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Abstract 

The regular movement of animals between summer and winter ranges, termed seasonal 

migration, is a common phenomenon among ungulates at northern latitudes. The most 

prominent hypothesis to explain seasonal migration is the forage maturation hypothesis; it 

predicts that large herbivores will preferentially follow phenological (or green-up) gradients 

in order to access the highest possible forage quality with sufficient quantity. Surprisingly few 

studies provide empirical testing of the forage maturation hypothesis, and a question not often 

addressed is which landscape variables underlie the phenological gradient that makes 

migration a beneficial strategy. I tested the forage maturation hypothesis using the normalized 

difference vegetation index (NDVI), an index of plant phenology, and feces analyses as 

measures of forage quality and linked it with space use data from partially migratory red deer 

(Cervus elaphus) in Norway. Specifically, I investigated whether migratory individuals had 

access to higher quality forage than stationary, and the role of landscape variables for access 

to high quality forage. Generalized linear mixed models were used to analyze different 

measures of forage quality as responses to a set of covariates, including landscape variables. I 

found evidence that migratory red deer gain access to more high quality forage than stationary 

red deer, consistent with the forage maturation hypothesis. I found a positive effect of 

elevation on access to high quality forage for migratory individuals, and a diverse effect of 

other landscape characteristics, such as aspect and home range size. There was a positive 

effect of distance to fjord on accessed forage quality. This study sheds light on the 

relationship between the landscape an ungulate inhabit and the possibilities and limitations to 

access high quality forage within this landscape. Considering future climate change, and 

consequent changes in phenological gradients, it is important to understand the mechanisms 

causing the phenological gradients that migratory ungulates benefit from. Given the high 

diversity of impact by different variables found in this study, the effect of climate change may 

differ for populations across ecosystems.    
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1 Introduction 

Migration between separate seasonal home ranges is a common phenomenon across 

animal taxa and in many ecosystems all over the globe (Dingle 2014). Despite that this has 

been the subject of much research (Chapman et al. 2011), the mechanisms behind animals’ 

choice to migrate or stay in the same range are not clearly understood (Gaillard 2013; 

Middleton et al. 2013; Mysterud 2013). At northern latitudes, migratory animals move from 

summer to winter ranges when snow causes a seasonal range contraction in autumn 

(Hebblewhite et al. 2008). It is less clear why animals migrate again in spring, and it is likely 

that several mechanisms are involved (Mysterud 2013). Evidence suggests that spring 

migration influences the fitness of animals through increased diet quality (Hebblewhite et al. 

2008), decreased predation risk (White et al. 2014) and decreased interspecific competition 

(Mysterud et al. 2011). Partially migratory populations are comprised of both migratory and 

stationary individuals who experience identical ecological conditions in their winter ranges. 

This gives a natural “treatment-control” design, and provides a robust method to test 

hypothesis concerning causes and consequences of migration (White et al. 2014). 

Several mechanisms might be involved in causing spring migration, but the most 

prominent hypothesis is the forage maturation hypothesis (Fryxell and Sinclair 1988). The 

forage maturation hypothesis predicts that large herbivores will preferentially follow 

phenological (or green-up) gradients in order to maximize access to the highest quality of 

forage with sufficient quantity (Fryxell et al. 2004). Foraging on plants in an early 

phenological state, instead of on highest possible biomass, is a common strategy for ungulates 

(Hebblewhite et al. 2008). The earliest phenological plant stages are of the highest quality to 

herbivores due to high cell soluble content (Van Soest 1994). By concentrating their foraging 

effort on areas with high quality forage, large herbivores are expected to obtain both higher 

quality forage per bite and less time spent on rumination providing increased time for 

foraging (the multiplier effect), ultimately resulting in increased body growth, pregnancy rates 

and survival rates (White 1983).  

The general description of the forage maturation hypothesis in seasonal environments 

is that herbivores utilize spatial variation in the onset of plant growth to enhance the duration 

of access to newly emergent, high quality plants (Hebblewhite et al. 2008). Surprisingly few 

studies provide empirical testing of the forage maturation hypothesis (Albon and Langvatn 

1992; Hebblewhite et al. 2008; Bischof et al. 2012). For red deer (Cervus elaphus) in Norway, 
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measures of plant quality along an elevation gradient (Albon and Langvatn 1992; Bischof et 

al. 2012) clearly support the main predictions from the forage maturation hypothesis in the 

general sense that migratory individuals have access to a higher quality diet than stationary 

animals. However, a question seldom addressed is which landscape variables that underlie the 

most beneficial phenological gradient for ungulates. In what landscape will seasonal 

migration be the most beneficial strategy to access high quality forage? At high elevation the 

snow cover remain for a longer time in spring, and together with lower temperatures this is 

causing a delayed forage development during summer (Middleton et al. 2013; Mysterud 

2013). Plants in the inland and at higher elevations mature later in spring, and with a slower 

rate than by the coast and at lower elevation (Albon and Langvatn 1992; Sawyer and 

Kauffman 2011), thus migration to high elevation or inland might lead to improved diet for a 

prolonged time. Sawyer et al. (2011) found that forage quality at migration stop-over sites 

was positively correlated with elevation and distance from winter ranges. Because the average 

snow depth increase from coast to inland on the west coast of Norway (Mysterud et al. 2011), 

I will include covariates in my analysis that describe distance from coast and distance from 

fjord, to explain differences in accessed forage quality. Home ranges with north facing aspects 

may also lead to improved diet for a prolonged time, because they have delayed snow melt 

compared to south facing aspects (Albon and Langvatn 1992). Mysterud et al. (2001) found 

that autumn body weight of red deer was positively correlated to a diverse topography, and 

not to high-elevation habitat itself. I will include five covariates in my analyses as indices of a 

diverse topography that may contribute to a differential snow melt.  

Climate change may alter the timing and duration of spring, and this may have an 

effect on the phenological gradient and the benefit of migration (Middleton et al. 2013). 

Changes in spring timing can lead to mismatch (Both et al. 2006) when animals try to 

optimize the foraging opportunity at important life stages. High forage quality during summer 

is important for temperate ungulates, and the timing between peak forage quality and 

parturition is crucial (Parker et al. 2009). If climate change shorten the duration of spring 

green-up, this may also affect ungulates negatively, as they get less time with favorable 

foraging conditions (Middleton et al. 2013). It is therefore important to determine which 

landscape variables contribute to the phenological gradient that migrators exploit, to know 

how future climate change will affect the benefit of migration in different ecosystems. 

Forage quality for ungulates can be measured by several methods. Direct analyses of 

crude protein and fiber content in plants can be used to measure the plant quality in different 
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landscapes and at different plant stages (Albon and Langvatn 1992), but this is time and 

resource consuming, and may be a reason why the forage maturation hypothesis rarely has 

been tested thoroughly (Albon and Langvatn 1992; Hebblewhite et al. 2008). Satellite pictures 

measuring the greenness of the vegetation, such as the normalized difference vegetation index 

(NDVI), has become increasingly popular (Pettorelli et al. 2005b; Bischof et al. 2012; 

Middleton et al. 2013; Lendrum et al. 2014). It has been shown that this is a good proxy for 

vegetation attributes correlated with crude nitrogen content of feces from deer (Hamel et al. 

2009). Analysis of feces is a relevant approach to test what plant quality the individual 

ungulate has had access to, and have been used in diet studies both on wild and captive 

ungulates (Hebblewhite et al. 2008; Zweifel‐Schielly et al. 2012; Monteith et al. 2014).  

The aim of this study is to test predictions from the forage maturation hypothesis, by 

analyzing the difference in forage quality between migratory and stationary red deer during 

the growth season. I will analyze three indirect measures of plant quality; fiber and nitrogen 

content in feces, and the amount of newly emergent plants using NDVI, associated with the 

individual movement paths obtained from GPS marked deer.  

My first prediction (P1) is that migration increases access to high quality forage, by 

utilizing spatial variation in plant phenology to access newly emergent plants. Specifically, I 

predict that migratory red deer have greater cumulative access to a green-up gradient 

measured as NDVI (P1a), higher nitrogen content in feces (P1b) and lower fiber content in 

feces (P1c), relative to stationary red deer. 

My second prediction (P2) is that variation in forage quality is due to landscape 

characteristics, and that such differences in landscape characteristics can explain difference in 

forage quality between migratory and stationary individuals. Specifically, I predict that 

landscape characteristics that may lead to a greater variation in the rate of snow melt; higher 

elevation, variable topography (increasing standard deviation of elevation and home range 

size), north-faced aspects and steeper slopes, are positively related to forage quality (P2a). I 

also predict that increasing distance from fjord and coast are positively related to forage 

quality (P2b). 
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2 Materials and methods 

2.1  Study area  

Four counties on the west coast of Norway comprises the study area for this thesis; 

Hordaland, Sogn & Fjordane, Møre & Romsdal and Sør-Trøndelag (Figure 1). The counties 

Hordaland, Sogn & Fjordane and Møre & Romsdal is the core area for red deer in terms of 

historical distribution and population density in Norway. The temperature and snow depth 

reflect a typical coast-inland gradient, where temperature decrease and snow depth increase 

from coast to inland (Mysterud et al. 2011). The vegetation is for the most part in the 

boreonemoral zone, with a small proportion of Sør-Trøndelag in the southern boreal zone, and 

a small proportion of Hordaland in the nemoral zone (Moen et al. 1998). Natural forests are 

characterized by Scots pine (Pinus sylvestris) and deciduous trees like birch (Betula spp.) and 

grey alder (Alnus incana) (Albon and Langvatn 1992; Lone et al. 2015). Densely planted 

Norway spruce (Picea abies) has a patchy distribution across the study area. Agricultural 

areas are mainly located on flatter grounds by the coast or at valley floors. Cultivated land is 

for the most part meadows and pastures for grass production. Some grains (Hordeum vulgare 

and Avena sativa) are produced in the warmest and most fertile areas, particularly in Sør-

Trøndelag. The study area has a diverse topography from flat coastal areas to steep fjord-

landscapes and mountains. The fieldwork was conducted in Møre & Romsdal county (Figure 

1), covering 11 municipalities: Aure, Tingvoll, Surnadal, Sunndal, Fræna, Rauma, Vestnes, 

Sykkylven, Stranda, Ørsta and Stordal. 
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Figure 1: Illustration map of the study area situated at the west coast of Norway, the counties Sør-

Trøndelag, Møre & Romsdal, Sogn & Fjordane and Hordaland marked in yellow from north to south 

and a more detailed map of Møre & Romsdal with municipalities where field work was conducted 

marked in yellow. Maps were downloaded from Kartverket (http://www.kartverket.no).   

2.2 Red deer data 

This study used data from more than 300 collared red deer in four counties in Norway 

(Møre & Romsdal, Hordaland, Sogn & Fjordane and Sør-Trøndelag; Figure 1) recorded from 

2004 to 2014. The capture-procedure to collar red deer is approved by the Norwegian Animal 

Research Authority, and data from collared individuals has been used in several studies (e.g. 

Bischof et al. 2012; Lande et al. 2014; Lone et al. 2015). Immobilization and marking follow 

Møre & Romsdal 
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standard procedures (Sente et al. 2014; Lone et al. 2015). When the deer is immobilized, it is 

weighed and the length of the hind leg is measured. Adult deer (females above 1.5 years and 

males above 2.5 years) was marked with a GPS-collar (Tellus from Followit, Sweden, and 

GPS ProLite from Vectronic, Germany) (Meisingset et al. 2013). Collars were set to 

download a position every, or every second hour. Locations taken during the first 24 hours 

after marking were removed and the raw data was screened for outliers following Bjørneraas 

et al. (2010). The GPS collar can be active for up to three years, but most collars only provide 

information for one or two years. In this thesis, only the first recorded season per individual is 

used, to avoid pseudo-replication and because between-year variation is not of interest in this 

context. I was provided with a dataset where all individuals were categorized as migratory or 

stationary, following the procedure of Bischof et al. (2012) (Figure 2). Individuals with a 

movement pattern that do not fit one of these categories were not included in the dataset. The 

migrators generally depart from their winter range in early May, and they normally use less 

than a week to reach the summer range where parturition takes place (Bischof et al. 2012). 

They depart from the summer range during autumn with a median date in mid of September 

(Rivrud et al. in press). The distance migrated can vary greatly, and range from 3 to 101 km, 

with a median distance of 17 km in females and 22 km in males (Bischof et al. 2012). 

Stationary individuals remain by definition in overlapping home ranges throughout the year. 
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Figure 2: Migration profile for one migratory (upper) and one stationary (lower) red deer in 

Norway, showing the distance (km) from the first GPS location through the year. Each dot 

represents one GPS fix. For the migratory individual, blue dots represent time spent in winter home 

range, orange represent migratory period and green dots represent time spent in summer home 

range. For the stationary individual, blue dots represent the winter season and green dots represent 

the growth season. Note the scale difference on the y-axis. 

2.3 Home range characteristics 

In the dataset provided for this thesis, two home ranges of different time scales were 

calculated for each individual deer. July home ranges were calculated for both stationary and 

migratory deer. Home ranges in the growth season were calculated differently for migrators 

and stationary individuals: For stationary red deer, GPS-fixes from 1 April to 31 August were 

used. Summer home ranges for migratory deer were calculated using GPS-fixes from the time 

they reached the summer ranges, until they departed back to winter ranges. Fixed-kernel 

density estimation was used to calculate home range in R-package adehabitat (Calenge 2006). 
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The kernel home range estimate used is the area that includes 95% of an estimated utilization 

distribution volume (Kernohan et al. 2001). The reference method was used to calculate the 

smoothing factor, h for each individual (Kernohan et al. 2001). Home range size is measured 

in hectares (ha). 

A range of landscape covariates (Table 1) were extracted from the individual home 

ranges by overlaying the home range polygons on the landscape maps, and the mean of all 

pixel values within the home ranges were calculated. Slope, aspect and elevation were derived 

from a Digital Elevation Model (DEM). 

Table 1: A list of all covariates included in the initial model selection process, when analyzing 

differences in forage quality between migratory and stationary red deer in Norway. “Sampling date”, 

“weight at marking”, “length of hind leg”, “migratory behavior” and “sex” are classified as biological 

covariates, and the variables below are the landscape covariates. To avoid convergence issues in the 

models by variables being on very different scales, most landscape variables were rescaled by 

centering on their mean value and dividing by their standard deviation in all models. 

COVARIATES UNITS 

Biological covariates 

Sampling date (of feces) 

 

Julian date 

Weight at marking Kilograms 

Length of hind leg Centimeters 

Migratory behavior Stationary/migratory 

Sex Male/female 

 

Landscape covariates 

 

Distance to coast Kilometers (scaled) 

Distance to fjord Kilometers (scaled) 

Elevation Meters above sea 

level (scaled) 

Slope Degrees (0 to 90) 

(scaled) 

Aspect Degrees (0 (north) to 

360) (scaled) 

Standard deviation of 

elevation 

(scaled) 

Pasture Proportion (0 to 1) 

Forest Proportion (0 to 1) 

Mountain Proportion (0 to 1) 

Other habitat types Proportion (0 to 1) 

Home range size Hectares (scaled) 

 

Slope is a measure of the steepness in the home range, measured in degrees from 0 to 

90. Aspect ranges from 0 to 360 and describe the orientation of the home range where 0 is 

north and 180 is south. Distance to coast and distance to fjord are measured in kilometers. 

Elevation is meters above sea level. In addition, the standard deviation of elevation was 
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extracted for each home range as a measure of the variation in topography. Home range size 

was also included as a measure of topographic variation since a larger home range should 

encompass more variability. The proportion of different habitat types within the home range 

were derived from digital land resource maps provided by The Norwegian Forest and 

Landscape Institute, with a scale of 1:50000. The original 8 habitat types were simplified to 

four categories; pasture, forest, mountain and all other habitat-types (settlement, marsh, water, 

glaciers and areas not mapped). These proportions together add up to one for each home 

range. The habitat proportions were included in the analysis to control for the effect different 

composition of habitat types may have on accessed forage quality. All landscape maps were 

rasterized with a resolution of 100 m.  

2.4 Plant phenology from satellite NDVI 

The normalized-difference vegetation index (NDVI) is a measure of reflected 

photosynthetic activity in a defined area. Data on NDVI was extracted by downloading 

images covering Norway derived from the satellite MODIS TERRA (MOD13Q1), available 

from the NASA Land Processes Distributed Active Archive Center website (LP DAAC 

2000). The resolution of these images is squares of 250x250 m (pixels) with a temporal 

resolution of 16 days. For each 16-day period, the images were merged and subsampled using 

the MODIS re-projection Tool v.4.1 (https://lpdaac.usgs.gov/tools/modis_reprojection_tool). 

The NDVI has been used as a measure of forage quality in several studies recently 

(Hebblewhite et al. 2008; Sawyer and Kauffman 2011; Bischof et al. 2012). It is shown to be 

a good proxy for plant phenology, correlated with fecal nitrogen in alpine ungulates (Hamel et 

al. 2009). By calculating the changes in NDVI over time, it can also be used to extract 

information about the rate of green-up of the vegetation in a growing season (Bischof et al. 

2012), i.e., an index of plant phenology. 

 In the dataset available for this thesis, the NDVI time series were calculated, a short 

review of the method used to process raw data is presented here. The time series were 

constructed for each pixel that contained red deer relocations through the summer season. To 

get the relative shape of time series instead of absolute values, they were scaled between 0 

and 1. NDVI time series contains noise, originating from atmospheric disturbance, snow and 

ice cover, sensor issues and other measurement errors. Unrealistic or unreliable data points 

must be removed from the dataset. This was done by filtering the raw NDVI data, and fitting 

https://lpdaac.usgs.gov/tools/modis_reprojection_tool
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a double-logistic function to the annual NDIV-data. This method is developed by Beck et al. 

(2008) and have been shown to perform well to reduce noise and maintain data integrity when 

fitting full-year NDVI time series (Hird and McDermid 2009). To find the rate of change in 

greenness, the first derivative of the spring-part of the double-logistic function was fitted to 

the NDVI time series. The rate of green-up should be highest where the NDVI slope is 

steepest. This first derivative of the spring NDVI-time series is termed the instantaneous rate 

of green-up (IRG), a measure of the increase in greenness (Figure 3). It is scaled between 0 

and 1, and is a measure of the increase of greenness, not affected by the amount of vegetation 

(biomass) in the pixel. 

 

 

 

Figure 3: NDVI (normalized difference vegetation index) curve for a pixel visited by the red deer 

(250x250 meters) through one year in grey. The green curve is the corresponding IRG 

(instantaneous rate of green-up), the first derivative of the spring-part of NDVI time series. 

 

Red deer movement recorded from GPS-collars was related to the NDVI time series to 

investigate the amount of young plants individual red deer had access to, using the cumulative 

rate of green-up as a proxy. This was also done following the method of Bischof et al. (2012). 

A space-time-time matrix that relates red deer movement data to the changes in green-up in 

space and time is constructed for each individual deer. The sum of IRG values at daily 
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relocation clusters was calculated as cumulative IRG (CIRG). This represents the total rate of 

green-up experienced by an individual red deer throughout the study period. For each deer 

one CIRG value was calculated for the growth season (1 April – 31 August) and one CIRG 

value only for July. The latter was included to match the temporal scale from CIRG-analyses 

with results from feces-analyses, since field work was conducted in July. Both will be used as 

response variables in my analysis.  

2.5 Forage-quality from feces 

Two of the measures of forage quality used in this study were derived from red deer 

feces. Feces were sampled in the period 15 July – 30 July 2014 within home ranges of GPS 

collared animals in Møre & Romsdal county (Figure 1). The study was designed based on 

access to data from 45 GPS-marked red deer (2008-2014), each deer was sampled twice, so 

that the original sample size was 90. The collared red deer were of both sexes and with known 

migratory tactic, of which 22 were resident and 23 were migratory. By July, all migratory 

deer have reached their summer ranges, and feces are assumed to reflect forage from this area. 

Historical data was obtained from 24 of the 45 red deer, because they no longer had active 

GPS-collars. The summer home range was calculated from their last active summer, 1 to 4 

years back in time. For the 21 deer with active collars, summer home range was identified 

from where they were in the first weeks of June. A waypoint was marked in the area of the 

home range most used, during the fieldwork fresh feces was collected in a 200 meters’ radius 

from this point. Even though individual GPS-collared red deer were used to identify home 

ranges, the feces sample cannot be directly connected to the marked individual, since 

overlapping ranges are expected. Because of differences in uptake of nitrogen between males 

and females (Monteith et al. 2014), it is necessary to examine whether the right sex 

classification is attained in the dataset. This was done by measuring the length of ten pellets 

from each feces sample and averaging them. A t-test was then used to see whether there was 

significant difference between the pellet size of feces samples collected within home ranges of 

males and females. 

The analyses of feces were conducted at the Norwegian University of Life Science 

(NMBU). Feces were analyzed by two methods, Kjeldahl-N and Neutral Detergent Fiber 

(NDF). Kjeldahl-N is a method for quantitative determination of nitrogen in a sample (Parker 

and Hume 2008). NDF measures the amount of hemicellulose, cellulose and lignin in a 
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sample (Van Soest 1994). Both will be used as response variables in my analyses. A high 

value of Kjeldahl-N and a low value of NDF would indicate high quality forage, while a low 

value of Kjeldahl-N and a high value of NDF would indicate low quality forage. One sample 

was lost during lab analysis, the repeated measurement on this individual was removed, and 

the sample size was 88. 

2.6 Statistical Analysis 

2.6.1 Data processing 

For the response variable “CIRG in the growth season”, the dataset contained 346 

observations. Five observations were removed because they had very large (>20000 ha) home 

ranges. These are individuals with a movement-pattern that increases their estimated home 

range size disproportionally. Six observations were removed due to missing values in the 

covariates, because model selection requires a dataset without missing values.  

The dataset for response variable “CIRG July” was initially smaller (333 observations) 

than the one for “CIRG growth season” because some of the individuals in the study had too 

little NDVI-data for July, and thus CIRG could not be calculated for July only. Nine 

observations were removed because they had very large (>10000 ha) home ranges. The cut-

off for home range size was set lower for the “July” dataset, because home ranges measured 

over three months are expected to be larger than home ranges measured over one month. 

Initial analysis revealed that the variables “weight at marking” and “hind leg length”, for 

which 81 data points were missing, were excluded by model selection in the first step with 

only biological covariates. These variables were therefore excluded in the full model selection 

for CIRG, to retain as many observations as possible. 

For the feces-analyses with NDF and Kjeldahl-N as response variables, three 

observations were removed due to missing values in the covariates. Five outliers in the two 

response variables were removed due to a disproportionally large effect on the estimates 

(>700 NDF [N=3] and <20 Kjeldahl-N [N=2]). Two outliers in the variable “other habitat 

types” were removed because GAM-plots revealed their disproportional effect on the 

distribution.  
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2.6.2 Model selection 

All statistical analyses for this thesis were performed in R (R Core Team 2015). Three 

different indirect measures of plant quality were modelled; NDF, Kjeldahl-N and CIRG as 

responses to a set of covariates in separate generalized linear mixed models with a random 

intercept in R-package lme4 (Bates et al. 2014). I performed two individual model selections 

for CIRG measured in the growth season, and CIRG measured in July. CIRG for July and 

CIRG for the growth season were modelled with a random intercept for year, to control for 

annual variations in CIRG due to climatic variables and weather conditions. For the models 

with NDF and Kjeldahl-N as response variables, animal identity was included as a random 

intercept due to repeated measures on each individual. 

Before initiating model selection, the distributions of all covariates were inspected by 

plotting them in a histogram. The covariates that did not have a normal distribution were log-

transformed or arcsine square-root-transformed (for variables measured as proportions). In 

addition, all covariates were assessed for linearity with the response variable, using a GAM-

plot from R-package mgcv (Wood 2011). The covariates that did not have a linear 

relationship with the response variable were included in the model as square terms. 

The candidate covariates can be classified as biological or landscape covariates (Table 

1), depending on whether they describe the home range of an individual, or features of the 

individual itself. Therefore, I performed model selection in two steps: in the first step the 

biological covariates were analyzed alone, in the second step the biological covariates 

included by the first model selection was analyzed together with the landscape covariates to 

find an overall best model. This was to make sure any biological effects were not masked by 

landscape covariates. In the first step, all interactions were tested for the “CIRG” response 

variables, but only between “migratory behavior”, “sampling date” and “sex” for the “feces” 

response variables because of the limited size of the dataset. In the second step, if migratory 

behavior was included, it was tested in an interaction with all landscape variables (Table 1).  

Model selection was conducted by dredging in R-package MuMIn (Barton 2015), a 

method where all combinations of all covariates are tested. This approach was chosen because 

there are several correlations between many of the covariates in the dataset, particularly 

between the landscape covariates. When two covariates were correlated |>0.6|, the assumed 

least relevant one was excluded from the global model. However, correlations below this limit 

can also cause the order in which covariates are removed from a global model to affect the 
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AIC-values, making different forms of stepwise model selection unreliable. Dredging makes 

it possible to check every possibility of variable-combinations, removing the problem of 

order-dependence. As a dredge output presents several models that are well fitted, the most 

parsimonious model was preferred. I define the most parsimonious model as the model with 

the fewest number of parameters, differing less than ∆2 from the lowest AIC-value (Burnham 

and Anderson 2004). If two covariates were correlated |>0.5| in the final model, the influence 

of this correlation on the parameter estimates were inspected. The resulting four global 

models before model selection are presented in Table 2. 

Table 2: Overview of all covariates included in the four models before model selection: “CIRG growth 

season”, “CIRG July”, “NDF” and “Kjeldahl-N” are response variables in generalized linear mixed 

models used to analyse differences in forage quality between stationary and migratory red deer in 

Norway. CIRG= cumulative instantaneous rate of green-up. NDF= neutral detergent fiber. Other= 

other habitat types. x= variable included. L= variable included as log transformed. SRT= variable 

included as arcsine square root transformed. S= variable included as squared in addition to normal. In 

the models that include migratory behavior, migratory behavior is tested in an interaction with all 

landscape variables. 
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CIRG growth     x x L x L  x  SRT SRT SRT SRT S, L 

CIRG July    x  L  L  S  SRT SRT SRT SRT L 

NDF        x  x x  S  SRT L 

Kjeldahl-N x             x   S S   x   SRT L 
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3 Results 

3.1 CIRG growth season 

The most parsimonious model explaining differences of CIRG in the growth season 

included the variables “elevation”, “aspect”, “home range size”, “squared home range size”, 

“proportion of mountain”, “proportion of forest”, “migratory behavior” and the interaction 

between “migratory behavior” and “elevation” (Table 3). “Proportion of mountain” and 

“proportion of forest” were correlated |>0.5|, “proportion of mountain” was therefore 

excluded from the final model because the parameter estimate of this covariate was dependent 

on the correlation with “proportion of forest”. This exclusion did not have notable effects on 

other parameter estimates.  

Migratory individuals had a significantly higher CIRG than stationary individuals, as 

predicted by P1a. Elevation was positively related to CIRG for migratory individuals, but not 

for stationary, consistent with my second prediction P2a (Figure 4). Aspect was included in all 

best models and was consistently positively related to CIRG. Red deer living in west faced 

home ranges had access to higher CIRG than red deer in home ranges with other orientations, 

contrary to my second prediction P2a (Table 4). Increasing proportion of forest in a home 

range gave a decrease in CIRG estimates (Table 4). Home range size had a non-linear effect 

on CIRG (Figure 5). Increasing home range size had a positive effect on the CIRG value, until 

the home range was larger than about 1000 hectare. In larger home ranges, CIRG decreases. 

This is contrary to my second prediction, P2a, but these results support the overall prediction 

that landscape characteristics affect access to high quality forage (P2). 
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Table 3: An overview of model selection results with generalized linear mixed effect models for 

CIRG (cumulative instantaneous rate of green-up) in the growth season, a measure of forage quality, 

within home ranges of red deer in Norway. All models from dredge that differ less than 2 ∆AIC from 

the best model is presented.  x= term included in model. AICc= Akaike Information Criterion 

corrected for sample size. ∆AIC= difference in AIC value for the candidate model and the model with 

the lowest AIC value. Migr= migratory behavior. Other= other habitat types. The preferred model is 

marked in grey. Only variables and interactions included in the top models are presented in the table. 
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x x   x x   x x     x x 11 2696.7 2 

 

Table 4: Parameter estimates of the resulting best generalized linear mixed effect model, explaining 

differences in CIRG (cumulative instantaneous rate of green-up) for the growth season, a measure of 

forage quality, within home ranges of red deer in Norway. SE= standard error. DF= degrees of 

freedom. Migr= migratory behavior. Elevation and home range size are log transformed, and forest is 

arcsine square-root transformed. 

Fixed effects Estimate SE DF t-value P-value 

Intercept 54.20 4.15 219.0 13.05 < 0.01 

Migr: Stationarya -6.21 1.70 325.9 -3.66 < 0.01 

Elevation 2.46 1.45 323.3 1.70 0.09 

Aspect 2.22 0.74 326.6 2.99 < 0.01 

Forest -17.48 3.96 326.0 -4.42 < 0.01 

Home range size 0.59 0.83 326.3 0.71 0.48 

Home range size2 -1.10 0.52 322.6 -2.11 0.04 

Migr: Stationarya×elevation -3.97 1.83 322.4 -2.18 0.03 

a Reference for migratory behavior is “migratory” 
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Figure 4: Predicted values of CIRG (cumulative instantaneous rate of green-up) in the growth season in relation 

to elevation (meters above sea level) within home ranges of migratory and stationary red deer in Norway, with 

95% confidence intervals, based on generalized linear mixed effect model. Points are averages of residuals for 

aggregated ranges of data: 20, 40, 60, 80 and 100th quantile. Thin and thick lines are 80% and 50% of the data 

within these ranges, respectively. 
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Figure 5: Predicted values of CIRG (cumulative instantaneous green-up) in the growth season in relation 

to home range size (hectares), within home ranges of migratory and stationary red deer in Norway, with 

95% confidence intervals, based on generalized linear mixed effect models. Points are averages of 

residuals for aggregated ranges of data: 20, 40, 60, 80 and 100th quantile. Thin and thick lines are 80% and 

50% of the data within the binned ranges, respectively. 

 

3.2 CIRG July 

For CIRG in July, the most parsimonious model included the variables “aspect”, 

“squared aspect”, “distance to fjord”, “home range size”, “proportion of pasture” and 

“proportion of forest” (Table 5). The focal interest of this study, migratory behavior, was not 

included in the most parsimonious model, but in almost all other models differing less than 2 

AIC from the lowest AIC value. I therefore preferred to parametrize the model with lowest 

AIC even though it had a higher number of degrees of freedom than one competitive model. 

This model included the variables “migratory behavior”, “aspect”, “squared aspect”, “distance 

to fjord”, “home range size”, “proportion of forest”, “proportion of pasture” and the 

interaction between “pasture” and “migratory behavior” (Table 5).  

In accordance with my first prediction (P1a), stationary individuals had access to 

significantly lower CIRG values than migratory individuals (Table 6). The interaction 
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between “migratory behavior” and “pasture”, show that migratory individuals access higher 

CIRG values compared to stationary if the home ranges have small proportions of pasture. 

Proportion of pasture does not seem to affect stationary individuals’ access to CIRG, but 

increasing proportion of pastures had a negative effect on migratory individuals. This 

interaction is however not significant, but there is a trend (Table 6). Consistent with 

prediction P2b, access to high quality forage increase with increasing distance to fjords (Table 

6). “Aspect” had a non-linear effect on CIRG; a south faced home range increased access to 

high quality forage relative to home ranges with other orientations (Figure 6), contrary to 

prediction P2a. There was a negative association between CIRG and “home range size” and 

CIRG and “proportion of forest” (Table 6).   

Table 5: An overview of model selection results with generalized linear mixed effect models for 

CIRG (cumulative instantaneous rate of green-up) in July, a measure of forage quality, within home 

ranges of red deer in Norway. All models from dredge that differ less than 2 ∆AIC from the best 

model is presented.  x= term included in model. AICc= Akaike Information Criterion corrected for 

sample size. ∆AIC= difference in AIC value for the candidate model and the model with lowest AIC 

value. Migr= migratory behavior. Other= other habitat types. The preferred model marked in grey. 

Only variables and interactions included in the top models are presented.  
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Table 6: Parameter estimates of the resulting best generalized linear mixed effect model, explaining 

differences in CIRG (cumulative instantaneous green-up) for July, a measure of high quality forage, 

within home ranges of red deer in Norway. SE= standard error, DF=degrees of freedom. Migr= 

migratory behavior. Distance to fjord and home range size are log-transformed, and pasture and forest 

are arcsine square-root transformed. 

Fixed effects Estimate SE DF t-value P-value 

Intercept 3.32 0.38 278.5 8.69 < 0.01 

Migr: stationarya -0.65 0.29 322.6 -2.28 0.02 

Aspect 0.17 0.08 323.5 2.14 0.03 

Aspect2 -0.13 0.06 320.2 -2.09 0.04 

Distance to fjord 0.24 0.09 322.3 2.64 0.01 

Pasture -2.51 0.55 323.3 -4.53 < 0.01 

Forest -1.63 0.35 321.5 -4.68 <0.01 

Home range size -0.23 0.09 324.0 -2.64 0.01 

Migr: Stationarya×pasture 1.57 0.84 324.0 1.87 0.06 

a Reference for migratory behavior is “migratory” 

 

 
Figure 6: Predicted values of CIRG (cumulative instantaneous green-up) in July in relation to the 

covariate aspect, within home ranges of migratory and stationary red deer in Norway, with 95% 

confidence intervals, based on generalized linear mixed effect models. Points are averages of 

residuals for aggregated ranges of data: 20, 40, 60, 80 and 100th quantile. Thin and thick lines are 

80% and 50% of the data within binned ranges, respectively. 
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3.3 Nitrogen and fiber in feces 

The most parsimonious model explaining the differences in NDF in feces included the 

variables “elevation” and “other habitat types” (Table 7). Red deer with home ranges at high 

elevation, have more NDF in their feces in July, than red deer in home ranges at lower 

elevation, contrary to P1c. “Other habitat types” are included with a positive effect on NDF in 

the best model.  

The most parsimonious model explaining the differences in Kjeldahl-N in feces was 

the null model (Table 9). Hence, the differences in Kjeldahl-N levels in feces cannot be 

explained by any of the covariates included in the full model. Thus prediction P1b cannot be 

supported. There was a significant length-difference of feces samples collected within home 

ranges of males and females (mean length “female”: 1.319 cm; “male”: 1.519 cm; t= -3.8; df= 

43.298; P= <0.001). 

Table 7: An overview of model selection results with generalized linear mixed effect models for NDF 

(neutral detergent fiber, amount of fiber in feces), measured from feces sampled within home ranges 

of red deer in Møre & Romsdal, Norway. All models from dredge that differ less than 2 ∆AIC from 

the best model is presented.  x= term included in model. AICc= Akaike Information Criterion 

corrected for sample size. ∆AIC= difference in AIC value for the candidate model and the model with 

lowest AIC. Elevation.sd= standard deviation of elevation. Other= other habitat types. The preferred 

model is marked in grey. Only variables and interactions included in the top models are presented in 

the table. 
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Table 8: Parameter estimates of the resulting best generalized linear mixed effect model, explaining 

differences in NDF (neutral detergent fiber, amount of fiber in feces), measured from feces collected 

within home ranges of red deer in Møre & Romsdal, Norway. SE= standard error. DF= degrees of 

freedom. Other= other habitat types (arcsine square-root transformed). 

Fixed effects Estimate SE DF t-value P-value 

Intercept 475.46 12.6 39.59 37.73 < 0.01 

Elevation 16.84 7.63 39.80 2.21 0.03 

Other 168.83 52.29 40.57 3.23 < 0.01 

 

Table 9: An overview of model selection results with generalized linear mixed effect models for 

Kjeldahl-N (amount of nitrogen in feces) measured from feces sampled within home ranges of red 

deer in Møre & Romsdal, Norway. All models from dredge that differ less than 2 ∆AIC from the best 

model is presented.  x= term included in model. AICc= Akaike Information Criterion corrected for 

sample size. ∆AIC= difference in AIC value for the candidate model and the model with lowest AIC. 

Elevation.sd= standard deviation of elevation. Other= other habitat types. The preferred model is 

marked in orange.  
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4 Discussion 

In this thesis, I tested the forage maturation hypothesis, and investigated which 

landscape variables that affect the benefit of migration. Red deer that migrated gained access 

to higher quality forage, measured as CIRG (cumulative instantaneous rate of green-up), than 

red deer that remained stationary (P1a). Consistent with my second prediction I also found that 

different landscape characteristics could explain the observed differences in experienced 

forage quality (P2a, P2b). These results support prior studies which have found evidence for the 

forage maturation hypothesis (Hebblewhite et al. 2008; Bischof et al. 2012) and others that 

demonstrated an effect of landscape properties on forage quality for ungulates (Hebblewhite 

et al. 2008; Sawyer and Kauffman 2011). Hebblewhite et al. (2008) found that spring was 

delayed at higher elevations, and started earlier in south faced aspects. Sawyer and Kauffman 

(2011) found that forage quality was positively correlated with elevation and distance from 

winter ranges. Testing how the forage maturation hypothesis is linked to a wide range of 

landscape variables on the home range level with several proxies of forage quality is novel to 

my study. Understanding such relationships are important, as global climate change may alter 

these patterns of differential snow melt and plant development during summer and thus 

change the relative benefits achieved by migration.    

4.1 Landscape characteristics affect access to high 

quality forage 

The plant phenological gradient utilized by migratory ungulates at northern latitudes is 

affected by several landscape characteristics. Differential snow melt and plant phenological 

development, caused by different aspect and elevation is probably crucial to create the 

gradient that migratory ungulates can follow (Hebblewhite et al. 2008; Sawyer and Kauffman 

2011). The effect of elevation of the home range on total plant quality (CIRG) accessed 

differed between stationary and migratory red deer during the summer. Stationary red deer did 

not have the same positive effect of increased elevation as migrators did. I interpret this as an 

indication that migrators moving from winter home ranges at lower elevation to summer 

home ranges at higher elevation, follow a green-up gradient and gain access to more high 

quality forage. Stationary individuals that have overlapping range use throughout the year will 

not have the same possibilities to track an elevation phenological gradient, and experience 
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only one flush of spring independent of elevation. This is consistent with both my predictions 

(P1a and P2a). It is the possibility of experiencing a second peak of spring that mainly makes 

migration beneficial, because plants at higher elevations do not necessarily have higher forage 

quality per se.  (Mysterud et al. 2001; Bischof et al. 2012).  

Higher quality forage for migratory individuals was also found in a study on Sika deer 

(Cervus nippon) in Japan where only deer with an uphill migration experienced higher forage 

quality measured as fecal nitrogen during summer, while migrators at lower elevations did not 

(Sakuragi et al. 2003). Increasing elevation is often correlated with increasing snow depth and 

decreasing temperatures, which again lead to delayed snow melt and a later onset of plant 

growth in spring (Sawyer and Kauffman 2011). In the Canadian Rocky mountains, 

researchers found that spring was delayed with 50 days per 1000 meters elevation gain 

(Hebblewhite et al. 2008). This caused a phenological gradient that migrant elk (Cervus 

elaphus) utilized when moving from winter to summer ranges. In a study by Mysterud et al. 

(2001) body weight of red deer was positively correlated with a variable topography within 

the municipality, suggesting that migrants benefit from following the plant phenological 

development. Variability of topography is likely to be key for the phenology gradient crucial 

in the forage maturation hypothesis (Mysterud et al. 2001). There are several topographic 

variables that can affect plant phenology. In the west coast of Norway where diversity of 

topography and elevation is highly correlated, it is however difficult to separate more 

specifically what aspect of the topography is the key. Is it the effect of elevation per se, or that 

of a variable elevation within the home range?  It’s therefore not certain whether the inclusion 

of the variable elevation in the final model was due to the effect of elevation or due to access 

to a diversity of elevations within home ranges. Regardless, elevation or diversity of elevation 

are important for the phenological gradient followed by migratory red deer. It is the 

opportunity to access a second peak of spring that makes migration beneficial, this 

opportunity is given by a variable topography so that red deer can access higher elevations 

later in the growth season. 

In addition to the frequently discussed landscape property “elevation”, my results 

show that other properties of the landscape may be equally important to understand the 

differences in diet quality available to migratory and stationary red deer. The aspect of a 

landscape can be of great significance for forage quality (Albon and Langvatn 1992), as the 

amount of solar irradiance to a home range is affected by the aspect. Solar irradiance will act 

together with temperature and elevation to affect snow depth, persistence of snow in spring, 
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and composition of the plant community (Mysterud et al. 2001). Using the model with CIRG 

in July as response variable, I found that a red deer occupying a home range with a large 

proportion of south faced slopes have higher dietary quality than a deer living in a home range 

with other orientations. For CIRG in the entire growth season, red deer with west faced home 

ranges gained highest CIRG values. These results are both contrary to my prediction (P2a) that 

north facing slopes should improve access to high quality forage. However, it may still be in 

agreement with my main prediction. A diversity of aspects may be what is beneficial because 

different aspects will contain high quality forage at different times through the growth season. 

The diverging results from the growth season and from July can support this. Mysterud et al. 

(2001) used body weight of red deer to test the hypothesis that north-faced areas were more 

favorable than other orientations, but could not find support for this hypothesis. They did 

however find a positive correlation between diversity of aspects and body weight. Access to a 

variety of aspects can be favorable because this may lead to a variable snow melt and thus a 

prolonged period of newly emergent, high quality forage (Mysterud et al. 2001). My study 

add evidence that aspect is an important landscape variable which affect the quality of forage 

available in a home range, but the exact effect of different aspects remains unclear. 

The size of the home range might affect how much variation in plant phenology an 

animal can choose from. A large home range may give access to a more diverse phenology 

during the summer. However, there is a general negative relationship between productivity of 

habitats and home range size (Owen-Smith et al. 2010; Rivrud et al. 2010). A larger home 

range size is linked to low productivity. When modelling CIRG for the growth season, home 

range size had a unimodal effect on access to high quality forage of red deer. A small home 

range was related to access to low forage quality for the individual red deer occupying it, but 

so was very large home ranges. Very small home ranges tend to encompass a homogenous 

environment, while very large home ranges often cover large unproductive areas. This 

corresponds well with a unimodal effect of home range size. 

As predicted (P2b) based on the coast-inland gradient of snow depth, increased 

distance to fjord led to increased access to forage quality measured as CIRG. In addition to 

the landscape characteristics, habitat composition within the home range also played a role in 

determining CIRG. The effect of the amount of available pasture on forage quality depended 

on migratory behavior. For migratory individuals, the amount of pasture was negatively 

related to CIRG, while there was no effect for stationary individuals. My results show a trend 

in which migrators have more access to high quality forage than stationary individuals when 
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the proportion of pasture in home ranges is low. The negative effect of pasture is contrary to 

my expectation, as pastures offer abundant grass of high quality, and red deer use pastures 

extensively to forage (Godvik et al. 2009; Zweifel‐Schielly et al. 2012). Authors have 

suggested that use of pastures may be a strong facilitator of non-migratory behavior in 

populations with partial migration (Middleton et al. 2013; Mysterud 2013). During summer, 

the quality and quantity of forage in other habitat types may approach that of pastures, and red 

deer select pastures to a lesser extent (Godvik et al. 2009), for the migrators occupying higher 

elevations during summer this may be particularly important. Pastures in Norway are 

typically harvested twice each summer, once in the middle of the growth season, and once at 

the end (Mysterud et al. 2012). The first harvest causes a second peak of nitrogen-content in 

the newly emergent grass in July. But CIRG is probably not able to detect this second peak, as 

IRG can only have one peak per season, and this will most likely be reached prior to first 

harvest. If this is the case, CIRG is unable to detect the multiple peaks of high quality forage 

caused by harvesting, and any positive effect of pastures will not be included in the estimate. 

However, this would not explain the different effect “proportion of pastures” have on 

migrators and stationary red deer. Most migrants have access to small amounts of pastures in 

their home ranges, compared to stationary. The restricted data on migrants with high 

proportions of pastures in their home ranges may explain the negative effect of pasture on 

forage quality measured as CIRG. By using CIRG as a proxy of forage quality, this study is 

probably not able to measure the effect of proportion of pasture within home ranges.  

CIRG seems to be poorly suited to disentangle the effect of different habitat types on 

forage quality. Also, a problem in estimating effects of home range composition on 

phenology is that compositions per definition are dependent on each other, an increase in one 

habitat type will necessarily lead to a decrease in one or several of the others (Aebischer et al. 

1993). Proportion of forest in the home range had a significantly negative impact on forage 

quality measured as CIRG. NDVI is proven to be a poor estimate of diet quality in the 

understory of a forest (Chen et al. 2004). NDVI, which CIRG is derived from, is calculated 

from the amount of greenness in a picture taken from above. This picture will only reflect the 

tree canopy visible from above. The calculation of CIRG in closed forests will therefore not 

reflect the forage available to red deer, but the greenness of the tree canopy (Hebblewhite et 

al. 2008; Lendrum et al. 2014).  The negative effect of forest on access to diet quality is 

therefore unlikely to reflect the true effect of proportion of forest in a home range. These 

limitations of NDVI as a measure of forage quality suggest other measures more directly 
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linked to forage quality, such as diet quality assessed from feces, could add important new 

insight. 

4.2 Analyses of feces provides a direct test of 

forage quality utilized 

Testing diet quality by analyzing feces is a direct approach that ideally will give us 

information about the diet a red deer actually exploits, as shown by Zweifel-Schielly et al. 

(2012), in contrast to measures of CIRG, that only gives information about the plant 

phenology gradient a red deer can access. The analyses of fiber and nitrogen from feces did 

not reveal any differences between migratory and stationary red deer. I did not find 

significantly higher nitrogen content in the feces of migratory deer, relative to stationary as 

predicted (P1b, P1c) and as expected from studies measuring diet quality from satellites 

(CIRG). When I performed model selection with Kjeldahl-N in feces as a response-variable, 

the null-model was the best model. Negative results are often difficult to explain, as it may 

reflect methodological weaknesses, sample size and power issues, or actual biological 

relationships. Lack of significant effects can be due to sampling issues, or problems with the 

method itself. It could also indicate that even though red deer gain access to higher forage 

quality measured as CIRG by seasonal migration, they do not manage to utilize this 

advantage. Even though analyses with CIRG identify access to more high quality forage for 

migratory red deer, the forage they actually utilize may not be better than that utilized by 

stationary red deer.  

Increasing amount of NDF is an indication of lower forage quality (Van Soest 1994; 

Zweifel‐Schielly et al. 2012). I found a positive effect of “other habitat types” when 

modelling NDF. The habitat types aggregated in the category “other habitat types” can be 

expected to have low nutritional value, and home ranges that contain high proportions of them 

may be of poor quality. Since I could not include “proportion of pasture” and “proportion of 

mountain” in my full model, due to high correlations with “elevation”, it could be that “other 

habitat types” are picking up variation that would be explained by these variables if included. 

More “other habitat types” could indicate less “proportion of pasture” and/or “proportion of 

mountain” because of the interdependency of habitat proportions. Contrary to my results 

when modelling CIRG, I found a positive effect of “elevation” on NDF in feces. More data 
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are likely needed to verify if these patterns are real or due to a chance event with the limited 

sample size obtained. 

A general caution should be exhibited when interpreting fecal nitrogen as a linear 

proxy to dietary quality (Hebblewhite et al. 2008). Monteith et al. (2014) did an experiment to 

evaluate the quantity of nitrogen in feces as a diet-quality estimate, when comparing non-

lactating females, lactating females and males. Despite having access to similar diet, lactating 

females had significant lower levels of fecal nitrogen than non-lactating females and males. I 

found a significant size difference between the pellet size of feces collected within the home 

ranges of females, and those collected within home ranges of males in my study. This is 

similar to the design of Zweifel-Schielly et al. (2012) who collected feces within home ranges 

of GPS-collared individuals, and determined the sex by weighing and measuring the length of 

the fecal pellets. They found that male fecal pellets are significantly larger than female fecal 

pellets in winter (Zweifel‐Schielly et al. 2012). The significant size difference of fecal pellets 

within male and female home ranges in my study indicate that the sex classification is 

generally correct. 

Carpio et al. (2015) examined the use of fecal nitrogen as an indicator of dietary 

quality, and found deviations from a linear relationship between fecal nitrogen and diet 

quality. If the diet includes tannins, found in less palatable plants such as shrubs, this can 

increase the amount of nitrogen in feces, without an increasing amount of nitrogen available 

for absorption. To what extent this was a problem in my study is uncertain. Red deer are 

intermediate feeders, with a flexible composition of plants in their diet, depending on habitat 

and season (Gebert and Verheyden-Tixier 2001; Hummel et al. 2006). A study in a mountain 

area in Switzerland found a selection toward forage with high tannin content during summer 

(Zweifel‐Schielly et al. 2012). Because of the high variability between habitats red deer live 

in, it is difficult to say to what extent the level of tannins in the diet may have affected the 

amount of fecal nitrogen in my study. Further attempts to use fecal nitrogen as a proxy for 

dietary quality should consider including analyses of tannin content in feces samples. 

In addition to the general problems with using feces samples discussed above, my 

temporal period might be too narrow. The greatest differences in forage quality between 

stationary and migratory red deer might be reached earlier in the growth season. Feces were 

collected in late July, and according to a field test of Albon and Langvatn (1992) from 

Norway, the effect of later onset of spring has levelled off by that time. Albon and Langvatn 
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(1992) tested the protein content of plants at five sites situated at different elevations during 

the growth season. Snow cover and growth season varied in an elevation gradient between 

these sites. They found significant differences in protein content of plants at different 

elevations in May, but this trend persisted only until mid-July. By August, there were no 

difference in protein content at different sites (Albon and Langvatn 1992). Similar results 

were found in a study of migratory elk in the Canadian Rocky mountains, nitrogen in feces 

collected from both migratory and stationary elk declined through the growing season 

(Hebblewhite et al. 2008). Although nitrogen levels in feces in migrators was consistently 

higher than in stationary, these results were not significant (Hebblewhite et al. 2008). Initially 

I chose to sample feces in late July to be sure samples were collected when all the migrators 

had reached their summer ranges, and the feces would be certain to reflect the diet in this 

range, and not in the winter range they just departed from. Retention time is 50 hours or more 

(Hummel et al. 2006). Several rounds of feces collection throughout the growth season could 

be interesting, but were beyond the time resources of this thesis. In this thesis, the forage 

maturation hypothesis was tested by both CIRG and feces analyses as proxies to forage 

quality. Combining the two measures could be very useful because the forage maturation 

hypothesis is tested at several scales. The results from analyses of feces could not support the 

forage maturation hypothesis or my predictions (P1b, P1c), but with changes in the sampling 

design, it might be a powerful method to get information on forage quality on a small scale. 

For future research I suggest that samples should be taken throughout the growth season. 

Until this have been tested, I view the negative results from feces analyses as a result of 

sampling limitations, not actual biological relationships. 

4.3 Climate change and the forage maturation 

hypothesis   

Global declines in migratory ungulates have this far mostly been linked with habitat 

fragmentation and loss (Harris et al. 2009). The subtler effects of climate change have been 

less focused on, but are likely to interfere with the phenological gradient followed by red deer 

and other migratory species (Robinson et al. 2009; Middleton et al. 2013). The effect of 

climate change on the phenological gradient is probably closely linked with elevation (Studer 

et al. 2005; Mysterud et al. 2011). The general trend of higher temperatures, which should 

lead to reduced snow cover, might in some cases be counteracted by higher winter 
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precipitation (Inouye et al. 2000). Climate change may therefore further delay spring in some 

high elevation areas, as long as temperatures are low enough that winter precipitation fall as 

snow (Inouye et al. 2000; Studer et al. 2005). Pettorelli et al. (2005a) coupled data on red deer 

body mass and NDVI with climatic fluctuations measured as North Atlantic Oscillation 

(NAO), and showed how local topography interact with climatic fluctuations to determine 

vegetation greenness. Increasing winter-NAO had contrasting results for low and high 

elevations, giving a spatially more variable phenology. They showed that temporal variation 

in the average climatic variables could have very different consequences for vegetation 

dynamics depending on the location and topography of the considered area (Pettorelli et al. 

2005a). A study by Karlsen et al. (2009) found an earlier onset of spring when comparing 

phenological data from Fennoscandia between 1982 and 2006. There were also large 

differences within Fennoscandia, with southern parts and oceanic section having the strongest 

trends for earlier onset. The effect was less pronounced at more northern latitudes and higher 

elevations. My results show that several landscape characteristics affect the access to high 

forage quality that red deer can achieve by migration. The effect of climate change is likely to 

interact with these landscape characteristics, and make the effects hard to predict. Perhaps 

even variable landscapes can buffer some effects of climate change in this way? 

Climate change may in some areas threaten ungulate populations that this far have 

been protected from the detrimental effects of habitat destruction and fragmentation. Though I 

have not quantified this, it is an important factor for migratory ungulates on a global scale. 

Middleton et al. (2013) studied elk (Cervus elaphus) in Yellowstone national park, USA, and 

found a long-term decline in the productivity of migrators. They attribute their findings to an 

increasing rate of green-up and shorter duration of spring following severe drought, in 

addition to increased populations of predators in the area. When the ecological conditions that 

favor migration changes, declines of migratory behavior and/or migratory populations may 

even occur in protected wilderness such as Yellowstone national park (Middleton et al. 2013). 

Similar effects are not expected for red deer in Norway. Considering the effect of climate 

change on plant phenology in Scandinavia found by Karlsen et al. (2009) the future of 

migratory red deer in Norway seems prosperous. Earlier spring caused by higher temperatures 

will probably not alter the phenological gradient in the near future, because of the opposing 

effect of more winter precipitation at higher elevations (Inouye et al. 2000; Karlsen et al. 

2009). 
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5 Conclusion 

This study sheds light on the relationship between the characteristics of the landscape 

an ungulate inhabits, and the possibilities and limitations to access high quality forage within 

this landscape. The forage maturation hypothesis is known to be an important mechanism to 

explain seasonal migration in several ecosystems. I found evidence that migratory red deer 

gains access to more high quality forage relative to stationary red deer, and that several 

landscape variables such as elevation, distance to fjord and aspect had a significant effect on 

access to high quality forage within a home range.  

It is likely that climate change will affect the timing and duration of spring and thus 

the basis of the forage maturation hypothesis (Parmesan and Yohe 2003). In combination with 

other threats, this may lead to further declines in migratory behavior (Harris et al. 2009). 

However, the different effects of several landscape characteristics found in this thesis 

emphasizes the difficulty of predicting the effect of climate change on migratory species in 

different landscapes. For migratory red deer in Norway, the higher forage quality they achieve 

by migration will probably persist for some time in the diverse landscapes of the western 

coast. 
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