Evolutionary Ecology Research, 2011, 13: 461-477

Dietary differences among colour morphs of
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ABSTRACT

Question: Do alternative colour morphs differ in food preferences and realized dietary
niches?

Hypothesis: Colour morphs represent alternative phenotypes that exploit different dietary
niches due to combined effects of differences in food preferences and physiological demands,
availability and spatial distribution of alternative food types, and morph-specific microhabitat
utilization.

Organisms: Adult female Tetrix subulata pygmy grasshoppers belonging to one of three
colour morphs: dark, pale or striped. Colour pattern in these grasshoppers is genetically
influenced and barely, if at all, affected by developmental plasticity in response to environ-
mental cues. Tetrix subulata inhabits damp places, primarily on the soil surface, and feeds
on algae, short grass, moss, and humus. We collected and studied individuals of seven
populations in southeast Sweden: three from pastures, two from alkaline fens, and two from
burnt clear cuts.

Methods: First, we performed two multiple-choice feeding experiments: (1) between
individuals from five different source populations, and (2) between individuals of different
colour morphs from the same population. Second, we measured natural abundances of carbon
and nitrogen stable isotope ratios (3°C and §°N) in free-ranging individuals from two
populations to test for differences in long-term diets among populations and colour morphs.

Results: In the multiple-choice feeding experiments, utilization of food types differed both
among populations and among colour morphs within a population. The comparisons of stable
isotope ratios indicated long-term differences in diet both among populations and among
colour morphs.

Conclusions: Food preferences and dietary niches differ among pygmy grasshopper
populations and colour morphs.
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INTRODUCTION

A natural population of a single species commonly contains individuals that exhibit a broad
array of phenotypic variation related to sex, age, size, morphology, colour or behaviour
(Roughgarden, 1972; Shine ef al., 2003; Svanback and Bolnick, 2007). This variation may be accompanied by
different demands for environmental resources such as food or habitat, and it is increasingly
recognized that different subsections of a population and even individuals may differ
in their realized niches (Polis, 1984; Bolnick er al, 2002, 2003). This phenomenon is likely to be
accentuated in polymorphic species with dramatic distinct phenotypic forms in the
population (Skulason and Smith, 1995). Differential niche use by discrete intra-specific morphs
was termed ‘resource polymorphism’ by Smith and Skulason (1996), and defined as discrete
differences in habitat use or feeding biology.

Resource polymorphism is well documented in vertebrates, including fish, amphibians,
and birds (for reviews, see Wimberger, 1994; Smith and Skulason, 1996), and it has Il’lOStly been associated
with differences in size and shape of mouth parts or other feeding structures. Differential
resource use in colour polymorphic species has been primarily discussed in the context of
crypsis and the effect of predator avoidance behaviours on microhabitat selection (see, for
example, review by Bond, 2007). Studies of colour polymorphism in ectotherms further indicate that
differently coloured individuals differentially use available microhabitats that provide pro-
tection against visual predators or offer thermally suitable conditions (e.g. Jones, 1982; Endler, 1983;
Morey, 1990; Shine ef al., 1998; Ahnesjé and Forsman, 2006). Other studies have failed to detect differential
habitat use by alternative colour morphs, including in sea snakes Emydocephalus annulatus
(Shine er af, 2003) and the marine herbivore isopod Idotea balitica (Merilaita and Jormalainen, 1997).

Studies of diet-related resource partitioning among alternative colour morphs are limited
(Shine et al, 1998; Wilson and Jamieson, 2005; Nosil et al., 2006; Anthony et al, 2008). Yet, there are several
reasons why different colour morphs may be expected to utilize different subsets of available
food resources (Forsman er al, 2008). The diets of free-ranging animals are governed not only
by individual preferences and active choice, but also by food availability and a series of
competing demands and constraints (Pulliam, 1974; Futuyma and Peterson, 1985; Stephens and Krebs, 1986),
and individuals that belong to different colour morphs or originate from different popula-
tions may vary in both realized and preferred diet (amold, 1977). For instance, different morphs
may be active at different times of the day and therefore encounter different prey types
(Anthony er al, 2008). Individuals belonging to different colour morphs may encounter different
food types if they vary in the way that they utilize available microhabitats (Futuyma and Peterson,
1985). For example, to avoid being detected by prey, different predator morphs may hunt
in different environments that may contain different food items (Green, 2005). Conversely,
selection for background matching imposed by predators may enforce prey morphs to
different habitats with dissimilar food sources (Todd e L, 2006). Similarly, if alternative colour
morphs seek out microhabitats that provide thermally suitable conditions, they may
encounter different food types as a by-product of body temperature regulation behaviour
(Jones, 1982; Ahnesjé and Forsman, 2006). In addition, colour morphs may vary in their innate
preferences, metabolism, and physiological demands for food. Individuals represent
functionally integrated units, and in several colour polymorphic species colour pattern is
developmentally, phenotypically, and genetically associated with physiology, morphology,
behaviour, and life history (True, 2003; McKinnon and Pierotti, 2010).

To our knowledge, no attempt has been made previously to experimentally test for
differences in food preference as well as long-term differences in diet among alternative
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colour morphs of generalist or omnivorous species. Pygmy grasshoppers, Tetrix subulata,
provide a suitable model system, since they exhibit distinct colour polymorphism. Ample
available evidence indicates that colour pattern in pygmy grasshoppers is genetically
influenced and barely, if at all, affected by developmental plasticity in response to environ-
mental cues (Nabours, 1929; Karlsson er al, 2009). Furthermore, colour morphs are genetically
correlated with specific physiological, morphological, behavioural, and life-history
characteristics, such that they represent ecomorphs (Forsman, 1997; Ahnesjé and Forsman, 2003,
2006), and they have been shown to differ in predator avoidance behaviour and microhabitat
US€ (Forsman, 1997; Ahnesj6é and Forsman, 2006 and references therein).

In this study, we combine information from behavioural feeding experiments and isotopic
signatures of free-ranging pygmy grasshoppers to test the prediction (Forsman er al, 2008) that
individuals belonging to alternative colour morphs differ in food preferences and dietary
niche divergence, and to elucidate how preferences and ecological constraints jointly
contribute to dietary differences among colour morphs and populations. We use
two approaches that provide slightly different and complementary information. First, we
perform multiple-choice feeding experiments, a straightforward way to test for differences in
food preferences. Second, we use naturally occurring stable isotopes (8"°C and §"°N), a
standard way to investigate and compare diet because of high correlations between isotope
signatures in the diet and those found in the consumer animal’s tissue (eg. Fry er al, 1978).
Isotopic signatures provide a means of analysing long-term (depending on the rate of tissue
turnover) dietary differences in free-ranging animals in their natural environment, and
reflect the food actually eaten but not necessarily preferred (Deniro and Epstein, 1978a, 1978b; Bearhop
et al., 2004; Hood-Nowotny and Knols, 2007).

METHODS AND MATERIALS

Study species

The pygmy grasshopper, Tetrix subulata, is a widely distributed insect that inhabits biomes
ranging from tropical rainforests to arctic regions of Europe, Asia, and north to southern
north America (Mexico), except the south-eastern United States (Rehn and Grant, 1955). Tetrix
subulata is a small (<15 mm total body length, mean 0.07 g dry body mass), diurnal,
ground-dwelling insect that most frequently inhabits damp places where it primarily lives
on the soil’s surface and feeds on algae, short grass, moss, and dead, partly decayed animal
and plant matter in the litter (Holst, 1986). Tetrix subulata exhibits a large number of discrete
colour morphs. Ground colours range from black, via various shades of brown, light grey to
almost white. Some morphs are monochrome, whereas others have patterning consisting of
a longitudinal stripe along the median pronotum or on the femora of the jumping legs, or
of specks or spots, of variable colours and widths (Nabours, 1929; Karlsson ez al, 2008; Caesar et al,
2010). The frequencies of alternative colour morphs in 7etrix vary among populations and
over time within populations (Forsman ez al, 2011).

Multiple-choice feeding experiments

Two separate multiple-choice feeding preference experiments were performed. One
addressed among-population differences and was carried out in 2009. The other addressed
differences among colour morphs within a population and was carried out in 2010.
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Experimental animals for comparisons among individuals from different populations

To test for differences in dietary preferences among individuals originating from different
natural populations that inhabit different environments and have different evolutionary
histories, adult female 7. subulata were collected and tested in May 2009 from five popula-
tions in southeast Sweden [i.e. Higern, forest pasture, 57°25.384N, 16°15.964E (n=11);
Flyvigen, burnt clear cut, 57°00.477N, 16°06.022E (n = 14); Alem, pasture adjacent to a
clear cut, 56°56.019N, 16°21.808E (n = 13); Jordtorp, alkaline fen, 56°40.613N, 16°33.335E
(n=17); and Bredsitra, enclosed pasture, 56°50.962N, 16°47.367E (n = 6)]. The latter two
populations are found on the island of Oland, while the first three are found on the
mainland. We only used individuals that belonged to one of three different colour morph
categories (i.e. dark, light, and striped). The dark category consisted of dark brown
individuals, the light category consisted of grey/yellowish individuals, and the striped
category consisted of individuals with a dark background accompanied by a yellow
longitudinal stripe along the pronotum (for photographs of different morphs, see Karlsson et al., 2008;
Caesar et al, 2010). Not all morphs were present at each location. However, the aim of this
experiment was to test for dietary divergence among populations — we performed a separate
experiment in 2010 to specifically investigate the divergence among colour morphs within
a population (see below). Before the onset of the experiment (always the day following
capture), the grasshoppers were housed in an aquarium and provided with water but no
food. A total of 51 grasshoppers were used in this experiment.

Experimental animals for comparisons among colour morphs within a single population

To test for differences in dietary preferences among individuals belonging to different
colour morphs, adult female 7. subulata were collected and tested in mid-May 2010 from a
single natural population in an alkaline fen habitat in Vanserumbick on the island of Oland
(56°40.424N, 16°38.214E), southeast Sweden. Animals were brought to the laboratory and
classified as belonging to one of three colour morph categories: dark (n = 35), light (n = 32)
or striped (n=30). The dark category consisted of dark brown individuals, the light
category consisted of grey/yellowish individuals, and the striped category consisted of
individuals with a dark background accompanied by a yellow longitudinal stripe along
the pronotum (for photographs of different morphs, see Karlsson et al., 2008; Caesar et al., 2010). Before the onset
of the experiment (always the day following capture), the grasshoppers were housed in an
aquarium and provided with water but no food. A total of 97 adult females were used in the
experiment.

General procedure of feeding experiments

The procedure for the feeding experiments was similar in both years, whereby each
grasshopper was placed in a circular cage and presented with five different food items
(Fig. 1). Each cage was constructed using a Petri dish (diameter 8.5 cm) as the bottom, and
approximately 7-cm high ‘Xerox transparent’ as the wall. The bottom of each cage was
padded with wet cotton to supply the grasshoppers with drinking water and to prevent the
food items from drying out. The cage was sealed with the lid of the Petri dish that
was pierced with a needle to allow a flow of air. In total, we used 30 cages. Previous
investigations indicate that pygmy grasshoppers, including 7. subulata, feed on mosses,
algae growing on moist soils, and humus or detritus (Nabours, 1929; Ahnesjo and Forsman, 2006),
and hardly ever on sprouting grasses or forbs (Hochkirch er al, 2000). We therefore presented the
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following five food items to the grasshoppers: the top of vernal sedge (Carex caryophyllea,
which included the pollen), the top of tufted sedge (Carex elata; 2009 experiment only),
common hair moss (Polytrichum commune), carpet moss (Mnium sp.) and calliergonella
moss (Calliergonella cuspidate), together with soil with microalgae. Similar-sized pieces of
the five different food items were presented simultaneously (cafeteria style) in a circular
manner along the inner wall but perpendicular to it with branches towards the centre of the
cage. Food items were placed in random order in each cage, so that the different food items
had similar probability to be near any other food item. The latter two mosses and the
sedge were common at and collected from the grasshopper’s natural habitat, and the soil
(a bought mixture of peat and soil) and common hair moss (originating from nearby
forest wetland) were collected from the rearing buckets used to breed grasshoppers in
captivity. None of the food items was fully consumed during the observation period, and so
grasshoppers were not forced to feed on less favoured items.

Behavioural observations and statistical analyses

In each of the 2009 and 2010 experiments, 3 days of observations were performed within
a 10-day interlude. All grasshoppers were tested the day following capture. Experimental
cages were placed in the laboratory approximately 20 cm below two lamps (Philips daylight,
60 W/230 V). The temperature was approximately 32°C inside the cages and in the room in
which the experiment was conducted. In each session of the 2009 experiment, between
10 and 12 grasshoppers representing each of the five different source populations were
randomly assigned to and placed individually inside separate experimental cages. In each
session of the 2010 experiment, between 10 and 12 grasshoppers representing each of the
three colour morph categories were randomly assigned to and placed individually inside
separate experimental cages. At the onset of an experimental trial, one grasshopper
was released in the middle of each cage and its choice was first recorded after 3 min of
familiarization. For the comparisons among individuals that originated from different
source populations (performed in 2009), we recorded the behaviour of each grasshopper
every 3 min for 3 h, yielding a total of 60 observations per individual. A food item was
recorded only when grasshoppers were observed eating or tasting it, otherwise it was
indicated ‘none’. Preliminary analyses of these data indicated that the behaviour of
individuals did not change much over the course of the 3-h experimental trials. In the
experiment performed in 2010 to test for differences among individuals that originated from
the same population but belonged to different colour morphs, we therefore reduced the
observation period and recorded the behaviour every 3 min for 1 h, yielding a total of
20 observations per grasshopper; however, we increased markedly (from 51 to 97) the
number of individuals that were observed.

For each experiment, we used general linear mixed models, implemented using procedure
MIXED (sas, 2004) to test the null hypothesis that utilization by individuals of the five
different food types was independent of source population (2009) or colour morph category
(2010). Following the approach outlined by Elmer et al (2010), utilization was used as a
response variable with food type and population (2009) or food type and colour morph
(2010) as fixed effects. With this approach, each individual contributes only one observation
for each food type, although we made repeated observations of each individual during
the experiment. The identification code of each individual was used as a random effect.
A likelihood ratio test was used to assess the statistical significance of the interaction term
between food type and population (2009) and food type and colour morph (2010). Data
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on proportional utilization were log + | transformed. We also conducted separate analyses
for each food type, using one-way analyses of variance (ANOVA).

Since the 97 grasshoppers used for the multiple-choice feeding experiment in 2010 were
deprived of food after capture, except for the 1 h of observation, these animals were
sacrificed at the termination of the experiment and used to examine long-term differences
in diet among colour morphs by analysing stable isotopic signatures, as described below
(two individuals escaped, leaving 95 individuals).

Comparison of stable isotope ratios

We analysed and compared stable isotope signatures to test for long-term differences in diet
among individuals belonging to different colour morphs using animals from two different
source populations. We used the adult female 7. subulata grasshoppers collected (in May
2010) from the Vanserumbick population that were used in the single-population
multiple-choice feeding experiment in 2010. In addition, we used adult 70 subulata females
collected in May 2010 from a second population on the mainland in southeast Sweden
(Hovmantorp 56°47.167N, 015°10.039E). From this population we only have data for
individuals that belonged to the black (nz = 17) and striped (n = 17) morphs, since no light
individuals could be found. The individuals from Vanserumbick that were used in the
behavioural experiment were starved for 24 h before the experiment and were sacrificed
immediately after the 1 h observation period, so any food consumed during the experiment
could not have influenced our isotopic results.

We collected samples of two distinct body parts (head and hind femur) from each
grasshopper. Samples were oven-dried at 60°C for 48 h, ground to a fine powder, and
weighed (approximately 1-3 mg) into tin capsules and sent to UC Davis Stable Isotope
Facility (University of California, Davis, CA) for *C and "N analysis. Results are expressed
as 8"°N and 8"C, defined as the %o deviation of the sample from international reference
(i.e. Pee Dee belemnite carbonate for 8"°C or air for §'°N) by the equation:

SX = [(Rsample/Rreference) - 1]* 1 0003

where X = N or C, and Rample a01d R gerence are the corresponding isotopic ratios BN/MN
or “C/™C of the sample and the reference, respectively (Hood-Nowotny and Knols, 2007). The
long-term precision for analysis (standard deviation of the internal standard) was +0.2%o
for §°C and +0.3%o for 5"°N.

We used multivariate analysis of variance (MANOVA) models with type-III sums of
squares to examine the partitioning of variance in 8"°C and §"°N isotope signatures among
body parts (hind femur vs. head), source populations, and colour morphs (Sokal and Rohlf, 1981;
sAs, 2004). In this approach, measurements of 8"°C and §"°N from each individual and body
part were treated as a repeated measure.

RESULTS

Significant differences in preference of food types between individuals originating from
different populations, and among colour morphs within populations, were revealed by
our multiple-choice experiments. Those dietary differences were further supported by
differences in natural abundance of §"°N or §"°C stable isotopes.
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Fig. 1. Results from laboratory feeding experiment showing mean (% s.E.) proportions of observations
in which Tetrix subulata collected from five different source populations were observed eating each of
five types of food plus soil with microalgae.

2009 feeding experiment: comparison between populations

Data on behaviour of individuals that originated from the five different source populations
revealed that utilization of the five different food types was dependent on the grasshoppers’
source population (as evidenced by a significant interaction between food type and
population, G=107.1, d.f. =24, P <0.0001) (Fig. 1). Soil containing microalgae was the
most preferred food type by individuals from all populations, while all other food types
were used to lesser extents (Fig. 1). Separate analyses for each food type further indicated
that there were significant differences among the different populations in utilization of soil
with microalgae, Polytrichum hair moss, and Carex sedge (all P <0.05), but not in the
utilization of Calliergonella or Mnium (both P> 0.15). Individuals from different source
populations also differed in the extent to which they were observed on the cotton rather
than on any of the different food types (P < 0.05) (Fig. 1).

2010 feeding experiment: comparison among colour morphs

Data on behaviour of dark, striped, and pale individuals that originated from the same
source population revealed that utilization of the five different food types was dependent on
grasshopper colour morph (effect of interaction between food type and colour morph,
G=25.2, d.f =10, P<0.005) (Fig. 2), indicating that individuals belonging to different
colour morphs showed differential preferences for the various food types. Visual inspection
of the data revealed that soil containing microalgae was the most preferred food type by all
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Fig. 2. Results from laboratory feeding experiment showing mean (£ S.E.) proportions of observations
in which striped (@), pale (A), and dark (W) Tetrix subulata colour morphs were observed eating each
of the five types of food.

colour morphs, but the preference was expressed most strongly by individuals belonging to
the dark morph (Fig. 2). The Mnium carpet moss was the least used food type by all colour
morphs. Separate analyses for each food type revealed that the Carex vernal sedge was
preferred to a significantly greater extent by individuals belonging to the light morph than
by striped and dark morphs (P <0.05, Fig. 2). The three colour morphs did not differ
markedly in their utilization of the remaining food types (all P > 0.05, Fig. 2).

Natural abundance of stable isotopes in relation to source population and colour morph

The mean and range of values of the natural abundance of §"°C and 8"N for individuals
belonging to different colour morphs and originating from the two different populations
used in the current experiment are shown in Table 1. Separate estimates obtained from
the head and hind femur were highly correlated across individuals for both isotopes in
both populations (613C: Vanserum: r=0.85, n=91; Hovmantorp: r=0.78, n=34; 5"°N:
Vanserum: r=0.95, n=91; Hovmantorp: r=0.75, n=34; all P<0.0001). Initial
exploratory MANOVA indicated significant overall differences in "°C and 8'"°N between
the two populations (Wilks” A = 0.44, F; ,,; =153.55, P < 0.0001), between body parts (hind
femur vs. head: Wilks’ L =0.93, F,,,;;=8.91, P=0.0002), and between colour morphs
(Wilks” A = 0.95, F, 446 = 3.47, P =0.0083) (Table 1). Since we did not have data for all three
morphs in both populations, we performed separate tests for differences among colour
morphs within each population (Table 1, Fig. 3).

In Vanserum, a MANOVA indicated significant overall differences in 8"°C and "N
between body parts (Wilks” A = 0.87, F, 159 = 13.46, P = 0.0001) and between colour morphs
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Table 1. Natural abundance of 8"°C and 8"°N in Tetrix subulata representing two populations and
three different colour morphs

8"C (%o) mean (min, max) 3N (%o) mean (min, max)

Population/
colour morph N Hind femur Head Hind femur Head
Vanserum
Striped 30 -27.4(-29.2,-26.0) -27.9(-29.4,-27.1) 3.8(0.6, 6.6) 3.6(0.7,6.4)
Light 29 -27.4(-29.2,-26.4) -27.9(-30.2,-27.1) 2.9(-0.3,6.9) 2.5(0.3,6.4)
Dark 34 -27.4(-28.3,-26.5) -27.7(-28.8,-26.8) 3.2(0.7,7.2) 2.9(-0.2, 6.3)
Hovmantorp
Striped 17 -27.5(-28.1,-26.9) -27.7(-28.6,-27.2) -0.2(-1.6,0.8) —0.3(-1.5,0.5)
Dark 17 -27.7(-28.8,-27.1) -27.9(-28.6,-27.4) -0.5(-2.2,1.2) -0.3(-1.4,1.0)
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Fig. 3. Biplot of the §"°C and §"°N isotope signatures of Tetrix subulata females originating from two
different natural populations in Vanserum (O) and Hovmantorp (A). Individual mean values of
estimates from head and hind femur are shown.

(Wilks” A =0.93, F, 35 =3.10, P=0.016) (Table 1, Fig. 4). Separate two-way ANOVAs on
each of the isotopes, and with colour morph and body part as the independent variables,
revealed significant differences in §°N between colour morphs (F181=5.38, P=0.0054)
but not between body parts (F; 5, =1.24, P=0.27). In contrast, there were significant
differences in 8"°C between body parts (F,181=20.01, P <0.0001) but not between colour
morphs (F, 5, = 0.31, P=0.73).

In Hovmantorp, a MANOVA indicated significant overall differences in 8"°C and §"°N
between body parts (Wilks’ A=0.86, F,4 =5.34, P=0.0071) but not between colour
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Fig. 4. Biplot of the mean (& s.E.) isotope signatures of 5"°C and 8"°N for individuals originating from
two different natural populations in Vanserum (circles) or Hovmantorp (squares), and belonging
to dark (black symbols), striped (grey symbols) or pale (open symbols) colour morphs. Individual
mean values of estimates from head and hind femur are shown. Note that scales are different for the
vertical and horizontal axes.

morphs (Wilks’ A =0.94, F, ¢, = 2.16, P =0.12) (Table 1, Fig. 4). Separate two-way ANOVAs
revealed significant differences in 8"°C both between colour morphs (Fy65=4.38, P=0.04)
and between body parts (F) ¢ = 8.08, P=0.006). There were no significant differences
in 8"°N between colour morphs (F165=0.61, P=0.44) or body parts (f;¢=0.13,
P=0.72).

DISCUSSION

The results of this study provide evidence for dietary divergence among Tetrix subulata
pygmy grasshoppers that appears to reflect the interplay of differential preferences and
ecological constraints. Multiple-choice feeding experiments demonstrated differences in
food preferences among individuals originating from different populations (Fig. 1), as well
as among individuals that originated from the same population but were different colour
morphs: pale, striped or dark (Fig. 2). Analysis of §"°C and "N stable isotope signatures
further indicated that there were large long-term dietary differences between free-ranging
individuals from populations in unlike environments, differences among alternative colour
morphs within populations, as well as considerable variation among individuals even within
populations and colour morphs (Table 1, Figs. 3 and 4). To our knowledge, this study is the
first to indicate differences in both food preferences and long-term realized feeding niches
between free-ranging individuals that belong to alternative colour morphs of a generalist
species [but see Nosil et al. (2006) for a possible example in a phytophagous host-specialist
species].
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Differences among populations

Inferring dietary differences among populations from isotopic signals is not without caveats
because plants of the same species growing in different environments may show different
isotopic ratios, and thus base levels of the ecosystems are important (Gannes et al, 1997).
In our case, however, both behavioural observations and analyses of isotope signatures
indicated dietary differences between populations. Values of 8"°C were similar, whereas
the 8"°N values differed markedly between individuals that originated from Vanserum
or Hovmantorp (Table 1, Fig. 3). The difference in average 3"°N values between our
populations was about 4%o, which exceeds the average 3%o enrichment seen between
different trophic levels in a food web (e.g. Fry er al, 1978; Hyodo et al, 2010). This difference probably
reflects the fact that the two populations were exposed to strikingly different environments:
a previously forested area that was ravaged by fire the year before capture, versus a stable
alkaline fen used as a grazing area for cows (Markow er al, 2000; Asada et al, 2005; Tiunov, 2007;
Hyodo et al., 2010; Liu and Wang, 2010).

The lower mean and narrower range of variation of 8°N in Hovmantorp compared with
Vanserum may in part be attributed to the effect of fire on nitrogen availability (Hogberg, 1997;
Grogan er al, 2000). However, instead of the enriched values of §"°N expected after fire
(Grogan er al., 2000), we found more depleted values in the Hovmantorp population. A possible
explanation for this finding is that Tetrigids normally have a broad diet and feed on live
plants and partly decomposed organic matter originating from plants and higher trophic
levels (Bastow er al, 2002), but their ability to scavenge was limited in Hovamantorp where fire
had depleted the amount of litter. An additional explanation is that the main source of food
available for grasshoppers in the post-fire environment was mosses. Mosses do not obtain
their water and nutrients from the soil via roots but via precipitation from the atmosphere
rich in nitrates, which in turnis >N depleted (Xiao er .. 2010). The relatively narrow range of C and
N isotopes in the population in Hovmantorp may also represent an example of niche
collapse following an ecological disturbance (Layman ez al, 2007).

Differences among alternative colour morphs within populations

Our behavioural observations and analyses of isotope signatures indicated differences in
food preferences and long-term dietary habits among individuals that belonged to dark,
striped or pale colour morphs within populations. The overall differences in isotope
signatures among colour morphs were most pronounced in the Vanserum population,
where the variation was manifest primarily in 8"°N (Table 1, Fig. 4). This indicates that
colour morphs vary in the extent to which they feed on different plant species, microalgae,
and detritus, a conclusion that is corroborated by the morph-specific preferences
demonstrated in our behavioural feeding experiment (Fig. 2). The different feeding habits
among free-ranging pygmy grasshopper colour morphs probably reflect a combination
of dietary preferences and variation in encounter rates with different types of food due
to morph-specific differences in microhabitat utilization.

The alternative colour patterns in pygmy grasshoppers are associated with a suite of
morphological, physiological, life-history, and behavioural traits (Forsman, 2000; Ahnesjs and
Forsman, 2006; Forsman er al., 2011), and it is feasible that the divergence among these eco-morphs
includes food preferences (True, 2003; Forsman er al, 2008; McKinnon and Pierotti, 2010). In addition,
alternative colour morphs may assimilate similar diets with different efficiencies because
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they differ in physiology and body temperature preferences (e.g. Gannes er al., 1997; Yeh and Wang,
2001).

The long-term differences in diet may also in part reflect a by-product of differences in
microhabitat selection between alternative colour morphs. Pygmy grasshopper individuals
belonging to different colour morphs differentially utilize microhabitats with different
biophysical properties to meet demands associated with temperature regulation and
predator avoidance behaviours (Forsman and Appelqvist, 1998; Ahnesjo and Forsman, 2006). This
may result in differences in isotope signatures among colour morphs, since it has been
shown that §"°N values may vary among soil types and plants depending on depth of roots,
water sources, nitrogen availability in the ecosystem, and the degree of decomposition and
humification (Markow et al., 2000; Asada et al., 2005; Tiunov, 2007; Hyodo et al., 2010; Liu and Wang, 2010). Even if
the differential microhabitat selection seen in alternative pygmy grasshopper colour morphs
has been driven by selection imposed by predation and temperature constraints, this
may have resulted in dietary resource specialization by the different colour morphs as a
secondary reSponse (Bernays and Graham, 1988).

Studies of other species have shown that more intense competition for resources may lead
to increased diet variation between individuals in the same population (e.g. Bolnick, 2001; Svanback
and Bolnick, 2007; Tinker er al, 2008). Our findings are at odds with this notion. The larger ranges
of both §"C and 8N in Vanserum (Table 1, Fig. 2) instead indicate that the greater
availability and diversity of plants in Vanserum compared with the recently burned
environment in Hovmantorp allowed for a broader diet. Similarly, the lesser diversity of
potential food types in Hovmantorp may have limited the scope for resource subdivision,
since evidence of long-term dietary differences (as inferred by differences in isotope
signatures) among alternative colour morphs were less pronounced in Hovmantorp than
in Vanserum.

Inter-individual differences within populations and colour morphs

The range of inter-individual differences in isotope signatures within populations and col-
our morphs was about 7%o for 5N and 3%o for "*C in the Vanserum population (Table 1).
This huge range is comparable with the average 6%o 8'°N enrichment between three trophic
levels (Fry, 1988; Hyodo e al, 2010), and larger than that reported for many other insect species
(Taylor et al., 2004; Bourguignon ez al, 2009). This may reflect that pygmy grasshoppers include in their
diet dead plants and dead animal matter from higher trophic levels (Holst, 1986). However, we
cannot infer about trophic levels without knowing the base level of the ecosystem and prey
items. The samples used for our isotope analysis were homogeneous; we used adult females
only, and individuals from the same population were collected within one week (Vanserum)
or on the same day (Hovmantorp) in a small area. Like many other insects (Harrison, 1980),
T subulata is wing dimorphic (Rehn and Grant, 1955) and macropterous individuals with fully
developed functional wings may resort to active flight, indicating a capacity for long-
distance dispersal (Harrison, 1980). However, mark-recapture data of free-ranging individuals
indicate that 7. subulata are relatively sedentary and normally move only a few metres per
day (Forsman and Appelqvist, 1999; Caesar er al., 2007). In this context, it is interesting that the 8N
range seen in these grasshoppers is comparable to ranges documented for long-lived,
wide-roaming predatory mammals, birds, and fishes (Minami er al, 1995; Berglund ez al, 2001; Urton
and Hobson, 2005; Cherel e al., 2009; Vander Zanden er al, 2010). There are two possible explanations
for the large 5"°N range. Either each individual utilizes a narrow food niche, and different
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individuals specialize on different diets (vVander Zanden er al, 2010), or, alternatively, individuals
are generalist or opportunist foragers with potentially very broad food niches, and include
in their diet different types of food depending on availability (Cherel er al, 2009). The
behavioural data from our multiple-choice feeding experiment lend some support to the
interpretation that individuals are specialists.

CONCLUSIONS

Based on all the caveats of stable isotopes, Gannes et al. (1997) called for a combination of
this method with behavioural laboratory experiments to investigate food preferences and
dietary habits. Indeed, interpretation of our isotopic data for free-ranging 7etrix subulata
pygmy grasshopper individuals from different natural populations is facilitated by the
results from our multiple-choice feeding experiment; the two approaches not only tell
consistent stories, they also point to important interactive roles of colour morph-specific
food preferences and constraints for patterns of resource partitioning. Our data on
behaviour and isotopic signatures of pale, striped, and dark pygmy grasshoppers provide, to
our knowledge, the first evidence of long-term dietary divergence in a colour polymorphic
generalist species. The different feeding habits among free-ranging pygmy grasshopper
colour morphs indicated by our results (based on isotopic signatures) probably reflect a
combination of dietary preferences (as demonstrated by our feeding experiment) on the one
hand, and variation in encounter rates with different types of food due to morph-specific
differences in microhabitat utilization associated with predator avoidance and temperature
regulation on the other. Information on isotopes only does not reveal the causes and
possible role of food preferences for dietary divergence. Conversely, laboratory feeding
experiments alone do not reveal whether food preferences translate into differential diets
among free-ranging individuals in the wild.

That the magnitude of the dietary differences shown in this study is sufficient to be of
ecological importance is supported by our previous demonstration that under high-density
conditions, average survival is higher in more diverse groups of 7. subulata where
individuals belong to different colour morphs than in more homogeneous groups (Caesar ez al,
2010). Differential food utilization by individuals belonging to alternative colour morphs may
have played an important role in intra-population divergence, by promoting the evolution
of phenotypic integration and ‘alternative adaptations’ or ‘complex phenotypes’ by means
of covariance between colour pattern and behavioural, physiological, morphological, and
life-history traits (Lande and Arnold, 1983; Westeberhard, 1986; Wright, 1988; Arnold et al, 2001). It has been
hypothesized that dietary differences among alternative phenotypes may contribute to the
increased ecological and evolutionary success of polymorphic populations and species by
reducing the intensity of intra-specific competition, and by promoting population stability
and persistence, colonization success, and speciation (Bolnick er al., 2003; Forsman et al., 2008; Hughes
et al, 2008). Pygmy grasshoppers and other colour polymorphic species offer suitable model
systems for testing these contentions in the future.
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