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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic factors threaten biodiversity of natural habitats globally, including boreal forest
Grouse habitats of culturally important game species, such as grouse. Forestry and intense draining of
Landscape

wetlands have resulted in landscape fragmentation of the peatlands and the forests in terms of

FD(;;?rs:r;anagement their structure (a mosaic of differently managed small stands), and the loss and alteration of
Borealg natural grouse habitats, which impacts on fitness parameters are still partly unexamined. We used
Forestry grouse brood location data from the Finnish wildlife triangle censuses from 2017 to 2020 to study

how forest structure and drainage affect breeding success of four grouse species. We calculated
environmental characteristics (forest and landscape structure, peatlands and their drainage sta-
tus) around individual brood observations with different buffer sizes and used them to explain
brood size variation and the probability of complete failure (female with no brood). While the
most important buffer zones differed by species, brood sizes were generally linked to habitats that
offer shelter and food. Black grouse brood size increased when the proportions of deciduous trees
and xeric heath forests increased. Hazel grouse broods were largest in spruce-dominated mires
and herb-rich forests. Willow grouse brood size decreased with increasing proportion of poorer
barren heath forest habitat. Capercaillie brood size decreased as a function of drainage ditch
length. In Capercaillie and Black grouse, females without broods were overrepresented (zero-
inflation), and the zero excess was related to habitats that differed from those of brooded females.
These results suggest that forest management methods and peatland drainage can have a negative
effect on offspring production of boreal grouse species. Restoration of natural peatlands and less
invasive management such continuous cover forestry should enhance environmental conditions
for grouse.

1. Introduction

Global biodiversity weakens as populations decline and disappear due to reduced demographic rates in their current environments
that have been changed by anthropogenic factors (Jetz et al., 2007; Oliver and Morecroft, 2014; Ranta et al., 2006). These include
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exploitation of populations, fragmentation and loss of natural habitats, and climate change (Devictor et al., 2012; Jetz et al., 2007;
Krauss et al., 2010). Anthropogenic land use is an important driver of biodiversity loss as it either completely destroys natural habitats
or renders them unsuitable for the existing species (Jetz et al., 2007; Savilaakso et al., 2019; Sirkia et al., 2010; Titeux et al., 2016). One
example is the intensive forestry that threatens biodiversity of boreal forests, one of the world’s largest terrestrial ecosystems
(Mortberg et al., 2021; Tikkanen et al., 2006). The large-scale exploitation of boreal forest is a crucial conservation issue (Haila, 1994;
Kurki et al., 2000; Sirkia et al., 2010), warranting studies on the effects of forestry activities on demographic rates of natural pop-
ulations. At the landscape level, both habitat loss and fragmentation have negative effects on the viability of animal populations as they
reduce demographic rates via a multitude of species-specific processes (Huhta et al., 2017; Kurki et al., 2000).

Around two-thirds of Finland’s land area lies in the boreal forest zone (Sirkid, 2010) and is under intense forestry practises
including harvesting, clear-cutting and management (thinning, planting, fertilizing), which has resulted in declines of many
forest-dwelling organisms (Eyvindson et al., 2018; Jonsson et al., 2005). One of the largest changes in Finnish boreal forests took place
between 1950s and early 1990s when peatlands and forests on wet mineral soils were drained throughout Finland and converted to
forested peatlands or agricultural lands. In about 50 years, from 1950 to early 1980s ca. 6.5 million ha (55 %) of different types of
peatlands were drained for forestry (Sikstrom and Hokka, 2016; Turunen, 2007), which has resulted in major changes in peatland
dwelling plant and animal communities (Vasander et al., 1997; Young et al., 2017). Today, ca. 53 % of all the peatlands are drained
(Korhonen et al., 2021) and the landscape change from the past to the current has been radical for peatland dependent species (Fig. 1).

Grouse species have been affected by peatland drainage and forest management practises (Huhta et al., 2017; Kurki et al., 2000;
Ludwig et al., 2008; Mikolas et al., 2017). Boreal forests of Finland are natural habitats for four grouse species: the western capercaillie
(Tetrao urogallus), the black grouse (Lyrurus tetrix), the hazel grouse (Tetrastes bonasia), and the willow grouse (Lagopus lagopus).
Wetland drainage, deterioration of habitat quality and habitat fragmentation have reduced their breeding success and population sizes
(Huhta et al., 2017; Kurki et al., 2000; Storch, 2000). These processes increase predation of nests and chicks by increasing predator
densities and reduce chick survival by reducing shelter and arthropod communities, the most important food supply for grouse chicks
in the first weeks of their life (Ludwig et al., 2008, 2010a Ludwig et al., 2010b; Miettinen et al., 2010). Potential drowning of chicks in
ditches is also an immediate effect (Schekkerman et al., 2009). Ditches are usually present in the area in a labyrinth-like dense pattern,
making it difficult for the animals to avoid them (Ludwig et al., 2008). So far, studies have not examined impacts of forestry and
drainage in terms of grouse breeding success — nest success and brood survival — by considering the effects of different landscape and
environmental factors at the local scale where individual movements take place. This is an important missing piece of information as
grouse prefer certain types of habitats as their core living areas and brood survival is better in some habitats than others (Huhta et al.,
2017).

Grouse apply multi-level habitat selection where breeding habitat is selected from a landscape that meets at least some of the most
important requirements, such as minimum coverage (Melin et al., 2016). Habitat selection refers to a hierarchical process of
behavioural responses that can lead to a disproportionate use of a given habitat to enhance survival and fitness (Rhim, 2013). For their
summer habitats, the capercaillie, the black grouse and the hazel grouse require areas rich in bilberry and high tree density and canopy
coverage (Broome et al., 2014). Small heather plants, especially bilberry (Vaccinium myrtillus), are an important source of food and
shelter, as they protect not only from predators but also from changing weather conditions (Ludwig and Klaus, 2017; Melin et al., 2020;
Miettinen et al., 2019; Schweiger et al., 2012). The capercaillie prefers mature, pine-dominant forests (Broome et al., 2014; Elvesveen
et al., 2023; Miettinen et al., 2010), whereas the black grouse and the hazel grouse prefer more scrubby and patchy habitats where
various bushes, small spruces, and deciduous trees grow, but the presence of open features, such as treeless mires, is important for the
black grouse (Miettinen et al., 2019; Schweiger et al., 2012). The combination of heather plants and patches of grass is optimal for the
black grouse broods, but for the hazel grouse it is not necessarily a good habitat (Ludwig and Klaus, 2017; Schweiger et al., 2012). The

Fig. 1. Maps showing typical development from part of our study area. Left: natural or near-natural peatland before drainage in 1950s and the
current landscape in 2023. Scale 1:25000. Map centre location 64° 35’ 57,896" N, 25° 22’ 26,963" E. The old map digitized by Mr. Heikki Ala-aho,
National Land Survey of Finland.
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highest densities of the willow grouse are found in Northern Finland, but their range reaches the northern parts of central Finland
(Miettinen et al., 2019). Typical willow grouse habitats are downy birch and willow thickets, but farther south they prefer the
remaining peatland areas, edges of bogs and pine mires within the forested landscape as well as along bodies of water (Miettinen et al.,
2019).

To make conservation plans for species that are affected by forest management, such as grouse, it is necessary to understand the
factors that affect the habitat use of these species in different life stages (Rhim, 2013). Here, we examine the effect of forest and
landscape structure on grouse brood size, which we use as proxy for breeding success encompassing both nest success and brood
survival. In particular, our aim was to find out how presence of fledglings (breeding success) of different grouse species is related to the
surrounding forest and landscape structure (including drainages). In addition, we study whether the possible excess of females without
broods (zero-inflation) is related to same or different habitats as those related to brood size. We hypothesize that breeding success
(brood size) is highest in the species-typical natural habitats, and that their success is reduced in human altered habitat and that
breeding success declines as a function of increasing proportion of human altered habitat (here we mean especially the large-scale
drainage, as majority of the forests in the study area have been under active forest management, but not necessarily drained).

2. Materials and methods

We chose Central-Northern part of Finland as the study area because of the high draining activity and the resulting length of ditches
(Ludwig et al., 2008) (Fig. 1 and 2). The area is characterized by a mosaic of forested areas and peatlands/wetlands, with pine being the

dominant tree (Table 1). The share of forest land out of total land area is 68 %, and of the forest lands, the share of peatland forests
42 % with ca. 65 % of the peatlands being drained (Vaahtera et al., 2023).

2.1. Grouse brood size and location data

We obtained grouse brood location data from the Finnish wildlife triangle census maintained by the Natural Resources Institute
Finland. The wildlife triangle counting method was introduced in the 1980s (Helle et al., 2016). A wildlife triangle is an equilateral
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Fig. 2. The study area ranged from Southwestern Ostrobothnia to North-eastern Finland. Locations of brood sightings in the wildlife triangle data in

the study area are shown as black dots. The regions of Finland we used in the study have been numbered as follows: 1. North Ostrobothnia, 2.
Central Ostrobothnia, 3. South Ostrobothnia and 4. Kainuu.
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Table 1
Characteristics of the study area considering forests and peatlands (Vaahtera et al., 2021).
Forest land Proportion (%) of different tree species out of total tree Undrained Drained mires  Drained
(1000 ha) volume mires (1000 ha) mineral soils
1000 h; 1000 h;
Pinus Picea Betula Other deciduous ¢ 2 ( %)
sylvestris abies Sp. (Alnus, Populus,
Salix, Sorbus)
1 North 2503 61,7 19,7 16,7 1,9 658 1070 224
Ostrobothnia
2 Central 335 63,2 18,4 15,8 2,6 64 145 38
Ostrobothnia
3 South 935 62,6 21,7 13,1 2,6 109 363 110
Ostrobothnia
4 Kainuu 1623 59 22,8 16,4 1,8 310 513 82

triangle with a total route length of 12 kilometres, i.e., each side of the triangle is 4 kilometres. The locations of the triangles remain the
same despite land use changes, such as logging, thinning, or other changes. Censusing is done by volunteers, mainly by local hunters in
the late summer when grouse species have broods (during one day, between the end of July to early August). All observations of adult
grouse and their brood sizes along with their exact locations (coordinates) are recorded.). The detection rate of the census has been
estimated to be ca. 60 % for adult birds, but closer to 100 % for chicks (Brittas and Karlbom, 1990). Naturally these rates may vary
between regions, but most often the triangles in a given area are surveyed by hunters from that given region who are familiar with the
territory and usually experienced with the census as well. For this study, we interpreted single females as failed nests or broods
(meaning the number of chicks was zero), i.e., broods with no chicks. Therefore, our brood size variable encompasses breeding success
from nest period until the late brooding stage in the autumn: the presence of fledglings (and their number) versus the complete absence
of fledglings. In this study, we used census data collected during summer counts of 2017 — 2020. Altogether, there were 3917 brood
observations in the final data (Table 2).

2.2. Environmental data

We derived the data on drainage and abundance of ditches from the topographic database of the National Land Survey of Finland
(2023), data on forest structure and growth site type from the multisource National Forest Inventory Data (ms-NFI data) of Natural
Resources Institute Finland (Luke, 2023), and data describing the mires (as polygons) from Finnish Environment Institute (SYKE,
2023). The datasets are freely available online as either GeoTiff raster- (ms-NFI data) or vector files (for mire polygons and ditches).

2.3. Spatial data analyses

We integrated the environmental data with the grouse location data via geospatial analyses in QGIS (QGIS.org, 2023). Here we
created buffer zones with radii of 200 m, 500 m and 1000 m around each observed grouse location, and calculated statistics describing
each of the environmental variables (Table 3) within these buffers with the zonal statistics tool. For non-continuous, categorical
variables, we calculated the share of each class in the buffer zone. For data on the ditches (vector lines), we calculated the total length
of the ditches in the buffer zone area, as well as the distance of the brood coordinate point from the nearest ditch vector. We calculated
forest tree species composition using three categories, where the percentage represents the total proportion of the volume for each tree
species. In the “single tree species composition” category one tree species dominates the buffer zone with at least 80 % of the total tree
volume. In the “mixed forest composition” category any one of the tree species may occupy 20-80 % of the buffer zone total tree
volume. Lastly, in the “fully mixed forest composition” category no single tree species will occupy more than 20 % of the buffer zone
total tree volume.

The site type classification system in Finland is based on vegetation and on the premise that the presence of specific plants and
understory community composition is related to the environmental conditions and fertility of the site. In the classification system
(Cajander, 1949; Kalela, 1961), the focus is on the shrub-, field- and ground layer. The site types of Table 3 can be arranged from fertile
to poor in the following order (and with the following dominant plant group): herb-rich forests (HR, Oxalis-Mainathenum), herb-rich
heath forests (HRH, Oxalis-V.myrtillus), mesic heath forests (MH, Myrtillus), sub-xeric heath forests (SXH, Vaccinium vitis-idaea), xeric
heath forests (XH, Calluna), and barren heath forests (BH, Cladina). A good overview of the system is given in Pohjanmies et al. (2021):

Table 2
Brood statistics for each species: total broods, failed broods, successful broods, and mean brood size.
Species Total broods No. of failed broods Failed broods from total (%) Smallest / largest brood Mean brood size
(No. of chicks)
Capercaillie 948 460 48.5 1/10 1.5
Black grouse 2083 751 36.0 1/10 2.3
Hazel grouse 797 83 10.4 1/10 2.9
Willow grouse 89 11 12.4 1/9 3.6
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Table 3
Variables we used in the analyses. X = radius size of the buffer zone (200 m, 500 m and
1000 m) for which the variable is calculated.

Variable Definition

OpenMireX % of open mires (percentage within the buffer zone)
BHforestX % of barren heath forest

SpruceMireX % of spruce-dominated mire (spruce mire)
SXHforestX % of sub-xeric heath forests

XHforestX % of xeric heath forest

MHforestX % of mesic heath forest

HRforestX % of herb-rich forests

HRHforestX % of herb-rich heath forest

PineBogX % of pine bog

AgeX Mean age of the forests

BirchX % of birch (from total tree volume)

SpruceX % of spruce (from total tree volume)

PineX % of pine (from total tree volume)

OdtreesX % of other deciduous trees (from total tree volume)
CanopyX Canopy cover (%) of the forest

CanopyDTX Canopy cover (%) of deciduous trees in the forest
SingleTreeX % of single-tree forests (>80 %)

MixedX % of mixed forests (20-80 %)

FullMixedX % of fully mixed forests (<20 %)

TlditchesX Total length of ditches (m) within the buffer
DBNditch Distance (m) of the brood from the nearest ditch

“Herb-rich forests are found on brown soils and heath forests mainly on podzol soils. Climatic variation from south to north unavoidably creates
variation in vegetation within the site types, as do local topographic and soil conditions” with Appendix S1 (in Pohjanmies et al., 2021)
therein describing the system in more detail.

2.4. Statistical analyses

We did statistical analyses using program R 4.2.0 and RStudio (2022.12.0+-353 "Elsbeth Geranium") (R Core Team, 202.3). First, we
examined the relationships between the response variable (brood size) and the explanatory variables graphically (scatterplot matrix)
to examine whether the relationships are linear and which explanatory variables might be significant factors for each bird species and
buffer zone (Zuur et al., 2010). We analysed the effects of the environmental variables (the predictors) to variation in brood size (the
response) using generalized linear mixed models (GLMM). We standardized the explanatory variables using zero as the mean and one
as the standard deviation. Year was a random variable that explained possible differences between years in the brood size that cannot
be accessed with the explanatory variables that we used. As the response variable is a count variable, we applied negative binomial and
Poisson error distributions in modelling. Due to large proportions of zeros in response variables, we also applied zero-inflated (zi)
models, which could reveal whether the brood size (count variable) and the possible excess of zeros were affected by the same or
different environmental factors. We did R-analyses using either glmer.nb function of the Ime4 package (Bates et al., 2015) or the
glmmTMB-function of the glmmTMB package (Brooks et al., 2017).

The species — zone analyses concerning buffer zones (200 — 1000 m) around the grouse observations first included all explanatory
variables in the glmer.nb models, and we compared them using the AIC (Akaike information criterion) values of the models (Burnham
and Anderson, 2002). We selected the buffer zone with the lowest AIC value for further analyses for each species. Then we eliminated
the explanatory variables gradually if their vif (variance inflation factor) values exceeded two (Zuur et. al, 2010). The vif values reflect
the correlation among the explanatory variables. Large vif values can lead to multicollinearity problems (Zuur et al., 2010). Partic-
ularly, the capercaillie and black grouse data included a lot of observations of females without brood. The possible excess of zeros was
considered as true or false zeros according to the guidelines given in Martin et al. (2005). We fitted the species-specific final set of
explanatory variables with either negative binomial model (nb) or zero-inflated negative binomial model (zinb), and selected the
species-specific full models (nb or zinb) according to the AIC-values and Likelihood Ratio Test (LRT-test), which could be applied in
comparison of glmmTMB models. LRT-test was applied with the following script: LRT <- anova(glmmTMBmodell, glmmTMBmodel2,
test = "Chisq"). We first studied the full models by applying the dredge function of R’s MuMIn package (Barton, 2009), which makes all
possible combinations of the explanatory variables used in the analysis, thus revealing whether only one model or a set of models (i.e.,
several models within 2 AIC units) best explain the variation of the response variable (Burnham and Anderson, 2002). Here, we found
no single best model for any species. Thus, we calculated average models (coefficients and their respective statistical significance) for
each species with the model.avg function using models that received equal support (i.e., were within 2 AAIC units). We also calculated
the sum of weights for the variables (indicating relative importance), and if it was close to 1, meaning in this case 0.8 or more, the
variable was considered to be important. We used the sum of weights together with the number of models containing the adjacent
variable (Ncm, shows the number of different models that contained the variable in question) and p-value to measure the importance
of a variable (Burnham and Anderson, 2002). We drew the final figures from the models including these most important
species-specific explanatory variables.
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3. Results

The variable-sets that had the lowest AIC-values were variables from 1000-meter zone for capercaillie and black grouse, and
variables from 500-meter zone for hazel grouse, and variables from 200-meter zone for the willow grouse.

3.1. Capercaillie

The best model explaining capercaillie brood size was the zero-inflated negative binomial (zinb) model (full model AIC =
3098.318) instead of the simple nb-model (full model AIC = 3172.120). The LRT-test revealed very significant difference between the
models (Chi-sq = 95.803, df = 11, p = 1.206e-15). The size of the capercaillie brood was negatively related to the total length of the
ditches (Table 4; Fig. 3). In addition, the increased age of the forest as well as increased proportion of barren heath forest were
associated to excess of zeros (Table 4).

3.2. Black grouse

In black grouse, the best model explaining brood size variation was the zero-inflated negative binomial (zinb) model (full model
AIC = 8001.713) instead of the simple nb-model (full model AIC = 8340.842). The LRT-test revealed very significant difference
between the models (Chi-sq = 363.13, df = 12, p < 2.2e-16). The black grouse brood size was positively affected by the proportion of
other deciduous trees (Table 5; Fig. 4a) and xeric heath forests (Table 5; Fig. 4b) and negatively affected by the proportion of barren
heath forests (Table 5; Fig. 4c). The effect of total ditch length on black grouse brood size was negative, but insignificant. An increase in
the proportion of open mires was significantly related to excess of zeros (Table 5).

3.3. Hagzel grouse

In hazel grouse the zinb-model (full model AIC = 3278.965) did not get support over the nb-model (full model AIC = 3269.818).
The LRT-test did not find significant difference between the models (Chi-sq 12.853, df = 11, p = 0.303). Thus, the results are based on
the nb-analyses (without zi-component). The size of the hazel grouse brood was positively related to the proportion of spruce-
dominated mires (Table 6, Fig. 5a) and herb-rich forests within the 500 m zone (Table 6, Fig. 5b).

3.4. Willow grouse

In Willow grouse, the nb-model (full model AIC = 402.9775) was slightly better than the zinb-model (full model AIC = 405.4806),
and the difference was not significant (LRT-test: Chi-sq 19.497, df = 11, p = 0.05274). Thus, the results are based on the nb-analyses
(without zi-component). The size of the willow grouse brood was positively related to the total length of the ditches and negatively
related to proportion of barren heath forest within 200 m zone (Table 7, Fig. 6).

4. Discussion

We aimed to gain a more in-depth understanding of variation in offspring production of boreal grouse species as a function of forest
and landscape characteristics (especially drainage) that could help in restoration and management of grouse habitats as well as in the
implementation of grouse friendly forestry. Our results are mostly in line with existing knowledge on the effects of different forest and
landscape variables (Huhta et al., 2017; Melin et al., 2016; Ministry of Agriculture and Forestry of Finland, 2014; Sirkia et al., 2010).
The total length of the ditches had a clear negative effect on the capercaillie brood size. The proportions of other deciduous trees (other
than birch) and xeric heath forest were positively associated with black grouse brood size, while the proportions of spruce mire and

Table 4

Model-averaged results of the full zinb-model for capercaillie on 1000 m zone. The explanatory variables are listed on the left (cond = count model, zi
= zero-inflated model), and the estimate, standard error (SE), z-value, and p-value are on the following columns as well as the sum of weights (SW)
and number of models containing the adjacent variable (Ncm). Variables with a statistical significance and high sum of weights (>0.8) are shown in
bold.

Explanatory variable Estimate Adj. SE z value Pr(>|z|) SW Nem
cond(Intercept) 0.9451 0.0485 19.469 < 2e-16

cond(TLditches1000) —0.0789 0.0364 2.167 0.030 1.00 14
zi(Intercept) —0.3153 0.0869 3.627 0.000

zi(Age1000) 0.1583 0.0815 1.942 0.052 0.95 13
zi(BHforest1000) 0.1272 0.0771 1.651 0.099 0.67 9
zi(DBNditch) 0.0905 0.0763 1.186 0.236 0.32 5
zi(Mixed1000) —0.0910 0.0779 1.168 0.243 0.22 3
zi(SpruceMire1000) —0.0906 0.0813 1.115 0.265 0.21 3
zi(TLditches1000) 0.0549 0.0907 0.606 0.545 0.10 2
zi(HRforest1000) —0.0346 0.0773 0.447 0.655 0.05 1
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Fig. 3. The relationship between the total length of ditches and capercaillie brood size on the 1000-meter zone. The graph was created for the most
important variable(s) based on the result of the average model (Table 4).

Table 5
Model-averaged results of the full zinb-model for black grouse on 1000 m zone. The explanatory variables are listed on the left (cond = count model,
zi = zero-inflated model), and the estimate, standard error (SE), z-value, and p-value are on the following columns as well as the sum of weights (SW)

and number of models containing the adjacent variable (Ncm). Variables with a statistical significance and high sum of weights (>0.8) are shown in
bold.

Average model

Explanatory variable Estimate Adj. SE z value Pr(>|z|) SW Nem
(Intercept) 1.1980 0.0362 33.091 < 2e-16

cond(BHforest1000) —0.0478 0.0227 2.103 0.035 1.00 28
cond(XHforest1000) 0.0947 0.0224 4.229 0.000 1.00 28
cond(ODtrees1000) 0.0718 0.0205 3.508 0.000 1.00 28
zi(Intercept) —0.7500 0.0801 9.360 < 2e-16

zi(OpenMire1000) 0.0918 0.0529 1.735 0.083 0.94 26
zi(SXHforest1000) —0.1243 0.0579 2.147 0.032 0.70 19
cond(Age1000) —0.0270 0.0197 1.373 0.170 0.49 14
zi(TLditches1000) —0.0813 0.0559 1.454 0.146 0.48 14
zi(ODtrees1000) —0.0838 0.0591 1.419 0.156 0.46 13
cond(SpruceMire1000) —0.0218 0.0232 0.942 0.346 0.26 9
zi(XHforest1000) —0.0406 0.0617 0.657 0.511 0.07 3

herb-rich forests correlated positively with hazel grouse brood size. The proportion of barren heath forest, however, had a negative
correlation with black grouse brood size. The total length of the ditches seemed to have a positive effect on willow grouse brood size,
but this could be a false positive due to the fact that most bogs have been drained (as we will discuss later in this article).

In the capercaillie and black grouse data, the proportion of zeros (no fledglings observed with the female) was related to habitats
where observation efficiency should be relatively high. Increased forest age was related to excess of zeroes for capercaillie brood, and
the increasing proportion of open mires increased the excess of zeroes for the black grouse. These findings suggest that the observed
zeros were true zeros (females without brood), and thus, females without fledglings seemed to use slightly different environments than
females with broods. Mazziotta et al. (2024) and Melin et al. (2016) have noted that regardless of the grouse species, the females with
broods favour rather similar components of forest structure in terms of habitat selection. Whereas a female grouse without fledglings
could be assumed to select habitats without any significant “brood” effect, thus creating the differences to the females with fledglings.

Our results suggest that grouse succeed the best in their favoured natural environments, and that land use changes driven by
forestry practises, such as intense draining, can negatively impact grouse breeding success. However, it must be acknowledged that our
analysis on the topic does not give a full picture as variables such as width or depth of the ditches is not available nor is the data on how
old the drainage network is. Still, the species differed in terms of the most important spatial scale where the tested variables were
explaining the observed brood size. The models compiled with variables from the largest buffer zone (1000 m) were the best for the
capercaillie and the black grouse in terms of model AIC. This matches well with the results of Huhta et al. (2017) who found that the
capercaillie and the black grouse broods were positively correlated with forest patch size. They prefer larger areas, and the structure of
forest patches is key to the survival of grouse broods (Huhta et al., 2017). The most significant buffer zone for the hazel grouse was
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Fig. 4. Relationships of the proportion of other deciduous trees, xeric heath forests and barren heath forests to the black grouse brood size on the
1000-meter zone. The graphs were created for the most important variables based on the results of the average model (Table 5).

500 m, which could reflect the hazel grouses typically smaller territory size, which can vary between 20 and 70 ha in the spring
(Matysek et al., 2018). Similarly, a willow grouse territory is comparably small, ca. 500 x700 m, and it is usually angular because it
follows the edge of the bog (Osmala, 2012). This fits the most significant scale (200 m buffer zone) we observed for the species.
Black grouse brood size increased as the proportion of deciduous trees increased. This may reflect the importance of mixed forests
formed by deciduous and conifer species. A diverse forest structure with a denser understorey and shrub layer may increase chick
survival as it provides protection from harsh weather conditions (Huhta et al., 2017) and predators (Kurki et al., 2000; Wegge and
Rolstad, 2011). Huhta et al. (2017) also estimated that the proportion of deciduous trees had a positive effect on black grouse brood
size. As expected, the willow grouse did not have this effect, as it typically nests in more open areas. Regarding the capercaillie and the
hazel grouse, canopy coverage or tree species proportions did not receive statistical support. It is possible the ms-NFI data does not
describe the 3D structure of the forests where the presence of dense understorey has been found to be significant for grouse broods
(Mazziotta et al., 2024, Melin et al., 2016). In hazel grouse, however, the proportion of herb-rich forests had a positive effect on the
brood size, which could indicate the importance of a good forest cover, as herb-rich forests are typically richer in understorey
vegetation. For the capercaillie, the age of the forest and the proportion of barren heath forest increased the probability of a failed
brood. This could suggest that a good understorey coverage is needed, as such habitats tend to be sparser in older forests especially on a
barren site type as these kinds of forests are mainly pine-dominated, and the understorey is dominated by lichens, whereas dwarf
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Table 6

Model-averaged results of the hazel grouse full negative binomial model with all explanatory variables in the 500 m zone. The explanatory variables
are listed on the left, and the estimate, standard error (SE), z-value, and p-value are on the following columns as well as the sum of weights (SW) and
number of models containing the adjacent variable (Ncm). Variables with a statistical significance and high sum of weights (>0.8) are shown in bold.

Average model

Explanatory variable Estimate Adj. SE z value Pr(>|z|) SW Nem

(Intercept) 1.0552 0.0386 27.371 < 2e-16
SpruceMire500 0.0639 0.0241 2.651 0.008 1.00 10
HRforest500 0.0436 0.0204 2.141 0.032 0.92 9
DBNditch —0.0355 0.0272 1.306 0.192 0.32 3
BHforest500 —0.0213 0.0267 0.796 0.426 0.18 2
SingleTree500 0.0119 0.0277 0.430 0.667 0.08 1
Age500 —0.0104 0.0252 0.411 0.681 0.08 1
TLditches500 —0.0200 0.0284 0.707 0.480 0.08 1
OpenMire500 —0.0095 0.0257 0.371 0.710 0.08 1
Pine500 —0.0066 0.0250 0.264 0.792 0.07 1
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Fig. 5. Relationships of the proportion of spruce mire and herb-rich forests to the hazel grouse brood size on the 500-meter zone. The graphs were
created for the most important variables based on the results of the average model (Table 6).

Table 7

Model-averaged results of the willow grouse negative binomial full model with all explanatory variables in the 200-meter zone. The explanatory
variables are listed on the left, and the estimate, standard error (SE), z-value, and p-value are on the following columns as well as the sum of weights
(SW) and number of models containing the adjacent variable (Ncm). Variables with a statistical significance and high sum of weights (>0.8) are
shown in bold.

Average model

Explanatory variable Estimate Adj. SE z value Pr(>|z|) SW Nem
(Intercept) 1.23991 0.07947 2.160 < 2e—16

BHforest200 —0.26940 0.11469 2.349 0.0188 1.00 3
TLditches200 0.17165 0.07947 2.160 0.0308 1.00 3
Pine200 —0.06877 0.07812 0.880 0.3786 0.25 1
DBNditch 0.06000 0.09988 0.601 0.5480 0.21 1

shrubs are mostly missing (Pohjanmies et al. 2021, Suppl. 1)), i.e. they do not represent mossy bilberry-rich forests that would offer
grouse chicks the necessary food and shelter.

We found negative correlation between capercaillie brood size and the total length of the ditches, which is in line with previous
studies (2008; Ministry of Agriculture and Forestry of Finland, 2014), but other species did not show similar response with the length of
ditches. We also surprisingly found a positive relationship between willow grouse brood size and the total length of ditches. This is
most likely due to the fact that almost all the best willow grouse bogs (spruce dominated bogs) have been drained in the study area, in
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Fig. 6. Relationship of willow grouse brood size to the proportion of barren heath forest and the total length of the ditches on the 200-meter zone.
The graphs were created for the most important variables based on the results of the average model (Table 7).

which case the number of ditches may simply correlate with the quality of the habitat (the presence of peatlands in general), which
produces the contradictory result. It is generally known that willow grouse habitats from Southern Finland diminished during the
large-scale drainage campaigns of the past (Auvinen et al., 2007; Lindén and Rajala, 1981; Ludwig et al., 2008). Finding a true effect of
ditches for the willow grouse may require different kind of sampling and consideration of water levels (Ludwig et al., 2008, 2010a). An
analysis focussing only on peatlands and considering the ages of the ditches might be able to show the true effect of drainage on willow
grouse: whether e.g. 10-year-old, moss-covered ditches would have the same effect on grouse in general when compared to more
recent ditches (Fig. 7). Unfortunately, data on year of draining is mostly unattainable and the question would require intensive field
work focused on estimating the age- and condition of the ditch network.

The excess of females without broods (zero-inflation with true zeros) in the capercaillie and black grouse may indicate differential
habitat use by single and brooded females. One explanation for this could be that single females and females with chicks differ in their
habitat needs: the more vulnerable chicks need more shelter and vegetation cover for food, thermal shelter as well as against predation
(Melin et al., 2016) while single females could better survive in a wider scale of habitats that are not tied to the needs of the fledglings.

There is an urgent need for forest management guidelines to take into account the needs of game species in forest management
today. Firstly, we found that drainage is harmful for the capercaillie broods. Draining also reduces especially willow grouse habitats:
bogs and mires at natural state. Secondly, as deciduous trees and herb-rich forests were important for grouse brood size, our results
emphasize the importance a sufficiently diverse forest structure in terms of tree species composition. In addition to this, recent studies
have shown the importance of understorey vegetation for grouse broods (Melin et al., 2016), indicating that the complete removal of
the undergrowth, bushes and deciduous trees should be avoided as the current, renewed guidelines on wildlife friendly forest man-
agement highlight as well (Lindén et al., 2014; Ministry of Agriculture and Forestry of Finland, 2014; Aijila et al., 2019). Selectively
logged forests (a method of continuous growth), for instance, can temporarily produce a fairly stable moderate canopy cover and
understory cover (Miettinen et al., 2010). Selective logging does not reduce the amount of food and shelter as clear-cutting does, and
thus selective logging could provide a valuable alternative to even-aged forests and clear-cutting (Kvasnes and Storaas, 2007) espe-
cially in peatland forests, where it can also decrease the need for re-drainage (Juutinen et al., 2021).

Spatial planning over large areas is difficult in Finland, as forest ownership is fragmented. This results in mosaic of forest stands on
average of 20-30 ha, where management decisions are made by different people and often independently of the neighbours. However,
this is also beneficial to some extent, as it keeps the size of individual clear-cuts quite small and thus prevents major habitat modi-
fications such as landscape-level clear cuttings. Yet, a variety of other techniques and method have been recommended to aid better
consideration of wildlife species such as grouse in forest management. Here, the preservation and versatility of understory vegetation
should be emphasized in all stages of forest management (Melin et al., 2016). In today$s forest management guidelines, emphasis is also
placed on leaving small areas (0.005-0.02 ha) with denser vegetation (game thickets) completely outside of forestry operations, to the
point that they should be left as retention tree groups also during the regeneration cuttings (the recommendations suggest 3-5 thickets
per hectare) (Melin et al., 2016; Haara et al., 2021). The recovery of bilberry in areas where the land has been cultivated and the forest
has been cut down could be promoted by better preservation of the areas still covered by bushes and shrubs (Ministry of Agriculture
and Forestry of Finland, 2014). In addition, it is very important to take care of transition zones between different site or soil types and
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Fig. 7. Two completely different ditches with different ages. Left: old ditch with moss layer already covering it. Right: old, but recently re-opened
ditch with all the vegetation absent and with steep edges. While the two ditches can be assumed to have different effects on grouse broods, their
types cannot be differentiated based on the available data, and the data on the age of the ditches is generally not attainable from any public source.

here the forested transition zones between peatland soils and mineral soils are especially important from the grouse brood point of
view. Here too, the inclusion and maintenance of the right type of understory vegetation is important (Melin et al., 2016).

Our results support the idea that each grouse species needs its own kind of brood environments and anthropogenic habitat
alteration has negative impact on their success. Drainage had a clear negative effect on the size of the capercaillie brood. The possible
effects of forest management (e.g., felling, thinning) on brood size through canopy cover or age of the forests was not clear in the results
for any other species besides the capercaillie (age of the forest increased the probability of a failed brood). This may suggest that grouse
still find forested habitats in the managed landscape, and therefore, the brood environment data do not include the most intensely
treated forests habitats. Our results support the recent guidelines in forestry and other environmental modification and restoration
programs: restoration of peatlands and the presence of mixed forests should be nothing but positive for grouse broods. Similarly, the
preservation of understory vegetation in all phases of forestry and a shift towards more mixed forests benefits boreal grouse species.
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