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ABSTRACT

Predators relying on a particular prey as their main food resource are especially susceptible to fluctuation
in prey availability. When prey abundance decreases they show a functional response by adjusting their
diet. After this, predators may suffer a numerical response. These responses have been poorly studied in
presence of alien invasive preys. The black-chested buzzard-eagle (Geranoaetus melanoleucus) is a large
raptor inhabiting open areas of South America. Here we present the first long-term study on this eagle
population tendency, analyzing functional and numerical responses associated with changes in the abun-
dance of the exotic European hare (Lepus europaeus). We measured breeding performance and studied
eagles’ diet during the breeding seasons of 1991, 1992, 2006, 2011 and 2012. We also estimated the rel-
ative abundance of hares in those years. Eagles diets changed over the years with a decrease in hare con-
sumption. The number of eagles decreased from 1992 to less than half in 2012. Forty one percent of the
total eagles observed in 1991/92, and 27% in 2006 were immature, while in 2011 and 2012 no immature
were observed. We found similar tendencies of decrease in the abundance of hares which suggest that the
decrease in eagles population may be related with the decreasing tendency of hares. No other factor that
may have affected immature eagles abundance was evident in the area during this period. Our data sug-
gest that changes in the abundance of an exotic lagomorph may lead numerical and functional responses
in a top predator by affecting its diet, age structure, and ultimately abundance.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(Angelstam et al., 1984), predators may adapt their diet according
to fluctuations in the abundance of their main preys. When this

Predators that rely on a particular prey as their main food
source may be affected in different ways according to shifts in
the abundance of such prey (Jaksi¢, 1989; Marti et al.,, 1993;
Dupuy et al., 2009). Generally, when the abundance of the most
consumed prey decreases predators show a functional response
adjusting their diet. According with the alternative prey hypothesis
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functional response fails to compensate the shortage of resources,
a numerical response may take place altering different population
parameters (Solomon, 1949; Redpath and Thirgood, 1999). For
instance, predators that relied on native European rabbits (Orycto-
lagus cuniculus) in Spain suffered significant changes when an out-
break of the rabbit hemorrhagic disease (RHD) reduced rabbits
population in the early 1980’s (Moreno et al., 2008; Lees and
Bell, 2008; Moleon et al., 2009). Most predators changed their diets
to cope with the lack of prey (Fernandez, 1993; Mole6n et al., 2009,
2012). The decrease of rabbits reduced the breeding performance
of some species (Fernandez, 1993), and produced the loss of breed-
ing territories (Martinez and Zuberogoitia, 2001).

A large number of foreign species have been introduced in
many ecosystems worldwide, causing impacts of different magni-
tudes (Vitousek et al., 1996; Lowe et al., 2000). Some of these alien
species adapted fast to their new environments becoming primary
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prey for the native predators of the invaded community (Tylianakis
et al., 2008). When a new prey decreases, this may impact native
predators’ assemblages that currently rely on it strongly (Tablado
et al., 2010).

In Patagonia, southern South America, the food source for the
predator assemblage has been modified in the last century by
the introduction the European hare (Lepus europaeus). It consti-
tutes an abundant, relatively easy to hunt and rich in biomass
prey for the medium-to-large sized carnivore assemblage extant
in Patagonia. It was introduced in 1888 and by 1980 it was
already present in most of the Argentinean territory (Grigera
and Rapoport, 1983). Currently hares are consumed by several
Patagonian raptors (Hiraldo et al., 1995; Monserrat et al., 2005;
Lambertucci et al., 2009; Barbar et al., 2016a,b), as well as other
terrestrial predators (Novaro et al.,, 2000). However, there are
almost no studies evaluating the long-term effect of the hare pop-
ulation fluctuations on the predator populations from South
America.

One of the predators that strongly feed on the European hare is
the black-chested buzzard-eagle (Geranoaetus melanoleucus,
hereafter “eagle”, Hiraldo et al., 1995). This is a large raptor that
inhabits open areas from Venezuela to southern Argentina
(Ferguson-Lees and Christie, 2001). In Patagonia it presents one
of the highest densities of breeding territories for any eagle species
(Hiraldo et al., 1995; Barbar et al., 2018). It is a generalist that con-
sumes small mammals, birds, reptiles and arthropods. The Euro-
pean hare is the most important item consumed in northwestern
Patagonia by both territory holding adults and non-reproductive
immatures. Furthermore, immature eagles select patches where
the density of hares is particularly high (Bustamante et al., 1997).

Here we evaluate how eagles respond to decreases in the pop-
ulation of the introduced hare, and if this response is similar to
that of native predators when their native most important prey
decrease in other systems. We hypothesized that the response
of a predator before fluctuations of an established alien species
will be similar to that shown by native predators and preys that
had evolved together. We predict that a decrease in hare abun-
dance will produce different effects on eagle’s population depend-
ing on the intensity of the decrease. First, we expect a decrease in
the consumption of hares by the eagles when hares are less abun-
dant. Then we expect a numeric response (Rohner, 1996), as fol-
low: 1) as immature eagles are not attached to a territory, we
expect a change in age structure of the local population, with less
immature when hares are scarce, 2) a decrease in the breeding
performance, with lower numbers of pairs attempting to breed
and/or an increased nestling mortality, and 3) ultimately, a reduc-
tion of the adult abundances with its consequent loss of breeding
territories.

2. Methods
2.1. Study area

We worked in the northwest of Patagonia, Argentina (ca.
39° 57" S; 71° 05’ W). The landscape consists of extensive steppe
plains with mountain slopes, abundant rocky outcrops used by this
and other raptors (e.g., Lambertucci et al., 2008), and bottom val-
leys with rivers and wet meadows. Vegetation consists in a hetero-
geneous matrix dominated by grass (Poa sp., and species from
the Stipae tribe like Pappostipa speciosa) and cushions shrubs
(Mullinum spinosum), with scattered shrubs (Chacaya trinervis,
Berberis darwinii and Schinus molle) and some disperse trees
(Maytenus boaria and Austrosedrus chilensis). The weather is cold
and dry, with a mean temperature of 6 °C and rainfall of around
500 mm (Leon et al., 1998; Oyrazabal et al., 2018).

2.2. Nest locations and breeding performance

We surveyed an area of approximately 11,309 Km? during the
austral breeding seasons (September-February) of 1991, 1992,
2011 and 2012. The years refer to the reproductive seasons that
start in September. We used the data for the breeding seasons that
started in September of 1991 and in September of 1992 pooled
(from here 1991/92) to calculate territory density, NND, and the
breeding parameters (as well as for the food habits, see below).
We did this since that data from the historical samples come from
Hiraldo et al. (1995) and there it has not been discriminated by the
year. Surveys were made from vehicle in both main and secondary
roads using binoculars and spotting scopes. We recorded the loca-
tion of territories with a Global Positioning System (GPS) and used
this information to calculate the density of territories and the
Nearest Neighbor Distance (NND; Barbar et al., 2018). We com-
pared density of territories and NND in a sub-area of 415 Km? in
which the sampling effort regardless to the search of active nests
was equal. This sub-area corresponds to the one referred as
“plains” in Hiraldo et al (1995). For the rest of analyses we included
data from all the territories found. We defined a territory as occu-
pied whenever we observed adults defending nests on a cliff, and
active when we observed breeding behavior by the adults (nest
defense and maintenance).

To evaluate eagles breeding performance, each territory was
visited twice, once during the early stage of the breeding period
and another one when chicks where 3-4 weeks old. We considered
that a pair was successful when at least one chick reached 40 days
of age. We calculated productivity as the mean of chick per pair,
per year.

2.3. Food habits

To study breeding eagles food habits we collected pellets under
the surveyed nests and nearby perches within territories during
the breeding seasons of 1991, 1992, 2006 and 2011. As in the for-
mer section, data for the breeding seasons of 1991 and 1992 was
taken from the pooled information coming from Hiraldo et al.
(1995), so it is referred as 1991/92 from now on. We removed pel-
lets present at each site before our sampling period starts to avoid
counting preys consumed previously. Pellets were dried and sepa-
rated apart in the lab. Bones contained in the pellets were identi-
fied using reference collections and a mammal skull key
(Pearson, 1995). When no bones were found, hair remains were
identified by using the keys of Chehébar and Martin (1989). We
counted each prey in pellets as one individual unless we found evi-
dence of more than one individual (e.g., more than one skull in the
same pellet).

Pellet analysis to study raptors diet have some limitations such
as the inability to estimate prey age and the tendency to over-
represent mammalian and under-represent avian composition
(Redpath et al., 2001; Marti et al., 2007). It also has special quantifi-
cation problems when prey are large and consumed over several
meals when compared with other techniques like direct observa-
tion or counting prey remains under nests (Marti et al., 2007).
However this technique allows comparing the diet spatially and
temporally, in large areas with a simple comparative method.
Moreover, pellet analysis has been used to study raptors diet
worldwide (e.g., Resano-Mayor et al., 2015) including this species
(Hiraldo et al., 1995; Bustamante et al., 1997; Trejo et al., 2006).

We present the data as frequency of appearance for each prey
category (i.e., number of pellets in which each category was found),
and as percentage of pairs in which the category is consumed. To
compare the shift in the diet over the years, we constructed a
web of interactions with the proportion of each prey consumed,
in every territory and each year. However, as the number of
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territories varied between years, we used the nine territories that
where occupied in all sampling periods to avoid a sample size bias.

2.4. Eagle and hare abundance

To estimate eagles abundances we performed point counts at
21 locations close to roads during the late nestling season before
fledges left the nest. The 21 points were included in 24 points orig-
inally selected in 1992 by Bustamante et al. (1997), from which 12
were located less than 2 km away from nearest active nest, and 12
more than 2 km away from nearest nest at that time. All points
were more than 2 km apart from each other (see Bustamante
et al.,, 1997). At each point we conducted two 30 min counts for
the breeding seasons of 1992, 2006, 2011 and 2012, one in the
morning (between 08:00 and 11:00 hs) and the other in the after-
noon (between 16:00 and 19:00 hs) on different days. Observa-
tions were made by one observer. We recorded the number of
contacts with eagles and the age class of individuals. Adult and
immature were differentiated since adults are white and grey
while immature are mostly brown (Ferguson-Lees and Christie,
2001). Then we added all contacts at a given point during the
morning count with those contacts made at the same point during
the evening count. In addition in 2011 we visited the communal
roost found by Hiraldo et al. (1995) and Bustamante et al. (1997)
to check if they were still being used by immature eagles.

We performed a 30 min foot transect to count hares in order to
estimate relative abundance at the 21 count points following the
methodology used by Bustamante et al. (1997). Transects to count
hares were made between 19:00 hs and 21:00 hs by one observer
walking at a consistent speed through the predominant environ-
ment of the area.

2.5. Statistical analysis

We evaluated how the intensity of consumption of different
preys varied over the years using an interaction web. The graphical
web representations were made with “bipartite” package on R-
statistical software (Dormann et al., 2008; R Development Core
and Team, 2012). To analyze the changes in hare and eagles abun-
dances over the years we used Generalized Linear Mixed Models
(GLMM). As all response variables are counts we used a Poisson
distribution of the errors. We performed individual GLMM’s to
assess the relationship between hares, total eagle (adults + imma
ture), adult and immature eagles’ abundances using the different
years as explanatory variable. Site and hares abundance (this last
just for the models of eagles abundances) were included as random
effects. We also used GLMMs to assess the total eagle, adult and
immature eagles’ abundances with the abundance of hares as
explanatory variable; using as random effects the site and year.
We used Poisson distribution and checked for overdispersion in

Table 1

our data. However, none of the ratios between the residuals of
the variance and the residuals of the degrees of freedom differed
from 1, thus evidencing that our data were not affected by overdis-
persion (Harrison, 2014). Analyses were done with “Ime4” package
in R-statistical software (Bates et al., 2015; R Development Core
and Team, 2012).

3. Results
3.1. Food habits

In 1991/92 we collected 1097 pellets from 26 territories, in
2006 228 from 12 territories, and in 2011 96 from 9 territories.
Hares represented 58.29% of the diet in 1991/92, 51.36% in 2006,
and 41.26% in 2011 (Table 1). We were able to collect pellets for
all years in the same 9 territories in 1991/92, 2006 and 2011.
Therefore, we used those territories to make comparisons between
years to avoid biases due to the differences in sampling size. Inter-
action links between territories and prey items varied over the
years, with a reduction of 17% in the consumption of hares
between 1991/92 and the formation of new links in 2006 and
2011 with the arrival or increase in numbers of European rabbits
(Oryctolagus cuniculus) and the red deer (Cervus elaphus, Fig. 1).

3.2. Breeding attempts and breeding performance

Density of territories and the NND remained relatively constant
over the different periods. The percentage of pairs that attempted
to breed was also similar between different periods. The percent-
age of pairs that successfully raised at least one fledgling was low-
est in 2011, while the highest value was recorded for 2012. The
main productivity per active pair was also lowest in 2011 (Table 2).
In 1991/92 and 2012 every active pairs successfully raised at least
one chick. Meanwhile, in 2011 just the 54.5% of active pairs were
successful.

3.3. Relationship between eagle and hare abundance

The abundance of hares decreased over the years, as well as the
total abundance of eagles (Table 3). There was a significant
decrease of hares as well as immature eagles over the years
(Table 3). There was a positive relationship between the abun-
dance of adult eagles and the abundance of hares. This pattern of
decreasing abundances over the years is evident when comparing
the abundance of eagles and with the abundance of hares
(Fig. 1). Overall, the total abundance of eagles decreased over time
but this is mainly driven by the decrease in immature eagles
(Table 3; Fig. 2). We found no activity in 2011 in the communal
roosts found by Hiraldo et al. (1995) and Bustamante et al.
(1997) in 1991.

Black-chested buzzard-eagle diet in Northwestern Patagonia during the breeding seasons of 1991/92 (26 territories, 1097 pellets), 2006 (12 territories, 228 pellets) and 2011

(nine territories, 96 pellets).

Species 1991/92 2006 2011
Frequency of Percentage of Frequency of Percentage of Frequency of Percentage of
appearance pairs appearance pairs appearance pairs
Mammals
Lepus europaeus 58.29 100 51.36 100 41.26 100
Oryctolagus 0 0 13.21 38 233 22
cuniculus
Rodents 19.16 85 25.85 72 30.3 22
Other mammals 3.36 40 11.46 30 30 33
Birds 16.43 100 31.2 100 35.16 100
Reptiles 1.84 40 1.38 25 1.56 22
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Fig. 1. Trophic interactions of nine territories of black-chested buzzard-eagles during the breeding seasons of 1991/92 (1992), 2006 and 2011. The sizes of boxes represent
the percentage of the diet in each year, for every territory. Thickness of interaction lines between each territory and the different prey items represents the strength of each
predator prey interaction. The two exotic lagomorphs are in brown boxes.

Table 2

Density of active territories and breeding parameters for the black-chested buzzard-eagle in northwestern Patagonia during 1991/92, 2011 and 2012. Values show the density of
territories, the mean Nearest Neighbor Distance (NND). The percentage of pairs that attempted to breed, percentage of successful pairs (that raised at least one fledgling) and the
productivity for active pairs for each period.

Period Density of territories Mean NND (m) Percentage of pairs Percentage of Active pairs main
that attempted to breed successful pairs productivity (chicks/pair/year)
1991/92 1 pair/13.2 km? 2081 (SD = 916, range 900-3900, N = 17) 64.3 (N = 43) 62.8 (N = 43) 1.1
2011 1 pair/15.5 km? 2806 (SD = 1888, range 593-7143, N = 10) 64.7 (N =17) 353 (N=17) 0.5
2012 1 pair/15.5 km? 2806 (SD = 1888, range 593-7143, N = 10) 60.7 (N = 14) 78.6 (N = 14) 13
Table 3

Generalized Linear Mixed Models for European hare and black-chested buzzard-eagles abundances over the years. Models tested the effects of the years over hares and eagles
abundances, and the effect of hares’ abundance over eagles abundance.

Modeled variable Fixed effects Estimate (+S.E.) p Random variables
Hare abundance Year —0.07 (x0.19) <0.01 Site

Total eagle abundance Year —0.02 (+0.01) n.s. Site, hare abundance
Adult eagle abundance —0.01 (x0.01) n.s.

Immature eagle abundance —0.15 (£0.03) <0.01

Total eagle abundance Hare abundance 0.13 (£0.05) 0.01 Site, year

Adult eagle abundance 0.11 (+0.06) 0.01

Immature eagle abundance 0.12 (£0.12) n.s.
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Fig. 2. Abundance of adult and immature black-chested buzzard-eagles, abundance of European hares and number of sites with hares in the years 1992, 2006, 2011 and 2012.

4. Discussion

We found an apparent reduction in hare consumption by eagles
over time suggesting that a functional response may have taken
place. This is reflected in a decrease in frequency of occurrence of
hares in the diet, but is more evident in the reduction of strength
of interaction links in the diets of each territory (Fig. 2). However,
in 2006 and 2011, it seems that there was a replacement of hares
by rabbits. There was also a sustained consumption of carrion
(large mammals that cannot be hunted by the eagle) through time,
which was more intense in 2011 possibly as a response to a
decrease of their main prey availability. The difference in sample
size between the years (especially between 1991/92 and 2011)
was a consequence of the lack of pellets in the territories in the
later years. The season of 2011 was the one with the lowest abun-
dance of hares we recorded, so it is possible that eagles may have
had to move larger distances to forage and therefore pellets were
no longer concentrated nearby nests as in 1991/92, when hares
were more abundant. The Spanish Imperial eagle (Aquila adalberti)
which is considered a specialist in catching rabbits showed a sim-
ilar response we found with the black-chested Buzzard-eagles,
when the RHD affected rabbits in the 80’s (Sanchez et al., 2009).

Paired with the apparent decrease in hare consumption over the
years, we found a decrease in the abundance of immature suggest-
ing a numerical response, affecting population age structure. The
abundance of immature birds decreased over the years while
adults remained constant. Furthermore, in 2011 we visited the
places that were used as communal roosts by immature individu-
als in 1991/92 (Hiraldo et al., 1995), but we found no eagles nor
any evidence suggesting any kind of use (i.e. pellets or feathers).
This could be because adults took advantage of other exotic alter-
native preys as rabbit and they scavenge on large mammals. These

responses differ from those shown by other raptors which drasti-
cally decrease the numbers of adults when their main prey became
scare. For instance, around half of the breeding territories of the
eagle owl (Bubo bubo) in the Iberian Peninsula where lost in two
consecutive seasons when the RHD strongly diminished the abun-
dance of rabbits (Martinez and Zuberogoitia, 2001). However, a
generalist species as the black kite (Milvus milvus) had shown sim-
ilar responses as eagles, since breeding parameters decreased, but
not adult density (Vifiuela and Veiga, 1992).

Immature and adult eagles differ in their patterns of habitat
selection. Immature may have more freedom of movement and
can adjust their spatial distribution according to density of their
main prey (Bustamante et al., 1997), while adults behave as central
place foragers and are attached to their territory. Our results sug-
gest that this pattern maybe evident also at a time scale, with
immature present only in periods when hares were abundant. On
the other hand adults remained in the area tolerating changes in
hare abundance. It seems that adults are more tolerant to a short-
age of prey in order to maintain their territory. Non territorial
immature could select patches where preys are abundant and
abandon these areas. This pattern was found in raptors from the
Northern Hemisphere as the great horned owls (Bubo virginianus)
in which immature non-territorial members of the population
coexist with territorial breeding adults, while the abundance of
snowshoe hares (Lepus americanus) was high. When hares abun-
dance decreased, adults remained in their territory while imma-
ture abundance decreased (Rohner, 1996).

The decrease in immature abundance could be due to an
increase of mortality or because they are moving to areas with
more prey. If an increased mortality is the case, the area may be
working as an ecological sink in which case recruitment is limited
and the population is maintained due to the arrival of individuals
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from other areas. However, raptors use to move long distances dur-
ing the natal dispersal period (Penteriani and Delgado, 2009).
Eagles reach maturity at 4-5 years of age, therefore they have a
long natal dispersal period in which they could move and establish
somewhere else. Dispersal of immature individuals may also be a
consequence of increased intra-specific competition with adults
associated to the shortage of prey (Bustamante and Hiraldo,
1988; Negro et al., 1997). Furthermore, unusual concentrations of
dispersal immature individuals have been recorded in areas were
nesting activity is low in the center of Argentina, suggesting that
individuals born in other areas may travel long distances searching
for prey (Lopez et al., 2017). The patterns of dispersal movements
of immature remain unknown. In any case it seems that the abun-
dance of their main prey produces changes in the presence and use
of the area.

Although there is a slight decrease in territory density and NND,
active territories remain abundant in the area with some pairs
breeding less than 1000 m from their nearest active neighbors.
Therefore, this does not reflect a numerical response at the level
of breeding pairs. Such density remains between the highest
recorded for this kind of species worldwide (Hiraldo et al., 1995;
Barbar et al., 2018). However, we recorded a decrease in breeding
performance when hare abundance was the lowest (during the
year 2011). According to our hypothesis, this could be indicating
that the disturbance caused by the shortage of hares affected
breeding success and the abundance of immature individuals, but
it was not strong enough to affect neither the abundance of adults
nor the density of breeding territories. Alternatively, the distur-
bance caused by the eruption of the Puyehue-Cordén Cauye vol-
canic complex during 2011 (Gaitan et al, 2011) may have
indirectly affected eagles. Ashes deposition affects plant productiv-
ity by accumulation and abrasion by the finest particles. Then her-
bivores may suffer from starvation, among other impacts (Wilson
et al., 2011). This may eventually affect predators and produce a
decrease in breeding performance as recorded in 2011. This is rein-
forced by the fact that in 2012, after some recovery of the eruption
impact, breeding performance was higher. However, there is a
need of more information to evaluate the effect volcanic ashes
deposition may have on eagles.

There are, however, other factors different from hares abun-
dance that may impact eagles population. For instance an unusual
aggregation of black-chested buzzard-eagles (mainly immatures),
possibly associated with fluctuation in prey abundance in central
Argentina (Lopez et al., 2017), may have favored recent events of
large mortalities due to electrocution in that area, which show that
those eagles are highly susceptible to this disturbance (Sarasola
and Zanon Marinez, 2017). Electrocution in our study area could
also have an impact on eagles, and more data in this regard is
needed. However, even though we did not perform any systematic
surveys under electric pools, neither new electric lines nor unusual
congregation of eagles have been recorded in the study area. Dur-
ing our study period we only found one juvenile eagle dead under
an electric line. This was one of two fledges that had recently left
the nest constructed in a concrete made electric pool Therefore
we have no evidence suggesting that electrocution as recorded
by Sarasola and Zanon Marinez (2017) could be the explanation
for our numerical response in juvenile eagles, although this subject
merit special attention and specific studies.

Persecution by humans is another factor that may have a nega-
tive impact on eagles and could also be an alternative explanation
to our findings. However, the fact that adult abundance and NND
did not vary over the years suggests that if there is persecution
towards this species it is mainly affecting immature individuals.
This has been reported for similar species in other regions of
Argentina (i.e. Sarasola and Maceda, 2006; Barbar et al., 2016a,b).
We cannot discard this alternative hypothesis, however owners

of two of the most extensive properties in the study area, were sev-
eral of the count points and active nests were surveyed, claim that
there is no persecution to this species in their land.

The European hare altered the community in South America
since its arrival by being an abundant food resource for many
predators and a competitor for native herbivores (Grigera and
Rapoport, 1983; Novaro et al., 2000; Barbar et al., 2018; Barbar
and Lambertucci, 2018, 2019). In our study system hares had tem-
poral and spatial fluctuations including important local decreases.
Eagles seem to have responded by adjusting the diet and changing
the proportion of age classes, with adults remaining in the area and
immature decreasing in abundance. Further studies on the effect of
exotic European hares on the demography of their consumers
should be carried out since our results suggest that their fluctua-
tions may produce numerical responses in a top predator
population.
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