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INTRODUCTION

Global biodiversity is declining at an unprecedented 
rate (Johnson et al.,  2017; Watson & Venter,  2017) and 
its preservation is undoubtedly the current most import-
ant issue in conservation science (Wiens & Hobbs, 2015). 
Biodiversity preservation inevitably entails the identifi-
cation of biodiverse areas (Knight et al., 2008), attained 
through surveys which should ideally focus on all tax-
onomic groups. However, mapping all taxa is unavoid-
ably unfeasible due to time and resource limitations or 
the challenges of surveying elusive species, leading to the 
need of measurement shortcuts, such as the employment 
of indicator species (Caro,  2010; Landres et al.,  1988; 
Noss,  1990). Amongst potential indicator taxa, one 
group of species that has recently attracted research at-
tention is the one of top predators (e.g. Burgas et al., 2014; 

Natsukawa et al.,  2021; Sergio, Caro, et al.,  2008). In 
short, this expectation is based on the assumption that 
the conservation of a top predator automatically results 
in the preservation of the whole biodiversity of its sup-
porting ecosystem (Sergio, Caro, et al., 2008).

A further reason for focusing on top predators, 
should they function as reliable biodiversity indicators, 
is their enormous potential and frequent employment as 
so- called flagship species (Albert et al.,  2018; Donázar 
et al., 2016; Ripple et al., 2014; Sergio, Caro, et al., 2008), 
that is, those taxa that are exploited to raise fund-
ing and social awareness for conservation by virtue of 
their iconic charisma and attractive morphology for the 
general public (Caro,  2010; Veríssimo et al.,  2011). The 
combination of biodiversity indication capacity and 
flagship role in these species would lead to several desir-
able implications. (1) First, by virtue of their charismatic 
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Abstract

Identifying efficient biodiversity indicators is a key pillar of the global conservation 

strategy. Top predators have been proposed as reliable biodiversity signposts, but 

their role is controversial. Here, we verified their performance by a meta- analysis of 

published studies and found solid support for their efficacy as biodiversity indicators. 

As to be expected for any indicator species, efficacy was stronger for biodiversity 

components ‘ecologically closer’ to the predator (i.e. broad groups that include species 

providing key resources, such as avian and tree diversity for a bird- eating predator 

that nests in trees) and declined for the diversity of components more ‘ecologically 

remote’ from the predator (e.g. butterfly diversity for a fish- eating predator). This 

confirmed a link between the top predatory role and biodiversity and set the context 

for its functionality. These results show that, on average, top predators are justified 

candidates as biodiversity indicators and that prioritisation of conservation action 

based on their occurrence is likely to provide broader ecosystem benefits. However, 

such role should be confirmed on a case- by- case basis, acknowledging that no 

indicator can portray everything, checking the compatibility of the biodiversity 

components linked to the predator with the established conservation objectives and 

ideally integrating predators with other complementary indicator groups.
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attractiveness, top predators are actively monitored in 
different countries and regions by individuals and or-
ganisations (e.g. enthusiasts, researchers, conservancies 
and governments; De Angelo et al.,  2011; Monsarrat 
& Kerley,  2018; Sergio,  2018). This frequently leads to 
above- average knowledge on local predators' distribu-
tion, which, in principle, could be exploited to identify 
biodiversity hotspots. (2) Second, the appeal of these 
species for the general public promotes the understand-
ing and approval of conservation action by citizens, con-
servancies and governments, facilitating socio- financial 
support for biodiversity preservation (Macdonald 
et al.,  2017; Sergio, Caro, et al.,  2008). (3) Finally, the 
global decline and frequently endangered status of top 
predators (Estes et al., 2011; McClure et al., 2018; Ripple 
et al.,  2014) implies that the conservation of these spe-
cies and their habitats are often mandated by national 
and international legislation, so as to preserve the eco-
system functioning that they provide (for specific exam-
ples, see Maciorowski et al., 2021; McClure et al., 2018; 
Trouwborst,  2015). In turn, this could indirectly, auto-
matically facilitate the preservation of biodiversity- rich 
areas. Therefore, if top predators were linked to broader 
biodiversity, their monitoring and conservation could 
target the simultaneous goals of identifying and prior-
itising biodiverse areas, levering financial support for 
biodiversity management, educating the public on con-
servation issues and ensuring that the high costs often 
involved in the management of these high- profile species 
entail broader biodiversity benefits.

Given the above, several studies have recently tested 
the biodiversity indicator function of upper trophic level 
consumers (see Section ‘Results’). However, the out-
come results have been contradictory (e.g. Santangeli & 
Girardello, 2021), sparkling debate (e.g. Sergio, Newton, 
& Marchesi, 2008) and calling for the need of compre-
hensive evaluations bridging across several studies, re-
gions and predatory taxa in order to draw inferences 
of more general applicability than those based on indi-
vidual, localised studies. To this end, here we: (1) imple-
ment a meta- analysis of published studies (Gurevitch 
et al., 2018) to extensively test the efficacy of top pred-
ators as biodiversity indicators; (2) identify the contexts 
within which their biodiversity indicator function is 
most effective; (3) draw recommendations on their em-
ployment and (4) identify important knowledge gaps and 
conceptual contradictions in this field and propose fu-
ture directions for their resolution.

M ATERI A LS A N D M ETHODS

Data collection

We used the Web of Science to systematically search for 
scientific articles about the effectiveness of top predators 
as biodiversity indicators (all searches were implemented 

in December 2021). When searching for scientific arti-
cles, we used the search string: ‘(alpha predator OR apex 
predator OR super predator OR top predator) AND 
(focal species OR indicator species OR surrogate spe-
cies OR umbrella species)’ and targeted all articles pub-
lished since 1975. We focused exclusively on published, 
peer- reviewed articles in order to ensure the required 
standard of data quality. We then screened the titles and 
abstracts of all articles to select papers that explicitly 
tested the efficacy of top predators as biodiversity indi-
cators. Furthermore, we checked the references cited in 
these initially selected papers and in recent reviews on 
closely related subjects (e.g. Branton & Richardson, 2011; 
Sergio, Caro, et al., 2008), as well as the papers that cited 
them. These procedures, commonly defined as ‘back-
ward and forward reference searches’, were repeated 
until no new studies could be found. After finishing the 
search, we further screened the studies based on the fol-
lowing criteria. First of all, we focused only on the most 
recent of multiple tests on the same predator popula-
tion in order to avoid unnecessary pseudo- replication. 
Second, we only included studies that estimated biodi-
versity as species richness, because other indices would 
have reduced sample size excessively or adopted too 
disparate analytical approaches to pool them for analy-
sis. Third, we excluded studies with numerical discrep-
ancies between text and figures, or focusing on species 
reported as top predators but which are obligate scaven-
gers or mainly herbivorous (e.g. vultures or some bears). 
Because these initial searches found 32 articles and their 
majority focused on birds of prey or terrestrial predators 
(see Section ‘Results’), we conducted additional searches 
to ensure a comprehensive coverage, especially of non- 
raptor or aquatic taxa. For these additional searches, we 
used the following keywords identifying species or spe-
cies groups commonly perceived as top predators. (1) For 
terrestrial mammalian predators, we included (in alpha-
betical order): badger, bear, canid, caracal, carnivor*, 
cheetah, cougar, coyote, dingo, dhole, felid, fossa, fox, 
hyena, jackal, jaguar, leopard, lion, lynx, ocelot, rac-
coon, serval, ‘Tasmanian devil*’, tiger, wild cat, wild 
dog, wolf, wolverine and wolves; (2) for aquatic mamma-
lian predators: cetacean, dolphin, otter, pinniped, por-
poise, seal, ‘sea lion*’ and whale; (3) for terrestrial avian 
predators: ‘bird* of prey’, buzzard, eagle, falcon, har-
rier, hawk, kite, osprey, owl and raptor; (4) for aquatic 
avian predators: albatross, bittern, booby, boobies, cor-
morant, egret, frigatebird, gannet, gull, heron, pelican, 
petrel, seabird, shag, shearwater, skua and stork; (5) for 
reptile predators: adder, alligator, anaconda, boa, cai-
man, cobra, crocodile, dragon, gharial, goanna, mamba, 
matamata, monitor lizard, perentie, python, rattlesnake, 
‘soft- shell* turtle*’, snake, ‘snapping turtle*’ and viper; 
(6) for amphibian predators: ‘giant salamander*’; (7) 
for fish predators: arapaima, barracuda, bass, billfish, 
catfish, cod, dolphinfish, gar, grouper, halibut, muskel-
lunge, mahi- mahi, marlin, pike, predatory fish, sailfish, 
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shark, spearfish, swordfish, tigerfish, tuna and walleye. 
These taxonomically specific terms were combined with 
‘(focal species OR indicator species OR surrogate spe-
cies OR umbrella species) AND biodiversity’. These ad-
ditional searches detected one additional study available 
for analysis. Therefore, we pooled these 33 articles as an 
initial set of studies.

Meta- analysis

Unavoidably, we had to establish some criteria for in-
cluding papers in the final dataset for meta- analysis. 
Thus, we set the two following criteria to secure the 
quality of our meta- analysis. First, we dropped studies 
that did not report sample size (obligatorily necessary 
to conduct a meta- analysis) or that were based on ex-
cessively small samples (e.g. data from a single predator 
site). Second, studies on the bio- indicator function of top 
predators mainly employed one of two methodologies: 
a comparison between sites occupied by a top predator 
with randomly chosen control sites (hereafter ‘paired 
comparison’) or some form of correlation between the 
richness or abundance of top predatory species and 
biodiversity levels. Because current meta- analytical 
techniques do not allow to pool both types of tests and 
because only a minority of studies employed the cor-
relation approach (a sample insufficient to conduct a 
separate meta- analysis), we conducted the meta- analysis 
using only studies employing the paired comparison ap-
proach. However, we incorporated the excluded studies 
in a parallel ‘vote- counting’ analysis (see below). The 
above screening yielded 18 articles, 16 of them (88.9%) 
on raptors and two on other predators. The above un-
balance implied that: (1) the overall results were mainly 
driven by the patterns reported by raptor studies, given 
their preponderance; (2) the available sample was too 
low to adequately test for differences in efficacy between 
raptors and other top predatory groups. Thus, to be con-
servative, we decided to implement the meta- analysis on 
the only well- investigated group (i.e. raptors). The re-
sults remained the same even when adding the two stud-
ies on other groups (data not shown). Hereafter, we use 
the term ‘study’ to refer to all the analyses reported in a 
paper, sometimes including multiple paired comparisons 
for various top predatory species. We use the term ‘com-
parison’ to refer to the paired comparison of biodiversity 
levels between the sites occupied by a single top preda-
tory species and its paired control sites. Finally, we use 
the term ‘test’ to refer to any generalised test of the re-
lationship between the occurrence of top predators and 
biodiversity (e.g. a comparison, a correlation between 
predator richness and biodiversity, etc.). Thus, a single 
study can include multiple comparisons or multiple tests.

Meta- analysis is one of the most valuable tools for 
understanding the generalities of specific scientific 
fields (Cadotte et al.,  2012; Gurevitch et al.,  2018). In 

our meta- analysis, the dependent variable was the effect 
size of a comparison. This was expressed as the stan-
dardised mean difference in biodiversity level between 
sites occupied or not by the target predator, which was 
estimated by means of Hedges' g (Hedges & Olkin, 1985), 
as commonly implemented in meta- analytical reviews 
(Rosenberg et al., 2013). A value of Hedges' g > 0 (i.e. a 
positive effect size) indicated that sites occupied by top 
predators supported higher biodiversity than control 
sites. Vice versa, when Hedges' g < 0 (i.e. a negative effect 
size), top predator sites supported lower biodiversity than 
control sites. In general, Hedges' g can range from −∞ to 
+∞ and is intuitively interpretable as follows: |g| ≈ 0.2 indi-
cates a weak effect; |g| ≈ 0.5 indicates a medium  effect and 
|g| ≥ 0.8 indicates a large effect (Cohen, 1988; Rosenberg 
et al., 2013).

To calculate the effect size and its variance, we first 
extracted the mean value of biodiversity, its standard 
deviation (SD) and sample size for the top predator 
sites and control sites of each paired comparison. These 
three values were extracted from the text, tables, fig-
ures and supplementary materials of the selected sci-
entific articles. When necessary, we used the GetData 
Graph Digitizer version 2.24 (http://getda ta- graph - digit 
izer.com/) to extract values from figures. If measures of 
variation were expressed as variance, standard error or 
confidence interval, we converted them to SD following 
formulas in Sokal and Rohlf  (1987). When relevant in-
formation was reported only as medians or quartiles, 
we converted these to values of mean and SD following 
Luo et al. (2018) and Shi et al. (2020). Finally, because no 
measure of variation was reported for 18 comparisons 
from four scientific papers, we simulated their SD in the 
following manner: (1) we compiled the values of mean 
and SD for 59 comparisons from the 12 scientific papers 
that reported both mean and SD; (2) we divided such SD 
values by their corresponding mean (SD/mean); (3) we 
calculated the average ‘SD/mean’ ratio across all 59 com-
parisons and (4) multiplied the biodiversity value by such 
ratio in order to estimate each of the missing SDs. The 
results did not change even when doubling or halving 
these simulated SD values (data not shown).

The above procedures resulted in a sample of 77 paired 
comparisons from 16 scientific papers available for meta- 
analysis. These included multiple comparisons from the 
same study and thus from the same circumscribed study 
area, or involving the same species, and spanning a range 
of top predator species with varying levels of taxonomic 
relatedness. Therefore, to control for these potential 
sources of pseudoreplication, we used a multilevel meta- 
analytical framework that can explicitly account for 
multiple random effects when summarising effect sizes 
(Nakagawa & Santos, 2012). In particular, we tested the 
following random effects: the identifier of each paper, 
of each predator species, the phylogenetic correlation 
amongst predators and the identifier of individual effect 
size (as typical for this kind of meta- analysis, Mengersen 

http://getdata-graph-digitizer.com/
http://getdata-graph-digitizer.com/
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et al., 2013). To account for phylogenetic correlation, we 
first created a phylogenetic tree of predatory species 
using the Open Tree of Life (Hinchliff et al., 2015), and 
then, we dealt with the error by specifying the correlation 
matrix obtained from the phylogenetic tree as a random 
effect (Nakagawa & Santos, 2012). We followed Bishop 
and Nakagawa  (2021) to establish the optimal random 
structure for the model: first, we fitted an intercept- only 
multilevel meta- analytic model with all the random ef-
fects (a null model) by restricted maximum likelihood 
estimation. We then compared the corrected Akaike 
information criterion (AICc) amongst all combinations 
of random effect structures and retained the random 
structure which gave the best AICc rating. This yielded 
a most plausible model which incorporated a random ef-
fect for paper identity and one for the identity of each 
effect size. These procedures enabled us to synthesise the 
efficacy of top predators as biodiversity indicators whilst 
controlling for variation in effect size caused by different 
methodologies, regions, predatory species and the phy-
logenetic non- independence of the study taxa (Harrer 
et al., 2022; Nakagawa & Santos, 2012). We finally veri-
fied whether there was heterogeneity in effect size using 
Cochran's Q test (Hedges & Olkin, 1985).

Because we found significant heterogeneity in the 
intercept- only meta- analytic model (Q  =  1227.69, 
p < 0.0001), we separately fitted moderators that we hy-
pothesised could affect the efficacy of biodiversity in-
dication, thus establishing specific contexts affecting 
bio- indication functionality by implementing meta- 
regression models. In particular, we hypothesised that 
indicator efficacy could change with two variables: the 
body mass of the predator (continuous variable; hereaf-
ter ‘body mass’) and the strength of the ‘ecological link-
age’ between each top predator and the ‘background’ 
taxa used to estimate biodiversity (hereafter ‘ecological 
link’). This was coarsely estimated as a factor variable 
with the following three levels: (1) ‘strong link’ when 
the background taxa used for biodiversity estimation 
included key resources essential for the survival of the 
predator (e.g. avian diversity for a mainly bird- eating 
predator); (2) ‘medium link’ when the background taxa 
provided resources that were only indirectly important 
for the survival of the predator (e.g. tree diversity for a 
predator that nests in trees) and (3) ‘weak link’ when 
the background taxa did not provide key resources for 
the predator (e.g. butterfly diversity for a fish- eating 
predator). Note that this categorisation is unavoidably 
coarse, and that biodiversity components with medium 
or strong linkage were based on broad taxonomic groups 
(e.g. all birds) including a mix of species linked but also 
not linked to the predator. Information on body sizes 
and general ecological requirements was taken from 
Dunning Jr.  (2007), Ferguson- Lees and Christie  (2001) 
and König and Weick (2009).

In addition, we devised a third moderator based on 
a previous study which found that the performance of 

raptors in representing protected or wilderness areas 
changed by taxonomic group and was particularly high 
for falcons (Santangeli & Girardello,  2021). Our third 
moderator (hereafter, ‘predator group’) discriminated 
between diurnal raptors (hawks, eagles and falcons) 
versus nocturnal owls. The indicator efficacy of falcons 
could not be tested on its own because of insufficient 
sample size (see Section ‘Results’) and the above sep-
aration of diurnal versus nocturnal birds of prey fol-
lowed similar procedures by recent studies (McClure 
et al., 2018; Santangeli & Girardello, 2021). Overall, an 
effect size and the effect of a moderator were considered 
significant when their confidence intervals did not over-
lap zero.

Finally, because our meta- analysis was based on pub-
lished articles, it is important to account for potential 
publication bias (i.e. the file drawer problem, Jennions 
et al., 2013). To this end, we quantified the robustness of 
the obtained results by calculating the Fail- Safe N (FSN), 
following Rosenberg (2005). The FSN is defined as the 
number of effect sizes (in our case, the number of com-
parisons) required to reverse a statistically significant 
meta- analysis conclusion. If FSN is greater than 5N + 10 
(where N is the number of samples in a given dataset), 
the results can be considered robust (Rosenberg, 2005).

All the above analyses were implemented in R version 
4.1.1 (R Core Team, 2021), using packages ape 5.5 (Paradis 
& Schliep, 2019), meta 5.0.5 (Schwarzer, 2007), metafor 
3.0.2 (Viechtbauer,  2010) and rotl 3.0.11 (Michonneau 
et al., 2016).

Complementary vote- counting analysis

Meta- analysis unavoidably results in the exclusion of 
several papers that present further tests of the tar-
get hypothesis in non- usable forms (Koricheva & 
Gurevitch,  2013). In order to have a comprehensive, 
representative grasp of general patterns based on as 
many studies as possible, we complemented the meta- 
analysis with an evaluation of the ratio of studies that 
found support or not for the bio- indicator role of top 
predators (hereafter ‘vote- counting analysis’). This 
analytical approach is common in this sort of review, 
allowing a broader range of studies to be included and 
thus being an effective way to minimise loss of infor-
mation and increase representativeness (see Koricheva 
& Gurevitch, 2013 for several examples). To this aim, 
we first classified each study as follows: ‘positive’, when 
it supported the role of some or all tested predators as 
reliable indicators of biodiversity; and ‘negative’, when 
there was no such support. We then tested the prepon-
derance of positive or negative ratings by means of chi- 
squared tests (Sokal & Rohlf,  1987). In the analyses, 
we implemented two chi- squared tests to ensure both 
detailed and general perspectives: one focusing on the 
studies regarding well- studied taxa (i.e. raptors) used 
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in the meta- analysis and the other focusing on all the 
detected studies (i.e. any predators regardless of taxo-
nomic groups). These analyses enabled us to broaden 
the meta- analysis focused on a well- investigated preda-
tor group (i.e. raptors) and also to achieve a more gen-
eral screening of current knowledge on all taxa.

To further test the effect of potential determinants 
of indicator efficacy (as in the meta- analysis), we im-
plemented generalised linear mixed models (GLMMs, 
Zuur et al., 2009) with a comparison or correlation (i.e. 
a test) as the sample unit, ecological linkage, body mass 
and predator group as explanatory variables, and in-
dicator reliability as the dependent variable. Indicator 
reliability was a dichotomous variable coded as: ‘pos-
itive’ (value  =  1), when the predator efficacy as bio- 
indicator was reported as statistically significant in 
the original article; or ‘negative’ (value  =  0), when its 
role was not statistically significant or when the pred-
ator was significantly unreliable (e.g. lower biodiversity 
at the predator than control sites). In most cases, au-
thors reported statistical significance of their results. 
However, a few studies adopted different analytical 
approaches that did not incorporate a test of statistical 
significance. For these cases, we followed the author's 
claim regarding the efficacy of top predators as biodi-
versity indicators. As implemented in the chi- squared 
tests, we performed GLMM analyses on raptor- only 
data as well as on all available data (i.e. for any pred-
ator taxa). Information on general ecological require-
ments of predators other than raptor species was taken 
from Hunter and Barrett (2018). We did not include the 
body mass and predator group as explanatory variables 
when specifying the indicator efficacy of all predators 
as the dependent variable. This is because of the exces-
sive disparity of body masses between raptors and other 
predators and of the small sample size available for 
taxa other than raptors, respectively. Overall, the effect 
of an explanatory variable was considered significant 
when its confidence interval did not overlap zero. The 
random structure of the models was assessed by AICc- 
comparison as described for the meta- analysis, which 
resulted in paper identity as the only retained random 
effect in both models. Unlike the meta- analysis, it was 
impossible to control for phylogenetic relatedness, be-
cause many studies focused on groups of predators (e.g. 
richness of several predator species).

The above analyses were implemented in R 4.1.1 
(R Core Team,  2021) through packages AICcmodavg 
2.3.1 (Mazerolle,  2020) and lme4 1.1.27.1 (Rousset & 
Ferdy, 2014).

RESU LTS

The literature search resulted in 33 studies (153 tests) 
that verified the biodiversity indicator role of top pred-
ators. These articles covered a broad range of climatic 

regions (arid, warm temperate and snow climates, sensu 
Kottek et al., 2006), continents (Europe, Asia, Africa, 
and North and South America) and predators (38 spe-
cies and seven indices of predator richness). Most of 
these (26 studies, 78.8%) were on avian top predators 
(all on raptors, except one paper on Ciconiiformes), 
with a lower portion on mammalian carnivores (six 
studies, 18.2%) and fishes (one study, 3.0%), and none 
on amphibians or reptiles (Figure 1a). Only 18 of these 
articles employed a paired comparison approach with 
enough information for a meta- analysis. Practically all 
of them were on raptors (16 studies, 88.9%) with just 
two additional articles on other avian and mammalian 
top predators (Figure 1a). Thus, we proceeded with a 
meta- analysis focusing on raptors only (rationale in 
Methods).

When focusing exclusively on the well- researched 
group of birds of prey, data were available for 123 tests 
from 25 studies covering 27 species (and six indices of 
raptor richness) and for 77 comparisons from 16 studies 
covering 19 species. The majority of tests and compari-
sons focused on hawks, eagles or owls, with a minority 
on falcons, which were thus pooled with hawks and 
eagles in an overall category of diurnal birds of prey 
(Figure 1b). The raptor data also covered a broad range 
of climatic regions (arid, warm temperate and snow cli-
mates), continents (Europe, Asia, Africa, and North and 
South America) and taxa. Thus, whilst the number of 
studies was relatively small, most of them sampled multi-
ple species and study areas, yielding a substantial sample 
of replicates for analysis.

Meta- analysis

Effect size ranged from −1.17 to 2.92; it was positive (i.e. 
with higher biodiversity at top predator sites) for 60 
(77.9%) of the 77 paired comparisons available for meta- 
analysis, zero for 1 (1.3%) and negative for 16 (20.8%). The 
overall effect size estimated by the intercept- only meta- 
analytical model was significantly positive and large 
(Hedges' g = 0.82; Figure 2a; Table 1). In other words, on 
average, top predator sites retained higher biodiversity 
than control sites.

As there was significant heterogeneity in the 
intercept- only meta- analytic model, we proceeded to 
fit the effect of ecological link, body mass and preda-
tor group by means of meta- regression (Table 1). This 
showed that the level of ecological linkage between the 
predator and the background taxa used to estimate 
biodiversity significantly affected the variance of ef-
fect size (Figure 2b; Table 1). In particular, effect size 
was higher for medium- strong linkage than for low 
linkage levels (Figure  2b; Table  1). Thus, the perfor-
mance of top predators as biodiversity indicators was 
higher when there was at least a medium ecological 
link between the predator and background taxa. On 
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the other hand, effect size did not vary with body mass 
and predator group (Figure  2c,d; Table  1). The FSN 
was 8672, which was much larger than 5N + 10 (here, 
5 × 77 + 10 = 395) calculated for our dataset, indicating 
that the effect of publication bias was negligible.

Complementary vote- counting analysis

Of the 25 studies on raptors (based or not based on 
paired comparison designs), 80.0% supported their role 
as bio- indicators (chi- squared test, χ2 = 9.00, p = 0.0027). 
Similarly, of the 33 studies focusing on any predatory 
species regardless of taxonomic groups, 72.7% supported 
their role as bio- indicators (chi- squared test, χ2 =  6.82, 
p = 0.0090).

We implemented two types of vote- counting GLMMs 
using tests from raptor- only studies or tests from studies 
on any predator (Table 2). These GLMMs consistently 
supported the results of the meta- regression models. 
Specifically, bio- indicator efficacy was significantly 
higher for medium- to- high levels than for low levels of 
ecological linkage between the predator and the back-
ground taxa used to estimate biodiversity (Figure  3a; 
Table  2). In contrast, efficacy did not vary with body 
mass and predator group (Figure 3b,c; Table 2).

DISCUSSION

Our meta- analysis yielded two main results. First, 
on average, top predators were confirmed as reliable 

biodiversity indicators (Figure 2a). Second, their efficacy 
depended on the background taxa used for biodiversity 
monitoring and their ecological linkage to the predator 
(Figures 2b and 3a). Thus, the employment of predators 
as bio- indicators was generally justified, but should be 
implemented with appropriate awareness. Below, we dis-
cuss both of these concepts.

Top predators as bio- indicators

The support for the overall bio- indication efficacy of 
top predators was strong for several reasons. First of 
all, an unrealistically large number of effect sizes with 
opposite results would be needed to radically f lip the 
conclusion of the current meta- analysis in disfavour of 
the bio- indicator role of predators (>8600 comparisons 
in the opposite direction). Second, the vote- counting 
analyses, which allowed a broader representation of 
studies with various results, confirmed the conclusions 
of the meta- analysis. Third, current support spanned 
a wide range of bioregions, ecosystems and taxono-
mies. Fourth, the indicator efficacy of the predators 
was independent of their body size and taxonomic 
grouping, which suggests that their indicator function 
was conserved across a large range of predatory roles. 
Thus, something about an upper level trophic posi-
tion facilitated a link with broader biodiversity. There 
are several ecological reasons for expecting such link. 
These include causative mechanisms, where preda-
tors actively promote biodiversity, and non- causative 
mechanisms, in which predators may simply select or 

F I G U R E  1  (a) Percentage of studies testing the biodiversity indicator role of different classes of top predatory species by means of a paired 
comparison approach (n = 18 studies) or by any approach (n = 33 studies). (b) Percentage of tests on the efficacy of raptors as biodiversity 
indicators by means of a paired comparison approach (n = 77 tests) or by any approach (n = 113 tests).
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associate with biodiversity- rich sites. Below, we briefly 
review both mechanisms.

Causative mechanisms may be promoted by multiple 
processes (Figure  4). For example, top predators can 
limit the abundance and distribution of mesopredators 
directly through predation and interference, or indirectly 
by shaping a ‘landscape of fear’. In turn, this can provide 
enemy- free space and reduce the predation pressure by 
mesopredators on lower trophic- level species, thus facili-
tating their diversity through a trophic cascade (Byholm 
et al., 2012; Estes et al., 2011; Ritchie & Johnson, 2009). 
Second, top predators may selectively predate on certain 
dominant species, lowering their abundance, indirectly 
alleviating competitive exclusion and thus favouring 
coexistence (Greeney et al.,  2015; Lima,  2009). Third, 
top predators can act as ecosystem engineers by cre-
ating physically new environments such as large nests, 
burrows or whole ponds, which can facilitate the local 

persistence of several species (Maciorowski et al., 2021; 
Somaweera et al., 2020). Finally, top predators can func-
tion as keystone species by providing carrion for other 
taxa. Considering that carcasses are food resources for 
a multitude of species (not only obligatory scavengers) 
and play essential roles in nutrient dynamics (Barton 
et al., 2013; Moreno- Opo & Margalida, 2013), the pres-
ence of predators could increase ecosystem productivity 
and broaden the available niche space.

Similarly, there are multiple pathways by which top 
predators can be spatiotemporally associated with bio-
diversity, even without causing it (Figure  4). First, top 
predators often prefer areas with diverse landscapes 
and complex topography (e.g. Bouchet et al.,  2015; Väli 
et al.,  2020), which are typically connected with higher 
biodiversity levels (Burgess & Maron,  2016; Stein 
et al., 2014). Secondly, they are frequently umbrella spe-
cies due to their vast home ranges (Newton, 1979; Ripple 

F I G U R E  2  Mean and 95% confidence intervals (CIs) of the standardised mean difference (Hedges' g) in biodiversity level (species richness) 
between top predator and control sites, based on a meta- analysis of 77 comparisons from 16 studies. (a) Overall effect size for the intercept- only 
model. The large value of g = 0.82 indicates that top predator sites had significantly higher levels of biodiversity than control sites. (b) Bio- 
indication efficacy varied with the ecological linkage between the focal top predator and the background taxa used to estimate biodiversity. 
It was coded as a categorical factor with three levels: ‘Strong link’ when the background taxa used for biodiversity estimation included key 
resources essential for the survival of the predator (e.g. avian diversity for a mainly bird- eating predator); ‘Medium link’ when the background 
taxa provided resources that were only indirectly important for the survival of the predator (e.g. tree diversity for a predator that nests in trees) 
and ‘Weak link’ when the background taxa did not provide key resources for the predator (e.g. butterfly diversity for a fish- eating predator). 
(Panels c and d) Bio- indication efficacy did not vary with predator group and predator body mass. Predator group was coded as a dichotomous 
variable: ‘diurnal raptor’ versus ‘owl’ (i.e. nocturnal raptor). Asterisks indicate the statistically significant effects of each moderator; ‘n.s.’ 
indicate the statistically non- significant effects of each moderator. Effect sizes and the effects of moderators were regarded as statistically 
significant when their 95% CIs excluded zero.

0.
0

0.
5

1.
0

1.
5

2.
0

Categorical moderators
Overall Strong link Medium link Weak link Diurnal raptor Owl

(a)

(d)

(b) (c)*
*n.s. n.s.

0 1000 2000 3000 4000
Body mass (g)

-1
0

1
2

slope = -0.0002, n.s.

St
an

da
rd

is
ed

 m
ea

n 
di

ffe
re

nc
e 

(H
ed

ge
s'

g)
 ±

 9
5%

 C
I



   | 2069NATSUKAWA aNd SERGIO

et al., 2014), which usually implies the availability of large 
habitat extents, conducive to higher biodiversity through 
the species- area relationship (Rosenzweig, 1995). Third, 
their presence can be a reliable sentinel of ecosystem 
health (i.e. health indicators), because of their susceptibil-
ity to chemical pollution (e.g. pesticides), habitat loss and 
degradation (e.g. agricultural intensification and logging) 
and human disturbance (McClure et al.,  2018; Ripple 
et al.,  2014; Sévêque et al.,  2020). These anthropogenic 
stressors are likely to simultaneously depress broader 
biodiversity (Bonebrake et al., 2019; Tilman et al., 2017). 
Finally, most predators are not strict food specialists 
(Valkama et al.,  2005; Wolf & Ripple,  2016) and thus 
depend for their long- term persistence on viable popula-
tions of multiple prey species, which in turn will depend 
on their own persistence on numerous other species. As a 
consequence, the presence of a top predator may signpost 
the existence of such complex, ramified and thus more 
diverse food webs (i.e. a form of bottom- up effect).

Overall, when predators are tied to biodiversity, this 
is likely to be triggered by a mix of causative and non- 
causative agents (Figure  4). For example, the northern 
goshawk (Accipiter gentilis; hereafter goshawk) is a rap-
tor typical of mature forest that often preys preferentially 
on birds and can be associated with high avian and tree 
diversity (e.g. Burgas et al., 2014; Natsukawa, 2020, 2021; 
Natsukawa et al., 2021; Sergio et al., 2005). Whilst there 
is supporting evidence on the capacity of this species to 
impose causative changes in avian diversity (Burgas 
et al., 2021), it is difficult to hypothesise a causative link 
with tree diversity, more likely ascribed to habitat selection 
strategies. Similarly, other raptors such as the golden eagle 
(Aquila chrysaetos), Eurasian eagle- owl (Bubo bubo), tawny 
owl (Strix aluco) and Ural owl (Strix uralensis) may trig-
ger trophic cascades by limiting lower trophic level con-
sumers or creating a ‘landscape of fear’ (Lyly et al., 2016; 

TA B L E  1  Multilevel meta- regression models testing the 
biodiversity indicator function of top predators and the factors 
that may moderate such role. The dependent variable is the effect 
size (Hedges' g) of a comparison between sites occupied or not by 
a top predator, where positive values imply that the sites occupied 
by the predator hold higher biodiversity levels than control sites. 
The ecological link was coded as a categorical factor with three 
levels: ‘Strong link’ when the background taxa used for biodiversity 
estimation included key resources essential for the survival of the 
predator (e.g. avian diversity for a mainly bird- eating predator); 
‘Medium link’ when the background taxa provided resources that 
were only indirectly important for the survival of the predator (e.g. 
tree diversity for a predator that nests in trees) and ‘Weak link’ when 
the background taxa did not provide key resources for the predator 
(e.g. butterfly diversity for a fish- eating predator). Predator group 
was coded as a dichotomous value: ‘diurnal raptor’ versus ‘owl’ (i.e. 
nocturnal raptor)

Model and variable 
(sample size) Estimate LCIa UCIb

Intercept model (77)

Intercept 0.820 0.378 1.262

Ecological link model (77)

Intercept 0.411 −0.070 0.892

Medium link (reference 
level = ‘Weak link’)

0.506 0.166 0.847

Strong link (reference 
level = ‘Weak link’)

0.896 0.455 1.336

Predator group model (77)

Intercept 0.837 0.322 1.353

Predator group 
(reference 
level = ‘Owl’)

−0.031 −0.489 0.428

Body mass model (77)

Intercept 1.100 0.544 1.655

Body mass −0.0002 −0.0005 0.0001

aLower 95% confidence interval.
bUpper 95% confidence interval.

TA B L E  2  Generalised linear mixed models testing the effect of 
the factors that may moderate the biodiversity indicator function of 
top predators. The dependent variable is whether a test (comparisons 
or correlations from published studies) found support (value = 1) or 
not (value = 0) for the biodiversity indicator function of top predators 
(see Methods). The ecological link was coded as a categorical factor 
with three levels: ‘Strong link’ when the background taxa used for 
biodiversity estimation included key resources essential for the 
survival of the predator (e.g. avian diversity for a mainly bird- eating 
predator); ‘Medium link’ when the background taxa provided 
resources that were only indirectly important for the survival of the 
predator (e.g. tree diversity for a predator that nests in trees) and 
‘Weak link’ when the background taxa did not provide key resources 
for the predator (e.g. butterfly diversity for a fish- eating predator). 
Predator group was coded as a dichotomous value: ‘diurnal raptor’ 
versus ‘owl’ (i.e. nocturnal raptor)

Model and variable 
(sample size) Estimate LCIa UCIb

Ecological link model for raptors (123)

Intercept −0.821 −2.340 0.698

Medium link (reference 
level = ‘Weak link’)

2.056 0.411 3.701

Strong link (reference 
level = ‘Weak link’)

2.438 0.440 4.435

Ecological link model for any predators (153)

Intercept −1.043 −2.330 0.243

Medium link (reference 
level = ‘Weak link’)

2.045 0.643 3.447

Strong link (reference 
level = ‘Weak link’)

2.295 0.585 4.006

Predator group model (121)

Intercept 0.908 −0.269 2.085

Predator group 
(reference 
level = ‘Owl’)

−0.581 −2.016 0.855

Body mass model (113)

Intercept 0.704 −0.505 1.913

Body mass −0.0003 −0.0009 0.0004

aLower 95% confidence interval.
bUpper 95% confidence interval.
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Murano et al.,  2019; Sergio et al.,  2007, 2009). However, 
their demonstrated linkage with biodiversity (Burgas 
et al.,  2014; Sergio et al.,  2004, 2009; Sergio, Newton, & 
Marchesi, 2008) includes biodiversity components that are 
too ‘remote’ from the predator to conceive a causal rela-
tionship (e.g. tree diversity). All the above suggests that 
predators could contribute to higher biodiversity, but also 
depend on it for their own persistence.

Top predators and the diversity of taxa 
‘ecologically distant’ from the predator

Bio- indicator efficacy was high when the taxa em-
ployed to estimate background biodiversity had a me-
dium to strong ecological connection with the predator 

(Figures  2b and 3a), for example, when these taxa in-
cluded prey species (e.g. avian diversity for a predator 
whose diet includes birds) or provided other key re-
sources (e.g. tree diversity for a predator that builds nests 
on trees). On the other hand, indicator efficacy declined 
when the taxa used for background biodiversity estima-
tion were more ecologically distant from the predator 
(e.g. butterfly diversity for a fish- eating predator). This 
result is very interesting, may explain the inconsistency 
of past results on indicator efficacy (see below) and helps 
us to understand how (rather than why) top predators 
could be employed as bio- indicators.

Ideally, a bio- indicator should report on the whole of 
biodiversity. However, such expectation may be unrealis-
tic, because all species will have requirements that may be 
shared with some species but not with others (Caro, 2010). 

F I G U R E  3  Probability that a top predator is reported as a reliable biodiversity indicator and its 95% confidence intervals (CIs) in relation 
to ecological link, predator group and body mass, as estimated by generalised linear mixed model analysis. The black circles and regression line 
refer to raptor- only tests, whilst the hollow circles refer to tests on all (raptor and non- raptor) predatory taxa. (a) Bio- indication efficacy varied 
with the ecological linkage between the focal top predator and the background taxa used to estimate biodiversity both when using raptor- only 
data (n = 123 tests from 25 studies) and when using all predatory taxa (n = 153 tests from 33 studies). The ecological link was a categorical factor 
with three levels: ‘Strong link’ when the background taxa used for biodiversity estimation included key resources essential for the survival of 
the predator (e.g. avian diversity for a mainly bird- eating predator); ‘Medium link’ when the background taxa provided resources that were only 
indirectly important for the survival of the predator (e.g. tree diversity for a predator that nests in trees) and ‘Weak link’ when the background 
taxa did not provide key resources for the predator (e.g. butterfly diversity for a fish- eating predator). (b, c) Bio- indication efficacy did not 
vary by predator group (n = 121 tests from 24 studies) and predator body mass (n = 113 tests from 21 studies). Predator group was coded as a 
dichotomous value: ‘diurnal raptor’ versus ‘owl’ (i.e. nocturnal raptor). Asterisks indicate the statistically significant effects of each explanatory 
variable; ‘n.s.’ indicate the statistically non-significant effects of each explanatory variable. The effects of explanatory variables were regarded 
as statistically significant when their 95% CIs excluded zero.
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Similarly, all species will have stronger connections with 
some components of an ecosystem than with others 
(Schmitz et al., 2004). Thus, for any indicator species, it 
is plausible to expect a decline in indication efficacy as 
we progressively broaden the range of background taxa 
towards biotic components of the ecosystem that are 
more ‘remote’ from the focal species. For example, few 

biologists would expect a priori a fish- eating predator 
to indicate high forest fungi diversity. In this context, 
rather than expecting to find the unlikely, ‘ultimate’ 
bio- indicator capable to portray the whole of biodiver-
sity, we should look for indicators that are as well- tied as 
possible to as broad as possible biodiversity components. 
In this sense, top predators functioned well as overall 

F I G U R E  4  Potential mechanisms that mediate the biodiversity indicator role of top predators. Top predators may contribute to cause high 
biodiversity or be associated with high biodiversity levels through non- causative mechanisms. For many predators, their bio- indicator role 
is likely to be generated by a mix of causative and non- causative factors. In this example, the northern goshawk (Accipiter gentilis; goshawk) 
has been repeatedly shown to signpost high biodiversity value of its supporting forest ecosystem (Burgas et al., 2014; Natsukawa, 2020, 2021; 
Natsukawa et al., 2021; Sergio et al., 2005), as here portrayed by interspersion of closed forest and glades, mix of coniferous and deciduous tree 
species, co- occurrence of multiple understory and regeneration layers, presence of dead wood covered by moss on the forest floor, all of which 
provide diversified niches for multiple taxa (e.g. large anthill in the background). Goshawks have been shown to limit the populations of smaller 
mesopredators (Björklund et al., 2016; Rebollo et al., 2017), sometimes drawing them to full extinction (Sergio et al., 2001), which may trigger 
trophic cascades and alter competitive relations (e.g. Møller et al., 2012), thus facilitating higher biodiversity (Burgas et al., 2021). Furthermore, 
each goshawk pair typically builds multiple large nests (Kenward, 2006), which may function as useful structures for many other species 
(Maciorowski et al., 2021), thus reinforcing the keystone and ecological engineer role of this species. Simultaneously, goshawks can be limited 
bottom- up by their prey populations (Tornberg et al., 2006, 2013) and prefer mature, diversified forests that may be already biodiversity rich by 
themselves and independently of goshawk presence (Björklund et al., 2020; Burgas et al., 2014). Photo credit: Fabrizio Sergio.
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bio- indicators when averaged across all levels of ecologi-
cal link with background taxa. Also, note that the back-
ground taxa classified as medium to strongly linked to the 
predator included broad, taxonomically rich groups, with 
a very large share of species that were actually not eco-
logically connected to the predator. For example, when 
goshawks or black kites (Milvus migrans) were reported 
to indicate high avian or fish diversity (Burgas et al., 2014; 
Natsukawa, 2020; Sergio et al., 2003, 2005), these diversi-
ties incorporated high numbers of species that were never 
actually preyed upon by these raptors, not just high num-
bers of direct prey. In this scenario, the test of efficacy 
performance with increasing ecological distance should 
be taken as very conservative and placed in the context 
of our unavoidably coarse categorisation of ecological 
linkage. At the same time, we were keen to include such 
test in order to stress the importance of being aware that 
there are limits to what top predators, like any group, can 
indicate. This has important implications for conserva-
tion, detailed below. Finally, the linkage between a pred-
ator's main ecological requirements and the components 
of biodiversity that it may best indicate may contribute to 
explain some of the inconsistencies in bio- indication ef-
ficacy found in past studies. For example, if background 
biodiversity in a conservation project is measured as 
avian richness, a bird- eating predator would function as 
a better bio- indicator than, say, a mammal- eating pred-
ator, given its tighter ecological linkage with that target 
biodiversity component. This may explain some of the 
controversies found in past tests of the hypothesis.

Implications for conservation

To date, the usefulness of top predators has been the 
subject of debate, with polarised positions based on a 
priori opinions and sentiments or on localised studies, 
rather than comprehensive, quantitative evidence (Sergio, 
Newton, & Marchesi,  2008 and references therein). 
Current evidence confirms top predators as good can-
didates for biodiversity monitoring and prioritisation. 
However, like any tool, they should be used with proper 
acknowledgement of their limits. First of all, the employ-
ment of top predators should not be considered as a pana-
cea for biodiversity prioritisation, an alert that has been 
repeated many times (e.g. Natsukawa, 2021; Natsukawa 
et al., 2021; Sergio et al., 2006; Sergio, Caro, et al., 2008). 
Second, just as with any indicator, the link with biodiver-
sity should be tested whenever possible, rather than as-
sumed blindly a priori. Third, and again similarly to any 
other indicator species or group, top predators cannot 
automatically signpost everything. Conservation practi-
tioners should be aware of which broad components of 
biodiversity each predator could be preferentially tied to, 
and consider whether such linkage serves well the objec-
tives of their conservation programme. Ideally, they could 
complement top predators with other indicator taxa that 

perform as well as predators but are tied to different 
components of the ecosystem. Fourth, priority should 
be given to predators with suspected or proven causative 
links to biodiversity components, as such linkage may be 
obviously stronger than a correlative association. All the 
above would benefit from conservation practitioners that 
are also good naturalists capable of identifying good sets 
of candidate bio- indicators, well adapted to the local eco-
system and to the local targets of conservation action.

Ultimately, top predators will unavoidably continue 
to be a major focus of conservation programmes, due to 
their rareness, endangered status, fascination for the gen-
eral public and flagship potential. These charismatic spe-
cies can raise substantial funds for conservation (Ripple 
et al., 2016; Sergio, Caro, et al., 2008) but can also be very 
expensive to manage (Yang et al.,  2013), thus diverting 
resources that could be devoted to broader ecosystem 
targets in an era of generalised biodiversity loss (Ford 
et al., 2017). Ensuring that predator- based conservation 
has clear repercussions for broader biodiversity preser-
vation would help to reconcile such contradictions. The 
current meta- analysis suggests that this may often be so, 
but that such connection should be ideally confirmed on 
a case- by- case basis.

Where do we go from here?

A large enough number of studies have accumulated to 
enable a first quantitative evaluation of the role of top 
predators as bio- indicators. This review confirms that top 
predators are tightly linked to higher biodiversity value 
and simultaneously sets realistic limits to the broadness 
of such link. Whilst this allows us to gain a first synthesis 
of the utility and limitations of the predator- biodiversity 
connection, some areas remain obscure.

In particular, our review outlined a disconcerting pau-
city of tests on taxa other than birds of prey. The scarcity 
of studies on well- researched groups such as terrestrial 
carnivores or marine top predators is particularly per-
plexing, given the high research and management in-
vestment on these groups, and in dire need of improved 
future coverage. Furthermore, the studies on non- raptor 
taxa used such a wide array of disparate methodologies 
that it was impossible to pool them into a single quantita-
tive assessment and draw a cross- taxonomic conclusion 
or comparison. Additionally, even in well- investigated 
predators such as raptors, some taxonomic groups were 
much more investigated than others. This prevented in- 
depth testing of the efficacy of certain groups, such as 
falcons, which were found to perform well in previous 
evaluations (Santangeli & Girardello, 2021). Thus, future 
studies should aim to fill the above gap by increasing 
taxonomic representativeness and employing study de-
signs which allow the implementation of meta- analytical 
techniques, such as the comparison of sites occupied by 
predators with random ones. The accumulation of such 
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studies will enable an updated analysis of more general 
applicability.

There is also a need for further research on the de-
terminants of bio- indication efficacy. For instance, some 
studies suggested that the spatial scale of censused areas 
in surveying the background taxa used to estimate bio-
diversity might affect the efficacy of biodiversity indi-
cation (Burgas et al., 2014; Wiens et al., 2008). However, 
owing to the highly different census methodologies used 
in each of the compiled studies, we could not integrate 
information on spatial scale, precluding quantitative 
testing of this hypothesis. This reinforces the need for 
standardised study designs compatible with those of pre-
vious studies and amenable to meta- analysis. Increased 
knowledge on spatial- scale effects would allow us to 
better identify the conditions conducive to effective bio- 
indication, leading to an improved capability to identify 
when, where and how to best employ a predator for a 
specific conservation target.
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