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In an effort to assess the role of adaptive foraging behaviour to the spatial
and temporal heterogeneity as a factor determining the success of the colony, we
used single-colony individual-based spatial models for a visual foraging, the Great
Blue Heron and a tactile foraging bird, the Wood Stork. The model followed simul-
taneously daily activities of individuals, their spatial movements, foraging efficiency,
bioenergetics and growth of the nestlings during a nesting season. For each colony
we used two scenarios; in the first, that depicted a normal nesting season, the extent
and distribution of feeding sites led to successful reproduction for both species.
In the second, we simulated increased precipitation regimes resulting in reversals in
water depth (i.e. increases in depth during the dry season when water levels are nor-
mally falling). The results reveal that Wood Storks were significantly more adversely
affected than Great Blue Herons by the prey dilution caused by the reversals in water
depth. In the latter scenario where resources became scarce, resource predictability
decreased. The foraging birds that foraged in groups exhibited low foraging success,
resulting in poor reproductive performance. This result was more pronounced in the
case of storks that foraged in groups than for herons foraging in groups. Concluding,
increased variance in precipitation regimes is more likely to affect tactile rather than
visual foraging bird species. Further, in harsh climatic conditions (increased precipi-
tation and water level regimes) solitary foraging was more beneficial for wading birds
than group foraging.
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210 Y.G. Matsinos et al.

INTRODUCTION

Group versus solitary foraging behaviour is a highly debated topic in behavioural
ecology in general and birds in particular (SMITH 1995; CRESSMAN & GARAY 2011;
ZOU et al. 2011). It has been claimed that birds departing without prior knowledge
of profitable foraging grounds may reduce their search time and gain advantage by
following other birds to foraging grounds (WARD & ZAHAVI 1973). On the other hand,
it has been debated that given the unpredictability of patchily distributed prey, group
foraging increases efficiency because individual birds can follow active flight lines or
search commonly exploited areas and locate currently profitable patches of foraging
habitat by cueing on the presence of other birds (KUSHLAN 1977).

Wetlands are among the most productive ecosystems in the world, hosting a large
variety of species (MITSCH et al. 2009). Species composition, abundance, and ultimately
survival depends upon hydrological cycles (water levels) that are formed by climate and
landscape structure (MITSCH et al. 2009). Wading birds are dependent on wetlands that
are under increasing pressure worldwide (HAFNER 1997). Understanding their ecology
is a critical requirement of their conservation strategies (HAFNER 1997). Due to fluc-
tuating weather conditions, nesting populations of many species of wading birds are
highly variable (PADGHAM 2011). The nesting colonies of most species of wading birds
are often concentrated in mangrove-coastal marsh areas, supporting abundant popu-
lations of small fish that wading birds depend on for food. The natural hydrological
cycle of wet season rains and dry-downs functions to first expand fish populations and
then concentrate them into shallow waters and isolated pools. This facilitates success-
ful foraging by wading birds during the late winter-early spring nesting season, when
energetic demands are the highest. Different species have somewhat different hydrope-
riod and habitat requirements, and therefore differ to some degree in the location and
the timing of nesting and foraging activities.

Gradual recess on water levels causes fish to become concentrated in isolated
depressions throughout the marsh. Birds effectively exploit these concentrations, usu-
ally to depletion. Over the course of the pre-nesting and nesting season, a recruitment
and replacement dynamic mosaic of these fish concentrations must form as the fish
populations of these ephemeral pools are depleted (KATZIR et al. 1989). To make
these pools available, a nearly continuous recession of water levels must occur from
December through May. Major reversals in this recession, due to heavy rainfall, cause
water levels to rise, making efficient foraging by wading birds more difficult (TORRES

et al. 2010). Stalls in the recession allow wading birds to fish out pools that are at opti-
mal water depths but prevent the formation of new pools. Depending on the persistence
of stalls or reversals nest failures and colony abandonment may occur (FREDERICK

& COLLOPY 1988). Thus, habitat fragmentation and/or habitat loss plays a key role for
fish abundance (both in terms of total abundance as well as abundance throughout the
year), which in turn is a key factor for bird feeding and nesting and thus population
dynamics.

Long-legged wading birds need water depths 10–40 cm for successful foraging
(CUSTER & OSBORN 1978; POWELL 1987). Thus, for long-legged feeders water levels
must be within a fairly narrow boundary to allow successful foraging. According to the
Intergovernmental Panel on Climatic Change (IPCC) predictions for climatic change,
precipitation variance is predicted to increase (IPCC 2007). In addition, habitat loss
and fragmentation modifies water flow and thus water level. The combined effects of
altered precipitation regimes and habitat fragmentation are highly likely to influence
water levels and thus the population of long-legged feeders (KIRBY et al. 2008).
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Adapting foraging to habitat and climate change 211

Wood Storks (Mycteria americana) and Blue Herons (Ardea herodias) were used as
case study species of long-legged feeders using different foraging techniques. The crit-
ical difference between the foraging behaviour of the two species is that Wood Storks
use tactile (DEPKIN et al. 2005) while Blue Heron use visual techniques (CUSTER et al.
2004). Both foraging behaviours are efficient in effect as both bird species are dom-
inant and may co-exist in several areas. Wading birds’ foraging behaviour is likely
to be affected by climatic change and in specific increased water levels, reducing the
likelihood of locating prey.

While in effect both solitary and group foraging is observed within most wading
bird species, it remains unknown whether there is a climatically enforced behavioural
advantage where one of the two foraging strategies becomes more effective. In an
effort to identify species-specific responses to variable and unpredictable environments
regarding resources, we used individual-based models (e.g. MATSINOS et al. 2000;
MOUSTAKAS & SILVERT 2011) to simulate nesting cycles of two wading bird species
using different foraging techniques. Habitat heterogeneity via water depth and prey
size and abundance was explicitly incorporated in the model. Our main objective was
to compare tactile (Wood Stork) and visual (Great Blue Heron) foraging modes of wad-
ing birds, under normal weather conditions (Scenario 1), and also under reversals (i.e.
rapid inundation of feeding sites) caused by heavy rainfall (Scenario 2). We specif-
ically sought to quantify the following questions: (1) What is the foraging strategy
(tactile vs visual) least affected by the altered precipitation. (2) What is the optimal
foraging behaviour (solitary vs grouping) when environmental conditions are getting
harsh.

METHODS

In the current work we aim to follow responses of foraging behaviour strategies to cli-
matic change and habitat heterogeneity. Since it was hypothesised that species with similar life
characteristics, differing though in behavioural traits could be used as case studies for environ-
mental variability, we selected for our modelling study two wading bird species. The model keeps
track of a number of distinct individuals on a 15-min step for the whole nesting season. That
includes the individual’s foraging rate in grams/time step, and the fraction of time each bird
spends for its daily activities, namely flying, searching for food, feeding, and feeding its nestlings.
Detailed information is provided in the results for nestlings. Their daily food levels are given, their
growth is kept track of, and the day for each nestling achieving the threshold for fledging is also
recorded.

Description of the study area

For our simulations we used a landscape pattern indicative of the topography surrounding
colony sites in the Everglades, Florida, USA. The colony is located in the middle of a long-
hydroperiod marsh (interior wetland or central slough) surrounded by peripheral wetland areas,
which are short-hydroperiod wetlands, areas that due to early drying provide wading birds with
sufficient resources in the early nesting period.

Florida’s average monthly rainfall increases dramatically in May, peaking in August
and September, and then drops rapidly until November. Precipitation then remains steady
between 5 and 7.5 cm a month for the 6-month period from November through April. The
“Wet Season” rainfall (May–October) is dominated by daily solar radiation-induced sea breeze
thunderstorms. During the “Dry Season” (November–April) there is not enough solar radiation
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212 Y.G. Matsinos et al.

and available low level moisture to produce daily cycles of rainfall. We used precipitation data
from 2002–2010 updated every 15 min available online at (http://sofia.usgs.gov/eden/nexrad.
php) by the USGS for the Everglades for scenario 1; Mean Annual Precipitation (MAP) was
1409.4 mm/year (SD = 122.76). For scenario 2 we used MAP values of years in which MAP was
∼10% higher than the long-term average. That resulted in MAP = 1573.44 mm/year (SD = 141.96).
The assumption of 10% MAP increase for the area is a feasible future scenario according to
climatic models (IPCC 2007). Rainfall was introduced on a daily basis based upon the long-term
daily meteorological data.

All parameter values used during simulation scenarios are explicitly listed in Table 1.
Parameter values for the two scenarios are identical except rainfall and grid scale. In all simu-
lations we started with 50 pairs of conspecifics forming a colony and modelled their whole nesting
season. The model is updated with a time step of 15-min intervals. The time step is chosen to be
in agreement with the duration of many discrete activities of the birds, like time required bringing
food in the nest, feed nestlings, etc. (STEPHENS et al. 2003). The model was based on published
data on colony size of the study species or the mean foraging group size. Specifically mean colony
size for Wood Storks in Florida (1991–2005) was 116.2 nests, SD = 209.5 (FREDERICK & MEYER

2008). Number of nests for Great Blue Herons is highly variable, ranging from 2 to 80 nests per
colony (GIBBS 1991). The mean number of pairs in colonies for Blue Herons was 45.3, SD = 89.20
(BUTLER et al. 1995).

Model description

We used individual-based simulation models (WOLFF 1994; MATSINOS et al. 2000;
MOUSTAKAS & SILVERT 2011) to simulate wading birds population dynamics during their breed-
ing season. A bird’s foraging, social and reproductive behaviour, as well as its physiology and
energetics, are specified by rules that define and specify the actions and the state of each individ-
ual at a given time. These rules are expressed in the form of “if-then” statements (decision trees).
In this study, we gave an overview of the new rules introduced followed by examples, if necessary.
It should be noted, however, that this overview does not contain a full description of all rules. In its
current implementation the model uses 120 behavioural rules for a single bird; a full description
would be beyond the scope of this work. The modelling approach used has been described in detail
in WOLFF (1994). A schematic model description is provided in Fig. 1.

The colony model for Wood Storks has been used as a baseline for developing the colony
model for the Great Blue Heron. It uses the above structure and is modified in order to include
differences in behavioural rules (e.g. foraging) and also in model parameters relating to life history.
The model consists of the following sub-models: (i) a spatially explicit landscape sub-model, taking
into account the hydrological cycles, so cells are characterised by changing water depth; (ii) a sub-
model for prey resources, temporally and spatially dynamic; (iii) sub-models accounting for the
energetics and behaviour of nesting adults; and (iv) sub-models for the growth and energetics
of the nestlings, until fledging. The model was implemented in C++ on a Macintosh platform.
Simulation time for each simulation run did not exceed 45 sec using a standard state-of-the-art
desktop.

Landscape sub-model

The landscape structure was simulated to approximate the one of the Everglades, and fol-
lowed the implementation of WOLFF (1994) that used an average elevation structure without
explicit consideration of vegetation cover types (see WOLFF 1994). Landscape heterogeneity is
taken into account by subdividing the area surrounding the colony into contiguous square cells,
each with its own elevation and water level, so that the main attributes of topography and hydrol-
ogy are included for the foraging areas. Further details for each cell, such as vegetation type or
alligator holes, are not considered. The grain for the above landscape is not the same for the two
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Adapting foraging to habitat and climate change 213

Table 1.

List of model parameters used for each bird species.

Model parameter
Wood
Stork

Great Blue
Heron

References

Weight (kg) 2–3 3–3.5 PALMER (1962)

Basal metabolism (kcal/day) 147 160 KAHL (1964)

Free flying metabolism 450 510 KAHL (1964), estimated

Assimilation efficiency 79% 75% KAHL (1964)

Maximum distance (km) 15 8 Estimated

Nest initiation threshold
(kcal/week)

545 600 Estimated

Number of eggs 3 3 PALMER (1962), KUSHLAN

(1978)

Incubation period (days) 30 28 PALMER (1962)

Total food for fledging (kg) 14 15 KAHL (1964), KUSHLAN (1978)

Maximum food in cell (kg) 30 5 Estimated

Days before young leave colony 65 60 COULTER (1989)

Daily food requirement (g) 500 600 KAHL (1964)

Maximum food a bird can bring
to nest (g)

300 320 COULTER (pers. comm.),
estimated

Effective flying speed (km/hr) 25 22 SIMPSON (1984), COULTER

(1989)

Minimum depth for foraging
(cm)

5 5 PALMER (1962), KUSHLAN

(1978)

Maximum depth for foraging
(cm)

40 44 PALMER (1962), KUSHLAN

(1978)

Probability of solitary foraging 0.5 0.7 KREBS (1974), estimated

Drying rate (cm/day) 0.50 0.50 Estimated

Fledging feeding efficiency 75% Linear,
increasing
with age

Estimated

Patch giving up time (min) 60 60 Estimated

Starvation period for
abandonement (days)

3 3 Estimated

models; for wood storks the size of the cell is taken to be 250 × 250 m, and for herons it is reduced
to 50 × 50 m. This was due to the fact that feeding aggregations of Great Blue Heron only build up
when the prey density is high and birds that forage in groups gain more food simply because flocks
form when food is abundant. Solitarily foraging herons quite often establish and defend feeding
territories. We changed the cell size to 50 × 50 m to account for the fact that visual feeders spend
more time searching neighbouring sites walking slowly and for the apparent scarcity of large prey
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214 Y.G. Matsinos et al.

Nest initiation

Feeding
Egg laying

Egg incubation

Food energetics

Prey depletion/renewal

Foraging

Egg hatching

Cell selection

Attend nest

Adult bird
Nestling

Rainfall

Fledgling

Join flockSolitary

Threshold
reached?

Cell depleted?

Fig. 1. — A schematic representation of the model. Ellipses depict actions, diamonds decisions, and
trapezoids individuals.

items by increasing the resolution (KREBS 1974; KUSHLAN 1976). Water levels are updated daily
in the model.

Prey base sub-model

Both models assume fish and aquatic macroinvertebrates as the main food item of wad-
ing birds in the Everglades. In the beginning of the simulation (near the end of the wet season)
fish biomass values typical for the hydrological conditions being simulated are assigned to all wet
cells throughout the landscape. The prey base assigned to each cell is assumed to be accessible to
the birds only if water levels are suitable for wading (minimum and maximum depth for forag-
ing, Table 1). Since the same resources are exploited by other birds than those simulated, often
non-breeding overwintering birds, we have discounted the actual prey base to account for the
background competition. Since data on prey availability are quite scarce and not always accurate,
cells have been assigned fish densities from different distributions with parameters (means, etc.)
estimated from field data. Thus, prey availability was distributed over cells using a Monte Carlo
approach with an average of 70 kg/cell (KUSHLAN 1980). For the Wood Stork model all prey is
assumed to occur in the form of Cyprinodontoid and Centrarchid fishes, with an average weight of
1.73 g (OGDEN 1994). However, visually feeding long-legged waders, like Great Blue Heron, exhibit
a much broader range of sizes of consumed prey (KUSHLAN 1978). Field data suggest that larger
fish like Lepomis punctatus and smaller like Poecilia latipinna constitute its diet. The prey base
sub-model accounts for this. The unit of prey is 20 g and the foraging bird can handle prey items
of 1–5 units at a time. The choice of 20 g as a unit is rather of practical value from a modelling
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Adapting foraging to habitat and climate change 215

viewpoint. The idea is that within a cell we can specify the size distribution of fish based on the
unit as, for example, 20% of size 1 (1 unit), 30% of size 2, 15% of size 3, 15% of size 4, and 20%
of size 5. Based on these abundances a foraging bird will encounter a fish of size 1 (20 g) with a
probability of 0.2, a fish of size 2 (40 g) with a probability of 0.3, and so forth. It is often the case,
especially during the dry season, that prey is quickly depleted within a cell when a flock is formed
at the cell. If a cell dries out it is assumed not to be replenished with fish if it becomes wet later in
the breeding season. It follows then that the effect of rainfall is to reduce the number of the cells
with resources. Prey distribution is updated on a daily basis following rainfall events. The model
uses a negative exponential relationship between prey size and frequency in order to assign prey
units to each cell. The model assumes no competition with other wading bird species for prey. Prey
availability is not related to water levels or flooding but to seasonality so long as water levels are
within the min and max depth for foraging. Also fish migration among cells is not implemented.

Behaviour and energetics of adult

Rules pertaining to the Wood Stork model. The very first of the choices that the birds have to
make is when to begin nesting. The Wood Stork model assumes that if a female is able to forage
sufficiently for a week, with resources being able to satisfy a foraging threshold (20% more than its
requirement), during the late wet season, nesting will start. Eggs are laid asynchronously, and both
parents take turns incubating. Adult Wood Storks are simulated between 10:00 and 16:00, since
foraging trips generally take place between these hours. This is possibly due to the preference
Wood Storks show for soaring flight (KAHL 1964), since they wait to use the thermal updrafts
from the colony to the foraging sites and back.

One of the decisions a bird must make before foraging is where and how to forage. A bird
selects a cell based on its water depth – only cells with water depth between min and max water
depth for foraging (Table 1) are desirable for foraging. When the cell’s water level is outside the
min-max foraging depth interval, the bird continues to another cell. It is assumed to have some
partial information about the landscape, so it knows where cells with appropriate water depths
are and will move to cells with the appropriate water level for foraging; but it is assumed igno-
rant of the prey levels in them, so sampling of the cell is required. This is implemented using a
Monte Carlo approach to select candidate cells to forage. The foraging bird can either forage by
itself or join a flock already formed. This decision is made based on a weekly memory of the bird
regarding selected foraging mode in order to fulfil the fraction of time foraging solitary (probabil-
ity of solitary foraging, Table 1). Decisions about solitary-group foraging are taken every 15 min.
The (weekly enforced) probability of solitary foraging is fixed throughout the simulations in both
scenarios. If the individual is set as “flocking” according to the probability it will join a flock, but
if there is no flock in the vicinity it will continue solitary foraging until there is a flock or another
individual to form a flock. A bird will search the adjacent cells if the prey abundance in the cell that
it is currently in is not adequate until it satisfies the daily energetic needs (daily food requirement,
Table 1). The latter is based upon the parameters basal metabolism, free flying metabolism, assim-
ilation efficiency, and maximum distance (Table 1), with formulas explained in detail in WOLFF

(1994). The model assumes that if more than one flock exists in the vicinity of an adult that could
potentially join, the decision regarding which flock to join is weighted by the size of the flocks.
For example, if three flocks, one with five, one with three and one with two birds exist, a bird will
choose the first with a probability of 0.5, the second with 0.3, and the third with 0.2. Usually the
presence of a flock is an indication of high food density; however, since depletion by the flock takes
a short time, the benefits for a late joining bird are minimal.

Rules pertaining to the Great Blue Heron model. The initiation of the nest is governed by rules
identical to those in the wood stork model. Adult great blue herons are also followed between
10:00 and 16:00. A threshold of 600 kcal for a week is the required energy that a female must
obtain in order to start a nest. Visually feeding long-legged waders exhibit a much broader range
of sizes of consumed prey. So it was necessary to change the prey base sub-model from that used
for Wood Storks. The unit of prey is 20 g and the foraging bird can handle prey items of 1–5 units
at a time. Size of prey determines handling time. Large prey items require more handling, and
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216 Y.G. Matsinos et al.

time increases exponentially with size (KUSHLAN 1978). Pausing of foraging also correlates with
size, longer pausing with larger prey items. Thus a bird foraging at a cell will remain at the cell as
long as food is available or has fulfilled its daily cumulative energetic needs.

A bird, after selecting a certain cell, will update its feeding capabilities based on (i) the depth
of the cell, (ii) the actual prey resources of the cell, (iii) the time of the day, and (iv) whether the
bird is an adult or a fledgling.

Territoriality rule

If resources are abundant then territoriality breaks down and additional birds are allowed
to join. This is modelled by the following rule: an adult heron samples a cell. If during the first day
it has satisfied all of its energetic needs while in the cell it will return the next day. If this happens
for more than 1 day, other birds searching can join in the cell.

Searching patch rule

Birds are left to forage for a period of 1 week. Then an instance variable (weekly food),
keeping track of accumulated feeding performance, is used at the end of the week for comparison.
The birds that fall below the minimum feeding performance are then able to use the upper 20% of
the successful birds as information targets. Before an unsuccessful bird chooses a patch to forage
next day, it will decide, based on a probability, whether it will join other birds already foraging.
Then again it will choose whether it will join the “marked” successful birds based on their distance
from the bird.

Giving up patch rule

After an adult bird chooses a patch to forage it will stay and feed at the location as long as
it is profitable for the bird. If the yield is not sufficient the bird must change feeding locations. The
model uses the following rule to determine when a bird will give up its patch: assume a bird is at
a particular cell for time T. The last feeding occurred before time t. Then the probability of giving
up its patch will be: P(give up) = t

T

Energetics and growth of the nestlings

Wood Stork model. Adult birds, after satisfying their own energetic needs, must obtain
resources for their hatchlings. They regurgitate boluses of the food brought back in the nest, and
the nestlings compete for it. The model assumes variability in allocation of food resources among
the nestlings. Usually the oldest chick has a competitive advantage over its siblings, so after it
has satisfied its needs the others share the remaining (if any) resources. From experimental mea-
surements, it is known that a nestling must attain a certain threshold level of accumulated food
throughout the pre-fledging period in order to fledge successfully. If the adults are not able to
provide adequate food supplies before the wet season starts and their foraging efficiency declines,
their nestlings are assumed to die. In addition, the model assumes that nestlings should not be
subject to starvation for a prolonged time (3–4 days); otherwise they perish. Nest abandonment
is also a possibility in the model, if adults are not able to satisfy their own energetic needs; that
is failure to feed for 3 consecutive days. The model assumes that the minimum total amount of
food a nestling wood stork must receive in order to fledge successfully is 14 kg over the nesting
period (total food for fledging, Table 1). Both resource availability and total distances travelled are
crucial as they influence energetics but eventually nest abandonment depends on the 3-days-rule
described above.
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Adapting foraging to habitat and climate change 217

Great Blue Heron model. Every nesting pair lays three eggs (number of eggs, Table 1)
asynchronously, with a period of 2 days between eggs. Each egg is incubated (incubation period,
Table 1) for 28 days before hatching (PALMER 1962). A nestling fed at the maximal rate can grow
at the rate of 40 g/day, reaching a weight of 400 g within 10 days and a maximal weight in ∼ 31/2
weeks (OWEN 1960), and remains at the maximum for the next 2 weeks, finally decreasing its daily
demands linearly to 150 g at the final period in the nest.

Each nestling fledges successfully after 60 days from hatching, if it has accumulated a total
of 15 kg of food throughout that period, assuming it has not starved i.e. receiving food less than
50% of the accumulated values for a period of 5 consecutive days (total food for fledging, Table 1).

Example: feeding of the nestlings rule. In herons the laying of the eggs is asynchronous, and
it enhances asynchronous hatching too. So, on average there is at least a week of age difference
between the older and the youngest sibs. That has an effect in partitioning of resources during
the nestling stage. So it is assumed that older sibs have a competitive advantage over younger
ones during feeding from their parents. This is modelled as follows: depending on the size of the
prey that parents bring back to the nest we have the following options: (a) if the adult parent has
captured a number of small fish the simulation allocates equal shares for every nestling (scramble
competition); and (b) if the catch is one or two larger prey items, the simulation will allocate the
daily energetic requirement to the oldest chick first, and if food remains the next offspring will
also feed. Since the maximum food that herons can bring back to the nest does not exceed 320 g,
the youngest nestling will necessarily go without food (at least for that particular feeding episode).
Thus the model assumes contest competition in the case of larger prey items. Siblicide has not
been incorporated in the model.

Uncertainty-sensitivity to parameter values, statistical analysis

A total of 100 simulations for each of the two simulation scenarios were performed, and all
the results presented here are averaged over 100. We used analysis of variance (ANOVA) to explore
the relative contribution of each factor to the variation of successful fledglings within each simula-
tion scenario. In an effort to assess the sensitivity of the parameters used in both models in relation
to the model output we varied the parameters for the two models. Parameters from Table 1 were
allowed to vary (up to ± 2%) and the resulting variance in the output was measured. The output
variable was total number of successful fledglings. For each parameter a total of 100 simulations
were performed using Latin hypercube sampling. For all parameters a range of possible values was
given (resulting from the literature) and simulations were performed under two scenarios with val-
ues from a uniform distribution with the same range. A detailed description of all the parameters
used in sensitivity and uncertainty analysis is given in Supplement 1 (available online only).

RESULTS

Scenario 1: a successful breeding season

In this scenario both colony models start with favourable water conditions for
early nesting. Eggs are laid asynchronously a week after the first pair initiated their
nest. Early nesting was commenced before the wet season began (which was approxi-
mately 150 days since the birds arrived at the colony). Food availability was adequate
and all nestlings received enough to fledge successfully. After the hatching period, which
lasted from day 28 to day 32, all nests produced three nestlings, so for each species
we attain the maximum number of offspring (150) during days 31–88 (Fig. 2). Both
species fledgling recruitment curve was linearly increasing, and reaching a stable num-
ber of around 130 fledglings (Fig. 2), with the only difference in the actual duration
of incubation, which lasts on average 2 days longer in the case of Wood Storks. Most
birds of both species fledged successfully; however, the distribution of the accumulated
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Fig. 2. — Scenario 1. The number of fledglings in each colony during the breeding season. Both species
exhibit a constant rate of producing fledglings. The duration of incubation lasts on average 2 days longer
in the case of Wood Storks.

food intake showed enough variation among the nestlings to alert us about possible
threshold effects concerning our choice of the value that guarantees successful fledging
(results not shown here). To this end, the actual distribution of cumulative food intake
(rather than just the number of fledglings) may be an alternative indicator of the colony
performance (Supplement 2a–b; available online only).

Although the energetic requirements for herons were higher than those for the
storks, herons were the first (by an actual difference of 2 days) to reach the fledging
stage. That is explained by their per capita foraging success. Herons tend to spend
more time foraging than storks (Fig. 3a-b); that compensates for their lower feeding
rates compared to storks that spend less time foraging. After the herons’ nest atten-
dance started, adult birds increased their time foraging by more than 15% on average
(Fig. 3a). This is the high-demand period for parents, since the nestlings have hatched
and food has to be carried back at the nest. As a result of intensive foraging, storks,
in particular, tend to form aggregations, thus exploiting resources rapidly and lower-
ing their per capita gain (Figs 3b and 6a). Successful fledglings per nest were higher
for storks foraging in groups than solitary (Fig. 6a), while in herons, group or solitary
foraging resulted in equally successful fledglings per nest (Fig. 6b). Overall, for both
species both solitary and group foraging resulted in successful fledglings, with most
bird individuals achieving a minimum of at least one (Fig. 6a-b).

Scenario 2: a breeding season disrupted by reversals

In this scenario the nesting season starts as in the previous scenario, but there
is heavy rainfall during the critical last stages of nest attendance, when the demands
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Fig. 3. — a: Scenario 1. Average fraction of time each bird has been foraging. Notice that the peak activity
occurs around days 60–70 when the energetic requirements of nestlings are high. b: Daily foraging rate
(average over all adults). Vertical units: grams of fish obtained per 15 min foraged.

for food at the nest reach the highest values. The model allows the implementation of
rainfall events; the water level of the cells rises by the amount of daily rainfall. The
rainfall pattern is divided into three stages (Fig. 4). The first reversal occurs between
days 35 and 38 after the first egg was laid, with 2 cm of rain each day. It is followed
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Fig. 4. — Scenario 2. A simulated reversal episode. Daily rainfall (left axis) and water level change (right
axis) between day 30 and 55. Black squares depict rainfall in mm/day. Solid line depicts resulting water
level change in mm.

by a period of 3 days when drying occurs, then another mild rainfall event for 2 days
(day 43 and 44) with a 3 day drying period. Finally, a heavy rainfall occurs for the
next 3 days, with a total rainfall of 13.5 cm (Fig. 4). According to our results, almost
half of the stork nestlings failed to fledge successfully (Supplement 2c; available online
only), whereas herons were able to raise almost two fledglings per nest (Supplement 2d;
available online only).

The response of the birds to the early reversals is not as severe as to the last and
more drastic where water levels have risen by 28 cm since day 34 (Fig. 5a-b). That
last reversal coincides with the period of the high energetic demands of the nestlings.
After the last reversal the birds must spend an increasing amount of time searching,
so their time for foraging is less. Pronounced depletion of prey base during that stage
occurs and with rainfall increasing the likelihood of a chosen cell being unprofitable
adds up to a decrease in foraging success rates (Fig. 5a-b). Foraging rates increase
after the reversal; however, it takes about 40–45 days to reach 20% lower levels than
the pre-reversal. As the model assumes a steady and adequate food supply for suc-
cessful fledging, reversals lead to poor reproductive performance (Figs 4–5a-b). The
poor reproductive success of storks can be attributed to their tendency to form flocks
(Fig. 6c). According to our simulation results, almost 80% of the birds foraging in flocks
failed to raise a single fledgling; the only successful ones were the solitary (Fig. 6c).
Foraging in flocks is not beneficial for herons either (Fig. 6d). All of the solitary herons
were successful.

Analysis of variance

For both models nearly the total variance (> 80%) in number of successful
fledglings observed was due to four parameters: total food required for fledging,
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Fig. 5. — a: Scenario 2. Average fraction of time each bird has been foraging. b: Daily foraging rate
(average over all adults). Vertical units: grams of fish obtained per 15 min foraged.

maximum food brought back to the nest, daily food requirement, and starvation thresh-
old for fledging (Fig. 7). For the stork model the threshold to reach fledging was most
important (34%) (Fig. 7). In the heron model it was of high importance too (29%), with
maximum food brought back also important (26%) (Fig. 7).
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b. Blue heron foraging modes as related to colony success, Scenario 1

Fig. 6. — (Continued)
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c. Wood Stork foraging modes as related to colony success, Scenario 2
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Fig. 6. — Percentage of time of the foraging modes (group vs solitary) of adult Wood Storks and Great
Blue Herons as related to colony success under the two examined simulation scenarios. Over the entire
foraging period each bird was classified as a “solitary” or “group” forager, depending on the registered
frequency of its mode.
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% of total variance - Wood Storks

0 5 10 15 20 25 30 35 40

Minimum food
for fledgling

Max. food to
nest

Starvation
intensity

Daily food
requirement

Other

Scenario 1

Scenario 2

% of total variance - Herons

0 5 10 15 20 25 30 35 40

Minimum food for
fledgling

Max. food to nest

Starvation
intensity

Daily food
requirement

Other

Scenario 1

Scenario 2

Fig. 7. — Results of model sensitivity analysis and ANOVA. The graphs show the relative contribution
(adding to 100%) of each simulation variable to the total variance of the total number of successful
fledglings for the two scenarios. Sensitivity analysis was conducted and for each parameter a total of
100 simulations were performed using Latin hypercube sampling. All variables used are listed in Table 1
and Supplement 1. See section “uncertainty-sensitivity to parameter values, statistical analysis” for more
details.
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DISCUSSION

The model yielded realistic outputs during the “normal” precipitation scenario
(Scenario 1). The model predicted three fledglings/nest for normal conditions. This
output is close to results reported from field studies. For the year 2006 when normal
weather conditions prevailed, there was an average of 2.25 fledglings/nest (n = 889 nests
in nine colonies) (Florida Fish and Wildlife Conservation Commission), while during
the “normal” 1958–1961 period an average of 2.92 fledglings/nest was reported (KAHL

1964). These results are also in agreement with data from field studies provided by
FREDERICK & COLLOPY (1988, 1989a, 1989b) and FREDERICK & SPALDING (1994).
Based on the fact that under normal weather conditions the model yielded realistic
results, all else being equal, it can be used to predict foraging bahaviour under altered
precipitation regimes.

Effects of precipitation in solitary vs group foraging behaviour

The Wood Stork, as our simulations confirm, is the species most sensitive to vari-
ations in water level, because unlike visually hunting species of herons, the stork feeds
exclusively by non-visual, tactile methods and its feeding efficiency is directly related
to fish density. Initiation and success of wood stork colonies depend on high densi-
ties of fish concentrated in ponds and other catchment basins during the dry season.
The fish on which the wood storks feed increase in density during the dry season as
water levels fall. Great Blue Herons, on the other hand, appear not to be so dependent
on concentrated food supplies (they are affected less by prey dilution) because being
visual feeders they can meet their energetic requirements by selecting few but large prey
items. Although they were also affected by the rainfall it was to a lower degree and the
colony maintained a stable population size. Thus, according to our results bird species
that use non-visual tactile foraging strategies are more sensitive to climatic changes
than birds that use visual foraging strategies. In a study examining the effects of pre-
cipitation on the feeding behaviour of a diving bird, it was concluded that increased
precipitation resulted in decreased overall energy intake and increased diving time and
effort (FINNEY et al. 1999). In addition, examining the factors influencing survival of
waterbirds it was concluded that water levels were highly influential (CANEPUCCIA et al.
2008; TORRES et al. 2010; ZDUNIAK 2010).

Apart from the effect of precipitation levels per se, timing plays a key role in suc-
cessful reproduction (CAREY 2009). As both species require approximately 4 months
fledging, colonies formed late have insufficient time for development prior to the onset
of the rainy season, which raises water levels and causes desertion. Our model examines
the effects of altered precipitation regimes in a specific habitat and does not include any
evolutionary adaptations to climate, shifts in geographic species ranges and/or phe-
notypic plasticity to climate. However, all else being equal, our model suggests that
delayed precipitation seasons through the year will affect both of the studied species,
regardless of their foraging strategy. Such changes in precipitation timing will increase
physiological costs of survival and ultimately it depends upon species’ adaptation to
climate (CAREY 2009; FONTAINE et al. 2009). Our model does not account for the fact
that breeding success is dependent on the age and experience of breeders (PYLE et al.
2001). Old pairs may breed early and increased breeding success has been attributed
to this (BROWN & ROTH 2002), so in reality timing is not so straightforward a causal
effect in successful reproduction as presented here.
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Habitat heterogeneity

Wading birds feed primarily on aquatic prey (KUSHLAN 1978). They stand or wade
slowly in shallow water areas and stab, grasp or filter their prey (KUSHLAN 1978). Thus
they need not only adequate food supplies, but also appropriate water depths for for-
aging. Home ranges are greatly influenced by food distribution and patch profitability.
As suitable foraging conditions are both irregularly distributed and short-lived, these
birds have large home ranges and change foraging sites frequently. Successful breed-
ing requires the continuous availability of profitable foraging locations throughout the
entire nesting season. Water conditions can change substantially within a week. This
has an effect in the local concentrations of fish and macroinvertebrate populations.
Two factors related to prey are critical for successful nesting of wading birds: first, suf-
ficient biomass of fish must have grown in the marshes over the previous year to provide
food for active colonies. LOFTUS & EKLUND (1994) have shown that the hydroperiod of
a marsh and the length of time between complete “drydowns” are closely correlated to
the biomass of fish these marshes support. The second critical factor for successful nest-
ing is that fish becomes available to foraging birds in a continuous manner throughout
the entire breeding season. Thus, if marshes were flooded deeper, a “normal” drydown
would still provide a “drying edge” (an area suitable for foraging, moving as drying
progresses) for feeding, but would not completely dry out the deeper sloughs. This
would leave a residual fish population to recolonise the marshes when the summer rains
begin.

Group vs solitary foraging

In simulations where resources fluctuated rapidly with time, resource pre-
dictability decreased, and the foraging birds tended to form groups, in an effort to
minimise searching time. If temporal heterogeneity is relatively low as in Scenario
1, then knowledge of the location of profitable feeding sites (assuming an exponen-
tial memory decrease) tends to be important, irrespective of the feeding mode of the
species. Following the last reversal, birds increased searching time, which resulted
in decreased foraging time. Increased precipitation regimes resulted in decreased
prey base and decreased profitability of cells in general. That resulted in poor repro-
ductive performance. Poor reproductive performance was attributed to the tendency
of both storks and herons to form flocks as in both cases solitary birds were con-
siderably more successful than ones in flocks. Storks in particular were successful
almost exclusively when solitarily foraging. In the case of herons, all of the solitary
ones were successful. Thus, regardless of the foraging behaviour, in hard weather
conditions solitary foraging was more beneficial for wading birds. This result is in
agreement with findings reported for wading birds (SMITH 1995) as well as for other
bird species such as blackbirds (COURANT & GIRALDEAU 2008). Overall it has been
reported that solitary foraging appears unlikely to increase mean food intake rate
when exploiting non-renewing patches but may provide a way to reduce the risk of an
energy shortfall (BEAUCHAMP 2005). Over 80% of the variance of successful fledglings
observed was explained by (i) total food required for fledging, (ii) maximum food
brought back to the nest, (iii) daily food requirement, and (iv) starvation threshold
for fledging. This result was applicable in all cases regardless of the simulation sce-
nario and species. Interestingly, a high starvation threshold increased the success of the
colony.
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Adapting foraging to habitat and climate change 227

SYNTHESIS

Bird species using tactile foraging methods are more likely to be affected by
variations in water level, as opposed to bird species using visual foraging methods.
During harsh environmental conditions solitary foraging becomes the optimal foraging
strategy as opposed to group foraging.
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