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ARTICLE INFO ABSTRACT
Editor: Rafael Mateo Soria Environmental conditions and resource availability shape population dynamics through direct and indirect ef-
fects of climate, biological interactions and the human modification of landscape. Even when a species seems
Keywords: dependent on predictable anthropogenic food resources or subsidies, ecosystem-level factors can still determine
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population dynamics across taxa. However, there is still a knowledge gap about the cascade effects driven by
climate, vegetation functioning, resource availability and governmental policies on key aspects of species
Demography reproduction for top scavengers. Here we put to good use 22 years (2000—2021) of extensive population
Regime shift monitoring from the endemic Canary Egyptian vulture (Neophron percnopterus majorensis) on the Fuerteventura
Trophic cascade Island (Canary Islands, Spain) to study the relative importance of demographic factors, ecosystem conditions and
availability of anthropogenic food sources on breeding success. Our results suggest that ecosystem-level primary
productivity, the number of livestock animals present on the island and Density-dependent processes determine
the temporal changes in the breeding success of this species. We firstly accounted for a top-down effect of
livestock on island vegetation, where overgrazing directly reduces landscape-level vegetation biomass. We,
consequently, found a bottom-up effect between vegetation and the Egyptian vulture's breeding success. In this
context, minimal changes in ecological conditions can impact the species inhabiting these ecosystems, with direct
consequences on a key population stage, such as breeding season, when energy requirements are higher. These
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results are especially relevant because cascading and indirect effects of ecosystem processes and governmental
policies are often overlooked when pursuing conservation goals of endangered species.

1. Introduction

Natural- or human-driven ecosystem changes have a key influence
on species survival and reproduction at different trophic levels, and from
plants to vertebrates. Some cascading effects of ecosystem changes on
species become extremely important in arid environments because the
biota is driven by variable and ephemeral ecosystem conditions (Beever
et al., 2017). Therefore, subtle changes in environmental and ecological
conditions may have direct consequences for the species inhabiting
harsh ecosystems, especially during critical periods like breeding sea-
son, when energy requirements are higher (Salamolard and Weimer-
skirch, 1993). Additionally, perturbations, such as droughts or
overgrazing, can catastrophically disturb ecosystem functioning (Van De
Koppel and Rietkerk, 2004), which results in potential shifts in species
demographic tendencies.

Population dynamics are shaped by both environmental conditions
and resource availability through direct and indirect effects of climate,
biological interactions and the human modification of landscapes
(Coulson et al., 2001; SAther et al., 2004; Simard et al., 2010). Even
when species seem largely dependent on predictable anthropogenic food
resources or subsidies (Oro et al., 2013), ecosystem-level primary pro-
ductivity can still determine changes in the life parameters of verte-
brates (Donazar et al., 2020), in addition to habitat selection and
movement ecology (general review, (Pettorelli et al., 2011). Recent
studies have demonstrated the key role that ecosystem productivity
plays in species demographical parameters through trophic cascading
effects on primary, and even on secondary, consumers (Barbosa et al.,
2020; Donazar et al., 2020). The relation between primary productivity
and breeding success, however, remains largely unknown (but see
(Marcelino et al., 2020)). Breeding success is conditioned by numerous
factors, e.g. favourable weather conditions, habitat availability and
condition, individual-level fitness and life-stage and resource availabil-
ity. Intraregulatory mechanisms, such as Density-dependence effects,
can also interfere negatively with raptors' breeding success (Chambert
et al., 2020), with direct competence for resources (i.e. lack of feeding
resources or mating partners). In fact there is compelling evidence that
during the breeding season, the diet of many species changes to either
exploit transient food resources or overcome the stress of raising
offspring (Dhondt and Hochachka, 2001; Jiguet, 2002; Montague et al.,
1986). Indeed we expect these natural ecosystem processes to interact
with anthropic factors to determine breeding success.

Livestock farming has been identified as one of the main feeding
resources for scavengers (O'Neal, 2016). However, it is also highlighted
as a major ecosystem disruptor that affects ecosystem structure, func-
tioning and stability (Li et al., 2018). Several studies have suggested that
man-introduced herbivores can perturb the whole ecosystem through
processes, such as overgrazing, nitrification, or even the alteration of
moisture retention and soil fertility (Campbell and Donlan, 2005;
Coblentz, 1978). These processes may aggravate insular ecosystems,
where the evolutionary context of plant-herbivore interactions differ
from the mainland, and are characterised by the presence of a high rate
of endemism. Insular vegetation is usually well-adapted to local climatic
conditions, and has evolved without vertebrate herbivores being present
(Bowen and Vuren, 1997), which allow them to allocate resources and
energy that would otherwise be used to defend other destinations
(Moreira et al., 2021). This, in turn, favours greater palatability, which
triggers a higher rate of predation from herbivores (Cubas et al., 2019).

The Egyptian vulture (Neophron percnopterus) is a medium-sized
(2-3 kg), globally endangered obligate scavenger that lives in a vari-
ety of habitats, mainly open landscapes in arid ecosystems (BirdLife
International, 2022). It is widely distributed across South Europe and

North Africa, the Middle East, Central Asia and India, but there are
numerous island populations (Donazar et al., 2005). Egyptian vultures
have the peculiarity of exploiting a wide prey range, from livestock
carcasses on which they very much depend (Cabrera-Garcia et al., 2020;
Milchev et al., 2012) to animal faeces (Negro et al., 2002), to carcasses of
wild prey, such as small mammals, birds and reptiles, which has been
positively related to breeding success (Margalida et al., 2012).

In the present work, we put to good use the 22 years (2000-2021) of
extensive population monitoring of the Canary Egyptian vulture (Neo-
phron percnopterus majorensis) on the Fuerteventura Island (Canary
Islands, Spain) to study the relative importance of climate, primary
productivity, livestock and intraspecific competition on breeding suc-
cess. On Fuerteventura, goats were introduced by pre-European colo-
nisers in 500 BCE. Indigenous people maintained a farming subsistence
system on the island, which implied that the goat population was limited
by environmental conditions and extreme events, such as droughts.
According to (Cabrera, 1996), Europeans kept the Density of the goats
on the island stable (approximately 30,000) in the 18th century, until
1970 when the number of domestic cattle started to sharply rise. Past
and future livestock farming changes may, therefore, produce cascading
effects on different trophic levels, even on top obligate scavengers. One
important question to be addressed is whether these human-induced
changes on ecosystem processes are persistent or reversible over time.
Our main hypothesis is that breeding success depends on food avail-
ability (both livestock and wild prey carcasses). Livestock carcasses
largely depend on agricultural policies and external sources of feed in-
puts (Schillhorn Van Veen, 1999). Therefore, contrasting changes in
agricultural policies may lead to disruptive patterns in Canary Egyptian
vulture reproductive traits. Wild prey carcasses might be related mostly
to ecosystem primary productivity (Grande et al., 2009). Consequently,
we expect higher ecosystem-level primary productivity to enhance the
breeding success of the Egyptian vulture population through trophic
cascading effects between primary productivity and primary consumers.
Finally, in a scenario of increasing vulture population growth favoured
by EU LIFE funds, we expect intraspecific competition might also
negatively influence breeding success.

2. Methods
2.1. Study area and target population

The Canary Islands are situated in the north-east Atlantic Ocean, 97
km from Morocco and 1400 km from the Iberian Peninsula. This study
was located on Fuerteventura (1660 kmz), the south-eastern island of
the Canary archipelago, which is located at 28°25'57'N 14°00'11"0. It is
an arid landscape, composed mainly of grasslands and shrublands,
where woodland is almost completely absent. The annual rainfall on this
island is 105 mm, with a mean temperature of 19 °C, reached in summer,
and autumn daily temperatures of over 40 °C (Rodriguez Delgado et al.,
2000; Zazo et al., 2002).

The endemic subspecies of Egyptian vulture Neophron percnopterus
majorensis. Inhabits the Canary Islands. This subspecies was once
abundant across the entire archipelago early the 20th century, but in the
last few decades its populations has steeply declined due to heavy un-
natural mortality linked with power lines and illegal poisoning, as well
as shootings and lead intoxication through bullet ingestion (Donazar
et al., 2002; Gangoso et al., 2009; Gangoso and Palacios, 2002).
Nowadays, it is only present on the Lanzarote and Fuerteventura Islands,
with the bulk (> 90 % of the total population) on the latter (Donazar
et al., 2002; Gangoso et al., 2009). Since 2006, its population has grown
owing to conservation measures funded by EU LIFE projects (Badia-
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Table 1

Environmental variables fitted in the MARSS models. For analytical purposes,
we split the natural year into two 6-month periods: (1) from January to June,
which comprises most of this species' breeding season (copulation, nest building,
common roost, chicks' firsts months of life, when they rely more on parental
care); (2) from July to December, which corresponds to non-breeding season.
The response variable was the breeding success (number of chicks per number of
occupied territories) per year for our study period (2000-2021). For all the
variables, we calculated the mean and standard deviation. For visual support
and guidance, please check Fig. 1.

Family Variable Nomenclature Description
NDVI NDVI current NDVI breeding Corresponding to the
breeding season season first 6 months of the year
(January to June, first
period of the year) of the
current breeding season.

NDVI 6 months NDVI 6 months Corresponding to the 6

before the bbs months before the start

breeding season of the breeding season
(previous year).

NDVI 12 months NDVI 12 months Corresponding to the 6
months before the
breeding season and the
current breeding season,
i.e. the second period
from the previous year
and the first period of the
corresponding year.

NDVI 1 year NDVI 1-year bbs Corresponding to the 6

before the months before the

breeding season breeding season and the
breeding season from the
previous year, i.e. is
period 1 and period 2
from the previous year.

NDVI previous NDVI previous Corresponding to the

breeding season breeding season previous breeding
season, i.e. period 1 from
the previous year.

Precipitation Precipitation Precipitation Corresponding to the
current breeding breeding season first period of the year.
season

Precipitation 6 Precipitation 6 Corresponding to the

months before the  months bbs second period of the

breeding season previous year, i.e. 6
months before the start
of the breeding season.

Precipitation 12 Precipitation 12 Corresponding to the 6

months months months before the
breeding season and the
current breeding season,
i.e. the second period
from the previous year
and the first period of the
corresponding year.

Precipitation 1 Precipitation 1- Corresponding to period

year before the year bbs 2 of the previous year (6

breeding season months before the
breeding season) and the
breeding season from the
previous year, i.e. period
1 and period 2 from the
previous year.

Precipitation Precipitation Corresponding to the

previous breeding  previous breeding previous breeding

season season season, i.e. period 1 from
the previous year.
Temperature  Temperature Temperature Corresponding to the

current breeding
season
Temperature 6
months before the
breeding season

breeding season

Temperature 6
months bbs

first period of the year.

Corresponding to the
second period of the
previous year, i.e. 6
months before the start
of the breeding season.
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Table 1 (continued)

Family Variable Nomenclature Description

Temperature 12
months

Temperature 12
months

Corresponding to the 6
months before the
breeding season and the
current breeding season,
i.e. the second period
from the previous year
and the first period of the
corresponding year.
Corresponding to period
2 of the previous year (6
months before the
breeding season) and the
breeding season from the
previous year, i.e. period
1 and period 2 from the
previous year.
Corresponding to the
previous breeding
season, i.e. period 1 from
the previous year.

Temperature 1
year before the
breeding season

Temperature 1-
year bbs

Temperature
previous breeding
season

Temperature
previous breeding
season

Boher et al., 2019).

2.2. Field procedures: vultures' breeding success and density

Breeding success was calculated for the whole study area as the
number of chicks per number of territories occupied every year for our
study period (2000-2021). All the known territories were monitored
and other areas were surveyed for new territories from February to the
end of April. Then those territories with a pair displaying breeding
behavior, i.e. copulation, nest building, common roost etc., were
monitored at least 3 times a week for egg laying. Then if laying behavior
was detected, the nest was monitored twice a week until the egg
hatched, and the nest was closely monitored thereafter. When chicks
were 50-60 days old, they are ringed with both metal and PVC rings.
This good capture effort allowed over 90 % of the population to be
individually identified in 2022 (Badia-Boher et al., 2019). The average
breeding success was 0.49 for our study period, with a maximum of 0.63
in 2002 and of 0.2 in 2012. After reaching this minimum in 2012,
breeding success presented a highly fluctuating pattern (Supplementary
Material, Fig. S1 - A).

The Density of breeding territories was measured as the number of
breeding territories occupied every year. This parameter showed a
steady increase throughout the study period. The maximum number of
occupied territories was reached in 2021 with 81 territories (Supple-
mentary Material, Fig. S1 - D).

2.3. Environmental variables

The NDVI (Normalised Difference Vegetation Index) has been
pointed out as a good proxy for monitoring vegetation response to
climate and to estimate ecosystem-level productivity (Pettorelli et al.,
2005; Schloss et al., 1999). For this study, we calculated the NDVI by
combining the satellite data from LANDSAT 5, 7, 8 and MODIS. We
filtered satellite images and discarded those with clouds or shadows by
means of the per-pixel Quality Assessment metadata. Then we used the
CORINE Land Cover 2018 map (https://land.copernicus.eu/pan-europ
ean/corine-land-cover) to identify and mask the satellite pixels with
natural vegetation (i.e., natural grasslands, mixed forest, sparsely
vegetated areas and sclerophyllous vegetation). We then fitted a
Multivariate Autoregression State-Space model (MARSS) to fill any
missing data in the satellite temporal series (see Barbosa et al., 2020 for
details on this procedure). We averaged a single NDVI value per month
for our entire study area, i.e. the Fuerteventura Island. By proceeding in
this way, we avoided any discrepancy in the spatial resolution that could
result from combining different satellites.
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Current breeding season

\ Y J\ J\ Y J
Previous breeding season 6 months bbs Breeding season
{ ‘ J
Previous year
\ J

|

12 months

Fig. 1. Time periods used in the explanatory variables fitted in each MARSS model (see Table 1 for details). Bbs stands for before the breeding season.

Photography: Manuel de la Riva.

All the environmental variables are detailed in Table 1. We took the
precipitation data from the CHIRPS dataset (https://www.chc.ucsb.
edu/data/chirps) by first summing accumulated precipitation per
month. The temperature data were extracted from the NOAA (https://
www.ncei.noaa.gov/) by averaging the monthly values.

2.4. Livestock

The annual numbers of goats (the main livestock species on the is-
land) and sheep were extracted from the annual livestock censuses from
the Canarian Institute of Statistics (ISTAC, http://www.gobiernodeca
narias.org/istac/estadisticas/sectorprimario/agricultura/ganaderia
/C00013A_1.html.) We observed that the numbers of livestock fluctu-
ated during the study period, with the minimum in 2020 with 80,228
goats and sheep (48.2 animals per km?), and a maximum of 155,311 in
2006 (93.56 animals per km?). Interestingly, we identified a drastic drop
in the number of livestock from 149, 161 livestock animals in 2012 to
99,126 in 2013, which entails a decrease of 50,035 individuals in a
single year (33.5 % reduction). This livestock heard reduction period
matches the year when financial subsidies from the European Common
Agricultural Policy were drastically cut (https://www.fega.gob.es/es/
datos-abiertos/informes/ayudas-directas), which heavily funded sheep
and goat farming on the island. From 2010 to 2011, there was a 78.63 %
decrease in financial aid (Supplementary Material Fig. S2).

2.5. Model fitting

We ran several MARSS models (Multivariate Autoregressive State-
Space models) to test whether the environmental conditions, anthro-
pogenic resources and population size shaped the breeding success of
our target population of Egyptian vultures on the Fuerteventura island.
We selected MARSS models because they are designed for considering
the linear stochastic dynamical system within a time-series framework,
which perfectly fits long-term climatic data (Holmes et al., 2012; Hsieh
et al., 2022; Walsh et al., 2016). The model was fitted with the MARSS
package in R (Holmes, 2013) and it is formulated as follows:

X, = Bx,_y + 1, + Cy, +w,; where w, ~ MVN(0,0,) (€]

¥, = X; +v;; where v, ~ MVN(0,R,) 2

The MARSS models are composed of two models: a process model
(Eq. (1)) and an observation model (Eq. (2)). The process model com-
prises a state process, whose parameters are B, u and Q. In the first
equation (process model), x, refers to the data observed at time t. In our
scenario, it refers to the observed breeding success (x) per year (t). This
model is the sum of the mathematical parameters of the state process (B,
u, Q and C), plus the biologically-related variables (x;, c). Matrix B al-
lows the interaction between state processes. In our scenario, this
parameter (B) accounted for a Density-dependent effect between the
current breeding season and the previous one (Bx;_;). Vector u describes
the mean trend of the state process. In our scenario, we did not fit any
biological variable attached to this parameter because it is often used for
auto-regressive trend processes (stochastic level models) and was,
hence, set to the default setting (see below). C is the matrix whose ele-
ments describe the effect of each covariate (ct, environmental variables,
such as the NDVI, precipitation or temperature, for each fitted time
period, plus Density and Livestock) on breeding success, and w is a
matrix of the process error per year (t), with process errors (those
intrinsic errors associated with the observation process) at time t being
distributed as a multivariate normal with mean 0 and covariance matrix
Q.

The observation model (y;) aims for “true” values for breeding suc-
cess with the sum of the observed values (xt) and the error associated
with those observations (v;). This error has a multivariate normal dis-
tribution, with mean 0 and covariance matrix R. The particular settings
for all the parameters are detailed in Supplementary Material — Ap-
pendix 1. We set 10,000 iterations using the kem method, which is based
on the EM algorithm (expectation-maximisation) with a Kalman filter.
This approach is both faster and robuster for reaching the vicinity of
maximum likelihood (Holmes, 2013).

We ran a MARSS model for each fitted time period (as defined in
Table 1 and Fig. 1) to test the effect of the different environmental
variables (NDVI, precipitation and temperature), Density and Livestock
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Table 2

All the possible combinations of variables per considered time period. MARSS
models are ranked by AICc. The response variable was breeding success (number
of chicks per number of occupied territories) per year for our study period
(2000-2021). We fitted only one time period per model due to correlation issues
among the environmental variables across time periods.

Order  Variables LogLike AlCc AAICc

1 Mean NDVI 6 months bbs + Livestock +
Density

2 Mean NDVI 12 months + Livestock +
Density

3 Mean NDVI 12 months + Mean
Precipitation 12 months + Mean
Temperature 12 months

4 Mean NDVI 6 months bbs + Mean
Precipitation 6 months bbs + Mean
Temperature 6 months bbs

5 Mean NDVI previous year + Livestock +
Density

8 Mean NDVI previous year + Mean
Precipitation previous year + Mean
Temperature previous year

10 SD NDVI 12 months + Livestock +
Density

11 Mean NDVI previous bs + Livestock +
Density

12 Mean NDVI breeding season + Livestock
+ Density

13 SD NDVI previous year + Livestock +
Density

15 Mean NDVI breeding season + Mean
Precipitation breeding season + Mean
Temperature breeding season

6 Mean NDVI 6 months bbs + Livestock +
Density + Mean Precipitation 6 months
bbs + Mean Temperature 6 months bbs

18 Mean NDVI previous bs + Mean
Precipitation previous bs + Mean
Temperature previous bs

7 Mean NDVI 12 months + Livestock +
Density + Mean Precipitation 12 months
+ Mean Temperature 12 months

20 SD NDVI 12 months + SD Precipitation
12 months + SD Temperature 12 months

9 Mean NDVI previous year + Livestock +
Density + Mean Precipitation previous
year + Mean Temperature previous year

21 SD NDVI previous year + SD
Precipitation previous year + SD
Temperature previous year

14 SD NDVI 12 months + Livestock +
Density + SD Precipitation 12 months +
SD Temperature 12 months

16 SD NDVI previous year + Livestock +
Density + SD Precipitation previous year
+ SD Temperature previous year

17 Mean NDVI previous bs + Livestock +
Density + Mean Precipitation previous
bs + Mean Temperature previous bs

19 Mean NDVI breeding season + Livestock
-+ Density + Mean Precipitation
breeding season + Mean Temperature
breeding season

—25.568  68.736 0

—25.992  69.584 0.848

-26.236  70.071 1.335

—26.287  70.175 1.439

—26.658  70.917 2.181

—27.34 72.28 3.544

—27.723  73.046 4.31

-27.761  73.123 4.387

-27.778  73.156 4.42

—27.827  73.254 4.518

—29.079  75.757 7.021

—24.691  76.459 7.723

—29.597  76.794 8.058

—25.053  77.183 8.447

-30.137  77.874 9.138

—25.549  78.175 9.439

—30.404  78.408 9.672

—26.992  81.061 12.325

—27.297  81.67 12.934

-27.33 81.737 13.001

-27.617  82.311 13.575

variables on breeding success. We subsequently used the same time
period per environmental variable (i.e. NDVI, precipitation and tem-
perature) so that all the environmental variables that were inputted in
each MARSS model occurred during the same time period. We did not fit
two different time periods in the same model because environmental
variables across periods had a Spearman's correlation of over |0.5]
((Graham, 2003), see Fig. 1 for further details). Model selection was
done by relying on the model with the lowest AICc (Akaike Information
Criterion corrected for small samples, Sugiura, 1978).

Science of the Total Environment 910 (2024) 168553

Table 3

Output for the best model selected by AICc. The response variable was breeding
success (number of chicks per number of occupied territories) per year for our
study period (2000-2021). ML estimate is “Maximum Likelihood algorithm”, Std
Error is Standard Error, CI is for Credibility Interval (95 %). For further details
about the mathematical parameters (B, u and Q), please see the Methods section,
subsection “Model fitting”.

Type of Parameters ML Std Low CI Up CI
parameter estimate Error
B —0.191 0.177 —0.538 0.157
State process U —0.007 0.165 —0.331 0.316
Q 0.598 0.180 0.245  0.952
NDVI 6 months 0.443 0.189 0.072  0.952
bbs
Covariates Livestock —0.331 0.223 —0.767 0.105
Density —0.247 0.211 —0.661  0.165
3. Results

All the MARSS models reached convergence in <15 iterations
(Table 2). The model with the lowest AICc value indicates that the mean
NDVI for the 6 months before breeding season (NDVI 6 months bbs)
positively affected breeding success (Table 3). Besides, both Livestock
and Density showed negative effects on reproductive success because the
credibility intervals remained above zero in 88 % of the cases for Live-
stock and 77 % for Density (Table 3). These results indicate that
ecosystem-level primary productivity, the amount of livestock and
density-dependence processes collectively determine this species'
breeding success (Fig. 2). Interestingly, primary productivity played a
key role within the 6 months prior to the start of the breeding season.
The output from the MARSS models within AAICc<2 is detailed in
Table S1 (Supplementary Material). Although precipitation and tem-
perature were not included in the best model (Table 2), mean precipi-
tation and temperature prior to the breeding season were included in
two models with AAICc <2. Both climatic variables are widely pointed
out as being closely related to primary productivity.

We found differences in the temporal tendencies of breeding success
before and after 2012 when comparing the averages and slopes from the
raw data (Fig. 3). During the first period (2000—2012), when the island
presented high livestock density, primary productivity and breeding
success drastically declined. During the second period (2013—2021),
when livestock density dropped, primary productivity and breeding
success stabilised. For both period, Density significantly increased and
had doubled for the second period.

4. Discussion

Using a two-decade long dataset, we found that the top-down and
bottom-up processes modulated the breeding success of a top obligated
scavenger. We firstly accounted indirectly for a top-down effect of
livestock on island vegetation, i.e. overgrazing directly affects the
ecosystem-level primary productivity. Secondly, we also accounted for a
bottom-up effect between the vegetation and breeding success of the
Egyptian vulture. This is especially relevant because bottom-up and top-
down processes usually relate two consecutive trophic levels (e.g. plant-
herbivores, primary consumers-secondary consumers, e.g. (Hunter and
Price, 2008), but very few studies have linked these types of ecosystem
processes with the population dynamics of top scavengers (Coulson
et al., 2011; Donazar et al., 2020).

Previous studies have highlighted that long-term monitoring is
needed to fully understand population dynamics because it particularly
underlines the fact that extrapolation from short-term surveys may
indeed mislead subjacent population trends (Collins, 2001; Gagnon
et al., 2011; Gosz, 1999). This is especially true for ecosystem-level
processes, where longer study periods are required to obtain robust re-
sults. Within the time range of our study, we also observed a coincident
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Fig. 2. Linear relation among the three fitted variables from the best model selected by AICc and the response variable “breeding success”. Together, these variables
drive the breeding success of the Egyptian vulture. The effect of Livestock on breeding success is represented on the black line; the NDVI from the 6 months before the
breeding season (NDVI 6 months bbs) on the yellow line; and Density of conspecifics (number of territories occupied every year on the island) on the green line.

shift in temporal tendencies of ecosystem-level primary productivity,
the Egyptian vulture's breeding success, the number of breeding terri-
tories occupied every year (Density), livestock production and govern-
mental subsides for agricultural production. Together, these results
support the potential occurrence of a regime shift between 2012 and
2013, which was triggered by declining livestock production.

The most striking finding was a significant declining trend in primary
productivity and breeding success during the period of high livestock
abundance. These tendencies shifted in 2013 (after a drastic reduction in
goat numbers) to wide interannual variability with a constant trend of
ecosystem productivity and vulture breeding success. In addition, the
increase in the rate of the number of breeding territories occupied every
year (Density) after 2013 was twice rate that during the period before
that year. This might be related to the fact that population dynamics of
long-lived birds, such as vultures, are more sensitive to survival than to
breeding success (Szther and Bakke, 2000). Overall, our results suggest
that long-term overgrazing may have shifted island ecosystem func-
tioning, which merits further research to understand how reversible
these shifts are and whether the relative importance of both top-down
and bottom-up play a role in these processes. Ecological regime shifts
are marked changes in ecological processes that are profound enough to
reconfigure the ecosystem, which affects several trophic levels (Lees
et al., 2006). Although identifying regime shifts and thresholds is chal-
lenging, it is a subject of recent interest shown in ecology, which might
be particularly relevant to address science-based conservation strategies
for long-lived species (Andersen et al., 2009).

Unexpectedly, livestock negatively affected the breeding success of
the studied population. Livestock presence has been acknowledged as
being key for sustaining vulture populations (Dobrev et al., 2016; Olea
and Mateo-Tomas, 2009). Some studies have highlighted the close
relation between Egyptian vulture and livestock carcasses (Cabrera-
Garcia et al., 2020; Mateo-Tomas and Olea, 2010). Hence we expected
the relation between the livestock and breeding success of the Egyptian
vulture to be positive. However, other studies have noted the overlooked
importance of wild prey in this species' diet (Donazar et al., 2020;
Margalida et al., 2012). Interestingly, our results suggest that the high
grazing pressure (overgrazing) as a consequence of greater govern-
mental subsidies and livestock production may have triggered

unexpected cascading effects on ecosystem functioning, which impact
several trophic levels. In our study area, Fuerteventura, there have been
wide fluctuations in livestock abundance before and after 2012, which
temporally overlap with CAP subsidies. Changes in CAP subsidies are
known to have a profound impact on the ecosystem, by ranging from
determining or changing livestock composition or stocking rates (Ramos
et al.,, 2021), to impacting the ecosystem through land-use changes
(Chiron et al., 2013).

Livestock overgrazing may disrupt the presence and abundance of
small herbivores (Filazzola et al., 2020) and, consequently, provoke a
shortness in the availability of the wild preys of Egyptian vultures, which
would comprise several taxa (e.g. reptiles, small mammals like rodents,
rabbits, birds (Milchev et al., 2012; Oro, 1992)). This entails a disruption
in the bottom-up processes that regulate the vegetation-primary con-
sumers interaction and would, therefore, affect the next trophic levels, i.
e., the primary consumers-scavenger relation. As we found positive ef-
fects of primary productivity and negative effects of livestock on
breeding success, our results suggest that this scavenger species very
much relies on natural ecosystem dynamics and is not as dependent on
livestock carrion as suggested for other populations (Cabrera-Garcia
et al., 2020; Tauler-Ametller et al., 2018). Interestingly, we also found
that the mean precipitation and temperature prior to breeding season
affected breeding success. Although these climatic variables were not
included in the best selected model, they were present in two of the four
models (Table S1, Supplementary Material). Both precipitation and
temperature are closely related to primary productivity (Schloss et al.,
1999).

Lastly, it is important to note that we found a negative relation be-
tween the breeding success and density of conspecifics, measured as the
number of occupied territories per year. Following (Kriiger et al., 2012),
a reduction in fecundity, coupled with an increase in population, is
usually caused by a decline in the quality of available resources due to
increasing intraspecific competition for mates, nesting sites or food.
With fewer resources, and given an increase in energy expenditure due
to increased antagonistic encounters, vital rates might also be negatively
affected (Fernandez-Bellon et al., 2016).
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4.1. Management implications

Long-term overgrazing has been identified as one of the greatest
threats to biodiversity and ecosystem functioning in grasslands world-
wide, especially for arid and semi-arid ecosystems (Filazzola et al., 2020;
Li et al., 2018). This process tends to aggravate insular ecosystems,
where goats are one of the most widely-spread species of all introduced
vertebrates on islands. In addition, goat is the second species in number
of eradication attempts on Mediterranean islands (Capizzi, 2020). The
negative pressures and effects they have on soil and vegetation prop-
erties have also been widely described (Capo et al., 2022). However,
livestock carcasses that derive from human activities are also the main
feeding resource for avian scavengers, and some of these species are
endangered (Cortés-Avizanda et al., 2016). This entails a contradiction

in conservation programmes for scavengers because, on the one hand,
livestock carcasses provide feeding resources and determine the as-
semblages between the scavenger's guild (Cortés-Avizanda et al., 2010)
but, on the other hand, it deeply disturbs the ecosystem through changes
in primary productivity (Milchunas et al., 1988) by threatening the
survival of highly endangered endemic plant species (Gangoso et al.,
2006). This study provides scientific evidence for the cascading effects
of these perturbances at several trophic levels, which interfere with top-
down and bottom-up processes. These indirect effects are often over-
looked in pursuit of direct straightforward effects and are not, therefore,
considered in conservation strategies and guidelines. Here we have
disentangled how political changes in European funding can impact an
ecosystem at several trophic levels by contributing to unforeseen im-
pacts on an endangered species. Our results may help to inform
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European policies that account for ecosystem functioning and biodi-
versity conservation.
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