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Abstract 15 

1. Planting forests is a commonly suggested measure to mitigate climate change. The resulting 16 

changes in habitat structure can greatly influence the diversity and abundance of pre-existing 17 

wildlife. Understanding these consequences is key for avoiding unintended impacts of 18 

afforestation on habitats and populations of conservation concern.  19 

2. Afforestation in lowland Iceland has been gaining momentum in recent years and further increases 20 

are planned. Iceland supports internationally important breeding populations of several ground-21 

nesting, migratory bird species that mostly breed in open habitats. If afforestation impacts the 22 

distribution and abundance of these species, the consequences may be apparent throughout their 23 

non-breeding ranges across Europe and Africa. 24 

3. To quantify the effects of plantation forests on the abundance and distribution of ground-nesting 25 

birds (in particular waders, Charadriiformes), surveys were conducted on 161 transects 26 

(surrounding 118 plantations) perpendicular to forest edges throughout Iceland. The resulting 27 

variation in density with distance from plantation was used to estimate the likely changes in bird 28 
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numbers resulting from future afforestation plans, and to explore the potential effects of different 29 

planting configuration (size and number of forest patches) scenarios. 30 

4. Of seven wader species, densities of five (golden plover (Pluvialis apricaria), whimbrel (Numenius 31 

phaeopus), oystercatcher (Haematopus ostralegus), dunlin (Calidris alpina) and black-tailed godwit 32 

(Limosa limosa)) in the 200 m surrounding plantations were just over half of those further away 33 

(up to 700 m). Redshank (Tringa totanus) densities were lowest <150 m from the plantation edge 34 

while snipe (Gallinago gallinago) densities were 50% higher close to plantations (0-50 m) than 35 

further away (51-700 m), and no consistent effects of plantation height, diameter, density or type 36 

were identified. Plantations are typically small and widespread, and simulated scenarios indicated 37 

that total declines in bird abundance resulting from planting trees in one large block (1000 ha) 38 

could result in only ~11% of the declines predicted from planting multiple small blocks (1 ha) in 39 

similar habitats. 40 

5. Synthesis and application: The severe impact that planting forests in open landscapes can have on 41 

populations of ground-nesting birds emphasises the need for strategic planning of tree-planting 42 

schemes. Given Iceland’s statutory commitments to species protection and the huge contribution 43 

of Iceland to global migratory bird flyways, these are challenges that must be addressed quickly, 44 

before population-level impacts are observed across migratory ranges.  45 
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Introduction 48 

Loss and degradation of habitats that support wildlife is one of the major drivers of global biodiversity 49 

decline (Dirzo et al. 2014). These changes often result from land conversion due to human activities, 50 

such as the development and expansion of housing, roads and agriculture; processes which reduce the 51 

overall amount of natural habitat and increase fragmentation of the landscape, creating smaller and 52 

more isolated habitat patches (Foley et al. 2005; Torres, Jaeger & Alonso 2016). During the initial stages 53 

of land conversion, habitat loss and fragmentation are often characterized by the introduction of novel 54 

structures such as roads, electric pylons, trees and wind turbines (Amar et al. 2011; Sutherland et al. 55 

2012; Hovick et al. 2014; D’Amico et al. 2018). Structures can have direct effects such as increased 56 

collision risk and changes in foraging and breeding opportunities, and indirect effects such as changes 57 

in microclimatic conditions or altered predator-prey and host-parasite relationships on local 58 

populations, processes which can subsequently influence mortality, productivity and recruitment 59 

rates (Ewers & Didham 2006; Fischer & Lindenmayer 2007; Pearce-Higgins et al. 2009; Prugh et al. 60 

2009; Hovick et al. 2014; Fernández‐Bellon et al. 2018). The presence of novel structures may also 61 

affect the distribution of individuals in the surrounding landscape through changes in demographic 62 

factors such as altered rates of survival or recruitment, or through behavioural change with individuals 63 

changing their temporal and spatial activity patterns by avoiding or choosing to be close to structures) 64 

(Ditchkoff, Saalfeld & Gibson 2006; Dinkins et al. 2014; Jameson & Willis 2014; Wang et al. 2015; 65 

Łopucki, Klich & Gielarek 2017), potentially reducing local population sizes.  66 

In recent decades, climatic amelioration at higher latitudes has facilitated rapid forestry development 67 

in areas where tree growth was previously limited by harsher environmental conditions (Halldórsson, 68 

Oddsdottir & Sigurdsson 2008). Afforestation at these latitudes can lead to loss and fragmentation of 69 

the open habitats that dominate the landscape, with potentially important impacts on pre-existing 70 

biodiversity (Brockerhoff et al. 2008; Halldórsson, Oddsdottir & Sigurdsson 2008). While afforestation 71 

may benefit species that use forest habitats, species that require open landscapes may decline, 72 



particularly if the landscape surrounding forests supports fewer individuals (Halldórsson, Oddsdottir & 73 

Sigurdsson 2008). Previous studies have reported lower densities of some open-nesting (i.e. nesting 74 

in open, non-forested habitats) bird species close to forest edges (Hancock, Grant & Wilson 2009; 75 

Stroud, Reed & Harding 2009; Wilson et al. 2014; Holmes, Koloski & Nol 2020). Lower densities of 76 

open-nesting birds could reflect demographic effects such as increased distances between locations 77 

needed for foraging, breeding and chick rearing increasing travel costs and associated risks; or 78 

increased predation rates because predator activity is concentrated around forests (Wilcove, McLellan 79 

& Dobson 1986; Berg, Lindberg & Källebrink 1992; Macdonald & Bolton 2008; Svobodová et al. 2010), 80 

or behavioural effects such as avoidance of areas in which visibility is impeded. Several studies have 81 

found ground-nesting waders to nest significantly further away than expected from man-made 82 

structures and trees, without clear fitness benefits (Wallander, Isaksson & Lenberg 2006; Bertholdt et 83 

al. 2017; Holmes, Koloski & Nol 2020). 84 

In Iceland, which has been largely treeless for ~1000 years, afforestation could have widespread 85 

deleterious effects on the ecological communities of currently abundant open landscapes that support 86 

internationally important biodiversity. Icelandic forestry is still in its infancy and currently forests cover 87 

~1.9% of the land area (~190,000 ha; (Eysteinsson 2017)). Downy birch (Betula pubescens) is the only 88 

tree species to naturally form continuous forests in Iceland (Eysteinsson 2017) and plantation forests 89 

typically contain non-native species such as sitka spruce (Picea sitchensis), larch (Larix spp.), lodgepole 90 

pine (Pinus contorta) and black cottonwood (Populus trichocarpa), along with the downy birch 91 

(Brynleifsdóttir 2018). In 2018, the Icelandic government provided additional funding to the Icelandic 92 

forest service to increase the number of trees planted, with a goal of enhancing carbon sequestration 93 

(Ministry for the Environment and Natural Resources 2018). As forestry primarily operates through 94 

government grants to private landowners to plant trees within their land (Halldórsson, Oddsdottir & 95 

Sigurdsson 2008), plantations typically occur as numerous small patches in otherwise open landscapes. 96 

These features make Iceland an ideal location in which to quantify the plantation effects on densities 97 



of birds in the surrounding habitats, and identify afforestation strategies that might reduce these 98 

effects.  99 

The ongoing expansion of plantation forestry in Iceland is mostly in the vegetated lowlands, which are 100 

also the most important habitats for most ground-nesting bird populations (Gunnarsson et al. 2006; 101 

Jóhannesdóttir et al. 2014; Skarphéðinsson et al. 2016). The most common ground-nesting species in 102 

Iceland are meadow pipit, (Anthus pratensis), and several species of wader (Jóhannesdóttir et al. 103 

2014). Several avian predators that commonly prey on bird nests also breed in lowland Iceland, 104 

including ravens (Corvus corax) (Þórisson 2013) which have begun nesting in trees in Iceland, although 105 

this is still relatively rare (K.H. Skarphéðinsson, personal communication, November 2, 2018). Iceland 106 

also has two mammalian nest predators: arctic fox (Vulpes lagopus) and American mink (Neovison 107 

vison), which is a non-native species (Sillero-Zubiri, Hoffmann & Macdonald 2004; Bonesi & Palazon 108 

2007), in addition to domestic cats which are common and likely to be occasional nest predators 109 

(Bonnington, Gaston & Evans 2013). While little is currently known about how predators in Iceland use 110 

plantations, any perceived risks of predator presence and reduced visibility may influence densities of 111 

birds in the surrounding landscape (Vliet & Wassen 2008; Amar et al. 2011; Wilson et al. 2014). Here 112 

we use surveys of open-nesting birds in lowland Iceland to assess (a) whether densities are reduced in 113 

the landscape surrounding plantations; (b) whether these effects vary among plantations with differing 114 

characteristics; and (c) the potential impact of differing future afforestation plans for lowland Iceland.  115 

Methods 116 

Study sites 117 

The study was conducted in south, west and north Iceland (Fig 1). Forests that were at least 30 m in 118 

diameter, surrounded by homogenous semi-natural habitat and >100 m from houses or agricultural 119 

land were selected from aerial photos and known locations. As all forests included in the study 120 

contained or were exclusively made up of non-native species, they are hereafter referred to as 121 

plantations. Afforestation primarily takes place within semi-natural habitats which were classified 122 



using the farmland database Nytjaland as: wetland, semi-wetland, rich heathland, poor heathland or 123 

grassland (Gísladóttir, Brink & Arnalds 2014) (Table S1).  124 

Bird surveys 125 

In total, 161 surveys of bird distribution and density were undertaken surrounding plantations 126 

between May and June 2017, spanning the majority of the nesting and chick-rearing period of ground-127 

nesting species in Iceland (Gunnarsson et al. 2017; Alves et al. 2019). To ensure that detectability of 128 

target species was as consistent as possible counts were conducted between 8 am and 10 pm, to avoid 129 

peaks in bird activity early in the morning and reduced activity levels in the evening (Davíðsdóttir 2010), 130 

in wind speeds < 7 m/s and avoiding periods of heavy rainfall (Hoodless, Inglis & Baines 2006). To avoid 131 

systematic bias arising from possible “push effects” of corralling birds in front of the surveyor, surveys 132 

were conducted along transects that started either at the edge of the plantation with the observer 133 

moving away (79 transects), or started away from the plantation with the observer walking towards it 134 

(82 transects). Each transect was surveyed once but, when sufficiently large blocks of homogenous 135 

habitat were available on both sides of a plantation (43 out of 118 plantations), two separate 136 

transects in opposite directions were conducted from the same plantation, each on different sides of 137 

the plantation. Transects were conducted within a single habitat type, and transect length ranged 138 

between 300 and 700 m (mean length = 581 ± 133 SD) depending on the homogeneity of the landscape 139 

and the presence of obstructions such as lakes or rivers, resulting in a total distance covered of 93 140 

km. All transects were preceded by a 5-minute period in which the observer stood still to allow birds 141 

to settle, after which the transect was walked at a steady pace without stopping. All birds seen or heard 142 

within a 100 m range on either side of the transect were recorded when first seen, and their distance 143 

from the plantation documented. If there was any doubt that this was the first time the bird was 144 

seen, the individual was not documented for a more conservative estimate. Subsequently, transects 145 

were divided into 50 m distance intervals (1 ha in area) from the forest edge, and the number of birds 146 

recorded within each interval was calculated (Fig S1).  147 



Plantation characteristics  148 

For each plantation, a suite of characteristics was recorded (Table 1). As plantation diameter and area 149 

were strongly correlated (Pearson’s r = 0.84, n = 76, p <0.001), only diameter was included in 150 

subsequent models (Table 1). Coniferous, broad-leaved and mixed plantations were comparable in 151 

diameter, height and density (Table S2) and sampling of all plantation characteristics occurred 152 

throughout the survey period and at various times during the day (Fig S2, S3). 153 

Effects of plantation configuration on bird density 154 

To explore the magnitude of effect of different future plantation configurations on waders in the 155 

Icelandic lowlands, segmented linear regression was used to identify the distance from the plantation 156 

edge at which the most extreme change in bird densities occurs. This ‘breaking point’ distance was 157 

then used to define an ‘affected area’ within which densities differed from the remaining ‘unaffected 158 

area’. The mean densities in affected and unaffected areas were used to estimate the overall changes 159 

in abundance of these species resulting from scenarios of planting 1000 ha as one large up to 1000 160 

small (1 ha) plantations. We calculated total bird change by combining the change in bird numbers in 161 

the forested area (assuming complete loss for open-nesting species (Halldórsson, Oddsdottir & 162 

Sigurdsson 2008)) and the affected area (altered density; Fig S5), as;  163 

Equation 1: 164 

Change in number of birds = No of patches* (Change in numbers in forest area + Change in numbers in 165 

affected area) 166 

ΔN   = P* (ΔDT+ΔDA) 167 

ΔN  = P* (T *(DT - DU) + A*(DA - DU))  168 

where N = number of birds, P = number of plantation patches, T = plantation area, A = affected area, 169 

DT = average bird density in plantation area (assumed to be 0 for open-nesting species), DA = average 170 

bird density in affected area, DU = average bird density in unaffected area. All plantation patches were 171 



assumed to be circular (giving the most conservative estimate of affected surrounding area) and have 172 

an individual affected area with no overlap between patches. Confidence intervals for the change in 173 

numbers of birds were then calculated by bootstrapping the observed variation in bird density per area 174 

and repeating the equation 1000 times. To assess how much of the Icelandic lowlands is currently 175 

within the affected area of forest plantations, the distance from plantation forests to 100,000 176 

randomly located points was calculated using a GIS layer from the Icelandic forest service (Icelandic 177 

Forest Service 2021). 178 

Statistical analyses 179 

In order to assess the change in density of birds with distance to plantation, we constructed a 180 

generalized linear mixed effect model (GLMM) with a Poisson distribution and a log-link function, with 181 

bird density as the response variable, accounting for zero inflation by using the R package glmmADMB 182 

(Fournier et al. 2012). A priori models were initially constructed to assess the effect of direction of 183 

transects (direction, interval and their interaction as explanatory variables) with transect identity 184 

nested in plantation identity included as a random factor to account for non-independence of intervals 185 

within the same transect and surrounding the same plantations. When direction showed a significant 186 

effect it was retained in subsequent models, in which the effects of interval, distance from plantation, 187 

habitat and plantation characteristics were explored for each individual species (Fig S4, Table 1). For 188 

plantation type, broadleaved, which most closely resembles the native birch forest, was used as the 189 

reference, and 2-5 m category as the reference height and grassland as reference habitat which were 190 

the most numerous categories (Table S6). Starting with a full model, sequential deletion of non-191 

significant predictors (plantation factors and habitat removed in an order of increasing significance as 192 

determined by a priori test) (Table S5) was used to find minimum models by removing a single factor 193 

at a time, and comparing the resulting model to the previous more complex model with a chi-square 194 

test (backward stepwise regression). If removal of a given predictor resulted in a significant change in 195 

the model, it was retained in subsequent models (Harrison et al. 2018). In addition to backward 196 

stepwise regression, sequential adding of factors to the null model (forward stepwise regression), and 197 



subsequent comparison of the AIC values was performed to verify the model selection. All statistical 198 

analyses were undertaken in RStudio 1.0.153 (RStudio Team 2016; R Core Team 2017) with R packages 199 

“segmented” used to estimate break points in density changes over distance intervals (Muggeo 2008). 200 

Results 201 

Relationships between distance to plantation and bird density 202 

On the 161 transects conducted across lowland Iceland, 3713 individual birds of 30 species were 203 

recorded (Table S4). The nine most common species (excluding gulls which do not breed in the focal 204 

habitats) used in subsequent analyses were seven waders; oystercatcher, golden plover, dunlin, 205 

common snipe (hereafter snipe), whimbrel, black-tailed godwit (hereafter godwit), redshank; and two 206 

passerines: meadow pipit and redwing (Turdus iliacus). These species comprised 88% of all birds 207 

recorded. Of the seven waders, snipe was the only one found in significantly higher numbers closer to 208 

plantations (Table 2, Fig 2). Snipe density declined by approximately 50% between the first (0-50 m) 209 

and second (50-100 m) distance intervals, suggesting a highly localised effect of plantations. Densities 210 

of golden plover, whimbrel, oystercatcher, dunlin and godwit all increased significantly with increasing 211 

distance from all plantations (Table 2, Fig 2). Dunlin and oystercatcher showed the largest effect (~15% 212 

increase per 50 m), followed by whimbrel (~12%), godwit (~7%) and golden plover (~4%) (Table 2, Fig 213 

2). Although redshank did not show a linear relationship with distance from plantation edges, 214 

redshank densities were lowest close to the plantation edge (<150 m), showing an approximately 215 

twofold increase in subsequent intervals (>150 m) (Table S3, Fig 2). For the two passerines, redwing 216 

density decreased by ~12% per 50 m increment, and meadow pipit showed no change in density with 217 

distance from plantations (Table 2, Fig 2). 218 

Effects of plantation characteristics on bird density  219 

Golden plover, whimbrel and snipe were found in lower densities in the area surrounding the tallest 220 

plantations (over 10 m) compared to the 2-5 m tall plantations (Table 2). Density of redwings increased 221 



with increasing plantation diameter and thereby size and dunlins were found in higher densities 222 

surrounding broadleaved plantations than mixed and coniferous (Table 2). Plantation density had no 223 

significant effect on the density of any of the species, or on the relationship between bird density and 224 

distance from plantation. 225 

Effects of plantation configuration on bird density 226 

The effect of plantation configuration on bird densities was quantified for six wader species, five which 227 

increased linearly with distance from plantations (oystercatcher, golden plover, dunlin, whimbrel and 228 

godwit) along with redshank, which does not nest in forested areas in Iceland (Halldórsson, 229 

Oddsdottir & Sigurdsson 2008) and was found in the lowest density within 150 m from the forest 230 

edge (Table S3, Fig 3A), and separately for snipe and redwing which are known to nest within forests 231 

and were found in higher densities close to the plantation edges (Fig 3B). No estimates were created 232 

for meadow pipit, as their densities inside plantations are unknown. The breaking point was estimated 233 

to be in interval 5 (200-250 m from the forest edge), and the affected area for the open-nesting waders 234 

defined as the first 4 intervals (0-200 m) from the plantation edge. The mean density of the six species 235 

within each distance band within that area was, A1 (0-50 m): 17 birds/km2; A2 (51-100 m): 29 236 

birds/km2; A3 (101-150 m): 30 birds/km2; A4 (151-200 m): 51 birds/km2 compared to 67 birds/km2 in 237 

the remaining area (201-700 m). Consequently, the densities in the affected and unaffected areas were 238 

applied to equation 1 to estimate the change in bird numbers of these six open-nesting species 239 

resulting from different future plantation scenarios in vegetated open habitats in lowland Iceland (Fig 240 

S5):  241 

Change in number of birds = 242 

= No of patches* (Plantation area *(Density in plantation area – Density in unaffected area) + 243 

Affected area*(Density in affected area – Density in unaffected area))  244 



= No of patches * (Forest area (km2) * (-67 birds/km2) + Affected area A1 (km2) *(- 50 birds/km2)) + 245 

Affected area A2 (km2) *(- 38 birds/km2)) + Affected area A3 (km2) *(- 37 birds/km2)) + Affected area 246 

A4 (km2) *(- 16 birds/km2))  247 

Using this equation, we can estimate likely changes in abundance resulting from planting 1000 ha of 248 

plantation in different planting scenarios. Planting 1000 ha of forest in one large patch instead of 50 249 

smaller patches (4 ha each) would approximately halve the resulting decline in abundance (Fig 4). This 250 

effect increases even further as the patches become smaller, such that planting one 1000 ha forest 251 

patch would result in only a fraction (~11%) of the decline in overall abundance compared to planting 252 

1000 small (1 ha) patches. The analysis of the random points revealed that 6.3% of the Icelandic 253 

lowlands (<300 m a.s.l.) is currently within the affected area (<200 m) from forest plantations. 254 

For the combined density of redwing and snipe, the breaking point was estimated to be in interval 2 255 

(51-100 m) away from the forest edge. The mean density of these species was 114 birds/km2 in the 256 

first interval (0-50 m) compared to 55 birds/km2 in subsequent intervals (51-700 m), suggesting a 257 

twofold increase in snipe and redwing numbers immediately adjacent to plantations, in addition to any 258 

breeding of individuals within those plantations.  259 

Discussion 260 

Planting new forests may provide potential benefits in terms of carbon sequestration, habitat for 261 

forest-dwelling species and physical protection of human settlements and infrastructure from adverse 262 

weather conditions. However, afforestation in open landscapes can have considerable impacts on the 263 

biodiversity those landscapes support. Iceland is considered one of the most important areas for 264 

breeding waders in Europe (Thorup 2004), and holds large proportions of the global nesting 265 

populations of golden plover (52%), whimbrel (40%), redshank (19%), dunlin (16%) and black-tailed 266 

godwit (10%) (Gunnarsson et al. 2006). The effects of rapid and widespread afforestation in Iceland 267 

are already becoming apparent, with five of the seven wader species in our study occurring in the 268 

lowest densities close to plantations, and areas surrounding plantations (up to 200 m) supporting 269 



around half the number of birds that occur in the same habitats further away from the plantations. 270 

There are currently hundreds of plantations throughout lowland Iceland, many of which (including the 271 

118 used in this study) are located within semi-natural habitats. For the 76 study plantations for which 272 

recent area estimates area could be accurately measured (from aerial photographs within ±1 year of 273 

survey year) total plantation area is ~2,800 ha and the total amount of semi-natural habitat in the 274 

surrounding 200 m of them is ~3,600 ha. Using the equations reported here (Fig 4), we estimate that 275 

these 76 plantations could potentially have resulted in losses of ~3000 breeding waders, and thus the 276 

total losses resulting from all current plantations are likely to already be in the tens of thousands. While 277 

the abundance of waders in forested areas prior to the presence of plantations is unknown, previous 278 

studies in Iceland have shown much higher densities of waders (~123-276 birds/km2, depending on the 279 

habitat type; (Jóhannesdóttir et al. 2014)) than we have in the unaffected area around plantations (63-280 

187 birds/km2). Thus, the estimated losses are likely to be conservative and the low overall densities 281 

in areas with plantations suggests that these are real losses rather than local redistributions away from 282 

plantations. While larger-scale redistributions cannot be ruled out, these migratory species are 283 

typically highly faithful to breeding sites (Newton 2010), likely because of the importance of re-locating 284 

mates (Gunnarsson et al. 2004) and the benefits of local site-knowledge for nesting safely and raising 285 

chicks. Even if redistribution did occur, the surrounding habitats might eventually become saturated, 286 

and productivity and/or survival could be reduced through impacts on availability of key resources. 287 

This underlines the urgent importance of strategic planning when it comes to afforestation (planting 288 

fewer, larger forests), along with protection of areas of great importance. Should future planting 289 

continue in the current format of many small plantations, the consequences will be far more severe 290 

than planting the same area in a smaller number of large blocks. 291 

The changes in density of waders in open habitats surrounding forest plantations in Iceland was 292 

species-specific. The six species which were found in lower densities closer to plantations included 293 

species that typically nest in open landscapes such as heathland or grassland and with nests that are 294 

generally not well-concealed (oystercatcher, whimbrel and golden plover), and species that require 295 



tall vegetation in which to conceal their nests (godwit, redshank and dunlin) (Gunnarsson et al. 2006; 296 

Laidlaw et al. 2020), suggesting that effects of plantations will be apparent across all of lowland 297 

Iceland’s semi-natural habitats. Species such as snipe (ground-nesting; (Laidlaw et al. 2020)) and 298 

redwing (tree- and ground-nesting; (Meilvang, Moksnes & Røskaft 1997)) that can nest within 299 

plantations may well increase as a result of afforestation, but estimating the magnitude of these 300 

potential increases would require data on densities within plantations which are not currently 301 

available. However, snipe was found in lower densities surrounding taller (>10 m) plantation, possibly 302 

because they only utilize plantations in the transitions stage where trees are sparse, rather than 303 

advanced forests with thick tree growth. 304 

Effects of plantation characteristics on bird density  305 

Two wader species (golden plover and whimbrel) were found in significantly lower densities in areas 306 

surrounding the tallest plantations (>10 m high) compared to the reference group (2-5 m high). Taller 307 

trees may provide avian predators with more or better perches (Andersson, Wallander & Isaksson 308 

2009), and visibility (e.g. of approaching predators) is likely to be reduced in areas surrounding taller 309 

forests. Forest height can also be an indicator of forest age, which could impact bird density in the 310 

surrounding habitat, as any reduction in productivity, recruitment and survival will take some time to 311 

manifest, particularly for long-lived species with high breeding site fidelity, such as waders 312 

(Halldórsson, Oddsdottir & Sigurdsson 2008; Méndez et al. 2018). The number of predators using 313 

forests may also be greater in older, more established forests, and thus actual or perceived predation 314 

risks for breeding birds in the surrounding habitat may be greater (Hancock, Klein & Cowie 2020). 315 

However, it should be noted that the majority of the plantations in this study are relatively young 316 

compared to other countries, with the Icelandic Forest Service being officially founded in 1930 and 317 

forestry only gaining momentum in recent decades (Eysteinsson 2018).  318 

Plantation density and diameter had no additional effect on the species that were in lower densities 319 

closer to the plantations, suggesting that the mere presence of plantations induces the observed 320 



changes in abundance, and that these effects will not increase in magnitude around larger plantations. 321 

In this study, plantations all had a minimum edge length of 30 m (i.e. 900 m2 in area, assuming a square 322 

shape), but it is possible that this effect may operate at even smaller scales. For example, some studies 323 

have shown the presence of single trees to have an effect on breeding densities of waders in the 324 

surrounding areas (Berg, Lindberg & Källebrink 1992; Żmihorski et al. 2018). 325 

Reduced densities of open-nesting species in areas surrounding trees and forests have been recorded 326 

elsewhere, with effects ranging from 50 up to 700 m in studies from the UK and the Netherlands 327 

(Stroud, Reed & Harding 2009; Vliet, Dijk & Wassen 2010; Wilson et al. 2014). Our results suggest that 328 

reduced densities of ground-nesting waders surrounding plantations in Iceland typically reach 329 

approximately 200 m from the edge. The extent of the effect could be influenced by composition of 330 

the predator community and the associated predation risks. No mammalian predators were seen 331 

during the course of this study but ravens were seen on numerous occasions, and a third (13 out of 35) 332 

of raven sightings were within 50 m of the forest edge (areas within 50 m totalled 9% of the total 333 

surveyed area), indicating that ravens may be more abundant close to forests in lowland Iceland. 334 

Changes in the distribution and number of predators can be an important consequence of introducing 335 

plantations into open habitats (Hancock, Klein & Cowie 2020), and should be considered when 336 

planning future forest expansion. 337 

Effects of plantation configuration on bird density 338 

Estimates of the consequences of differing future planting scenarios highlight the strong potential for 339 

designing forest configurations that reduce the impact on biodiversity in the surrounding landscapes. 340 

As plantations in Iceland often appear as small patches of trees in otherwise open landscapes, rather 341 

than large forests, the total amount of affected area is considerably higher than it needs to be. The 342 

magnitude of the reduction in bird abundance close to forests is such that planting trees in few large 343 

blocks rather than many small ones could reduce total declines in abundance by more than 90%. 344 

Therefore, when initiating new forests, concentrating on areas with the potential for large 345 

plantations, many of which still exist, would have a much lower impact than planting on smaller 346 



private lands (Ministry of Finance and Economic Affairs 2022). Plantation size is not the only 347 

parameter that could be considered; shape can also make a difference. Wilcove, McLellan and Dobson 348 

(1986) suggested that, in an effort to reduce the proportion of forest edge to forest interior, making 349 

forest plantations circular should be encouraged, and the same applies to reducing the proportion of 350 

the forest edge to the surrounding habitat. Future forestry planning should also consider the natural 351 

habitat on which planting takes place, given the large variation in bird density between habitats 352 

(Jóhannesdóttir et al. 2014). Ideally, plantations should be located where bird numbers are naturally 353 

low, such as in sparsely or non-vegetated areas, at higher altitudes and on slopes (Whittingham, 354 

Percival & Brown 2002; Skarphéðinsson et al. 2016), and surveys of breeding birds prior to planting 355 

would also help to identify areas of high breeding densities which should be avoided. Although 356 

heathland habitats supported the lowest overall densities of birds in this study, densities of some 357 

open-nesting species are high in these habitats, making them of high conservation value 358 

(Katrínardóttir 2012; Jóhannesdóttir et al. 2014). Currently, the majority of plantation forests in 359 

Iceland have been placed in previously vegetated lowlands (dry habitats, such as heathlands and 360 

grasslands, drained wetlands and wetlands (75%)), and less in un-vegetated areas (19%) and natural 361 

forests (6%) (Traustason 2021).  362 

One of the assumptions underlying our calculations of density is that all birds within transects were 363 

detected. This is rather unlikely as the detectability of birds may vary with stage of breeding or 364 

behaviour (e.g. incubating individuals hiding on the nest). However, such detectability issues would 365 

only be a concern here if they varied with distance from plantations. Individuals very close to 366 

plantations could potentially move into the plantations and be under-recorded, but this is unlikely as 367 

none of the species for which densities increased with distance from plantation are known to occur in 368 

wooded areas, and the reduced densities were apparent over hundreds of metres from plantation 369 

edges (Fig 2). Meadow pipit, redwing and snipe were found in higher numbers close to the forest edge 370 

when walking away from, rather than towards, the plantation, suggesting that these three species 371 



could move into plantations in response to an approaching observer, but none showed reduced 372 

densities closer to plantations (Fig S4).  373 

Forestry in Iceland is an ongoing project, and planting is expected to increase even further on an annual 374 

basis, with a goal of countering human-induced climate change. However, planting forests in open 375 

landscapes can have severe impacts on biodiversity, particularly on populations of ground-nesting 376 

birds. This serves as an example of a trade-off between two major challenges facing humanity, with 377 

contributions towards solving one, climate change (via carbon sequestration), impacting the other, 378 

biodiversity loss (Veríssimo et al. 2014; United Nations 2015; Sikora 2021). Although plantations may 379 

support breeding snipe and redwing, these species have larger global populations and ranges (and are 380 

thus less vulnerable) than the wader species that breed only in open habitats only in Iceland, some 381 

of which are also declining globally (International Wader Study Group 2003; Stroud et al. 2006; IUCN 382 

2022), and are therefore of high conservation value. Waders are highly site-faithful and long-lived 383 

(Méndez et al. 2018) and displacement by forestry is likely to have significant fitness and population 384 

consequences. To identify the underlying drivers behind an altered bird abundance surrounding 385 

plantation forests, and better predict future impacts, before-after-control-studies of marked 386 

individuals in areas where forests are planted, where their behaviour and demography could be 387 

tracked would be ideal. However, long-term tracking of displaced individuals and any subsequent 388 

changes to their fitness is very challenging, particularly in systems in which breeding success is often 389 

highly stochastic (Laidlaw et al. 2020). Iceland holds large proportions of the global populations of 390 

several bird species, and four of the wader species found in lower densities close to plantation edges 391 

(godwit, whimbrel, dunlin and oystercatcher) are decreasing worldwide according to the IUCN red list 392 

(IUCN 2022). Iceland is a signatory to numerous international agreements such as AEWA (Agreement 393 

on the Conservation of African-Eurasian Migratory Waterbirds) and the Bern Convention on the 394 

Conservation of European Wildlife and Natural Habitats, committing it to protecting birds as well as 395 

their habitats, especially wetlands (Einarsson et al. 2002; Schmalensee et al. 2013). It is therefore 396 

imperative that strategic planning of tree-planting schemes in Iceland is developed and implemented, 397 



in order to reduce the effect on ground-nesting birds, by avoiding areas with high bird abundance and 398 

optimizing the size and shape of future forest plots. 399 

Author contributions 400 

TGG, JAA, JAG and AEP conceived the ideas and designed methodology; AEP and HE 401 

collected the data; AEP, JAA, JAG, TGG, SP and VM analysed the data; AEP, TGG, JAG, JAA 402 

and SP led the writing of the manuscript. All authors contributed critically to manuscript 403 

development and gave final approval for publication. 404 

Acknowledgements 405 

This project was funded by the University of Iceland research fund as well as the Science and 406 

Research Fund of South-Iceland and The Nature Conservation Fund of Pálmi Jónsson. JAG 407 

and VM were supported by NERC grant NE/M012549/1. HE was funded by University of East 408 

Anglia as part of an MSc in Applied Ecology and Conservation. JAA was supported by CESAM 409 

via FCT/MCTES (UIDP/50017/2020+UIDB/50017/2020+ LA/P/0094/2020), through national 410 

funds. The authors would like to thank all the landowners that allowed data collection in 411 

their lands, and Páll Ólafsson for assistance with equation construction.  412 

Data accessibility statement 413 

The data that support the findings of this study are available from Dryad digital repository. 414 

415 



References 416 

Alves, J.A., Gunnarsson, T.G., Sutherland, W.J., Potts, P.M. & Gill, J.A. (2019) Linking warming effects 417 
on phenology, demography, and range expansion in a migratory bird population. Ecology and 418 
Evolution, 9, 2365-2375. 419 

Amar, A., Grant, M., Buchanan, G., Sim, I., Wilson, J., Pearce‐Higgins, J.W. & Redpath, S. (2011) 420 
Exploring the relationships between wader declines and current land‐use in the British 421 
uplands. Bird Study, 58, 13-26. 422 

Andersson, M., Wallander, J. & Isaksson, D. (2009) Predator perches: a visual search perspective. 423 
Functional Ecology, 23, 373-379. 424 

Berg, Å., Lindberg, h. & Källebrink, K.G. (1992) Hatching success of lapwings on farmland: differences 425 
between habitats and colonies of different sizes. Journal of Animal Ecology, 61, 469-476. 426 

Bertholdt, N.P., Gill, J.A., Laidlaw, R.A. & Smart, J. (2017) Landscape effects on nest site selection and 427 
nest success of Northern Lapwing Vanellus vanellus in lowland wet grasslands. Bird Study, 64, 428 
30-36. 429 

Bonesi, L. & Palazon, S. (2007) The American mink in Europe: Status, impacts, and control. Biological 430 
Conservation, 134, 470-483. 431 

Bonnington, C., Gaston, K.J. & Evans, K.L. (2013) Fearing the feline: domestic cats reduce avian 432 
fecundity through trait-mediated indirect effects that increase nest predation by other species. 433 
Journal of Applied Ecology, 50, 15-24. 434 

Brockerhoff, E.G., Jactel, H., Parrotta, J.A., Quine, C.P. & Sayer, J. (2008) Plantation forests and 435 
biodiversity: oxymoron or opportunity? Biodiversity and Conservation, 17, 925-951. 436 

Brynleifsdóttir, S.J. (2018) Skógarauðlindasvið Ársrit Skógræktarinnar [Annual report of the Icelandic 437 
forest service], 28-33. 438 

D’Amico, M., Catry, I., Martins, R.C., Ascensão, F., Barrientos, R. & Moreira, F. (2018) Bird on the wire: 439 
Landscape planning considering costs and benefits for bird populations coexisting with power 440 
lines. Ambio, 47, 650-656. 441 

Davíðsdóttir, B. (2010) Þróun aðferða við vöktun algengra mófugla [Developement of methods for 442 
monitoring common meadow birds] BSc thesis, Agricultural University of Iceland. 443 

Dinkins, J.B., Conover, M.R., Kirol, C.P., Beck, J.L. & Frey, S.N. (2014) Greater Sage-Grouse (Centrocercus 444 
urophasianus) select habitat based on avian predators, landscape composition, and 445 
anthropogenic features. The Condor, 116, 629-642. 446 

Dirzo, R., Young, H.S., Galetti, M., Ceballos, G., Isaac, N.J.B. & Collen, B. (2014) Defaunation in the 447 
Anthropocene. Science, 345, 401. 448 

Ditchkoff, S.S., Saalfeld, S.T. & Gibson, C.J. (2006) Animal behavior in urban ecosystems: Modifications 449 
due to human-induced stress. Urban Ecosystems, 9, 5-12. 450 

Einarsson, Ó., Kristinsson, H., Skarphéðinsson, K.H. & Ottósson, J.G. (2002) Verndun tegunda og svæða 451 
: tillögur Náttúrufræðistofnunar Íslands vegna Náttúruverndaráætlunar 2002 [The protection 452 
of species and areas: suggestions from the Icelandic Institute of Natural History on the planning 453 
of nature conservation in 2002]. pp. 118. Icelandic Institute of Natural History. 454 

Ewers, R. & Didham, R. (2006) Confounding factors in the detection of species responses to habitat 455 
fragmentation. Biological reviews of the Cambridge Philosophical Society, 81, 117-142. 456 

Eysteinsson, T. (2017) Forestry in a treeless land, Fifth edn. Icelandic Forest Service, Egilstadir. 457 
Eysteinsson, Þ. (2018) Gengið til skógar [A walk to the forest]. Ársrit Skógræktarinnar [Annual report 458 

of the Icelandic forest service], 4-5. 459 
Fernández‐Bellon, D., Wilson, M.W., Irwin, S. & O'Halloran, J. (2018) Effects of development of wind 460 

energy and associated changes in land use on bird densities in upland areas. Conservation 461 
Biology, 33, 413–422. 462 

Fischer, J. & Lindenmayer, D.B. (2007) Landscape modification and habitat fragmentation: a synthesis. 463 
Global Ecology and Biogeography, 16, 265-280. 464 



Foley, J., Defries, R., Asner, G., Barford, C., Bonan, G., Carpenter, S., Chapin Iii, F.S., Coe, M., Daily, G., 465 
Gibbs, H., Helkowski, J., Holloway, T., Howard, E., Kucharik, C., Monfreda, C., Patz, J., Prentice, 466 
I., Ramankutty, N. & Snyder, P. (2005) Global consequences of land use. Science (New York, 467 
N.Y.), 309, 570-574. 468 

Fournier, D.A., Skaug, H.J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M.N., Nielsen, A. & Sibert, 469 
J. (2012) AD Model Builder: using automatic differentiation for statistical inference of highly 470 
parameterized complex nonlinear models. Optimization Methods and Software, 27, 233-249. 471 

Gísladóttir, F., Brink, S. & Arnalds, O. (2014) Nytjaland (Icelandic Farmland Database). Agricultural 472 
University of Iceland Report, 49. 473 

Gunnarsson, T.G., Gill, J.A., Appleton, G.F., Gíslason, H., Gardarsson, A., Watkinson, A.R. & Sutherland, 474 
W.J. (2006) Large-scale habitat associations of birds in lowland Iceland: Implications for 475 
conservation. Biological Conservation, 128, 265-275. 476 

Gunnarsson, T.G., Gill, J.A., Sigurbjörnsson, T. & Sutherland, W.J. (2004) Arrival synchrony in migratory 477 
birds. Nature, 431, 646-646. 478 

Gunnarsson, T.G., Jóhannesdóttir, L., Alves, J.A., Þórisson, B. & Gill, J.A. (2017) Effects of spring 479 
temperature and volcanic eruptions on wader productivity. Ibis, 159, 467-471. 480 

Halldórsson, G., Oddsdottir, E. & Sigurdsson, B. (2008) AFFORNORD Effects of afforestation on 481 
ecosystems, landscape and rural development. The Nordic Council of Ministers. 482 

Hancock, M.H., Grant, M.C. & Wilson, J.D. (2009) Associations between distance to forest and spatial 483 
and temporal variation in abundance of key peatland breeding bird species. Bird Study, 56, 53-484 
64. 485 

Hancock, M.H., Klein, D. & Cowie, N.R. (2020) Guild-level responses by mammalian predators to 486 
afforestation and subsequent restoration in a formerly treeless peatland landscape. 487 
Restoration Ecology, 28, 1113-1123. 488 

Harrison, X.A., Donaldson, L., Correa-Cano, M.E., Evans, J., Fisher, D.N., Goodwin, C.E.D., Robinson, 489 
B.S., Hodgson, D.J. & Inger, R. (2018) A brief introduction to mixed effects modelling and multi-490 
model inference in ecology. PeerJ, 6. 491 

Holmes, G.I., Koloski, L. & Nol, E. (2020) Nest-site selection of a subarctic-breeding shorebird: evidence 492 
for tree avoidance without fitness consequences. Canadian Journal of Zoology, 98, 573-580. 493 

Hoodless, A.N., Inglis, J.G. & Baines, D. (2006) Effects of weather and timing on counts of breeding 494 
Snipe Gallinago gallinago. Bird Study, 53, 205-212. 495 

Hovick, T.J., Elmore, R.D., Dahlgren, D.K., Fuhlendorf, S.D. & Engle, D.M. (2014) Evidence of negative 496 
effects of anthropogenic structures on wildlife: a review of grouse survival and behaviour. 497 
Journal of Applied Ecology, 51, 1680-1689. 498 

Icelandic Forest Service (2021) Skóglendisvefsjá [Maps of Icelandic forests]. 499 
International Wader Study Group (2003) Waders are declining worldwide. Wader study group 500 

conference, pp. 202-211. Wader Study Group Bulletin, Cádiz, Spain. 501 
IUCN (2022) The IUCN Red List of Threatened Species. Version 2021-3. 502 
Jameson, J.W. & Willis, C.K.R. (2014) Activity of tree bats at anthropogenic tall structures: implications 503 

for mortality of bats at wind turbines. Animal Behaviour, 97, 145-152. 504 
Jóhannesdóttir, L., Arnalds, Ó., Brink, S. & Gunnarsson, T.G. (2014) Identifying important bird habitats 505 

in a sub-arctic area undergoing rapid land-use change. Bird Study, 61, 544-552. 506 
Katrínardóttir, B. (2012) The importance of Icelandic riverplains as breeding habitats for Whimbrels 507 

Numenius phaeopus. MSc, University of Iceland. 508 
Laidlaw, R.A., Gunnarsson, T.G., Méndez, V., Carneiro, C., Þórisson, B., Wentworth, A., Gill, J.A. & Alves, 509 

J.A. (2020) Vegetation structure influences predation rates of early nests in subarctic breeding 510 
waders. Ibis, 162, 1225-1236. 511 

Łopucki, R., Klich, D. & Gielarek, S. (2017) Do terrestrial animals avoid areas close to turbines in 512 
functioning wind farms in agricultural landscapes? Environmental Monitoring and Assessment, 513 
189, 343. 514 

Macdonald, M.A. & Bolton, M. (2008) Predation on wader nests in Europe. Ibis, 150, 54-73. 515 



Meilvang, D., Moksnes, A. & Røskaft, E. (1997) Nest predation, nesting characteristics and nest defence 516 
behaviour of fieldfares and redwings. Journal of Avian Biology, 28, 331-337. 517 

Méndez, V., Alves, J.A., Gill, J.A. & Gunnarsson, T.G. (2018) Patterns and processes in shorebird survival 518 
rates: a global review. Ibis, 160, 723-741. 519 

Ministry for the Environment and Natural Resources (2018) Aðgerðaáætlun í loftslagsmálum 2018 – 520 
2030 [Climate action plan 2018-2030]. Ministry for the Environment and Natural Resources, 521 
Reykjavík. 522 

Ministry of Finance and Economic Affairs (2022) Ríkisjarðir og annað land í eigu ríkisins [Government 523 
owned lands]. 524 

Muggeo, V.M.R. (2008) Segmented: An R package to fit regression models with broken-line 525 
relationships. 8, 20-25. 526 

Newton, I. (2010) The migration ecology of birds. Elsevier. 527 
Pearce-Higgins, J.W., Stephen, L., Langston, R.H.W., Bainbridge, I.P. & Bullman, R. (2009) The 528 

distribution of breeding birds around upland wind farms. Journal of Applied Ecology. 529 
Prugh, L., Stoner, C., Epps, C., Bean, W., Ripple, W., Laliberte, A. & Brashares, J. (2009) The rise of the 530 

mesopredator. Aspen Bibliography, 59. 531 
R Core Team (2017) R: A language and environment for statistical computing. R Foundation for 532 

Statistical Computing, Vienna, Austria. 533 
RStudio Team (2016) RStudio: Integrated development for R. RStudio, Inc. Boston, MA. 534 
Schmalensee, M.v., Skarphéðinsson, K.H., Vésteinsdóttir, H., Gunnarsson, T.G., Hersteinsson, P., 535 

Arnþórsdóttir, A.L., Arnardóttir, H. & Hauksson, S.B. (2013) Vernd, velferð og veiðar villtra fugla 536 
og spendýra. Lagaleg og stjórnsýsluleg staða og tillögur um úrbætur. [Protection, welfare and 537 
hunting of wild birds and mammals. Legal and administrative status and suggestions for 538 
improvement]. pp. 350+xi pages plus supplementary material. Ministry for the Environment 539 
and Natural Resources. 540 

Sikora, A. (2021) European Green Deal – legal and financial challenges of the climate change. ERA 541 
Forum, 21, 681-697. 542 

Sillero-Zubiri, C., Hoffmann, M. & Macdonald, D.W. (2004) Canids: foxes, wolves, jackals, and dogs: 543 
status survey and conservation action plan. IUCN Gland, Switzerland. 544 

Skarphéðinsson, K.H., Katrínardóttir, B., Guðmundsson, G.A. & Auhage, S.N.V. (2016) Mikilvæg 545 
fuglasvæði á Íslandi [Important bird areas in Iceland]. Fjölrit publication series. Icelandic 546 
Institute of Natural History. 547 

Stroud, D., Baker, A., E. Blanco, D., Davidson, N., Delany, S., Ganter, B., Gill, J.R., González, P., Haanstra, 548 
L., Morrison, R., Piersma, T., A. Scott, D., Thorup, O., West, R., Wilson, J. & Zöckler, C. (2006) 549 
The conservation and population status of the world's shorebirds at the turn of the millenium. 550 
Waterbirds around the World (ed. G.C. Boere, Galbraith, C.A. & Stroud, D.A), pp. 1-259. 551 

Stroud, D., Reed, T.M. & Harding, N.J. (2009) Do moorland breeding waders avoid plantation edges? 552 
Bird Study, 37, 177-186. 553 

Sutherland, W.J., Alves, J.A., Amano, T., Chang, C.H., Davidson, N.C., Max Finlayson, C., Gill, J.A., Gill Jr, 554 
R.E., González, P.M., Gunnarsson, T.G., Kleijn, D., Spray, C.J., Székely, T. & Thompson, D.B.A. 555 
(2012) A horizon scanning assessment of current and potential future threats to migratory 556 
shorebirds. Ibis, 154, 663-679. 557 

Svobodová, J., Kreisinger, J., Šálek, M., Koubová, M. & Albrecht, T. (2010) Testing mechanistic 558 
explanations for mammalian predator responses to habitat edges. European Journal of Wildlife 559 
Research, 57, 467-474. 560 

Thorup, O. (2004) Breeding waders in Europe 2000. Wader Study Group. 561 
Torres, A., Jaeger, J.A.G. & Alonso, J.C. (2016) Assessing large-scale wildlife responses to human 562 

infrastructure development. Proceedings of the National Academy of Sciences, 113, 8472-563 
8477. 564 

Traustason, B. (2021) Skógar og skógrækt í nýtingu lands [Forests and forestry in land use]. Icelandic 565 
biological conference 2021. Reykjavík. 566 



United Nations (2015) Transforming our world: the 2030 agenda for sustainable development. New 567 
York. 568 

Veríssimo, D., MacMillan, D.C., Smith, R.J., Crees, J. & Davies, Z.G. (2014) Has climate change taken 569 
prominence over biodiversity conservation? BioScience, 64, 625-629. 570 

Vliet, R.E.v.d., Dijk, J.v. & Wassen, M.J. (2010) How different landscape elements limit the breeding 571 
habitat of meadow bird species. Ardea, 98, 203-209, 207. 572 

Vliet, R.v.d. & Wassen, M.J. (2008) Avian predators in a meadow landscape: Consequences of their 573 
occurrence for breeding open-area birds. Journal of Avian Biology, 39, 523-529. 574 

Wallander, J., Isaksson, D. & Lenberg, T. (2006) Wader nest distribution and predation in relation to 575 
man-made structures on coastal pastures. Biological Conservation, 132, 343-350. 576 

Wang, Y., Huang, Q., Lan, S., Zhang, Q. & Chen, S. (2015) Common blackbirds Turdus merula use 577 
anthropogenic structures as nesting sites in an urbanized landscape. Current Zoology, 61, 435-578 
443. 579 

Whittingham, M.J., Percival, S.M. & Brown, A.F. (2002) Nest-site selection by golden plover: why do 580 
shorebirds avoid nesting on slopes? Journal of Avian Biology, 33, 184-190. 581 

Wilcove, D.S., McLellan, C.H. & Dobson, A.P. (1986) Habitat fragmentation in the temperate zone. 582 
Conservation Biology, 6, 237-256. 583 

Wilson, J.D., Anderson, R., Bailey, S., Chetcuti, J., Cowie, N.R., Hancock, M.H., Quine, C.P., Russell, N., 584 
Stephen, L., Thompson, D.B.A. & Elphick, C. (2014) Modelling edge effects of mature forest 585 
plantations on peatland waders informs landscape-scale conservation. Journal of Applied 586 
Ecology, 51, 204-213. 587 

Żmihorski, M., Krupiński, D., Kotowska, D., Knape, J., Pärt, T., Obłoza, P. & Berg, Å. (2018) Habitat 588 
characteristics associated with occupancy of declining waders in Polish wet grasslands. 589 
Agriculture, Ecosystems & Environment, 251, 236-243. 590 

Þórisson, B. (2013) Farhættir og lýðfræði sandlóu Charadrius hiaticula [Demography and migration 591 
strategies of Icelandic Ringed Plover]. Master, University of Iceland. 592 

593 



Figures and tables 594 

Table 1: Variables and model structure used to quantify the effect of forests on the density of breeding 595 

birds recorded on transects through the surrounding landscape in lowland Iceland. 596 

Variable Unit Definition 

Bird density Birds ha-1 Number of birds recorded in each 1 ha interval of each transect 

Interval 1-14 
50 m distance bands from closest (1) to furthest (14) from the 

plantation edge 

Transect Transect number  Individual transect (one or two per plantation) 

Direction To/from Transects were walked towards or from the plantation edge 

Plantation diameter m 

Distance between two outermost trees on plantation edges, 

recorded from aerial photos (Icelandic Forest Service 2014) or in 

the field with a rangefinder 

Plantation area m2 Area of Plantation, extracted from aerial photos 

Plantation height 0-2 /2-5 / 5-10 /> 10 m Tallest visible point of plantation, measured with a rangefinder 

Plantation type Mixed/conifer/broadleaf Predominant tree type (coniferous, broadleaved or both) 

Plantation density Sparse/dense 
Interior (up to 50 m) of plantation visible (sparse) or not (dense) 

from edge  

Habitat 

Poor heathland/rich 

heathland/grassland/ 

semi-wetland/wetland 

Classification of transect habitat (Gísladóttir, Brink & Arnalds 2014) 

Plantation Plantation number Individual plantations (one or two transects per plantation) 



   

Full model 
Bird density (birds/ha) ~ Interval + Height + Width + Type + Forest Density + Habitat + Direction 

(where applicable) + (1|Plantation/Transect) 

 597 

 598 

Gísladóttir, F., Brink, S. & Arnalds, O. (2014) Nytjaland (Icelandic Farmland Database). Agricultural 599 
University of Iceland Report, 49. 600 

Icelandic Forest Service (2014) Maps of Icelandic forestlands. 601 
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Table 2: Estimates (on log-scale) from the minimum glmmADMB models with a Poisson distribution 

with asterisks representing significance (p<0.05 *; p<0.01 **; p<0.001 ***) of the influence on 

densities of nine species of distance from plantation edge, habitat, tree height, tree type and 

diameter of plantation. Transect nested within plantation was included as a random factor in all 

models. Direction of transect included when needed as by results from a priori models (Table S5). 

Factor were removed in order of increasing significance (density, diameter, height, type and habitat) 

as obtained by a priori models.  

 

 
Full model: Bird density (birds/ha) ~ Interval + Type + Height + Width + Forest Density + Direction (where applicable) + Habitat + (1|plantation/transect) 

Variable 
 

Redwing Snipe Golden plover Whimbrel Dunlin Oystercatcher Godwit Redshank Meadow pipit 

Interval  -0.13 (±0.02) *** -0.06 (±0.02) *** 0.04 (±0.02) * 0.11 (±0.02) *** 0.14 (± 0.04) *** 0.14 (±0.05) ** 0.06 (±0.03) * 0.02 (±0.03) 0.01 (±0.01) 

Height 

(Intercept)a 

-1.13 (± 0.22) -0.22 (±0.29) -1.61 (±0.27) -2.16 (±0.25) -3.91 (±0.63) -6.21 (±1.52) -2.37 (±0.42) -1.60 (±0.38) -0.92 (±0.11) 

0-2 m  -0.25 (±0.38) 0.73 (±0.40) -0.57 (±0.49)      

5-10 m  -0.25 (±0.21) -0.20 (±0.24) 0.07 (±0.25)       

>10 m  -0.82 (0.28)** -1.39 (±0.41) *** -0.96 (±0.38) *      

Width km 0.44 (±0.22) *         

Direction 

Direction  -0.32 (±0.18)       -0.48 (±0.16) ** 

Interval:direction 0.04 (±0.02) 0.05 (±0.02)*       0.05 (±0.02) ** 

Type 

Broadleaved     0.80 (±0.38) *     

Conifer     -0.68 (±0.56)     

Habitat 

Poor heathland  -0.69 (±0.28)*   -2.41 (±1.08) *  -1.96 (±0.66) ** -1.43 (±0.51) **  

Rich heathland  -0.25 (±0.22)   0.33 (±0.41)  -0.89 (±0.44) * -0.36 (±0.37)   

Semi-wetland  0.18 (±0.24)   0.90 (±0.45) *  0.95 (±0.38) * -0.08 (0.42)  

Wetland  0.63 (±0.32) *   0.97 (±0.57)  1.47 (±0.50) ** 1.04 (±0.51) *  

a Reference height: 2-5 m; type: broadleaved; habitat: grassland, direction: away from 

 

 

 

 



 

 

Figure 1: Location of 118 plantations around which transects were conducted in the summer of 2017 

in areas below 300 m a.s.l. (shown in grey) in Iceland. 

  



Figure 2: The mean (± SE) density of nine species with distance from plantations in 50 m intervals along 

transects. Regression lines (± SE) are shown for significant relationships. 

 

 

 

 

 

 

 



 

Figure 3: Combined density of A: six open-nesting wader species (oystercatcher, golden plover, dunlin, 

whimbrel, godwit and redshank) at different distances from plantations and B: two forest-nesting 

species (snipe and redwing). The regression lines are from a segmented linear regression, indicating a 

rapid increase in open-nesting species density until the breaking point between 200-250 m, and rapid 

decrease of forest-nesting species until the breaking point between 50-100 m. 



 

Figure 4: Estimated declines in numbers of open-nesting birds (oystercatcher, golden plover, dunlin, 

whimbrel, godwit and redshank) (means ± 95% Cis) in future afforestation scenarios in which 1000 ha 

are planted in differing numbers of equal-sized patches, as a consequence of both complete loss of 

birds within the plantations and reduced numbers in the affected area (within 250 m) surrounding each 

plantation.  

  


