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Top‑down and bottom‑up effects 
modulate species co‑existence 
in a context of top predator 
restoration
Tamara Burgos 1*, Javier Salesa 1, Jose María Fedriani 2,3, Gema Escribano‑Ávila 4, 
José Jiménez 5, Miha Krofel 7, Inmaculada Cancio 1,6, Javier Hernández‑Hernández 1,8, 
Javier Rodríguez‑Siles 6 & Emilio Virgós 1

Mesopredators abundance is often limited by top‑order predators and also by key food resources. 
However, the contribution of these bidirectional forces to structure carnivore community is still 
unclear. Here, we studied how the presence and absence of an apex predator which is currently 
recovering its former distribution range, the Iberian lynx (Lynx pardinus), determined the absolute 
abundance and fine‑scale spatiotemporal avoidance mechanisms of two sympatric mesocarnivores 
(stone marten Martes foina and common genet Genetta genetta) with different dietary plasticity. We 
hypothesized that the lynx causes a mesopredator suppression and subordinate predators develop 
segregation strategies in respect to their trophic niche breadth. We placed 120 camera‑traps in 
Southern Spain for 8 months in two consecutive years to estimate mesocarnivore abundances by using 
SCR Bayesian models, prey availability and assess spatio‑temporal patterns. We found that the lynx 
reduced mesocarnivore abundance up to 10 times. Stone marten, a mesopredator with a broad food 
resources spectrum, showed a total spatial exclusion with the apex predator. Meanwhile, fine‑scale 
avoidance mechanisms allowed the genet to persist in low density inside lynx territories, probably 
taking advantage of high availability of its preferred prey. Thus, the strength of these top‑down and 
bottom‑up effects was rather species‑specific. Given the recent recovery of large carnivore populations 
worldwide, variation in suppression levels on different mesopredator species could modify ecosystem 
functions provided by the carnivore community in contrasting ways.

Apex predators play critical roles in ecosystem functioning, and their conservation is paramount for enhancing 
and maintaining global  biodiversity1. They are at the top of trophic webs and can exert a top-down regulation on 
prey populations by direct  killing2,3 and behaviourally-mediated trophic cascades due to behavioural responses 
to predation  risk4. However, food availability can also trigger bottom-up effects on predators limiting their 
 numbers5, especially for dietary or habitat  specialists6,7. Therefore, considering the recent recovery and rewilding 
processes involving large carnivores across the  world8, a better understanding of how these bidirectional forces 
between predators and prey structure trophic webs would help to improve our knowledge on food web dynamics 
and to adopt well-informed conservation strategies at the whole community  level9.

Top-down regulation from apex predators can also affect carnivores in lower trophic levels through complex 
intra-guild  interactions10. Large carnivores can reduce abundances of medium-size predators (i.e. mesopreda-
tors) by exploitative competition or inter-specific  killing11,12. Therefore, extirpation or significant reduction of top 
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predator numbers can lead to a mesopredator  release13,14. Nevertheless, according to the coexistence  theory15, the 
negative impacts of competitive interactions can be relaxed by several factors such as high availability of resources 
or adequate environmental  conditions16,17. Thus, sympatric species can avoid intra-guild competition by per-
forming adaptive behavioural mechanisms, specifically by spatial, temporal and/or dietary niche  segregation18–20. 
These adaptations take special relevance in complex carnivore communities, where niche partitioning could 
involve positive cost–benefit balance to facilitate the coexistence among  carnivores21–23.

As a consequence of asymmetric competition with larger predators, subordinate species (i.e. smaller preda-
tors) are often restricted to safer but less productive  habitats20,24,25, at the periphery of the dominant predator 
ranges, especially when resources are  limited13. Local and intensive foraging of subordinate carnivores persisting 
in safe but restricted areas could markedly decrease the local abundance of susceptible prey  species14. In contrast, 
some prey populations can spread as a result of a reduced overall predation pressure in areas frequented by a 
dominant  predator26,27. Therefore, the presence of an apex predator could displace mesopredators to lower-quality 
habitats but also encourage certain specialized mesopredators to persist in areas with high risk of intra-guild 
predation due to a balanced effect of high prey  abundance12. Prey availability is especially relevant in a scenario 
of apex predator restoration where responses to competition by subordinate predators could be more complex 
than just fear or  death24,28. Other studies have suggested that prey abundance and preferences can drive coexist-
ence patterns as a bottom-up force structuring carnivore  communities19,29,30. For instance, Monterroso et al.17 
found that predator species with high overlapping dietary niches can coexist locally by prey switching when the 
subordinate species has a wide trophic niche breadth, accordingly with the optimal foraging  theory31.

In Mediterranean ecosystems of southern Spain, the recent recovery of the apex predator, the Iberian lynx 
(Lynx pardinus), allowed us to investigate how intra-guild competition and prey availability structured the 
predator community. Here, we studied the top-down suppression and coexistence mechanisms among two 
mesopredators and an apex predator, the Iberian lynx, through a natural experiment. We studied areas with 
and without predation risk and measured top-down effects on the abundance and spatio-temporal behaviour of 
mesocarnivores by using spatial capture-recapture (SCR) and time-to-encounter methods, which was rarely used 
in previous similar research on top-down  suppression26. We focused on two sympatric mesocarnivores with a 
high trophic niche overlap but different dietary plasticity: the common genet (Genetta genetta), specialized on 
small rodents and the stone marten (Martes foina), a more generalist and opportunistic  carnivore32. Moreover, 
we assess how the availability of food resources modulates this trophic web through bottom-up effects. We 
hypothesize that the presence of the apex predator leads to a reduced mesopredator density in comparison with 
lynx absence scenarios. Furthermore, we expect mesopredators to show species-specific segregation or coexist-
ence mechanisms with the apex predator and that prey availability and trophic plasticity to play an important 
role in facilitating coexistence. Specifically, we predict that the trophic-specialist, the common genet, should be 
able to develop spatio-temporal mechanisms to coexist with the apex predator due to the increase of preferred 
prey abundance (rodents) inside lynx home ranges. In contrast, we expect that for the mesopredator with a wider 
trophic-niche breadth, the stone marten, it should be easier to avoid lynx home ranges because is able to feed 
on a wider food spectrum.

Results
Overall patterns. Camera-traps recorded 2.30 ± 0.56 (Mean ± SE) (n = 156), 13.79 ± 3.77 (n = 1546) and 
21.59 ± 5.92 (n = 1708) independent captures per 100 cam-days of adult Iberian lynx, common genets, and stone 
martens, respectively. Only 22% of independent genet detections and 0.9% of marten detections were recorded 
at localities inside lynx range (Supplementary Appendix S3: Table S2). Genets and martens occupied, respec-
tively, 41.6% and 5.8% of the camera-traps inside lynx territories and 80.8% and 87.5% outside (Supplementary 
Appendix S3: Table  S2). We identified 5.0 ± 0.76 genets and 1.4 ± 0.24 stone martens per locality inside lynx 
territories, and 9.3 ± 1.16 genets and 9.3 ± 1.61 martens outside (Supplementary Appendix S3: Table S1). From 
the total of carnivore captures, 86.2%, 91.2% and 76.6% was recorded outside breeding season (March-June) 
for the lynx, genet and marten, respectively (Supplementary Appendix S3: Table S5). We recorded 3.5 ± 0.54 
lynx adults per locality (Supplementary Appendix S3: Table S1) and we detected reproduction (kittens from the 
previous breeding season) in all ‘lynx presence’ localities. We found on average 55.8% ± 6.1% lynx occurrence 
and 2.9 ± 0.60 detections/100 cam-days (Supplementary Appendix S3: Table S2). We registered only four lynx 
detections (2.5% of the overall lynx detections in 2 years) in two localities considered as controls (Supplementary 
Appendix S3: Tables S1, S2), probably connected with sub-adult dispersal or occasional exploratory incursions 
of territorial males from territories in the vicinity (see Fig. 1). We did not register any lynx territorial couple or 
reproductive event within control localities.

Regarding prey species, detections by 100 cam-days were 80.62 ± 30.40 (n = 5445), 27.69 ± 6.29 (n = 2913) and 
5.94 ± 1.38 (n = 416) for dormice, other rodents and rabbits respectively, of which the 98%, 73% and 99% were 
obtained inside lynx territories (see Supplementary Appendix S3: Table S3). Occurrence was 44.2% for rabbits, 
57.5% for dormice and 80.8% for other rodents inside lynx ranges. In localities without lynx, the highest percent-
age of occupation was for other rodents (62.5%) but the garden dormouse and rabbit occupancy was very low 
(only 4.2% and 2.5%, respectively) (Supplementary Appendix S3: Table S3). We calculated that the 89.87% and 
88.5% of the prey events occurred in lynx territories outside and inside breeding season, respectively (Supplemen-
tary Appendix S3: Table S5). During breeding season and considering together both predation risk scenarios, we 
detected 2.6 higher and 0.73 lower relative abundance than out of breeding for the garden dormouse and other 
rodents, respectively (Supplementary Appendix S3: Table S5).

Mesocarnivore density estimates. The abundance of mesopredators (individuals/km2) was signifi-
cantly higher outside lynx ranges (Table 1) and we observed stronger suppression on the stone marten density 
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Figure 1.  Map of study area showing the camera-trap sites (black dots) distributed in ten localities along 
the Sierra de Andújar NP and the Iberian lynx range (orange shadowed) adapted from the distribution map 
available in the IUCN Red List of Threatened  Species61. Map was generated in ArcMap 10.6 https:// www. esri. 
com/.

Table 1.  Coefficients with standard errors (SE), F or Likelihood ratio test statistics, significance values and 
marginal and conditional pseudo-R2 for the independent variables included in the generalized lineal mixed 
models (GLMM) for carnivore density, median time-to-encounter and encounter probability responses. The 
variance of the random effect ‘locality’ was 0.01 ± 0.08 (σ ± SE) for carnivore density response. The variance 
of the random effect ‘cam’ was 0.59 ± 0.77 for median time-to-encounter response and 2630 ± 51.28 for the 
encounter probability. *L lynx presence/absence, CS carnivore species, PRAI prey relative abundance index, 
PS prey species, GVR genet visitation rate, PVR prey visitation rate, OR other rodents presence/absence, GD 
garden dormouse presence/absence. Significant values are in italic.

Response Df Fixed effects Coeff. ± SE F/LRT P R2
m R2

c

Carnivore density

1 Intercept  − 1.24 ± 0.22 – –

0.75 0.79

1 L  − 0.76 ± 0.26 8.45  < 0.01**

1 CS 0.19 ± 0.17 1.20  > 0.05

1 PRAI  − 0.02 ± 0.43 0.001  > 0.05

1 L*CS  − 1.54 ± 0.22 50.94  < 0.0001***

1 L*PRAI 0.06 ± 0.46 0.02  > 0.05

2 PS:PRAI – 0.10  > 0.05

Median time-to-encounter

1 Intercept 2.32 ± 0.28 – –

0.09 0.92

1 GVR 0.25 ± 0.23 1.23  > 0.05

1 PVR  − 0.53 ± 0.31 2.96  > 0.05

1 PS 0.29 ± 0.19 2.37  > 0.05

1 PS:PVR – 2.17  > 0.05

Encounter probability

1 Intercept  − 23.48 ± 6.50 – –

0.10 0.991 OR 12.80 ± 4.79 13.49  < 0.001***

1 GD 33.16 ± 9.34 15.88  < 0.001***

https://www.esri.com/
https://www.esri.com/
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(Mean ± SE: 0.43 ± 0.07 vs. 0.04 ± 0.01; 10.75-fold decrease in lynx ranges) than on the common genet density 
(0.33 ± 0.05 vs. 0.15 ± 0.02; 2.20-fold decrease in lynx ranges) (Supplementary Appendix S2: Table S1, Fig. 2). At 
level of locality, the lowest stone marten densities always occurred in localities with lynx (Supplementary Appen-
dix S2: Table S1). We did not find a significant effect from prey availability on carnivore density, even considering 
interactions among lynx presence/absence and prey species (Table 1).

Temporal overlap among lynx, mesocarnivores and prey. Lynx activity was mostly crepuscular 
with some of diurnal activity, but turned into more nocturnal during the breeding period (Fig. 3). Genet and 
marten showed a strictly nocturnal behaviour in all periods and predation risk scenarios (Fig. 3). Genets showed 
a clear peak of activity after sunset inside lynx ranges outside breeding season but their activity pattern was more 
uniform in localities without lynx, showing a later peak around midnight during the breeding season (Fig. 3). 
Martens showed a single activity peak around midnight when inhabiting Iberian lynx ranges and two peaks of 
activity in localities without lynx (Fig. 3). We were not able to calculate the activity patterns of stone marten 
inside lynx territories during breeding season because we did not get enough records due to its very low abun-
dance in this scenario (Supplementary Appendix S3: Table S5). We found significant differences between lynx 
and genet and lynx and marten activity patterns outside breeding, with a low temporal overlap (Fig. 3). However, 

Figure 2.  Estimated density (individuals per  km2) for the common genet (G. genetta) and the stone marten (M. 
foina). The width of each density curve corresponds with the frequency of data in each abundance interval and 
boxplots show the median and data quartiles with upper and lower whisker limits.

Figure 3.  Temporal activity patterns of carnivores in localities with Iberian lynx presence (lynx silhouette) and 
localities without lynx (no lynx silhouette) outside the breeding season (blue boxes) and inside (green boxes). 
The Iberian lynx is represented by orange solid line, the stone marten by dotted line and the common genet by 
dashed line. Mesocarnivores co-existing with lynx are coloured in dark grey and mesocarnivores living outside 
lynx ranges in black. Empty plots refer to overlap unrealized combinations.
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lynx-genet overlap during the breeding season was intermediate, showing non-significant differences in their 
activity patterns (Fig. 3). There was high overlap in genet and marten activity patterns comparing predation risk 
scenarios for both reproductive periods (Fig. 3).

Rabbits showed a high activity overlap with the Iberian lynx outside breeding period and low overlap inside 
breeding season (Fig. 4). We found significant differences between rabbits and mesocarnivore activity patterns 
inside lynx ranges during both reproductive periods (Fig. 4). The activity pattern of rodents (excluding dormice) 
overlapped highly with mesocarnivores in all scenarios, but the overlap was intermediate with the Iberian lynx 
(Fig. 4). We only found significant differences for the pair marten-rodents outside breeding and outside lynx ter-
ritories (Fig. 4). However, significant differences were found among the circadian activity of carnivores (including 
lynx) and dormice outside breeding season in both predation risk scenarios, except for the pair marten-dormouse 
inside lynx territories (Fig. 4). Contrastingly, during the breeding season, we found no significant differences 
among the temporal patterns of mesocarnivores and dormice for any predation risk scenario and the same result 
was found for the pair lynx-dormouse during this period (Fig. 4).

Spatio‑temporal segregation among carnivores. Inside Iberian lynx territories, the proportion of 
visits of the common genet at camera sites without Iberian lynx ranged from 0 to 93% across localities in the first 
year (Mean ± SE: 47.58% ± 0.18) and from 40 to 93% in the second year (68.96% ± 0.09) (Supplementary Appen-

Figure 4.  Temporal activity patterns of carnivores and prey species in localities with Iberian lynx presence 
(colour-filled boxes) and localities without lynx (non-colour filled boxes) outside breeding season (blue) and 
inside (green). Apex predator is represented by orange, mesocarnivores by grey and prey by blue. Iberian lynx 
(solid line), common genet (dashed line), stone marten (dotted line), European rabbit (long dash line), other 
rodents (long dot–dash line) and garden dormouse (dot–dash line). Empty plots refer to overlap unrealized 
combinations.
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dix S3; Table S6). Lynx and genets were detected simultaneously in fewer than 8% of the camera-traps at each 
time interval whereas genet and lynx co-occurred exclusively at up to 36% and 14% of the cameras, respectively 
(Supplementary Appendix S3: Table S7). The genet showed a notable avoidance behaviour mainly in the first 
year, reflected by an average time-to-encounter with lynx of 18.36 days (SE = 1.80) but also in the second year 
with 14.43 days (SE = 1.59) (Fig. 5). For the stone marten, we only detected one record spatially overlapping with 
lynx, while the 99.95% of the visits occurred in cameras where the lynx was not recorded, so that was impossible 
to calculate time-to-encounter.

Time‑to‑encounter and spatial encounter probability. We found that the median time interval 
between a visit of lynx and the following visit of a genet was not significantly affected by genet visitation rate and 
micromammal availability at camera level (Table 1). However, we found that the spatial encounter probability 
between lynx and genets was positive and significantly related to the presence of prey (both of garden dormouse 
and other rodents) (Table 1, Fig. 6).

Discussion
Our natural experiment in Southern Spain reveals that competitive intra-guild interactions among carnivores 
can be relaxed by bottom-up forces in a scenario of apex predator restoration in Mediterranean ecosystems (see 
Fig. 7). The largest predator in the area, the Iberian lynx, exerted a strong top-down control on absolute abun-
dances of two sympatric mesopredators with a high dietary overlap but different trophic plasticity. However, the 
suppression strength and the spatio-temporal avoidance strategies developed by subordinate predators markedly 
varied among species, which could lead to contrasting ecological implications for the ecosystem functioning. 
Although previous studies have documented the negative impact of the Iberian lynx on relative mesopredator 
 abundances27,33, our study is pioneer on estimating the impact of an apex predator on the absolute mesopredator 
 densities26,34. We documented for the first time the impact of Iberian lynx on common genet abundance and pro-
vided one of the most accurate density estimates for stone marten in Mediterranean ecosystems, which seems to 
be the species most sensitive to the Iberian lynx. Moreover, by using spatially explicit capture-recapture methods 
to estimate absolute abundance of mesocarnivores, we likely avoid bias which could lead us to underestimate 
movements and hence overestimate density.

The recovery of the Iberian lynx in our study area is recent and still spatially heterogeneous, primarily due to 
the patchy distribution of its main prey, the wild rabbit, which is in turn connected with localized epizootic erup-
tions leading to frequent local extinctions of  rabbits35. Where the lynx was absent, the density of two sympatric 
mesopredators, the common genet and the stone marten, was up to 10-times larger than inside lynx territories. 
Similar mesopredator suppression has been shown by several apex predators across the world, such as the grey 
wolf, the dingo or the Eurasian  lynx13,36. However, the strength of this top-down regulation differed considerably 

Figure 5.  Spatio-temporal segregation patterns of common genets respect to the Iberian lynx in each locality 
and year. The vertical dashed lines represent the observed median minimum time-to-encounter between a lynx 
and a genet and the shaded grey area shows randomly simulated times-to-encounter. The p-values represents 
the proportion of randomly generated times-to-encounter values that are greater than the observed time-to-
encounter.
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between the two mesopredator species, despite their similar size, diet and habitat  use30,37. A narrower trophic 
niche of genets compared to martens could play a key role in dampening suppression and thus favouring coexist-
ence with the apex  predator17,19. Another potential contributing factor to explain this species-specific suppres-
sion could be different behavioural mechanisms to avoid agonistic encounters or tolerance to predation risk. 
For example, both genets and martens are able to climb trees easily to escape from a lynx but the perception of 
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Figure 6.  Proportion of camera-traps with presence of common genet inside lynx territories which in occurred 
an encounter with an Iberian lynx (E) or not (NE). Black colour shows the proportion of cameras with absence 
of micromammals and grey colour shows presence of micromammals. The first silhouette refers to the garden 
dormouse (E. quercinus) and the second silhouette to other rodents (A. sylvaticus, M. spretus and R. rattus).

Mesopredator
supression

Prey
release

Apex predator

Mesopredators

Prey

Attenuated
supression

-

+

+

-

+

-

-
Figure 7.  Direct (solid lines) and indirect trophic interactions (dashed lines) in the Mediterranean forest 
ecosystem. Trophic levels of the network are linked by top-down (descendent arrows) and bottom-up 
(ascendant arrows) forces which regulates the trophic web. Plus and minus symbols represent a positive or 
negative effect, respectively, and width of line indicates the relative strength of the interaction. Epizootic diseases 
(virus silhouette) determine the distribution of the European rabbit (O. cuniculus), the main prey of the Iberian 
lynx (L. pardinus) which is the apex predator in this ecosystem. Lynx controls mesopredator abundances and 
releases prey (rodents and rabbits) from their predation pressure. However, the suppression of the common 
genet (G. genetta) is lower compared to suppression of the stone marten (M.s foina) possibly attenuated due to 
its more specialized diet in micromammals.



8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:4170  | https://doi.org/10.1038/s41598-023-31105-w

www.nature.com/scientificreports/

predation risk may be variable among habitats or  species37. Stone martens use the three-dimensional space (i.e. 
movements above ground in tree crowns) less frequently than other sympatric species such as the pine marten 
(Martes martes)38, which could increase the likelihood of agonistic encounters with a lynx. This habitat-use segre-
gation could also occur in respect to the genet, but fine-scale ecological studies on habitat use of these sympatric 
species are still insufficient for a comprehensive understanding of species-specific anti-predatory responses.

Although previous research has revealed that several species can modify their temporal activity patterns 
according to factors such as predation risk or human  disturbance22,39, the circadian rhythms of genets and mar-
tens were predominately nocturnal and consistent among predation risk scenarios and  seasons23,40. However, 
these mesocarnivores showed temporal segregation with the Iberian lynx, in contrast to Sarmento et al.33 findings 
for a more diurnal and adaptable mesopredator, the red fox. Thus, temporal segregation among subordinate carni-
vores and larger predators is often a result of an evolutionary adaptation to resource and habitat  partitioning20,23,41.

As we expected for a micromammal specialist consumer, genets synchronized their activity patterns with 
rodents in all scenarios but did not so with  rabbits42. Small mammals offer energetically richer food intake than 
other resources, such as  fruits43, but due to the scarce abundance of rabbits in our study area, this prey seems to 
be less preferred by  generalists44. In contrast, stone marten activity overlapped highly with small mammals only 
inside lynx territories and during the breeding season, when the availability of prey was maximum. Breeding 
coincides with the spring, when the garden dormouse comes out from its winter lethargy and increases  activity45. 
Bakaloudis et al.46 also found an animal-type prey specialization by stone martens in spring, contrasting with the 
general tendency to consume fruits during winter in Mediterranean ecosystems. Thus, several pieces of evidence 
indicate that martens are shifting their activity rhythms and likely their diet according to prey availability, as was 
already observed in several other facultative  predators47. However, our results on behaviour of martens under 
predation risk must be taken with caution because it may be a consequence of the limited amount of records of 
stone marten inside lynx territories (11 detections).

The higher dormice availability during the breeding season could be increasing the tolerance of genets to 
predation  risk29,42, since temporal partitioning with lynx did not occur. Despite the general synchronized activity 
patterns found among genets and other rodent species, they only overlapped highly with dormice during the 
breeding season, and the same pattern was found for the Iberian lynx. Although the Iberian lynx is a rabbit-
specialist, their low temporal overlap with this prey species could be explained because lynx is complementing 
its diet with the abundant garden  dormouse48, especially when reproductive females are breeding and would 
benefit from additional, easy to catch prey, as was also observed in the Eurasian  lynx49.

Genets and martens are behaviourally and ecologically similar and could be expected to develop analogous 
strategies to cope with larger predators. However, the stone marten almost disappeared from the Iberian lynx 
territories, which is in accordance with the strong avoidance patterns found by Monterroso et al.17 and Virgós 
et al.50. In contrast, the common genet co-existed spatially with the apex predator in low density by developing 
fine-scale spatio-temporal  mechanisms18,33, similarly to observations of Jiménez et al.26 for other mesocarnivores 
following Iberian lynx reintroduction. Although previous studies described a high spatial segregation of genets 
in respect to lynx home  ranges17,26,27, we found a surprising number of detections of genets in cameras where 
the lynx appeared (circa 50%), probably due to the higher abundance of genets and/or the greater forestry cover 
and refuge availability in our study area compared to other Mediterranean forests.

Bottom-up effects can also regulate the spatiotemporal coexistence patterns among  carnivores17–19,29. Similarly 
to previous research found for other  prey26,51, a reduced overall predation pressure inside lynx territories seemed 
to benefit small mammal abundances in our study area. A more specialized diet on rodents probably led some 
genets to persist inside lynx ranges in spite of the risk of being killed. Martens however were able to feed on a 
wider spectrum of food resources available in non-risky nearby areas. Encounters among genets and lynx were 
more likely when rodent availability was higher locally, what may suggest that both predators are taking advantage 
of the abundance of prey or genets visiting these food hotspots are less cautious because of high motivation to 
forage there, as predicted by the optimal foraging  theory31.

Considering the strong lynx suppression of stone marten abundance, the impact on its spatial distribution pat-
terns likely has indirect community level impacts. Carnivores are effective seed dispersers of many fleshy-fruited 
plants, dispersing large numbers of seeds to long distances but showing functional diversity among  species52,53. 
Fruit seeds are found in up to 94% scats of stone marten, contrasting with the more specialised genet diet on 
 micromammals32,54. Therefore, a suppressed abundance of key frugivorous carnivores as martens could trigger 
cascading effects for plants by limiting seed dispersal inside lynx  territories55–57. However, the exclusion of stone 
martens from rodent-rich patches inhabited by lynx, could impact body condition and  fitness43 and shift diet 
composition of marten population towards higher consumption of  fruits58, triggering a two-told effect on the 
ecosystem functioning by limiting seed dispersal inside lynx territories but boosting it outside. Thus, the patchy 
lynx distribution and the paired suppression of mesopredators as a consequence of spatially variable abundance 
of lynx main prey, the rabbit, could be contributing to build a mosaic ecosystem structure where apex predators, 
mesopredators and prey have variable local abundances and connected ecological roles (Fig. 7).

Our findings suggest that Iberian lynx reintroduction or recovery could reverse a potential mesopredator 
release scenario in areas where this apex predator was lost or severely reduced, but the strength of this top-down 
effect in the trophic web is species-specific. The most diet-flexible mesopredator, the stone marten, is drasti-
cally reduced by the apex predator and shows high spatial and temporal segregation with the apex predator. 
Nevertheless, the mesocarnivore with a narrow trophic niche breadth, the common genet, co-exists spatially in 
reduced density with the Iberian lynx and also overlaps temporally during the breeding season. Furthermore, 
bottom-up forces also seem to be important in the trophic web by dampening the mesopredator suppression and 
facilitating coexistence. The contrasting suppression found for two sympatric mesocarnivores may alter important 
ecosystem functions and processes involving them. Thus, conservation practitioners should consider to promote 
a locally-patchy distribution of the Iberian lynx through the landscape because it may result in balanced net 
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effects for different trophic levels at a regional scale. Further future detailed studies are essential to assess how 
apex predator reintroductions are restoring the ecosystem functioning prior to their extinction. This knowledge 
will lead to more effective conservation programs of carnivores by taking evidence-based decisions and a better 
understanding on the working of the ecosystem at community level.

Methods
Study area and target species. Our study was conducted in Sierra de Andújar Natural Park (Fig. 1). 
The annual average temperature (~ 18 °C) and rainfall (~ 700 mm) are typical for Mediterranean climate areas 
(data from Andújar meteorological station, AEMET Opendata, 2020). The altitude ranges between 400 and 
800 m. Vegetation is dominated by Mediterranean shrubland and an arboreal stratum of holm oak (Quercus 
ilex). Extensive private and public lands compound the Natural Park, where hunting of large wild game ungu-
lates is frequent, but small game hunting and predator control is rare or absent.

The Iberian lynx is the largest carnivore inhabiting the study area (6.1–15.9  kg59). Sierra de Andújar NP was 
one of the last refuge for this species in the 1990’s and 2000s when less than 100 individuals were left in the  wild59. 
Despite the recovery of Iberian lynx populations in the last 20 years, lynx home ranges are heterogeneously 
distributed throughout the Natural Park (Fig. 1) and this feline is still absent in many lands as consequence of 
the lack of its main prey, the European rabbit (Oryctolagus cuniculus)59.

Nine wild mammal mesocarnivores inhabit the study area, including the red fox (Vulpes vulpes), the stone 
marten, the common genet and the Eurasian badger (Meles meles). Given that we aim to assess the suppression 
effect of top-order predator on mesopredator abundances by using SCR methods which require individual rec-
ognition and a high recapture  rate60, we focussed this study on the common genet and the stone marten because 
they are abundant mesocarnivores with easily identifiable coat patterns (see Supplementary Appendix S1). They 
are sympatric carnivores of similar size (around 1 kg), habitat and food requirements but markedly differ in 
their trophic  plasticity32,37. Small mammals are their main prey, followed by birds, fruits and invertebrates in 
decreasing order of  importance32. Rabbits also represent a selected prey by these mesocarnivores when reach high 
 abundances30. However, the stone marten is more adaptable to food availability, feeding on fruits more often in 
comparison with the more specialized diet of the genet, which is mainly focused on  micromammals32,54. Thus, 
to assess the importance of prey availability on coexistence among predators, we focused on the most abundant 
small mammal species that inhabit our study area, the European rabbit, the garden dormouse (Eliomys quercinus), 
the wood mouse (Apodemus sylvaticus), the Algerian mouse (Mus spretus) and the black rat (Rattus rattus) (see 
Supplementary Appendix S1: Fig. S3).

Experimental design and camera‑trap data collection. We carried out a camera-trapping survey 
between October and May of 2018–19 and 2019–20 (Supplementary Appendix S3: Table S4). We used an experi-
mental design comparing five localities with territorial presence of Iberian lynx and five localities out of lynx 
distribution range as controls with the same habitat characteristics (Fig. 1). We selected these localities based on 
our previous long-term research in the study system and following the recommendations of the wildlife moni-
toring program of the Natural Park. Control localities confirmed absence of reproduction and territorial lynx 
pairs, mostly due to the absence or scarcity of its main prey, the wild rabbit. Localities with lynx presence were 
distributed along the lynx distribution area shown by the IUCN Red List of Threatened  Species61 (Fig. 1) and 
had verified lynx reproduction in the previous five years. These localities were considered spatially independent 
because they were situated far enough apart (Mean ± SD = 7.9 ± 3.0 km; Fig. 1) in order to absence localities kept 
out of the nearest Iberian lynx home range and presence localities included a territory of a different lynx couple 
(average lynx home range radius in our study area is 1.62 km)62.

We placed 120 camera traps (12 in each locality; Fig. 1) the first year and we set them again at the same loca-
tions the second year (Scoutguard SG562-C; white led). Cameras were placed at the height of 40–60 cm above 
the ground, operated 24 h/day and were programmed with a trigger delay of 1 s, to take three consecutive images. 
Each camera worked an average of 44 days and reached an overall effort of 10,644 trap-days (see Supplemen-
tary Appendix S3: Table S4 for more details). At each camera station, we placed under a small rock a hygienic 
tampon soaked with Iberian lynx urine (collected from several captive individuals in breeding centres, males 
and females mixture) and a sardine can on the top of a wood stick at a height of 60 cm to 1.5 m from the camera 
(see photographs in Supplementary Appendix S1). The use of lures has been proved not to affect abundance 
estimates or temporal activity in camera-trapping studies and is a widely-used strategy to improve detectability 
in SCR  models63,64. Lynx urine is one of the most effective attractants of  mesocarnivores65 and sardines are useful 
to keep the animals long enough in front of the camera-trap to take several images, thus improving the likeli-
hood of obtaining individual identification. Two experts successfully individually identified predators based on 
unique coat patterns by consensus in 70% of lynx detections, 93% for stone marten and 87% for genets inside 
lynx territories and 82% for martens and 92% for genets outside lynx range (see Supplementary Appendix S1 for 
more details). Detection of small-mammal prey species was also improved due to the use of lure, because most 
of them climbed up to the top of the stick where sardines were placed, making it easier to identify the species 
(see Supplementary Appendix S1 Fig. S3). We classified small mammals into three categories: rabbit, garden 
dormouse and other rodents which grouped rodent species of similar morphology, such as the wood mouse, 
the Algerian mouse and the black rat. We considered an event as independent when we identified the individual 
as different from the previous recording or the time interval between successive images was at least 30 min for 
non-identified or the same  individuals66. Within each locality, camera-traps were spaced an average distance of 
683 ± 145.61 m (Mean ± SD) from the nearest camera. We set this distance because it was lower than 2σ (σ is the 
movement  parameter67) of the carnivore species with the smallest averaged home range size (381 ha for the stone 
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 marten68) following Royle et al.69 recommendations. We covered a surveyed surface of ca. 900 ha in each locality, 
enough for the mesopredator with the biggest home range size, in our case the genet (781  ha70).

Abundance estimates. We estimated the density (individuals/km2) of genet and stone marten in each 
locality with and without Iberian lynx presence for each study year by using a capture-recapture database of 
identified records. Population was considered demographically closed because density estimates were carried 
out with data from October to May, out of the main juvenile dispersal period of these species which occurs 
during late summer and early  autumn71. We used spatial capture-recapture (SCR)  models72 to estimate capture 
probability as a decreasing function of the distance between activity centres and detectors (camera-traps) and 
calculated density  estimates60. In our study we assume the capture history yij are mutually independent out-
comes of a binomial random variable, which we express as:

The link function between the location of detectors and the activity centres of the individuals follows a half-
normal distribution:

where dij is the Euclidean distance between the activity centre for each individual and camera-trap location, 
σ is the scale parameter from half normal distribution (that described the movement), and �0 is the baseline 
encounter rate. We implemented spatially-explicit models in a Bayesian framework using R (R Core Team, 2018) 
and Nimble  package73,74 similarly to Jiménez et al.26. In order to get better parameter estimates for the stone 
marten, we used models with shared movement parameter sigma ( σ ) and baseline detection rate ( �0 ) among 
localities with lynx presence and lynx absence because we recorded few spatial re-captures in localities with 
 lynx26,69,75. For common genets, we estimated σ and �0 separately for localities with and without lynx. Posterior 
probabilities were calculated using 3 independent MCMC chains. For stone marten we used 55,000 iterations 
each, and a burn-in of 5000 iterations. For genet we used 160,000 iterations with an initial 10,000 iterations as 
a burn-in, and thinned the remainder by 5. We confirmed model convergence by examining trace plots (see 
Supplmentary Appendix S2; Figs. S2–S4) and ensuring that the potential scale reduction factor (R-hat) statistic 
for each parameter was < 1.176.

Temporal overlap. Temporal analysis was carried out by generating the kernel density estimation of the 
activity patterns of lynx, genet, stone marten and prey species (rabbits, garden dormice and other rodents) 
using the overlap  package66. We carried out these analyses separately for the breeding season (i.e. denning 
period from March to June) and for the non-breeding season (excluding the detections from March to June; 
see Supplmentary Appendix S3: Table S5) of genets  (Camps71), stone martens (Mangas 2007) and  lynx59. We 
took this decision due to previous research showing effects of breeding behaviour on circadian rhythms of these 
 predators23.

We calculated the overlap coefficients (Δ) of temporal activity among (1) lynx and genet and lynx and stone 
marten, (2) genet and marten inside and outside lynx range and (3) carnivores with prey species, considering 
only species with ≥ 10 detections (Supplmentary Appendix S3: Table S5). In line with Ridout and  Linkie66, we 
used the estimator Δ4, which is recommended for large sample sizes ( n ± SE = 1238.41 ± 214.22 detections; see 
Supplmentary Appendix S3: Table S5). The overlap coefficient varies from 0 (no overlap) and 1 (total overlap)77. 
We defined three overlap categories according the overlap values obtained from pairwise comparisons carried 
out with our data: Δ4 < 50th percentile was considered as “low overlap”; 50th < Δ4 < 75th as “moderate overlap”; 
and Δ4 > 75th as “high overlap”; being the 50th and 75th percentiles for our overlapping coefficients 0.8 and 0.9, 
 respectively23. Confidence intervals for the overlap coefficients were obtained as percentile intervals from 1000 
bootstrap samples. Then, we compared the activity patterns of each species pairs by using Watson’s two-sample 
test of homogeneity  (U2) for circular  data78.

Spatio‑temporal segregation. We applied two methods to assess spatio-temporal segregation only 
among lynx and genets, because the stone marten was recorded almost exclusively in cameras where lynx did 
not occur (see Table S7). Firstly, we built a matrix of detections per hour of the daily cycle for each camera-trap, 
locality and year for both species. Then, we calculated the averaged proportion of cameras with co-occurrence 
and exclusive occurrence for each species along the diel cycle. Confidence intervals were calculated by empirical 
 bootstrapping79. Secondly, we estimated time-to-encounter between a lynx detection and the following genet 
detections in each locality and year using the multi-response permutation procedures showed by Mielke et al.80. 
We calculated the probability of time-to-encounter by comparing the median observed value with the simulated 
expected distribution (1000 simulations) and obtaining the proportion of randomly generated values that are 
greater than the observed time-to-encounter. A higher value of observed time-to-encounter in comparison to 
the expected value meant avoidance and a lower value indicated aggregation. We carried out these analyses by 
using the R codes provided by Karanth et al.18.

Modelling. We fitted Generalized Linear Mixed Models (GLMM) to evaluate (1) the top-down effect of 
Iberian lynx presence and the bottom-up effect of the prey relative abundance on the abundance of mesocar-
nivores, (2) whether the time-to-encounter between genets and lynx was related with prey and genet visitation 

(1)yij ∼ Binomial
(

K , �ij
)

.

(2)�ijk = �0exp

(

−d2ij

2σ 2

)
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rate and (3) whether the encounter probability between genet and lynx was affected by the availability of prey 
(see Table 1). The number of captures by 100 cam-days were used to calculate visitation rates at camera level and 
relative abundance indices (RAI) at locality level.

The presence/absence of Iberian lynx was included as a fixed factor for the response density of mesocarni-
vores and we added up second-order interactions among this variable and the fixed factors prey species (rabbits, 
garden dormice and other rodents) and carnivore species (stone marten and common genet) and the covariates 
prey relative abundance (RAI) and carnivore density. The locality was used as a random factor. We used gauss-
ian errors and applied log transformation. Regarding time-to-encounter, the response variable was the median 
time to encounter in days from every visit of a lynx up to a genet visit in each camera and the fixed effects were 
the genet and prey visitation rate and its interaction with the micromammal species (garden dormice and other 
rodents) at camera level. Camera station was included as a random effect and Poisson errors were used. We 
excluded the rabbit of these analysis because it does not seem to be an important prey for genets based on our 
temporal overlap results. We upper-limited the garden dormouse visitation rate by camera to 200 because we 
detected five outliers which biased our results. Lastly, for the spatial encounter probability among genet and lynx, 
we used a binomial response of encounter/non-encounter in each camera and we included the presence/absence 
of the garden dormouse and other rodents as fixed effects and the camera site as random effect.

We calculated the marginal (contribution of fixed effects) and conditional (both fixed and random effects) 
coefficient of determination (pseudo-R2) for all proposed mixed  models81. We used R base functions (ver-
sion 3.6.1; R Core Team 2019) and specialized packages (lme4 v.1.1–21 for  GLMMs82; MuMIn v.1.9.5 for 
pseudo-R283).

Ethics statement. Camera-trapping surveys were approved by the Sierra de Andújar Natural Park, Spain, 
under permit PNSierraAndújar/300/2018 in accordance with animal welfare regulations. All methods are 
reported following the ARRIVE guidelines.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due the study spe-
cies are protected and this information could be sensitive, but are available from the corresponding author on 
reasonable request.

Code availability
Nimble-R code is available in Supplementary Information (S4–S7).
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