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ABSTRACT

Question: What selective agents underpin the adaptive radiation of threespine sticklebacks
(Gasterosteus aculeatus) on the Outer Hebridean island of North Uist?

Hypothesis: The chief agents of selection for lateral plate number and pelvic score are
predatory trout, the availability of dissolved ions, or an interaction of both.

Methods: Adult threespine sticklebacks were collected from 26 lochs on North Uist. Fish
were killed, stained, and scored for lateral plate number and pelvic score. We also measured the
pH and concentration of dissolved calcium and phosphorous of each loch. We assessed
the abundance of predatory trout in a subset of lochs by ‘fly fishing’ using a lure that mimicked
the appearance of sticklebacks.

Results: Dissolved calcium and phosphorous predicted stickleback lateral plate number and
pelvic score, while trout abundance failed to predict either. Attack rates by trout on stickleback
lures were higher in lochs with higher numbers of trout, with high water clarity, and at higher
water temperatures. Our findings implicate a role for the bioavailability of dissolved ions in
selection for reduced lateral plate number and pelvic score evolution, with indirect evidence for
an effect of trout predation on the adaptive radiation of stickleback populations on North Uist.

Keywords: adaptation, ion concentration, natural selection, phenotypic adaptation,
Scottish Galapagos, selective landscape, stickleback, trout predation.

INTRODUCTION

Fitness is an outcome of the interaction between phenotype and environment. While the
environment is unquestionably the major driver of phenotypic diversity, the ecological
agents responsible for generating selection for particular phenotypes are, surprisingly, often
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incompletely understood or ignored in field studies (Wade and Kalisz, 1990; Schluter, 2001; Sæther and

Engen, 2015). The threespine stickleback (Gasterosteus aculeatus L.) offers an unusually
tractable vertebrate model for identifying the ecological agents of selection for phenotypic
adaptations in response to local environmental conditions (Wootton, 1984, 2009; Bell et al., 1993;

Schluter et al., 2010; Barber, 2013). This species occupies a wide range of environmental conditions,
expresses a range of phenotypes, and is amenable to field and laboratory research (Wootton,

2009; Hendry et al., 2013).
The evolutionary history of the threespine stickleback is one of repeated invasions of

freshwater habitats by marine populations, characterized by a rapid change in morph
frequency from domination by complete to almost entirely monomorphic populations
of the low plate morph (Bell, 1976; Wootton, 1976; Bell and Foster, 1994), with a reversal in morph
frequency in as few as 10 generations (Klepaker, 1993; Bell et al., 2004; Bell, 2009). Adaptation to fresh
water corresponds with rapid changes in genotype frequency at the Eda locus, which codes
for ectodysplasin, a gene product that plays a role in controlling the development of teeth,
hair, and bones in mammals (Kangas et al., 2004) and scales in fish (Kondo et al., 2001). Subsequent
studies of changes in genotype frequency at the Eda locus during experimental intro-
ductions of sticklebacks to fresh water were demonstrated to be partially due to selection
on lateral plates, but also to selection on additional, unmeasured traits controlled by Eda
or a tightly linked gene (Peichel et al., 2001; Colosimo et al., 2005; Barrett et al., 2008; Hohenlohe et al., 2010;

Rennison et al., 2015). Thus selection on lateral plates only partially explains changes in Eda
genotype frequencies, implying that the rapid evolution of the low morph in fresh water may
be the result of both selection on lateral plates and a correlated response to selection on
other, hitherto unidentified traits affected by Eda (Rennison et al., 2015). Similarly in the case of
the pelvic girdle, pelvic reduction is associated with expression of the Pitx1 gene, with
selection for pelvic reduction associated with adaptation to freshwater environments
(Shapiro et al., 2004; Bell et al., 2007; Chan et al., 2010). Thus, while the genetic basis to plate and spine
reduction in fresh water are at least partially understood, a less tractable problem has been
to understand the selective agents that favour the evolution of different plate and spine
morphs in contrasting environments. The two most enduring hypotheses are the nature and
intensity of predation (Hagen and Gilbertson, 1973; Reimchen, 1980; Bell et al., 1993), and the bioavailability
of dissolved ions, particularly calcium (Giles, 1983; Spence et al., 2012).

Unlike most teleost fishes, sticklebacks completely lack scales and instead possess
calcified bony lateral plates, dorsal spines, and a spined pelvic girdle. There is con-
siderable variation in the extent of these bony elements among populations. Lateral plates,
in combination with pelvic and dorsal spines, function in defence against predators (Hoogland

et al., 1957; Reimchen, 1983, 1991, 1994). Pelvic and dorsal spines increase the effective diameter of an
individual, making it more difficult to swallow by gape-limited predators, while the bony
pelvic girdle and lateral plates protect the body from crushing and puncture (Reimchen, 1983; Bell,

1988). As such, it has been proposed that variation in plate and spine morphs has been driven
primarily by predation (Hagen and Gilbertson, 1973). There is evidence to support this narrative.
Thus, predation rates and extent of ‘armour’ are broadly correlated (Hagen and Gilbertson,

1973; Reimchen, 1983, 2000; Bell, 1988; Bańbura et al., 1989; Reimchen et al., 2013). In some cases, changes in the
risk of predation are matched by corresponding changes in plate number (Kitano et al., 2008). A
caveat is that in the case of invertebrate predators, long spines and robust plates may be
disadvantageous if they facilitate the predators grasping their prey or otherwise limit escape
responses (Reimchen, 1980, 1992, 2000). Evidence for this hypothesis is mixed (Zeller et al., 2012; Mobley

et al., 2013). An experimental study showed that invertebrates can select against dorsal spine
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length, but not pelvic spine length or plate number (Marchinko, 2009). Thus, while predation
by invertebrates is predicted to limit plate number and spine length, wholly convincing
empirical evidence is limited.

There is a striking correlation between plate and spine morphs and the ionic concen-
trations of the water in which sticklebacks live (Heuts, 1945; Wootton, 1976, 1984, 2009). Thus, the
complete morph, with a continuous row of calcified plates from immediately behind the
head to the caudal peduncle and well-developed dorsal and pelvic spines, is associated with
marine and estuarine environments, although some populations migrate into fresh water to
spawn in spring, with surviving adults and young returning to the sea in the autumn. In
contrast, low morphs, with only an anterior row of lateral plates and the remainder of the
body naked, usually reside in fresh water throughout their life (Wootton, 1976). Plate thickness
in freshwater populations also appears to be thinner than those from marine populations
(Wiig, 2014). Other elements of the bony external skeleton of sticklebacks also show variation
corresponding with ion concentration, including dorsal, anal, and pelvic spines. This
pattern is not universal and resident freshwater populations of the complete morph have
been recorded from Eastern Europe, eastern North America, north-eastern Asia and
scattered populations across their range (Wootton, 1976; Hagen and Moodie, 1982; Bańbura, 1994; Klepaker,

1995). Among populations, lateral plate reduction is the most frequently encountered variable
armour trait, followed by reduction in spine length. The striking reduction or complete loss of
lateral plates and pelvic girdle in some stickleback populations, what Spence et al. (2013) termed
minimal morphs, is rare (Klepaker and Østbye, 2008; Klepaker et al., 2013).

The aim of this study was to investigate the role of brown trout (Salmo trutta) predation
pressure and dissolved ion availability on stickleback adaptive evolution. On the island of
North Uist in the Scottish Outer Hebrides, major morphological variation of threespine
sticklebacks is observed among lochs, with the occurrence of extreme plate and spine-
reduced sticklebacks (Giles, 1983; Campbell, 1985; Spence et al., 2013). The striking stickleback radiation
of North Uist offers an exceptional opportunity to correlate spatial variation of phenotype
with putative agents of selection in the environment. North Uist supports numerous
populations of both low-plated with spines and plate and pelvic girdle reduced or
deficient sticklebacks in freshwater lochs that vary in both trout predation pressure and
dissolved ion concentration. The west coast of North Uist is characterized by a band of
calcium-rich shell-sand grassland, called the machair, which supports rich vegetation and
alkaline, biologically productive lochs. In the central and eastern regions, the machair gives
way to blanket peat bogs with acidic and oligotrophic lochs (Beveridge, 2001; Friend, 2012). The
pH of freshwater lochs on North Uist ranges from 4.5 to 7.4, with a gradient of increasing
pH from west to east. The chief fish predator of sticklebacks on North Uist is the brown
trout, which occurs naturally in the majority of lochs. The only other freshwater fishes
found are eels (Anguilla anguilla), which occur infrequently (two elvers caught in 6 years of
sampling), ninespine sticklebacks (Pungitius pungitius), and small, localized populations
of arctic charr (Salvelinus alpinus). In sea lochs and freshwater lochs with open marine
connections, migratory salmon (Salar salar) and sea trout (S. trutta) also occur, although
these sites were excluded from the present study because these open systems could not be
treated as independent in our analysis. Fishing rights on North Uist are controlled by the
North Uist Estate, which maintains detailed fish catch records spanning several decades.

We tested the prediction that in the case that trout predation was the major selective agent
for stickleback morphology, stickleback lateral plate number and pelvic score would be
greatest at high brown trout abundances. Alternatively, if ion availability was the major
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agent of selection for the evolution of stickleback plate and pelvic apparatus, we predicted
morphology to vary as a function of dissolved ion concentrations, with sticklebacks
displaying the most limited plate number and pelvic score at sites where dissolved ion
concentrations were lowest.

METHODS

Stickleback morphology

We collected threespine sticklebacks and water samples from 26 lochs on North Uist in 2013
(Table 1, Fig. 1). A total of 860 sticklebacks were collected using long-handled dip nets,

Table 1. Lochs on North Uist sampled in 2013 with estimates of dissolved calcium and phosphorus
concentration, pH, and rank trout abundance (1 = low abundance, 4 = high abundance)

Site
number Site name

OS grid
reference

Rank
trout

abundance

Dissolved
calcium

(mg·L−1)

Dissolved
phosphorus

(µg ·L−1) pH
Sample

size

1 Loch Fada 875 705 4 1.7 5 5.9 36
2 Loch á Bharpa* 837 664 1 1.6 1 5.9 18
3 Loch nan Eun* 845 675 4 1.0 2 4.5 19
4 Loch Huna* 813 665 4 2.1 1 6.0 25
5 North Sgadabhagh 868 685 3 0.7 1 5.7 48
6 Loch na Maighdein* 893 683 2 3.4 1 6.4 37
7 Loch na Moracha* 846 665 4 2.6 3 6.1 34
8 Loch á Bhuird* 883 675 4 1.9 7 5.2 50
9 Loch nan Geadh* 888 706 2 2.2 5 6.0 33
10 Loch Tormasad* 820 650 3 4.0 1 6.3 7
11 Loch Bhereagbhat* 882 723 2 1.4 1 5.7 37
12 Loch an Daimh* 889 678 1 2.7 1 5.7 40
13 Loch nan Geireann* 845 725 2 1.9 3 6.0 39
14 Loch Croghearraidh* 716 712 2 19.6 5 7.1 40
15 Loch Sgaraigh* 717 705 2 48.2 2 7.4 50
16 Loch Sanndaraigh* 735 685 2 16.8 7 7.0 30
17 Loch Steineabhat* 875 743 3 4.0 0 6.5 14
18 Loch na Morgha* 870 743 3 0.9 1 6.0 21
19 Loch Hosta* 727 727 4 17.8 3 7.4 50
20 Loch Dubhasairidh* 772 673 2 1.2 1 6.1 42
21 Loch nan Athan* 778 668 3 0.9 1 5.7 55
22 Loch á Charra 779 689 2 1.2 1 6.1 28
23 Loch nan Strùban* 808 647 4 1.5 1 5.7 25
24 Loch an Toim 794 658 4 1.2 1 5.6 23
25 Loch na Creige 883 737 2 3.6 — 5.7 35
26 Bogach Maari 860 719 1 2.4 20 6.1 24
27 Loch Eubhal* 725 713 3 — — — —
28 Loch nan Cethir Eilean* 858 664 2 — — — —
29 Loch Hungabhat* 873 724 3 — — — —
30 Wee Fada* 793 667 1 — — — —

*Populations used in the trout predation assay in 2014.
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killed with anaesthetic (benzocaine), and fixed in 4% buffered formalin. Samples were
restricted to adult fish >26 mm standard length (SL, measured from the tip of the snout to
the origin of the tail) to ensure morphological characteristics were fully developed (Bell, 1981).
After fixing, fish were transferred to 70% ethanol for 24 hours, stained with 0.08% alizarin
red in 1% KOH for 24 hours, rinsed in water for 24 hours, and stored in 70% ethanol (Brubaker

and Angus, 1984).
For each fish a record was made of dorsal spine number, the presence or absence of an

anal spine, and the total number of lateral plates. A pelvic score was also assigned to each
fish, which comprised a count of the elements of the pelvic structure, with a score of zero
indicating complete absence of the pelvic structure and 8 the presence of all the pelvic
elements (Klepaker et al., 2013). No lochs showed bimodality in plate or pelvic morph.

Water chemistry

A single water sample was collected from each loch in one-litre sample bottles from below
the water surface at a depth of at least 1 m. Dissolved calcium concentration was measured
by atomic absorption spectrometric methods (ISO 7980:1986), phosphorus concentration
by ammonium molybdate spectrometric methods (EN 1189:1996), and pH was measured
electrochemically (ISO 10523:2008). An accredited commercial laboratory performed all
water chemistry measurements.

Fig. 1. Map of sampling sites on North Uist, Scotland. Numbered sites correspond with site numbers
in Table 1. Inset shows mainland Scotland and Western Isles, with North Uist shaded black.
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Predator abundance

Brown trout abundance was estimated as a proxy for predation by piscivorous fish using
records of brown trout catches by anglers. Lochs were scored on an ordinal scale of 1–4
based on historical catch records over the previous 30-year period, with 1 indicating lochs
with the lowest historical brown trout catches and 4 the highest. Lochs were scored
independently by the North Uist Estate manager, who is responsible for collating trout
catch records. This measure of trout abundance provided a robust index of predation risk
for sticklebacks by brown trout among populations, being based on comprehensive long-
term records for simple ecological systems, with brown trout the only abundant piscivorous
fish in freshwater lochs (Spence et al., 2013). Anecdotal evidence and catch return data indicate
little change in brown trout abundances among lochs over several decades (George Macdonald,

personal communication). Catch records were based on trout caught by fly fishing, since this
is the sole fishing technique permitted on North Uist. ‘Fly’ fishing is a misnomer, since
the lures used by fly fishermen more typically imitate small fish than invertebrates, and the
favoured fly patterns used on North Uist are fish mimics. Thus, trout catches effectively
provided an index of attack rates on small fish, of which sticklebacks are the primary
representatives.

To validate the relationship between this ordinal scale of trout abundance and predation
risk to sticklebacks from trout, we conducted an additional study. Stickleback lures were
prepared by a professional fly-tier, with either red or white hackles to mimic sticklebacks
with and without red coloration (www.evolutionary-ecology.com/data/2999Appendix.pdf,
Fig. S1). A sample of 24 lochs were subsequently fished by an experienced fly fisherman
during May 2014 using a single stickleback lure with a 2.9 m carbon fly rod, floating fly line,
and 3 m leader of 0.18 mm monofilament. The perimeter of each loch was fished for one
hour and either a red or white stickleback lure was randomly selected for use at each loch.
Each lure was used only once and was not reused. The frequency that brown trout were
hooked and subsequently lost or hooked and landed was recorded. The fork length (tip of
the snout to the end of the middle caudal fin ray) of every landed trout was measured to the
nearest 1 mm. When a fish was hooked and either lost or landed, fishing was resumed at
least 20 m away from the original site. A record of water temperature was taken at each site
and lochs exhibiting the entire range of trout abundances were sampled. Loch variables are
presented in Table 1. All trout were released after capture.

Data analysis

Before applying statistical models, a data exploration was undertaken following the
protocol described in Ieno and Zuur (2015). The data were examined for outliers in the
response and explanatory variables, homogeneity and zero inflation in the response variable,
collinearity between explanatory variables, and the nature of relationships between the
response and explanatory variables. Data analyses were performed using R (R Development Core

Team, 2014).
Water pH and dissolved calcium concentration were collinear, and pH was subsequently

dropped from the analysis. Morphological measurements were obtained for only seven fish
in one loch (Loch Tormasad), so this site was also omitted from the final analysis. Trout
abundance among lochs was unbalanced and was subsequently re-categorized as low
(ordinal score 1 and 2) and high abundance (3 and 4).
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Stickleback plate number was modelled using a generalized linear mixed model (GLMM)
with dissolved calcium (Calcium), phosphorous (Phosphorous), and trout abundance
(Trout) as main effects. A random intercept Loch was included in the model to introduce a
correlation structure between observations from the same loch. Assuming estimates of
plate number (Plate) for fish i in loch j were Poisson distributed with mean µij, the model was
specified as:

Plateij ∼ Poisson(µij)

E(Pelvicij) ∼ µij

log(µij) = ηij

ηij = β1 + β2 × Calciumij + β3 × Phosphorusij + β4 × Troutij + ai

ai = N(0, σ2
Loch)

For pelvic score (Pelvic), a residuals plot demonstrated a non-linear pattern in the data.
Consequently, these data were modelled using a generalized additive mixed model
(GAMM), with loch as a random intercept and a smoother fitted to dissolved calcium
concentration. The model took the form:

Pelvicij ∼ Poisson(µij)

E(Pelvicij) ∼ µij

log(µij) = ηij

ηij = β1 + f1(Calciumij) + β2 × Phosphorusij + β3 × Troutij + ai

ai = N(0, σ2
Loch)

f1(Calciumij) was included as a smooth function to model non-linear changes in pelvic score
in response to calcium concentration. The smoother was parameterized using a thin-plate
regression spline (Zuur et al., 2014).

As no plate or spine loss was observed in lochs with dissolved calcium concentrations
greater than 10 mg ·L−1, analyses were repeated only for those lochs with dissolved calcium
concentrations below this threshold. This additional analysis enabled us to examine the
impact of environmental variables on plate number and pelvic score only where calcium was
limiting. In the case of pelvic score, data showed no non-linearity and the model was fitted
with a GLMM rather than a GAMM.

In the analysis of trout abundance, we applied a Poisson GLM and performed a back-
ward stepwise model selection procedure. A main model was selected a priori, which
predicted that attack rate by trout on stickleback lures was dependent on the variables: trout
abundance (high or low), water temperature, time of day (am or pm), water clarity (clear or
peat-stained), and lure colour (red or white). Stickleback morph (low and minimal) and
water clarity (clear and peat-stained) were collinear, and morph was subsequently dropped
from the analysis. Working from the main model, a set of 10 biologically plausible candidate
models were built and compared using the Akaike Information Criterion (AIC) in the
MuMIn package and ranked according to their ∆AIC (difference between AIC of the best
model and the compared model). A subset of the best models (∆AIC < 6) were entered in a
model averaging procedure and used to generate model-averaged coefficients.
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RESULTS

Stickleback plate number was predicted by dissolved calcium concentration, but not by
dissolved phosphorous concentration or trout abundance (Table 2). The relationship
with dissolved calcium was positive, with a higher calcium concentration predicting higher
plate number (Fig. 2A). For the analysis only of lochs with dissolved calcium concentra-
tions < 10 mg ·L−1, plate number was not predicted by either dissolved calcium or trout
abundance (Table 2), although there was a negative effect of dissolved phosphorous concen-
tration (Fig. 2B).

For pelvic score the pattern was similar. Dissolved calcium and phosphorous
predicted pelvic score, while trout abundance did not (Table 2). Dissolved calcium was
positively associated with pelvic score (Fig. 3A), while phosphorous showed a negative
association (Fig. 3B). For lochs with dissolved calcium concentrations < 10 mg ·L−1, there
was similarly a negative association of dissolved phosphorous concentration with pelvic
score (Fig. 3C), while neither dissolved calcium nor trout abundance were significant
predictors (Table 2).

The estimate of model-averaged coefficients for trout abundance indicated water
temperature had the highest relative importance in the composite model, along with
water clarity and trout abundance (Table 3). Trout attack rates were higher in lochs
with higher numbers of trout, with high water clarity, and at higher water temperatures
(Fig. 4).

Table 2. Summary of GLMM* and GAMM# for Poisson distributed data to examine effects of trout
abundance, dissolved phosphorus, and dissolved calcium on lateral plate number and pelvic score of
threespine sticklebacks (Gasterosteus aculeatus) in North Uist lochs

Dependent Parameter β SE d.f.est P

Lateral plate number* Intercept 1.73 0.31 — <0.001
(full data set) Trout(high) −0.57 0.44 — 0.197
R2 = 0.56 Phosphorus −0.23 0.22 — 0.291

Calcium 0.60 0.26 — 0.021

Pelvic score# Intercept 1.39 0.35 — <0.001
(full data set) Trout(high) −0.59 0.45 — 0.348
R2 = 0.39 Phosphorus −0.50 0.24 — <0.001

s(Calcium) — — 1.69 0.006

Lateral plate number* Intercept 1.39 0.35 — <0.001
(sites Ca2 +  <10 mg ·L−1) Trout(high) −0.59 0.45 — 0.197
R2 = 0.51 Phosphorus −0.50 0.24 — 0.040

Calcium −0.06 0.21 — 0.765

Pelvic score* Intercept 2.09 0.23 — <0.001
(sites Ca2 +  <10 mg ·L−1) Trout(high) −0.21 0.31 — 0.494
R2 = 0.42 Phosphorus −0.67 0.16 — <0.001

Calcium −0.09 0.14 — 0.515

Note: Analyses include the full data set and lochs with dissolved calcium concentrations < 10 mg ·L−1. Parameter
coefficient (β), standard error (SE), estimated degrees of freedom (d.f.est) for the GAMM spline function (s), and
statistical significance (P).
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Fig. 2. Fitted values for standardized lateral plate number for threespine sticklebacks from lochs with
low and high brown trout abundance modelled using a Poisson GLMM against (A) standardized
dissolved calcium concentration (mg ·L−1) for all lochs, and (B) standardized dissolved phosphorus
concentration (µg ·L−1) for lochs with dissolved calcium concentrations < 10 mg ·L−1. Grey bands
indicate 95% confidence intervals around the fitted line.
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Fig. 3. Fitted values for standardized pelvic score for threespine sticklebacks from lochs with low and
high brown trout abundance against (A) standardized dissolved calcium concentration (mg ·L−1) for
all lochs modelled using a Poisson GAMM, (B) standardized dissolved phosphorous concentration
(µg ·L−1) for all lochs modelled using a Poisson GAMM, and (C) standardized dissolved phosphorous
concentration (µg ·L−1) for lochs with dissolved calcium concentrations <10 mg ·L−1 modelled using a
Poisson GLMM. Grey bands indicate 95% confidence intervals around the fitted line.
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Fig. 4. (A) Fitted values for brown trout attack rate (h−1) on threespine stickleback lures against
temperature (�C) for lochs with low and high trout abundance with peat-stained (solid line, solid
circles) and clear water (dashed line, open circles) modelled using a Poisson GLM. Dotted lines
indicate 95% confidence intervals around fitted lines.

Table 3. Summary of GLM for Poisson distributed data to examine
effects of brown trout (Salmo trutta) abundance, water clarity, and
water temperature on the attack rate of brown trout (Salmo trutta) on
threespine stickleback (Gasterosteus aculeatus) lures

Model parameter
Relative

importance β SE P

Intercept — −1.97 1.76 0.282
Trout(low) 0.73 −0.53 0.25 0.046
Water clarity(peat) 0.89 −0.62 0.25 0.021
Temperature 0.93 0.30 0.11 0.012

Note: Parameter coefficient (β), standard error (SE), and statistical significance
(P) are shown for a composite model based on models <6 units of AIC
compared with the best model (N = 10 models). Coefficient of determination
(R2) = 0.55.
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DISCUSSION

Lateral plate and pelvic evolution in the threespine stickleback provides an exceptional
vertebrate model system for investigating the relationship between genotype, phenotype,
and fitness, and thereby a full account of the mechanism of adaptive evolution (Wootton, 2009;

Schluter et al., 2010). In the present study, dissolved calcium concentration reliably predicted
stickleback lateral plate and pelvic score among populations on North Uist, where
threespine sticklebacks have undergone a spectacular morphological radiation. Dissolved
phosphorous also varied with pelvic score, particularly for those sites in which calcium was
limiting. Trout abundance failed to reliably predict either plate or pelvic morphology.
The attack rate on lures that mimicked sticklebacks was greater at sites with high trout
abundance, implying that selection pressure from predators operated in these populations,
but failed to explain plate and pelvic morph. Water temperature and clarity were also
positively related to attack rate by trout on stickleback lures.

The results of the present study, and previous work on North Uist lochs (Giles, 1983; Spence et

al., 2013) and elsewhere (Bell et al., 1993; Bourgeois et al., 1994), implicate a role for dissolved calcium
on plate number and pelvic score in sticklebacks, while evidence for a role for selection
driven primarily by trout predation was less pronounced. The correlation between dissolved
calcium and stickleback plate and pelvic morph on North Uist is overwhelming (Smith et al.,

2014). At all sites in North Uist, threespine sticklebacks with reduced plate and pelvic scores
were only found in lochs with low dissolved calcium concentrations, irrespective of trout
abundance. If trout predation were the chief variable driving morph evolution, highly
reduced plate and pelvic morphs – what Spence et al. (2013) termed minimal morphs – would
be predicted in some of the calcium-rich machair lochs with few trout; but they were never
found in those sites. This pattern of morphology reflects the more widespread step-change
between the distribution of plate morphs in marine and freshwater populations, with
complete and partial populations found almost exclusively in the marine environment, while
low morph fish are exclusively found in fresh water.

Evidence that dissolved calcium can impose selection on stickleback skeletal growth is
not wholly correlational. An experiment by Spence et al. (2012) demonstrated independent
effects of dissolved calcium and salinity on the growth rate of sticklebacks and detected a
significant interaction of both with plate morph. Stickleback morphs with the highest plate
number and pelvic score showed significantly lower growth rates when exposed to low
versus high dissolved calcium concentrations, while sticklebacks with lower plate numbers
and pelvic score experienced no impact of calcium concentration on growth. Barrett et al.
(2008) simulated an invasion of sticklebacks of marine origin that were heterozygous at the
Eda locus in experimental freshwater ponds. They showed that the low morph allele
increased in frequency in association with faster growth, better overall survival, and earlier
breeding in those fish that carried the allele, though without identifying what generated
selection. This study also suggested that the Eda gene may have additional, pleiotropic
effects on other key traits, or is at least linked to another locus that impinges on fitness
(Schluter et al., 2010).

Imposed on this general and almost universal pattern of plate and spine evolution, are
some exceptions that challenge our understanding of the evolution of stickleback plate and
pelvic morphs. Thus in Central and Eastern Europe, eastern North America, and north-
eastern Asia, there are resident freshwater populations of the complete morph (Wootton, 1976;

Hagen and Moodie, 1982; Bańbura, 1994; Paepke, 1996). There is also evidence that the mechanisms
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for calcium and osmotic regulation in these populations may diverge from those of
populations displaying the more typical distribution of plate morphs (Spence et al., 2013), and
our understanding of why complete morph populations of sticklebacks are sometimes
resident in fresh water remains incomplete (Smith et al., 2014), though low winter temperatures
(Wootton, 1976) and lake volume (Reimchen et al., 2013) may play a role.

In lochs in which calcium was potentially limiting, here defined as sites with dissolved
calcium concentrations < 10 mg ·L−1, dissolved calcium concentration as well as trout
abundance failed to predict plate number and pelvic score; dissolved phosphorous did
predict morphology, although only weakly in the case of plate number. Bell et al. (1993)

identified a dissolved calcium concentration of 10–20 mg ·L−1 as a threshold for pelvic
reduction among threespine sticklebacks in Alaska. Notably, in a comparable study to that
of Spence et al. (2012), the effects of calcium restriction on sticklebacks with contrasting
degrees of pelvic expression failed to detect an effect on somatic growth (Rollins et al., 2014). This
finding implies that a trade-off between somatic growth and pelvic phenotype does not
necessarily occur when calcium is limiting.

At low dissolved calcium concentrations, variation in calcium levels failed to predict plate
or pelvic phenotype among North Uist stickleback populations. This outcome is not
unexpected, given the limited variation in dissolved calcium concentrations among this
subset of lochs. However, two features of our findings are inconsistent with the explanation
that dissolved calcium alone explains plate and spine variability among North Uist
populations. The first is that some lochs with low dissolved calcium concentrations
supported populations of low rather than minimal morph fish. Second, the degree of loss of
lateral plate, spines, and pelvic elements encountered in North Uist populations of three-
spine sticklebacks is extremely rare across the entire distribution of the stickleback.
Nonetheless, while dissolved calcium concentrations in many North Uist lochs are low, they
fall within the range for freshwater lakes elsewhere in Europe and North America that
support low morph stickleback populations (Reimchen et al., 2013). Thus, while the reduced
availability of dissolved calcium is strongly associated with the evolution of minimal plate
and spine morphs on North Uist, it appears not to be the only variable driving selection.

Detailed morphological data on lateral plate height, width, thickness, and degree of
overlap were not recorded. Similarly, expression of the pelvic apparatus and spine length
and thickness were scored on a relatively crude scale. A more fine-grained analysis of these
traits might have revealed a closer relationship with ionic concentration or predation risk. A
study by Wiig (2014) using micro-computed tomography scanning demonstrated marked
differences among populations of sticklebacks from different environments in total skeletal
bone volume, including plate size and thickness. These findings raise the possibility that
sticklebacks can express alternative evolutionary pathways in armour reduction in response
to different selective pressures.

Several factors can influence the flux of calcium or other essential elements for skeletal
growth in fishes. Notably, fish are able to utilize calcium in their diet. Studies have shown
that fish can express normal growth in calcium-free water, provided that they
receive adequate calcium from their food (Robinson et al., 1986). Other studies have additionally
shown that freshwater fish increase their intestinal absorption of calcium when it is scarce
(Ichii and Mugiya, 1983; Allen et al., 2011). A weakness of the present study was that dissolved calcium
alone was included in our model. However, the availability of calcium in the diet, which
potentially varied among populations, was not considered. Different modes of feeding may
also provide different levels of calcium (i.e. a benthic vs. a limnetic diet). Furthermore, the
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bioavailability of calcium in different dietary items can vary, with calcium potentially less
readily utilized from some food items (Hossain and Yoshimatsu, 2014).

Another possible explanation for the evolution of minimal morphs is reduced efficiency
to utilize calcium. Variation in the concentration of the hormone prolactin has been shown
to significantly influence the uptake of calcium in fish (Flik et al., 1986; Wongdee and Charoenphandhu,

2013). It has been shown that prolactin secretion is higher in freshwater sticklebacks than in
marine populations (Wendelaar Bonga, 1978). Variation among stickleback populations in the
production of prolactin will have implications for calcium uptake and, subsequently, how
selection acts on skeletal growth when calcium is limiting.

A key finding of the present study was the significant effect of phosphorus on pelvic
score, independently of calcium, including in low dissolved calcium lochs. Like calcium,
phosphorus plays a key role in the development and maintenance of the skeletal system in
fish (Lall and Lewis-McCrea, 2007). Phosphorus concentrations in fresh waters are low and while
calcium can be absorbed across the gills, diet is the primary source of phosphorus for fish
(Witten and Huysseune, 2009). Phosphorus deficiency results in bone resorption, causing decreased
somatic growth, reduced bone mineralization, and skeletal deformities (Lall, 2002). Therefore,
bone development and growth are highly dependent on the concentration and availability
of dietary phosphorus (Roy and Lall, 2003). Thus like calcium, phosphorus availability has
the potential to select for reduced skeletal development. In the present study, however,
high pelvic scores were associated with low dissolved phosphorus concentrations, and in
low calcium concentration sites, with plate number. Why these seemingly related skeletal
structures would show a strong positive association with calcium but a negative one with
phosphorus is unclear. However, since dissolved phosphorus may be an unreliable proxy for
organic phosphorus, we cannot conclude that variation in phosphorus available to stickle-
backs in their diet is a selective factor in plate and pelvic spine evolution. Despite this, it is
known that the Ca:P ratio influences growth in fish (Robinson et al., 1987; Hossain and Yoshimatsu, 2014)

and the potential role of phosphorus in stickleback morphological evolution is one that
warrants further study.

A further complicating issue in this context is in the flux of ions between fish and their
environment. The presence of the elements cadmium and zinc has been shown to inhibit
calcium uptake through the gills (Sauer and Watabe, 1988; Wong and Wong, 2000), while the presence of
hydrogen sulphide may promote calcium uptake (Kwong and Perry, 2015) and fluxes of other ions,
such as sodium and chlorine, are influenced by calcium (Evans, 1993). Thus a more detailed
analysis of water chemistry of the North Uist lochs is needed to explore the combined
effects of calcium and phosphorous with other elements and ions that potentially affect
their availability and uptake and their subsequent impact on stickleback plate and spine
evolution.

In the present study, just a single water sample was collected at each site, on the
assumption that it was representative of the entire loch. Analysis of water samples from
multiple sites within lochs may show variation in water chemistry, raising the possibility of
intra-loch variation in selection on different plate and spine morphs. However, while
stickleback morphs varied markedly among populations, intra-loch variation in morph was
limited, with populations effectively monomorphic, suggesting that local variation in water
chemistry had limited impact on selection.

Presenting fishing lures that mimicked the appearance of sticklebacks predicted trout
abundance (Table 3). This finding supports our assumption that greater trout abundance
translated into a higher risk of trout predation. This result also demonstrates the potential
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utility of this method as a means of assaying stickleback predation risk from trout. The
attack rate on lures by trout was also greatest at higher water temperatures and in lochs with
clear water rather than heavily peat-stained water (Fig. 4). The significant positive effect of
water temperature on trout attack rates on stickleback lures reflected the strong relationship
between temperature and feeding rate in trout (Elliott, 1976; Wootton, 1990). Similarly, the positive
effect of water clarity on attack rate was presumably a function of the greater distance at
which lures could be detected by foraging trout, which hunt primarily by sight (Bowmaker, 1995).
The relationship between reaction distance and the optical characteristics of their habitat is
well characterized for salmonids (e.g. Vogel and Beauchamp, 1999).

Predation rates by birds and mammals (principally the Eurasian otter, Lutra lutra) were
not quantified in the study. However, we had no a priori reason to expect that selection
pressure imposed by these mobile predators would vary systematically between lochs, and
brown trout were predicted to represent the most significant predatory threat to sticklebacks
(Giles, 1981; Spence et al., 2013). Otters rarely include sticklebacks in their diet (Watt, 1995), and avian
predators, such as grey herons (Ardea cinerea), are limited in numbers throughout the Outer
Hebrides (Marquiss, 1989). Black-throated (Gavia arctica) and red-throated divers (G. stellata)
are summer visitors to freshwater lochs on North Uist, though at low densities (four pairs
seen in 6 years of research) and there is seldom more than a single pair on a loch where they
do occur (Gibbons et al., 1997). Common (Sterna hirundo) and Arctic terns (S. paradisaea) are
also summer visitors to the Outer Hebrides and are known to feed on sticklebacks (Wootton,

1984). However, these birds are not as abundant in the Western Isles as further south, and
feed on marine rather than freshwater fish species (Buxton, 1985; Clode and Macdonald, 2002).
Predatory odonate larvae were encountered during sampling in North Uist. These
invertebrate predators were not systematically surveyed in our study, but were encountered
more frequently in the calcium-rich machair lochs than in low-pH sites. This observation
corresponds with the finding that odonate larval survival rates correlate positively with pH
(Bell, 1971). Thus these predators were most frequently associated with the low rather than
minimal stickleback morph, which was the opposite outcome to that predicted if these
predators were acting as selective agents on plate and spine morphs, since they are predicted
to select for reduced plate and spine morphs.

Stickleback morph and water clarity were collinear in our data, with minimal morphs
associated with peat-stained water. Consequently, we were unable to separate these two
covariates in our analysis. Thus, high attack rates on stickleback lures were potentially also
associated with higher plate number and pelvic scores. Spence et al. (2013) detected a signifi-
cant difference between stickleback morphs from North Uist in their anti-predator
behaviour. Latency to emerge from a refuge among minimal morph populations varied
significantly with trout abundance, while among better-armoured low morph fish it did not.
This finding suggests that populations with reduced protection are especially sensitive to
predation, possibly because they are more susceptible to trout. An additional finding was
that low morph fish were overall more cautious than minimal morphs, which was explained
as a response to differences in water clarity between the typical habitats of the respective
morphs, with low populations found in clear, alkaline water where fish are more con-
spicuous, while minimal morph populations typically inhabit peat-stained water. These
findings provide circumstantial evidence that sticklebacks in clear water lochs, which
typically exhibit the low morph, experience higher attack rates by trout than those in low-
pH, peat-stained lochs, which exhibit minimal morphs. A predicted outcome would be
an increase in lateral plate number and pelvic score where predation risk is greater and
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dissolved calcium and phosphorous are not limiting, but a loss of plates and pelvic
structures typical of minimal morphs where predators are less efficient (rather than less
abundant) and these ions are limiting.

CONCLUSIONS

Based on the data presented here, we cannot identify a simple relationship between
environmental factors and the extreme reduction of lateral plates and spine apparatus
found among stickleback populations on North Uist. This outcome implies that several
factors may interact to drive selection for stickleback plate number and pelvic score. Our
findings indicate that the availability of calcium and phosphorous are influential factors,
but also provide circumstantial evidence that trout predation, interacting with water
clarity, may play a role. An experimental study of the association between selection
gradients and environment is needed to understand the interaction of phenotype with
fitness and identify which environmental variables are the primary agents of natural
selection in the extraordinary adaptive radiation of sticklebacks on North Uist.
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