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Especially in birds, it is widely found that the size of individual prey items follows the 
size of the instruments of prey capture, handling and processing, i.e. bill size. In fact, 
this is the natural history basis of major discoveries on adaptive evolution in the face 
of changing food resources. In some birds, e.g. the molluscivore shorebirds ingesting 
hard-shelled prey, most of the prey processing takes place within the digestive tract. 
This study of a salvaged sample of actively feeding great knots Calidris tenuirostris acci-
dentally drowned in fishing nets in northern China, is the first documentation of diet 
selection at the level of the individual in previously well-studied molluscivore shore-
birds. Diet composition was not associated with the length of the bill, but with the 
mass of the muscular gizzard. Gizzard mass, which unlike bill length is a phenotypi-
cally flexible trait, enables great knots to adjust to changing food resources as an indi-
vidual, i.e. instantly responding to the food on offer. For migratory species like great 
knots which rely on seasonal sequences of interdistant feeding areas offering prey with 
a variety of characteristics, the capacity to individually adjust appears a key adaptation.

Keywords: adaptation, break force, Calidris tenuirostris, diet selection, flexible trait, 
great knot, inflexible trait

Introduction

Morphology reflects the relationship between organisms and their environment 
(Ricklefs and Miles 1994). In a few cases, morphological diversity among individ-
uals or among species have been causally linked to differences in performance and 
ultimately to differences in fitness (Grant and Grant 1980, 1996, Wainwright 1994, 
Young et al. 2010). Understanding the relationships between morphology and organis-
mal performance contributes to a deeper understanding of the phenotype–environment  
interaction (Schluter and Grant 1984a, b, Wainwright 1994). The phenotype may 
constrain and modify variations in performance (Lauder 1981, Ricklefs and Miles 
1994, Wainwright 1994, Grant 2006). Notably, the ‘classic’ story of adaption in real 
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time refers to the selection of bill size in Darwin’s Finches 
(Geospiza fortis, G. scandens and G. fuliginosa) in response to 
drought and the loss of small seeds (Grant and Grant 1980, 
1996, 2017, Schluter 1982, Grant 2002, 2006).

However, in some bird taxa, the processing after capture of 
refractory prey takes place within the body, i.e. in the diges-
tive tract (Piersma et al. 2003, van Gils et al. 2003, Yang et al. 
2013). The ‘classic’ example here is the red knot Calidris canu-
tus, a trophic specialist of hard-shelled molluscs, in which the 
size of prey that can be crushed is a function of the break 
force generated by the muscular gizzard (Dietz et al. 1999, 
Yang et al. 2013, Mathot et al. 2017). Despite several decades 
of study on food, foraging and digestive tract morphology in 
red knots (Piersma et al. 1993, 1999, 2003, van Gils et al. 
2005a, Yang et al. 2013, Bijleveld et al. 2016, Mathot et al. 
2017), the relationship between the size of this processing 
machinery and prey selection still remains to be established 
at the individual level.

The present study capitalizes on the, otherwise rather 
unfortunate, availability of a large sample of drowning vic-
tims of great knots Calidris tenuirostris, the sister species of 
red knot (Gibson and Baker 2012), and a similarly special-
ized molluscivore (Tulp and de Goeij 1994, Choi et al. 2017, 
Zhang et al. 2018). In the course of the nonbreeding season, 
great knots predictably use sequences of intertidal mudflat 
habitats where they encounter prey with a wide range of char-
acteristics, each of which may also change between repeated 
encounters in different years (Zhang et al. 2019a). We pre-
dict that in the present sample of great knots which were 
experiencing a single ‘food environment’, prey characteristics 
should be associated with the internal processing machinery 
(i.e. gizzard mass) rather than the machinery of food capture 
and handling (i.e. bill size); individuals with larger gizzards 
should capture prey which are harder to crush.

Methods

Study area and food situation

This study was carried out during April–May 2018 at the 
Yalu Jiang coastal wetland (39°40′–39°58′N, 123°34′–
124°07′E), Liaoning, China (Zhang  et  al. 2018, 2019a). 
About 44 000 great knots (Zhang et al. 2018) stage here for 
nearly two months during northward migration (Ma  et  al. 
2013, Choi et al. 2015, Tan et al. 2018). From the end of 
March, local fishermen set up many kilometers of very fine, 
almost invisible, monofilament nets to catch Mantis shrimp 
Oratosquilla oratoria in the lower intertidal zone. It is esti-
mated that at low tide thousands of waterbirds are acci-
dentally caught and then drown each spring (S. D. Zhang, 
unpubl.). In view of the fact that the year to year differences 
in the benthic food situation for great knots have been much 
larger than the degree of food depletion within a single spring 
(Zhang et al. 2018, 2019a), the great knots sampled here over 
a two-month period can nevertheless be considered to have 
experienced a single food environment.

Gizzard size

In April–May 2018 a total of 118 dead great knots were 
collected. The carcasses were stored individually in airtight 
plastic bags at −20°C. In the laboratory, the carcasses were 
weighed and the bill length (exposed culmen) measured after 
the feathers were dried with a hair dryer. Carcasses were dis-
sected following the procedures of Piersma et al. (1999). The 
fresh mass of the gizzard (without contents) was weighed to 
the nearest 0.1 g.

Diet composition

The contents of each gizzard were washed separately through 
a 0.3 mm sieve, and then dried at 60°C for 72 h. Dry mass of 
the shells from gizzards was weighed to the nearest 0.1 mg. 
The shell fragments were sorted to species, and measured 
to the nearest 0.1 mm using an Olympus SZX7 dissecting 
microscope: the height of unbroken hinges for bivalve species, 
the width of the last whorl of the columella for the gastropod 
Umbonium thomasi, and the shell length for undigested indi-
viduals (Zhang et  al. 2019a). We also measured the height 
of the left hinge for different shell lengths of all the bivalve 
species (Dekinga and Piersma 1993, Yang et al. 2013), and 
the width of the last whorl of the columella for different sizes 
of U. thomasi (Zhang et al. 2019a). The species-specific func-
tions between size (the longest measurement) and height of 
left hinge or the width of the last whorl of the columella were 
established using regression analysis (polynomial, e-expo-
nential, logarithmic and power regression) for each mollusk 
group (Zhang et al. 2019a). Models with the largest corre-
lation coefficient were selected (R2 > 0.85, p < 0.05 for all) 
(Zhang et al. 2019a). To determine the size composition of 
ingested organisms contained in the gizzard, we used the 
regression of left hinge height against shell length for bivalve 
species, and the regression between columella width and total 
width in U. thomasi (Zhang et al. 2019a).

Break force

Based on freshly collected mollusk samples, we measured the 
break force (N) of different sizes of mollusks with a fixed digital 
force gauge (HP-20 and HP-300, Yueqing Ai Li Instrument, 
China) (Bom et al. 2018, Zhang et al. 2019a). We regressed 
break force on prey size, trying polynomial, e-exponential, 
logarithmic and power regression. Models with the largest 
correlation coefficient were selected (R2 > 0.83, p < 0.05 for 
all, Supplementary material Appendix 1 Table A1). To deter-
mine the break force of ingested organisms contained in the 
gizzard, we used the regression of shell length against break 
force for bivalve species, and the regression between width in 
U. thomasi and break force (Zhang et al. 2019a).

Data analysis

We analyzed the relationships between the size of body parts 
and diet by assigning birds to one of the eight strata with 
bill lengths of 40–41, 41–42, 42–43, 43–44, 44–45, 45–46, 
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46–47 and 47–48 mm, and to gizzard masses of 6–8, 8–10, 
10–12, 12–14, 14–16, 16–18, 18–20, 20–22 g. The size of 
U. thomasi, the most common prey item, was split in four 
groups: 5–8, 8–11, 11–14, 14–18 mm (the last category is 
broader and includes the few largest snails). Pearson correla-
tion tests were used to analyze the relationships between bill 
length or gizzard mass and prey species number, percentage 
of different prey species in gizzards, percentage of different 
size of U. thomasi; and the relationship between gizzard mass 
and bill length. Logarithmic transformation was used when 
the data were not normally distributed. Spearman’s rank cor-
relation tests were used to analyze the relationships between 
bill length (mm) or gizzard mass (g) and shell dry mass in 
gizzard or the average break force (N) of prey consumed by 
per individual. We used regression analyses (polynomial, 
e-exponential, logarithmic and power regression) to establish 
the relationship and models with the largest correlation coef-
ficient were selected. The significance level was set at 0.05. All 
statistical analyses were carried out in SPSS 20.0.

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.8pp2rt0 > (Zhang et al. 2019b).

Results

A total of 3150 recognizable prey items of 15 species were 
identified in the gizzards of 118 dead great knots. U. thomasi 
(94%) was dominant, followed by Ruditapes philippinarum 
(2.5%), Potamocorbula laevis (1%) and Lingula anatina (1%). 
The remaining 11 species contributed 1.5% of the total num-
ber of prey items (Fig. 1A–B). Bill length was not correlated 
with gizzard mass (r = 0.14, p = 0.13), and there was no cor-
relation between bill length and the numerical percentage of 
each prey species either (|r| < 0.51, p > 0.20 for all, Fig. 1A). 
However, gizzard mass was significantly correlated with the 
numerical percentages of U. thomasi (r = 0.83, p = 0.01) and 
R. philippinarum (r = −0.83, p = 0.01), with the larger gizzard 
mass containing more U. thomasi but less R. philippinarum. 
No significant correlations were detected between gizzard 
mass and the numerical percentages of other prey species 
(|r| < 0.66, p > 0.05 for all, Fig. 1B).

The most common prey item, the snail U. thomasi, is particu-
larly hard to crush (Zhang et al. 2018). There were no consistent 
correlations between bill length and the numerical percent-
ages of various size groups of U. thomasi (5–8 mm: r = −0.93, 
p = 0.001, 11–14 mm: r = 0.79, p = 0.02, 8–11 mm: r = −0.03, 
p = 0.94, 14–18 mm: r = −0.06, p = 0.88) (Fig. 1C). In con-
trast, there were consistent and significant correlations between 
gizzard mass and the numerical percentages of various size 
groups. Generally, gizzard mass was negatively correlated with 
the numerical percentages of the small-sized Umbonium snails 
(5–8 mm and 8–11 mm: r < 0.83, p < 0.01 for both, Fig. 1D), 
whilst positively correlated with the large-sized classes (11–
14 mm and 14–18 mm, r > 0.88, p < 0.004 for both, Fig. 1D).

The dry mass of shell fragments in each gizzard did not 
significantly correlate with bill length (r = 0.25, p = 0.34, 
Fig. 1E), but exhibited a positive correlation with gizzard 
mass (r = 0.66, p < 0.001, Fig. 1F). Bill length was not cor-
related with average break force of the prey (r = 0.11, p = 0.27, 
Fig. 1G), but gizzard mass was (r = 0.70, p < 0.001, Fig. 1H).

Discussion

During three decades of research it became well established 
that gizzard mass of red (rather than great) knots is associated 
with diet and the other way around (Dekinga and Piersma 
1993, Piersma et al 1993, 1999, 2003, van Gils et al. 2005b, 
Yang et al. 2013, Mathot et al. 2017). Yet, in none of these 
studies such associations could be established at the individ-
ual level. Thus, the present study on great knots still fills a 
gap. Perhaps more importantly, for the first time it enabled 
us to assess whether the usual phenotypic trait that corre-
lates with diet in birds, i.e. bill size (Grant and Grant 1980, 
1996), has equal or better explanatory power as gizzard mass. 
It did not.

Difference in diet compositions lead to difference in break 
force (of the ingested prey items in individuals; shown here 
in Fig. 1), with the shell-crushing power of the muscular giz-
zard being a (proven) function of gizzard mass (van Gils et al. 
2003). Larger gizzards not only can break stronger shells, but 
can also process more shell material at a given moment. The 
latter was already known for red knots, but it is exciting to 
note that the exponent of 2.00 found in the current study 
(Fig. 1F) exactly matches the exponent found in two red knot 
studies (van Gils et al. 2003, Oudman et al. 2015).

Just as the Darwin’s finches that experienced dramatic 
inter-annual changes in the size and hardness of seed food 
(Grant and Grant 1980, 1996, Grant 2002), the great knots in 
this study experienced stark changes in the composition and 
hardness of their shellfish food between years (Zhang et al. 
2018, 2019a). To adapt to the changed food, in the recent 
spring seasons when hard-shelled snails U. thomasi were the 
major prey, great knots responded by showing larger gizzards 
(Zhang et al. 2019a). In the course of these few years, how-
ever, there was no significant change in the bill length of sal-
vaged great knots (one-way ANOVA, F4,144 = 0.98, p = 0.42).

In contrast, red knots Calidris canutus canutus on the sea-
grass-covered mudflats of the Banc d’Arguin in Mauritania 
demonstrated that individuals with longer bills ingested more 
deeply burrowed bivalve prey (van Gils et al. 2016). In fact, 
during a series of years with a change towards deeper liv-
ing prey at Banc d’Arguin, longer bills seemed selected for. 
As on the mudflats at Yalu Jiang the U. thomasi snails live 
on the surface of mudflats, they can easily be found by eye 
and do not need any probing to be retrieved. Clearly, under 
these conditions we do not expect a correlation between bill 
length and diet. Gape width (probably a component of bill 
size) may constrain the size of prey that can be swallowed 
(Sherry and McDade 1982, Wheelwright 1985, Zwarts and 
Blomert 1992). Great knots can ingest 23 mm length of  
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Mactra veneriformis (Zhang  et  al. 2019a), 23.1 mm of  
R. philippinarum and 23.8 mm of P. laevis, values which are 
much larger than the 18 mm for U. thomasi (the largest one 
found in gizzards). This indicates once again that the size of 
U. thomasi ingested would not be expected to show a correla-
tion with bill size.

Now, what would happen if the diet of great knots were 
a function of bill size, as in Darwin’s finches? And, what 
would have happened to the finches of Isla Daphne Major, 
Galapagos if bill lengths were as flexible as gizzards? The 
answer to both questions is that flexibility gives animals the 

capacity for adjustments on the short term (Dekinga 2001, 
Piersma and Drent 2003, Piersma and van Gils 2011). The 
evolutionary question that follows is whether this prevention 
of deaths, and therefore the decrease in the strength of natural 
selection (with the benefit of reducing the risk of extinction), 
also leads to an absence of directional change on gizzard mass 
per se, or on a possible ‘reaction norm’ mediating an adaptive 
phenotypic response of gizzard mass on prey characteristics? 
Or is the capacity to ontogenetically develop an appropriately 
sized gizzard (and reversibly alter it in response to later expe-
riences) simply reflecting the ways that organisms, in this case 
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Figure 1. Food composition, numerical percentage of the snail Umbonium thomasi, shell dry mass in the gizzard and break force of prey in 
gizzard of great knots as a function of bill length and gizzard mass. (A) Diet composition for great knots with different bill lengths and (B) 
different gizzard mass; (C) numerical percentages of U. thomasi of different sizes in relation to bill length and (D) gizzard mass; (E) shell dry 
mass in the gizzard as a function of bill length and (F) gizzard mass (equation: shell dry mass = 0.015 × gizzard mass2.00, broken line);  
(G) break force as a function of bill length and (H) gizzard mass (equation: break force of prey = 2.13 × gizzard mass1.23, broken line). 
N = individual number per interval.
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molluscivore shorebirds, are built? In the words of Turner 
(2007): ‘organisms are designed not so much because natural 
selection of particular genes has made them that way, but 
because agents of homeostasis build them that way.’ And yet, 
can such dispositions nevertheless be precursors of eventually 
inherited individual differences in the flexibility of traits, i.e. 
the reaction norms (West-Eberhard 2003)?
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