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Abstract

Rock ptarmigan (Lagopus muta) and black grouse (Tetrao tetrix) are two closely related alpine bird species that form relict
populations in the European Alps. Besides manifold anthropogenic influences in this region, global climate change is forecast to
lead to significant changes in temperatures and precipitation. We here analysed stable isotope ratios (3'3C and 8" N) of feathers
of both bird species and their potential dietary plants across a longitudinal precipitation gradient in south-east Switzerland.

Plant 8'3C was higher at higher altitudes and in drier areas (coinciding with higher longitudes) while plant 89N did not differ
geographically. Black grouse 8'3C reflected the longitudinal pattern in precipitation and plant 3!3C, and there was no indication
for a change in dietary composition with precipitation (i.e. no significant changes in 8'>N). In contrast, rock ptarmigan 8'3C was
independent of precipitation and plant 8'3C values and showed a significant increase in 8'°N towards drier areas, suggesting a
potential dietary shift.

In rock ptarmigan, we furthermore investigated intraspecific differences with age, between males and females and among
years, and did not find any biologically meaningful intraspecific differences. Interspecifically, rock ptarmigan feathers had
significantly higher 8'>C and lower 8'°N values than black grouse, reflecting a dietary segregation between both species. This
may partly be due to the higher altitudinal distribution of rock ptarmigan in combination with an altitudinal gradient in plant
313C. In addition, however, species also segregated in "N, most likely caused by a higher proportion of invertebrate diet in
black grouse.

Zusammenfassung

Alpenschneehuhn (Lagopus muta) und Birkhuhn (Tetrao tetrix) sind zwei nahe verwandte Vogelarten, die Reliktpopulationen
in den Europiischen Alpen bilden. Neben vielfiltigen anthropogenen Einfliissen in dieser Region werden wegen des globalen
Klimawandels signifikante Verdnderungen in Temperatur und Niederschlag erwartet. Wir analysierten die stabile Isotopen-
zusammensetzung (8'3C und 8'5N) von Federn sowie potentiellen Nahrungspflanzen entlang eines Niederschlagsgradienten
im Siidosten der Schweiz.
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Die 8'3C-Werte der Nahrungspflanzen nahmen mit Trockenheit (iibereinstimmend mit zunehmenden Lingengraden) und Hohe
zu, wihrend die Geographie keine Auswirkungen auf die 8'°N-Werte der Nahrungspflanzen hatte. 8'3C-Werte von Birkhuhn-
federn reflektierten den longitudinalen Gradienten in Niederschlag und Pflanzen-3'3C-Werten, und es gab keine Anzeichen fiir
eine Anderung der Nahrungszusammensetzung entlang des Niederschlagsgradienten (d.h. keine signifikanten Verinderungen
in 3'3N). In Alpenschneehuhnfedern hingegen waren die 8'3C-Werte unabhiingig von Niederschlag und Pflanzen-3'3C-Werten.
Die 8" N-Werte in Alpenschneehuhnfedern nahmen zudem signifikant mit Trockenheit zu, was potentiell auf eine Verinderung
der Nahrungszusammensetzung entlang des Niederschlagsgradienten hinweist.

An Alpenschneehiihnern untersuchten wir auch intraspezifische Unterschiede zwischen Altersklassen, Méannchen und
Weibchen sowie verschiedenen Jahren, fanden jedoch keine biologisch aussagekriftigen intraspezifischen Unterschiede.
Interspezifisch wiesen Alpenschneehuhnfedern signifikant hohere 8'3C und niedrigere 8'YN-Werte auf als Birkhiihner, was
eine Abgrenzung der beiden Arten in ihrer Nahrung reflektiert. Dies kann zum Teil durch die unterschiedliche Nutzung des
Lebensraums in Kombination mit dem Gradienten in Pflanzen-8'3C mit ansteigender Hohe erklirt werden. Alpenschneehiihner
erschliefen auch hochalpine Regionen, wihrend Birkhiihner nahe der Baumgrenze verbleiben. Zusitzlich unterschieden sich
beide Arten jedoch auch in ihren 319 N-Werten, was vermutlich durch einen hdheren Anteil von Invertebraten in der N ahrung

von Birkhiihnern verursacht wird.

© 2016 Gesellschaft fiir Okologie. Published by Elsevier GmbH. All rights reserved.
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Introduction

As typical for mountainous areas, the European Alps show
ahigh diversity of different climate zones on a relatively small
scale, mainly driven by the continuous temperature decrease
with elevation (Frey & Losch 2004). In addition, the Euro-
pean Alps form a barrier against weather fronts, which leads
to higher precipitation at the edges and drier conditions in
the central areas (Frey & Losch 2004). As temperature and
moisture are important determinants of the ecological niche
of plants and animals (Begon, Townsend, & Harper, 2006),
this diversity in Alpine climate habitats is also reflected in
the diversity of habitats and species. This richness in Alpine
wildlife is, however, severely affected by anthropogenic influ-
ences, such as the use of pastures and changes in grazing
regimes (Meusburger & Alewell 2008; Patthey, Signorell,
Rotelli, & Arlettaz, 2012; Paschetta et al., 2013), installation
of hydroelectric power plants (Truffer, Markard, Bratrich, &
Wehrli, 2001; Fette, Weber, Peter, & Wehrli, 2007), or recre-
ational snow sport activities (Braunisch, Patthey, & Arlettaz,
2010; Negro, Isaia, Palestrini, Schoenhofer, & Rolando,
2010). In addition, the European Alps are one of the areas with
the strongest observed warming trend worldwide, regionally
showing increases of 1-2 °C of average annual air tempera-
ture during the 20th century (Begert, Schlegel, & Kirchhofer,
2005; Parolo & Rossi 2008). Along with further tempera-
ture increases, climate models for the European Alps predict
changes in precipitation patterns, with generally drier sum-
mers and wetter winters (including rain), and an increase
of extreme weather events including extreme rainfalls but
also temporal droughts (Zimmermann, Gebetsroither, Ziiger,
Schmatz, & Psomas, 2013; Gobiet et al., 2014). These clima-
tological effects will lead to an elevation of the tree line, which
is partly already visible (Dullinger, Dirnbock, & Grabherr,

2004). In addition to land use changes we will likely observe
a reduction in size of high-alpine meadow habitats that goes
along with an overall biodiversity loss (Dirnbock, Dullinger,
& Grabherr, 2003; Engler et al., 2011).

Many of the now threatened high-altitude species are relict
species that have survived in mountainous areas since the last
glacial period, boosting local biodiversity (Ohlemiiller et al.,
2008; Dirnbock, Essl, & Rabitsch, 2011). Two prominent
and closely related species that form relict populations in the
European Alps are rock ptarmigan (Lagopus muta) and black
grouse (Lyrurus tetrix). Rock ptarmigan are found in rocky
areas above the tree line (from about 1800 m and up to more
than 3000 m) (Glutz von Blotzheim, Bauer, & Bezzel, 1973;
Pernollet, Korner-Nievergelt, & Jenni, 2015). In contrast,
black grouse show a boreal distribution, with the main alpine
habitat being the upper forest edge, i.e. the area of the tree
line (Glutz von Blotzheim et al. 1973). Populations of both
species in the European Alps were considered as stable
until the mid-1990s (Schmid, Luder, Naef-Daenzer, Graf,
& Zbinden, 1998; Peronace, Cecere, Gustin, & Rondinini,
2012). However, in the following decade rock ptarmigan
declined by about 30% in both Switzerland (Keller, Gerber,
Schmid, Volet, & Zbinden, 2010) and Italy (Peronace et al.
2012). In the same period, black grouse numbers declined
by up to 20% in Italy (Peronace et al. 2012). Whether these
declining trends that also persist on a global scale (Storch
2007) are already caused by the effects of climate change, or
potentially other anthropogenic influences, is unknown and
analyses are aggravated by the fact that population declines
vary in size among regions (Furrer et al. 2016). However,
with ongoing climate change effects, both rock ptarmigan
and black grouse will have to track the shift of the tree line
to higher elevations, a trend that is already visible in rock
ptarmigan (Pernollet et al. 2015). Especially under warming
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scenarios exceeding 2°C, both species will furthermore
suffer from a loss in suitable habitat (Revermann, Schmid,
Zbinden, Spaar, & Schroder, 2012; Zurell et al., 2012).

Both rock ptarmigan and black grouse feed predominantly
on plants, especially on leafs and buds of heather (Ericacea),
including bilberry (Vaccinium myrtillus), mountain cranberry
(Vaccinium vitis-idaea) and black crowberry (Empetrum
nigrum) as well as dwarf willows (Salix herbacea, Salix
retusa) and — especially young chicks — also on insects (Glutz
von Blotzheim et al. 1973; Lieser, Zakrzewski, & Sittler,
1997; Bertermann, Weber-Sparenberg, Pechura, Renard,
& Bergmann, 1998; Starling-Westerberg 2001; Beeston,
Baines, & Richardson, 2005). Habitat suitability models for
the presence of both species in the European Alps generally
reflect the importance of patchy and heterogeneous habitat
structures for food and shelter (Favaron, Scherini, Preatoni,
Tosi, & Wauters, 2006; Zohmann & Wdss 2008; Patthey et al.
2012). Schweiger, Nopp-Mayr, & Zohmann (2012) further-
more highlighted the importance of dwarf shrubs for both
species, and ant hills (reflecting an insect food source) for
black grouse. While current diet and habitat characteristics
appear to be well known, it remains open how the pre-
dicted changes in temperature, precipitation, reduced (and
higher elevated) suitable habitat and changed plant com-
position will affect diet and in the long term population
trajectories.

As a first step we here aim to infer how precipitation pat-
terns may affect summer diet, by comparing dietary changes
along a distinct gradient in precipitation within the Swiss
canton of Grisons (Frei & Schir 1998; see Fig. 1). Sta-
ble isotopes, particularly the combination of 8N and 8'3C
isotope ratios provide a comprehensive picture of dietary rela-
tionships: 8'°N increases with each trophic level and can
therefore be used to assess the trophic position in the food web
(reviewed in Caut, Angulo, & Courchamp, 2009). In contrast,
813C varies with bed-rock and between C3 and C4-plants (Fry
2006). Furthermore, 3!3C ratios in plants decrease with rain-
fall (Stewart, Turnbull, Schmidt, & Erskine, 1995; Ferrio &
Voltas 2005) and increase with elevation (Korner, Farquhar,
& Roksandic, 1988; Van de Water, Leavitt, & Betancourt,
2002). Feathers are a frequently analysed tissue and reflect the
diet during, or shortly prior to moult, as they remain metaboli-
cally inert after their formation and even after death (Bearhop,
Waldron, Votier, & Furness, 2002). Black grouse moult their
entire plumage, and rock ptarmigan their primary and sec-
ondary wing feathers during the summer months, towards the
end of the chick rearing period (Glutz von Blotzheim et al.
1973). The feather samples analysed in this study therefore
reflect the diet during summer.

By analysing precipitation patterns, plant and feather
isotopes, we thus aimed to (1) investigate potential differ-
ences in isotopic composition and consequently diet related
to regional precipitation patterns. Based on the literature,
we expected plant 8'3C and consequently feather 8'3C to
increase along the precipitation gradient with longitude, but
expected no changes in plant and feather 8'3C with latitude.

We furthermore expected generally higher 8'3C values in
plant samples at higher altitudes and consequently in feathers
of rock ptarmigan compared to black grouse.

Plant 8'°N values should not be affected by precipitation,
and we therefore expected no gradient in plant 8N with
longitude or altitude. We had no specific expectations as to
how precipitation would affect dietary composition of rock
ptarmigan and black grouse. However, if precipitation would
affect the food choice of either of the species, we expected to
see a change in 8' N with longitude.

We further investigated (2) intra-specific dietary differ-
ences between adult and immature birds and between adult
males and females in rock ptarmigan. As juveniles have been
described to feed on a more insect-rich diet, we expected
to find higher 8'°N values in feathers of immatures (i.e. the
first set of primaries and secondaries that is built when still
guarded by the hens) compared to adults (moulted in sum-
mer at the same time as chick rearing). Finally (3), we tested
whether rock ptarmigan and black grouse differ in their diet.
Due to the differences in altitudinal distribution during sum-
mer, we expected to find higher 8'3C values in rock ptarmigan
than black grouse. Assuming a similar diet in both species,
we however expected similar 8'3N values in both species.

Materials and methods
Collection of feathers

Feathers of black grouse and rock ptarmigan were obtained
from several hunting districts within Grisons (Fig. 1), during
the hunting season between mid-October to end of November.
Hunters were obliged to deliver feather samples from shot
black grouse (secondary wing feathers or body coverts; in
2005-2007), and rock ptarmigan (secondary wing feathers;
in 2008-2012) to the Department of Wildlife and Fishery
Service Grison. Feathers were stored in plastic bags along
with information about age and sex (identified from plumage
characteristics). For black grouse, the detailed coordinates
of the shot locations were also registered, whereas for rock
ptarmigan only the municipality was noted. For subsequent
analyses regarding locations, we therefore used the principle
town/village within the municipality for rock ptarmigan, but
the detailed location for black grouse.

Feathers from black grouse were solely from male birds,
either adult or immature. Feathers from rock ptarmigan were
from both sexes and included both adults and immatures.
In few cases (N=11 out of 190 feather samples in total),
sex or age was not noted, and sample sizes therefore vary
slightly among analyses. In order to understand potential
intra-specific variation in stable isotope ratios across years,
between sexes, and age (adults and immatures), we chose the
municipality with the highest number of shot animals (Pon-
tresina; see location in Fig. 1) and analysed a total of 78
samples from rock ptarmigan, equally covering both sexes
and age groups from the years 2008 to 2012. To analyse
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Fig. 1. Location of Switzerland (black frame) and Grisons (blue-green coloured) within the European Alps (inserted plot in top-left corner).
The main figure shows the sum of precipitation (in mm; see legend on the left hand side) in the year 2013 in Grisons and sample locations of
plants (green), rock ptarmigan (red) and black grouse (black) feathers. For the two grouse species the size of the dots reflects the number of
sampled individuals in the year 2005 (black grouse) and 2009 (rock ptarmigan, respectively). Lukmanierpass and Ofenpass (marked with large
green dots) are the locations where plants were sampled more intensively to compare interspecific isotopic variation. Pontresina, the location
where most rock ptarmigan were shot, is highlighted as samples from this location were used for inter-annual and intra-specific comparisons
of isotope ratios. A total of N =137 feather samples of rock ptarmigan, N =53 feather samples of black grouse and N =197 plant samples were
analysed. Sum of precipitation as shown here is based on spatial interpolation of weather station data (according to RhiresY v.1.0.; details in
Frei et al. 1998). The background map was modified based on a figure provided by MeteoSwiss. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the geographic effects and species differences, black grouse
feathers from 2005 (N=53 samples) and rock ptarmigan
feathers from 2009 (N =59 samples) from across Grisons
(N=19 and 21 municipalities for black grouse and rock
ptarmigan, respectively) were analysed (Fig. 1).

Collection of plant samples

Plants were sampled between 10th of July and 23rd of
August 2013. Sampling locations were distributed across
Grisons matching the overall hunting locations of the birds
(Fig. 1). Per location (e.g. Vilan), we collected plant samples
at one to two different plots, if possible at different eleva-
tions (e.g. one at 1900 m, and one at 2300 m; see Table A1
for details about sampled plant species per location). At each
plot, we collected 3—5 samples per plant species, and ide-
ally from at least two species (depending on availability at
the plot), generally one from the family Ericacea (mostly
bilberry, Vaccinium myrtillus) and the second either from
Salicacea (Salix reticulata) or Roseacea (Geum montanum
or Dryas octopetala). Each sample consisted of one branch
with several leaves, and samples were collected from separate
specimens that grew at least 3 m apart from each other.

In order to estimate the isotopic variation among plant
species also within the plant family Ericacea, we covered
two locations (Ofenpass and Lukmanierpass; see Fig. 1) more
closely and analysed samples from 6 and 7 species, respec-
tively.

Stable isotope analyses

Plant samples were dried in a drying oven at 50 °C for
at least 48h. We ground two leaves per individual plant
and mixed them thoroughly. Sub-samples (ca. 0.5 mg) were
weighed into 0.3 mm x 0.5 mm tin capsules to the nearest
0.001 mg, using a micro-analytical balance.

For feather samples, we used the distal end of feathers.
Only feathers free of visible contamination (dirt or blood)
were used. Feathers were rinsed with 75% ethanol and subse-
quently with distilled water, and then dried in a drying oven
at 50 °C for at least 24 h. Sub-samples of 0.8—-0.9 mg were
weighed into tin capsules.

Samples were combusted in a Pyrocube elemental anal-
yser. The resulting CO; and N, were separated by gas
chromatography and admitted into the inlet of a Micromass
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(Manchester, UK) Isoprime isotope ratio mass spectrome-
ter (IRMS) for determination of 13C/'2C and >N/!*N ratios.
Measurements are reported in 8-notation (8'3C and 8N,
respectively) relative to the Pee Dee Belemnite (PDB) for
carbon and atmospheric N» for nitrogen in parts per thousand
deviations (%o) using the formula

R
5(%0) = 1000 x [Sa‘nple}
standard — 1
Two sulfanilamides (iso-prime internal standards) and two
Casein standards were used for every seven unknowns in

sequence. Internal laboratory standards indicated measure-
ment errors (SD) of £0.05%o for 8'3C, 0.15%o for 8'ON.

Weather data

We obtained precipitation data from Grisons (108 weather
stations; from the Swiss Federal Office of Meteorology and
Climatology, MeteoSwiss) as well as from 66 weather sta-
tions in adjacent areas within Switzerland, Austria (from
Zentralanstalt fiir Meteorologie und Geodynamik, ZAMG)
and Italy (from Agenzia Regionale per la Protezione dell’
Ambiente della Lombardia, ARPA Lombardia). We calcu-
lated the sum of precipitation of the months April through
to August 2013, i.e. the growth period of the year in which
we collected plants for isotope analyses. We used these data
to analyse geographical differences in precipitation within
Grisons (see Statistics, first step).

Statistical analyses

All statistics were performed in R (version 3.1.1; R
Core Team, 2014). We conducted linear models (LM)
and linear mixed effect models (LMM) using the pack-
ages Ime4 (Bates, Maechler, & Bolker, 2011) and ImerTest
(Kuznetsova, Brockhoff, & Christensen, 2014). We per-
formed backwards-stepwise model selection, subsequently
removing non-significant variables from the models. P-
values were obtained from likelihood-ratio tests between
models with and without the focal variable.

In the first step, we analysed potential differences in iso-
topic composition and consequently dietary changes related
to the regional precipitation pattern. We therefore (I) ana-
lysed the precipitation pattern for the year 2013 in Grisons,
running a LM with the sum of precipitation during the growth
period (April-August) as dependent variable. As explana-
tory variables, we included latitude and longitude of the
weather station as well as the two-way interaction term (lat-
itude*longitude).

We then (II) took plant samples from all locations into
account, and studied the effects of latitude, longitude and
elevation on plant isotopes. We ran LMMs separately for
81N and 5!3C as dependent variables. As elevation was sig-
nificantly correlated with latitude and longitude (Pearson’s
R=—-0.16 and 0.43, P=0.026 and <0.001, respectively), we

conducted models separately for geographic location and ele-
vation to avoid collinearity. The first set of models therefore
contained latitude, longitude and the interaction term (lati-
tude*longitude) as explanatory covariates and plant species
as random effect. The second set of models contained only
elevation as explanatory variable and plant species as random
effect.

For the two more intensively sampled locations of Luk-
manierpass and Ofenpass, we also tested whether isotope
values differed among plant species. We therefore conducted
LMMs with plant species as fixed effect and the study site as
random effect.

Finally (IIT), we investigated variation of rock ptarmigan
(all data from 2009) and black grouse (all data from 2005) iso-
tope data with latitude and longitude. Again, we ran LMMs
separately for 8N and 8!3C. The starting global model con-
tained species (as fixed factor) and both latitude and longitude
(each as covariates) and all possible interaction terms up to
the three-way interaction between species, latitude and lon-
gitude (as explanatory variables), as well as sex and age (as
independent random variables).

In addition to these regional effects, we analysed in a
second step potential intra-specific differences in both rock
ptarmigan and black grouse. For rock ptarmigan, we used a
separate dataset which contained data from the years 2008
to 2012 shot within the range of the municipality of Pon-
tresina. We used this dataset to investigate sex, age and year
differences. LMs therefore contained sex, age and year (each
as fixed factor) and all possible two- and three-way interac-
tions. For black grouse, we exclusively used the data from
2005 from across Grisons.

Finally, in the third and last step, we analysed poten-
tial species differences between rock ptarmigan and black
grouse, using a LM with species as the only explanatory fac-
tor, applied to the dataset of feather isotope data sampled
across Grisons in the years 2005 (adult black grouse) and
2009 (adult rock ptarmigan).

Results

Geographical effects along a precipitation
gradient

Within Grisons, precipitation during the growth sea-
son 2013 (April-August) showed a significant interac-
tion between latitude and longitude (LMM: F;=12.12,
P <0.001). Tested separately, precipitation decreased with
latitude (LMM: F| =9.90, P=0.002) and longitude (LMM:
F1=90.04, P<0.001), thus the southern and western parts
of the canton received more precipitation than the north-
ern and eastern parts, coinciding with the annual pattern of
precipitation (Fig. 1).

Within the same geographical range, plant 3'3C increased
significantly with elevation (LMM: F|=28.65, P<0.001)
(Fig. 2) and with longitude, i.e. from west to east (LMM:
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Fig. 2. Effects of elevation on 8'3C and 89N of plants. Regression
lines are shown for significant effects only.

F1=23.98, P<0.001), while there was no significant effect
of latitude (LMM: F =3.19, P=0.090) (Fig. 3). Plant 8N
values were not significantly affected by elevation (LMM:
F1=0.07, P=0.800) (Fig. 2), latitude (LMM: F;=2.09,
P =0.090) or longitude (LMM: F| =0.38, P=0.536) (Fig. 4).

Focussing on the variation among plant species, we found
a significant species effect on both 3!3C and 3"°N (LMM:
F19=11.76, P<0.001 and F}9 =2.36, P=0.006 for 3'3C and
315N, respectively) at the two intensively sampled locations
of Lukmanierpass and Ofenpass (Table A1l). Species differ-
ences in 8'°C and 8'°N were also present within the family
Ericacea (LMM: F7=13.04 and 2.07, P<0.001 and 0.028,
respectively), and differences for 8'3C remained significant
even within the same genus: Mountain cranberry, V. vitis-
idaea, and bilberry, V. myrtillus, sampled at the same study
plot (i.e. same geographic location and elevation) differed sig-
nificantly in their 313C values (LMM: F =20.80, P=0.002),
but not in their 89N values (LMM: F; =0.99, P=0.343).

Analysing rock ptarmigan and black grouse data from
across Grisons, we obtained a significant three-way inter-
action term between species, latitude and longitude for both
313C (LMM: F; =3.77, P=0.024) and 8N values (LMM:
F1=4.35, P=0.018). We therefore continued with separate
analyses for both species.

In rock ptarmigan, feather 3!3C was independent of lat-
itude (LMM: F;=0.52, P=0.444) and longitude (LMM:
F1=0.122, P=0.717; Fig. 3). Feather 319N was independent
of latitude (LMM: F; =0.08, P=0.906) but increased with
longitude (LMM: F| =6.11, P=0.013; Fig. 4).

In black grouse, the interaction term of latitude and longi-
tude had a significant effect on feather 313C(LMM: F; =7.69,
P =0.005). Analysed in separate models, 8'3C increased with
longitude (LMM: F; =6.99, P=0.009) but was not affected
by latitude (LMM: F| =0.65, P =0.412; Fig. 3). Feather 3N
was independent of latitude (LMM: F| =1.33, P=0.243) and
longitude (LMM: F1 =0.12, P=0.729; Fig. 4).

Intra-specific differences in rock ptarmigan and
black grouse

We tested intra-specific differences in rock ptarmigan with
a 4-year dataset from the municipality of Pontresina and
found that feather '3C values were marginally lower in males
than females (LM: F1 =4.44, P=0.039; Fig. Al). Further-
more, the interaction between year and age (LM: F| =2.59,
P=0.045; Fig. A2) was significant. Albeit significant, the
overall differences were rather weak (Figs. A1 and A2). Rock
ptarmigan feather 8'°N values were not affected by either
year, sex or age or any interaction term (LM: all F; <1.69,
all P> 0.164).

In black grouse sampled across Grisons, feather 8'3C and
815N values did not differ between adult and immature males
(LM: F; =0.07 and 0.01, P=0.798 and 0.986 for 3'C and
315N, respectively).

Species differences between rock ptarmigan and
black grouse

Overall, adult rock ptarmigan had significantly higher !3C
values (LM: F1=77.36, P<0.001) and significantly lower
315N values (LM: F;=118.62, P<0.001) than adult black
grouse, with isotopic values of both species showing no over-
lap (Fig. 5).

Discussion

Effect of latitude and longitude along the
precipitation gradient

Grisons shows a distinct precipitation gradient, with
decreasing spring and summer rainfalls from west to east. In
agreement with our expectation, plant 8'3C increased with
longitude, but not latitude, and no effect of either latitude or
longitude was found for plant 3'°N. The same pattern was
found for black grouse feathers, suggesting that the dietary
composition of black grouse did not change along the pre-
cipitation gradient with longitude within the study area.
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In contrast, in rock ptarmigan, we found a different effect:
While 8'3C in feathers did not differ with either latitude or
longitude, 89N increased with longitude. The latter might
suggest that the proportion of insects in the rock ptarmi-
gan diet increased from west to east, and therefore along
the precipitation gradient. Albeit significant, the effect itself
was rather small and might on its own be biologically hardly
meaningful. In addition, however, the longitudinal effect of
plant 8'3C was not reflected in rock ptarmigan feather iso-
topes. Considering that rock ptarmigan diet appears to be
based even more on plants than that of black grouse (for
which the effect was visible), this is surprising. Potentially,
these combined effects in 8!3C and 8' N therefore do suggest
a change in dietary composition and/or food sources of rock
ptarmigan over the longitudinal precipitation gradient.

Intra-specific variation in isotopes

Against our expectations, we found no age-dependent dif-
ferences in dietary composition in either rock ptarmigan or
black grouse. Although invertebrate diet is expected to be
common in immature individuals, we found no differences in
315N (which would have indicated a more invertebrate-rich
diet in immatures). While young black grouse in Norway
and northern England took substantially more insect prey

compared to adults (Starling-Westerberg 2001; Wegge &
Kastdalen 2008), we are not aware of any studies from the
European Alps that compared the diet between adults and
juveniles. In rock ptarmigan, earlier studies from Greenland
and the Alps suggested that dietary segregation with age
might be less strong compared to black grouse (Lieser et al.
1997 and literature therein). Furthermore, potential differ-
ences in the diet might decrease with age of the juveniles,
and may not be present any more during formation of sec-
ondary wing feathers (which our isotope analyses were based
upon).

Inter-specific differences in the isotopic values
and diet

Black grouse had significantly lower 8'C and higher 8N
levels than rock ptarmigan, with no overlap of isotopic val-
ues. As rock ptarmigan are distributed at higher altitudes than
black grouse, and based on our expectations (and findings)
that plant 3!13C increases with elevation, we anticipated to find
the here-observed species-segregation in 8'>C independent of
dietary preferences of both species. Assuming a similar diet
in both species, we expected to find similar 8N values in
both species. Instead, black grouse feathers had on average
2.5%o higher 8'°N values than rock ptarmigan feathers. This
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difference cannot be ascribed to an effect of altitude, as plant
isotopes did not differ in 8'°N with elevation. Theoretically,
the species differences in 8'°N could be explained by black
grouse feeding consistently on plant species with higher 8N

values compared to rock ptarmigan. However, variability in
81N was also large within plant species, even within the same
study plots, i.e. within a range of a few metres (see standard
deviations shown in Table A1). It therefore appears unlikely
that black grouse consistently selected for plant specimen
with high 89N, whereas rock ptarmigan did the opposite. A
more likely explanation for both the higher 8'°N values in
black grouse and the larger intra-specific variation in 8N in
this species would be that black grouse feed on a higher pro-
portion of invertebrates compared to rock ptarmigan. Along
the food chain, 8'°N increases with each trophic step (DeNiro
& Epstein 1981; Minagawa & Wada 1984). This trophic frac-
tionation ranges between approximately 2%o and 5%o (Post
2002). The difference in 8'°N between black grouse and rock
ptarmigan therefore represented a difference by about half to
one trophic level, suggesting that invertebrates make up a
considerable amount of diet in black grouse. In contrast, diet
in rock ptarmigan can be expected to be based primarily on
plants due to the rather small difference (on average 2.22%o)
in 819N between analysed plant material and rock ptarmigan
feathers.

The literature so far ascribed a similar, mainly plant-
based diet to adults of both of our study species (Glutz von
Blotzheim et al. 1973; Lieser et al. 1997; Bertermann et al.
1998; Starling-Westerberg 2001; Beeston et al. 2005). While



656 N. Dehnhard et al. / Basic and Applied Ecology 17 (2016) 648-658

we are unable to identify with certainty whether a differential
plant diet or the proportion of invertebrates cause the differ-
ences in 89N, our data clearly suggest a dietary segregation
between black grouse and rock ptarmigan, which has not been
described previously.

Potential caveats of this study

We conducted stable isotope analyses only for a limited
number of plant specimen and plant species, not covering
the entire food web of rock ptarmigan and black grouse. In
particular, we did not sample any invertebrates, which — with
hindsight — could have helped with the interpretation of our
results. Variation in both 3'3C and 8'9N within and between
plant species was large, also within species and within study
plots (see Table A1), and variation would likely be even larger
under inclusion of more plant specimen. Due to this strong
variation and the high overlap of isotope values among plant
species, and further lack of knowledge about the fractionation
factors between isotopic ratios in the birds’ food and their
feathers, we decided against running stable isotope mixing
models as results would come with a large level of uncer-
tainty. Consequently, we were, however, not able to estimate
specific dietary components in the diet of rock ptarmigan and
black grouse.

Our sampling design was furthermore suboptimal in that
plants, rock ptarmigan and black grouse feathers had to be
sampled in three different years. We therefore cannot rule
out entirely that long-term year-effects may have biased
our results. However, we would like to emphasise that (1)
there were no substantial and biologically meaningful year-
differences in either 8'3C or 89N in feathers from rock
ptarmigan within the municipality of Pontresina; and (2)
according to MeteoSwiss the precipitation gradient with lon-
gitude in Grisons was present across the entire period for
which samples from either birds or plants were obtained.
We therefore assume that despite the suboptimal sampling
design, our finding of dietary segregation between rock
ptarmigan and black grouse is robust.

Conclusions/implications of this study

Alpine wildlife is severely affected by anthropogenic influ-
ences, from land use patterns to global climate change that
will affect temperature and precipitation patterns in the Alps.
One aim of this study was therefore to investigate the dietary
changes along a precipitation gradient within the central
European Alps in both rock ptarmigan and black grouse.
Overall, our data suggested a potential effect of precipita-
tion on the diet of rock ptarmigan and no effect on black
grouse. The more significant and slightly unexpected results
of this study were, however, the dietary segregation of rock
ptarmigan and black grouse.
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