
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 569: 227–242, 2017
https://doi.org/10.3354/meps12069

Published April 7

INTRODUCTION

Spatio-temporal variability in organismal distri-
bution and abundance is a quintessential feature of
ecosystems (Pettex et al. 2012). Such variability is
driven by biotic and abiotic forces and ultimately
reduces the predictability of trophic resources
available in space and time (Bell 1991). However,
several predators have evolved plastic phenotypes
to adapt to variable habitat conditions, thereby

overcoming limitations linked with unpredictability
in trophic re  sources (Paiva et al. 2010, Pettex et al.
2012, Cherel et al. 2014). More specifically, preda-
tors have evolved multiple foraging behaviours that
are adaptable to changing habitat conditions, al -
lowing them to overcome variability in prey distri-
bution, quality and quantity (Paiva et al. 2010). For-
aging plasticity ultimately allows predators to
broaden their dietary niches based on profitability
of prey resources, thereby reducing fitness costs
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associated with variability in trophic resources
(Greeff & Whiting 2000).

In spite of the ubiquity of plastic foraging strategies
in nature, little is known about this aspect of preda-
tion in marine ecosystems. In general, the majority of
studies have focused on quantifying effects of preda-
tors across different trophic positions (Pace et al.
1999, Silliman & Bertness 2002). Studies have also
sought to disentangle the relative strengths of trait-
mediated indirect interactions (indirect interactions
transmitted by predators modifying prey behaviour)
and density-mediated indirect interactions (indirect
interactions transmitted by predators modifying prey
densities through consumption) in driving trophic
cascades (Grabowski 2004, Siddon & Witman 2004).
Generally, though, the consequences of plastic forag-
ing strategies employed by predators for different
organisational levels have received little attention in
marine ecosystems. Studies that have considered for-
aging plasticity have paid more attention to the fac-
tors responsible for causing consumers to switch be -
tween foraging behaviours (McCafferty et al. 1998,
Hamer et al. 2007, Paiva et al. 2010).

Previous research has highlighted the potential for
phenotypic plasticity to broadly alter fundamental
ecological processes occurring in nature, including
biogeochemical cycling, direct and indirect inter -
actions between individuals and local biodiversity
patterns (Miner et al. 2005). These studies have also
stressed the need for an improvement in understand-
ing of the consequences of plasticity on ecological
processes (Miner et al. 2005). In line with these ideas,
and the ubiquity of fluid foraging behaviours em -
ployed by consumers, it would be important to
develop an understanding of the ecological conse-
quences of such plasticity in marine ecosystems.
While limited, studies have demonstrated that shifts
in predator foraging behaviour can alter the outcome
of predator−prey interactions, the quality and distri-
bution of food resources within a community (Otto et
al. 2008) and the strength of trophic cascades (Katano
2011). However, such knowledge is limited for mar-
ine soft sediment ecosystems, despite the fact that
many foragers in marine soft sediments do actually
employ multiple foraging behaviours in response
to variable ecosystem conditions (Hall et al. 1991,
Thrush et al. 1991, Johnson & Cézilly 2007).

A major impediment to quantifying the reper -
cussions of predator foraging plasticity in marine
 systems is that direct observations of predator behav-
iours while simultaneously quantifying prey re -
 sponses are often logistically difficult. In addition,
ob ser vers can also alter natural predator behaviours,

thereby confounding results. However, intertidal
soft-sediment systems offer the opportunity to quan-
tify the consequences of foraging plasticity without
any of the bias or constraints highlighted in this para-
graph, since the products of different feeding behav-
iours persist temporarily as foraging structures with
different structural attributes in sediment (Van Blari-
com 1982, Hall et al. 1991, Thrush et al. 1991, John-
son & Cézilly 2007, Takeuchi & Tamaki 2014).

In this paper, we quantify the influence of foraging
plasticity exhibited by greater flamingos Phoeni-
copterus roseus on intertidal soft-sediment assem-
blages in a marine lagoonal system. Flamingos are
shorebird predators that employ plastic foraging
strategies in response to variability in trophic re -
sources (Brown & King 2005), allowing them to feed
in a range of habitats including land, water surfaces
and benthic sands and muds (Allen 1956, Jenkin
1957). P. roseus produces 2 types of structures when
feeding on sediment (Glassom & Branch 1997, John-
son & Cézilly 2007). The first structure is created by
sideways sweeping of their inverted bills over sedi-
ment surfaces while walking, resulting in the pro-
duction of a channel-like post-foraging structure
(Fig. 1A). The second structure created is a large pit
formed by flamingos stirring up sediment with their
feet while moving in a circular motion (Fig. 1B).
Within particular feeding modes, flamingos also dis-
play more subtle plastic foraging behaviours by cre-
ating structures of different sizes (Johnson & Cézilly
2007), presumably in response to quantitative and
qualitative aspects of prey available.

In view of the variable feeding methods displayed,
the central aim of this paper was to quantify the
effects of foraging plasticity by flamingos (channel
or pit foraging) on benthic assemblages. More
specifically, the paper set out to test 3 hypotheses.
Our first hypothesis was that foraging plasticity
would generate differential impacts on benthic
assemblages. Second, we hypothesised that the
magnitude of effect on prey assemblages would be
greater when flamingos employ pit foraging com-
pared with channel foraging, based on the reason-
ing that since pit foraging involves disturbance of
sediments to greater depths, this method would in
theory be more energetically costly relative to chan-
nel foraging and would therefore have to be offset
by energy gained from this foraging method (Pyke
et al. 1977). Our last hypothesis was that irrespec-
tive of the type of foraging structure created, in -
creasing sizes of foraging structures created by
flamingos would increase impacts on prey assem-
blages relative to non-foraged sediments, based on
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the rationale that elevated energy expenditure
associated with creating larger foraging struc-
tures would have to be countered by energy
gained, thereby resulting in greater predation
impact.

MATERIALS AND METHODS

Study site 

Langebaan Lagoon (located between 33° 11’
27” S, 18° 07’ 37” E and 33° 03’ 54” S, 17° 58’
07” E; Fig. 2) is a marine-dominated lagoonal
system located on the western coast of South
Africa (Pillay et al. 2011). Intertidal sandflats are
a key component of the lagoon and constitute
roughly 38% of its total surface area. The system
is 15 km long and 4 km wide and connects to the
Atlantic Ocean via Saldanha Bay through a nar-
row tidal inlet (Flemming 1977, Compton 2001).
The system is dominated by tidal currents
(Compton 2001) with a semi-diurnal tidal flow
and an average spring tidal range of 1.8 m
(Flemming 1977). The lagoon experiences a
Mediterranean, semi-arid climate with hot and
dry summers and winter rainfall, with annual
precipitation below 300 mm (Day 1959, Flem-
ming 1977). In addition, the lagoon re ceives very
little freshwater and sediment input (Compton 2001)
and is recognised as an Important Bird Area by
BirdLife International (Pillay et al. 2010), supporting
approximately 37 500 birds in summer and 10 500 in
winter, with flamingos comprising approximately

1% of the total bird population in summer, rising to
40% in winter (Underhill 1987). Flamingos typically
undertake winter migrations to South African wet-
lands, which serve as important feeding grounds
(McCulloch et al. 2003).
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Fig. 1. Examples of foraging structures, (A) channel and (B) pit, produced by greater flamingos when feeding. Photos taken at 
low tide, Oesterwal, Langebaan Lagoon

Fig. 2. Langebaan Lagoon, showing its geographic position on the
South African coastline, as well as sampling sites and park zones. 

LWS: low-water spring (adapted from Pillay et al. 2010)
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Sampling design 

The approach adopted in this investigation to test
the effects of foraging plasticity by greater flamingos
on prey assemblages was to compare assemblages in
freshly created foraging structures (pits and chan-
nels) with those of non-foraged sediments adjacent to
feeding structures (controls). A nested hierarchical
sampling design was employed for the study, which
was conducted in winter (June and July) of 2015.
Samples were collected during spring low tide across
3 sites, between Oesterwaal and Bottelary (Fig. 2). At
each of the 3 sites, 3 shore positions (high-, mid- and
low-water mark) were sampled, with each shore
position sample comprising 3 quadrats (10 × 10 m),
from which replicate samples from foraged struc-
tures and controls were collected (Fig. 3). A mini-
mum of 3 and maximum of 5 foraging structures were
sampled per quadrat along with an equivalent num-
ber of controls. Control samples were collected
between 0.5 and 1 m from foraged structures, where
no foraging activity occurred. Each foraging struc-
ture was photographed (Canon IXUS 130) prior to
sample collection, with all photographs being taken
from a standard distance of 1 m and perpendicular to
structures. ImageJ (version 1.48, 2014) was used to
quantify the area of each foraging structure to relate
size of foraging structure with flamingo foraging
impact.

Only freshly created pits and channels (within 24 h
of foraging activity) were sampled in the study to
avoid confounding foraging effects with structure
age. To identify newly created structures, a prelimi-
nary field study was undertaken 1 mo before final
sampling, in which 2 plots (25 m2; at high- and mid-
water mark, Site 1) of sediment were raked at low

tide to smooth out any pre-existing flamingo foraging
structures. After a tidal cycle (24 h), newly formed
flamingo foraging structures were marked and pho-
tographed and photographed again 24 h later. Photo-
graphs were used to generate a library of appear-
ances of newly formed channels and pits and their
subsequent changes after 24 h in response to wave
action. Examples of changes in appearance of forag-
ing structures are provided in Fig. 4.

Sample collection and analyses 

For macrofauna, 3 sediment cores (depth = 15 cm,
diameter = 10 cm) were collected and pooled from
each of the foraging structures and controls. Cores
were swirled in a bucket filled with seawater, fol-
lowed by the supernatant being sieved through a
500 µm mesh. This procedure was repeated 5 times
followed by remaining sediments being sieved on a
2 mm mesh to collect larger macrofauna. All retained
material was preserved (70% ethanol containing rose
bengal). Macrofauna were identified to the lowest
taxonomic level possible and counted in the labora-
tory. To calculate biomass of individual species within
samples, 2 approaches were adopted. For large macro -
fauna (e.g. sandprawns, mudprawns, crabs), 10 indi-
viduals were weighed (Sartorius balance [5 decimal
places] wet weight, dried on tissue paper for 1 min),
and a mean individual biomass was calculated per
species. For smaller organisms (e.g. amphipods, poly-
chaetes, isopods), 30 individuals were weighed, and a
mean biomass was generated per species. For mol-
luscs (mainly gastropods and bivalves), organisms
were removed from shells prior to weighing. To esti-
mate biomass per species per sample, mean biomass
for each species was multiplied by their abundance.

To quantify differences in microalgal biomass be -
tween foraged structures and controls, sediment
cores (diameter = 2 cm, depth = 1 cm; n = 3 per forag-
ing structure and control) were collected and placed
in 20 ml of 90% acetone. Cores were kept in dark-
ness in a freezer for 24 h. A sub-sample of the
homogenised liquid sample was analysed fluoromet-
rically (Turner Designs Trilogy) to determine chl a
concentration, which was used as a proxy for micro-
algal biomass.

Statistical analyses 

Multivariate analyses were performed on unstan-
dardised and transformed (fourth root) abundance
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Fig. 3. Schematic overview of sampling design used in the
study. Three sites were sampled, comprising high-, mid- and
low-water samples. Three quadrats (Q1−3) were sampled
per shore position, with 3 to 5 cores collected per feeding 

structure and control
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data in Plymouth Routines in Multivariate Ecological
Research (PRIMER) version 6.1.5 (Clarke & Gorley
2006). Non-metric MDS ordinations (based on resem-
blance matrices generated from Bray-Curtis similari-
ties) were used to visually assess macrofaunal com-
munity composition between pits, channels and their
controls. Permutational analysis of variance (PERM-
ANOVA, nested design: Site, Shore Position(Site),
Quadrat(Shore Position)) was used to test the effects
of foraging structures and controls on macrofaunal
community structure, with pairwise tests used to iden-
tify significant within-treatment differences per site
and tidal position. Permutational analysis of multivari-
ate dispersions (PERMDISP) was used to show differ-
ences in dispersion effects between foraging struc-
tures and their controls per site and tidal position.
W-statistics were calculated for each foraging struc-
ture and respective controls to numerically quantify
the magnitude of difference in species-ranked biomass
and abundance using the cumulative abundance−

biomass curve function. The DIVERSE function was
utilised to calculate macrofaunal abundance (N) and
species richness (total number of S) per feeding struc-
ture and their respective controls. SIMPER was used
to identify dominant species that cumulatively con-
tributed 90% to overall community structure (based
on both abundance and biomass data) in pits, channels
and their corresponding controls per tidal position per
site. Parametric tests were conducted in IBM SPSS
Statistics version 22 (IBM 2015). Levene’s and Kol-
mogorov-Smirnov tests were used to test for normality
and homogeneity of variance in data. Nested ANOVA
with post hoc Tukey tests were applied to test for dif-
ferences in macrofaunal community measures, chl a
and abundance of individual species among flamingo
foraging structures and controls.

A linear mixed model (LMM) analysis was con-
ducted in R (package lme4; Bates et al. 2015) to quan-
tify relationships between sizes of the flamingo forag-
ing structures and their impacts. Flamingo im pact was

231

A B

C D

57 cm 

1.4 m

Fig. 4. Flamingo foraging structures, (A) channel and (C) pits 24 h after foraging and (B) channel and (D) pits 48 h 
after foraging
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expressed as the difference in macrofaunal commu-
nity measures or abundance of dominant species be-
tween foraging structures and respective controls. A
nested hierarchical structure was em ployed in the
LMM, with shore position nested in site and quadrat
nested in shore position. Sizes of foraging structures
(pits and channels) were standardised. Response vari-
ables were transformed (sign(x) × log(|x | + 1), where x
= data point) to normalise the data (John & Draper
1980). The package MuMIn was utilised to calculate
the coefficient of determination (R2) for LMMs.

RESULTS

Macrofaunal community structure was signifi-
cantly affected by shore position (PERMANOVA:
F5,193 = 8.90, p = 0.001) and flamingo foraging
treatments (PERMANOVA: F26,193 = 2.17, p =
0.001) but not by site (PERMANOVA: F2,193 =
1.70, p = 0.188) or quadrat (PERMANOVA:
F16,193 = 0.967, p = 0.538). Pairwise tests indicated
significant differences in community structure
between flamingo channels and their controls in
6 of 7 comparisons but no differences between
pits and controls (Table 1). MDS visually con-

firmed differences in community structure between
flamingo channels and controls (Fig. 5) as well as
 similarities between pits and their controls (Fig. 6).
PERMDISP indicated that pit foraging increased mul-
tivariate dispersion relative to pit controls, with the
exception of the mid-shore position of Site 2 (Table 2).
Channel foraging resulted in in creased dispersion rel-
ative to their controls in 4 of 7 comparisons.

All macrofaunal community metrics (except total
biomass) differed statistically across shore position
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Site       Shore     PC vs. P             CC vs. C
           position       Dissimilarity       p           Dissimilarity       p
                                       (%)                                   (%)

1            High               52.16           0.40                  –                 –
               Mid                45.13           0.66                 60           0.002*

2            High               36.38           0.99               36.63         0.64
               Mid                    –                 –                 47.08         0.001*
              Low                   –                 –                 36.75         0.001*

3            High               35.47           0.46               44.11         0.01*
               Mid                    –                 –                 37.37         0.004*
              Low                   –                 –                 52.24         0.002*

Table 1. Pairwise tests showing differences in macrofaunal commu-
nity structure between flamingo foraging treatments across shore
positions and sites. P: pits; PC: pit controls; C: channels; CC: channel 

controls. *p < 0.05

2H

1M 2M

2L

3H 

3M

3L

Fig. 5. MDS ordinations showing dif-
ferences in macrofaunal community
structure between channels (m) and
channel controls (h) across the 3 sites
and shore positions. 1, 2, 3: site num-
bers; H: high-shore position; M: mid-
shore position; L: low-shore position
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(nested ANOVA: p < 0.001; Table 3, Figs. 7−9) but
not site (nested ANOVA: p > 0.1). Abundance of
macrofauna was generally lower in channels relative
to their controls in the majority of comparisons
(Fig. 7), but differences between pits and their con-
trols (with the exception of the high-shore position

of Site 1 [post hoc Tukey: p = 0.025]) were not evi-
dent. Macrofaunal abundance was the only commu-
nity descriptor to be affected by flamingo foraging
treatment (nested ANOVA: F8,172 = 9.35, p < 0.001).
W-statistics were significantly greater in flamingo
channels relative to their controls (nested ANOVA:
F8,172 = 6.33, p < 0.001, Table 3). In the latter case, 4 of
7 comparisons were statistically upheld. None of the
comparisons of W-statistics between pits and their
controls were statistically significant (Fig. 10).

Chl a levels were generally depressed in channels
relative to their controls (nested ANOVA: F8,172 =
12.31, p < 0.001, Table 3) but were similar between
pits and controls (Fig. 11). Chl a levels also differed
significantly across quadrats (nested ANOVA: F3,172 =
2.79, p = 0.042).

SIMPER identified 21 species that distinguished
flamingo foraging structures from their controls
based on abundance data (Table 4). The most domi-
nant macrofaunal species, which was the amphipod
Urothoe grimaldii, was reduced in pits by 20% and in
channels by 63%, indicating that this species is likely
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1H

1M

2H 3H

Fig. 6. MDS ordinations showing differences in macrofaunal community struc-
ture between pits (m) and pit controls (h) across the 3 sites and shore positions. 

1, 2, 3: site numbers; H: high-shore position; M: mid-shore position

Site         Shore                Foraging structure
             position              P             PC            C            CC

1              High             36.99       30.92           –               –
                Mid             31.14       26.29       30.94       27.99

2              High             24.81       26.05       21.49       25.36
                Mid                 –               –           32.99       19.13
                Low                 –               –           20.29       16.89

3              High             26.83       20.86       26.23       14.09
                Mid                 –               –           20.13       21.68
                Low                 –               –           18.80       23.78

Table 2. Results of permutational analysis of multivariate
dispersions showing differences in dispersion effects be-
tween flamingo foraging structures (P: pits; C: channels) and 

controls (PC: pit controls; CC: channel controls)

Factor      Macrofaunal Species       Macrofaunal         Chl a        W-statistic
                 abundance  richness           biomass
                                  F            p                   F             p                      F          p                       F             p                   F             p

Site                          3.45       0.17              5.61          0.10               2.73      0.21                  3.08        0.19              3.50       0.16
Shore position        9.11     <0.001*          7.27       <0.001*           2.53      0.06                  8.74     <0.001*          7.19    <0.001*
Quadrat                  0.08       0.97              1.19          0.32               0.99      0.40                  2.79        0.04*            2.23       0.09
Treatment               9.35     <0.001*          1.12          0.35               0.83      0.58                12.31     <0.001*          6.33    <0.001*

Table 3. Results of nested ANOVA testing for differences in macrofaunal community metrics and chl a biomass between 
flamingo foraging structures and controls. *p < 0.05
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one of the main prey items of flamingos. Calanoid
copepods, Notomastus latericeus, Eurydice kensleyi,
Orbinia angrapequensis, Hymenosoma orbiculare,
Leu co thoe spinicarpa, Heterocuma africanum and
Griffithsia latipes were additional species that were
generally reduced in abundance in channels relative
to their controls. Callichirus kraussi was the only
macrofaunal species to increase in abundance in
channels relative to their controls at particular shore
positions and sites (Table 4). The polychaete Perin -
ereis nuntia vallata and crab Paratylodiplax ble -

phariskios were both significantly less abundant in
pits relative to their controls at the high-shore posi-
tion of Site 1. SIMPER analyses based on biomass
data identified 14 species that distinguished flamingo
foraging structures from their controls (Table 5). Four
species (U. grimaldii, E. kensleyi, H. orbiculare and
O. angra pequensis) had significantly lower biomass
in channels compared to their controls, whereas the
biomass of C. kraussi was significantly higher in
channels than controls at the low-shore position of
Site 2.
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LMMs revealed that flamingo foraging impact on
macrofaunal abundance increases when the chan-
nels they create are smaller, as the impact of flamingo
foraging on macrofaunal abundance was negatively
related to the size of channels (t = −2.605, p = 0.012,
R2 = 0.507; Table 6). There was evidence of the abun-
dance of the polychaete N. latericeus being nega-
tively related to channel size, although the latter was
not significant (t = −1.762, p = 0.084, R2 = 0.44).

DISCUSSION

Our first hypothesis of flamingo foraging plasticity
generating differential impacts on benthic communi-

ties was upheld. However, our second hypothesis of
pit foraging eliciting a greater impact on benthic
assemblages relative to channel foraging was not
supported. At the community level, differences be -
tween channels and controls were pronounced, with
6 of 7 comparisons being statistically validated. In
contrast, differences in communities were insignifi-
cant between pits and controls. Channel foraging
generated greater impacts on macrofaunal abun-
dance than pit foraging, with 6 of 7 comparisons
being statistically supported, compared with 1 of 4
comparisons being statistically upheld for pit forag-
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ing. Similar trends were observed for microalgal bio-
mass, with channel foraging generating a stronger
negative effect than pit feeding. Taken collectively,
our results suggest that channel feeding by flamin-
gos exerts a greater impact on benthic assemblages
than pit foraging. More broadly, our findings add
credence to the notion that the decisions made by
consumers to employ particular foraging behaviours
can have important repercussions for prey assem-
blages (Micheli 1997).

The differential impacts of pit and channel forag-
ing that we recorded are likely driven by each of
these foraging strategies serving distinct feeding
functions (Brown & King 2005). The latter is consis-
tent with the idea that foragers employ fluid feeding
strategies depending on biotic and abiotic conditions

(Paiva et al. 2010). Channel foraging is potentially a
strategy aimed at consuming organisms associated
with surficial sediments, given that this foraging
method essentially involves the bill being swept over
sediment surfaces (Glassom & Branch 1997, Johnson
& Cézilly 2007). Pit foraging, in contrast, is likely
aimed at acquiring deeper-dwelling prey, given that
this method involves flamingos using their feet to
turn over sediments from depth (Glassom & Branch
1997, Johnson & Cézilly 2007). The differential im -
pacts on benthic assemblages observed in this study
are therefore likely driven by each of these foraging
methods targeting particular prey from different
depth strata in the benthos, which is an idea that
could have more rigorously been tested had data on
prey depth distribution been collected. The use of
different foraging techniques to target prey at differ-
ent depths could explain the greater impact of chan-
nel foraging on benthic microalgal biomass (chl a)
and the abundance of the amphipod Urothoe gri maldii,
which are both surface-associated taxa (Christie 1976,
MacIntyre et al. 1996). In our study, U. grimaldii was
the most numerically dominant macrofaunal species,
contributing roughly 39% to total macrofaunal abun-
dance. Therefore, the strong negative impact of chan-
nel foraging on overall macrofaunal abundance may
be a reflection of flamingos targeting U. grimaldii
when channel foraging.

A possible reason for pit foraging by flamingos
not eliciting a stronger negative impact on benthic
macro fauna is that flamingos target deep-dwelling
taxa that are rare in the habitat when employing this
foraging strategy, resulting in differences in abun-
dance being undetected statistically. A general pat-
tern observed in Langebaan Lagoon is that deeper-
dwelling invertebrates are larger but less abundant
than surface-associated fauna. The possibility also
exists that pit foraging does not target benthic
macrofauna, and neither is it the primary feeding
method employed by flamingos. Schmitz & Baldas-
sarre (1992), for example, reported an increase in pit
foraging behaviour in American flamingos following
Hurricane Gilbert and argued that this foraging
switch was driven by the loss of submergent vegeta-
tion and surface gastropods, with the latter being the
primary trophic resources of flamingos. It was sug-
gested that flamingos fed on seeds and tubercles in
bottom sediments following the hurricane, which
would likely have been most effectively obtained by
pit foraging. In the present study, it is plausible for
channel feeding to be the primary feeding mode,
with pit foraging being a secondary foraging method.
This is supported by field observations that channels
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Taxon                                      Sample Site 1                       Site 2                                   Site 3
Species                                      type            High Mid       High             Mid       Low   High           Mid       Low
                                                                        Pits      Pits   Chan.       Pits    Chan.   Chan.   Chan.         Pits    Chan.   Chan.     Chan.

Amphipoda                                                                                                                                                                                               
Griffithsia latipes                 Structure           0       0.25    0.88         0.2       0.75       0.8          0               0       0.00          0.44       0.29
                                                Control          0.07      0.5     3.00           0           0          0.9       0.07             0       0.40          0.11       0.57

Leucothoe spinicarpa           Structure           0          0         0             0           0           0         0.13             0          0         0.67       2.86
                                                Control             0          0         0             0           0           0           0               0          0         0.78       16.29

Urothoe grimaldii                 Structure         0.13     23.3    10.1       28.3     19.3       24.6        20.47              24.3     18.2         15.89         14.29
                                                Control          0.33       36     38.9       32.4     20.25     65.8          41.8               26.5     45.8         41.67         77.71

Bivalvia                                                                                                                                                                                                       
Macoma spp.                         Structure         0.07       0         0             0           0           0           0             0.1       2.4           0             0
                                                Control          0.33       0         0             0           0           0         0.07             0          0            0             0

Tellimya trigona                   Structure         0.07       0       1.25           0           0           0           0               0          0            0             0
                                                Control          0.47       0       0.13           0           0           0           0               0          0            0             0

Brachyura                                                                                                                                                                                                 
Hymenosoma                       Structure           0          0       0.25         0.1       0.25         0         0.53                 0.9       1.4        1.56           2.57
orbiculare                             Control             0          0         0           0.2         0           0         3.33                 1.5       3.0        3.22           4.43

Paratylodiplax                     Structure         0.13       0.25       0           0.1         0           0           0             0.2         0            0             0
blephariskios                       Control          0.80       1.25   0.375         0           0          0.2          0             0.1       0.4           0           0.14

Copepoda                                                                                                                                                                                                 
Calanoid copepods               Structure         11.4     4.25    4.63             9.1       7.75       45.4     22.33              21.1     13.6      16.56     21.86
                                                Control         13.73       9     16.00             10     15.75     23.1     31.47              26.7     22.6      23.33     58.71

Cumacea                                                                                                                                                                                                   
Heterocuma africanum       Structure           0          0         0             0           0           0           0             0.3       0.2        0.89       1.29
                                                Control             0          0         0             0           0           0           0             0.4       0.2           3           11

Gastropoda                                                                                                                                                                                               
Assiminea globulus             Structure         3.6         0       0.5         0.6         0           0           0             0.7       0.2        0.11           0
                                                Control          6.07      0.5       0           0.2       0.25         0           0             2.2       0.6        0.44           0

Hydrobia spp.                       Structure         0.6      0.75       0           0.9       0.25         0           0             0.4       1.2        0.56           0
                                                Control           0.6      0.25    0.13           0       1.75         0           0             0.7       1.2        0.33           0

Isopoda                                                                                                                                                                                                     
Eurydice kensleyi                 Structure         0.8      1.25     0.5         5.9       1.5          1          0.8             1.2       1.8           2.11       0.86
                                                Control          0.73     0.25     2.5           10       2.75       0.9       0.73           1.7       4.6               3           0.14

Paridotea ungulate               Structure         0.07       0       0.25         0.3       0.5         0.3          0               0          0            0             0
                                                Control          0.13       0         2           0.6         1           0         0.07           0.1         0            0             0
Polychaeta                                                                                                                                                                                                 
Ceratonereis                         Structure         0.33     3.25    1.75         0.8         3          2.5         1.6             7.5       0.6           0             0
erythraeensis                       Control          0.33     6.75    2.75         0.6       2.25       3.1       1.73           7.8       0.8           0           0.11

Cirriformia capensis             Structure         1.67       0         0             0           0           0         0.13           0.2       0.2           1             0
                                                Control          1.67       0         0             0           0           0           0             0.4       0.2           0             0

Marphysa elitueni                Structure         0.4         2       1.75         1.9       1.75       1.1       0.73           0.1       2.4        2.56       3.29
                                                Control          0.53       1       1.63           3       1.75       1.2          1             0.4       1.6        3.11           4

Notomastus latericeus         Structure           0         2.5     4.63         7.9       5.75       7.4         2.4             2.6       7.0          16.89     12.71
                                                Control          0.07      6.5      3.5         6.3         6          6.9         3.4             3.4      15.6         15.67     18.71

Orbinia                                 Structure           0       0.75       0           1.6         3          1.4       3.67                 1.8       0.8        0.22       1.29
angrapequensis                   Control             0       0.75    0.25         0.9         1           2        10.47               0.9       2.4        0.11       2.43

Perinereis                             Structure         0.93       0.25    0.13         0.4         0           0           0             1.2         0            0             0
nuntia vallata                       Control          2.47           0         0           0.1         0           0           0             1.7         0            0             0

Thelepus spp.                       Structure         0.47       0       0.63           0           0           0         0.47           0.9       0.4        0.11           0
                                                Control           0.2      0.25    0.13           0           0          0.1       0.47             1         0.6        0.78       0.29

Thalassinidea                                                                                                                                                                                           
Callichirus kraussi               Structure         0.67         1.5     4.00             2.9       2.75       2.2       1.53                 2.6       3.2        3.56       3.43
                                                Control          1.40         2.5     1.63             2.4         2           2         0.27                   3          4         3.78           5

Table 4. Abundance of macrofaunal species that cumulatively accounted for 90% of community structure in flamingo foraging struc-
tures (Pits and Channels) and controls. Bold text denotes significant differences between structures and controls (p < 0.05)
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were distributed across mid- and low-shore posi-
tions, whereas pits were recorded mainly in high-
shore positions (Figs. 5−9).

In contrast to our results highlighting the negative
effects of channel foraging by flamingos on macro-
faunal abundance, we did not find any significant
effects of either channel or pit foraging on macrofau-
nal richness. The latter would suggest that greater
flamingos select a very narrow spectrum of the prey
available for consumption and that they may target
very specific prey species. Flamingos, despite de -
monstrating variable foraging strategies in response

to changing habitat conditions (Brown & King 2005),
are also capable of preferentially consuming particu-
lar prey items (Jenkin 1957, Zweers et al. 1995). It has
been demonstrated that flamingos can select prey
items on the basis of size and that the distances
between bill lamellae, the organ used for filtering out
prey items, can be adjusted to aid selection of partic-
ular prey items; favourable prey sizes are retained in
the mesh to be consumed, whereas sizes that are too
small or large are rejected and returned to the sedi-
ment (Jenkin 1957, Zweers et al. 1995). Our results
also indicated that flamingo foraging did not elicit a
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Taxon                             Sample Site 1                             Site 2                                     Site 3
Species                             type         High Mid           High                Mid       Low   High              Mid         Low
                                                            Pits       Pits    Chan.        Pits     Chan.     Chan.     Chan.         Pits     Chan.     Chan.      Chan.

Amphipoda                                                                                                                                                                                                
Urothoe grimaldii        Structure   <0.001   0.007   0.003           0.009     0.006     0.007         0.006             0.007    0.006         0.005           0.004
                                      Control     <0.001   0.011   0.012           0.010     0.006     0.020         0.013             0.008    0.014         0.013           0.023

Brachyura                                                                                                                                                                                                   
Hymenosoma               Structure         0           0     0.0006     <0.001   0.001         0         0.001              0.02     0.004      0.004           0.034
orbiculare                     Control          0           0           0           0.001        0             0         0.009             0.004    0.008      0.008           0.011

Paratylodiplax             Structure     0.002     0.003       0           0.001        0             0             0           0.003       0             0              0
blephariskios               Control     0.0311   0.016   0.015           0           0         0.003         0           0.001    0.005         0           0.013

Spiroplax spiralis (J)   Structure         0           0       0.003           0        0.003         0         0.005           0       0.005         0              0
                                      Control          0        0.007       0           0.005     0.003     0.001     0.001         0.001       0             0              0

Eumalacostraca                                                                                                                                                                                         
Betaeus jucundus        Structure     0.003        0       0.002           0           0         0.003     0.001         0.003       0         0.006           0
                                      Control       0.005        0       0.005       0.001        0             0             0           0.004       0             0              0

Isopoda                                                                                                                                                                                                       
Cirolana hirtipes         Structure         0        0.041       0              0           0         0.016         0               0           0             0              0
                                      Control          0           0       0.041           0           0         0.016         0               0           0             0              0

Eurydice kensleyi       Structure     0.002     0.003   0.001       0.014     0.004     0.002     0.002         0.003    0.004      0.005       0.002
                                      Control       0.002     0.001   0.006       0.014     0.007     0.002     0.002         0.004    0.011         0.007     <0.001

Polychaeta                                                                                                                                                                                                 
Ceratonereis               Structure     0.001     0.006   0.003       0.001     0.005     0.004     0.003         0.013    0.001         0              0
erythraeensis               Control       0.001     0.012   0.005       0.001     0.004     0.005     0.003         0.013    0.001     <0.001         0

Cirriformia capensis   Structure     0.015        0           0              0           0             0         0.001         0.002    0.002      0.009           0
                                      Control       0.015        0           0              0           0             0             0           0.004    0.002         0              0

Euclymene spp.           Structure         0           0           0              0           0             0         0.021           0           0             0              0
                                      Control          0           0           0              0           0             0             0               0           0             0              0

Marphysa elitueni       Structure     0.001     0.006   0.005       0.005     0.005     0.003     0.002       <0.001   0.007      0.009       0.007
                                      Control       0.002     0.003   0.005       0.008     0.005     0.003     0.003         0.001    0.005      0.011       0.009

Orbinia                         Structure         0        0.001       0           0.001     0.002     0.001     0.002         0.001    0.001     <0.001     0.0008
angrapequensis           Control          0        0.001  <0.001     0.001     0.001     0.001     0.006             0.001    0.002     <0.001     0.0015

Thelepus spp.               Structure     0.006        0       0.008           0           0             0         0.006         0.011    0.005      0.001           0
                                      Control       0.003     0.003   0.002           0           0         0.001     0.006         0.013    0.008      0.010       0.004

Thalassinidea                                                                                                                                                                                             
Callichirus kraussi       Structure     0.146     0.159   0.496       0.308     0.292     0.459     0.238             0.276     0.34       0.441       0.525
                                      Control       0.374     0.266   0.314       0.311     0.213     0.269     0.028             0.319    0.425      0.589       0.531

Table 5. Biomass of macrofaunal species that cumulatively accounted for 90% of community structure in flamingo foraging structures 
(Pits and Channels) and controls. Bold text denotes significant differences between structures and controls (p < 0.05)
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statistically significant effect on macrofaunal biomass
at the level of individual foraging structures, again
suggesting that flamingos target a very narrow spec-
trum of available prey for consumption.

An unexpected finding emanating from the study
was that microalgal biomass was generally similar in
pit controls relative to channel controls within partic-
ular shore positions. However, despite the seemingly
similar levels of this trophic resource in the immedi-
ate vicinity of both pits and channels, microalgal bio-
mass was only reduced statistically in channels. Two
potential mechanisms may explain the lack of greater
impacts of flamingo pit foraging on benthic micro-
algal biomass. First, if pit foraging is intended to tar-
get large, deeper-dwelling organisms, this could most
efficiently be affected by an in crease in distances
between bill lamellae (Zweers et al. 1995); if inter-
lamellae distances are too small relative to sizes of
food particles, there is a possibility of lamellae becom-
ing clogged with smaller unwanted particles. A con-
sequence of increasing distances between bill lamel-
lae to target larger food items would be that smaller
particles such as microalgal cells would pass through
and be returned to the sediment. The second mecha-
nism likely to explain the low impact of pit foraging
on microalgal biomass is that this foraging technique
may have stimulatory effects on surface microalgae,
effectively countering any consumptive effects of
flamingos on microalgal biomass. The latter is sup-
ported by studies demonstrating the positive ef fects of
infaunal bioturbation on nutrient fluxes from deep
sediments and productivity at the sediment− water
interface (Ziebis et al. 1996, Lohrer et al. 2004, Mer-
millod-Blondin et al. 2004, D’Andrea & DeWitt 2009).
The upward conveyor belt bioturbation (Francois et
al. 2001) employed by flamingos during pit foraging
may elicit a similar positive effect on nutrient fluxes
and productivity.

Analyses of W-statistics (ob -
tained from abundance− biomass
comparison [ABC] curves) gener-
ally indicated that species-ranked
biomass was greater than abun-
dance in channels compared to
controls, with 4 of 7 comparisons
being statistically significant. ABC
curves have often been used in
disturbance studies (Reizo poulou
et al. 1996, Kaiser et al. 2000), with
the underlying theory being that
recently disturbed communities
are dominated by smaller oppor-
tunistic r-selected species, while

communities at later stages of recovery from distur-
bances are dominated by larger K-selected species
(Clarke & Warwick 1994). Greater species-ranked
biomass in channels relative to pits could be gener-
ated through flamingos selectively removing smaller
organisms for consumption and avoiding larger ones.
The strong negative effect of flamingos on the small
surface-dwelling amphipod U. grimaldii when chan-
nel foraging is consistent with the idea that flamingos
selectively consume prey with low biomass when
channel foraging. The greater abundance and bio-
mass of the sandprawn Callichirus kraussi in some
channels relative to controls may also provide support
for the latter. Given that greater flamingos have been
shown to feed preferentially on prey between 2 and 4
mm in size (Zweers et al. 1995), it is likely that organ-
isms such as sandprawns C. kraussi, which can grow
to 60 mm in length on average (Branch et al. 2010),
are rejected from the bill back into sediments, as they
are beyond the preferred prey size spectrum for
flamingos. The greater abundance of C. kraussi in
channel samples could also indicate active selection
by flamingos for sediments with dense aggregates of
C. kraussi, given the various studies demonstrating
the potential for engineering effects of burrowing
sandprawns to elevate abundances of various organ-
isms (Branch & Pringle 1987, Siebert & Branch 2005,
Pillay et al. 2011).

Our results disagree with our third hypothesis that
increasing sizes of foraging structures created by
flamingos would increase impacts on prey assem-
blages relative to non-foraged sediments. For pit for-
aging, there was no indication of any of the response
variables being affected by sizes of structures, but for
channels, there was a strong indication of size being
inversely related to impact on macrofaunal abun-
dance, effectively indicating that smaller channels
in duce greater impacts on abundance. It is well

Response variable                                    Pits                                  Channels
                                                     R2        Slope       p                R2       Slope        p

Macrofaunal abundance         0.207      1.895    0.588         0.507  −17.95    0.012*
Species richness                       0.207      0.122    0.813         0.085  −0.033    0.547
Chl a                                          0.014      0.003    0.917         0.158  0.031    0.231
Macrofaunal biomass              0.065      0.105    0.114         0.089  0.019    0.764
Urothoe grimaldii                   0.0014  −0.032    0.816         0.453    −4.44      0.173
Notomastus latericeus             0.267      0.017    0.855         0.44      −1.33      0.083
Ceratonereis erythraeensis     0.304    −0.547    0.296         0.042      0.31      0.208
Eurydice kensleyi                    0.019      0.066    0.412         0.297      0.048    0.343
Callichirus kraussi                   0.042      0.291    0.301         0.225      0.264    0.437

Table 6. Results of linear mixed effects modelling testing the effects of sizes of 
flamingo foraging structures against various community metrics. *p < 0.05
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known that organisms dwelling in marine sediments
display very patchy distributions (Barry & Dayton
1991, McIntosh 1991, Thrush 1991, Ólafsson 1992,
Legendre et al. 1997). If preferred prey items (possi-
bly U. grimaldii) are distributed in small patches in
sediments, then greater flamingos could increase for-
aging rate and intensity to maximise prey capture
from these patches, effectively causing smaller chan-
nels to have greater impacts on prey. The low impact
of large channels is possibly an indication of flamin-
gos targeting rare species that are more spatially dis-
persed in sediments. Alternatively, smaller impacts
of large channels could be due to these structures
being constructed during extended random probing
behaviour and not primarily part of a feeding event.
Studies on waders, for example, have demonstrated
that these consumers employ repeated probing be -
haviour to locate prey patches, with probing being
used for prey detection and not consumption (Santos
et al. 2009).

One of the main implications of our study is that the
plastic foraging strategies employed by flamingos
can function as key drivers of spatial and temporal
heterogeneity in intertidal sandflats, principally by
creating patches that vary in terms of community dis-
similarity levels relative to non-foraged sediments.
Communities in pit structures are not dissimilar to
surrounding sediments following flamingo foraging,
but channel structures are dissimilar to unforaged
sediments. In addition, smaller channels have a greater
impact on macrofaunal abundance than larger ones.
Importantly, the latter patterns are likely to amplify
over time, thereby enhancing heterogeneity even
further. This is because the degree to which flamin-
gos remove consumers from sediments will likely
determine the rate at which basal resources accumu-
late in structures over time. Where flamingos have
great impacts on consumers, resources are likely to
increase at a relatively high rate, and potentially
exceed levels occurring in unforaged sediments, due
to release of top-down pressure. The  latter hypothe-
sis is based on several studies documenting increases
in basal trophic resources following removal of con-
sumers in marine sediments (Van Blaricom 1982,
Thrush et al. 1991, Lewis & Anderson 2012). It is
therefore likely that channels, particularly smaller
ones, would develop levels of trophic re sources much
greater than pre-foraged states, but the latter may be
less prominent in pits. If this prediction is upheld,
then positive feedbacks are likely to develop that
reinforce the dissimilarity in assemblages in chan-
nels (of different sizes) versus pits  relative to non-for-
aged sediments over time. The accumulation of basal

resources such as bacteria, micro algae and the car-
bohydrate matrices they exude can serve as attrac-
tants that increase the ap peal of sediments for re -
cruitment (Pillay et al. 2007), resulting in short-term
increases in community metrics. Taken collectively,
the short-term impacts (1−2 d) of flamingo foraging
allied with longer-term (1−2 wk) successional change
can result in a highly dynamic mosaic of sediment
patches that differ in their successional state depend-
ing on the type and size of structure created. In addi-
tion, flamingo foraging is likely to enhance temporal
variability in benthic assemblages over seasonal time
scales, given that flamingo abundance (and hence
predation pressure) can be roughly 40 times greater
in winter than summer (Underhill 1987).

CONCLUSIONS

Overall, our study has expanded perspectives on
the ecological roles played by a shorebird predator
that has received little attention in marine systems
(Glassom & Branch 1997, Bildstein et al. 2000). Our
results demonstrate the variable impacts predator
foraging plasticity can have on marine sedimentary
systems and the need to incorporate such plasticity
into broader conceptual models of predation in mar-
ine systems. More specifically, predator behaviour
needs to be included in current thinking to accurately
predict impacts of predators in heterogeneous eco-
systems such as intertidal marine sediments. Clearly,
the strength of predation is tightly linked to foraging
behaviour; predator impact cannot therefore be as -
sumed to be uniform across habitats in which biotic
and abiotic characteristics vary, since both aspects
drive predator foraging behaviour and ultimately the
strength of their impacts on prey assemblages.
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