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20 Abstract

21 Vertebrate carrion is an integral part of foodwebs in ecosystems and can impact biodiversity at the local as well as 

22 the landscape scale. However, very little knowledge currently exists about the ecological role of carrion in the 

23 Arctic ecosystems. We conducted a ground survey on the cover of five plant functional groups at paired reindeer 

24 carcass and control sites and analysed the relationship between cover and carcass presence in the Arctic tundra of 

25 Svalbard. Vegetation indices from Red-Green-Blue (RGB) imagery captured by drones complemented this, 

26 assessing plant productivity in terms of ‘spectral greening’ and modelling the relationship between vegetation 

27 index values and carcass distance. We show that graminoids capitalised most from carcass presence, whereas 

28 bryophytes and lichen showed decreases in cover. Woody plant and forb covers were not significantly impacted 

29 by carcass presence. The Red Green Blue Vegetation Index decreased locally at fresh carcasses (i.e. <1 year old) 

30 but showed an increase at more established carcass sites (i.e. >1 year). We show that carcasses have differential 

31 impacts on the plant functional groups of Svalbard’s tundra and induce a local ‘green-up’ through secondary 

32 succession within 2 metres of the carcass. Given their non-random distribution, carcasses may contribute to 

33 vegetation heterogeneity at landscape scales. This is relevant for understanding how climate change-induced 

34 reindeer mortalities will impact tundra plant community composition in the future. 

35 Keywords

36 carcass ecology, drone, remote sensing, tundra, vegetation index
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37 Introduction 

38 Dead organic matter from animals, or carrion, is a high-quality resource that can structure and stabilize food-webs 

39 in both terrestrial and aquatic ecosystems (Wilson and Wolkovich 2011; Beasley et al. 2012; Barton et al. 2013; 

40 Benbow et al. 2019). Vertebrate carrion is nutritionally rich, with carbon:nitrogen ratios often magnitudes lower 

41 compared to most dung and plant debris (Carter et al. 2007; Barton et al. 2013; Benbow et al. 2019). Consequently, 

42 it is an attractive resource for many, and typically aggregates organisms from various life-forms, functioning as 

43 biodiversity hotspots that facilitate ecological interactions between species and kingdoms (Barton et al. 2013; Olea 

44 et al. 2019a). The ecological relevance of carrion in ecosystem functioning has long been overlooked but is now 

45 becoming widely acknowledged (Benbow et al. 2015b; Moleón and Sánchez-Zapata 2015), however, important 

46 knowledge gaps still exist such as the ecosystem context of carcass-induced ecological effects (Barton et al. 2013), 

47 and how much carrion is available in ecosystems (Bump et al. 2020), especially in the Arctic (Olea et al. 2019b). 

48 With death, animal tissue that developed during an individual’s time alive and across a relatively large space (e.g. 

49 home range, territory) suddenly becomes available for decomposition and consumption at a discrete point in space, 

50 at least in terrestrial ecosystems (Carter et al. 2007; Beasley et al. 2012). Since processes that provide carrion (e.g. 

51 predation, hunting, traffic collisions) are typically not randomly distributed in space (Bump et al. 2009a; Steyaert 

52 et al. 2016; Hegland and Hamre 2018), carrion can occur spatially structured and hence maintain or enhance 

53 diversity and heterogeneity at landscape or ecosystem scales (Towne 2000; Bump et al. 2009a). Carcasses of larger 

54 vertebrates typically induce a biogeochemical disturbance in both above- and below-ground communities and soil 

55 chemistry. The influx of nutrients from microorganismal decomposition, combined with necrophagous insect and 

56 vertebrate scavenger activity, generally leave a carcass decomposition site that becomes locally denuded of 

57 vegetation. Such sites with nutrient enriched soils and altered vegetation cover are often referred to as ‘cadaver 

58 decomposition islands’ (CDIs) (Carter et al. 2007). CDIs offer opportunities for various plant life that would 

59 otherwise not establish (Bump et al. 2009b; Steyaert et al. 2018; Arnberg et al. 2022; Arnberg et al. 2024), and 

60 which green-up during secondary succession (i.e. the reestablishment of vegetation over time after disturbance, 

61 for example induced by the presence of a carcass). Eventually, CDIs can turn into lush patches that can be 

62 distinguished from their surroundings for prolonged periods of time (Towne 2000; Carter et al. 2007; Bump et al. 

63 2009b). Carrion decomposition is, however, highly dependent on the environmental context. For example, 
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64 temperature modulates competition between microorganismal decomposers, necrophagous arthropods, and 

65 vertebrate scavengers for carrion resources (DeVault et al. 2004). By reducing competition with decomposers and 

66 invertebrates, colder temperatures appear to favour vertebrate scavengers (DeVault et al. 2004) which disperse 

67 carrion biomass across the landscape, thereby diluting local impacts of carrion on soil and vegetation (DeVault et 

68 al. 2004; Beasley et al. 2015). Much carrion biomass remains in situ through decomposition by microorganisms 

69 and arthropods (Benbow et al. 2015a), which in turn can have larger local effects on third parties, such as vegetation 

70 and communities which do not directly consume carrion (Moleon et al. 2014). Other factors that can affect carrion 

71 fate include moisture regime, vegetation type, vertebrate community structure, and carrion management (e.g. 

72 removal and destruction) (Janzen 1977; DeVault et al. 2004; Selva et al. 2005). 

73 Arctic tundra is characterised by short growing seasons and limited active layer depth. Nutrient limitation and 

74 moisture are also important restricting factors for primary production (Billings 1987; Mack et al. 2004; Myers-

75 Smith et al. 2011; Mekonnen et al. 2021). Hence, nutrient inputs from carrion can have profound and long-lasting 

76 impacts on vegetation, albeit on a local scale. Indeed, Danell et al. (2002) showed that muskox (Ovibos moschatus) 

77 carcasses (> 5 years old) in the Arctic tundra facilitated vigorous plant growth, and that plant material had elevated 

78 nitrogen concentrations up to about 2 m from the carcasses for prolonged periods of time, highlighting that despite 

79 a limited sample size (N = 4), how vertebrate carrion can play an important role in vegetation dynamics in the 

80 Arctic tundra. Increased nutrient supply generally stimulates plant production, but nutrient excess, for example 

81 due to carrion decomposition, can cease growth, damage plant tissue, and be lethal (Goyal and Huffaker 1984; 

82 Carter et al. 2007). Responses to nutrient excess can vary tremendously between functional groups. For example, 

83 several studies have shown that graminoids (members within the families Poaceae, Cyperaceae and Juncaceae) 

84 and other herbaceous plants (other flowering plants without true woody tissue), here called forbs, increase in 

85 overall productivity during secondary succession induced by carrion decomposition (Towne 2000; Danell et al. 

86 2002; van Klink et al. 2020). However, for forbs, responses appear to be more ambiguous and vary across 

87 ecosystems and life strategies (Towne 2000; Bump et al. 2009b). Towne (2000) reported that woody vegetation 

88 and annual grasses were not substantially affected by carcasses. However, several studies show that the carrion-

89 induced disturbances generate recruitment windows of opportunity for various woody plants (Bump et al. 2009b), 

90 including alpine tundra ecosystems (Steyaert et al. 2018; Arnberg et al. 2022). Arnberg et al. (2022) furthermore 

91 reported that bryophyte and lichen cover decreased as a response to carrion in an alpine tundra ecosystem.
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92 Vegetation studies typically rely on field surveys to collect data on, for example, plant community structure, 

93 biomass, or nutrient content (Chytrý et al. 2011; Eischeid et al. 2021). The vast and remote landscapes of the Arctic 

94 make traditional field data collection challenging; however, Unmanned Aerial Vehicles (UAVs) or drones are 

95 becoming affordable and important complementary research tools in ecology, particularly for vegetation studies 

96 (Cruzan et al. 2016; Eischeid et al. 2021). Drones can be equipped with a variety of sensors (e.g. multispectral 

97 cameras, thermal sensors, etc.), and are flexible in terms of timing of deployment and flight altitudes, although 

98 their use is restricted by weather conditions (e.g. precipitation, strong winds), battery life, and legislation (Duffy 

99 et al. 2017). Many off-the-shelf-drones currently come with a photo/video camera that records imagery in the 

100 visible part of the electromagnetic spectrum (i.e., RGB or the red, green, and blue bands in imagery). Such drones 

101 can complement field survey data with high-resolution imagery, which can be used, for example, to produce 

102 vegetation classification maps (Hamylton et al. 2020; Eischeid et al. 2021), object detection (Xia et al. 2022), or 

103 to produce spectral vegetation indices (Zhang et al. 2019). Spectral vegetation indices combine values of two or 

104 more spectral bands of imagery into one single band or raster, of which the pixel values correlate with specific 

105 vegetation properties (Myneni et al. 1995; Chuvieco 2016). Many (multi)spectral vegetation indices have been 

106 designed over the last decades, where the Normalised Difference Vegetation Index (NDVI) is the most common 

107 one as it correlates well with chlorophyll content in vegetation (i.e. vegetation ‘greenness’) (Pettorelli et al. 2005). 

108 In this study we evaluate responses of plant functional groups and ‘greenness’ to large vertebrate carrion in the 

109 Arctic tundra. Within our study system in Svalbard only one large herbivore species is present, the Svalbard 

110 reindeer (Rangifer tarandus platyrhynchus). Mortality takes place mostly among young and old individuals during 

111 late winter or early spring due to starvation (Reimers 1983; Hansen et al. 2011). Extreme weather events such as 

112 warm spells with rain-on-snow events create impenetrable ice sheets that limit reindeer access to food resources 

113 and have been directly associated with reindeer mortality on Svalbard (Hansen et al. 2011; Hansen et al. 2014; 

114 Peeters et al. 2019). We took advantage of a long-term reindeer monitoring data set that includes reindeer carcass 

115 information to investigate vegetation responses of high Arctic tundra vegetation to large vertebrate carrion. We 

116 hypothesise that carcasses will have differential impacts on plant functional groups. We expect that graminoids 

117 will overall increase as a response to reindeer carcasses (Danell et al. 2002), whereas bryophyte and lichen cover 

118 will decrease (Arnberg et al. 2022). We do not expect a clear impact of reindeer carcasses on woody vegetation 

119 cover (Towne 2000). Responses of forb species to carrion decomposition are not straightforward according to the 
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120 literature (Towne 2000; Dormann and Woodin 2002; Bump et al. 2009b). However, our field observations from 

121 both Alpine and Arctic tundra suggest that forb cover increases at carcass sites, especially during later successional 

122 stages. As shown in several other studies (e.g. Towne 2000; Danell et al. 2002), we expect that the anticipated 

123 effects will be very local, not extending more than a few metres from the carcass (i.e. 1 – 3 m). We further expect 

124 that responses for all functional groups will be most pronounced the year after death and then decrease during 

125 secondary succession. Finally, we expect that reindeer carcasses will induce a spectral shift in the local vegetation 

126 ‘greenness’ that resembles CDIs formation at fresh carcasses (i.e. < 1 year old) and succession at older carcasses, 

127 i.e. low vegetation greenness at the carcass centre for fresh carcasses and peaking greenness surrounding the centre 

128 that steadily fades out with increasing distance (up to a few metres) from the carcass centre for older carcasses.

129 Materials and Methods 

130 Study area

131 This study was conducted in Adventdalen, including the side valleys Endalen, Todalen, Bolterdalen and 

132 Bjørndalen, in central Spitsbergen (78°13 N 15°78 E), Svalbard archipelago (Figure 1). Only about 15 % of the 

133 land area is continuously vegetated, 25 % consists of barren and sparsely vegetated areas and about 60 % is covered 

134 by glaciers (Johansen et al. 2011). The landscape is mountainous with glaciers, and broad glacial valleys with 

135 extensive river systems. Local snow conditions combined with hydrological and permafrost-related processes 

136 support a variety of habitats with different vegetation compositions (Elvebakk 1994). Four dominant habitat types 

137 can be distinguished in the study areas: 1) exposed, well-drained ridges with a sparse vegetation cover dominated 

138 by Dryas octopetala, 2) heath typically dominated by either Cassiope tetragona, Salix polaris or Luzula confusa, 

139 3) mesic moss tundra dominated by a thick bryophyte-layer and high diversity of grass and forb species (such as 

140 Deschampsia alpina, Luzula nivalis, and Saxifraga spp.), and 4) wetland dominated by most notably moss species 

141 such as Warnstorfia spp. and Calliergon richardsonii  (Elvebakk 1994). 

142 Svalbard has a high-Arctic climate, characterised by low temperatures and precipitation, with average summer and 

143 winter temperatures of 4.5 and -13.9 °C, respectively (Hanssen-Bauer et al. 2019). Precipitation commonly falls 

144 as snow, and the continuous snow cover can persist from October until June (Hanssen-Bauer et al. 2019). 

145 Temperature increases in Arctic regions such as Svalbard are amongst the most rapid worldwide and are 3 – 4 
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146 times the global average (Rantanen et al. 2022). Periods of above-zero temperatures in winter with rain have 

147 become common (rain-on-snow events) (Peeters et al. 2019), which can result in basal ice covering the vegetation. 

148 Such icing events are positively associated with mortality in Svalbard reindeer (Hansen et al. 2011; Albon et al. 

149 2017; Hansen et al. 2019). 

150 Study design and data collection

151 We used two different approaches to assess how Svalbard reindeer carcasses presence affects vegetation cover and 

152 plant community composition at 33 sites: 1) vegetation surveys at the carcass site and a nearby control site and 2) 

153 a drone imaging survey over the carcass and its surroundings. Data were collected from 21 July to 3 August 2021. 

154 A georeferenced dataset of reindeer carcasses from the Norwegian Polar Institute (Hansen et al. 2019; Å. Pedersen, 

155 personal communication, 2021)) was used to select carcasses for this study, all of which died from natural causes 

156 during late winter/early spring. We chose carcasses that had clear remains of rumen content (i.e., termed ‘cadaver 

157 decomposition islands’, CDI) and were reachable on foot or by boat (i.e., maximum of eight km from either a road 

158 or landing site). The age of the carcasses ranged from approximately half a year to four years (n = 8 [reindeer dead 

159 in 2021] (termed ‘new’); and n = 3 [2020], n = 20 [2019] and n = 2 [2017] (termed ‘old’). 

160 Ground vegetation data

161 At each of the carcass sites (N = 33), we set a 5 × 5 m grid using a mesh of ropes for the ground vegetation survey. 

162 The grid was further subdivided into 1 × 1 m grid cells (subplots) and placed with the central cell covering the 

163 carcass centre (i.e., the abdomen or rumen content). The paired control sites (N = 33) were placed within 30 – 50 

164 m from the carcass site in similar vegetation and terrain types (see Figure 2). For all subplots at the carcass and 

165 control sites, we estimated the total cover (to the nearest 5 %) of five functional groups i.e. forbs, graminoids, 

166 woody plants, bryophytes, and lichens within each cell. We defined the plant functional groups as following: 1) 

167 forbs, including non-graminoid flowering plants without lignin-containing stems; 2) graminoids, including 

168 member of Poaceae, Juncaceae and Cyperaceae; 3) woody plants, including plants with lignin-containing stems 

169 (Betula nana, Salix polaris and Dryas octopetala); 4) bryophytes, including mosses, liverworts, and hornworts; 

170 and 5) lichens, consisting of all lichenised fungal species. The subplots were categorised into three ‘bands’ relating 
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171 to their position within the overall grid, i.e. ‘core’ being the centre cell, ‘inner’ being the cells neighbouring the 

172 centre cell, and ‘edge’ being the subplots in the outer perimeter (Figure 2). 

173 Drone imaging data

174 A DJI Mavic 2 Pro fitted with a Hasselblad L1D-20c RGB camera was flown at approximately 70 m above each 

175 carcass and captured some of the surrounding area. The application Pix4D Capture (Pix4D 2022) was used to 

176 create a flight route and to collect images for generating orthophotos, with the overlap parameter set to 80 % and 

177 other settings to default. Agisoft Metashape Professional (software version 1.8.4) was used to generate one 

178 orthomosaic for each carcass site, (46 on average per orthomosaic, covering an approximate area of 2 ha and a 

179 ground resolution of 1.5 cm/pixel). 

180 Data analysis

181 Ground vegetation survey 

182 To assess vegetation differences between sites with a carcass and control sites without a carcass, we analysed the 

183 vegetation cover data at the subplot (1 × 1 m) scale. We used generalised linear mixed effects models (glmm) 

184 implemented in the R package ‘glmmTMB’ (Magnusson et al. 2021) to assess changes in vegetation cover 

185 separately for each functional group between carcass sites and controls. The proportional cover of each functional 

186 group within each subplot was the response variable, and two candidate models for each response variable were 

187 fitted, i.e. a null model and a model that included an interaction term between type (carcass or control) and band 

188 of the grid (core, inner, edge) (Eq. 1).

189 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 ~ 𝑇𝑦𝑝𝑒 ∗ 𝐵𝑎𝑛𝑑 +  (1 | 𝑆𝑖𝑡𝑒 𝐼𝐷)                         (𝐸𝑞. 1)

190 A single two-way interaction between ‘type’ and ‘band’ was added as we expected there to be a relationship with 

191 distance from carcass but not in the case of control sites. Site ID was included as a random effect. The vegetation 

192 data was proportional and was fitted with beta regression using the ‘betareg’ R package with a logit link (Cribari-

193 Neto and Zeileis 2010; Magnusson et al. 2021). Model fit was evaluated for the global models by residual 

194 diagnostics, including inspection of qq-plots, residuals plotted against predicted values for assessing 
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195 heteroscedasticity and test statistics for correct distribution, dispersion, and outliers using the ‘DHARMa’ package 

196 in R (Hartig 2022). We chose model simplicity over explanatory power to prevent data overfitting and avoided 

197 three-way interactions by principle (Hawkins 2004). The best model was selected using the second-order Akaike’s 

198 Information Criterion corrected for small sample sizes (AICc; Burnham and Anderson 2002), and calculated using 

199 the function ‘aictab’ in the AICcmodavg package in R (Mazerolle, 2020). Models with ΔAICc < 2 were regarded 

200 to perform equally well (Burnham et al. 2010), and in instances where models performed equally well the less 

201 complex (i.e. the null model) was favoured.

202 To assess the influence of age, we focused our attention to the ‘core’ subplot (Figure 2) as we expected very local 

203 differences induced by the carcasses (N = 33). Bearing in mind our unbalanced age distribution and reduced 

204 dataset, the difference between these two age groups was assessed by a Wilcoxon Rank-Sum Test to compare the 

205 difference in medians between our two age categories with respect to the proportional cover of our five vegetation 

206 functional groups. 

207 Drone survey

208 On each orthomosaic, the carcass centre was approximated by selecting the centre of the ‘core’ subplot, as laid by 

209 the vegetation surveys. We created distance categories of 0.5 m increment rings from the carcass centre up to 20 

210 m away. Within each distance category, stratified random sampling of pixel values from the orthomosaic was 

211 performed (500 points per distance category, 20000 per site generated). Of these random points, those at distances 

212 15 to 20 m away from the carcass were considered as control points i.e. assumed far enough not to be affected by 

213 the carcass (5000 control, 15000 used for modelling). 

214 Deciding which is the best RGB-based vegetation index for assessing tundra (vegetation) greening is not clear, as 

215 most of these indices have been developed for agricultural applications (Bendig et al. 2015; Gerardo and de Lima 

216 2023). The Modified Green Red Vegetation Index (MGRVI) and Red Green Blue Vegetation Index (RGBVI) were 

217 calculated to assess differences in chlorophyll absorption in relation to carcass proximity (i.e. distance from carcass 

218 centre) based on the differences in reflectance in the red, green and blue wavelengths (Bendig et al. 2015). Plant 

219 chlorophyll typically shows high reflectance in the green part of the electromagnetic spectrum, and stronger 

220 absorption of red and blue electromagnetic energy (Gao 2006; Bendig et al. 2015) Choosing these indices was 
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221 intended to function as proxies of chlorophyll quantification in vegetation (Tucker 1979). The Green Leaf Index 

222 (GLI) was calculated to assess changes in the vegetation cover in relation to carcass proximity, by showing positive 

223 index values for vegetation and negative values for soil and non-vegetated areas (Louhaichi et al. 2001; Eng et al. 

224 2019). Finally, the Excess Red Index (ExR) aims to separate green plants from backgrounds by highlighting 

225 redness that can be related to redness in the soil (Meyer and Neto 2008). 

226 The Normalised Difference Vegetation Index (NDVI) is a widely used standard for assessing vegetation changes 

227 and greening, and has formerly been applied in Arctic tundra (Vickers et al. 2016). It involves a simple difference 

228 between reflectance in the near-infrared and red wavelengths, which are strongly associated with markers of plant 

229 condition such as leaf area, chlorophyll content (Blackburn 2002) and fractional vegetation cover, amongst others 

230 (Hansen et al. 2002; Pettorelli et al. 2005).  RGB-based spectral vegetation indices have been used for decades, 

231 but their application currently increases rapidly due to the uprise of conventional drones (Kazemi and Ghanbari 

232 Parmehr 2023). To decide which of the RGB-based indices best reflects tundra productivity and greenness, we 

233 calculated each (RGB-based) index (Table 1) on a Sentinel-2 L2A composite (10 × 10 m pixel resolution) over 

234 our study area and correlated sample pixel values with a Sentinel-2 derived NDVI on the Google Earth Engine 

235 platform. Sentinel 2 would not be able to capture the local carcass effects that we expected and was therefore used 

236 instead to inform our choice of RGB-based index. The best-performing index was selected as the one correlating 

237 most strongly with the NDVI. We fitted generalised additive models to assess the relationship between the best-

238 performing vegetation index (response variable) and the distance from the carcass centre in metres (predictor 

239 variable), using the R package ‘mgcv’ (Wood 2011) with the following structure (Eq. 2) :

240 𝑉𝐼 ~ 𝑠(𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒,         𝑏𝑦 =  𝑎𝑔𝑒_𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦) +  𝑠(𝑆𝑖𝑡𝑒𝐼𝐷, 𝑏𝑠 =  ′𝑟𝑒′)                  (𝐸𝑞. 2)

241 We applied a spline smoother on distance to the carcass as categorised by age of carcass (i.e. ‘old’ vs ‘new’), and 

242 included Site ID as a random effect, with bs="re" referring to a ridge penalty applied to this random effect. 

243 Illumination conditions are challenging to control, particularly in high Arctic regions with low solar angles and 

244 frequent cloud cover (Assmann et al. 2019), and can have significant effects on measured reflectance values 

245 (Ishihara et al. 2015). The random effect was included to account for differences between sites such as habitat type 

246 and variations in illumination conditions between drone flights. The models were applied for points up to 15 m 

247 distance from the carcass centre. The mean value of the control points (between 15 – 20 m away from the carcass) 
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248 was plotted as a horizontal asymptote in plots visualising this modelled relationship. Regions where model 

249 predictions deviated from this horizontal asymptote were highlighted in the resulting plots (as either as 

250 significantly above or below this asymptote) for visualisation. 

251 Results

252 Carcasses have differential but local impacts on plant functional groups

253 Graminoids, bryophytes and lichens responded most strongly to carcasses according to the model selection 

254 procedure. For those responses, including the ‘type’ × ‘band’ interaction outperformed null model (Table 2), and 

255 had at least one significant combination of interaction levels (Table A1). Forb and woody cover did not show a 

256 clear response to reindeer carcasses. The null model outperformed the interaction model for forbs, and the 

257 interaction model for woody plants was arguably better than the null model (∆AIC = 3.3, Table 2). However, given 

258 the disparity between this performance and how much better graminoids, bryophytes, and lichens outcompeted 

259 their null models (∆AIC values closer to 100), the evidence for the woody plants model was considered too weak 

260 to show conclusive differences (Table 2, Table A1). 

261 The regression models showed that for graminoids, lichens, and bryophytes, the induced functional group cover 

262 response was local and did not extend more than a few metres from the carcass. Graminoid cover was overall 

263 larger at the core of the grid versus its surroundings, whereas the opposite was true for lichens and bryophytes 

264 (Figure 3). For all responses, the edge band of the carcass grid was not different from control plot values (Figure 

265 3). Predicted values from these models fit well in the original data ranges (Figure A1).

266 No clear effect of carcass age on proportional cover responses

267 We anticipated that the differential responses for all functional groups would be more pronounced in older 

268 carcasses (i.e. >1 year old) compared to newer (less than 1 year old), however, we only found that forbs showed a 

269 significantly lower median proportion at new sites than at older sites (Figure A2, Table A2). 

270 Spectral indices can capture secondary succession at CDIs 
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271 The best-performing RGB-based vegetation index was the Red Green Blue Vegetation Index, RGBVI (Pearson’s 

272 correlation with NDVI of 0.80, p < 0.001, see Figure A3) and was consequently used for assessing vegetation 

273 responses at CDIs. The generalised additive modelling of RGBVI against distance, as categorised by age, showed 

274 a clear distinction between ‘old’ and ‘new’ carcasses (Table A3, Figure 4). Older sites showed an increase in the 

275 RGBVI values, albeit very locally (up to 1.3 m), and new sites showed a reduction in greenness up to about 1.8 m. 

276 Discussion 

277 Differential impacts of carcasses on plant functional groups

278 The functional group covers at carcasses versus controls corresponded with our expectations for four out of the 

279 five plant functional groups. Bryophytes and lichen showed demonstrable dearth in cover, whereas graminoids 

280 thrived with carcass presence – in agreement with previously published work on the responses of these plant 

281 functional groups to carcass disturbance, and fertilization experiments (Towne 2000; Dormann and Woodin 2002; 

282 Bump et al. 2009b; Arnberg et al. 2022). Forbs have been shown to have varying responses to carcass presence, 

283 depending on biome and carcass age (Towne 2000; Bump et al. 2009b), and generalising forbs as a functional 

284 group would perhaps be an oversimplification due to the variety of life strategies they can present (Jónsdóttir 2011; 

285 Bråthen et al. 2021). Among the graminoids, grasses are known to be resilient and ecologically flexible to high 

286 degrees of disturbance (Linder et al. 2018), which makes them highly adapted to colonize and persist in carcass 

287 influenced areas. Despite retaining several productive traits (e.g. high species richness, high functional richness 

288 and higher productivity), forbs often have lower abundance compared to grasses a phenomenon which has been 

289 coined the ‘forb paradox’ (Bråthen et al. 2021). Our results show no difference in the cover of forb species with 

290 carcass presence, contrary to our expectations of an increase, which may be ascribed to their functional traits 

291 including low cover. Arctic forbs are known to be temperature-dependent during seed production (Arft et al. 1999), 

292 and the germination success of viable seeds are dependent on favourable temperature and moisture conditions 

293 (Bell and Bliss 1980; Müller et al. 2011). Field germination of Arctic forbs is, thus, reported to be low (Bell and 

294 Bliss 1980; Müller et al. 2011) and plant establishment is thought to happen within favourable years (Svoboda and 

295 Henry 1987). Our study may have failed to include such years, and this too could contribute to missed potential 

296 forb responses. Our results on other functional group responses from High Arctic tundra complemented studies of 

297 carcass impacts on these plant functional groups in other biomes. 
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298 Response of functional groups to carcass presence is local

299 We found a local effect of carcass presence on both vegetation composition i.e. functional group changes in plant 

300 cover at core subplots versus edge, and spectral greening, i.e. within the first 2 m. This is in line with other studies 

301 documenting local impacts (within 2 m of carcass presence) on chemical concentrations in both soil and plant 

302 nitrogen levels (Danell et al. 2002; Wenting et al. 2023). Danell et al. (2002) showed that nitrogen levels in plants 

303 (dry matter) was high close to the carcass (< 1 m) and decreased with distance, stabilising after 3 m from the 

304 carcass. In temperate forest biomes, Melis et al. (2007) also reported a similar local influence induced by carcasses, 

305 albeit less dramatic than in tundra and prairie systems, due to high nutrient recycling, higher scavenger densities, 

306 and other factors that are likely more limiting in forest biomes, such as light availability. In retrospect, capturing 

307 the proportional cover changes in three bands of 1 × 1 m size may have been too coarse to capture variation 

308 smoothly, particularly for the age-related effects (see subsequent paragraph). A band width of 0.5 m as used by 

309 Towne (2000) may have better captured variation considering how local these effects are (as they did see a 

310 difference between the first 0.5 m and 1 m), although 1 × 1 m has been sufficient for most other studies reviewing 

311 carcasses and their local impacts on soil and vegetation nutrients (Danell et al. 2002; Melis et al. 2007). In addition 

312 to nutrient deposition, the structure of the carcass itself may contribute to these functional group responses. Fafard 

313 et al. (2019) showed that nutrient deposition at Arctic fox dens increased plant biomass, the structures of which in 

314 turn promoted snow retention and facilitated species that capitalise on these microhabitats. We might expect a 

315 similar influence from carcass structure sheltering certain species from wind in the open tundra and creating 

316 microhabitat conditions. How scavengers mitigate this effect in terms of carcass biomass dispersion is unknown, 

317 but we would expect great disparity between, for example, Arctic foxes and polar bears in this regard.

318 No clear effect of carcass age on functional group cover responses

319 Given our small and unbalanced sample size particularly of the ‘New’ carcass group (n = 8), it was difficult to be 

320 conclusive about the change in proportional cover of functional group with carcass age. The Wilcoxon Rank Sum 

321 Test results showed that in our sample, there was a lower median proportional cover of forbs at new carcasses 

322 compared to old (n = 25, Figure A2, Table A2). As age did appear relevant in our generalised additive model with 

323 more fine-scale distance measures than our ground survey, we believe that the sample size and resulting low 

324 confidence in our estimates simply missed the effect of age in the functional group proportional cover response 
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325 rather than it not being present. Other studies demonstrating the influence of carcass age also show how discrete 

326 this can be, with Towne (2000) showing clear influence of secondary succession over time. Our selection of 33 

327 carcasses for this study was also restricted to those with a clear ‘centre’ i.e. rumen remains, which could bias our 

328 selection too, particularly for the older carcasses. Given the factors limiting slower microbial and vegetation 

329 growth in the Arctic may be time-dependent (Chapin 1983; Propster et al. 2023), our ‘old’ carcasses could still be 

330 considered relatively ‘new’, and perhaps the inclusion of even older carcasses in our sample may have better 

331 portrayed the progression of succession, which our relatively ‘young’ carcass sample may have missed. 

332 Spectral indices can capture secondary succession at CDIs

333 Low and negative RGBVI values seen at the short range for fresh carcasses can be explained by the formation of 

334 a ‘cadaver decomposition island’ which is locally denuded from vegetation in the short term, and contains higher 

335 quantities of bone and fur than at older carcasses (Figure 4). We expected a dearth of vegetation due to nutrient 

336 excess and physical compaction of vegetation (Goyal and Huffaker 1984; Carter et al. 2007) and a green-up with 

337 time to show increased productivity compared to their pre-disturbed stage. The model results show that for the 

338 first few metres, older carcasses show this ‘green up’, with higher RGBVI values than control, very locally to the 

339 carcass, which suggests evidence for secondary succession at the CDI over time and age of the carcass (Figure 4). 

340 NDVI has been widely used to monitor ‘greening’ in the Arctic particularly with respect to climate-change induced 

341 warming effects and monitoring of shrub expansion (Jia et al. 2003; Jia et al. 2005; Myers-Smith et al. 2011). 

342 Existing research on NDVI and its performance in Arctic domains appears comparable to other more extensively 

343 studied biomes. For example, recent ground-truthing efforts in North American tundra systems indicate that NDVI 

344 is a good predictor of the biochemical properties of dominant plant functional types, such as the cover and 

345 photosynthesis of woody shrubs (Jespersen et al. 2023). On Svalbard too, NDVI has shown a linear relationship 

346 with biomass and ‘greenness’ (Johansen and Tømmervik 2014; Vickers et al. 2016). It has also been used as an 

347 indicator for vegetation disturbance on tundra from goose herbivory or winter damage i.e., ‘rain-on-snow’ and 

348 thaw-freeze (Eischeid et al. 2021), and detecting disturbances from CDIs are therefore plausible. RGB-based 

349 vegetation indices have mostly been assessed in agricultural applications, with RGBVI, in particular, being 

350 strongly correlated with plant height and biomass (Bendig et al. 2015). In our study, this would relate primarily to 

351 graminoids, which as the ground survey data confirms, was the functional group with both a large cover 

352 composition and an increase at carcass sites compared to controls. Finally, relying on the strong correlation 
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353 between RGBVI and NDVI in satellite imagery leads us to believe that we could draw similar parallels relating 

354 high RGBVI values with high ‘greenness’ and vegetation productivity. Future research efforts could include drone 

355 surveys with both RGB and near-infrared sensors to confirm how well the RGBVI functions as a proxy for NDVI 

356 here. 

357 Climate change and effects of carrion abundance 

358 Globally, reindeer and caribou have suffered population declines (Vors and Boyce 2009; Uboni et al. 2016). In 

359 contrast, the Svalbard reindeer populations have increased over the last century, linked to both Arctic greening and 

360 recovery from overharvest (Hansen et al. 2019; Le Moullec et al. 2019). According to climate predictions (Rinke 

361 and Dethloff 2008), Svalbard and the Barents Sea are expected to experience some of the highest increases in 

362 surface temperatures, particularly in the winter months. Milder temperatures may cause formation of basal ice 

363 (when precipitation comes as rain) or deeper snowpacks with implications for reindeer forage access and mortality 

364 (Solberg et al. 2001; Putkonen and Roe 2003; Hansen et al. 2011; Albon et al. 2017). Given the high, increasing 

365 populations of Svalbard reindeer and the climate predictions, we expect continued elevated reindeer mortality and 

366 carcass abundance. 

367 Carrion ‘pulses’ i.e. spikes of increased abundance, caused by adverse environmental conditions for instance, can 

368 encourage consumer dynamic shifts, where populations of scavengers may peak with years of carrion abundance 

369 (Ostfeld and Keesing 2000; Moleon et al. 2014). Projected carrion abundance may have cascading effects on 

370 scavengers by boosting their populations, which in turn again may affect vegetation dynamics. For example, Arctic 

371 foxes engineer hotspots of nutrient concentrations in tundra at their denning sites through excrement and directed 

372 distribution of carcass remains for pup rearing (Zhao et al. 2022). Glaucous gulls (Larus hyperboreus), another 

373 abundant scavenger in this system (Gaden 2023), contribute to “orthogenic drainage”, i.e. the transfer of marine 

374 resources to terrestrial areas such as nesting sites (Zmudczyńska-Skarbek et al. 2017; Luoto et al. 2019), and may 

375 be important vectors for distributing carrion derived nutrient across the landscape and diluting ‘local’ CDI effects. 

376 Conclusion

377 Our results show that reindeer carcasses induce local patches of vegetation change in the Arctic tundra of Svalbard. 

378 Carcass distribution is typically not randomly distributed across ecosystems (Bump et al. 2009a; Morant et al. 
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379 2022), including in Svalbard, with preliminary results suggesting that reindeer carcasses occur mostly on south 

380 facing slopes of intermediate steepness and with relatively high NDVI values (van den Berg 2022). These patterns 

381 may contribute to shaping or maintaining vegetation heterogeneity across the landscape. Our study purely focused 

382 on carrion induced impacts on vegetation. However, carrion typically function as biodiversity hotspots that 

383 facilitate ecological interactions between species and organisms of different kingdoms (Barton et al. 2013; Moleon 

384 et al. 2014). Very little knowledge currently exists about the ecological role of carrion in the Arctic tundra, and 

385 how the environmental context can mediate carcass effects on third parties (Barton et al. 2013). Consequently, 

386 estimates of carrion biomass and its spatiotemporal distribution in ecosystems are needed (Barton et al. 2019; 

387 Moleón et al. 2020). In the scope of ongoing global change, mass mortality events are on the rise (Barton et al. 

388 2022). Specifically for Svalbard, more unstable winters with increased frequencies of rain on snow events may 

389 induce more frequent mass mortality events in Svalbard reindeer (Hansen et al. 2019). Given the forecasted 

390 increase in carrion abundance, understanding the ecological dynamics and landscape-level impacts is increasingly 

391 relevant in the face of the region’s unstable climatic future.
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715 Tables 

716 Table 1: Overview of the four RGB-based vegetation indices tested in this study and their formulas. ‘Green’, 

717 ‘red’ and ‘blue’ refer to the visible light wavelengths and correspond to bands in the DJI Mavic 2 composite. 

Vegetation index Calculation References

Modified Green Red Vegetation Index 𝑀𝐺𝑅𝑉𝐼 =
𝐺𝑟𝑒𝑒𝑛2 ― 𝑅𝑒𝑑2

𝐺𝑟𝑒𝑒𝑛2 + 𝑅𝑒𝑑2
Bendig et al. (2015)

Red Green Blue Vegetation Index 𝑅𝐺𝐵𝑉𝐼 =
𝐺𝑟𝑒𝑒𝑛2 ― (𝑅𝑒𝑑 × 𝐵𝑙𝑢𝑒)
𝐺𝑟𝑒𝑒𝑛2 + (𝑅𝑒𝑑 × 𝐵𝑙𝑢𝑒)

Bendig et al. (2015)

Green Leaf Index 𝐺𝐿𝐼 =
(2 × 𝐺𝑟𝑒𝑒𝑛) ― 𝑅𝑒𝑑 ― 𝐵𝑙𝑢𝑒
(2 × 𝐺𝑟𝑒𝑒𝑛) + 𝑅𝑒𝑑 + 𝐵𝑙𝑢𝑒 Louhaichi et al. (2001) 

Excess Red Vegetation Index 𝐸𝑥𝑅 =
1.4 × 𝑅𝑒𝑑 ― 𝐺𝑟𝑒𝑒𝑛

𝐺𝑟𝑒𝑒𝑛 + 𝑅𝑒𝑑 + 𝐵𝑙𝑢𝑒
Meyer and Neto (2008)

718
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719 Table 2: Model performance of the assessed models compared to the null model, with each plant functional 

720 group as a response. For each functional group, the test model was a generalised linear mixed effect model, 

721 with site as a random effect. The test model had a single two-way interaction between the fixed variables 

722 Type (carcass vs. control) and Band (‘core’, ‘inner’, or ‘edge’) i.e. subplot position in the grid. 

Functional 
Group

Model df AICc ∆AICc Weight

Type × Band 8 -4031.82 0 1
Bryophytes

Null 3 -3859.89 171.905 0

Type × Band 8 -5081.16 0 1
Graminoids

Null 3 -4981.49 99.67 0

Null 3 -4500.46 0 0.804
Forbs

Type × Band 8 -4497.63 2.829 0.1956

Type × Band 8 -6686.63 0 1
Lichen

Null 3 -6565.87 120.768 0

Type × Band 8 -4801.98 0 0.842
Woody

Null 3 -4807.64 3.346 0.158

Abbreviations: AICc, Akaike Information Criterion corrected for small sample size; df, degrees of freedom; weight, model 

weight; ΔAICc, AICc difference values compared to the model with the lowest AICc value.

723
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724 Figures

725

726 Figure 1. Overview of the study area with each reindeer carcass site [N = 33] indicated by a red triangle 

727 (basemap: Norwegian Polar Institute n.d.). The smaller map insert (upper left) shows the location of the 

728 study area in the wider context of the Svalbard archipelago (basemap: Esri, World Street Map). Both the 

729 map projection and coordinate system of data plotted is WGS 84 / UTM 33N (ESPG: 32633). 
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730

731 Figure 2: Conceptual overview of the study designs and data collection methods. Two plots (shown as grids) 

732 were overlaid (one over a carcass [right panel], and one at a control location [left panel]). Each grid had 25 

733 subplots, 1 m × 1 m in size. The subplots are categorised into ‘bands’ relating to their position in the grid, 

734 i.e. ‘core’ being the centre subplot, ‘inner’ being those directly adjacent to the core subplot (8 subplots) and 

735 ‘edge’ being the subplots on the perimeter of the grid (16 subplots). A drone was flown 70 m above the grid 

736 pairs, surveying an area of approximately 2 ha.

737
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738

739 Figure 3: Predicted effect sizes based on results of the linear mixed effect models for plant functional groups 

740 that showed significant responses in proportional cover (0 – 1), i.e. bryophytes (top left), graminoids (top 

741 right), lichen (bottom left) and woody plants (bottom right). The effect of the interaction term Type × Band 

742 is plotted, with carcass plots compared to control for the three different band categories (i.e. ‘core’, ‘inner’, 

743 or ‘edge’). For carcasses, there was a difference between the core, inner and edge subplots, whereas for 

744 control plots there was no clear distinction. Edge subplots of carcasses approached control values. 

745
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746

747 Figure 4: Predicted effect sizes based on the generalised additive model of RGBVI values as a response to 

748 distance from carcass centre, with sites categorised by age into ‘new’ (i.e. died that winter, less than 1 year 

749 old) and ‘old’ (older than 1 year). The horizontal asymptote marks the mean RGBVI value, based on pixel 

750 values at distances of 15 – 20 m away from the carcasses.
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1 Appendix

2

3

4 Figure A1: Fitted model results (grey error bars) versus the raw data (boxplots, grouped by Type and Band), 

5 for each of the four functional group's proportional data. The width of the boxplots reflects the data size, 

6 with 1 ‘core’, 8 ‘inner’ and 16 ‘edge’ observations per site (2 × 33). Forbs are excluded as the null model 

7 was the best performer. 
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8

9 Figure A2: The proportional cover (0 – 1) of the vegetation functional groups, as categorized by age. There 

10 was no statistically significant difference in median proportional cover between old and new carcasses for 

11 any of the functional groups, except for forbs which had lower cover at new carcasses compared to old sites. 

12
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13

14 Figure A3: Correlation matrix visualized for the spectral indices calculated from a Sentinel-2 L2A scene 

15 over the study area. NDVI, as widely used vegetation index for vegetation health and productivity, is our 

16 baseline here. 3 RGB-computed vegetation indices are compared with NDVI. Here, RGBVI is the most 

17 strongly positively correlated index (Pearsons correlation r = 0.80, p<0.001). The extreme negative NDVI 

18 values are caused by small snow patches in the satellite image at higher elevations and were not in our study. 

19 The pairs to the lower left show bivariate scatterplots with a fitted line, and the top right show the Pearson 

20 correlation values and their significance (where *** denotes a p-value significance <0.001). This plot was 

21 created using the R-package ‘PerformanceAnalytics’ (Peterson and Carl 2020).
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4

22 Table A1: Parameter estimates and the standard error for the best-performing mixed effect models (GLMMs) per functional group (i.e. proportional cover as a 

23 response). Predictors included in the analysis were the interaction between the fixed, categorical variables, Type (i.e. carcass or control) and Band (i.e. ‘core’, ‘inner’ 

24 or ‘edge’, referring to the position of the subplot cell in the 5 × 5m grid), and the fixed effect Age (i.e. ‘old’ or ‘new’ carcasses). The model for forb proportional cover 

25 is excluded as the null model outperformed the proposed model. The model reference level was set to new carcass core subplot.

Bryophytes Graminoids Lichen Woody
Predictors Est SE p  Est SE p  Est SE p  Est SE p  

(Intercept) -2.09 0.18 <0.001 *** -1.66 0.15 <0.001 *** -3.61 0.21 <0.001 *** -2.42 0.17 <0.001 ***

Type [carcass], Band [core] Reference Reference Reference Reference
Band [inner] 0.44 0.11 <0.001 *** -0.17 0.09 0.057 . 0.73 0.15 <0.001 *** 0.41 0.13 0.001 **

Band [edge] 0.75 0.10 <0.001 *** -0.39 0.09 <0.001 *** 0.91 0.15 <0.001 *** 0.35 0.13 0.006 **

Type [control] 0.73 0.13 <0.001 *** -0.52 0.13 <0.001 *** 1.14 0.18 <0.001 *** 0.30 0.17 0.068 .

Type [control] × Band [inner] -0.36 0.14 0.009 ** 0.20 0.14 0.150  -0.75 0.18 <0.001 *** -0.31 0.18 0.081 .

Type [control] × Band [edge] -0.63 0.13 <0.001 *** 0.37 0.13 0.006 ** -0.98 0.18 <0.001 *** -0.28 0.17 0.106
Random Effects                 
τ00 0.88 Site ID  0.70 Site ID  0.85 Site ID  0.70 Site ID

N 33 Site ID  33 Site ID  33 Site ID  33 Site ID

Abbreviations:  
Est, Estimates (for fixed effects); SE, standard error of estimates; p, p-value indicating significance around the fixed effect
τ00, Variance of the random effect; N, number of categories included in the random effect 
Significance codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
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5

27 Table A2: Wilcoxon Rank Sum test results comparing the core plots of old and new carcasses, for the 

28 different functional groups. Only forbs showed a significant result (p < 0.05) although graminoids also 

29 showed a moderate difference with higher median proportions at old carcasses compared to new.

MedianWilcoxon Rank Sum 
Test New Old

Effect size Z P value Magnitude

Bryophytes 0.125 0.100 0.14 0.80 0.42 small

Graminoids 0.125 0.200 0.32 -1.86 0.06 moderate

Forbs 0.100 0.150 0.45 -2.58 0.01 moderate

Lichen 0.030 0.050 0.09 0.49 0.62 small

Woody 0.150 0.100 0.16 0.90 0.37 small

Abbreviations: Z: Z-statistic; Effect size: 𝑍 𝑁. Varies from 0 to close to 1; Magnitude: Effect size ranges 
categorized, i.e. 0.10 - < 0.3 (small magnitude), 0.30 - < 0.5 (moderate magnitude) and >= 0.5 (large 
magnitude); P-value: Test significance value

30

31 Table A3: Parameter estimates of the generalised additive model of RGBVI as a response variable, and 

32 distance from carcass centre as the fixed effect. Sites were categorised by Age, i.e. ‘new’ and ‘old’ carcasses. 

33 A spline smoother was applied, and Site ID was included as a random effect.

Estimate SE P-value 

(Intercept) 0.05 0.01 <0.0001

 Eff. DF F P-value

s(Distance) [new] 8.2 662.1 <0.0001

s(Distance) [old] 8.9 568.6 <0.0001

s(Site ID) 31.9 3408.4 <0.0001

Adjusted R2 = 0.195, Deviance explained = 19.5%

Abbreviations: Est, estimates for fixed effects; SE, Standard Error around the estimates; Eff DF, effective degrees of freedom 

for the model terms – if higher than one, this suggests that the relationship is non-linear; F, F-statistic value testing the 

significance of the smoothed term; p-value, p-value indicating significance around the fixed/smoothed terms

34
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