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Abstract
Food webs are comprised of a network of trophic interactions and are essential to elucidating ecosystem

processes and functions. However, the presence of unknown, but critical networks hampers understanding of

complex and dynamic food webs in nature. Here, we empirically demonstrate a missing link, both critical and

variable, by revealing that direct predator-prey relationships between shorebirds and biofilm are widespread and

mediated by multiple ecological and evolutionary determinants. Food source mixing models and energy budget

estimates indicate that the strength of the missing linkage is dependent on predator traits (body mass and

foraging action rate) and the environment that determines food density. Morphological analyses, showing that

smaller bodied species possess more developed feeding apparatus to consume biofilm, suggest that the linkage

is also phylogenetically dependent and affords a compelling re-interpretation of niche differentiation. We

contend that exploring missing links is a necessity for revealing true network structure and dynamics.
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INTRODUCTION

Food webs are a network representing trophic interactions in

ecosystems. Given the important effects of food web structure on

population to ecosystem dynamics (Bascompte 2010), identifying

full web structure and assessing the ecological implications are

fundamental to understand ecosystem processes and functions.

Comprehension of food web structure is necessarily based on the

structure of networks (links and nodes) being fully �known�. However,

such prerequisites are often not assured. Understanding of ecological

networks remains incomplete; fundamental problems in veracity could

arise if unknown, but critical networks are present in the real world

(Clauset et al. 2008).

A major impediment in determining food web structure stems

from the difficulty in identifying interspecific links. In general, the

discovery of new interactions in networks derives from extensive

empirical studies (Bascompte 2010). Furthermore, the presence or

absence of a trophic link is modulated by diverse determinants,

including species morphological and behavioural traits, phylogenetic

constraints and the environment (Kondoh 2003; Cattin et al. 2004;

Petchey et al. 2008; Carnicer et al. 2009; Ings et al. 2009; Valdovinos

et al. 2010). These diverse determinants and their properties vary

non-linearly, and, in consequence, the strength of the linkages

varies in different spatial and temporal (even evolutionary) scales.

Here, we empirically show that a missing and critical trophic link

does exist by exposing extensive prey-predator relationships between

shorebirds (waders) and biofilm. Subsequently, we show that the

strength of this missing link is differentially mediated by node

properties (predator species traits), the environment that determines

node properties (food density) and evolutionary history (phylogenetic

constraints), and propose ecological and evolutionary implications of

biofilm feeding.

Although shorebirds prey on invertebrates, such prey cannot account

for their complete diet (Zwarts et al. 1990; Colwell 2010). A recent study

demonstrated that two sandpiper species consume surficial intertidal

biofilm (Kuwae et al. 2008; Mathot et al. 2010), a hitherto unsuspected

food comprised of microbes, their extracellular mucus substances and

detritus (Characklis & Marshall 1989). However, the extent and

determinants of the biofilm feeding phenomenon among shorebirds

and the spatial and temporal scales of such behaviour remain unknown.

Here, we combined empirical evidence from a synthesis of ecological

(stable isotopes), physiological (energy budgets), behavioural (foraging
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videos), morphological (feeding apparatus) and phylogenetic analyses

to demonstrate that biofilm feeding is indeed widespread.

MATERIALS AND METHODS

Study site

We investigated the diet of three sandpiper species (Red-necked Stint

Calidris ruficollis, Western Sandpiper C. mauri and Dunlin C. alpina)

using video image analyses of foraging behaviour, carbon and nitrogen

stable isotope analyses, and energy budget analyses at different

migratory stages on six intertidal mud- and sand-flat sites along the

Pacific coasts of Japan and Canada (see Table S1 in Supporting

Information).

Visually fresh sandpiper droppings were collected at the sites. To

examine how much biofilm formed on sediment surfaces contributes

to the food source for the sandpipers, surface sediments (up to c.

1 mm depth) were collected from the same sites as the bird droppings.

We used a toothbrush to collect the thin layer of surface sediment,

commensurate with the micro-topography of the surface as well as the

action of shorebird tongue spines. No microinvertebrates were visible

to the naked eye in the sampled sediments. Sedimentary organic

matter (c. 0–2 cm depth) was collected from the sites as a mixture of

visible food sources, using a 1-mm mesh sieve. Microscopy (20·)

revealed that the samples contained microinvertebrates (e.g. Capitella

polychaetes), dwelling tubes of macroinvertebrates and detritus. Also,

macroinvertebrates were collected by digging at the sites. All samples

were dried and powdered for analyses of stable isotope ratios, total

organic carbon content and energy content (see below).

Microphytobenthos was extracted from the surface sediment at the

sites according to Kuwae et al. (2008). Samples were spread on a tray to c.

5 mm depth, a nylon screen (65 lm mesh) laid over the sediment, and

pre-combustedglasswoolplacedover thescreen.The traywaskeptmoist

by spraying with filtered seawater (0.45 lm filter pore size) and left in

darkness at ambient temperature overnight. The glass wool containing

migrated microphytobenthos was removed and kept dry until stable

isotope analysis.

Video images

Using the methods of Kuwae (2007), we quantified foraging action rate

and prey capture using a video image system at the sites. The technique

affords various advantages over conventional focal observation

techniques, including re-analysis and high magnification capability.

Briefly, we used a digital camcorder (XL1S; Canon, Tokyo, Japan) with a

telephoto zoom lens (EF 100–400 mm f ⁄ 4.5–5.6L IS USM; Canon) or a

mono-focal telephoto lens (EF 400 mm f ⁄ 2.8L IS USM, Canon)

through a lens adaptor (EF Adaptor XL; Canon). We used a focus length

extension lens (Extender EF 1.4 · II or EF 2.0 · II; Canon) as required

for high magnification. Video images with a focal length of 720–

5760 mm (20.6–164.6 · optical magnification) were achieved by this

system, making it possible to detect micro-invertebrates. We replayed

and analysed the recorded video images taken at the sites (see Table S1)

using slow-motion and stop-motion replay modes to analyse the rapid

feeding actions of sandpipers, which are usually completed within 0.3 s.

Stable isotope analyses

Droppings from the sandpipers were pre-treated prior to stable

isotope analyses, to remove isotopically fractionated metabolites, such

as urea and ammonium, as well as carbonates (Kuwae et al. 2008).

Isotope fractionation in catabolism occurs when nitrogen in amino

acid is deaminated to produce metabolites depleted in 15N (Fry 2006).

Thus, uric acid, which may be a major nitrogen metabolite in

droppings, is not fractionated because uric acid is not produced

through deamination. Stable isotope ratios of carbon (d13C) and

nitrogen (d15N) and total organic carbon (TOC) content were

measured using a Delta Plus Advantage mass spectrometer (Thermo

Electron, Bremen, Germany) coupled with an elemental analyser

(Flash EA 1112; Thermo Electron). Stable isotope ratios are expressed

in d notation as the deviation from standards in parts per thousand

(&) according to the following equation:

d13C; d15N ¼ ½Rsample=Rstandard � 1� � 103

where R is 13C=12C or15N=14N. PeeDee Belemnite and atmospheric

nitrogen were used as the isotope standards of carbon and nitrogen,

respectively. The analytical precision in the Delta Plus Advantage mass

spectrometer system based on the standard deviation of the internal

reference replicates was < 0.2& for both d13C and d15N. Trophic

position was calculated separately for the two basal sources

(microphytobenthos and surface sedimentary detritus) using the

d15N values to perform the sensitivity analysis and estimated assuming

enrichment of d15N by 3.4& per trophic level (Post 2002).

Relationships between the contribution of biofilm to shorebird total

diet and trophic position were examined using Spearman�s rank

correlation test.

Diet assessment

Contribution of potential food sources to the diet of the sandpipers was

evaluated using a three-source mixing model with the computer

program IsoError (Phillips & Gregg 2001). Samples of bird droppings

were chosen to represent the isotopic signature of sandpiper diets

(Kuwae et al. 2008) because droppings offer two major advantages, i.e.

no fractionation and the short turnover time necessary for migratory

bird samples, over tissue samples (e.g. muscle, liver and blood), which is

the more common method for diet analysis (Dietz et al. 2010). As

fractionation occurs during the making or breaking of bonds of small

molecules, we might not expect fractionation during food assimilation,

i.e. uptake of large molecules, without breaking nitrogen bonds (Fry

2006). Thus, while tissue samples have significant variability and

uncertainty related to fractionation factors (body conditions such as

fasting), dropping samples do not. Therefore, we can be confident that

undigested organic matter is defecated as droppings, but such

undigested organic matter will show the same isotopic signature as

assimilated organic matter. Furthermore, the use of dropping samples

enabled identification of the diet of these short stopover migrants (c. 2–

3 days) (Ydenberg et al. 2004). The baseline (15N value of primary

producers) is well understood to have strong locality (Fry 2006). Hence,

the isotopic values of tissues would mostly reflect diets from previous

stopover sites during migration, considering their longer turnover time

of carbon and nitrogen in the body (weeks or even months) (Fry 2006)

and the length of stay of sandpipers. Clearly, tissues introduce a �carry

over effect� (Dietz et al. 2010), compromising interpretation of the

samples. An additional advantage of droppings, as opposed to tissues, is

that no killing and ⁄ or damage to wild birds was involved in collecting

samples. Although some cases showed that the stable isotope signatures
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of dropping samples in the present study and the whole blood samples

taken at the same site by others (Evans Ogden et al. 2005) are

comparable, in the case of multiple food sources, droppings are likely to

be enriched in relatively indigestible food sources, when compared with

stomach contents or assimilated materials (Sponheimer et al. 2003;

Kuwae et al. 2008). As biofilm is composed of highly digestible organic

matter such as microbes and extracellular polymeric substances

(Characklis & Marshall 1989), using droppings to represent diet

provides a conservative estimate of the contribution of biofilm to

shorebird diets. Following confirmation of homoscedasticity and

normality of errors, one-way ANOVA was used to test a difference in

the average contribution of biofilm to total diet between two groups

(muddy flats vs. sandy flats).

Energy budget

To assess biofilm contribution to diet, we constructed an energy

budget model. Major parameters for energy intake rate should include

behavioural trait (foraging action rate), morphological trait (scraping

biofilm mass per foraging action), and food source availability (biofilm

density, assimilation efficiency and foraging time), whereas parameters

for energy requirement (metabolic rate) should include morphological

trait (body mass) and migratory status (energy deposition). Using these

parameters, we estimated the contribution of biofilm to daily energy

requirement. Biofilm water content was calculated as the difference

between biofilm mass before and after drying at 60 �C for 24 h.

Energy content of biofilm was measured using a bomb calorimeter

(CA-4PJ; Shimadzu, Kyoto, Japan). Liquid paraffin was added to

ensure complete combustion. Energy intake rate from biofilm

(kJ day)1) was estimated by multiplying (1) observed foraging action

rate (actions per min) using the video image system, defined as rate of

contact of bill tip to the sediment surface, (2) scraping biofilm mass

per foraging action (mg wet wt per action) (Elner et al. 2005), adjusted

using the relationship between body mass and the tongue spine area

(see Table S2), (3) water content of biofilm (%), (4) energy content of

biofilm (kJ g)1 dry wt), (5) assimilation efficiency (%) (Castro et al.

1989) and (6) available foraging time during tidal exposure in daytime

(h day)1), multiplied by the per cent of available foraging time spent

foraging (80%) (Ntiamoa-Baidu et al. 1998). We adopted the 75%

assimilation efficiency value (Castro et al. 1989), given that biofilm is

composed of highly digestible organic matter (Characklis & Marshall

1989). Also, assimilation efficiency in shorebirds is reported to be c.

75% for most food types and is bird species-independent (Castro et al.

1989). Daily energy requirement (kJ day)1) was estimated to be

2.8 · basal metabolic rate (BMR) (kJ day)1) (Castro et al. 1992). If

birds were in migratory stages, daily fattening rate was added

(0.4 g day)1, equal to 16 kJ day)1, assuming 100% fat deposition to

avoid overestimation of biofilm contribution) (Warnock & Bishop

1998; Williams et al. 2007). The BMR was calculated using an

allometric equation for non-desert environments (Tieleman &

Williams 2000) and body mass (Paulson 1993).

Next, the maximum possible contribution of biofilm was

calculated using the energy budget model described above to assess

the sensitivity of two parameters: body mass and TOC (biofilm

density). We adjusted the following three parameters in the model:

foraging action rate to 240 actions per min, available foraging time to

24 h given a variety of shorebirds being able to use nocturnal

foraging (Colwell 2010), and no fat deposition. We believe that 240

actions per min is the upper limit based on behavioural observations.

Water content of biofilm was estimated using the observed

relationship (data were taken from all the sites):

Water content ð%Þ ¼ 40:2� TOC ð%Þ0:2417 ðr 2 ¼ 0:913; n ¼ 10Þ
The energy content of biofilm was calculated using the observed

relationship (data were taken from all the sites):

Energy content ð J g�1dry sedimentÞ ¼ 392:31� TOC ð%Þ
ðr 2 ¼ 0:998; n ¼ 19Þ:

Feeding apparatus morphology

We examined the tongue morphology of 130 individuals from 30

species, using macro-photographs of live birds captured by a mist net

on the Tori-no-Umi intertidal sandflat (38�1.8¢N, 140�54.9¢E), Miyagi,

Japan (see Table S3). Tongue images were recorded using a digital

camera (Kiss Digital N; Canon) with a zoom lens (EF-S18–55 mm

f3.5–5.6 USM; Canon). Through image analyses, the pres-

ence ⁄ absence of tongue spines was established and tongue width

and the spine length were measured. Tongue spine area A was

assumed to be a crescent shape and calculated according to the

following equations: A = pRL ⁄ 2; where, R is the half of tongue width

(tongue tip radius) and L is the spine length.

Detailed tongue structures were examined using scanning electron

microphotographs of a dead shorebird (Red-necked Stint C. ruficollis)

found on the Banzu intertidal sandflat (35�24.8¢N, 139�53.9¢E),

Tokyo Bay, Japan. Stored frozen specimens for examination were

thawed and fixed in 2% glutaraldehyde ⁄ 0.1 M phosphate buffer,

additionally fixed with 2% OsO4 ⁄ 0.1 M phosphate buffer at 4 �C for

2 h. Specimens were then rinsed in 0.1 M phosphate buffer and

dehydrated in ethanol. Following dehydration, the specimens were

replaced in isoamyl acetate, critical point dried, coated with a layer of

sublimated OsO4 using an osmium plasma coater (OPC80N; Filgen,

Nagoya, Japan) and examined under scanning electron microscopy

(JEM-6320F; JEOL, Tokyo, Japan).

Phylogenetic comparative analysis

As related species cannot be assumed to be independent, the degree of

phylogenetic correction required for a comparative data set was

estimated using the phylogenetic generalised least squares method

(Freckleton et al. 2002). The parameter k estimates the most

appropriate branch length transformation for a given data and

phylogeny by maximum-likelihood estimation, with values ranging

from 0 (phylogenetic independence) to 1 (traits evolved according to

Brownian motion on the given phylogeny). The parameter k can either

be used to estimate the degree of phylogenetic dependence of a single

trait or to estimate, and simultaneously correct for, phylogenetic effects

among multiple traits. The k was first estimated for tongue spine length

and tongue spine area to determine if these traits showed a

phylogenetic signal. The log-likelihood ratio test was used to test

whether estimated values of k differed significantly from 0 and 1 or

adopted some intermediate value. Phylogenetic generalised least

squares models were then applied with averaged tongue spine

length ⁄ area for each species as the dependent variable and averaged

body mass for each species as an explanatory variable. As the

maximum-likelihood estimate of k for a single trait may differ from the
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maximum-likelihood of k of a regression analysis involving the same

trait, k was estimated separately for each analysis to ensure that the

appropriate degree of phylogenetic correction was used. We selected a

linear model structure because it fitted better (lower AICc) than a

quadratic model structure. The phylogenetic super-tree of shorebirds

was used for the comparative analyses (Thomas et al. 2004). These

analyses were performed in R (R Development Core Team 2011) using

code written by R. P. Freckleton in the package �caper�.

RESULTS

Sandpipers used rapid bill actions (Table 1) and a tongue tip that is

functionally capable of scraping off biofilm (Fig. 1a). Surface biofilm

was collected between the bill tips, occasionally the tongue stretched

out from between the tips, and the bill was then raised from the

sediment surface. The bill repeatedly opened and closed with

accompanying throat movements and the bolus moved back and

forth. Microscopy revealed dense spines on their tongue tips (Fig. 1b–

d and f, but no spines in 1e). Morphological phylogenetics showed

that tongue spines were polyphyletic (Fig. 2), with sandpipers, shanks

and plovers possessing tongue spines (see Table S3). The modelling

revealed that the extent of development of tongue spines was

phylogenetically dependent (see Table S2). Opposing to allometry,

more developed spines were present in small-bodied birds even after

removing the effect of phylogeny (Fig. 1h and i, see Table S2).

Three food source mixing models using stable isotope signatures

(see Fig. S1) showed that the contribution of biofilm to total diet

varied (Fig. 3a); for example, Red-necked Stints on the Komuke

mudflat showed a 50–78% (95% confidence interval) reliance on

biofilm, as opposed to 0–18% for Dunlin on the Banzu sandflat. The

trophic position of shorebirds was proportionally lower as the

contribution of biofilm to their total diet became higher, irrespective

of basal sources (Fig 3b, microphytobenthos: Spearman�s rank

correlation, S = 108, r2 = 0.89, P = 0.007, n = 7; surface sedimentary

detritus: S = 104, r2 = 0.77, P = 0.024, n = 7). When study sites were

categorised into two groups (muddy vs. sandy) based on total organic

carbon (TOC) or energy density in the surface sediments (a proxy for

biofilm density), the average contribution of biofilm to total diet was

significantly higher at muddy than sandy sites (Fig. 3c; One-way

ANOVA: df = 3.8, F = 19.89, P = 0.01252).

Estimated energy budgets (Table 1) revealed higher contributions

of biofilm to total diet at higher biofilm density sites; the relationship

was consistent with those from stable isotope signatures (Fig. 3a). The

energy budget model explored how biofilm contribution varied with

body mass and TOC (biofilm density) (Fig. 3d). First, assuming a

plausible foraging action rate at 120 actions per min and available

foraging time of 12 h; birds of 30 g (Western Sandpiper size) can

obtain > 60% of their daily energy expenditure on muddy sediments

with TOC at 2%, whereas birds of 120 g (Red Knot C. canutus size)

obtain < 20% on the same TOC content. Next, assuming a maximum

possible foraging action rate, foraging time with no fat deposition, the

model predicts that > 50% of daily energy requirements can derive

from biofilm when body mass < 50 g with TOC > 0.5%. However,

for birds of 120 g, biofilm cannot contribute > 50% of daily energy

expenditure on sandy sediments where TOC is generally < 1%.

DISCUSSION

We empirically revealed that missing trophic links between

shorebirds and biofilm exist and are widespread on intertidal flat

Table 1 Estimated energy budget and the contribution of biofilm to daily energy expenditure (mean ± SE)

Site Species

Foraging

action rate

(actions

per min)

(A)

Scraping

biofilm

mass*

(mg wet

per action)

(B)

Biofilm

water

content (%)

(C)

Biofilm

energy

content

(kJ g)1 dry wt)

(D)

Biofilm energy

assimilation

rate�
(kJ per min)

(E)

Available

foraging

time�
(h day)1)

(F)

Biofilm

energy

assimilation

rate§

(kJ day)1)

(G)

Daily

energy

expenditure

(DEE)–

(kJ day)1)

(H)

Contribution

of biofilm

to DEE**

(%) (I)

Komuke

mudflat Japan

RS 114 ± 5 (98) 2.6 72.7 ± 1.3 (10) 2.4 ± 0.0 (10) 0.14 ± 0.01 7.0 60 ± 3 104 58 ± 3

Furen

mudflat Japan

RS 79 ± 11 (10) 2.6 71.4 ± 0.5 (10) 5.1 ± 0.1 (15) 0.22 ± 0.03 8.9 119 ± 16 104 114 ± 16

Osaka-Nanko

mudflat Japan

RS 60 ± 5 (38)�� 2.6 54.2 ± 0.3 (10) 0.5 ± 0.0 (5)�� 0.03 ± 0.00�� 15.0 19 ± 2�� 104 19 ± 2��

Roberts Bank

mudflat Canada

WS 123 ± 5 (168) 2.6 48.8 ± 0.3 (6) 0.8 ± 0.0 (20) 0.10 ± 0.01 10.1 61 ± 3 106 58 ± 3

Boundary Bay

sandflat Canada

WS 154 ± 9 (96) 2.6 30.9 ± 0.5 (6) 0.3 ± 0.0 (12) 0.06 ± 0.00 10.8 39 ± 3 106 37 ± 3

Boundary Bay

sandflat Canada

DL 122 ± 7 (120) 2.3 30.9 ± 0.5 (6) 0.3 ± 0.0 (12) 0.04 ± 0.00 9.4 21 ± 2 147 14 ± 1

Banzu

sandflat Japan

DL 53 ± 4 (28) 2.3 24.6 ± 0.3 (22) 0.1 ± 0.0 (22) 0.01 ± 0.00 4.2 3 ± 0 147 2 ± 0

Sample sizes are in parenthesis. RS, Red-necked Stint; WS, Western Sandpiper; DL, Dulin.

*Estimated using Elner et al. (2005) and the relationship between tongue spine area and body mass (Fig. 1i).

�E = A · B ⁄ 1000 · (100 ) C) · D ⁄ 100.

�Assuming that foraging time is calculated by emersion time during the day · 0.8 (see Materials and Methods).

§G = E · 60 · F.

–Estimated by using body mass and FMR relationships (see Materials and Methods).

**I = G ⁄ H · 100.

��Possible underestimation due to observations and sampling at the low biofilm density area.
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ecosystems, revising (lowering) the trophic position of these birds

(Fig. 3b) and, at the community level, providing a new perspective

showing greater food web complexity (Fig. 4a). Furthermore, the

biofilm-shorebird trophic link appears spatially, temporally and

evolutionary variable; specifically, the strength of the linkage is

likely to vary dependent on the predator�s trait (body mass and

foraging action rate) and the environment that determines food

density.
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Figure 1 (a) Representative video sequence (1 ⁄ 30 s shot for each of the actions) of biofilm foraging behaviour (Western Sandpiper Calidris mauri). The actions may serve to

mechanically extract food types; in this case, a mud bolus, possibly a residue of the extraction, was attached at the base of the bill. Macro-photographs of live bird tongue tips:

(b) sandpiper (Sharp-tailed Sandpiper Calidris acuminate), (c) shank (Terek Sandpiper Xenus cinereus), (d) plover (Lesser Sand Plover Charadrius mongolus) and (e) curlew (Whimbrel

Numenius phaeopus). (f) Scanning electron micrograph of the tongue tip of a Red-necked Stint (Calidris ruficollis). (h) Tongue spine length vs. shorebird body mass. (i) Tongue

spine area (g) vs. shorebird body mass; the regression equations and statistics, see Table S2.
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The finding of a direct link between biofilm and shorebird changes

the classical view where biofilm and shorebirds belonged to basal and

third trophic levels, respectively, on a simple food chain (Colwell

2010; Fig 4a). In particular, in the presence of the biofilm-shorebird

trophic link, the major three components of intertidal flat ecosystems,

i.e. biofilm, invertebrates and shorebirds, form an intraguild predation

(IGP) module (Fig. 4a). Given the fundamental change in the basic

food web structure, the biofilm-shorebird links were not only �missing�
but also �critical� links that may have major ecological consequences. A

straightforward example of an expected community-level consequence

is the transmission speed of interspecific effects between biofilm and

shorebirds. Theory predicts that interspecific effects are, in general,

more rapidly transmitted when direct than when indirect (Yodzis

1989). Thus, the direct interaction between shorebirds and biofilm

implies that shorebird population dynamics may respond more quickly

to the environmental factors (e.g. sediment grain size and hydrody-

namic forcing) that determine the dynamics of biofilm density than

previously thought. Similarly, the dynamics of biofilm density would

be more rapidly affected by factors (e.g. predators and shorebirds�
prey density except for biofilm) that determine shorebird dynamics

than previously thought.

The more rapid transmission of interspecific effects, however, does

not necessarily mean that shorebirds and biofim are more sensitive to

environmental changes. Indeed, ecological theory provides several

lines of reasoning that the biofilm-shorebird IGP link stabilises the

three-species community. First, the IGP link is predicted to weaken

trophic cascading effects (Bascompte et al. 2005) and support a more

persistent coexistence of basal species (biofilm), consumers (inverte-

brates) and predators (birds). In turn, this poses that a decline in the

strength of the IGP could enhance trophic cascades and result in

trophic degrading (Estes et al. 2011). Second, theory predicts that the

stability of complex ecosystems depends on the heterogeneity of

distinct energy channels, their differential dynamic productivity and

turnover (fast: biofilm, slow: invertebrates), and the mobile (Rooney

et al. 2006) or adaptive (McCann & Hastings 1997; Kondoh 2003;

Valdovinos et al. 2010) predators (birds) feeding on more abundant

prey. As the prerequisite of the theory is upheld by the existence of

the biofilm-bird linkage, the missing link may be a key for stabilising

the real food webs. In these contexts, worldwide declines in shorebird

(i.e. mobile predator) populations raise an alarm for far-reaching

effects on the stability of whole ecosystems (Wetlands International

2006; Estes et al. 2011).

Scolopaci 109

Lari 167

Charadrii 103

Sterna 0/2/32

Charadrius  2/2/30

Pluvialis  1/1/4

Calidris  9/9/19
Limicola  1/1/1

Arenaria  1/1/2
Tringa  5/5/10

Actitis  1/1/2
Xenus  1/1/1

Philomachus  1/1/1

Gallinago  0/2/16

Rostratula  0/1/3

Limosa  0/2/4
Numenius  0/1/8

No. of species within suborder

No. of species having spines/
No. of species examined/
No. of species within genus

Shanks
7/7/20

No. of species having spines/
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Painted Snipes
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Plovers
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0.07

Figure 2 Phylogenetic relationship to the presence (red lineage) ⁄ absence (blue lineage) of tongue spines in different shorebird species (see Supplementary Table S3). Number

of species in suborder, group, and genus are from Wetlands International (2006). Phylogenetic tree is from Baker et al. (2007).
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Our analysis indicates that the strength of biofilm-shorebird

interaction is spatially and temporally variable, depending on

shorebird traits and environmental conditions. The food source

mixing models from stable isotope signatures and the estimated

energy budgets showed comparable values of shorebird reliance on

biofilm, which was higher at high biofilm density muddy sites. Such is

consistent with behavioural evidence from elsewhere (Kuwae et al.

2008, 2010) and a new conservation paradigm regarding the

importance of mudflat habitat for producing biofilm and feeding

opportunities for sandpipers that exhibit omnivory (Amano et al.

2010). Furthermore, shorebird reliance on biofilm is predicted to be

high when the bird�s body mass is small, based on energy budgets.

High reliance on biofilm at high biofilm density and small body size

indicates that smaller birds in conjunction with the higher energy

content on muddy sediments are energetically capable of being biofilm

monophagous. However, the contribution of biofilm to total diet

peaked at approximately 70% of maximal, indicating that biofilm is a

major, but not necessarily exclusive food source. The situation may

result from, variously, foraging patch and mode choice changes in

response to changes in prey availability and constraints that vary with

environmental conditions (i.e. tidal stage) (Stephens & Krebs 1986;

Kuwae et al. 2010), nutritional balance and limitation (Raubenheimer

& Simpson 1997) and diet preference (Parsons et al. 1994).

Understanding evolutionary and constraint aspects of trait is

important because consequences of ecological interactions among

species are determined by their evolutionary histories, and this feeds

back to influence evolutionary processes of diversification and

adaptation. Our morphological phylogenetics indicates that the extent

of development of tongue spines is phylogenetically dependent,

suggesting that biofilm reliance would be also phylogenetically

dependent. Furthermore, tongue spine possessing clades (groups of

sandpipers, shanks and plovers) have greater species richness than

other sister clades of Charadriiformes (Fig. 2). Also, only these former

clades commonly exhibit substrate pecking behaviour, in contrast with

the sister clades that do not usually peck for surficial prey items

(Colwell 2010). These two lines of evidence indicate that although the

role of tongue spines is not limited to biofilm scraping (McLelland

1979), the evolution of the trait can be a consequence of an adaptation
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responsible for exploring new niche space (diet) (Schluter 2000) and

reducing extinction rate (Owens et al. 1999). Here, we document

biofilm feeding in sandpipers possessing tongue spine; however,

considering that the extent of development of tongue spines is

phylogenetically constrained, future work should empirically investi-

gate biofilm feeding in other spine possessing shorebirds, such as

shanks and plovers.

The discovery of biofilm as a major food source for small sandpiper

species generates a contradiction to the functional morphology

adaptation hypothesis, because the narrow tubular bills of Scolopacidae

species are considered adapted to exploit infaunal prey (Colwell 2010).

However, given the results of the body-size dependent feeding

apparatus trait and phylogenetic analyses, we propose a new conceptual

model of body-size based diversification as a result of adaptive

radiation for feeding (Fig. 4b). Groups share some traits (e.g. tongue

spines, large eyes and long bills) through common ancestry. During

adaptive radiation, sympatric species are diversified with concomitant

differentiation in traits related to their use of food sources. Within such

traits, body-size per se and associated action rates, feeding apparatus and

digestive organ sizes may be key drivers for shorebird diversification of
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foraging modes, leading to niche differentiation. Body size based

scaling can be applied across multiple levels of biological organisation

such as species and sex (Carnicer et al. 2009). Evolutionary and

phylogenetic indications are that Scolopacidae species differentiated

from the same ancestor of Charadriiformes and evolved to access larger

prey in deeper sediments, whereas plovers specialised on surface prey

(Colwell 2010). We argue that Scolopacidae are further differentiated

because small-bodied birds were thwarted by larger, harder prey, due to

the constraints of digestive organ size (van Gils et al. 2003), and

switched to smaller, softer foods, such as biofilm. Thus, although the

shorter bills and smaller digestive organs of small sandpipers may

appear a disadvantage, they are compensated for by biofilm feeding.

Our diversification model for feeding shows averaged situations built

on body size, but adaptive foraging (Stephens & Krebs 1986;

Valdovinos et al. 2010) can facilitate sharing of prey items between

different sized birds in limited temporal and spatial scales. Neverthe-

less, our findings close a gap in niche space for shorebirds and reveal a

wider food source spectrum. Size (small sandpipers < 20 g to large

curlews > 800 g) and feeding morphology variations within shorebirds

are among the most diverse of any avian group (Colwell 2010) and may

be the basis for their diverse niche differentiations.

The new trophic links between birds and biofilm can help explain

the macro-scale distribution and population dynamics of small-bodied

sandpipers (< 30 g in body mass); including, why small-bodied

sandpipers are less abundant in the African-Eurasian Flyways than

other flyways (Wetlands International 2006). Small sandpipers

compete with other biofilm grazers, such as mud snails Hydrobia at

low-energy (calm) high elevation sites (Bocher et al. 2007). High

densities of these snails on intertidal flats of African-Eurasian Flyways

(Bocher et al. 2007) could indicate strong biofilm grazing pressure and

direct competition, with a consequential negative effect on the

sandpipers (Fig. 4a). Furthermore, small sandpipers hardly provide

top-down control of the snails due to their limited digestion trait

(Fig. 4b). However, there would be no negative effect for medium-

bodied sandpipers, such as Red Knots, which utilise snails as food

because of specialised digestive traits for hard shelled prey (van Gils

et al. 2003, 2005).

Finally, we contend that exploring missing links and merging

empirical and theoretical works can disentangle true network structure

and dynamics. Theoretical study can further incorporate empirical data

for species traits and link strengths to simulate a real world context, as

well as statistically and computationally identify missing and spurious

links (Clauset et al. 2008). In particular, sensitivity analyses of the

structure and dynamics, with and without the missing links, may be

useful to explore the mechanism of complex and stable networks in

the real world (Bascompte 2010). In turn, empirical studies can further

focus on ecological networks, because the current situation is often

dominated by theoretical modelling. For example, empirical study can

further contribute to network studies by quantifying the strength of

actual trophic links by stable isotope and energy budget analyses, as

well as quantifying regulating determinants of the strength, the

properties of nodes (traits), and their variability in temporal and spatial

scales.
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