and differences in mechanisms 
by which wild ungulates and extensive livestock 
mediate temporal changes in vegetation structure and 
functioning in grazed ecosystems.

Materials and methods

Study areas

We performed the study in two areas with herbivore 
exclusion fences (Fig.  1) in the Cazorla, Segura 
and Las Villas Natural Park (Jaén, southern 
Spain). Exclosure plots were constructed to protect 
threatened plant species more than 20 years ago. Both 
study areas are located between 1700 and 1800 m of 
altitude, presenting a sub-humid cold Mediterranean 
high mountain climate. This Mediterranean climate 
shows significant seasonal changes. It is characterized 
by higher precipitation in autumn–winter, with 
frequent snowfalls, but an important percentage 
of annual precipitation in spring and convective 
rainfalls in June–August (100 mm approx.). It shows 
high insolation but a relatively low temperature in 
Summer and an important annual number of frost 
days. Yearly mean temperature varies between 7.3 
and 15.3  °C, with yearly minimum and maximum 
temperatures between 1.6 and 7.5  °C and 13.1 and 
20.2  °C respectively (Gómez-Zotano et  al. 2015; 
Espín-Sánchez et  al. 2018). We compared monthly 
temperature and precipitation during the study 
period and the monthly climatic data for the period 
between 1990 and 2020 (Fig. S1) to evaluate the 
representativeness of the study period regarding 
historical climate seasonality (Muñoz Sabater 2019). 
Their vegetation is therefore located within the supra- 
and oro-Mediterranean bioclimatic floors (REDIAM 
2012a, b).

The study areas present calcareous substrates, 
mainly dolomites (Gómez-Mercado 2011). Using 
field observations and satellite images, we observed 
great similarities in vegetation characteristics 
between both study areas and the most representative 
vegetation (herbaceous and scrub) of the natural 
park. Both study areas show the same grassland-
scrub habitats inside and outside fences. These 
habitats are characterized by perennial xerophilous 
grasslands of class Lygeo-stipetea and other short 



3466	 Landsc Ecol (2023) 38:3463–3478

1 3
Vol:. (1234567890)

mesophite and xero-mesophite grasslands where 
small camephites (Helianthemum sp., Astragalus sp.) 
and cushion scrubs (e.g. Erinacea anthyllis, Genista 
longipes) are abundant. A scattered shrub stratum is 
mainly integrated by arborescent Juniperus sp. and 
thorny species in the wetter areas, such as Berberis 
vulgaris or Crataegus monogyna. Few pines (Pinus 
nigra) appear in the study areas, which also constitute 
the main tree species in the surrounding forests 
(Benavente 2008; Gómez-Mercado 2011).

Despite their similar vegetation, the two study 
areas represent two different grazing systems 
(Fig.  1). The first area is located in the Campos de 
Hernán Perea (municipality of Santiago-Pontones) 
which constitutes a plateau with 1697  m of average 

altitude, in which numerous herds of extensive 
transhumant livestock (mainly sheep) graze in 
Summer (131–133 individuals/km2) and scarce wild 
ungulates use pastures continuously throughout the 
year, mainly mouflon—Ovis orientalis musimon—at 
approximately 4 individuals/km2 (Aguilera-Alcalá 
et  al. 2022). In the wintertime, the transhumant 
livestock moves to Sierra de Andujar (approximately 
130 km away). Although there still exists a very small 
proportion of extensive sedentary livestock in the 
region, only transhumant herds graze the study area. 
The second study area is located in the municipality 
of Cazorla, which has resident populations of 
Spanish ibex (Capra pyrenaica), fallow deer (Dama 
dama), mouflon (Ovis orientalis musimon) and 

Fig. 1   Study areas are located in the Natural Park “Sierras de 
Cazorla, Segura y las Villas” where exclosure plots were built 
to protect rare plant species from medium-size herbivores. 

UAV-RGB images of the exclosures plots with presence of a 
extensive transhumant livestock and b wild ungulates and in 
Sierra de Cazorla
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red deer (Cervus elaphus) (Martínez 2002). Total 
wild ungulate populations in Cazorla vary from 6 
to 13  individuals/km2 and the four wild ungulate 
populations show similar densities according to the 
information provided by the Junta de Andalucía of the 
hunting censuses carried out in the Reserva Andaluza 
de Caza de Cazorla. Though wild boar (Sus scrofa) is 
evenly distributed in both study contexts there are no 
population assessments in the study area.

UAV data acquisition and processing

We performed multi-temporal UAV flights over two 
exclusion fences and their surroundings (Fig.  2): 
Campos de Hernán Perea (2318  m2 fenced and 
15,073  m2 with herbivore presence) and Cazorla 
(2294  m2 fenced and 8246  m2 with herbivore 
presence). We captured UAV images in four different 
dates once by season, from spring 2021 to winter 
2022. The flights were conducted at low wind speeds 
and good sky visibility (Table  S1). We carried out 

perpendicular flights to create a grid covering each 
plot and its surroundings (90% overlapping between 
flight lines). Pictures were taken with a Zenmuse 
X3 RGB integrated into an Inspire 1 UAV. It utilizes 
wavelengths in the visible spectrum (RGB range) 
with 12.4 megapixel and 3.6  mm focal length. 
Simultaneously we collected multispectral (MS) 
information on five bands: Near Infrared (842  nm); 
Red edge (717 nm); Red (668 nm); Green (560 nm) 
and Blue (475  nm). We used a Micasense RedEdge 
sensor with 5.2 Megapixel and 5.4 mm focal length. 
According to height flight, pixel resolution in raw 
images varied between 1.0 and 6.5  cm. Later, we 
processed RGB and MS images with software pix4d 
v4.6.4®. We also used this software for the later 
processing of MS images to translate the digital data 
into radiance and reflectance. The calibration of the 
MS images was carried out from the standard white 
reflectance panel of the camera. After radiometric 
calibration, we aligned MS and RGB images using 

Fig. 2   Workflow overview. RGB and vegetation greenness (NDVI) images from different season were used to analyze the effects of 
seasonality and wild/domestic ungulate herbivory on vegetation cover, vegetation productivity and vegetation patch area
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the QGIS Geographic Information System (QGIS 
2022).

To evaluate multi-temporal biomass/primary 
productivity fluctuations and spatial changes in 
vegetation structure under different seasons and 
grazing contexts, we calculated vegetation greenness 
using three metrics: Normalized Differential 
Vegetation Index (NDVI), total vegetation cover 
(%) and mean vegetation patch area (m2). To make 
seasonal image sizes equal, we masked them to the 
minimum overflown area that was from the Spring 
season.

We masked the images to perform the subsequent 
analysis on the effects of wild ungulates and livestock 
on the vegetation strata focus of this study: herbaceous 
and scrub vegetation. We performed a supervised 
classification using the SCP plug-in (Semi-automatic 
Classification Plugin) of QGIS (Congedo 2021) 
to differentiate shaded areas, vegetation and bare 
soil. After different attempts, we selected RGB 

information (pixel size 1.0–6.5  cm) with Minimum 
Distance Classification Algorithm, as this procedure 
resulted in a suitable way to distinguish these three 
strata. We distinguished shaded areas to minimize 
the effects of shadow on the vegetation index and 
vegetation boundaries. We assessed classification 
accuracy through the overall accuracy (ratio between 
the number of samples that are correctly classified 
and the total number of sample units) and Cohen’s 
kappa index to address class distribution. Afterwards, 
we also masked vegetation located under the tree 
cover. We delineated the tree boundaries within the 
images using vegetation height information estimated 
through the difference between Digital Surface Model 
(DSM) and Digital Terrain Model (DTM) from the 
RGB sensor (Fig. 3).

Secondly, we randomly created circular subplots 
of 78.5  m2 (5 m of radius) located inside (N = 20) 
and outside (N = 20) the fences to compare the 
vegetation variables in the presence or absence 

Fig. 3   Autumn RGB 
images and cover 
classification, in livestock 
and wild ungulates (a) and 
only wild ungulates (b) 
grazing systems. Colors 
in both lower panels refer 
to shrub and herbaceous 
vegetation (green), trees 
(dark green), bare soil 
(white) and shadow (black)
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of herbivores. We used this subplot approach to 
reduce errors derived from differences in flight 
areas through fences (inside/outside) and seasons 
(Spring, Summer, Autumn, and Winter). A subplot 
of 5 m corresponds to the minimum area required 
to represent vegetation communities in the study 
areas (Fernández-Olalla et  al. 2016; Perea et  al. 
2016). Subplot centres were randomly selected 
for each context and season (Ntotal = 320) through 
“R spatstat” package (Baddeley and Turner 2005), 
defining 5  m as the minimum distance between 
centres to reduce overlapping and to permit the use 
of a higher number of subplots in the analysis (Fig. 
S2).

After excluding pixels with shaded areas, bare 
soil and tree cover, we used the mean data of all 
pixels within subplots inside and outside the 
exclusion fences to compare vegetation greenness 
throughout grazing contexts and seasons. We 
calculated the Normalized Difference Vegetation 
Index (NDVI) from MS images as “(Near-
infrared − Red)/(Near-infrared + Red)” with the 
QGIS Geographic Information System (QGIS 
2022). We increased MS pixel size to the maximum 
one (6.5 cm) to compare seasonal NDVI.

The vegetation greenness (NDVI) is a common 
proxy of primary productivity that can be 
calculated from multispectral images. It is linked to 
ecosystem structure and functioning (Gaitán et  al. 
2013) and its evolution throughout time can be used 
to calculate important ecosystem parameters, such 
as resistance or resilience (Keyserlingk et al. 2021). 
Regarding ungulate-ecosystem interactions, NDVI 
can indicate the effects of ungulates on ecosystems 
throughout grazing and browsing pressure 
(Pringle et  al. 2007; Rueda and Rebollo 2013). 
Besides, NDVI also indicates pasture quality and 
availability for herbivores (Hamel et al. 2009). This 
index is often related to vegetation photosynthetic 
activity (Cunliffe et al. 2020), varying with habitat 
conditions and seasonality (Borowik et  al. 2013). 
NDVI is, therefore, a common index for estimating 
both vegetation activity and resource availability.

Based on the previous classification procedure, 
we also analyzed the proportion of shrubland/
grassland cover and bare soil within the 320 
subplots. We calculated the total vegetation cover 
(%) and mean vegetation patch area (m2) per 
subplot. We managed images with R software and 

R packages “raster” and “terra” (Hijmans 2022a, 
b) and we used the R package “landscapemetrics” 
(Hesselbarth et  al. 2019) to calculate both fine 
landscape parameters.

Data analysis

First, we used the R package glmmTMB (Magnusson 
et al. 2017) to evaluate the relative effect of abiotic, 
anthropogenic and biotic factors on vegetation 
productivity, cover and mean vegetation patch area. 
Predictor variables were ungulate management 
context (livestock + wild ungulate or wild ungulate), 
season (spring, summer, autumn or winter) and 
fences (inside or outside the exclosure), with the 
subplot identity included as a random intercept to fit 
the models. Because transhumant livestock change 
foraging locations following seasonal patterns and we 
were interested in evaluating seasonal dissimilarities 
in the response of vegetation to herbivory, we 
evaluated models that consider the interaction of 
season and herbivore exclosure. We compared 
these models with others that take into account the 
independent effect of each variable and with a null 
model using Akaike information criteria (AIC). We 
present the results for the retained models with the 
lower AIC values. We calculated mean NDVI values 
for all subplots to understand annual variation in 
each grazing context inside and outside fences. Later, 
we represented data from each season separately. 
We repeated the procedure to visualize annual and 
seasonal changes in vegetation cover and mean 
vegetation patch area inside and outside exclosures. 
In all cases, we created boxplots with “ggplot2” 
(Wickham 2016) and “ggpubr” (Kassambara 2020).

To assess the degree of difference in vegetation 
factors between inside/outside fences in each context, 
we calculated mean differences for NDVI, vegetation 
cover and mean vegetation patch area using the 
subplots. In the output of this difference, positive 
values mean higher values inside the exclosure and 
negative values indicate higher values outside the 
exclosure. The differences were expressed according 
to the units of each parameter. To obtain the statistical 
significance of these differences inside/outside we 
performed a bootstrapping analysis that allowed us 
to calculate the p-value, through a pseudo sample 
with replacement, and the confidence interval with 
“bootES” function within R “bootES” package 
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(Gerlanc and Kirby 2021). Firstly, we analyzed data 
of all subplots in the livestock + wild ungulate context 
(N = 160) and the wild ungulate context (N = 160) to 
estimate the annual variation of NDVI, vegetation 
cover and mean vegetation patch area. Subsequently, 
we repeated the process for each season and grazing 
context (e.g. N = 40 for Spring in the wild ungulate 
context).

Results

We obtained high accuracy in mapping shaded areas 
and creating a vegetation mask in both study areas 
(Table 1). This procedure was crucial for calculating 
NDVI exclusively from focal vegetated areas 
(16.17 × 106 pixels) by excluding shaded areas, bare 
soil and trees. This procedure allowed us to evaluate 
5.74 × 106 remaining pixels from grasses and shrubs 
within subplots (N = 320).

Although ungulate management context and 
seasonality were the main drivers of temporal 
and spatial changes in NDVI, we also found that 
the interaction between ungulate exclusion and 
seasonality was key to determining NDVI (Table  2-
A). Vegetation cover was only affected by ungulates 
context, Spring season and exclusion (Table  2-B). 
The vegetation patch area was mainly determined 
by the interaction between seasonality and ungulate 
exclusion, indicating a similar spatial and temporal 
pattern of patch area between ungulate contexts 
(Table 2-C).

We found that NDVI decreased by 3.52% outside 
of exclosures (Table  S2) within the livestock + wild 
ungulate context (Fig.  4a). On the contrary, the 
opposite was true in the context of wild ungulates, 
where NDVI increased by 3.44% (Table S2; Fig. 4b). 
NDVI fluctuated sdifferently throughout seasons 
according to the ungulate context (Table  S2). 
Maximum NDVI values were recorded in spring 
in both cases (Fig.  4) but minimum productivity 

was recorded in summer in the livestock + wild 
ungulate context (Fig.  4a). The minimum NDVI 
values were recorded in winter in the wild ungulate 
context (Fig. 4b). Differences in NDVI inside/outside 
exclosures also changed during the year according 
to the ungulate context. These differences were 
stronger in areas with livestock, where differences 
were significant in spring and winter and annual 

Table 1   Overall precision 
(P, values in %) and Kappa 
classification index (K, 
values between 0 and 1) 
for each flight and grazing 
scenario

Spring Summer Autumn Winter

P (%) K P (%) K P (%) K P (%) K

Livestock and 
wild ungulates

89.85 0.85 95.17 0.90 96.85 0.93 94.92 0.92

Wild ungulates 97.19 0.95 89.15 0.84 89.03 0.83 93.72 0.90

Table 2   Results of the generalized linear models showing the 
effect of the explanatory variables on our 3 response variables 
(NDVI, vegetation cover and mean patch area)

In the NDVI model (family = Gamma; link = log), predictors 
are ungulate management context (livestock + wild ungulate 
or wild ungulate) and interactions between season (Spring, 
Summer, Autumn or Winter) and fences (inside or outside 
the exclosure). In the vegetation cover model (family = beta; 
link = logit), predictors are ungulate management 
context, season and fences. In the mean patch area model 
(family = Gamma; link = log) the predictors are ungulate 
management context and interactions between season and 
fences. The subplot identity is included as a random intercept 
in the three models

Parameters Estimate Std. error p-value

(A) Response variable: NDVI
 Intercept − 1.24848 0.03382 < 2e−16 ***
 Wild ungulate context 0.24864 0.02242 < 2e−16***
 Season_Spring 0.29992 0.04460 1.75e−11***
 Season_Summer − 0.16913 0.04465 0.000152***
 Season_Spring:Fence 

out
− 0.14695 0.06307 0.019815*

(B) Response variable: vegetation cover
 Intercept − 0.36476 0.11159 0.00108**
 Wild ungulate context 0.58275 0.09138 1.81e−10***
 Season_Spring 0.27697 0.12892 0.03168*
 Fence out − 0.49441 0.09128 6.07e−08***

(C) Response variable: mean vegetation patch
 Intercept − 1.80545 0.19001 < 2e−16***
 Season_Summer: 

fence out
− 0.68521 0.31703 0.0307*

 Season_Winter: Fence 
out

− 0.65456 0.30716 0.0331*
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fluctuation was higher within the exclosure (Fig. 4a; 
Table  S2). The wild ungulate context presented 
higher productivity outside of the exclosure every 
season although the difference was only significant 
in autumn (Fig.  4b). Annual NDVI fluctuation was 
similar inside/outside the fenced area in the wild 
ungulate context (Fig. 4b; Table S2).

Annual vegetation cover was higher within the 
exclosure in the livestock + wild ungulate context 
(Fig.  5a) and the difference inside/outside remained 
similar every season (Table S3). In contrast, the wild 
ungulate context showed differences in vegetation 

cover inside/outside exclosures that were not 
statistically significant (Fig.  5b; Table  S3). In the 
presence of livestock, the mean vegetation patch area 
was lower outside the exclosures every season but the 
difference was only statistically significant in summer 
(Table S4; Fig. 6a). The wild ungulate context showed 
a decreasing mean vegetation patch area from spring 
to winter. In addition, patch area differences between 
inside and outside exclosures were only significant in 
autumn and winter (Table S4; Fig. 6b).

Fig. 4   Boxplot representing 
vegetation greenness (mean 
NDVI per pixel) by season. 
Plots show comparisons 
between exclosures (left 
side) and surrounding areas 
(right side) with livestock 
and wild ungulates (a) or 
with the only presence of 
wild ungulates (b)

Fig. 5   Boxplot 
representing vegetation 
cover (%) by season. Plots 
show comparisons between 
exclosures (left side) and 
surrounding areas (right 
side) with livestock and 
wild ungulates (a) or only 
with wild ungulates (b)
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Discussion

Using a time series of very-high spatial resolution 
imagery from inside and outside exclusion plots, we 
found that the relative effect of grazing on landscape 
structure and functioning changes according to 
particular seasonal periods. Because of the seasonal 
aspect of the transhumant livestock activity on the 
landscape, pastures with domestic transhumant 
livestock seem to have enough time to recover during 
the Winter period because of the strong reduction in 
the presence of domestic ungulates. The management 
patterns of this traditional grazing system seem to 
reduce differences in vegetation greenness between 
vegetation located inside and outside exclusion plots. 
This transhumant management strategy indicates 
that this pastoral system has been sustainable for 
centuries and coexisted with wild ungulates (San 
Miguel-Ayanz et al. 2010; Oteros-Rozas et al. 2013; 
Fernández-García and Calvo 2023). Our study still 
highlights that vegetation response to herbivory 
differs between domestic (traditional transhumant 
grazing system) and wild ungulate contexts, although 
these differences reduce in warmer and colder 
periods of the year. As expected, seasonality was a 
determinant of the temporal oscillation of primary 
productivity but it was less important than herbivory 
context (i.e. wild or domestic ungulates) to define 
fine-scale vegetation cover. Our results highlight that 
climate seasonality and herbivory context interacted 

to determine fine spatial-scale patterns of landscape 
configuration (grass and shrub cover and patch size) 
and function (vegetation greenness).

Domestic and wild ungulates have been long 
present in the study areas. Both grazing contexts 
present a very long shared evolutionary history 
in the region and it has been long enough for the 
vegetation to adapt to herbivory (Augustine et  al. 
2019; Vuorinen et  al. 2021). During this ungulate-
vegetation shared history, adaptation processes select 
species which are resistant to herbivory (Beguin et al. 
2022) and ungulates induce changes in community 
structure and properties, such as relative plant cover 
and structural complexity (Ibáñez-Alvarez et  al. 
2022). These ungulate-induced habitat properties 
may influence the response time of primary 
productivity and explain therefore why differences in 
primary productivity inside/outside exclosures vary 
seasonally. Despite climate seasonality, temperature 
and precipitation are the main drivers for primary 
productivity increases and decreases throughout 
the year (Odadi 2011; Sun & Du 2017), a higher 
percentage of herbaceous cover would allow a faster 
response to changes in climate conditions in the 
livestock + wild ungulate context, where differences 
were significant in spring and winter. On the contrary, 
the predominantly shrubby vegetation in presence of 
wild ungulates would respond more slowly to climate 
seasonality. The spring growth of shrubby vegetation 
is gradually reduced by wild ungulates outside of the 

Fig. 6   Boxplot representing 
mean vegetation patch 
area (m2) by season. Plots 
show comparisons between 
exclosures (left side) and 
surrounding areas (right 
side) with livestock and 
wild ungulates (a) or only 
with wild ungulates (b)
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exclosure and the same applies to vegetation patch 
size, which could increase NDVI and could explain 
that differences in primary productivity are only 
significant in autumn in the wild ungulate context.

The effect of herbivory on annual primary 
productivity was intermittent and lower than expected 
in both contexts. In particular, primary productivity 
was reduced outside of the exclosures in the 
livestock + wild ungulate context during particular 
seasons. Recent research, however, found an overall 
increase in primary productivity with moderate 
grazing pressure (Jarque-Bascuñana et  al. 2022). 
In our case, we focused our study on the interaction 
between herbivory and seasonal environmental 
conditions in a Mediterranean environment, which 
may explain some of the differences with previous 
studies. The seasonal presence of livestock in the 
area indicates a reduction in productive capacity 
mainly when livestock return to the study region 
(spring). However, primary productivity increased 
in the presence of wild ungulates. This increment 
could be due to low densities of wild ungulate 
populations and associated to feeding behaviour (i.e. 
less intense and more randomly distributed) (Charles 
et  al. 2017), as their pressure on shrubs growth 
reduces plant competition and increases the rate of 
vegetation activity (Nishizawa et al. 2016). Therefore, 
the role of wild ungulates in system stability would 
be more related to the reduction of vertical and 
horizontal growth of woody vegetation. Similar 
results were found in vegetation cover inside/outside 
and a progressive reduction in vegetation patch size 
outside the exclosure. These results suggest that wild 
ungulate pressure is strong enough to prevent wood 
densification in this long-term grazed system but not 
to prevent shrubland encroachment (Li et  al. 2020), 
except in more preferred areas (Velamazán et  al. 
2018). Furthermore, the wild ungulate guild in our 
study area includes species that are predominantly 
grazers (i.e. mouflon, fallow deer) to browsers (i.e. 
red deer, Spanish ibex) as derived from stable isotope 
analysis of 13C and 15N in hair (Donázar, J.A. et  al. 
unpublished data). Thus, the lower density of animals 
may add to a more diverse diet and also contribute 
to the more limited effects of these herbivores on the 
vegetation.

Differences in vegetation cover inside/outside 
the fence showed low intra-annual fluctuations in 
both grazing contexts, livestock and wild ungulates, 

indicating intra-annual stability in species diversity 
and above-ground biomass (Sanaei et  al. 2018). 
However, livestock significantly reduced vegetation 
cover outside the exclosure in contrast with the wild 
ungulate context, where vegetation cover remained 
rather similar inside and outside the exclosure 
(Manier and Hobbs 2007; Royo et  al. 2017). 
Livestock, therefore, affects vegetation cover to a 
greater extent than wild ungulates. Furthermore, 
NDVI fluctuations were lower outside the exclosure 
throughout the year, where livestock and wild 
ungulates are present. Indeed, the mean vegetation 
patch area, related to landscape disturbance and 
stability (Kéfi et  al. 2011; Moreno de las Heras 
et  al. 2011) was lower and more stable outside the 
exclosure every season. At the spatial and temporal 
scales of the present study, our results indicate that 
seasonal livestock grazing reduces fluctuations 
throughout the year in vegetation cover, vegetation 
greenness and mean vegetation patch area. Livestock 
grazing keeps adapted plant species in more suitable 
areas, where lower vegetation cover and mean 
vegetation patch area showed seasonal and annual 
stability.

Previous studies highlight that multi-temporal and 
fine-scale (cm) UAV imagery has the potential to 
inform fine-scale vegetation patterns and functioning 
(Müllerová et  al. 2021; Sankey et  al. 2021). Multi-
temporal flights allowed us, for instance, to determine 
seasonal patterns in landscape structure and primary 
productivity. Besides, the spatial resolution of UAV 
imagery was key to identifying small vegetation 
patches. In addition, our methodological procedure 
helped to distinguish and exclude shaded areas, as 
shadows make it difficult to match temporal UAV 
images and to analyze vegetation patterns (Mlambo 
et  al. 2017; Forsmoo et  al. 2018). The exclusion of 
shaded areas increased the accuracy of soil/vegetation 
boundaries, and it also improved measurements of 
vegetation primary productivity and calculation of 
landscape metrics. According to the results of our 
methodological approach, we suggest that appropriate 
methods to classify land cover from UAV imagery is a 
crucial first step to distinguishing vegetation from soil 
and studying related ecological processes involving 
both parameters. Therefore, the fine adjustment 
and processing of UAV imagery allow a further 
comprehension of ecological processes in larger areas 
when using upscaling procedures (Alonso-Martínez 
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et  al. 2020; Cunliffe et  al. 2020). Due to their 
spatial resolution, UAV remote sensing images are 
especially relevant in shrublands or grasslands where 
vegetation is dispersed into small patches, such as 
in semi-arid landscapes. However, certain caveats 
should be avoided to correctly estimate shrublands or 
grassland properties. For example, we can combine 
different remote sensing datasets (UAV and satellite 
imagery), use higher spectral resolution sensors 
(e.g. hyperspectral camera) or use LiDAR to obtain 
precise information on the vertical distribution of the 
vegetation (Boelman et al. 2016; Prošek and Šímová 
2019; Räsänen et al. 2020; Kolstad et al. 2022).

We recognise some limitations in our 
methodological framework because disentangling 
the relevant ‘treatment’ effect of the ungulate 
management context (i.e. domestic + wild ungulates 
vs. wild ungulates) on productivity is difficult to 
define in natural ecosystems and at a landscape scale. 
However, similarities in environmental conditions, 
plant composition and land use trajectories between 
study areas (albeit not equal) helped us to infer the 
historical effect of different ungulate species on 
vegetation through changes in plant community 
structure and consequently on ecosystem functioning 
(primary productivity). Experimental studies with 
pure “treatments” (e.g. completely similar vegetation) 
at the landscape scale are very hard to establish 
because natural ecosystems are driven by numerous 
confounding factors (e.g. edaphic characteristics). In 
particular, we do not know the relative abundance 
of the relevant plant species in each study area. We 
understand that a combined analysis of plant species 
composition, relative abundance and multispectral 
imagery can provide key information on how different 
herbivores affect ecosystem functioning. In our quasi-
experimental approach, we have done our best to find 
fenced/non-fenced areas with comparable conditions, 
despite their differences in ungulate composition and 
grazing pressure. We suggest that this knowledge 
gap may lead to more studies conducted in different 
regions and with a larger time series to evaluate and 
distinguish the effects of wild and domestic ungulates 
on ecosystem functioning.

Our results disentangle to some extent the relative 
importance and potential interaction of abiotic 
(seasonality), biotic (herbivory) and anthropogenic 
(ungulate management) factors to affect micro- to 

meso-scale vegetation patterns. While both, herbivory 
and ungulate management, are key drivers of 
vegetation cover, climate seasonality was the main 
driver of primary productivity in the domestic 
grazing systems. Both ungulate groups differ in 
terms of their seasonal effects on vegetation structure 
and functioning, suggesting different mediation 
mechanisms of wild ungulates and livestock to 
maintain vegetation processes in long-term grazed 
systems. These different mediation mechanisms 
emphasize the need for preserving specific ungulate-
vegetation interactions for habitat conservation, 
such as extensive transhumant pastoralism to 
avoid grasslands encroachment or wild ungulate 
management to diminish excessive biomass in 
shrublands when the biome originally evolved with 
the presence of medium-sized herbivores. Fine-scale 
information provided by UAVs and accurate image 
classification showed to be key tools for detecting 
ephemeral landscape characteristics (e.g. herbaceous 
cover and primary productivity) in presence of wild 
ungulates and livestock. Future studies at this scale 
can be replicated for other exclusion plots to improve 
comprehension of the trophic cascade processes 
mediated by both ungulate groups.
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