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Abstract
Studies on the foraging ecology of wildlife species are of fundamental importance, as foraging decisions are closely linked 
to ecological key issues such as resource partitioning or population dynamics. Using Black grouse as a model system, 
we applied Fourier-transform infrared spectroscopy (FTIRS) to address some key questions in foraging ecology: (1) does 
FTIRS allow for determining plant taxa and plant parts? Can FTIRS suggest variation in digestibility of food and physi-
ological mechanisms of consumers? (2) Can FTIRS be used to track changes in diets among populations? (3) Can FTIRS 
capture plants’ phenology and shifts in diet? To answer these questions, we analyzed crop and gizzard contents of Black 
grouse via FTIRS looking for specific spectra and bands of plant taxa and plant parts. We compared spectral signals of 
undigested plant material and intestinal droppings, gained from wild-living birds and from aviaries. Our analyses yielded 
characteristic spectral fingerprints for several food plants and plant parts. Spectral fingerprints could differentiate between 
needles of J. communis and P. mugo and between fruits of J. communis, Sorbus sp., and Vaccinium sp. Spectral signals dif-
fered more between undigested material and crop samples than between crop and gizzard samples. Differences were more 
pronounced for berries than for needles. Apart from these differences, some fingerprints persisted for certain food items. 
The diverse foraging regime of wild-living individuals compared to captive Black grouse was reflected by spectral signals. 
Thus, FTIRS is a promising approach to explore variation in food choice of grouse species by means of non-invasively 
gained fecal samples.
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Zusammenfassung
Von Pflanzen zum Kot – eine Pilotuntersuchung zur Anwendung der Fourier-Transform-Infrarotspektroskopie 
(FTIRS) für Untersuchungen zur Ernährungsökologie von pflanzenfressenden Vogelarten
Untersuchungen zur Ernährungsökologie von Wildtieren sind von grundlegender Bedeutung, da Entscheidungen im 
Nahrungsverhalten eng mit ökologischen Kernthemen wie etwa der Ressourcenaufteilung oder der Populationsdynamik 
zusammenhängen. Anhand des Modellsystems „Birkhuhn“ (Tetrao tetrix) untersuchten wir die Anwendung der Fourier-
Transform-Infrarotspektroskopie (FTIRS), um einige zentrale Fragen in der Ernährungsökologie zu bearbeiten: (1) ermöglicht 
FTIRS eine Bestimmung von Pflanzenarten und Pflanzenteilen? Liefert FTIRS Hinweise auf die Variation der Verdaulichkeit 
von Nahrung und auf physiologische Mechanismen im Konsumenten? (2) Können mittels FTIRS Unterschiede in der 
Nahrungswahl zwischen Tierpopulationen entdeckt und nachvollzogen werden? (3) Sind die Phänologie von Pflanzen und 
entsprechende Änderungen der Nahrungswahl mittels FTIRS zu erfassen? Um diese Fragen zu beantworten, analysierten wir 
den Kropf- und Mageninhalt von Birkhühnern mittels FTIRS und suchten dabei vor allem nach spezifischen Spektren und 
Banden von Pflanzenarten und Pflanzenteilen. Wir verglichen dabei die spektralen Signale von unverdautem Pflanzenmaterial 
mit jenen von Kotwalzen, der sowohl von freilebenden Vögeln als auch von Gefangenschaftstieren stammte. Unsere Analysen 
ergaben typische spektrale Fingerabdrücke für mehrere Nahrungspflanzen und auch für Pflanzenteile. Diese Fingerabdrücke 
ließen eine Unterscheidung zwischen den Nadeln des Gemeinen Wacholders (Juniperus communis) und der Latsche (Pinus 
mugo) zu oder zwischen den Früchten des Gemeinen Wacholders, von Sorbus sp. und Vaccinium sp.. Die spektralen 
Signale unterschieden sich stärker zwischen unverdautem Pflanzenmaterial und Kropfproben als zwischen Kropf- und 
Magenproben und die Unterschiede waren bei Beeren deutlicher als bei Nadelmaterial. Abgesehen davon blieben spektrale 
Fingerabdrücke bestimmter Nahrungsbestandteile auch nach der Verdauung bestehen. Die spektralen Signale spiegelten auch 
die unterschiedliche Nahrungszusammensetzung von freilebenden vs. in Gefangenschaft lebenden Tieren deutlich wieder. 
Wir stufen daher FTIRS als vielversprechende Methode ein, um die Variation in der Nahrungswahl von Raufußhühnern auf 
Basis nicht-invasiv gewonnener Proben zu analysieren.

Introduction

Foraging ecology addresses behavioral decisions of ani-
mals related to the acquisition of food, which, together with 
other behavioral expressions, affect chances of survival and 
reproductive success (McFarland 1977; Gaillard et al. 2010). 
Foraging decisions of animals determine, where and when 
animals search for food, which resources are consumed and 
when foraging is ceased in favor of other behavioral expres-
sions (Schoener 1971; Pyke et al. 1977; Stephens and Krebs 
1986). Foraging behavior follows a cascade of hierarchical 
decisions, which might be attributed to different temporal 
and spatial scales (García et al. 2011; Frye et al. 2013) and 
which ultimately affect animals’ survivorship, fecundity, 
and dispersal (Owen-Smith et al. 2010). Studies on foraging 
ecology of wildlife species are thus of fundamental interest 
as foraging of animals is closely linked to major ecological 
issues like resource partitioning or population dynamics. 
In terms of conservation targets, studies on foraging ecol-
ogy provide important basics for adequate conservation and 
management planning.

A series of ecological theories aim at explaining forag-
ing decisions of animals, e.g., optimal foraging theory (Pyke 
et al. 1977; Bolhuis and Giraldeau 2005), predator–prey 
theory (Hassell 1978), or social foraging theory (Giraldeau 
and Caraco 2000). Optimal foraging theory comprises several 
decision categories including decisions on optimal diet, patch 
choice, allocation of time to different patches, or patterns 

and speed of movement (Pyke et al. 1977). According to key 
assumptions of the optimal foraging and the predator–prey 
theories, predators concentrate spatially, where ever prey 
density is high. For herbivores, this process might be taken 
as habitat selection. However, habitat choice of herbivores 
might be also driven by predator avoidance behavior, by 
avoidance of insects, or by preference of thermal shelter 
(Crawley 1983). In the case of vertebrate herbivores, food 
selection might not entirely be in line with optimal forag-
ing theory with diets typically comprising many different 
plant species for several reasons (Crawley 1983): e.g., (1) too 
low abundance of preferred food might not allow for selec-
tive foraging on the most preferred plant species; (2) food 
quality might not justify the costs of discriminating in terms 
of searching time; (3) plant species that provide maximum 
energy intake might not compulsorily fulfil other dietary 
requirements like intake of vitamins; and (4) palatability 
of plants might change rapidly with time. Both food quality 
and predation risk might vary distinctly within a landscape, 
resulting in a foraging dilemma for herbivores, requiring ulti-
mate choices between the extremes of high-quality food at 
locations with high predation risk or of low-quality food at 
locations with low predation risk (McArthur et al. 2014). 
The above-mentioned aspects might show huge variation in 
space and time. For example, abundance, nutritional value, 
and palatability of plants can differ considerably with season 
(Jakubas et al. 1989) or site (Frye et al. 2013) or as a result 
of herbivore foraging (Bryant and Kuropat 1980). Moreover, 
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digestive systems of herbivores might adapt to defense strat-
egies of plants even within a lifetime of an animal (Moss 
1997) and predator densities might show pronounced fluctua-
tions, thus affecting habitat choice and habitat use of herbi-
vores. Finally, plant communities as well as plants’ functional 
traits (such as flowering and masting) have been shown to 
follow changes in time and space (Kantorowicz 2000; Hilton 
and Packham 2003), partially as a more or less quantifiable 
consequence of climate change (Schmidt 2006; Övergaard 
et al. 2007). Ultimately, all these factors might affect habitat 
choice and foraging behavior of herbivores and lead to related 
variation in population performance (Plucinski and Hunter 
2001; Schnurr et al. 2002; Nopp-Mayr et al. 2012).

To address responses of herbivores in terms of foraging 
ecology, methods that provide comparable results at different 
spatial resolutions (García et al. 2011) and which maintain 
stable and applicable over time are needed. Developing and 
applying appropriate methods might be facilitated by the 
use of model systems or model species. For several reasons, 
grouse species lend themselves as model system for estab-
lishing new applications of analytical methods in foraging 
ecology: (1) they are classified as habitat specialists in many 
cases, ranging from food specialists to generalists in differ-
ent areas, years, and seasons (Angelstam et al. 2000; Storch 
2007; Frye et al. 2013). Foraging behavior of grouse species 
frequently shows plasticity (Pauli 1978; Starling-Westerberg 
2001) and diet switching (Crawley 1983) is a known phe-
nomenon. Some grouse species follow bottom-up processes 
in population dynamics [i.e., fluctuations in populations’ 
numbers in relation to fruiting of preferred food plants (Selas 
2000)]. Consequently, several major ecological issues might 
be addressed using grouse as model system. (2) Grouse spe-
cies defecate at comparatively constant intervals (Klaus et al. 
1989; De Juana 1994) and the intestinal droppings are highly 
resistant to decay processes (Poggenburg et al. 2018). Hence, 
they offer the opportunity for simple, stable and non-invasive 
sampling. (3) Grouse produce two different kinds of feces, 
i.e., caecal droppings, which represent the result of micro-
bial fermentation activity and thus show a high degree of 
modification and intestinal droppings, which do not pass 
the caeca and thus have a high content of more or less intact 
fibrous plant remains (Watson and Moss 2008). (4) Intestinal 
droppings might be roughly assigned to seasons in terms 
of shape and content. (5) Studies on foraging ecology of 
grouse species have a long history (Swanson 1940), peaking 
between the 1930s and 1990s and becoming less prominent 
afterwards (Moss et al. 2010). Thus, basic knowledge on 
foraging behavior is available, providing a useful basis for 
methods´ calibration and evaluation. (6) Grouse species are 
hunted in many parts of their distribution, which holds the 
potential for gaining crop and gizzard samples invasively, 
providing reference data for non-invasively gained samples 
(feces). (7) Many grouse species might be kept in captivity, 

allowing for food choice and other foraging experiments 
under controlled circumstances (e.g., Moss 1997; Schroth 
et al. 2005; Siano et al. 2011).

Traditional methods for exploring foraging behavior of 
grouse species such as direct observations of (tagged) birds, 
microscopic analyses of crop and gizzard contents (of hunted 
individuals) or of intestinal droppings (collected in the field) 
are costly in terms of labor (Keller 1979; Remington and 
Braun 1985; Bertermann et al. 1998). Such methods are fre-
quently restricted to comparatively small sample sizes, to 
single seasons or small areas of occurrence. Recently, DNA 
metabarcoding was applied to determine primary animal and 
plant components in the diet of grouse species (Sullins et al. 
2018). Despite the advantage, the DNA metabarcoding is an 
accurate, high-resolution, and comparatively cheap method 
that can be used for non-invasively gained fecal samples 
(Sousa et al. 2019), and it also has some limitations: it needs 
advanced expertise, it requires a comprehensive, established 
reference library, and it might be biased by plant contamina-
tion (Ando et al. 2018). FTIRS holds the potential for a broad 
application in studies on foraging ecology, as it represents 
a cheap, non-invasive opportunity to understand, monitor, 
and ultimately to manage foraging of herbivores. Moreover, 
FTIRS provides an opportunity to assess hypotheses related 
to the physiological mechanisms of herbivory, using feces as 
the in vivo window to plant–herbivore interactions. So far, 
Url et al. (2015) applied FTIRS to compare band positions 
and band heights of intestinal droppings of Black grouse 
(Tetrao tetrix L.) and undigested reference plant material, 
both collected in the field. However, the “true” content of 
droppings with a more detailed classification of plant taxa or 
plant parts (buds, shoots, leaves, fruits, and seeds) was not 
addressed within this pilot study.

Our study uses spectral signals to link what plants are 
available in habitats to what plants are consumed and 
digested by the model species. We used various, separate 
samples in our analysis including (a) crop and gizzard con-
tents of hunted Black grouse individuals, (b) undigested 
plant material, collected in the field, (c) intestinal droppings 
of wild-living birds, collected in the field, and (d) food and 
intestinal droppings of grouse individuals kept in captivity.

Using Black grouse as a model system and applying FTIRS, 
we validated a method that could address the following key 
questions in foraging ecology: (1) food choice: does FTIRS 
provide an appropriate method to determine plant taxa and 
plant parts, potentially consumed by herbivores? Does FTIRS 
tell us anything about quality (digestibility) of plant parts being 
consumed and about physiological mechanisms of the consum-
ers? (2) Spatial variation in food choice: does FTIRS hold the 
potential to determine changes in diets among populations of 
herbivores? (3) Temporal variation in food choice: does FTIRS 
offer the opportunity to capture aspects of plants’ phenology 
and shifts in diet relative to changes in habitats?
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Materials and methods

Black grouse as model system

Black grouse is a galliform species with a distribution 
range from Great Britain to Siberia (BirdLife International 
2016). It is listed in Annex I and II of the EU Birds Direc-
tive (Directive 2009/147/EC). In Central Europe, core 
areas of Black grouse distribution lie in the Alps (Klaus 
et al. 1990; Glutz von Blotzheim 1994), where the species 
mainly inhabits the treeline ecotone (Sachser et al. 2017). 
According to Storch (2007), Black grouse might be taken 
as an indicator species of this ecotone. Dwarf shrubs are 
important food sources as they can be directly consumed 
by adults or offer arthropods for juvenile nutrition (Wegge 
and Kastdalen 2008; Signorell et al. 2010; Patthey et al. 
2011). In winter, woody plants that overtop the snow layer 
act as food sources. Adult Black grouse primarily use two 
main food sources, i.e., parts of heather (Ericaceae) species 
and conifers (Pinaceae), whereas other plants are classi-
fied as additional food (e.g., Pauli 1974; Zettel 1974; Zbin-
den 1984; Marti 1985; Glutz von Blotzheim 1994; Picozzi 
et al. 1996; Wegge and Kastdalen 2008). There is a seasonal 
change in the availability of food plants and the different 
parts of plants. During wintertime, Black grouse use food 
that contains a higher amount of crude fibers, switching 
to more protein-rich parts of the plants available in spring 
(Gremmels 1986).

Crop and gizzard contents of hunted Black grouse

We analyzed crop and gizzard contents of 50 Black grouse 
males. The samples originated from the Piccole Dolomiti 
(Italy, 45°53′N, 11°02′E) from altitudes between 1400 m 
and 1900 m a.s.l.. In this region, Black grouse hunting sea-
son starts in the middle of October and lasts until the mid-
dle of December. We separated crop and gizzard contents 

into pure fractions of plant taxa and plant parts (i.e., leaves, 
shoots, flowers, fruits and seeds of the respective plant taxa) 
using a light microscope (Zeiss, Primo Star). Altogether, we 
separated 832 pure fractions with a range of 2–30 pure frac-
tions in the crops and 4–22 pure fractions in the gizzards. 
We did not stain the samples, as this would have altered 
the chemical composition and thus the resulting spectral 
signals. The macroscopic identification was based on per-
sonal experience, supported by literature (mainly Aeschi-
mann et al. 2004; Eggenberg and Möhl 2007; Fischer et al. 
2008), herbarium specimens, and reference samples used 
for comparison of specific features (e.g., nature and type of 
hairs or bud scales; see Zettel 1974; Lieser 1996; Beeston 
et al. 2005). However, no comprehensive species reference 
collection or species list from the area, where the hunted 
individuals stemmed from, were available. While plant frag-
ments from the crop samples often were in a relatively good 
condition, those from gizzards were partly digested. Excep-
tionally, those samples still showed characteristic details 
like the rust-colored scales at the leaf of Rhododendron 
ferrugineum (Fig. 1). Identification to genus or species level 
was possible in 46% of cases (i.e., 382 out of 832 pure 
fractions).

Field samples of undigested plant material

Samples of undigested plant material were collected in three 
Austrian study areas (Teufelstein/Styria, Tennengebirge/Salz-
burg and Hohe Tauern/Eastern Tyrol). We separated these 
39 samples into 12 pure fractions (in terms of taxa and plant 
parts) with 1–5 replications per pure fraction (Table A-1).

Field samples of intestinal droppings of wild‑living 
birds

To compare the spectral patterns of droppings from captive 
individuals with droppings from wild grouse individuals, 

Fig. 1  Crop sample with nine pure fractions (a); leaves of Rhododendron ferrugineum in good condition from a crop sample (b) and from a giz-
zard sample, where you still see the characteristic rust-colored scales (c)
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we used field samples of intestinal droppings (n = 20) origi-
nating from previous field studies in Styria (Sachser et al. 
2017). The dry field samples were stored in paper bags at 
room temperature.

Food and intestinal droppings of grouse individuals 
kept in captivity (aviary samples)

To explore changes in chemical composition and thus in 
spectral signals of plant material in the course of diges-
tion, we compared spectral patterns of selected plant taxa/
parts before and after digestion. We received 27 fecal sam-
ples of captive grouse individuals (n = 4) of the “Alpenzoo 
Innsbruck” and the “Wildpark Mautern”. Synchronously, 
samples of the daily offered diet were collected including 
both fresh plants as well as ready-made food mixtures. All 
samples were collected within 3 weeks, from October 11 to 
November 2, 2018 in the “Alpenzoo Innsbruck” and from 
October 1 to October 23, 2018 in the “Wildpark Mautern”. 
Both the intestinal droppings of the captive birds and food 
samples allowed for comparisons of spectral signals of 
digested and undigested known food items.

Sample preparation

All samples (i.e., ready-made food mixtures, undigested plant 
material, crop samples, gizzard samples, and intestinal drop-
pings) were treated in the same way: Samples were dried in a 
drying oven at 80 °C for 24 h, a method proven not to influ-
ence spectral characteristics (Duboc et al. 2016). The dried 
samples were ground with a vibratory disc mill  (Fritsch® 
Pulverisette 9) for 60–80 s and 1000 rotations per minute. 
In case of very low quantities, the samples were manually 
ground with a mortar, yielding a homogenous powder that 
allowed for reliable measurements of FTIR spectra.

Fourier‑Transform Infrared (FTIR) spectroscopy

FTIR spectra were recorded on a  Bruker® FTIR spectrom-
eter (Tensor 27) in the Attenuated Total Reflectance (ATR) 
mode. At a spectral resolution of 4 cm−1, 32 scans were col-
lected. Five to ten replicates of each sample were performed. 
The replications were vector-normalized and averaged with 
the integrated software  OPUS® 7.2.

Statistical analyses

Principal Component Analysis (PCA) of selected spectral 
regions (i.e., 4000–2400 and 1800–400 cm−1) was per-
formed with The  Unscrambler® X 10.1 software to display 
the influencing factors (i.e., wild vs. captive birds, undi-
gested material vs. intestinal droppings; Esbensen 2012). 
The excluded spectral region (2400–1800 cm−1) contains no 

signals of any relevant functional group but only disturbing 
signals of the diamond crystal.

Crop and gizzard samples showed high variability in 
composition and in proportions of pure fractions between 
individuals resulting in limited replication per fraction. We 
thus decided to compare averaged spectra of crop and giz-
zard samples with the spectra of fresh, undigested material 
in a descriptive way.

Results

Spectral signals of selected, undigested plant taxa 
and plant parts—fingerprints

Our analyses brought evidence that plant taxa and also plant 
parts may produce specific spectral signals, which might be 
used as spectral fingerprints. Accordingly, Fig. 2 displays the 
spectral signature of undigested needles of Juniperus com-
munis and Pinus mugo, and of undigested berries of Sorbus 
sp., J. communis, and Vaccinium myrtillus. These samples 
represent potential input material for further digestion pro-
cesses. It is evident that plant parts like berries or needles 
feature specific patterns.

Furthermore, even within one group of plant parts, spe-
cific markers of different taxa may be found as it is the case 
with Juniperus needles containing Ca-oxalate, displayed by 
small but conspicuous bands at 1612 cm−1, 1316 cm−1, and 
781 cm−1 (Franceschi and Nakata 2005; Piro et al. 2018; 
Tintner et al. 2018). All organic materials—from undigested 
plant material to the intestinal droppings—contain huge OH 
bands originating from diverse organic macromolecules. 
Methyl  (CH3) and methylene  (CH2) bands with maxima at 
2920 cm−1 and 2850 cm−1 represent the backbone of many 
macromolecules. These bands indicate degradation and sta-
bilization of organic matter during microbial transformation 
processes (Smidt et al. 2005).

Dynamics and persistence of markers in the course 
of digestion—the picture of crop and gizzard 
contents

Comparing spectral signals of undigested plant material with 
food items gained from crops and gizzards of wild grouse 
individuals showed distinct differences for certain bands. For 
example, the emerging band at 3010 cm−1 and the remark-
able increase of intensity of methylene bands at 2920 and 
2850 cm−1 (Fig. 3) exceed the common amplitude of nor-
mal degradation processes due to weathering (Tintner and 
Smidt 2018) or microbial decay (Meissl et al. 2008). The 
band at 3010 cm−1 can be assigned to the double bound of 
unsaturated oils (Wang et al. 2008). The bands at 1602 cm−1 
and 1390 cm−1 indicate the presence of carboxylates (Smith 
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1998). The band at 1713 cm−1 can be assigned to alde-
hydes and ketones (Smidt et al. 2002). The double band at 
798 cm−1 and 779 cm−1 indicates a quartz gastrolith (Reig 
et al. 2002). The differences in spectral signals among plant 
taxa and parts are more pronounced between undigested 

plant material and crops than between crops and gizzards 
(Fig. 3).

However, apart from these differences, some fingerprints 
persist for certain food items when reaching the gizzard. 
The pattern of Rhododendron leaves (Fig. 4) corresponds 

Fig. 2  Average FTIR spectra 
of fresh, undigested plant 
parts (needles and berries) of 
selected plant taxa (Junipe-
rus communis, Pinus mugo, 
Sorbus sp, and Vaccinium 
myrtillus). Vector-normalized 
spectra are shown for selected 
spectral regions (4000–2400 
and 1800–400 cm−1). For band 
assignments see Table 1. Spec-
tra are shifted along the y-axis 
for better representation

Table 1  Assignment of band maxima to plausible origin according to the literature including wavenumber range listed there

Band maxima in the pre-
sented spectra  (cm−1)

Plausible vibrational origin Wavenumber 
range  (cm−1)

References

3350–3250 Stretch of bounded OH-groups 3600–3000 Smidt et al. (2002)
3275 NH stretch 3300–3250 Rozenberg and Shoham (2007)
3010 =C–H stretch of the double bound (in unsaturated oils) 3030–2990 Wang et al. (2008)
2920, 2850 Asymmetric (2920) and symmetric (2850) stretch of meth-

ylene groups
3000–2800 Meissl et al. (2008)

1730 C=O stretch (acetyl-, COOH groups) 1740–1710 Schwanninger et al. (2004)
1713 C=O stretch aldehyde, ketones 1750–1690 Smidt et al. (2002)
1612 Asymmetric stretch COO (oxalate) 1622, 1620 Piro et al. (2018)

Tintner et al. (2018)
1602 Asymmetric  CO2 stretch of carboxylates 1650–1540 Smith (1998)
1520 Aromatic ring vibration of amino acids 1520–1515 Naumann et al. (1996)
1514 Aromatic skeletal vibration of lignin 1515–1505 Schwanninger et al. (2004)
1400 Carboxylates in amino acids 1420–1395 Mihoubi et al. (2017)

Kumar et al. (2014)
1390 Symmetric  CO2 stretch of carboxylates 1450–1360 Smith (1998)
1316 Symmetric stretch COO (oxalate) 1320, 1319 Piro et al. (2018)

Tintner et al. (2018)
1045 Aromatic C–H in plane deformation

C–O stretch vibration
1035–1030
1060–1015

Schwanninger et al. (2004)

820 Primary  NH2 out of plane band (aromatic)
CH bending bands of alkenes

850–750
840–790

Smith (1998)

798/779 Si–O vibration 798/779 Reig et al. (2002)
781 Symmetric deformation OCO (oxalate) 782 Piro et al. (2018)

Tintner et al. (2018)
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to specifications in literature (Duboc et al. 2016). In con-
trast to berries, the spectral pattern of P. mugo needles and 
Rhododendron leaves is consistent even in crop and gizzard 
samples (Fig. 4). Only band intensities change marginally, 
e.g., the small band at 820 cm−1. The band at 1514 cm−1 
can be assigned to the aromatic ring vibration of lignin. 
The broad band at around 1045 cm−1 is attributed to cel-
lulose (Schwanninger et al. 2004). However, even though 
berries show differences in spectral signals between fresh, 
undigested material and gizzard samples, these patterns 
distinctly deviate from the spectral signals of leaves (Fig. 3 
vs. Fig. 4).

Fresh plants and droppings—fecal signals represent 
food intake

Species-appropriate feeding regimes in the aviaries showed 
spectra that differed distinctly from natural, high elevation 
foraging conditions (cf. Table A-1). Accordingly, intestinal 

droppings collected from the field also differed from aviary 
droppings. However, it is evident that the spectral signature 
of Rhododendron leaves is preserved in the spectral pattern 
of field droppings (Fig. 5).

The food mixture for grouse kept in aviaries distinctly 
differs from field conditions, for instance in terms of 
yeast content. The spectral pattern of yeast was found to 
be comparable to literature (Berterame et al. 2016; Tareb 
et al. 2017). The bands at 3275 cm−1 and 1400 cm−1 can 
be assigned to the NH vibration of amines (Rozenberg and 
Shoham 2007) and to carboxylates in amino acids (Kumar 
et al. 2014; Mihoubi et al. 2017), respectively. The band at 
1520 cm−1 represents the aromatic ring vibration of amino 
acids (Naumann et al. 1996). Again, the spectral signals of 
aviary droppings represent the food stuff consumed by cap-
tive grouse (Fig. 5).

Results of the PCA display the distinct separation of 
field and aviary droppings (Fig. 6). The position of undi-
gested materials close to the respective dropping group 

Fig. 3  Spectral character-
istics of berries (Sorbus sp. 
and Vaccinium myrtillus), 
depicted for fresh, undigested 
material, crop samples, and 
gizzard samples, respectively. 
Average vector-normalized 
spectra are shown for selected 
spectral regions (4000–2400 
and 1800–400 cm−1). For band 
assignments see Table 1. Spec-
tra are shifted along the y-axis 
for better representation

Fig. 4  Spectral characteris-
tics of needles (Pinus mugo), 
depicted for fresh, undigested 
material, crop samples, and 
gizzard samples, and signals 
of leaves (Rhododendron), 
depicted for fresh, undigested 
material and crop samples, 
respectively. Average vector-
normalized spectra are shown 
for selected spectral regions 
(4000–2400 and 1800–
400 cm−1). For band assign-
ments, see Table 1. Spectra 
are shifted along the y-axis for 
better representation
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indicates the strong representation of consumed foods in 
fecal signals.

Discussion

Our study yielded clear indications that FTIRS is a promis-
ing method for addressing key questions in herbivore forag-
ing ecology. Food choice in terms of selected plant taxa and 
plant parts might be explored in a non-invasive and com-
paratively cost-efficient way. Thus, resource partitioning 
or bottom-up effects in population dynamics of herbivores, 
related to changes in plant phenology might be tracked over 
large temporal and spatial scales, which cannot easily be done 
with other direct (invasive) approaches. FTIRS additionally 
holds the potential to address food quality and digestibility 
and related aspects of their spatial and temporal variation. In 
the following, we address the key questions of our study more 
specifically.

Does FTIRS provide an appropriate method 
to determine plant taxa and plant parts (leaves, 
fruits etc.), potentially consumed by herbivores?

In our study, we could indeed observe characteristic spectral 
fingerprints for several potential food plants and plant parts of 
Black grouse including needles of J. communis and P. mugo 
or fruits of J. communis, Sorbus sp. and Vaccinium sp.. For 
example, spectra of J. communis needles differed from those 
of P. mugo by small, but conspicuous bands at 1612 cm−1, 
1316 cm−1, and 781 cm−1. Thus, our study provided good 
indications, that both plant species and plant parts like fruits, 
leaves or needles might be determined via FTIRS. This out-
come is consistent with first FTIRS analyses of food plants 
of Black grouse by Url et al. (2015). One prerequisite for 
non-invasively tracking food choice of grouse via feces is, 
that initially identified spectral fingerprints of food plants or 
plant parts are subsequently not significantly modified during 
digestion. In other words, fingerprints have to be more or less 
constant to detect features unique to plant taxa or plant parts to 
determine diet choices by herbivores. The chemical composi-
tion of feces and the resulting persistence of spectral markers 
strongly depend on the digestive system of target species and 
on the digestibility of consumed plant tissues (Pauli 1978).

Does FTIRS tell us anything about quality 
(digestibility) of plant parts being consumed 
and about physiological mechanisms 
of the consumers?

Typical characteristics of grouse food plants (with pro-
nounced seasonal variability) are a comparatively low 
nutrient content (proteins, phosphorus and sodium) and a 
high content of ingestible components like fibers, tannins 
and resins (Höhn 1980; Watson and Moss 2008). However, 
plant parts (like berries) can have high nutritional quality 
and it is important to differentiate them.

Fig. 5  Spectral characteristics 
of fresh, undigested material 
(leaves of Rhododendron spp. 
and yeast pellets) and intestinal 
droppings, gained from field 
sampling and from aviaries. 
Average vector-normalized 
spectra are shown for selected 
spectral regions (4000–2400 
and 1800–400 cm−1). For band 
assignments see Table 1. Spec-
tra are shifted along the y-axis 
for better representation

Fig. 6  Scores’ plot of a PCA based on FTIR spectra of droppings 
(nfield = 20, naviary = 27) and selected input materials in the aviaries 
(IA; nfood mixture = 6, nleaves, buds = 4). Numbers in brackets represent the 
amount of explained variability in spectra on the first two PCA axes
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The digestive process of grouse can alter spectral fin-
gerprints and be a proxy for physiological mechanisms 
of the consumer. Addressing such mechanisms needs a 
clear picture of the digestive system of grouse, starting 
with undigested, fresh plants, continuing with the buc-
cal cavity (saliva production) and ending with the large 
intestine and with released feces (see Robbins 1993). As 
for grouse species, the extensible crop is mostly described 
as an organ for food storage (Robbins 1993; Bergmann 
et al. 1996; Watson and Moss 2008), where ingested food 
might stay from a few seconds up to several hours (see 
Gremmels 1986). According to Klaus et al. (1989, 1990) 
and Robbins (1993), food is stored, defrosted and softened 
by saliva secretion in the crop. With the exception of the 
crop of Opisthocomus hoazin (Grajal et al. 1989), birds´ 
crop function is mainly described as storage and moisten-
ing organ (see Robbins 1993; Kierończyk et al. 2016). 
Only marginal notes indicate further possible functions 
such as a functional barrier for pathogens through decreas-
ing pH values via microbial “fermentation” and a role in 
the “regulation of innate immune system” (Kierończyk 
et al. 2016). However, our analyses revealed a pronounced 
shift in chemical composition and thus in spectral sig-
nals of food items in the crop of Black grouse compared 
to patterns of fresh plant material. Such a shift was par-
ticularly obvious in berries of Vaccinium sp., where the 
intensity of methylene bands at 2920  cm−1 and 2850 cm−1 
increased markedly in the crop samples, exceeding pat-
terns of weathering and microbial decay (Meissl et al. 
2008; Tintner and Smidt 2018). Two alternative explana-
tions might account for these results: (1) a distinct process 
of decomposition is already taking place in the crop with 
enzymes (and likely microbes) altering the chemistry and 
spectra of food items compared to fresh plants, which has 
not been addressed or observed for (alpine) grouse species 
up to now; (2) food selection of grouse responds to chemi-
cal properties of food plants and thus spectral signals of 
selected food items might distinctly deviate from those of 
non-selected, but available fresh plant material. Diet selec-
tion may reduce the intake of plant secondary metabolites 
(PSMs), which has been demonstrated for different grouse 
species (Remington and Braun 1985; Jakubas et al. 1989; 
Frye et al. 2013). PSMs might induce high postingestive 
costs for herbivores, including detoxication processes 
and nutrient dilution (Jakubas et al. 1995), and birds may 
detect plants´ allelochemicals with their trigeminal sen-
sory system (Jakubas and Mason 1991). Apart from such 
chemical senses, Siitari et al. (2002) provided some evi-
dence that ultraviolet vision enables grouse to discriminate 
food items, potentially allowing them to select for ripe 
berries.

Much more prominent descriptions of the digestive tract of 
grouse exist for the strong second gizzard and the caeca (Höhn 

1980; Moss and Hanssen 1980; Gremmels 1986; Klaus et al. 
1989, 1990; Bergmann et al. 1996; Watson and Moss 2008): 
The second gizzard is a muscular organ with ridges, contain-
ing particles of grit, which allow for a grinding of coarse food 
items into fine particles. Comparing spectral patterns of undi-
gested plant material with material gained from crops and 
gizzards in our study, shifts in spectral signals were more pro-
nounced between undigested material and crops compared to 
differences in patterns between crops and gizzards. However, 
some fingerprints persisted in spite of observed changes in 
spectral signals. For example, R. hirsutum leaves and P. mugo 
needles retained spectral patterns with marginally changing 
band intensities, e.g., at 820 cm−1. These results support the 
idea of the above-described major function of the Black grouse 
gizzard as a grinding organ.

At the junction of the small and the large intestine, two 
paired, blind intestinal diverticula (= caeca) exist, where the 
more liquid fraction of chyme is further processed (Moss and 
Hanssen 1980; Robbins 1993). These caeca play an impor-
tant role in the decomposition of plant fibers, as cellulose and 
lignin are fermented by microbes there. Moss and Parkinson 
(1972) observed significantly lower contents of lignin, cel-
lulose and carbohydrates in the caeca than in the intestine. 
Furthermore, peristaltic contractions of the colon induce urine 
reflux to the caeca, providing oxygen for lignin decomposition 
there (Watson and Moss 2008). Output of the caecal diges-
tion process are soft and shapeless feces (= caecal droppings), 
whereas the harder and less digestible fraction of chyme is 
excreted as fibrous, cylindrical feces (= intestinal droppings; 
see Moss and Parkinson 1972). Both types of feces represent 
different ways of digestion within the same grouse species 
(and individual) and different fractions of initial food intake. 
Consequently, larger and harder food particles might not reach 
the caeca and remain nearly unchanged in terms of spectral 
signals, whereas other softer particles (like berries) might be 
digested to a higher degree and thus may not be detected in 
fecal dropping and may be highly modified in caecal drop-
pings. Tracking food remains in grouse feces using FTIRS and 
inferring food choice seems possible with intestinal droppings, 
whereas physiological modification of food by the consumer 
might be more adequately addressed by considering both intes-
tinal and caecal droppings.

Spatial variation in food choice: does FTIRS hold 
the potential to determine changes in diets 
among populations of herbivores?

For ultimate statements on the applicability of FTIRS for a 
non-invasive determination of food items of grouse species 
and for comparisons among populations, spectral signals 
of undigested plant material have to correspond to signals 
of intestinal droppings. First FTIRS analyses of Url et al. 
(2015) provided an indication of this assumption, but direct 
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links between undigested plant material and intestinal drop-
pings were missing. In our study, FTIR spectra of dropping 
samples gained from aviaries and those of field samples 
yielded a distinct separation of these two dropping groups 
in terms of PCA scores. The diverse feeding regime (and 
related differences in anatomy and physiology, Moss 1997; 
Liukkonen-Anttila et al. 2000; Wienemann et al. 2011; Sal-
gado-Flores et al. 2019) of captive birds compared to wild-
living individuals thus became evident, particularly on the 
first PCA axis, which explained nearly 60% of the variability 
in spectra. Moreover, the spatial proximity of undigested 
plant material and droppings within the captive versus the 
wild-living group on the PCA plot supported the idea, that 
spectral signals of intestinal droppings might adequately 
reflect variation in food choice. As a consequence, FTIRS 
seems to be a promising approach, when coupled with ref-
erence FTIRS of fresh plants, to study and compare diets 
among populations of grouse.

Temporal variation in food choice: does FTIRS 
offer the opportunity to capture aspects of plants´ 
phenology and shifts in diet relative to changes 
in habitats?

In general, a large list of potential food plants of grouse 
species is already available (e.g., Zbinden 1984; Beeston 
et al. 2005). However, depending on the habitat, grouse show 
more or less distinct shifts in food choice with season or 
among years (Pauli 1974; Zbinden 1984; Marti 1985). These 
shifts may reflect the phenology of availability of plants, 
temporal modifications in plant chemistry (Jakubas et al. 
1989) or changing energetic requirements of grouse. Addi-
tionally, various studies demonstrated, that both plant com-
munities and their functional traits have distinctly changed 
within the last decades with an earlier start of flowering, 
an altered synchronization of flowering or with higher fre-
quencies of masting events (Kantorowicz 2000; Hilton and 
Packham 2003; Övergaard et al. 2007) inducing bottom-up 
(Selas 2000; Plucinski and Hunter 2001; Schnurr et al. 2002) 
as well as top–down (Selas 2000) responses in herbivore 
species.

Particular plant parts might distinctly drive population 
dynamics of grouse species, as it has been shown for caper-
caillie (Tetrao urogallus) and bilberry masting in Norway 
(Selas 2000). Thus, depending on the research target, analy-
ses with FTIRS may hold a clear advantage to metabarcod-
ing approaches (Sullins et al. 2018), which do not support 
the determination of specific parts of a plant. One pre-con-
dition to track such effects, however, is, that plant species 
and plant parts, being available, might be determined via 
characteristic spectral markers (fingerprints).

Conclusions and further perspectives

Our study provided clear evidence, that FTIRS is a promis-
ing approach to explore variation in food choices of grouse 
species by means of non-invasively gained fecal samples. 
However, for a comprehensive applicability of the method, 
further developmental steps are necessary. This requires 
both further feeding experiments and fecal analyses to vali-
date spectral correlations between undigested plant material 
(input of fresh food) and digested plant material (output of 
fecal droppings). Thereby, the design of feeding experiments 
seems to be crucial, as galliform birds show significant dif-
ferences between wild and captive individuals in the caecal 
microbiome, in their physiology, in the morphology of the 
gastrointestinal tract and in resulting life histories (Moss 
1997). Two implications are arising from this fact: the more 
artificial feeding and living conditions of captive birds devi-
ate from natural conditions, the less the digestive system (in 
terms of gizzard weight, gut length and physiology) is com-
parable with wild-living birds. Unpredictable factors might 
be reduced by feeding experiments and links between plants 
and feces might be derived more clearly, but inference on 
the foraging ecology of wild birds might nevertheless be 
tricky. Apart from feeding experiments, a calibration with 
traditional microscopic methods and further efforts in cali-
brating FTIRS for quantitative analyses should be pursued.

Despite a solid number of sampled grouse individuals in 
our study, the high between-subject variability in terms of 
pure fractions of plant remains in crops and gizzards limited 
our analyses to descriptive rather than multivariate analyses. 
Targets for future studies thus should aim at higher numbers 
of replications (both for invasively and for non-invasively 
gained samples), which then could allow for comparing spe-
cific, highly indicative bands or spectral regions (i.e., finger-
prints) in a multivariate statistical way (e.g., via derivatizing 
spectra and PCA). This could be done in several steps: (a) 
comparing spectral patterns of plant species and plant parts 
for fresh plant material and for crop contents, respectively; 
(b) comparing patterns for the same species or plant parts, 
but contrasting fresh plant material vs. crop contents; (c) 
comparing feces of animals eating high proportions of a 
defined plant species or a defined plant part versus those 
eating low proportions (or none); (d) contrasting patterns of 
fresh plants vs. crop contents vs. gizzard contents vs. fecal 
pellets separately (e.g., by selecting individuals with similar 
diets, based on crop analysis). These steps would allow for 
multivariate statistical analyses of the spectral differences 
between “treatments” and for detailed answers to the key 
ecological questions listed above.

Further support of the hypothesis that spectral signals of 
the same plant change in the course of digestion, but finger-
prints persist could allow researchers to predict digestibility 
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and physiological modification of food by host consumers 
and their microbes. Concretely, if spectra from plants were 
similar to those in feces, this would mean that animals are 
specializing (eating primarily one plant species or part) and 
that the modification of the plant by the consumer is minimal, 
which in turn would be an indication of low digestibility and 
detoxification of plants as they pass through crop, gizzard, 
small and large intestine. Vice versa, large changes in spectra 
would indicate, that the plant chemistry is being modified 
during its route through the intestine. Significant variation 
in spectra from single plants to feces could also indicate, 
that animals are eating mixed diets possibly interacting with 
each other and this could be an indication of habitat plant 
diversity, of movement of animals, or of the physiological 
state of animals. Summing up, our pilot study opens the floor 
for a variety of future studies in the field of foraging ecology.
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