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The reproductive success of colonially breeding species depends in part upon a trade-off between the benefit of a
dilution effect against nestling predation within larger colonies and colony conspicuousness. However, there may
be no net survivorship benefit of dilution if smaller colonies are sufficiently inconspicuous. This raises the
question about how the size distribution of breeding colonies on a landscape might change as the predation
danger for nestlings changes. In southwest British Columbia, Canada, bald eagle Haliaeetus leucocephalus
populations have increased exponentially at ~5% per year in recent decades and prey upon nestlings of colonial
breeding great blue herons Ardea herodias faninni. Motivated by field data on reproductive success in relation to
colony size, modeling is used to ask under which circumstances trading off a dilution benefit against colony
conspicuousness can improve population reproductive success. That is, which colonial nesting distribution,



colonial nesting bird. Modelling is used to conduct an
empirical investigation of population reproductive
success for a suite of proposed distributions of colonies
and colony sizes on a landscape shared with a particular
predator species. The model compares the expected
annual reproductive success of a population nesting in
various distributions of the number of colonies and
colony sizes as the level of predation danger changes
(sensu Lank and Ydenberg 2003). Predation danger is
manipulated by changing the conspicuousness of
colonies of different sizes on the landscape, the humber
of predators on the landscape, the frequency of
predatory attacks on nestlings, and the territoriality of
the predator. Differences in reproductive success among
different distributions of the number of colonies and
colony sizes under differing levels of predation danger
are discussed in terms of danger mitigation and
implications for conservation.

The model is calibrated based upon the Pacific great
blue heron Ardea herodias fannini — bald eagle
Haliaeetus leucocephalis predator-prey system. This
great blue heron subspecies occurs in southwestern
British Columbia and breeds in colonies ranging in size
from one to upwards of 400 pairs (Butler et al. 1995).
These herons share a productive coastal landscape
around the Strait of Georgia with bald eagles, and
many studies have reported the bald eagle as a
significant predator of heron nestlings (Simpson et al.
1987, Forbes 1987, 1989, Norman et al. 1989, Butler
1992, Vennesland and Butler 2004). Vennesland and
Butler (2004) have shown that incursions by bald eagles
are the likely reason for all herons in up to 42% of
colonies to abandon breeding attempts in a single
breeding season.

Over the past few decades, the bald eagle population
has increased exponentially at about 5% per year (see
Fig. 1) after a decline in the 1950s and 1960s due to

pesticides and persecution (Buehler 2000, Elliott and
Harris 2001). This population increase is concomitant
with increased reports of eagle attacks on heron nest-
lings. Butler and Vennesland (2000) hypothesised that
herons may prefer to breed in a more dispersed pattern
(i.e., a number of small colonies instead of a single large
colony) as a response to this increasing predation
danger. Interpretation of additional field data relating
reproductive success to colony size supports this
possibility. Understanding the mechanism leading to a
change in the distribution of colonies on a landscape



the largest colonies would be easily found every year,
while the smallest colonies, if found, would be
depredated or abandoned to re-form elsewhere.

The model’s purpose is to express how different
distributions of adult herons in breeding colonies
differentially mitigate changes in predation danger.
The model uses population reproductive success as a
measure of predation mitigation calculated from the
distribution of breeding pairs (i.e., nests) across colonies
on the landscape, for specified values of N, A, E, m, C,
H., P.r P, t, and p[F]. Additionally, by adjusting the
mix of territorial and non-territorial eagles on the
landscape, predation danger can be modified. Though
the model can provide an estimate of the reproductive
success for a pair of herons for a given set of parameter
values, this is not the stated purpose of the model, in
part because the model focuses on population level
properties.

Values for p[F



eagles of the smallest (e.g., one nest) to the largest (e.g.,
several hundred nests) colonies. This latter concept of
conspicuousness is quantified in Eq. 1, and portrayed in
Fig. 2, where the difference in conspicuousness of small
and large colonies is referred to as “‘contrast”.

Since the field data are an incomplete representation
of heron distribution on the landscape, and no unique
set of model parameters would explain them, the
purpose in analyzing them was solely to judge if a
trade-off of colony size and conspicuousness was an



eagles was varied to simulate different levels of preda-
tion danger. Unlike the model’s application to field
data, here it is assumed m =1 since model results are
qualitatively insensitive to random mortality unrelated
to the distribution of colonies on the landscape.
Models were run for the three predator landscape
scenarios described above to evaluate two alternate
hypotheses (strong contrast versus no contrast) regard-
ing the conspicuousness of heron colonies of different
sizes. The first evaluation assumed that larger colonies
are considerably more conspicuous than smaller colo-

nies and therefore easier for predators to find. This
“Strong Contrast Model” uses parameter values asso-
ciated with the Fig. 3c fit to the field data. The strength



differing only in their constant value of p[F]. In “No
Contrast Model A", motivated by Fig. 3d, p[Fs] was set
to a relatively large value (0.15 in sub-model 1lor 0.10
in sub-model 2) for all C colonies (Table 2). Once
again, to prevent complete depredation of nestlings in
some simulations with non-territorial eagles, p[Fs] was
set to 0.15 in sub-model 1 and 0.10 in sub-model 2. In
“No Contrast Model B”, motivated by Fig. 3e, p[F;]
was set to a relatively small value (0.013). For all
models, a matrix of values of eagle number and daily

predation rate per eagle is used to define the varying
levels and combinations of predation danger.

Presentation of output

Each partition is ranked by increasing SD of the
partition (SD_) on a colony size dispersion index
ranging from a partition that is termed ‘clumped’ (a
single large colony, low SD of dispersion in colony size)

Table 2. Parameter values for three alternate models of colony conspicuousness and size. For the strong contrast model larger
colonies have a much higher daily probability (p[Fs]) of being detected by a predator than smaller colonies, while colonies of all
sizes have the same daily probability (p[Fs]) of being detected in no contrast model A and no contrast model B. Column subheadings
“Territorial”, “Territorial and Non-territorial”’, and “Non-territorial”’ refer to the behaviour of the eagles included in the model.

Symbol Definition Values
Territorial Territorial and Non-territorial Non-territorial
All models
N Number of nests 100 100 100
E Clutch size 4 4 4
m Non-predatory chick survival rate to t 1.00 1.00 1.00
C Maximum number of colonies 20 20 20
Hmin; Hmax




to one termed ‘dispersed’ (20 small colonies, high SD of
dispersion in colony size). Values for SD _.are calculated
from the distribution of colony sizes across colony
number, where colonies are sequentially and arbitrarily
numbered from ¢ =1 to C, with mean (p_)

Fr,,: c=1 , (4)




only” and “territorial and non-territorial eagles” in “No
Contrast Model A" (Fig. 4d, e), where a colony’s
probability of being found is relatively high. In both of
these cases, a clumped distribution of heron colonies
seems to best mitigate predation danger, with the
mitigation of predation danger increasing at higher
territorial eagle numbers. As the predation rate increases
to excessive levels, no nesting distribution outperforms
other nesting distributions in terms of mitigating
predation danger due to reproductive success being
close to zero for all nesting distributions. “Non-
territorial eagles only” under the “No contrast model
A” yields predation levels so high for all combinations

of eagle abundance and attack rate that the reproductive
success approaches zero and the response surface of y’s
is neutral (Fig. 4f).

When eagles find all colonies with the same, but
relatively low, probability (““No Contrast Model B™),
the results are similar to those found in the ‘“strong
contrast model”” when territorial eagles are present in
some manner (Fig. 4g, h). Fig. 4i is similar to Fig. 4f,
suggesting that the numerical value of the probability of
a colony being discovered by an eagle under a no
contrast scenario is irrelevant. The three models with
non-territorial eagles (Fig. 4c, f and i) suggest that if
predators are not territorial then dispersed nesting could






disturbance during the breeding season and protecting a
few extant large colonies by purchasing the land on
which they occur. This latter action reflects a, perhaps
outdated, belief that these heron colonies are likely to
persist at that location.

As raptor numbers rebound from persecution and
pesticides (Buehler 2000), changes in the distribution
and size of breeding colonies can be anticipated for
many prey species as a possible response to increases in
predation danger. Depending upon the territoriality of
the eagles, nesting associations which are occasionally
seen with large colonies, may become a more common
feature of heron breeding colonies. Alternatively, the
model presented here challenges the idea that large
colonies will persist at their contemporary locations and
suggests that a more dispersed nesting distribution may
best mitigate predation danger. That is, the landscape
may be becoming more dangerous for individual herons
nesting in conspicuous large colonies as the danger of
eagle predation increases, especially from non-territorial
eagles. Thus the contemporary conservation practice of
protecting individual colonies may not be effective in
the future since herons may require a landscape offering
flexibility of choice for the location and size of their
breeding colonies.
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