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ABSTRACT 1. We reviewed data on the diets of mouflon (Mediterranean island populations Ovis gmelini musimon and introduced hybridized populations Ovis gmelini musimon ¥ Ovis sp.) from 33 field studies (comprising 51 independent data points suitable for analysis) to detect general patterns in the botanical composition of the diet and identify ecological factors explaining its variation. We expected mouflon, generally classified as grazers, to include botanical entities other than grass in their diet, especially when they are forced to do so by low resource availability, and in certain seasons. 2. Diet composition was investigated based on samples of rumen content and faeces. We combined these data with environmental characteristics at each site using a co-inertia analysis. 3. As expected, grass often constituted the highest proportion in the diet (in 28 of the 51 data points) and represented on average 35% (range = 0–91%) of mouflon diet, confirming the importance of this food for the species. However, referring strictly to commonly used thresholds (>75% or >90%) shows that the classification of mouflon as grazers could be questioned. Indeed, forbs and shrubs constituted 24% (range: 0–93%) and 16% (range: 0–55%) of their diet, respectively, so that mouflon should at least be considered as variable grazers. Forbs represented a high percentage of the overall diet in the Kerguelen Archipelago, southern Indian Ocean (autumn and winter: 73%) and Teide National Park, Canary Islands, Spain (autumn and winter: 83%), whereas shrubs represented a high proportion of the overall diet in Mediterranean areas (19%).
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4. Diet composition varied with spatio-temporal variation in forage availability (documented as habitat related or seasonal variation), confirming that mouflon are able to feed on a large variety of plants. 5. Further investigations concerning both digestive morphology and consequences of the inclusion of browse in the diet on population dynamics of mouflon are needed to understand the persistence of this species over a wide range of habitats despite a potential mismatch between its digestive ability and its observed diet.



INTRODUCTION Large herbivore species are traditionally classified according to their diet into three distinct categories, depending on their relative consumption of grass and browse: grazers, browsers, and mixed or intermediate feeders (Hofmann 1989). However, this classification is often based not only on diet composition but also on digestive system morphology and physiology. Rumen morphophysiology is particularly variable among ruminants (Hofmann 1989 and references therein), and the degree to which their rumen contents stratify (and morphophysiological adaptations related to this) is related to their ability to digest grass and browse (Clauss et al. 2010). Discovering how digestive morphophysiology actually constrains diet in the wild is essential to understanding how herbivores impact vegetation in natural landscapes (Duncan & Poppi 2008, Prins & Fritz 2008) and is the topic of active research combining ecophysiology and comparative studies (e.g. Pérez-Barberìa & Gordon 1999, Pérez-Barberìa et al. 2001a, 2004, Codron & Clauss 2010). Clauss et al. (2010) recently suggested that the classifications should be clearly distinguished: the terms ‘moose type’ and ‘cattle type’ should be used to contrast rumen with different morphophysiological features (Clauss et al. 2009a); the terms ‘grazer’, ‘browser’ and ‘intermediate feeder’ should only be used for classification based on diet composition. Following this principle, the extreme ‘grazer’ and ‘browser’ categories could be used to describe species consuming >75% (Pérez-Barberìa & Gordon 1999, Pérez-Barberìa et al. 2001b, Mendoza et al. 2002) or >90% (Janis 1990, PérezBarberìa et al. 2001a) of grasses and browse, respectively. Studies focusing on diet composition and (i) covariation with digestive morphophysiology (Clauss et al. 2009a), (ii) interspecific comparisons (Van Wieren 1996) and (iii) intraspecific variability (Cornelis et al. 1999, Gebert & Verheyden-Tixier 2001) suggest that the plasticity in diet composition differs depending on whether a species is at the moose-type/browser or the cattle-type/grazer end of the classification and that obligate grazers seem to be rarer than obligate browsers (e.g. Gagnon & Chew 2000, Codron et al. 2007 in African ungulates). However, general conclusions have been hampered by the lack of diet studies at the 276



intraspecific level and in different ecological contexts for most wild species. Analysis of variation in diet composition and factors determining variation offers a unique opportunity to assess whether new threats to species could be posed by global changes (climate warming and land use changes, e.g. areas being colonized by shrubs and forests, see Garel et al. 2007). Within Hofmann’s grazer/browser classification, Mediterranean mouflon Ovis gmelini musimon (sensu Cugnasse 1994, also named European mouflon Ovis aries musimon) have been classed as grazers (Geiger et al. 1977) based on both their digestive morphophysiology (Kamler 2001, Behrend et al. 2004) and the importance of grass in their diet (García-González & Cuartas 1989, Faliu et al. 1990, Homolka 1993, Cransac et al. 1997). From a neolithic origin in Mediterranean islands (Cyprus, Sardinia and Corsica), mouflon have been introduced to diverse habitats over a wide geographical area (Fig. 1, Table 1 and Appendix S1), often to increase local diversity of wild game species, after variable levels of hybridization with wild and domestic ovines (Uloth 1972, Cugnasse 1994). Mouflon have been forced to face habitats ranging from polar tundra in subAntarctic islands to continental forests of central Europe, i.e. habitats distinct from those in which this species originally evolved (Rezaei et al. 2010). Mouflon are therefore a relevant study species to test the extent to which (and the circumstances under which) they modify their diet composition to include botanical entities other than grass. The number of diet studies performed (Table 1 and Appendix S1) now allows a comparative review of mouflon diets. In addition, mouflon introductions have raised issues of competition with native species (Bertolino et al. 2009) and of impacts on ecosystems (e.g. forestry: Homolka 1993, Babad 1997; island biodiversity: Chapuis et al. 1994, GarzónMachado et al. 2010), which have been poorly studied and would benefit from a better understanding of the determinants of the variation in mouflon diet. We review the findings from 33 studies of mouflon diet in order to (i) identify the common patterns in diet composition, (ii) evaluate variation in diet and determine which ecological factors best explain such variation and (iii) reappraise the classification of mouflon as grazers.
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Fig. 1. Locations of the sites (see Table 1) where the diet of mouflon Ovis gmelini musimon has been studied (in the 33 studies retained in analysis, resulting in 51 independent data points).



METHODS Dietary data We reviewed 42 publications or unpublished reports, each containing data on the diet of mouflon (both Mediterranean island populations Ovis gmelini musimon and introduced hybridized populations Ovis gmelini musimon ¥ Ovis sp.; Table 1 and Appendix S1). We excluded from the analysis of diet variation studies in which the authors used uncommon methods or worked on animals that were not free ranging (n = 9, see Appendix S1). Some of the 33 publications we retained (Table 1) included data from more than one study site or season or derived from more than one technique of diet analysis, leading to a total sample size of 51 data points based on rumen content analysis (n = 30) and faecal analysis (n = 21). Samples were collected from a wide range of habitats in 22 locations, from 155°W to 70°E, 49°S to 51°N and from 0 to 3715 m above sea level (Fig. 1). Results for each food category were expressed as a percentage of the total volume, percentage biomass, percentage of the total number of fragments in samples or a combination



of these percentages (importance index = average of volume- and fragment-based percentages). When the results of studies were expressed in several units, we only included data expressed as percentages of the total number of fragments (the most frequently used measure). Vegetation data were standardized over studies by using seven plant categories, using the definitions of Allen et al. (2011): grasses, forbs, shrubs, seeds and fruits, deciduous trees, coniferous trees and others (see Table 2 and Appendix S2). Each food taxon was assigned to one of these categories following Rameau et al. (1993). When several categories were mixed (e.g. Homolka 1991, mixed shrubs and deciduous trees), we divided equally the value reported into each food category (removing such studies did not change the results qualitatively).



Individual and environmental factors influencing variation in diet Habitat and season have been reported to be the main determinants of variation in ungulate diets (Kufeld 1973, Kufeld et al. 1973, Tixier & Duncan 1996, Cornelis et al.
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Table 1. Summary of the literature on the diet of mouflon reviewed in this study, showing site data, research methods and percentages of each plant category reported in the diet
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Table 2. Food categories applied to dietary studies to ensure consistency (see Allen et al. 2011 for detailed definitions). Rameau et al. (1993) was used to assign each taxon to one of these categories (see Appendix S2 for details) Categories



Description



Grasses



Grasses, sedges (Cyperaceae) and rushes (Juncaceae) Forbs Shrubs Seeds and fruits Deciduous trees (buds, leaves, stems and bark) Coniferous trees (buds, needles and bark) Other (fungi, ferns, lichens, algae and horsetail), unidentified fragments



Forbs Shrubs Seeds and fruits Deciduous trees Coniferous trees Other



1999, Gebert & Verheyden-Tixier 2001, Christianson & Creel 2007), so we mainly focused our analysis on these factors. We split data on diet composition by season (spring and summer: period of access to abundant and high-quality food for herbivores; autumn and winter: period of limited access to more sparse and lower-quality food). We described habitat and environmental characteristics at each study site by using four variables (Table 1): habitat types [forests (classified as forest by the authors), mixed closed areas (>50% closed patches), mixed open areas (72% on the Kerguelen Archipelago and >81% in the Teide National Park). Comparing results derived from faecal samples with those from rumen content samples showed slight differences in the four habitat types where it was possible to consider such analyses (Fig. 5b). In the Kerguelen Archipelago, Mediterranean, mountain and continental areas, data from faecal samples displayed higher values than data from rumen samples on the second axis, suggesting that higher proportions of grasses and shrubs, and lower proportions of seeds, fruits and trees were obtained from faeces than from rumen contents.



DISCUSSION Common patterns in diet composition Our comparative analyses allowed us to identify common patterns and to evaluate the extent and causes of intraspecific variability in the diet of mouflon. As already documented, this species included a large proportion of grass in its diet (García-González & Cuartas 1989, Faliu et al. 1990, Homolka 1993, Cransac et al. 1997, Heroldova et al. 2007, Bertolino et al. 2009, Redjadj 2010). However, mouflon fed on a very wide range of plant species (see Appendix S2). At several sites in the Czech Republic, Mottl (1960) found up to 196 species in the diet of mouflon and Pfeffer (1967) published a list of 95 taxa consumed in Corsica. However, this dietary diversity reflects the huge diversity of habitats in which mouflon are found (Fig. 1). Indeed, at the intra-site level, data suggest that the breadth of mouflon diet is similar to that of sympatric herbivore species. In the Czech Republic, the average numbers of plant species consumed
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Fig. 3. Projection of the diet of mouflon Ovis gmelini musimon from each data point (publication ¥ site ¥ season ¥ technique; grey dots) against food items (arrows) on the first (horizontal) and second (vertical; a) and on the first (horizontal) and third (vertical; b) axes of the principal component analysis [representation of the proportion of diet variation explained by each of the six axes is given in the bottom left corner of (a)]. Food items were categorized according to Table 2. Projection of the diet of mouflon from each data point (publication ¥ site ¥ season ¥ technique; grey dots) against environmental variables (arrows) on the first (horizontal) and second (vertical; c) and on the first (horizontal) and third (vertical; d) axes of the multiple correspondence analysis [representation of the proportion of environmental variation explained by each axis is given in the bottom left corner of (c)]. For clarity, only the arrows representing environmental variables allowing axes interpretation are labelled. Vegetation (underlined) was categorized as tundra (Kerguelen Archipelago), mixed open (50% of closed areas) and forest (classified as forest by the authors). Climate types (in capitals) were categorized as continental, alpine, Mediterranean or polar. Altitude ranges (in italics) were lowlands (1000 m). Islands were also distinguished (as island or mainland). Season opposed spring and summer to autumn and winter. Diets were analysed using faeces or rumen contents.
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Fig. 5. Projection of the diet of mouflon Ovis gmelini musimon according to habitat types (see the text for details) and (a) seasons and (b) research techniques. ‘med’, Mediterranean; ‘cont’, Continental; ‘mont’, Mountain; ‘ker’, Kerguelen Archipelago, ‘tnp’, Teide National Park; ‘spsu’, spring– summer; aw, autumn–winter; ‘F‘, faeces; ‘R‘, rumen. Grey lines relate points for a given habitat type and season (a) or research technique (b) to their gravity centre. The shifts in gravity centre from spring–summer to autumn–winter (a) and from faeces to rumen (b) are indicated where possible by black lines for each habitat type.



annually by sympatric populations of roe deer Capreolus capreolus, red deer Cervus elaphus, wild goat Capra aegagrus and mouflon were 47–49, 45, 56 and 48–52, respectively (Homolka 1993, Heroldova 1996). In the French Alps,



Redjadj (2010) identified 109 species for roe deer, 151 for chamois Rupicapra rupicapra, 136 for red deer and 141 for mouflon in faeces collected from September to January.



Table 3. Average percentages of the dietary components found in mouflon rumen content and faeces in the main habitat types highlighted by the co-inertia analysis and seasons Habitat type



Seasons



n



Grasses



Forbs



Shrubs



Seeds and fruits



Mediterranean



spsu aw



10 9



39 40



14 19



21 17



3 5



Continental



spsu aw



4 11



39 29



30 14



17 13



Mountainous



spsu aw



5 8



43 40



33 17



Teide National Park



aw



2



1



Kerguelen Archipelago



aw



2



20



Deciduous trees



Coniferous trees



Other



7 6



3 4



12 9



1 11



6 16



3 7



5 11



16 18



0 1



4 13



1 7



4 5



83



17



0



0



0



0



73



0



0



0



0



7



The sources are listed in Table 1. ‘aw’, autumn and winter; ‘spsu’, spring and summer; n, number of data points (as defined in the text).
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Variation in diet Our review highlighted the strong specificity of mouflon diets in the Kerguelen Archipelago (Chapuis et al. 2001) and the Teide National Park (Rodríguez Luengo & Piñero 1991). Populations inhabiting these sites showed unusual feeding strategies: forbs made up more than 70% of food intake, while very low proportions of grass and grass-like species (i.e. sedge and rush species, see Allen et al. 2011) were eaten, and shrubs and trees were eaten in very small quantities or not at all. These sites represent extreme cases where harsh local environmental conditions result in poor vegetation diversity and a lack of grasses (see Rodríguez Luengo & Piñero 1991, Leuschner 1996, Santin-Janin et al. 2009 for descriptions of the vegetation of each site). Trees are also absent in the Kerguelen Archipelago. Seasonal variation in growth and related accessibility and palatability of vegetation (Langvatn et al. 1996) influenced mouflon diet composition. In highly seasonal environments such as mountains and the continental forests of central Europe, mouflon consumed high proportions of grass and grass-like species during spring and summer, when these items were available and at their most palatable. During autumn and winter, they shifted towards seeds, fruits and trees, when preferred food was less available (e.g. because of snow cover) and/or of lower quality or digestibility. In Mediterranean areas, seasonal diet variation was less marked than in other habitats. Diet composition is thus strongly influenced by environmental seasonality. Similar studies reviewing data on the diet of large herbivores and causes of variation are available (e.g. Tixier & Duncan 1996, Cornelis et al. 1999 for European roe deer; Kufeld 1973 for Rocky Mountain populations of elk Cervus canadensis; Christianson & Creel 2007 for western North American populations of elk; Gebert & Verheyden-Tixier 2001 for European red deer; Kufeld et al. 1973 for Rocky Mountain mule deer Odocoileus hemionus; Peek 1974, Schwartz 1992 for North American moose Alces alces; and Todd 1972 for bighorn sheep Ovis canadensis). When investigated, variation in diet due to habitat and season was always revealed, highlighting the major influence of both factors on feeding ecology of large herbivore species. The techniques used to investigate mouflon diet probably explained some of the variation found. Higher proportions of seeds, fruits and trees were found in results derived from samples of rumen contents than in those derived from faecal samples, which were characterized by large proportions of grasses and shrubs. The differential digestibility of plant epidermis during passage through the digestive tract could result in such a pattern (Vavra et al. 1978, McInnis et al. 1983): browse is underrepresented in faeces because it is more digestible than grass. Variation due to research techniques could not be separated from seasonal variation 286
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because rumens were mostly available during hunting periods (i.e. autumn and winter); both season and technique influenced reported mouflon diet. This probably explained the large range of variation observed in Fig. 5a and b in continental areas compared with other habitats. In continental areas, autumn and winter diets were mostly (in eight out of 11 data points) investigated from rumen contents, while faeces were preferred in spring and summer (three out of five data points). However, such a bias was not observed in other habitats, so we are confident that both seasonality and research techniques influenced mouflon diet as reported by researchers. In other reviews of the diets of large herbivores, the influence of research techniques on reported diet composition was only noted by Cornelis et al. (1999) while Christianson and Creel (2007) found no significant effect of this factor. Future studies should rely on new developing technologies, such as DNA barcoding (Valentini et al. 2009a, b) to try to overcome the confounding effect of research techniques in diet studies.



Are mouflon really grazers? Several adaptations considered typical of ‘cattle-type’ ruminants (which mostly feed as grazers) have been attributed to the mouflon in comparative analyses of ruminant morphophysiology (for a complete list, see Clauss et al. 2009b). For instance, compared with a species largely recognized as a browser (roe deer; Tixier & Duncan 1996), mouflon possess a larger reticulo-rumen (Dreschner-Kaden 1976) characterized by a peculiar mucosal membrane (Kamler 2001, Clauss et al. 2009b). Rumen content is less viscous and more stratified than in the roe deer (Clauss et al. 2009b), allowing a longer retention time (Behrend et al. 2004) and hence optimal use of low-quality vegetation. However, despite these morphophysiological characteristics, our data showed that mouflon diet may include high proportions of forbs, shrubs and/or trees (Table 3) and is close to the assemblage expected for mixed or intermediate feeders (such as red deer, Alpine ibex Capra ibex, chamois and European bison Bison bonasus; Van Wieren 1996, Gebert & Verheyden-Tixier 2001). Furthermore, in most studies we reviewed, thresholds of >75% (Pérez-Barberìa & Gordon 1999, Pérez-Barberìa et al. 2001b, Mendoza et al. 2002) or >90% (Janis 1990, Pérez-Barberìa et al. 2001a) of grass in the diet, commonly used to define grazers, were not reached. Therefore, the mouflon cannot be considered to be an obligate grazer but rather is a variable grazer (sensu Gagnon & Chew 2000 and Codron et al. 2007), i.e. a species that ‘consumes low but significant amounts of dicots’, even though thresholds set by Gagnon and Chew (2000) are higher (60–90% of grass) than observed in our review (0–91%; Table 1). The same conclusion was reached by Todd (1972), who suggested, in a review of the diet of bighorn sheep, that not only the importance of grasses but
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also the ability to cope with forbs, shrubs and tree foliage in some situations could be shared by other wild ovines, as is generally observed for ‘cattle-type’ ruminants (Van Wieren 1996, Clauss et al. 2003). These results provided additional support to Pérez-Barberìa et al. (2004) and Codron and Clauss (2010) who suggested that species should be classified by two characteristics: the average proportion of grasses eaten, and the range of grass content in the diet, both of which are probably constrained by ecological factors and digestive morphophysiology. Regarding ecological factors, the propensity of mouflon to browse may be linked with their introduction into novel and distinct areas. This observation could be interpreted as evidence of a mismatch between the digestive features of mouflon and their diets in the range of habitats where they can be found. Indirect support for the existence of such a mismatch was found in a population facing habitat loss (in Caroux-Espinouse, France, see Table 1), for which decreasing open ranges by up to 50% in 37 years contributed to a long-term decrease in body mass (Garel et al. 2007). The fact that mouflon have been able to maintain populations in a large range of habitats, even where grasses are very uncommon or unavailable, raises questions, on the one hand, about the extent to which ‘cattle-type’ species are able to include plants other than grasses in their diet (Clauss et al. 2010, Codron & Clauss 2010) and, on the other hand, about the long-term persistence of most of these populations. Detailed studies of digestive morphophysiology of mouflon, analysis of the success or failure of past introductions, and comparative analyses of population dynamics and the proportion of grasses in the diets within this range of habitats should allow these questions to be answered.
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important local sources of income) and impacts on local biodiversity (Chapuis et al. 1994, Garzón-Machado et al. 2012). In this paradoxical context of managing rarity (native and island Mediterranean populations), as well as quality and abundance (introduced and harvested populations), our review should help managers by providing information on mouflon diet and on the range of habitats in which mouflon are able to persist, thus enhancing our understanding of the place of mouflon in ecosystems, especially where they were introduced and may compete with a guild of native ungulates (Bertolino et al. 2009, Redjadj 2010). Assessing the carrying capacity of habitats and predicting short- to long-term changes in habitats are both essential requirements to ensure the conservation and persistence of healthy mouflon populations and locally important economic activities related to them (Gordon et al. 2004) in the context of the expansion of ungulates throughout Europe (Loison et al. 2003) and changes in land use and climate (Acevedo et al. 2011, Mysterud & Sæther 2011). Finally, information on feeding niches and their breadth is essential to interpret the increasing numbers of studies of habitat selection and ecological niche that are being facilitated by global positioning system technology (Cagnacci et al. 2010). In the near future, a challenge for ecologists will be to collect data on variation in fitness components in relation to habitat characteristics in order to identify ‘key resources’ (sensu Illius & O’Connor 2000), i.e. resources on which individual survival, reproduction and hence population dynamics and persistence may depend (Gaillard et al. 2010).
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