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Highlights 12 

• Abundance of rowan saplings increased excessively in old growth boreal forest when 13 

excluding ungulates or when herbivore density decreased.  14 

• Rowan growth was clearly limited by ungulate browsing, and saplings were not able 15 

to escape the “browse trap” by growing beyond ca. half a meter.  16 

• Rowan saplings established in juniper nurse plants were protected against browsing 17 

and showed reduced mortality and increased growth.  18 

• Our study showed that nurse plants enabled saplings to escape from feeding ungulates 19 

in boreal forest. 20 
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Abstract  21 

Recent increases in ungulate herbivore populations have intensified browsing pressure in 22 

northern forest ecosystems. High browsing pressure affects recruitment into tree populations 23 

and saplings are among the most impacted and critical tree stages. This calls for research on 24 

factors that enhance sapling survival and promote recovery of herbivore preferred species. 25 

One understudied factor in ungulate dominated boreal forests is the ability of young trees to 26 

escape large herbivores by utilising “nurse plants”. First, we examined the impact of ungulate 27 

browsing on the abundance and size of rowan (Sorbus aucuparia), a functionally important 28 

tree species in an old-growth boreal pine forest, western Norway. The responses were 29 

compared between exclosures and ungulate-access plots over ten years (2001–2011) 30 

combined with investigations along a browsing intensity gradient (Exp. A). In a second 31 

experiment we investigated whether rowan saplings escape browsing and enhance growth and 32 

survival by growing within nurse plants. Consequently, we planted rowan saplings in ungulate 33 

browsing areas, inside and outside coniferous juniper (Juniper communis) bushes, and 34 

analysed the treatment effect on browsing, growth, and survival of rowan saplings across five 35 

years (2013–2018; Exp B). Excluding large herbivores resulted in a large increase in rowan 36 

saplings which were six times more abundant in exclosures (0.44 ind./m2) compared to 37 

ungulate-access plots (0.07 ind./m2) after ten years (Exp. A). The abundance of rowan 38 

saplings also decreased with higher browsing intensity. Moreover, the rowans in exclosures 39 

grew to almost twice the height of the ungulate-access rowans. The protected rowan saplings 40 

experienced significantly less browsing damage, and only 25% of the protected plants 41 

experienced heavy browsing or died after the first winter, compared to 70% of the unprotected 42 

plants (Exp. B). After five years, 50% more unprotected than protected plants experienced 43 

heavy browsing or mortality, and growth in protected plants was nearly 50% greater over the 44 

period. The negative impact of ungulate browsing on abundance and growth of rowans can be 45 



counteracted by positive plant-plant interactions. Rowan saplings growing within nurse plants 46 

showed significantly less browsing and better performance indicating high functional 47 

importance of the forest understorey. Forest managed with multi-layered and multi-species 48 

understoreys may therefore also be beneficial for tree recruitment in browsed boreal forest 49 

landscapes. 50 
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1. Introduction 54 

Wild ungulate populations in Europe and North America have transformed from historical 55 

minimum levels a century ago to an all-time high in the last couple of decades (Putman et al., 56 

2011; Speed et al., 2019). In northern forest ecosystems, this increased ungulate density is 57 

now one of the main drivers of shifts in tree species composition at local scales (Skarpe & 58 

Hester, 2008; Churski et al., 2017; Ramirez et al., 2018). For example, selective browsing 59 

from species such as moose (Alces alces), red deer (Cervus elaphus), and white-tailed deer 60 

(Odocoileus virginianus) may have benefitted conifers at the expense of deciduous tree 61 

species in many forests (McInnes et al., 1992; Winnie, 2012). Selective browsing by large 62 

herbivores on trees in young stages is of particular concern for forest managers as it exerts a 63 

strong impact on tree populations through reduced growth and possible recruitment failure 64 

(Kuijper et al., 2010; Speed et al., 2013; Lilleeng et al., 2016). In addition, domestic ungulates 65 

may impact forest systems substantially (Laskurain et al., 2013; Hjeljord et al., 2014), and 66 

globally, livestock has at least ten times the biomass of wild large herbivores (Ripple et al., 67 

2015).  68 

 69 

Tree recruitment and growth are of fundamental importance in forest ecosystems, often 70 

determining forest structure, species composition, and ecological functioning (Danell et al., 71 

2003; Hidding et al., 2013; Nuttle et al., 2014). However, tree saplings are often highly 72 

palatable to both wild and domestic ungulates and need to avoid browsing to have a chance of 73 

reaching maturity (Skarpe & Hester, 2008; Milne-Rostkowska et al., 2020). Indeed, young 74 

stages such as seedlings and saplings are the most heavily impacted by large herbivores in 75 

temperate and boreal forest (Bernes et al., 2018). In addition to physical and chemical defence 76 

mechanisms, saplings can gain protection from herbivores when growing adjacent to less 77 

preferred plants; a facilitation mechanism termed “the nurse-plant effect” or associational 78 



resistance (Callaway, 1995; Filazzola & Lortie, 2014). Studies have shown that the likelihood 79 

of herbivore-preferred sapling species being browsed by ungulates is often significantly lower 80 

when they grow in association with less attractive, or better defended, species (Bee et al., 81 

2009; Harmer et al., 2010; Jensen et al., 2012). Exploitation of this nurse-plant effect is, 82 

therefore, a potentially important management tool, particularly since the recovery of large 83 

herbivore-preferred tree species may be very slow (D. Kuijper et al., 2010; Tanentzap et al., 84 

2012; Milne-Rostkowska et al., 2020). However, further research is required to understand the 85 

field conditions under which species associations are likely to result in significant 86 

performance and fitness gains for target species.  87 

 88 

Facilitation among species, such as positive plant-plant interactions, is considered to be one of 89 

the universal drivers of biodiversity (McIntire & Fajardo, 2014). Previous studies of 90 

facilitative plant-plant interactions have often found them to be more common in stressful 91 

environments (Bertness & Callaway, 1994; Callaway, 1995; Brooker et al., 2008), but there is 92 

now increasing evidence that beneficial interactions are also common in moderately stressful 93 

or productive environments (Holmgren & Scheffer, 2010; Bråthen & Lortie, 2016). 94 

Consequently, the nurse-plant effect may provide an efficient management tool in mixed-95 

species forestry as nurse plants may both outcompete competitive field-layer vegetation and 96 

protect target tree species from consumption (Löf et al., 2014; Löf et al., 2018). A review by 97 

Filazzola and Lortie (2014) found few nurse-plant studies conducted in late successional 98 

ecosystems with low levels of abiotic stress. Boreal forests, dominated by conifers, are 99 

particularly underrepresented (see Bannister et al., 2020 as one of few examples), and 100 

relatively few studies focus on sapling protection from large herbivores. Another potential 101 

barrier to apply nurse plants as a management tool is that many experimental studies are 102 

rather short-term. Therefore, we often cannot establish if positive interactions are transient or 103 



persistent, and whether they may positively affect survival and growth in addition to reduced 104 

browsing damage (Brooker et al., 2006; Brooker et al., 2008). As such there is need for more 105 

research on facilitative plant-plant interactions and their direct effect on probabilities for 106 

young trees in critical stages to escape large herbivore browsing, as well as long-term 107 

consequences for the abundance and distribution of species and their usefulness to 108 

management of biodiversity and restoration of ecosystems (Gomez-Aparicio et al., 2004; 109 

Gomez-Aparicio, 2009; Löf et al., 2018).  110 

 111 

The current study addresses several of these research needs, focusing on rowan, Sorbus 112 

aucuparia, as the target tree species and juniper, Juniperus communis, as the nurse plant in a 113 

boreal forest in Norway. Rowan is considered a functionally important species in northern 114 

forests as it is one of the most attractive food trees for ungulate browsers (Mysterud et al., 115 

2010; Milne-Rostkowska et al., 2020), it is one of few abundant flowering resources for 116 

pollinators during spring (Mayer et al., 2012) and it provides extensive berry supplies to birds 117 

and mammals before and during winter (Paulsen & Högstedt, 2002). In Norway, rowan is 118 

monitored in the national forest inventory to estimate spatial and temporal variation in 119 

browsing pressure (Solberg et al., 2012), as it is recognised that browsing may significantly 120 

affect rowan population structure and reduce local abundance (Speed et al., 2013; Hegland & 121 

Rydgren, 2016). Browsing has a clear negative effect on rowan transition rates from small to 122 

medium size classes (Edenius & Ericsson, 2015), and adult reproducing rowans are often rare 123 

in browsed forest ecosystems (Myking et al., 2013). Ungulates may browse repeatedly on 124 

individual rowan trees, resulting in low statured trees forming fine-scaled browsing lawns 125 

within forested areas (Speed et al., 2013).  126 

 127 



In previous work at our study site in old growth pine forest at Svanøy, western Norway, we 128 

have observed that small juvenile rowan sometimes grows within the dwarf-shrub bilberry 129 

(Vaccinium myrtillus) and within bushes of the coniferous juniper. Juniper is a rather large 130 

understorey shrub co-occurring with rowan throughout Europe and is largely unfavoured by 131 

ungulates (Miller et al., 1982; Raspe et al., 2000; Thomas et al., 2007). Junipers potential as a 132 

nurse-plant is known from Mediterrean grasslands (Boulant et al., 2008), but has not yet been 133 

explored in forest systems. To understand the impact of ungulate browsing on the important 134 

sapling stage of rowan populations and the potential benefits for rowan saplings of growing 135 

under the protection of nurse-plants, we performed two long-term experiments. We first tested 136 

A) how strongly ungulate browsing affects abundance and growth of rowan in a ten-year 137 

ungulate exclosure experiment, with additional focus on the effects of browsing intensity. 138 

Secondly, we B) investigated whether experimentally planting rowan saplings within juniper 139 

could modify browsing damage, survival, and growth of rowan over a five-year period. As a 140 

subset of question B, we also asked whether the potential nurse-effect was influenced by the 141 

gradient in browsing intensity or modified by either juniper size or frost damage that could 142 

influence its success as a nurse plant. Based on the attractiveness of rowan to large herbivores, 143 

we expected rowan abundance and growth to be negatively related to ungulate browsing 144 

intensity. Similarly, due to our field observations of possible nurse-plant effects, we expected 145 

that rowan saplings growing within junipers would exhibit greater growth and survival 146 

compared to controls, regardless of browsing intensity. Such investigations are likely to be 147 

important to the study of facilitation in boreal forests and the potential to develop nurse-plants 148 

as a conservation and management tool. 149 



2. Materials and Methods 150 

2.1 Study area 151 

The study was conducted at the 11 km2 Svanøy island, located in the outer part of the 152 

Førdefjord, on the western coast of Norway (61º30´N, 5º05´E). Svanøy has an oceanic climate 153 

with an annual mean temperature of 8.1 °C (as measured at Florø Airport, ca. 9 km away, 154 

2006–2019) and annual precipitation of ca. 2300 mm (as measured at Tefre Sunnfjord, ca. 40 155 

km away, 2001–2017; data from both stations of the most recent period available at 156 

https://seklima.met.no/observations) and the island is located in the boreonemoral zone 157 

(Moen, 1999). The island is mainly covered by old growth pine forest (Pinus sylvestris) and 158 

has a rugged topography and elevations up to ca. 300 m. The understorey layer is dominated 159 

by Ericaceae dwarf-shrubs like bilberry (Vaccinium myrtillus), lingonberry (V. vitis-idaea) 160 

and heather (Calluna vulgaris), various amounts of trees and bushes like juniper, birch 161 

(Betula sp.), rowan, Swedish service tree (Sorbus hybrida), hazel (Corylus avellana), holly 162 

(Ilex aquifolium) and aspen (Populus tremula; unpublished data S.J. Hegland). Coniferous 163 

forest with understorey dominated by dwarf-shrub and various trees, represents the most 164 

common forest type in such boreal, or cool-temperate, ecosystems (Moen, 1999). The forest 165 

on Svanøy is mainly grazed and browsed by large herbivores like red deer and free-ranging 166 

domestic sheep (Ovis aries; documented on wildlife camera traps from 2011-2015; 167 

unpublished data), both of which are considered mixed-feeders with similar diets and 168 

therefore with comparable impacts on the systems in which they live (Bodmer, 1990; 169 

Mysterud, 2000). The animal densities of wild and domestic ungulates in the Svanøy forest 170 

are hard to assess precisely, but in the relative sense they can be evaluated as relatively high 171 

for Norwegian forest. Based on a theoretical harvest rate of 20% for red deer, and the fact that 172 

ca. 1.5 red deer/km2 was harvested at Svanøy from 2000-2010 (pers. comm. J.T. Solheim), we 173 

can estimate the mean density for the island to be ca. 7.5 deer/km2. In the same period the 174 

https://seklima.met.no/observations


sheep population contained averagely ca. 150 adults (numbers from Kinn municipality, pers. 175 

comm. J.A. Stavang) which gives a density of nearly 14 sheep/km2. Sheep in Norway is 176 

primarily free ranging in the summer season, but in some parts of the island sheep has also 177 

been feeding during winter (pers.obs. S.J Hegland). Both previous to ca. year 2000 and the 178 

last five years (the period of Exp. B, see below) the sheep number has been higher and is now 179 

nearly 300 adults (pers. comm. J.A. Stavang). Based on personal observations and the 180 

numbers available, we assume that the mean densities of the two ungulate species in the 181 

forested parts of the Svanøy island are roughly equal for the period of Experiment A (see 182 

2.2.), but may be higher for sheep in the period of Experiment B (see 2.3.).   183 

 184 

2.2. Experiment A: Browsing effects on rowan abundance and size 185 

We established ten study sites in winter 2000–2001, located in flat areas within old-growth 186 

pine-bilberry forest, using a vegetation map (Skogen & Lunde, 1997). The ten sites were 187 

spread across the island, minimum 300 m apart, at elevations between 20 and 140 metres 188 

above sea level (see Hegland et al., 2005 for a map). Tree height and canopy openness 189 

showed little variation between sites (Lilleeng et al., 2018). Each study site consisted of a pair 190 

of 9 × 9 m plots. For each pair, one plot was within an ca. 10 × 10 m exclosure, ca. 2.5 m high 191 

with wildlife fence and solid posts at ca. every 1 m, and one in an equal sized ungulate-access 192 

control area located 10 to 50 m away from the exclosure.  193 

 194 

To examine the effect of ungulate browsing on rowan abundance and size, we first counted 195 

and mapped all tree saplings (immature individuals between 20 and 140 cm tall in 2001) 196 

within each plot in 2001. This immature size class is in some herbivore studies referred to as 197 

large seedlings (Bernes et al., 2018), but do not posess the characteristic cotyledons of 198 

seedlings. The mapping allowed us to relocate all original saplings and map new individuals 199 



in 2006 and 2011 (height range in 2011: 10 to 240 cm) to establish survival and recruitment in 200 

addition to rowan density. In each study year, we also recorded rowan occurrence and height 201 

(here measured to the closest 5 cm) of all saplings. We found that height alone was a good 202 

predictor for aboveground plant size (dry mass) in a linear regression based on 71 203 

independently sampled rowan plants (R2=0.97). Plant height is therefore a good indicator of 204 

plant size for the studied size class (see Appendix A for details).  205 

 206 

To investigate the impact of variation in browsing intensities on rowan abundance, we 207 

recorded the presence (yes/no) of pellets in hundred 1-m2 quadrats randomly distributed 208 

within a radius of 100 m around each of the ungulate-access control plots in 2001, 2006 and 209 

2011. This frequency represents an index of relative ungulate density (Härkönen & Heikkilä, 210 

1999) and is often directly related to browsing intensity (Hegland et al., 2005; Burkepile et al., 211 

2016). We used the mean pellet frequency (based on presence/absence) per site across years 212 

which ranged from 0 to 25. Sampling in June made it difficult to distinguish between sheep 213 

and red deer feces (i.e. less pellet-shaped than winter feces) and this study therefore focus on 214 

the combined impact of these two species. From working with red deer and sheep, both in 215 

research and as practioners for several decades, we have observed that except their size 216 

differences they eat similar plants when they feed freely in ecosystems (pers. obs. S.J. 217 

Hegland). 218 

 219 

For all statistical analysis in this study we applied mixed effect modelling to account for the 220 

spatial and temporal dependency among sampling units, using the R programming 221 

environment (v4.0.2, R Development Core Team, 2020). To arrive at minimum adequate 222 

models, all modelling was performed using backward stepwise selection to remove non-223 

significant factors, starting with interactions (Crawley, 2013). Residual diagnostics were 224 



conducted using the ‘DHARMa’ package (Hartig, 2020), a package of diagnostic tools for 225 

mixed models that takes a simulation-based approach to residual estimation. We used the 226 

‘car’ package (Fox & Weisberg, 2019) for calculating variance statistics, and the ‘emmeans’ 227 

package (Lenth, 2020) for estimating marginal means, standard errors and confidence 228 

intervals for all models.  229 

 230 

For analyses of the two responses in experiment A, abundance (number of trees in plots) and 231 

plant height, the factors treatment (exclosure vs. ungulate-access), year (2001, 2006, 2011) 232 

and their interaction were included as fixed effects, and site was used as random effect. We 233 

analysed the experimental exclosure effect on rowan abundance from 2001 to 2011 with a 234 

negative binomial generalised linear mixed model (GLMM) with the ‘glmmTMB’ package 235 

(Brooks et al., 2017). Specifically, we used the negative binomial distribution with quadratic 236 

parameterisation (nbinom2 family option) and the square root link function as this provided 237 

the best fit to the data in terms of satisfactory residual plots. Growth data were unbalanced (18 238 

recordings in ungulate-access controls vs 235 in exclosures) so these were not analysed 239 

statistically but mean differences between 2006 and 2011 are presented in the results. Linear 240 

regression was applied to investigate the relationship between browsing intensity (mean 241 

frequency of pellets per site across the three sampling years) and the change in rowan 242 

abundance from 2001 to 2011 in ungulate-access plots (n=10).  243 

 244 

2.3. Experiment B. Nurse-plant effect of juniper shrubs on rowan saplings 245 

The same ten study sites as in experiment A were used for the nurse-plant experiment (B). At 246 

each site, four juniper bushes of approximately equal age and size (70 to 180 cm tall) were 247 

selected ca. 25 m away from each side of the exclosure (i.e., to the north, east, south, and west 248 

of the exclosure). We paired each juniper bush with open area in the ungulate-access control 249 



area (see exp A) at 3 to 5 m. This resulted in 40 study pairs, four at each site, in which we 250 

planted 80 rowan saplings (acquired from Aaberge plant nursery in Sogndal, western Norway) 251 

on 10 September 2013. The plants were first randomly assigned to the sites, and then to the 252 

two treatments: 1) saplings were planted within the juniper bush or 2) in paired field 253 

vegetation without shrubs. The plants were marked with a tape, a stick and mapped by GPS-254 

coordinates to allow relocation.  255 

 256 

We measured the height of rowan saplings of and their browsing damage at planting date 257 

(Year 0), in June 2014 (Year 1), June 2015 (Year 2) and June 2018 (Year 5). Browsing 258 

damage was recorded as a categorical variable (no browsing, light browsing, heavy browsing 259 

or dead). Light browsing was defined as either browsing of one terminal shoot or one lateral 260 

shoot (i.e., biomass removal < ca. 25%) and heavy browsing was all browsing above this 261 

level. 262 

 263 

For statistical analyses of experiment B, we used the same main approach as for experiment 264 

A. The responses, browsing damage, including mortality, and plant height, were analysed by 265 

using the factors treatment (protected or control), year (Years 0, 1, 2 & 5) and their 266 

interaction as fixed effects, and pair nested within site as random effects. The effect of 267 

treatment on plant height was modelled with a linear mixed effect model in the glmmTMB 268 

package (gaussian family). The browsing damage represented an ordinal response and 269 

attempts to fit logistic regression models with our random structure failed to converge or 270 

violated the assumption of proportional odds. We therefore converted the four categories to a 271 

binary response, combining the no and light browsing categories to represent low browsing 272 

(0), and combining the heavy and dead browsing categories to represent high herbivore 273 



damage (1). We then analysed this response with a binomial GLMM (in glmmTMB) with a 274 

logit link.  275 

 276 

Using the pellet frequency (see experiment A), we also investigated whether there was a 277 

modifying effect of browsing intensity on the nurse-plant effect. We repeated the analysis for 278 

plant height and browsing damage above, including the pellet frequency as a fixed effect, as 279 

well as year and the interaction. In addition, we took advantage of a natural experiment at the 280 

study sites when 24 of the 40 juniper nurse plants suffered severe frost damage during the 281 

winter of 2015 (Year 2) causing full, or partial browning and often increased mortality in 282 

junipers. We tested the impact of this frost damage on the nurse-plant effect by repeating the 283 

analyses for plant height and browsing damage on protected rowan plants but with the factor 284 

frost damage (yes/no) as fixed effect and site as random effect. To complete the analysis of 285 

how height and other characteristics of juniper could influence its “nursing” abilities we also 286 

included an analysis of the effect of juniper size, measured as the widest canopy diameter as 287 

this could impact ungulate access to rowan plants, using the same statistical approach as for 288 

the frost damaged plants.  289 

 290 

3. Results 291 

3.1. A: Browsing effects on rowan abundance and height 292 

Excluding ungulates had a significant positive effect on rowan abundance (year*treatment 293 

interaction type III Wald ꭕ2 = 38.06, p<0.001; Fig. 1a). At the start of the exclosure-294 

experiment, in 2001, we found in total 7 individuals in exclosure plots within the size class 295 

20–140 cm vs. 5 in ungulate-access plots. By 2011 these numbers had increased to 357 (0.44 296 



rowan/m2) vs. 56 (0.07 rowan/m2) saplings, i.e., more than six times more rowan in exclosures 297 

than in ungulate-access plots.  298 

 299 

 300 

Figure 1. Rowan abundance (a; mean number of individuals in 9 x 9 m plots) and b) mean 301 

rowan height in exclosures and ungulate-access plots from 2001 to 2011 in large herbivore 302 

exclosures (n= 10) and ungulate-access plots (n=10) in old-growth forest at Svanøy Island, 303 

western Norway. Diagram a) depicts predicted marginal mean abundances estimated from a 304 

negative binomial GLMM with square root link function for the exclosure and ungulate-305 

access plots and error bars as 95% confidence intervals; b) are calculated means, with 306 

sampling numbers in black and error bars are 1 SE. 307 

 308 

The unbalanced individual-based growth data could not be analysed statistically (see Material 309 

and methods), but the exclosure plants that had survived were by 2011 almost twice as tall as 310 

the rowans in ungulate-access plots (Fig. 1b; mean height of 52.2 cm ±1.8 SE vs mean height 311 

of 23.1 cm ±4.3 SE) and had reached a maximum height of 230 cm in the exclosures vs. 60 312 

cm in the ungulate access plots. The smaller mean height of the exclosure population in 2006 313 

than 2001 (Fig. 1b) is a direct consequence of the large increase in juvenile rowans (Fig. 1a) 314 



 315 

Browsing intensity, or relative ungulate density, affected the abundance of rowan saplings 316 

negatively as the mean pellet frequency (data from 2001, 2006 and 2011) showed a significant 317 

negative relationship with the change in rowan abundance from 2001 to 2011 (Fig 2, slope = -318 

0.71 ± 0.3 SE t = -2.5, p = 0.035).  319 

 320 

 321 

Figure 2. Change in rowan abundance (mean number of individuals) as a function of 322 

browsing intensity in old-growth forest at Svanøy Island, western Norway. Abundance is 323 

calculated as difference between 2011 and 2001 recordings, and browsing intensity is 324 

measured as mean frequency of pellets (presence/absence in 100 quadrats) around ungulate 325 

access plots (n=10) from 2001, 2006 and 2011. The blue line represents the linear regression 326 

line. 327 



 328 

3.2. B: Nurse-plant effect of juniper shrubs on rowan saplings 329 

Seventy percent of unprotected control plants experienced heavy browsing damage (categories 330 

heavily browsed or dead) after the first winter, compared to only 25% of the protected saplings 331 

(Fig. 3). This difference between treatments was reduced over time as more protected plants 332 

were browsed, but after five years there was still 50% more heavy browsing damage in control 333 

(98%) than in protected plants (65%, Fig. 3) and twice as many dead rowan saplings when 334 

unprotected. The mortality of saplings was also more than twice as high in control (23%) vs. 335 

protected (10% dead) plants after five years (Fig. 3).  336 

 337 

Figure 3. The browsing pressure (no browsing, lightly or heavily browsed, and dead from 338 

browsing) protected (n=40) and control (n=40) saplings of rowan (Sorbus aucuparia) from year 339 

1 (2014) to year 5 (2018) at ten sites in old-growth forest at Svanøy Island, western Norway. 340 

 341 



Testing these patterns with the binomial GLMM revealed that there was a significant effect of 342 

treatment (Fig. 4a; type II Wald ꭕ2= 36.5, p <0.001), with the control plants more likely to be 343 

browsed heavily than protected plants. There was also a significant effect of year (Fig. 4a; type 344 

II Wald ꭕ2= 25.4, p < 0.001), but no significant interaction between treatment and year 345 

indicating that the nurse-plant effect was not dependent on year. The mean probability of heavy 346 

browsing was more than 0.75 after one year in unprotected control plants, and already 347 

approaching 1 in subsequent years (Fig. 4a). Conversely, this probability was still below 0.75 348 

after five years in protected plants.  349 

 350 

The growth was nearly 50% higher in protected (+16%) vs. unprotected saplings (-30%) over 351 

the five years (Fig. 4b). The linear mixed model for plant height had a significant treatment x 352 

year interaction (type III Wald ꭕ2= 36.2, p < 0.001), which was largely due to a difference in 353 

growth in the first year (Fig. 4b), indicating that protected rowan stayed consistently taller than 354 

unprotected control plants throughout the study period.  355 

 356 

Figure 4. Changes in (a) probability of heavy browsing damage and in (b) mean plant height 357 

of rowan saplings protected by juniper (n=40) and in open controls (n = 40) across the 358 

sampling years (Year 0 = 2013, 5=2018) in an old-growth forest at Svanøy Island, western 359 



Norway. The diagrams show the predicted marginal mean from mixed effects models. Error 360 

bars are 95% confidence intervals.  361 

 362 

We found no significant effect of the index of browsing intensity (i.e., pellet frequency) on 363 

either the probability of heavy browsing damage (type II Wald ꭕ2= 2.2, p=0.142) or the height 364 

of rowan saplings (type II Wald ꭕ2= 0.6, p=0.439). There was no significant effect of juniper 365 

size on the responses of protected rowan plants in terms of browsing damage (juniper height: 366 

type II Wald ꭕ2= 0.5, p=0.477; juniper canopy diameter: type II Wald ꭕ2= 0.1, p=0.778) or 367 

rowan height (juniper height: type II Wald ꭕ2= 0.0, p=0.844; juniper canopy diameter: type II 368 

Wald ꭕ2= 0.3, p=0.576). Rowan planted within juniper bushes that were frost damaged tended 369 

to be more heavily browsed after five years than rowan planted in undamaged juniper bushes 370 

(30% more), but the difference was not statistically significant (type II Wald ꭕ2= 2.3, p = 371 

0.120; significant year effect: type II Wald ꭕ2= 12.9, p = 0.002). The frost damage effect on 372 

growth also tended to increase browsing damage, but was not statistically significant (type II 373 

Wald ꭕ2 = 1.74, p = 0.190; Year: type II Wald ꭕ2 = 24.5, p < 0.001). 374 

4. Discussion  375 

In this study, we demonstrated that rowan abundance and growth were strongly impacted by 376 

the combination of wild and domestic ungulate browsing in a boreal, cool-temperate, forest 377 

ecosystem. We found, by means of experimental plantings, that rowan saplings could escape 378 

ungulate browsing, and improve their survival and growth in the long term, by growing within 379 

nurse-plants of juniper.  380 

 381 

The six-fold higher increase in rowan abundance in exclosures over ungulate-access plots 382 

(Exp. A), as well as the large abundance changes along the browsing intensity gradient, 383 

strongly reflects the impact of ungulate feeding on rowan recruitment and performance. The 384 



clear negative effect of browsing on the abundance of rowan saplings is unsurprising given 385 

that decline in woody species abundance, in particular the immature sapling stage, is a 386 

hallmark of large herbivore impact (Hegland & Rydgren, 2016). However, the large increase 387 

in abundance over time when excluding deer and sheep to 0.44 rowans/m2 opposed to only 388 

0.07 rowans/m2 in ungulate-access plots is perhaps more remarkable than shown in most 389 

previous studies. Although there are variation in plant species responses to excluding 390 

ungulates (Fortuny et al., 2020), other studies comparable in design, study period and 391 

ungulate species have typically found that exclosures exhibit around double the increase in 392 

rowan abundance over time compared to controls (Speed et al., 2013; Nopp-Mayr et al., 393 

2020). The effect of excluding deer and sheep in our study is more equivalent to that found 394 

when excluding the most typical browser of northern ecosystems, the moose (Alces alces), 395 

from clear-cuts (Kolstad et al., 2018), a habitat that typically offers better conditions for 396 

germination of rowan than shaded old-growth forest. Clearly the large change in rowan 397 

abundance along the herbivory gradient shows that the density of ungulates plays a decisive 398 

role for the population dynamics of rowan, and possibly other deciduous tree species also in 399 

old-growth forest. The variation in animal densities among the sites at Svanøy may have 400 

facilitated such findings, which do point to important management related applications. The 401 

consistency between the result from the exclosure- and the gradient-based approach also 402 

justifies the characterisation of rowan as a herbivory “loser” and thus a species that may be 403 

used to indicate browsing pressure in boreal forest (Hegland & Rydgren, 2016).  404 

 405 

Our finding that the height of rowan in exclosures was double that of ungulate-access plots, 406 

coupled with the lack of rowan above 60 cm in browsed areas (compared to max 230 cm in 407 

exclosures) after ten years of excluding ungulates (Exp. A), underlines the structuring role of 408 

these herbivores in such forest systems. Moe et al. (2014) stated that among the main 409 



herbivore guilds (i.e. grazers, mixed feeders and browsers), the mixed feeders may have the 410 

largest negative effect on tree seedlings, whereas browsers may in reality enhance seedling 411 

recruitment by removing larger size classes of woody competitors. It appears that at Svanøy 412 

the red deer and sheep, classified as mixed-feeders, act as functional browsers when they feed 413 

in forest. Such characterisation is based on the contrasting effect of the large herbivore effects 414 

we find for different size classes of rowan, i.e. the positive or neutral effect on <20 cm rowan 415 

(“seedlings”/young saplings) and the clearly negative, “moose-like”, effect on 20-240 cm 416 

rowan (saplings) at Svanøy (Hegland & Rydgren, 2016; current study). Several authors have  417 

pointed to a “browse trap” (Staver & Bond, 2014) of about 50 cm for tree saplings to survive 418 

browsing and grow into adult stages in forests (D. Kuijper et al., 2010; Speed et al., 2013), 419 

and this threshold appears to be applicable also in our system. Moreover, a meta-analysis by 420 

Bernes et al. (2018) showed that small seedlings (< 30 cm) overall are not negatively 421 

impacted by high herbivore densities in boreal and temperate forest whereas saplings most 422 

often are. That few deciduous saplings of species like rowan survive in browsed landscapes 423 

may likely alter successional trajectories and influence forest species composition for several 424 

decades (Tremblay et al., 2007; Hidding et al., 2013; Nuttle et al., 2014). Long-term datasets 425 

on oak (Quercus robur) regeneration from Sweden showed that, in addition to the trend 426 

towards denser and darker forests over the last decades, increased wild ungulate abundance is 427 

the second most important determinant of tree recruitment (Petersson et al., 2019). In the 428 

relatively open canopy of the old-growth pine-bilberry forest at Svanøy, there was an increase 429 

in abundance of rowan saplings (< 60 cm) even in unfenced sites that point to a recruitment 430 

potential and, to some extent, tolerance of rowan to herbivore browsing. We showed that 431 

browsing intensity, and hence the combined density of deer and sheep, may play a crucial role 432 

for how this recruitment potential is enabled. 433 

 434 



Juniper clearly had a nurse-plant effect on rowan by reducing browsing pressure and 435 

increasing survival and growth of planted saplings, both in the short- and long-term (Exp. B). 436 

These results confirm our hypothesis of an escape for rowan in nurse plants from browsing by 437 

large ungulates, also in boreal forest. The magnitude of reduced browsing on saplings, i.e., ca. 438 

50% difference between treatments after 5 years, was comparable to the few other 439 

experimental nurse-plant studies performed in late successional forest. Jensen et al. (2012) 440 

found that nurse shrubs reduced browsing frequency of oak seedlings in a Swedish deciduous 441 

forest by up to 30% compared to control plants. Similarly, Bannister (2020) found ca. 50% 442 

reduction in browsing of a target conifer seedling when shrubs were retained in a Chilean bog 443 

forest. However, our study appears as one of the first to target saplings, or larger juveniles, a 444 

stage class for which survival is probably the most decisive for the recovery of tree 445 

populations in browser dominated forest systems (D. Kuijper et al., 2010; Speed et al., 2013; 446 

Staver & Bond, 2014).  447 

 448 

Our subsequent finding that reduced browsing of protected saplings positively affected 449 

survival and growth also point towards a long-term facilitation effect of the interaction with 450 

the nurse plant juniper (Exp. B). For example, there were twice as many dead unprotected 451 

rowan plants after five years than among the protected plants. Also, the unprotected plants 452 

that survived were more frequently heavily browsed, and therefore experienced nearly half the 453 

height compared to the protected rowan. It should be mentioned that also protected plants 454 

showed decreased mean height during the five-year study. We ascribe this size reduction to 455 

the fact that some individuals are browsed also when protected, and that the herbivore 456 

protection from juniper is only partial (Fig. 3).  Outcomes on plant survival and size (or 457 

growth) are highly variable across other nurse-plant studies depending on factors related to 458 

traits of nurse-plants, life stages of protected plants as well as the environmental conditions 459 



(Brooker et al., 2006; Brooker et al., 2008). We showed consistent nurse-plant effects across 460 

the response variables, i.e., from reduced browsing to increased survival and growth, and the 461 

beneficial effects lasted over time. In our system the facilitative effect was not even dependent 462 

(at least not statistically) on the characteristics of the nurse-plant (size variables and vitality 463 

reduction by frost damage) or the environmental gradient in terms of browsing intensity. In 464 

sum, this indicated that juniper’s facilitative effects were strong, and outweighed the 465 

potentially competing influence for light, water, and nutrients, resulting in a net positive 466 

influence on the fitness of the protected rowan plants in the browsed landscape of Svanøy.  467 

 468 

Net positive effects of the nurse-plant interactions may be very important in old growth 469 

forests like our study system. The forest understorey, as well as the overstorey canopy, often 470 

acts as a competitive filter reducing the emergence, survival, density and growth of tree 471 

juveniles (Landuyt et al., 2019). Landuyt et al. (2019) suggested that when herbivory plays an 472 

important ecological role in an ecosystem, the understorey may have a net positive effect on 473 

plants in need of protection. Also, they advocated that browsing itself may indirectly facilitate 474 

tree recruitment by gap-creation in dense understoreys that otherwise would outcompete small 475 

trees for light and nutrients, indicating a rather complex interplay of factors for the 476 

recruitment of trees. Previous research at Svanøy indeed showed that increasing browsing 477 

intensity up to relatively high levels benefitted both rowan juveniles (<20 cm) and the 478 

diversity and abundance of all juvenile tree species (Hegland et al., 2013; Hegland & 479 

Rydgren, 2016). Meta-analyses of large herbivore impact in temperate and boreal forest have 480 

confirmed that saplings are largely negatively impacted by browsing, whereas small juveniles 481 

are often not (Bernes et al., 2018). Juvenile trees may thus often be protected when growing 482 

within a field or shrub layer vegetation, but then browsed intensively when they grow out of 483 

this protecting ground canopy, thus reach the browse-trap size, and therefore stop gaining 484 



biomass (Miller et al., 1982; Palmer & Truscott, 2003; Brooker et al., 2006; Peláez et al., 485 

2019). Consequently, many nurse-plant relationships are transient, and palatable plants 486 

susceptible to large herbivore damage may require several facilitative “partners” or 487 

“neighbours” throughout their life cycle. In our system, juniper may provide an effective 488 

partner until rowan has passed the browse trap phase, but further research is required to 489 

investigate the quantitative impact of juniper facilitation after this phase, including potential 490 

competitivev and reciprocal effects.  491 

5. Conclusion 492 

The implications of our findings, over 10 (Exp. A) + 5 (Exp. B) years of field experiments, 493 

are multiple. Under increasing ungulate densities and intensified large herbivore impact in 494 

many ecosystems of the Northern hemisphere, exclosure experiments like ours (Exp. A) have 495 

improved our understanding of the herbivory effect on forest vegetation. We showed that a 496 

functionally important tree species was heavily affected by browsing in terms of abundance 497 

(1/6 of saplings) and growth (1/2 of size) and that the relative density of ungulates is also a 498 

strong determinator for change in rowan abundance. Furthermore, we presented evidence 499 

(Exp. B) that the strong herbivore-induced reductions in plant abundance and size on the 500 

functional important tree species rowan may be counteracted by a positive plant-plant 501 

interaction that reduced browsing damage (50% less) and mortality,  (twice as high in 502 

unprotected plants), and increased growth (>50% taller saplings) after five years in the 503 

protected rowan plants. In sum, these positive nurse-plant effects may represent a persistent 504 

escape mechanism for rowan saplings in browsed landscapes that facilitates recovery of 505 

rowan, and other tree, populations. Also, it may point to some long-term buffering feedback 506 

mechanisms in these systems. For example, browsing may reduce deciduous tree abundance 507 

providing the space for increased amounts of the conifers like juniper. This shrub may then, as 508 

our results show, facilitate the recruitment of the herbivore-preferred and deciduous tree, 509 



rowan. Maintaining forest ecosystems consisting of multi-layered and multi-species 510 

understoreys is thus vital to preserve plant recruitment processes and mitigate succession 511 

patterns. Nurse-plant effects may be one of several buffering mechanisms of the understoreys 512 

in mixed forests that could be actively stimulated in forestry and conservation management. 513 

Such mechanisms will be increasingly important in rewilded landscapes that are also heavily 514 

impacted by human activities.  515 
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 767 

Appendix A: Model verifying height as variable with high 768 

explanatory value for plant size in rowan 769 

To test whether aboveground plant size in rowan (Sorbus aucuparia) was well explained by 770 

measuring only plant height of saplings as we did in our study, we collected 71 rowan (Sorbus 771 

aucuparia) individuals late June 2011 from the boreal forest at Svanøy. The collected 772 
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individuals covered a height range from 5.3 cm to 275.0 cm and were independent of the two 773 

experiments detailed in the main text. None of the individuals carried flowers. On each 774 

individual, we measured the height (H) and the diameter of the stem at the base (DS), counted 775 

the number of leaves, measured the length of the longest leaf, and the breadth of the broadest 776 

leaf, before they were dried to constant weight at 70° C in a drying cabinet. We then used a 777 

GLM, with identity link and gaussian family, to build two dry mass (DM) models. One simple 778 

model with only height (Fig. 1) and one more complex model with all explanatory variables 779 

included. Data was log-transformed to obtain normality, and we used a forward selection 780 

procedure. 781 

 782 

The height only model had an R2 of 0.968; P < 0.001: log2(DM) = 2.01255 × log2(H) - 783 

8.50692.  784 

785 

Figure 1. The relationship between estimated dry mass based on the height-model of Sorbus 786 



aucuparia and the observed dry mass of the 71 individuals. The blue line is the model line, 787 

whereas the red line is the 1:1 line. R2 = 0.968. 788 

 789 

The complex model included the diameter of the stem at the basis (DS) in addition to height 790 

and height2. This model had an R2 of 0.989; P < 0.001: 791 

log2(DM) = 0.55446 × log2(H) + 0.06978 × log2(H)2 + 1.10046 × log2(DS) -5.63338 792 

 793 

As the difference in explanatory value between the height-only and the complex model was 794 

negligible, and as the height-only model has a very high R2-value, we are confident that 795 

height is a good predictor for plant size in rowan saplings. 796 


