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Abstract 16 

The pattern that a given tree species suffers less damage when growing with heterospecific 17 

neighbors than amongst conspecific plants, i.e. associational resistance, is common for insect 18 

herbivores and many fungal pathogens. However, associational resistance to parasitic plants has 19 

never been tested in a replicated study. Using paired forest plots, we investigated whether tree 20 

diversity triggered associational resistance to a tree parasite, the European mistletoe Viscum album 21 

ssp. austriacum, by comparing pure stands of Scots pine (Pinus sylvestris) with mixtures of Scots pine 22 

and Maritime pine (Pinus pinaster) in northern Spain. Maritime pine, with 1.2% of trees being 23 

infested, was considered a non-host species in the study area. The infestation level of Scots pines 24 

was significantly higher in pure plots (45.1%) than in mixed plots of Scots pines and Maritime pines 25 

(25.4 %). Our study is the first to quantify associational resistance to a plant parasite in mixed vs. 26 
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pure forest stands and suggests that mechanisms proposed to explain associational resistance to 27 

insects and pathogens also apply to plant parasites. Scots pine trees that were taller than the 28 

surrounding trees had a higher infestation probability, in both pure and mixed stands. Scots pine 29 

trees growing in mixtures were slightly lower than Maritime pines, suggesting that associational 30 

resistance was partly driven by reduced relative tree height. However, the effect of plot type (pure 31 

vs. mixed) remained significant after the effect of tree height was accounted for, thus indicating that 32 

other factors also contributed to lower mistletoe infestation in mixed plots. In particular, the 33 

behavior of birds dispersing mistletoe seeds might differ in mixed vs. pure stands. 34 

 35 

Keywords : Associational resistance; Biodiversity; Forest management; Mistletoe; Pinus pinaster; 36 

Pinus sylvestris; Viscum album 37 

 38 

1. Introduction 39 

Increasing evidence is showing that tree diversity contributes to forest ecosystem functioning and 40 

the provision of ecosystem services (Brockerhoff et al., 2017). Mixed-species forests exhibit higher 41 

productivity, plant and animal biodiversity, resistance to disturbances and less insect damage than 42 

tree monocultures ( Castagneyrol et al., 2014; Jactel and Brockerhoff, 2007; Jactel et al., 2018, 2017). 43 

Associational resistance, i.e. the fact that a given tree suffers less damage when growing with 44 

heterospecific neighbors than amongst conspecific trees (Barbosa et al., 2009) is a common pattern 45 

for herbivore insects (Castagneyrol et al., 2014) and root pathogens (Jactel et al., 2017), while for 46 

foliar pathogens the effect of mixed stands seems more variable (Jactel et al., 2017). The effect of 47 

tree diversity on insect herbivores and pathogens can be attributed to two, often non-independent, 48 

processes: a lower density of host plants in mixtures or a pure associational effect (Hambäck et al., 49 

2014). Two theories explain the relationship between host density and insect/pathogen abundance 50 

in pure vs. mixed stands. The resource concentration hypothesis (Root, 1973) predicts higher 51 
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herbivore abundance in pure stands because insects are more likely to find, remain and reproduce 52 

on host trees that are more abundant in such stands. On the contrary, when host density is low in 53 

mixed stands, herbivores may concentrate on the few available hosts, leading to a higher infestation 54 

level per tree (resource dilution hypothesis (Damien et al. 2016; Otway et al., 2005)). Non-host trees 55 

can also trigger associational resistance independently of host density. For example, reduced 56 

apparency of focal tree species, whereby non-host trees in the mixture disrupt visual and chemical 57 

cues emitted by host trees, can explain associational resistance to actively dispersing herbivores and 58 

insect vectored pathogens (Castagneyrol et al., 2013). For airborne pathogens or those dispersing 59 

through root contact the presence of non-host trees can provide a physical barrier to contamination 60 

of neighboring host trees, leading to lower infestation levels in mixed stands (Jactel et al., 2017). The 61 

presence of non-host trees can also promote the presence and abundance of natural enemies 62 

providing biological control of insect herbivores (Jactel and Brockerhoff, 2007) or pathogens (Jactel et 63 

al., 2017). While these resistance effects of tree diversity have frequently been observed for pest 64 

insects and, to a lower extent, for pathogens, they have very rarely been studied for parasitic plants 65 

such as mistletoes. In this study, we examined the prevalence of European mistletoe (Viscum album 66 

ssp. austriacum) in pure vs. mixed pine forests. 67 

 68 

Mistletoes are hemi-parasitic plants, with about 1300 species from five families within the Santales 69 

(Watson, 2001). The European mistletoe, Viscum album, is a perennial, hemi-parasitic plant that only 70 

lives on woody plants (Zuber and Widmer, 2009) and extracts water and minerals from its host. In 71 

Europe four subspecies occur that differ in distribution and host range (Zuber, 2004). V. album ssp. 72 

austriacum occurs in Spain and Central Europe, mainly on Pinus species and rarely on Larix and Picea 73 

(Zuber, 2004; Zuber and Widmer, 2009). V. album is a species of interest because it is a host for 74 

several specialized insect species, a food source for birds and it contains pharmacological substances 75 

(Briggs, 2011; Lázaro-González et al., 2017; Zuber, 2004). However, high levels of V. album infestation 76 

have negative effects on tree growth (Noetzli et al., 2003; Rigling et al., 2010; Sangüesa-Barreda et 77 
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al., 2013) and contribute to tree death especially when associated with drought stress (Dobbertin 78 

and Rigling, 2006; Mutlu et al., 2016; Tsopelas et al., 2004). The relationship with drought stress 79 

indicates that with climate change the damage caused by V. album will probably increase in the 80 

future. Moreover, V. album is expanding its range. An upward shift in altitude has been observed in 81 

the last century, which seems linked with global warming (Dobbertin et al., 2005). 82 

As for many other mistletoe species, the seeds of V. album are dispersed by birds. Seed dispersal, the 83 

first step in the infestation process, seems an essential process in explaining V.album infestation and 84 

spatial distribution and bird behavior may lead to a higher seed deposition on certain trees, for 85 

example on tall trees or on trees at stand edges (Durand-Gillmann et al., 2014; Vallauri, 1998). The 86 

most important dispersers of V. album seeds are mistle thrush (Turdus viscivorus), other Turdus 87 

species, waxwing (Bombycilla garrula) and blackcap (Sylvia atricapilla) (Mellado and Zamora, 2014; 88 

Zuber, 2004). The most effective dispersers of V. album in southern Europe are trushes (Mellado and 89 

Zamora, 2014). Trushes eat the berries and defecate the seeds. With a transit time of about half an 90 

hour the seeds can be dispersed over distances of more than 20 km by migrating birds (Frochot and 91 

Sallé, 1980). However, most seed dispersal occurs at shorter distances by thrushes foraging in areas 92 

with V. album infested trees or by thrushes holding and defending territories of groups of V. album 93 

infested trees (Skórka and Wójcik, 2005; Snow and Snow, 1984). Blackcaps, another seed disperser, 94 

disperse the seeds at even closer distances, mainly within the same tree, as they feed on the skin of 95 

the berry and leave the seed on a shoot nearby the V. album shrub (Zuber, 2004). The behavior of 96 

birds to spend more time on infested hosts than non-infested hosts thus leads to an aggregation of 97 

mistletoes within hosts (Aukema and Martinez de Rio, 2002). 98 

 99 

The effects of tree diversity on mistletoe infestation, including effects of host density and of pure 100 

associational effects of the accompanying tree species, can be multiple, since tree diversity can 101 

influence both the behavior of seed dispersing birds and mistletoe-host interactions (see Figure 1). 102 

Birds are active seed dispersers and it is likely that processes generating associational effects for 103 
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insect herbivores also act upon birds, such as disruption of host finding cues. Mistletoe infestation is 104 

often higher on taller trees as observed for V. album (Durand-Gillmann et al., 2014; Kolodziejek and 105 

Kolodziejek, 2013) and for several other mistletoe species (Aukema and Martínez del Rio, 2002; 106 

Donohue, 1995; Roxburgh and Nicolson, 2008; Shaw et al., 2005; Smith and Reid, 2000; Teodoro et 107 

al., 2010). This pattern was proposed to result mainly from bird preferences for more apparent trees 108 

rather than to differences in host tree suitability (Aukema and Martínez del Rio, 2002; Roxburgh and 109 

Nicolson, 2008). In mixed stands, where infested trees can be partly hidden by non-infested 110 

neighbours, birds foraging for mistletoe fruits may have greater difficulty to find their resource. Birds 111 

can also react to local mistletoe abundance. The behavior of birds to spend more time in groups of 112 

trees with high mistletoe abundance gives that in those areas both infested and uninfested hosts 113 

have a higher exposure to seed dispersers than in areas with a low infestation level (Aukema, 2003). 114 

This mechanism may lead to a direct effect of the non-host density in mixtures as birds will 115 

encounter less mistletoe hosts in these stands and shorten probably their foraging time. 116 

Tree diversity can also affect host-mistletoe interactions. Host plants have developed structural and 117 

biochemical defenses to mistletoe infestation (Aukema, 2003) and the expression of tree defensive 118 

traits have been shown to be influenced by the identity of neighboring trees (Castagneyrol et al., 119 

2018; Rosado-Sánchez et al., 2018). Trees may also differ in quality for mistletoes. For example, in 120 

areas where water is limiting, mistletoes are more likely to establish on host trees with better access 121 

to water (Watson, 2009). This process probably differs between pure and mixed stands, with drought 122 

responses of tree species varying according to the composition of mixtures (Forrester and Bauhus, 123 

2016; Grossiord, 2018). 124 

 125 

The objective of our study was to evaluate the effect of mixed vs. pure stands on the infestation level 126 

by V. album and to identify tree and stand characteristics linked to associational resistance or 127 

susceptibility. We studied the presence of V. album ssp. austriacum in pure Scots pine (Pinus 128 

sylvestris) forests and mixed forests of Scots pine and Maritime pine (P. pinaster) in northern Spain. 129 
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Preliminary observations in the study area indicated that Scots pine was much more sensitive to V. 130 

album ssp. austriacum than Maritime pine that could be considered a non-host. As such, 131 

associational effects in mixed stands of Scots pine and Maritime pine would result from a 132 

combination of both host density effects, whereby Scots pine density is lower in mixtures as 133 

compared to monocultures, and pure associational effects whereby, for a given Scots pine density, 134 

the presence of Maritime pines might reduce the probability of infestation on neighboring Scots 135 

pines. 136 

In particular, our study aimed to answer the following questions: 137 

i) does V. album infestation level of Scots pines differ between pure and mixed stands? 138 

ii) does the presence of V. album depend on relative tree height (i.e. how much a given tree is 139 

higher than its neighbors) ? 140 

iii) what are the relative effects of host and non-host density on V. album infestation? 141 

 142 

 143 

2. Material and methods 144 

 145 

2.1 Study area and plots 146 

The study was conducted in northern Spain, in an area of approximately 50,000 ha covered with 147 

Mediterranean forests of Scots pine and Maritime pine. The area covers the transition zone between 148 

the natural Scots pine (higher elevation) and Maritime pine (lower elevation) forests in the Northern 149 

Iberian mountain range, belonging to the provenance regions “Montaña Soriano Burgalesa” and 150 

“Montaña de Soria Burgos” respectively (Martín et al 1998). Mean annual temperature of the area is 151 

9.0 °C, mean annual precipitation ranges from 715 to 888 mm and elevation ranges from 1090 to 152 

1277 m a.s.l.. To study the effect of species mixture on forest productivity and structure in this area, 153 

Riofrio et al. (2017) selected in 2014-2015 36 circular plots with a radius of 15 m. Plots were selected 154 

as representative parts of forest composition and structure in the surrounding area. Plots were 155 
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grouped into 12 triplets of mixed plots and the corresponding pure plots of Scots pine and Maritime 156 

pine (i.e. 36 plots in total). All triplets were situated in an area of 40 km length by 20 km width, with 157 

coordinates of plots between 41°46’15.2”N - 41°53’46.6”N and 2°55’39.9”W - 3°20’43.4”W. Distance 158 

between plots within the same triplet was always shorter than 1 km. Tree age of plots ranged 159 

between 38 and 139 years. For Scots pines, the median difference in age between the pure and 160 

mixed plot of a triplet was 7.5 years, with a minimum of 2 years for the triplet with the youngest 161 

plots and a maximum of 38 years for the triplet with the oldest plots. For Maritime pine the median 162 

value was 8 years, and varied between 2 years to 34 years for the oldest triplet. Additional 163 

information about stand characteristics are included in Riofrío et al (2017, Supplementary Material). 164 

For each tree, the diameter at breast height and the height were measured (see for more details on 165 

forest management, plot selection, and measurements Riofrio et al. (2017). 166 

Preliminary observations on Maritime pine trees in pure Maritime pine stands and in mixed stands 167 

revealed that V. album was nearly absent on Maritime pine in this area, in sharp contrast with the 168 

high prevalence on Scots pine. We therefore considered Maritime pine as non-host and did not 169 

survey pure Maritime pine plots. The study was thus based on V. album infestation in 12 pairs of 170 

pure stands of P. sylvestris and mixtures of P. sylvestris and P. pinaster. Mixed plots had varying 171 

proportions of tree species, with P. sylvestris representing 37-77% of the total number of trees and 172 

32-71% of total basal area. In plots classified as pure plots, P. sylvestris accounted for at least 91% of 173 

the total number of trees and 85% of total basal area (Table 1). Other plot characteristics are 174 

indicated in Table 1 and Appendix A (Fig. A.1 and A.2; Table A.1). Since the average total number of 175 

trees was the same in mixed and pure plots and Maritime pine thus partly replaced Scots pine in 176 

mixed plots, the number of trees of the two species was negatively correlated for the 24 plots (r= -177 

0.54) as was their basal area (r= -0.74, Appendix Fig. A.1). 178 

In March 2017, two observers, positioned at different sides of the tree, assessed together the 179 

presence/absence of V. album on each tree inspecting the complete tree crown and stem with 180 

binoculars. A total of 255 Maritime pines and 843 Scots pines were inspected in the 12 pairs of plots. 181 
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 182 

 183 
Table 1. Compositional and structural characteristics of the mixed and pure plots. For each tree species, mean 184 

(minimum, maximum) values per plot are given for the number of trees (expressed per plot and per hectare), 185 

DBH (Diameter at Breast Height), tree height, basal area and % trees calculated for the total number of trees 186 

(N) or basal area (BA). 187 

  mixed plots (N=12)   pure P. sylvestris plots (N=12) 

  P. sylvestris P. pinaster P. sylvestris P. pinaster 

number of trees / plot 26.3 (14, 42) 19.7 (9, 36) 45.3 (26, 76) 1.6 (0, 6) 

number of trees / ha 372.5 (198.1, 594.2) 278.2 (127.3, 509.3) 640.2 (367.8, 1075.2) 22.4 (0.0, 84.9) 

DBH (cm) 29.6 (20.2, 40.3) 37.5 (23.5, 47.7) 30.3 (20.4, 39.8) 42.0 (26.0, 56.7) 

tree height (m) 19.3 (14.0, 24.7) 20.4 (14.9, 26.9) 20.1 (14.8, 24.5) 21.2 (15.3, 26.3) 

basal area (m²/ha) 26.2 (13.0, 45.9) 30.8 (11.1, 48.7) 45.8 (29.3, 59.1) 2.6 (0.0, 7.1) 

% trees (N) 57.4 (36.8, 76.9) 42.6 (23.1, 63.2) 97.0 (90.9, 100.0) 3.0 (0.0, 9.1) 

% trees (BA) 46.3 (31.9, 71.4) 53.7 (28.6, 68.1) 94.4 (85.0, 100.0) 5.6 (0.0, 15.0) 

 188 

 189 

2.2 Statistical analyses 190 

Data were analyzed at the plot level and at the individual tree level. At the plot level, we analyzed the 191 

proportion of Scots pine trees infested with V. album using three sets of explanatory variables. In the 192 

first model, we used plot type (pure vs. mixed plots) as explanatory categorical variable. Since a 193 

possible effect of plot type may be driven by either a dilution of Scots pine and/or an increase in 194 

Maritime pine, we ran two other models by substituting plot type by i) the basal area of Scots pine + 195 

the basal area of Maritime pine + their interaction or ii) the number of Scots pine trees + the number 196 

of Maritime pine trees + their interaction. Combining both Scots pine and Maritime pine abundance 197 

in the same model allowed addressing both the effect of host concentration (here Scots pine) and 198 

the pure effect of the associated species (here the abundance of Maritime pine). For these three 199 

models we used generalized linear mixed models (GLMM) with a binomial error and a logit link 200 

function on a response variable consisting of the number of infested Scots pine trees vs. the number 201 
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of non-infested Scots pine trees per plot. To take into account the structure of the dataset with 202 

paired plots we used Pair identity (12 pairs of plots) as a random factor. 203 

We used the same general approach to analyze the probability of mistletoe infestation at the level of 204 

individual trees, but further accounted for tree-level covariates. For the analyses at the tree level we 205 

first estimated the individual relative tree height (ΔH), which indicates how much taller or lower a 206 

tree is as compared to its neighbors (Castagneyrol et al., 2013; Damien et al., 2016). We calculated 207 

for each Scots pine tree its ΔH by subtracting from the height of the tree the mean height of the trees 208 

in the corresponding plot. As such, ΔH > 0 indicates that a tree is higher than the mean canopy 209 

height. In order to verify if ΔH was independent of the sampling design, we first tested if the height 210 

and ΔH of Scots pine trees differed between mixed and pure plots using linear mixed models (LMM) 211 

with plot type as explanatory variable. Next we analyzed the probability of a Scots pine tree being 212 

infested by V. album by using three sets of explanatory variables. In the first model, we analyzed the 213 

effect of ΔH, plot type (pure vs. mixed) and their interaction on the presence/absence of V. album on 214 

individual Scots pine trees using a GLMM with binomial error and a logit link function. As for the 215 

analyses at the plot level, we replaced plot type by i) the basal area of Scots pine, of Maritime pine 216 

and their interaction and ii) the number of trees of each species and their interaction. For all models 217 

at the tree level we used as random factors Plot identity nested within Pair identity to account for 218 

the nested structure of the dataset where trees were incorporated in a plot, that belonged to a pair 219 

of plots (Schielzeth and Nakagawa, 2013). 220 

For all models, both at the plot and tree level, we applied a model simplification procedure by 221 

comparing nested models, with vs. without the variable of interest. We sequentially removed 222 

predictors, starting with the least significant, while applying marginality principle where the principal 223 

effects were not removed if involved in a significant interaction. Significance of effects was tested by 224 

comparing models with and without the term with type II Wald chi-square tests on log likelihood 225 

ratios. For model validation we visually checked model residuals. For the simplified models, R² values 226 

were calculated to estimate the variance explained by fixed effects (marginal R², R²m), and by fixed 227 
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plus random effects (conditional R², R²c)(Nakagawa and Schielzeth, 2013). Variables were scaled 228 

before analyses. 229 

All analyses were carried out in R (R Core Team, 2019). The following functions and libraries were 230 

used: glmer function from lme4 package (Bates et al., 2015), r.squaredGLMM from MuMin package 231 

(Barton, 2018), Anova from car package (Fox and Weisberg, 2011) and simulateResiduals from 232 

DHARMa package (Hartig, 2019) for residual plots. 233 

 234 

3. Results 235 

The overall V. album infestation level was 35.8 % for Scots pine trees (n= 843 trees) and 1.2 % for 236 

Maritime pine trees (n= 255 trees), confirming that Maritime pine can be considered a non-host 237 

species for V. album ssp. austriacum in the study area. 238 

The infestation level of Scots pines was almost twice as high in pure plots as in mixed plots (X² = 37.2, 239 

df = 1, P <0.001), with a mean infestation level of 45.1 ± 8.4 % (± SE) in pure plots vs. 25.4 ± 6.8 % in 240 

mixed plots (Fig. 2). However, plot type per se only explained a limited amount of variance in V. 241 

album infestation (R²m = 0.062, R²c = 0.390). 242 

 243 

For the model using basal area of both tree species as explanatory variables, only the basal area of 244 

Scots pine trees was selected in the final model, showing an increase in infestation level with 245 

increasing Scots pine basal area (Table 2). On the contrary, for the model using number of trees only 246 

the number of Maritime pine trees was selected, showing an increase in infestation level with 247 

decreasing number of Maritime pine trees (Table 2). Therefore, although they did not retain the 248 

same variables as significant predictors, both models yielded consistent results whereby mistletoe 249 

infestation was higher where host-trees were more abundant and where non-host trees were less 250 

abundant. The model using basal area of Scots pines as an explanatory variable explained more 251 

variance in V. album infestation (R²m = 0.14, Table 2) than the model using the number of Maritime 252 

pine trees (R²m = 0.07, Table 2). 253 
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 254 

Table 2. Summary of models testing the effects of basal area (BA) and tree number (N) of P. sylvestris and P. 255 

pinaster on V. album infestation level of P. sylvestris at the plot level. Explanatory variables in bold had a 256 

significant effect (at P<0.05). R²m and R²c are marginal and conditional R², respectively, and are calculated for 257 

the final model resulting from model simplification.  258 

Response Predictors Estimate (± SE) X² Df P-value R²m (R²c) 

infestation level BA P. sylvestris 1.32 (± 0.36) 13.48 1 < 0.001 0.14 (0.41) 

 BA P. pinaster 0.40 (± 0.29) 1.76 1 0.185  

 BA Ps x BA Pp 0.21 (± 0.26) 0.68 1 0.411  

infestation level N P. sylvestris 0.38 (± 0.23) 1.61 1 0.204  

  N P. pinaster -0.43 (± 0.16) 14.43 1 < 0.001 0.07 (0.40) 

 N Ps x N Pp 0.25 (± 0.25) 1.04 1 0.307  

 259 

 260 

The height of Scots pine trees was not statistically different between mixed and pure plots (X² = 1.43, 261 

df = 1, P = 0.230). However, ΔH (i.e. the difference between individual Scots pine tree height and 262 

mean plot height) was slightly, but significantly lower in mixed plots than in pure plots (X² = 8.62, df = 263 

1, P = 0.003), with a mean ΔH of -0.45 m in mixed plots and -0.003 m in pure plots, indicating that 264 

Scots pines were on average lower than Maritime pines in mixed plots.  265 

 266 

At the individual tree level, both ΔH and plot type had significant and independent effects on V. 267 

album infestation probability (Table 3). The probability of individual Scots pines being infested 268 

increased with increasing ΔH and was higher in pure than in mixed plots (Fig. 3). The fact that plot 269 

type remained significant after the effect of ΔH was accounted for, and conversely, indicates that 270 

factors other than those related to relative tree height additionally contributed to the effect of plot 271 

type on V. album infestation probability. When plot type was replaced by the basal area of the two 272 

tree species, ΔH and basal area of Scots pine were selected in the final model (Table 3). The 273 

infestation probability increased with ΔH and with the basal area of Scots pines in the plot. For the 274 
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model including ΔH and the number of trees of each species, ΔH and the number of Maritime pines 275 

were selected (Table 3), leading to a higher infestation probability with increasing ΔH and decreasing 276 

number of Maritime pine trees per plot. 277 

 278 

 279 

Table 3. Summary of models testing the effects of the individual relative tree height of P. sylvestris (ΔH) and 280 

plot composition on infestation probability by Viscum album of individual P. sylvestris trees. The effect of the 281 

following predictors on V. album infestation probability of individual P. sylvestris trees were tested in separate 282 

models: 1) relative tree height (ΔH ), plot type (pure or mixed) and their interaction, 2) ΔH, basal area (BA) of P. 283 

sylvestris and of P. pinaster and their interaction and 3) ΔH, tree number (N) of P. sylvestris and of P. pinaster 284 

and their interaction. Explanatory variables in bold characters had a significant effect (at P<0.05). R²m and R²c 285 

are marginal and conditional R², respectively, and are calculated for the final model resulting from model 286 

simplification. 287 

Model tested Predictors Estimate (± SE) X² Df P-value R²m (R²c) 

Model 1 ΔH 0.96 (± 0.19) 87.07 1 < 0.001 0.23 (0.58) 

 plot type 1.17 (± 0.32) 13.88 1 < 0.001  

 ΔH × plot type 0.31 (± 0.25) 1.64 1 0.201  

Model 2 ΔH 1.14 (± 0.12) 85.26 1 < 0.001 0.30 (0.57) 

 BA P. sylvestris 1.31 (± 0.43) 10.39 1 0.001  

 BA P. pinaster 0.50 (± 0.33) 1.52 1 0.217  

 BA Ps x BA Pp 0.38 (± 0.30) 1.61 1 0.205  

Model 3 ΔH 1.18 (± 0.12) 90.05 1 < 0.001 0.25 (0.58) 

 N P. sylvestris 0.17 (± 0.33) 0.01 1 0.931  

  N P. pinaster -0.33 (± 0.32) 11.15 1 < 0.001   

 N Ps x N Pp 0.51 (± 0.37) 1.89 1 0.169  

 288 

 289 

4. Discussion 290 
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We showed that the infestation level of Scots pines by V. album was almost twice as high in pure 291 

Scots pine plots compared to mixed plots of Scots pine and Maritime pine. Our study is the first to 292 

reveal and quantify associational resistance to a plant parasite in mixed vs. pure forest stands. 293 

Despite the correlative nature of our study, we can speculate that mechanisms proposed to explain 294 

tree diversity effects on resistance to insects and pathogens also apply to plant parasites. The 295 

observation that tree diversity reduces V. album infestation level may be related to i) changes in 296 

behavior or abundance of seed dispersing birds and/or to ii) changes in V. album-tree interactions. 297 

Both processes are potentially influenced by the density of the host tree (Scots pine) and the density 298 

of the associated, non-host species (Maritime pine).  299 

 300 

4.1 Effect of host and non-host densities on mistletoe infestation 301 

We analyzed in the same model the effect of Scots pine and Maritime pine abundance on V. album 302 

infestation level. The use of number of trees indicated a pure associational effect of Maritime pine 303 

whereby V. album infestation decreased with increasing abundance of the non-host species, whereas 304 

analysis based on host and non-host basal area suggested an effect of host cover, whereby V. album 305 

infestation increased with increasing Scots pine basal area. These findings suggest that both the 306 

proportion and density of the host tree can account for the effect of mixture on V. album infestation. 307 

However, because the experimental plots were based on a replacement of one species by the other 308 

and the number of trees or the basal area of the two species were correlated negatively, we could 309 

not quantify the relative importance of these two mechanisms. To demonstrate a pure associational 310 

effect one should compare plots with the same Scots pine density but with absence or presence of 311 

Maritime pines (Damien et al., 2016; Hambäck et al., 2014). Concerning the effect of Scots pine 312 

abundance in our plots it seems that the V. album infestation depended more on Scots pine basal 313 

area than on the number of Scots pine trees, possibly because seed dispersing birds, such as Mistle 314 

trushes, may react more to the species space occupancy in the stand (particularly crown surface 315 

where birds land) than to the number of trees. Kolodziejek and Kolodziejek (2013) observed in 316 
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Poland, in pure Scots pine stands, a higher prevalence of V. album in low density stands compared to 317 

high density stands. This pattern corresponds to the resource dilution hypothesis where infestations 318 

are more concentrated on a more diluted resource of host trees (Otway et al., 2005). Likewise, 319 

Mellado and Zamora (2016) showed an increase in visits of frugivorous birds and V. album seed 320 

abundance in lower density Pinus nigra stands. However, effects of tree density, basal area, crown 321 

cover and tree height may have been confounded in this or other studies, which complicates their 322 

interpretation (Donohue, 1995; Kolodziejek and Kolodziejek, 2013). Low tree density can correspond 323 

to taller trees with a larger crown affecting possibly bird behavior. Moreover, Kolodziejek and 324 

Kolodziejek (2013) studied pure Scots pine stands whereas our results are based on pure and mixed 325 

stands, explaining that we did not observe the same pattern. We therefore encourage future studies 326 

to uncouple the effects of stand density and tree dimensions to move the understanding of 327 

associational effects on mistletoe toward a more mechanistic framework. 328 

 329 

4.2 Mistletoe infestation increased with relative host size  330 

We showed that Scots pine trees that were higher than the surrounding trees had a higher V. album 331 

infestation probability, both in mixed and pure plots. Many studies have shown a higher infestation 332 

by mistletoe species in taller trees (Aukema and Martínez del Rio, 2002; Donohue, 1995; Kolodziejek 333 

and Kolodziejek, 2013; Norton et al., 1997; Roxburgh and Nicolson, 2008; Shaw et al., 2005; Smith 334 

and Reid, 2000; Teodoro et al., 2010) and some could attribute this effect to preferences of birds for 335 

visiting taller trees, either in open landscape or forest (Aukema and Martínez del Rio, 2002; Monteiro 336 

et al., 1992; Roxburgh and Nicolson, 2008). In our mixed plots, Scots pines were slightly lower than 337 

Maritime pines, making them possibly less attractive for birds and thus leading to a lower seed 338 

deposition on Scots pines in mixed stands compared to pure stands. Reduced host apparency is a 339 

pure associational effect that has been found to diminish insect attacks on trees (Castagneyrol et al., 340 

2013; Damien et al., 2016; Dulaurent et al., 2012) and can thus likewise reduce V. album seed 341 

deposition by birds on partially hidden trees. Taller trees may not only be more apparent to birds, 342 
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they also offer a larger crown surface to land on, which could increase their infestation probability. 343 

Taller trees may also be a more suitable host for V. album, which is a light demanding species (Zuber, 344 

2004). V. album survival may be thus better in dominant, sun-exposed trees. Taller trees, in the same 345 

taxon, may also provide a more reliable water supply because of their deeper rooting system and 346 

thereby offering a higher survival to mistletoe species (Norton et al., 1997; Roxburgh and Nicolson, 347 

2008). 348 

Additionally, we showed that for the same relative tree height in a considered stand, individual Scots 349 

pine trees had a lower infestation probability in mixed stands than in pure stands, indicating that 350 

other mechanisms than relative tree height play a role for the observed lower infestation level in 351 

mixed stands. In mixed stands birds may land on Scots pines and Maritime pines and a part of the 352 

seeds will be dropped and thus lost on Maritime pine. Future studies on bird behavior in relation to 353 

host proportion may show if this mechanism is important. Pure Scots pine stands also represent 354 

areas with higher V. album densities for birds, as host tree density is higher and trees have a higher 355 

infestation level than in mixed stands. Birds feeding on V. album may stay longer or be more 356 

abundant in pure Scots pine stands where they can find a higher amount of resources (Skórka and 357 

Wójcik, 2005; Snow and Snow, 1984; Telleria et al., 2008;2014), thereby increasing seed deposition in 358 

already infested stands. Aukema (2003) and Martinez del Rio et al. (1996), documented a local 359 

aggregation of mistletoe for respectively a desert mistletoe in North America and a cactus mistletoe 360 

in Chili. They could link this pattern with bird behavior as the percentage of non-parasitized hosts 361 

receiving seeds increased with the percentage of mistletoe-infested hosts in the neighborhood. This 362 

created a positive feedback as infected neighborhoods become even more heavily infected. Likewise, 363 

Morales et al. (2012) showed, for a mistletoe species dispersed by a marsupial, a reduction in seed 364 

dispersal distances when the neighborhood had a high mistletoe density.  365 

Altogether, it seems probable that the observed higher mistletoe infestation in pure Scots pine 366 

stands is related to bird preferences for apparent trees and for areas with higher infestation levels. 367 

However, we cannot exclude that physiological (like chemical defenses, e.g. Lazaro-Gonzalez et al. 368 
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2019) or anatomical traits of Scots pines (e.g. bark thickness) may be different between pure and 369 

mixed stands and that these traits could explain the rate of mistletoe establishment and growth. 370 

Further research is therefore needed to determine which mechanism is most important. 371 

 372 

4.3 Consequences for forest management 373 

Since high densities of V. album reduce tree growth and contribute to tree mortality, different 374 

methods for controlling this parasitic plant have been proposed. The most effective one is 375 

mechanical control, such as pruning of infested branches, or removing infested trees (Varga et al., 376 

2012). This may be applicable in infested orchards, but seems less applicable in extensive forests with 377 

tall trees. Moreover, removing infested trees may render remaining host trees more prone to 378 

infestation (Vallauri, 1998). However, this may not be the case in our mixed stands where lower host 379 

abundance seems to decrease infestation level. We showed that in mixed pine stands the infestation 380 

level of Scots pine was on average 44 % lower compared to pure stands. Conservation pest 381 

management, that is the use of tree diversity to keep V. album infestation at a low level, has to our 382 

knowledge only been tested by Oliva & Colinas (2010), who showed that Abies stands with a low 383 

level of V. album infestation had a higher proportion of accompanying tree species than stands with 384 

a high infestation level. However, they observed no differences between highly infested and non-385 

infested stands, probably because of confounding factors for the non-infested stands. 386 

Management of tree species diversity in forest stands for associational resistance shows several 387 

advantages. It not only allows diminishing the negative effects of V. album on tree growth and 388 

mortality, but may also permit an overall higher stand productivity (Riofrío et al., 2016; 2017). Lower 389 

V. album infestation can be even one of the factors related to higher productivity in mixed stands 390 

and would merit further research. 391 

 392 

4.4 Conclusion and perspectives 393 
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We showed that tree diversity can reduce Scots pine infestation by a plant parasite, the mistletoe V. 394 

album. Although literature on mixed forest resistance to herbivorous insects and fungal pathogens 395 

may help to identify possible mechanisms underlying mixed forest resistance to this plant parasite, 396 

further dedicated research is needed to clarify them. In particular, mistletoe is actively dispersed by 397 

birds. Studies on bird behavior and abundance in relation to stand composition and V. album 398 

infestation level may allow to precise their role in the observed reduced infestation in mixed stands. 399 

Moreover, it will be useful to evaluate the effect of different tree species mixtures on V. album 400 

infestation levels and in different regions, as host preferences of V. album may vary regionally. This 401 

will also allow generalizing our results and recommendations to other forest systems and ecological 402 

conditions. 403 

 404 

Funding: This work was supported by the Spanish Ministry of Economy and Competitiveness 405 

(projects PCIN-2017-026 and PCIN-2017-027) and the French National Research Agency (ANR-16-406 

SUMF-0003-01) by funding the national contribution to the Sumforest ERA-net project REFORM 407 

(Resilience of Forest Mixtures). 408 

 409 

Author Contributions 410 

IVH and HJ conceived the mistletoe study. MdR and FB set up the forest triplets, and CO measured 411 

the trees. IVH, HJ and LP performed the mistletoe field survey, IVH and BC analyzed the data, IVH 412 

drafted the first version of the manuscript. All authors contributed to the writing of the present 413 

version of the manuscript. 414 

 415 

Appendix A. Supplementary material 416 

Supplementary material to this article can be found online at ….. 417 

 418 



18 

 

References 419 

Aukema, J.E., 2003. Vectors, viscin, and Viscaceae: mistletoes as parasites, mutualists, and resources. 420 

Front. Ecol. Environ. 1, 212–219. https://doi.org/10.1890/1540-421 

9295(2003)001[0212:VVAVMA]2.0.CO;2 422 

Aukema, J.E., Martínez del Rio, C., 2002. Where does a fruit-eating bird deposit mistletoe seeds? 423 

Seed deposition patterns and an experiment. Ecology 83, 3489–3496. 424 

https://doi.org/10.1890/0012-9658(2002)083[3489:WDAFEB]2.0.CO;2 425 

Barbosa, P., Hines, J., Kaplan, I., Martinson, H., Szczepaniec, A., Szendrei, Z., 2009. Associational 426 

Resistance and Associational Susceptibility: having right or wrong neighbors. Annu. Rev. Ecol. 427 

Evol. Syst. 40, 1–20. https://doi.org/10.1146/annurev.ecolsys.110308.120242.  428 

Barton, K., 2018. MuMIn: Multi-Model Inference. R package version 1.42.1. https://CRAN.R-429 

project.org/package=MuMIn 430 

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting Linear Mixed-Effects Models using lme4. J. 431 

Stat. Softw. 67, 1-48. https://doi.org/10.18637/jss.v067.i01 432 

Briggs, J., 2011. Mistletoe (Viscum album): A brief review of its local status with recent observations 433 

on its insects associations and conservation problems. Proc Cotteswold Nat. Fld Club 45, 434 

181–193. 435 

Brockerhoff, E.G., Barbaro, L., Castagneyrol, B., Forrester, D.I., Gardiner, B., González-Olabarria, J.R., 436 

Lyver, P.O., Meurisse, N., Oxbrough, A., Taki, H., Thompson, I.D., van der Plas, F., Jactel, H., 437 

2017. Forest biodiversity, ecosystem functioning and the provision of ecosystem services. 438 

Biodivers. Conserv. 26, 3005–3035. https://doi.org/10.1007/s10531-017-1453-2 439 

Castagneyrol, B., Giffard, B., Péré, C., Jactel, H., 2013. Plant apparency, an overlooked driver of 440 

associational resistance to insect herbivory. J. Ecol. 101, 418–429. 441 

https://doi.org/10.1111/1365-2745.12055 442 



19 

 

Castagneyrol, B., Jactel, H., Moreira, X., 2018. Anti-herbivore defences and insect herbivory: 443 

Interactive effects of drought and tree neighbours. J. Ecol. 106, 2043-2057. 444 

https://doi.org/10.1111/1365-2745.12956 445 

Castagneyrol, B., Jactel, H., Vacher, C., Brockerhoff, E.G., Koricheva, J., 2014. Effects of plant 446 

phylogenetic diversity on herbivory depend on herbivore specialization. J. Appl. Ecol. 51, 447 

134–141. https://doi.org/10.1111/1365-2664.12175 448 

Damien, M., Jactel, H., Meredieu, C., Régolini, M., van Halder, I., Castagneyrol, B., 2016. Pest damage 449 

in mixed forests: Disentangling the effects of neighbor identity, host density and host 450 

apparency at different spatial scales. For. Ecol. Manag. 378, 103–110. 451 

https://doi.org/10.1016/j.foreco.2016.07.025 452 

Dobbertin, M., Hilker, N., Rebetez, M., Zimmermann, N.E., Wohlgemuth, T., Rigling, A., 2005. The 453 

upward shift in altitude of pine mistletoe (Viscum album ssp. austriacum) in Switzerland—the 454 

result of climate warming? Int. J. Biometeorol. 50, 40–47. https://doi.org/10.1007/s00484-455 

005-0263-5 456 

Dobbertin, M., Rigling, A., 2006. Pine mistletoe (Viscum album ssp. austriacum) contributes to Scots 457 

pine (Pinus sylvestris) mortality in the Rhone valley of Switzerland. For. Pathol. 36, 309–322. 458 

Donohue, K., 1995. The Spatial Demography of Mistletoe Parasitism on a Yemeni Acacia. Int. J. Plant 459 

Sci. 156, 816–823. https://doi.org/10.1086/297305 460 

Dulaurent, A.-M., Porté, A.J., van Halder, I., Vétillard, F., Menassieu, P., Jactel, H., 2012. Hide and seek 461 

in forests: colonization by the pine processionary moth is impeded by the presence of 462 

nonhost trees. Agric. For. Entomol. 14, 19–27. https://doi.org/10.1111/j.1461-463 

9563.2011.00549.x 464 

Durand-Gillmann, M., Cailleret, M., Boivin, T., Nageleisen, L.-M., Davi, H., 2014. Individual 465 

vulnerability factors of Silver fir (Abies alba Mill.) to parasitism by two contrasting biotic 466 

agents: mistletoe (Viscum album L. ssp. abietis ) and bark beetles (Coleoptera: Curculionidae: 467 



20 

 

Scolytinae) during a decline process. Ann. For. Sci. 71, 659–673. 468 

https://doi.org/10.1007/s13595-012-0251-y 469 

Forrester, D.I., Bauhus, J., 2016. A review of processes behind diversity—productivity relationships in 470 

forests. Curr. For. Rep. 2, 45–61. https://doi.org/10.1007/s40725-016-0031-2 471 

Fox, J., Weisberg, S., 2011. An R Companion to Applied Regression, Second Edition. Thousand Oaks 472 

CA: Sage. 473 

Frochot, H., Sallé, G., 1980. Modalités de dissémination et d’implantation du gui. R.F.F. 32, 505–519. 474 

Grossiord, C., 2019. Having the right neighbors: how tree species diversity modulates drought 475 

impacts on forests. New Phytol. https://doi.org/10.1111/nph.15667 476 

Hambäck, P.A., Inouye, B.D., Andersson, P., Underwood, N., 2014. Effects of plant neighborhoods on 477 

plant–herbivore interactions: resource dilution and associational effects. Ecology 95, 1370–478 

1383. 479 

Hartig, F., 2019. DHARMa: residual diagnostics for hierarchical (multi-level/mixed) regression models. 480 

R package version 0.2.4. https://CRAN.R-project.org/package=DHARMa 481 

Jactel, H., Bauhus, J., Boberg, J., Bonal, D., Castagneyrol, B., Gardiner, B., Gonzalez-Olabarria, J.R., 482 

Koricheva, J., Meurisse, N., Brockerhoff, E.G., 2017. Tree diversity drives forest stand 483 

resistance to natural disturbances. Curr. For. Rep. 3, 223–243. 484 

https://doi.org/10.1007/s40725-017-0064-1 485 

Jactel, H., Gritti, E., Drössler, L., Forrester, D., L. Mason, W., Morin, X., Pretzsch, H., Castagneyrol, B., 486 

2018. Positive biodiversity–productivity relationships in forests: Climate matters. Biol. Lett. 487 

14, 20170747. https://doi.org/10.1098/rsbl.2017.0747 488 

Jactel, H., Brockerhoff, Eckehard G., 2007. Tree diversity reduces herbivory by forest insects. Ecol. 489 

Lett. 10, 835–848. https://doi.org/10.1111/j.1461-0248.2007.01073.x 490 

Kolodziejek, J., Kolodziejek, A., 2013. The spatial distribution of pine mistletoe Viscum album ssp. 491 

austriacum (Wiesb.) Volmann in a scots pine (Pinus sylvestris L.) stand in Central Poland. Pol. 492 

J. Ecol. 61, 705–714. 493 



21 

 

Lázaro-González, A., Hódar, J.A., Zamora, R., 2017. Do the arthropod communities on a parasitic plant 494 

and its hosts differ? Eur. J. Entomol. 114, 215–221. 495 

Lázaro-González, A., Hódar, J.A., Zamora, R., 2019. Mistletoe Versus Host Pine: Does Increased 496 

Parasite Load Alter the Host Chemical Profile? J. Chem. Ecol. 45, 95–105. 497 

https://doi.org/10.1007/s10886-018-1039-9.  498 

Martín, S., Díaz-Fernández, P., de Miguel, J. ,1998. Regiones de procedencia de especies forestales 499 

españolas. Organismo Autónomo Parques Nacionales.  500 

Martinez del Rio, C., Silva, A., Medel, R., Hourdequin, M., 1996. Seed dispersers as disease vectors: 501 

bird transmission of mistletoe seeds to plant hosts. Ecology 77, 912–921. 502 

Mellado, A., Zamora, R., 2016. Spatial heterogeneity of a parasitic plant drives the seed-dispersal 503 

pattern of a zoochorous plant community in a generalist dispersal system. Funct. Ecol. 30, 504 

459–467. https://doi.org/10.1111/1365-2435.12524 505 

Mellado, A., Zamora, R., 2014. Generalist birds govern the seed dispersal of a parasitic plant with 506 

strong recruitment constraints. Oecologia 176, 139–147. https://doi.org/10.1007/s00442-507 

014-3013-8 508 

Monteiro, R.F., Martins, R.P., Yamamoto, K., 1992. Host specificity and seed dispersal of 509 

Psittacanthus robustus (Loranthaceae) in south-east Brazil. J. Trop. Ecol. 8, 307–314. 510 

https://doi.org/10.1017/S026646740000657X 511 

Morales, J.M., Rivarola, M.D., Amico, G., Carlo, T.A., 2012. Neighborhood effects on seed dispersal by 512 

frugivores: testing theory with a mistletoe–marsupial system in Patagonia. Ecology 93, 741–513 

748. https://doi.org/10.1890/11-0935.1 514 

Mutlu, S., Osma, E., Ilhan, V., Turkoglu, H.I., Atici, O., 2016. Mistletoe (Viscum album) reduces the 515 

growth of the Scots pine by accumulating essential nutrient elements in its structure as a 516 

trap. Trees 30, 815–824. https://doi.org/10.1007/s00468-015-1323-z 517 



22 

 

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R 2 from generalized 518 

linear mixed-effects models. Methods Ecol. Evol. 4, 133–142. https://doi.org/10.1111/j.2041-519 

210x.2012.00261.x 520 

Noetzli, K.P., Müller, B., Sieber, T.N., 2003. Impact of population dynamics of white mistletoe (Viscum 521 

album ssp. abietis ) on European silver fir (Abies alba). Ann. For. Sci. 60, 773–779. 522 

https://doi.org/10.1051/forest:2003072 523 

Norton, D.A., Ladley, J.J., Owen, H.J., 1997. Distribution and population structure of the 524 

loranthaceous mistletoes Alepis flavida, Peraxilla colensoi, and Peraxilla tetrapetala within 525 

two New Zealand Nothofagus forests. N. Z. J. Bot. 35, 323–336. 526 

https://doi.org/10.1080/0028825X.1997.10410158 527 

Oliva, J., Colinas, C., 2010. Epidemiology of Heterobasidion abietinum and Viscum album on silver fir 528 

(Abies alba) stands of the Pyrenees. For. Pathol. 40, 19–32. https://doi.org/10.1111/j.1439-529 

0329.2009.00603.x 530 

Otway, S.J., Hector, A., Lawton, J.H., 2005. Resource dilution effects on specialist insect herbivores in 531 

a grassland biodiversity experiment. J. Anim. Ecol. 74, 234–240. 532 

R Core Team, 2019. R: A language and environment for statistical computing. R Foundation for 533 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.  534 

Rigling, A., Eilmann, B., Koechli, R., Dobbertin, M., 2010. Mistletoe-induced crown degradation in 535 

Scots pine in a xeric environment. Tree Physiol. 30, 845–852. 536 

https://doi.org/10.1093/treephys/tpq038.  537 

Riofrío, J., del Río, M., Bravo, F., 2016. Mixing effects on growth efficiency in mixed pine forests. 538 

Forestry 2016, 90, 381-392. 539 

Riofrío, J., del Río, M., Pretzsch, H., Bravo, F., 2017. Changes in structural heterogeneity and stand 540 

productivity by mixing Scots pine and Maritime pine. For. Ecol. Manag. 405, 219–228. 541 

https://doi.org/10.1016/j.foreco.2017.09.036 542 



23 

 

Root, R.B., 1973. Organization of a plant-arthropod association in simple and diverse habitats: the 543 

fauna of collards (Brassica oleracea). Ecol. Monogr. 43, 95–124. 544 

Rosado-Sánchez, S., Parra-Tabla, V., Betancur-Ancona, D., Moreira, X., Abdala-Roberts, L., 2018. Tree 545 

species diversity alters plant defense investment in an experimental forest plantation in 546 

southern Mexico. Biotropica 50, 246–253. 547 

Roxburgh, L., Nicolson, S.W., 2008. Differential dispersal and survival of an African mistletoe: does 548 

host size matter? Plant Ecol. 195, 21–31. https://doi.org/10.1007/s11258-007-9295-8 549 

Sangüesa-Barreda, G., Linares, J.C., Julio Camarero, J., 2013. Drought and mistletoe reduce growth 550 

and water-use efficiency of Scots pine. For. Ecol. Manag. 296, 64–73. 551 

https://doi.org/10.1016/j.foreco.2013.01.028 552 

Schielzeth, H., Nakagawa, S., 2013. Nested by design: model fitting and interpretation in a mixed 553 

model era. Methods Ecol. Evol. 4, 14–24. 554 

Shaw, D.C., Chen, J., Freeman, E.A., Braun, D.M., 2005. Spatial and population characteristics of 555 

dwarf mistletoe infected trees in an old-growth Douglas-fir western hemlock forest. Can. J. 556 

For. Res. 35, 990–1001. 557 

Skórka, P., Wójcik, J.D., 2005. Population Dynamics and Social Behavior of the Mistle Thrush Turdus 558 

viscivorus During Winter. Acta Ornithol. 40, 35–42. https://doi.org/10.3161/068.040.0109 559 

Smith, M.S., Reid, N., 2000. Population dynamics of an arid zone mistletoe (Amyema preissii, 560 

Loranthaceae) and its host Acacia victoriae (Mimosaceae). Aust. J. Bot. 48, 45–58. 561 

https://doi.org/10.1071/bt97076 562 

Snow, B.K., Snow, D.W., 1984. Long-term defence of fruit by Mistle Thrushes (Turdus viscivorus). Ibis 563 

126, 39–49.  564 

Telleria, J.L., Ramirez, A., Perez Tris, J., 2008. Fruit tracking between sites and years by birds in 565 

Mediterranean wintering grounds. Ecography 31:381–388. doi:10.1111/j.0906-566 

7590.2008.05283.x 567 



24 

 

Tellería, J.L., Carrascal, L.M., Santos, T., 2014. Species abundance and migratory status affects large-568 

scale fruit tracking in thrushes (Turdus spp.). J. Ornithol. 155, 157–164. 569 

https://doi.org/10.1007/s10336-013-0997-5 570 

Teodoro, G.S., van den Berg, E., de Castro Nunes Santos, M., de Freitas Coelho, F., 2010. How does a 571 

Psittacanthus robustus Mart. population structure relate to a Vochysia thyrsoidea Pohl. host 572 

population? Flora - Morphol. Distrib. Funct. Ecol. Plants 205, 797–801. 573 

https://doi.org/10.1016/j.flora.2010.04.013 574 

Tsopelas, P., Angelopoulos, A., Economou, A., Soulioti, N., 2004. Mistletoe (Viscum album) in the fir 575 

forest of Mount Parnis, Greece. For. Ecol. Manag. 202, 59–65. 576 

https://doi.org/10.1016/j.foreco.2004.06.032 577 

Vallauri, D., 1998. Dynamique parasitaire de Viscum album L. sur pin noir dans le bassin du Saignon 578 

(préalpes françaises du sud). Ann. Sci. For. 55, 823–835. 579 

https://doi.org/10.1051/forest:19980706 580 

Varga, I., Taller, J., Baltazár, T., Hyvönen, J., Poczai, P., 2012. Leaf-spot disease on European mistletoe 581 

(Viscum album) caused by (Phaeobotryosphaeria visci): a potential candidate for biological 582 

control. Biotechnol. Lett. 34, 1059–1065. https://doi.org/10.1007/s10529-012-0867-x 583 

Watson, D.M., 2009. Determinants of parasitic plant distribution: the role of host quality. Botany 87, 584 

16–21. https://doi.org/10.1139/B08-105 585 

Watson, D.M., 2001. Mistletoe—a keystone resource in forests and woodlands worldwide. Annu. 586 

Rev. Ecol. Syst. 32, 219–249. 587 

Zuber, D., 2004. Biological flora of Central Europe: Viscum album L. Flora 199, 181–203. 588 

https://doi.org/10.1078/0367-2530-00147 589 

Zuber, D., Widmer, A., 2009. Phylogeography and host race differentiation in the European mistletoe 590 

(Viscum album L.). Mol. Ecol. 18, 1946–1962. https://doi.org/10.1111/j.1365-591 

294X.2009.04168.x 592 

  593 



25 

 

Figure captions: 594 

 595 

Fig. 1. Possible effects of tree diversity on mistletoe (Viscum album) infestation. The solid arrows 596 

represent the mistletoe cycle (seed consumption and dispersion by birds, seed germination and plant 597 

establishment on the host tree, here Scots pine). The dashed arrows represent possible effects of a 598 

non-host tree species (here Maritime pine) on mistletoe infestation of Scots pines growing in a mixed 599 

stand. 600 

 601 

Fig. 2. Mean percentage (±SE) of Scots pines infested with V. album in mixed vs. pure plots. 602 

 603 

 604 

Fig. 3. Effect of individual relative tree height (ΔH), which indicates how much taller or lower an 605 

individual P. sylvestris tree is as compared to its neighbors within the plot, in mixed and pure plots, 606 

on the probability of individual P. sylvestris trees being infested by Viscum album (i.e. model 1 of 607 

Table 3). The dashed vertical line at ΔH = 0 indicates the cases in which P. sylvestris are on average as 608 

tall as the other trees in the plot. Light green and dark green vertical bars at y = 0 and y = 1 represent 609 

observed ΔH in mixed and pure stands, respectively. Logistic curves represent predictions from 610 

models (solid lines) and their standard errors (dashed lines).  611 

 612 

 613 

 614 
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