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Abstract Extraction of DNA from non-invasive samples (feces) has been used increasingly in genetic 

research on wildlife. For effective and reliable genetic analyses, knowledge about which samples should 

be selected in the field is essential. For this reason, we examined the process of DNA degradation in 

feces of deer. We collected fresh fecal pellets from three wild deer living in a warm temperate forest. 

We then assessed the effects of time (3, 5, and 10 days) under three environmental conditions (on the 

forest floor, on exposed ground, and inside the laboratory) on the rates of correct genotyping (CG), 

amplification failure (NA), genotyping error among positive amplification (ER), false alleles (FA), and 

allelic dropout (AD) of 15 microsatellite loci. The rate of CG significantly decreased, and those of NA 

and FA increased with increasing lapse of time. Rates of CG tended to be highest and those of NA, ER, 

FA, and AD to be lowest in feces kept inside, followed by those on the forest floor. Suitability of 

samples for DNA extraction was lowest in fecal pellets left on exposed ground, and we suspect that rain 

may hasten DNA degradation. NA rate could serve as a reliable indicator of the quality of fecal pellets 

because it was significantly positively correlated with ER rate. For efficient genetic analyses using deer 

feces in warm temperate zones, we recommend collecting fecal pellets within 3 days of defecation, 

during periods without rainfall and from under the cover of trees. 

 

Keywords  Amplification failure, Cervus nippon yakushimae, DNA degradation, Genotyping error, 

Microsatellite, Non-invasive sampling. 



Introduction 

Fecal samples have been used increasingly as a source of DNA for genetic research on elusive animals 

(Kohn and Wayne 1997; Brinkman et al. 2010; Inoue 2015). Their use can avoid negative impacts on 

wildlife conservation and animal welfare that more invasive sampling methods often have. In addition, 

non-invasive genetic sampling methods such as fecal sampling greatly increase the potential of 

socioecological research, e.g., in estimating population sizes or analyzing the relationship between social 

behaviors and kinship (Bellemain et al. 2005; Inoue et al. 2008; Beja-Pereira et al. 2009; Inoue et al. 

2013; Lampa et al. 2013). 

As demonstrated by Beja-Pereira et al. (2009), field conditions, sample storage methods, and 

DNA extraction protocols are very important for reliable genotyping using DNA from feces, because the 

quantity and quality of the subject animal’s DNA in feces tend to be low. Furthermore, DNA 

degradation in feces increases with time after defecation, ambient temperature, humidity, and rainfall 

(Lucchini et al. 2002; Hajkova et al. 2006; Brinkman et al. 2010; Wedrowicz et al. 2013). Consequently, 

careful selection of fecal samples in the field is important for effective and reliable genetic analysis, and 

knowledge of the DNA degradation process is useful for selecting feces in the field for genetic research. 

These processes have been examined in a limited range of species and habitats as follows: wolf, Canis 

lupus (Lucchini et al. 2002); brush-tailed rock-wallaby, Petrogale penicillata, and red fox, Vulpes vulpes 

(Piggott 2004); otter, Lutra lutra (Hajkova et al. 2006); brown bear, Ursus arctos (Murphy et al. 2007); 

blacktailed deer, Odocoileus hemionus (Brinkman et al. 2010); koala, Phascolarctos cinereus 

(Wedrowicz et al. 2013); pygmy rabbit, Brachylagus idahoensis (DeMay et al. 2013); and Sonoran 

pronghorn, Antilocapra americana (Woodruff et al. 2015). With continuing growth in the use of fecal 

samples in research, there is a need for more information to be gathered on additional species in various 

types of habitat. In addition, although the appearance of fecal surface texture may provide important 

cues for feces selection, changes in the appearance of fecal texture over time and their relationship to 

DNA degradation have not been well documented. The relationship between DNA degradation and the 

surface texture of feces needs to be examined. 

For wild ungulate species, most genetic research so far has relied on tissue samples from hunted 

individuals (Tamate et al. 1998; Tamate et al. 2000; Schettler et al. 2006; Yamada et al. 2007; Yuasa 

2007; Yuasa et al. 2007; Henry-Roitberg 2008; Pérez-Espona et al. 2009; Barbosa and Carranza 2010). 

This may be because large numbers of tissue samples could be easily obtained from hunters of common 

game species and pest species (Brinkman et al. 2010). However, hunting is not always feasible for 



collecting DNA samples of ungulates living in severe topography and/or at low population density. 

Moreover, hunting may be prohibited if the species is endangered or living in a wildlife protection area, 

even though genetic research on such populations should be a priority for their conservation. 

Consequently, non-invasive genetic research has gradually begun to prevail even for ungulate 

species as follows: reindeer, Rangifer tarandus (Flagstad et al. 1999); bighorn sheep, Ovis canadensis 

(Wehausen et al. 2004); wild ass, Equus hemionus (Renan et al. 2012); and Cephalophus spp. (Akomo-

Okoue et al. 2015). However, the process of DNA degradation in ungulate feces has been examined only 

in two species: black-tailed deer in a coniferous forest in Alaska (Brinkman et al. 2010) and Sonoran 

pronghorn in an arid area of Arizona (Woodruff et al. 2015). No other information is available for 

ungulate species, even though they are distributed in a wide variety of habitats from tropical to polar 

zones (Whitehead 1993). Therefore, there is a distinct need for more information on the DNA 

degradation process and for recommendations on how to select feces for DNA analysis for a wider range 

of ungulate species living in various habitats.  

In this study, we surveyed the process of DNA degradation in the feces of Yaku sika deer 

(Cervus nippon yakushimae), a subspecies of the Japanese sika deer (Cervus nippon), inhabiting a warm 

temperate evergreen broad-leaved forest in Yakushima, southern Japan. We examined the effects of time 

after defecation and ambient conditions (under cover of the forest canopy, on exposed ground, and in the 

laboratory) on the success of genotyping using 15 microsatellite markers in deer feces. We also report 

changes in the appearance of the fecal pellets over time. Finally, we make recommendations for the 

collection of deer feces in warm temperate zones for efficient and reliable genetic analyses. 

 

 

Materials and methods 

Study area and fecal sample collection  

We conducted our study in a warm temperate evergreen broad-leaved forest around 150 m above sea 

level on the west coast of the island of Yakushima (503 km2; 30° N, 130° E), southern Japan. The area is 

within a National Park, a Wildlife Special Protection Area, and a natural World Heritage site. The 

annual mean temperature is approximately 21 °C, which corresponds to the transition between 

subtropical and warm temperate zones (Tagawa 1994). Annual precipitation is approximately 2600 mm 

(Tagawa 1980). The vegetation of the study area consists mainly of secondary and primary forest 

dominated by evergreen species of Fagaceae, Myrsinaceae, and Lauraceae. Subtropical plants, such as 



Ficus superba, Ficus microcarpa, Trema orientalis, and Cyathea boninsimensis, are also present. Forest 

floor vegetation does not develop, possibly because of shading by evergreen trees and feeding pressure 

from deer (Tsujino and Yumoto 2004). 

Deer in the study area were well habituated (Agetsuma et al. 2011) and researchers could follow 

them and observe their behavior at close quarters. On May 20, 2015, we followed three female deer and 

collected their fecal pellets just after defecation. Then, we collected fecal solutions from the three female 

deer as Day 0 samples. We rubbed the surface of a few fecal pellets of each deer using cotton swabs 

soaked with lyses buffer consisting of 0.5% SDS, 100 mM EDTA, 100mMTris-HCl, and 10 mM NaCl 

(Hayaishi and Kawamoto 2006; Longmire et al. 1997). Then, we stirred the cotton swabs in 2-ml 

microtubes filled with 1 ml of lyses buffer and kept the fecal solutions in the tubes. We divided the 

remaining fecal pellets from each deer into three portions, each of which was kept under one of the 

following environmental conditions: (1) Natural condition (on the forest floor under the forest canopy 

where the feces had been collected), (2) Exposed condition (on exposed ground without cover from rain 

or sunlight), and (3) Indoor condition (inside the laboratory, shaded from sunlight, at a temperature 

between 17 and 25 °C and humidity of about 60%). After 3, 5, and 10 days, we collected fecal solutions 

from fecal pellets under each condition using the procedure described above. All fecal solutions in 2-ml 

microtubes were then kept in the dark at ambient temperature until analysis. We also recorded the 

weather conditions on each day and the changes in the color and surface texture of the fecal pellets 

throughout the study period. Data on temperature and humidity during the study period were obtained 

from a weather station of the Japan Meteorological Agency, located about 25 km from the study site. 

 

DNA analysis 

We extracted DNA from fecal solutions using the QIAamp DNA stool Mini Kit (QIAGEN) on June 1, 

2015. We amplified 15 microsatellite loci used in a previous genetic study on Japanese sika deer (Okada 

and Tamate 2000). For multiplex polymerase chain reaction (PCR), we modified several primers and 

prepared two primer sets (Table 1): set I (CSSM019, TGLA53, ETH225, Cervid14, CSSM043, 

BOVIRBP, and BM3628) and set II (OarFCB193, BM4107, BM203, RM188, BM888, BMC1009, 

BM6506, and BL42). We added the sequence GTTCTT to the 5′ end of the reverse primers for complete 

adenylation of the 3′ end of the forward strand (Brownstein et al. 1996). 

PCR amplifications were carried out in a total volume of 10 μl, containing 2 μl template DNA, 5 

μl PCR Master Mix (QIAGEN multiplex PCR Kit), and 0.2 μM of each primer (forward primers were 



fluorescently labeled, Table 1). After initial incubation at 95 °C for 15 min, 45 amplification cycles were 

performed with denaturation at 94 °C for 30 s, annealing at 57 °C for 30 s, and extension at 72 °C for 30 

s, followed by a final extension at 60 °C for 30 min. 

DNA fragment analyses were performed using an ABI3130xl Genetic Analyzer (Thermo Fisher 

Scientific), and fragment sizes were determined with Peak Scanner Software version 1.0 (Thermo Fisher 

Scientific). 

 

Data analysis 

DNA extracted from fecal samples can be degraded and present at a low concentration (Taberlet et al. 

1996). To ensure accurate genotyping of each individual, we followed the rule proposed by Lampa et al. 

(2013): heterozygous and homozygous alleles are determined by at least three and two positive 

replicates, respectively. We conducted three PCR replicates for Day 0 samples using primer sets I and II 

and obtained identical genotypes among the three replicates for each individual, except for two probable 

allelic dropout cases (CSSM043 and RM188). In both cases, heterozygous alleles were confirmed by 

two positive PCRs. Thus, the genotypes of Day 0 samples were used as reference genotypes.  

For other fecal solutions, we conducted a single PCR per sample. Subsequently, we checked a 

total of 405 microsatellite loci (15 loci × 3 deer individuals × 3 conditions × 3 periods) for the correct 

genotype (CG), amplification failure (NA), and genotyping error (ER). We further classified ER into 

false allele (FA), which was an error of producing a spurious band, and allelic dropout (AD), which was 

an error of lacking one of two alleles in a heterozygous individual. Rates of CG and NA were calculated 

by dividing the numbers of observed CG and NA by the total number of analyzed loci. Rates of ER and 

FA were calculated by dividing the numbers of ER and FA by the total number of positive 

amplifications (PA). The AD rate was calculated as the number of AD divided by the total number of 

positive amplifications expected to be heterozygous genotypes based on the reference genotypes 

(Broquet and Petit 2004). 

Statistical analyses were performed using the R statistical computing environment, version 3.2.0 

(R Core Team 2015). To quantify the effects of time after defecation and environmental conditions on 

rates of CG, NA, ER, FA, and AD, we used generalized linear mixed models (GLMM). GLMMs were 

created using the “glmmadmb” function in the glmmADMB package of R (Skaug et al. 2014). For 

testing the rates of CG or NA, we set the number of loci with CG or NA in each individual deer as 

response variables and the log-transformed total number of loci analyzed (i.e., 15 loci) as an offset term. 



For the rates of ER or FA, we set the number of loci with ER or FA in each individual as response 

variables and the log-transformed number of PA as an offset term. For the AD rate, we set the number of 

loci with AD as response variable for each individual and the log-transformed number of positive 

amplified loci of heterozygous genotypes as an offset term. We applied the zero-inflation option for ER, 

FA, and AD in GLMM. Then, we set time lapsed (days) and environmental condition as explanatory 

variables (the Natural condition was the reference category), and deer ID as a random effect term on the 

intercept in the GLMM. We assumed that the response variables followed a negative binomial 

distribution with a log link function. We made models with all possible combinations of variables and 

calculated Akaike’s Information Criterion (AICc) and Akaike weights of the models. We then selected 

the model with the lowest AICc. 

 
Table 1   Microsatellite marker information, and number of alleles (A) and heterozygosity (Ho) in Yaku sika deer 

analyzed 

Locus Dye Multi N Range A Ho 

CSSM019 FAM I 3 154-162 3 0.667 

TGLA53 FAM I 3 182-195 3 0.667 

ETH225 HEX I 3 144-164 3 0.667 

Cervid14 HEX I 3 235-243 3 0.333 

CSSM043 HEX I 3 262-264 2 0.667 

BOVIRBP NED I 3 185 1 0.000 

BM3628 NED I 3 208-216 3 0.667 

OarFCB193 FAM II 3 129-133 3 0.667 

BM4107 FAM II 3 166-174 3 1.000 

BM203 FAM II 3 223-233 2 0.667 

RM188 HEX II 3 148-160 3 1.000 

BM888 HEX II 3 204-210 3 0.667 

BMC1009 HEX II 3 286-294 2 0.667 

BM6506 NED II 3 203-220 2 0.333 

BL42 NED II 3 256-258 2 0.333 

Mean     2.5 0.600 

Multi, set of multiplex PCR, N, number of deer individuals analyzed 



Results 

The mean daily temperature during the study period (from May 20 to 31, 2015) was 21.3 °C (range 16–

27 °C), and the mean daily humidity was 76% (range 56–89%). It rained on Day 3, Day 8, and Day 10.  

Among the 15 microsatellite loci analyzed in Day 0 samples, the mean number of alleles was 

2.5, and the mean heterozygosity was 0.60 (Table 1). For samples from Day 3 to Day 10 under the three 

environmental conditions, the mean rates of PA, CG, and NA were 67.2, 60.2, and 32.8%, respectively 

(Table 2). 

 

Table 2   Rates (%) of positive amplification (PA), correct genotype (CG), and amplification failure (NA) in each locus 

 

N number of samples analyzed 

 

For the Indoor condition, the CG rate held at about 100% (97.8–100%) and the rates of NA, ER, 

FA, and AD were close to 0% (0–3.7%) throughout the study period (Fig. 1). For the Natural condition, 

the CG rate on Day 3 was 100% and the rates of NA, ER, FA, and AD were 0%. After that, the CG rate 

rapidly decreased and the rates of NA, ER, and AD increased. In the Exposed condition, DNA 

degradation progressed faster than that in the other two conditions (Fig. 1). 

PA rate CG rate NA rate

Day 3 Day 5 Day 10 Mean Day 3 Day 5 Day 10 Mean Day 3 Day 5 Day 10 Mean

CSSM019 9 77.8 77.8 66.7 74.1 77.8 66.7 55.6 66.7 22.2 22.2 33.3 25.9

TGLA53 9 77.8 55.6 44.4 59.3 77.8 55.6 33.3 55.6 22.2 44.4 55.6 40.7

ETH225 9 88.9 77.8 33.3 66.7 77.8 55.6 33.3 55.6 11.1 22.2 66.7 33.3

Cervid14 9 77.8 55.6 33.3 55.6 77.8 55.6 33.3 55.6 22.2 44.4 66.7 44.4

CSSM043 9 77.8 44.4 33.3 51.9 77.8 33.3 33.3 48.1 22.2 55.6 66.7 48.1

BOVIRBP 9 88.9 77.8 44.4 70.4 88.9 66.7 44.4 66.7 11.1 22.2 55.6 29.6

BM3628 9 88.9 66.7 44.4 66.7 77.8 55.6 33.3 55.6 11.1 33.3 55.6 33.3

OarFCB193 9 100.0 77.8 88.9 88.9 100.0 55.6 77.8 77.8 0.0 22.2 11.1 11.1

BM4107 9 100.0 55.6 55.6 70.4 100.0 44.4 33.3 59.3 0.0 44.4 44.4 29.6

BM203 9 100.0 88.9 55.6 81.5 88.9 44.4 55.6 63.0 0.0 11.1 44.4 18.5

RM188 9 100.0 66.7 44.4 70.4 77.8 44.4 33.3 51.9 0.0 33.3 55.6 29.6

BM888 9 100.0 33.3 33.3 55.6 100.0 33.3 33.3 55.6 0.0 66.7 66.7 44.4

BMC1009 9 100.0 44.4 44.4 63.0 100.0 44.4 44.4 63.0 0.0 55.6 55.6 37.0

BM6506 9 100.0 44.4 66.7 70.4 100.0 44.4 55.6 66.7 0.0 55.6 33.3 29.6

BL42 9 100.0 55.6 33.3 63.0 100.0 55.6 33.3 63.0 0.0 44.4 66.7 37.0

Mean 91.9 61.5 48.1 67.2 88.1 50.4 42.2 60.2 8.1 38.5 51.9 32.8

Locus N



 

Fig. 1  Rates of correct genotype (CG), amplification failure (NA), genotyping error (ER), false allele 

(FA), and allelic dropout (AD) over time in three different environments 

 

 

The rates of CG, NA, ER, FA, and AD were significantly different between the three 

environmental conditions in which fecal pellets were placed (Table 3). The CG rates tended to be higher 

in the Indoor condition and lower in the Exposed condition than in the Natural condition. On the other 

hand, the rates of NA, ER, FA, and AD tended to be lower in the Indoor condition and higher in the 

Exposed condition than in the Natural condition. In addition, time after defecation had a highly 

significant negative effect on the CG rate and a positive effect on the NA and FA rates (Table 2). 

 

Table 3  Selected models for rates of correct genotype (CG), amplification failure (NA), genotyping error (ER), false 

allele (FA), and allelic dropout (AD) 

 

For coefficients of conditions, the reference category was Natural condition, N number of samples analyzed 

*P < 0.05, **P < 0.01, ***P < 0.001 

 

Response variable N Df AIC Akaike weight

CG 27 -12.18*** -0.13 lapse day*** +0.71 Indoor** -0.80 Exposed** 6 165.7 0.989

NA 27 -14.72*** +0.20 lapse day*** -25.68 Indoor +0.71 Exposed* 6 115.8 0.948

ER 26 -5.30*** -12.27 Indoor*** +2.28 Exposed 6 112.5 0.615

FA 26 -17.50*** +0.90 lapse day*** -20.74 Indoor +5.85 Exposed*** 7 64.6 0.694

AD 25 -0.67 -9.90 Indoor*** +0.30 Exposed 6 95.2 0.766

Selected model



There was a highly significant positive correlation between the rates of ER and NA (ER = 0.733 

× NA−0.991, r = 0.94, N = 9, P < 0.001, Fig. 2). Therefore, it is possible to predict the ER rate from the 

NA rate to some extent. The regression equation showed that when the NA rate was lower than 25%, 

which corresponded to the NA rates of all conditions on Day 3 (Fig. 1), the ER rate was expected to be 

less than 18%. 

 

 

 

Fig. 2  Relation between rates of NA and ER with regression line (ER = 0.733 × NA−0.991, r = 0.94, N = 9, P < 0.001) 

 

 

The surface texture of the fecal pellets changed over time and was influenced by the 

environmental condition. On Day 0, the surface was slightly wet and shiny dark brown. In the Indoor 

condition, the surface gradually became dry and the color changed from brown to black by Day 5. By 

Day 8, small cracks could be seen on the surface. In the Natural condition, the pellet surface was shiny 

blackish brown and dry until Day 2. However, after the small rain on Day 3, the surface appeared quite 

similar to what it had been on Day 0. On Day 5, the pellet surface was not noticeably different from that 

on Day 3, although parts of the pellets were broken. When we rubbed the surface of the pellets with 

cotton swabs to sample DNA, they collapsed. After the rain on Day 10, although there were no cracks 

on the surface, the pellets easily collapsed when picked up using tweezers. In the Exposed condition, the 

pellets were already dry and blackened by Day 1. However, after the small rain on Day 3, the pellets 

became wet and dark brown and the appearance was quite similar to that on Day 0. On Day 5, the 



surface had become matte with reddish brown cracks, which increased with desiccation. However, after 

the rain on Day 10, the surface texture was once again similar to that on Day 0. 

 

 

Discussion 

This study provided information about the process of DNA degradation in feces of deer living in the 

warm temperate zone. Fecal pellets kept in the Indoor condition showed little evidence of DNA 

degradation. In general, DNA degradation increased with time after defecation in the Natural and 

Exposed conditions (Fig. 1 and Table 2). The only result that appeared to be an exception was the rate of 

AD for Day 10 samples, which was lower than that for Day 5 samples in the Exposed condition (Fig. 1). 

This was probably due to the low PCR success rate for those samples, which causes a small 

denominator. One notable finding was that the CG rate was 100% using feces left on the forest floor 

(Natural condition) for 3 days after defecation. 

Rates of CG tended to be higher and those of NA, ER, FA, and AD tended to be lower in the 

Indoor condition than in the Natural condition. By contrast, rates of CG tended to be lower and those of 

NA, ER, FA, and AD tended to be higher in the Exposed condition than in the Natural condition (Table 

3). Similarly, Brinkman et al. (2010) reported that for black tailed deer in the cool temperate zone rates 

of NA and ER remained low for feces kept in boxes. The temperature and humidity of the Indoor 

condition were not very different from those of the Natural condition, which suggest that these factors 

may not affect DNA degradation in this study. It is difficult to judge whether rain or other factors, such 

as sunlight, were responsible for increasing the rate of DNA degradation. However, rain may be a major 

factor, as suggested by Wedrowicz et al. (2013), because the CG rate decreased rapidly under Natural 

and Exposed conditions after the first rain on Day 3. Removal of water is one of the essential approaches 

to preventing activation of nuclease when sampling feces (Beja-Pereira et al. 2009). Therefore, it is 

reasonable to think that DNA degradation accelerates after rain. 

We should pay particular attention to the rates of ER (FA and AD), because FA and AD lead to 

inaccurate results, while NA just decreases the efficiency of genetic analyses. However, in some 

situations, it is difficult to calculate rates of FA and AD using non-invasive samples, because the number 

of PCR replicates required is different according to PCR error rates (Morin et al. 2001). In this study, we 

showed that we can assess the quality of fecal DNA samples to some extent by using the NA rate, as it 

was highly correlated with the ER rate (Fig. 2). DNA samples with an NA rate of less than 25% were 



expected to have an ER rate of less than 18% in this study. When we used 18% ER, the probability that 

all three consecutive PCRs yield false genotypes was 0.006 (i.e., 0.183). Therefore, if three PCR 

replicates yield the same genotype, the genotype is highly reliable. Feces of Day 3 under all 

environmental conditions in this study were suitable for genetic analyses, because all had ER rates lower 

than 15% (Fig. 1). Therefore, collecting feces within 3 days of defecation may be important for reliable 

genotyping, although rain might have a negative effect on correct genotyping.  

This study showed that the fecal surface appearance was also affected by rainfall. Rain produced 

a recovery in the apparent freshness of the surface texture of fecal pellets. Without the effect of rainfall 

(Indoor condition), we found a gradual change in color and an increasing dryness of the feces. In 

addition, our data suggested that surface cracks might be regarded as a marker of DNA degradation in 

the field.  

Based on the results of this study, we propose a number of recommendations for the selection of 

deer feces for efficient genetic analyses in the warm temperate zone. In cases where a repeatable routine 

census is possible, we recommend sampling feces at an interval of 3 days or less. The majority of the 

fecal pellets collected would then be recent enough to yield reliable genotypes regardless of 

environmental conditions. In cases where routine census is not possible, we recommend sampling when 

there has been no rainfall for several days before. As far as possible, selection of fecal pellets should be 

based on the absence of cracks and if the pellet can be picked up without collapsing by using tweezers; 

further, sites that are under the cover of trees should be prioritized. After PCR and genotyping, the fecal 

samples can then be screened to show which of them can yield reliable genotyping for further analyses 

by using the NA rate (as an indicator of ER rate). 

The use of non-invasive sampling for genetic analyses has increased in various fields, including 

socio-ecological research such as estimation of population sizes and the effect of kinship on behavior 

(e.g., Bellemain et al. 2005; Inoue et al. 2008, 2013; Lampa et al. 2013). In the future, the application of 

non-invasive sampling for genetic analyses is likely to expand to include additional fields of study 

because of its usefulness (Kohn and Wayne 1997). To complement this research, there is a need for 

much more information about species-specific and habitat-specific designs for fecal sampling to 

minimize the influence of DNA degradation (Lampa et al. 2013). Our proposed recommendations could 

serve as a useful point of reference, not only for sika deer in a warm temperate forest, but also for other 

even-toed ungulates in various forest ecosystems. 
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