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1  |  INTRODUC TION

The presence of intact and broken standing dead trees (snags) 
is a characteristic feature of most forests. Their importance 

for a well-functioning forest ecosystem is well established 
(Thomas,  2002) and, above all, they provide the basis for broad 
networks of deadwood-dependent species, some of which are 
highly specialized on snags (Larsson Ekström et al., 2023; Stokland 
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Abstract
1.	 Persistence of standing dead trees (snags) is an important determinant for their 

role for biodiversity and dead wood associated carbon fluxes. How fast snags fall 
varies widely among species and regions and is further influenced by a variety 
of stand- and tree-level factors. However, our understanding of this variation is 
fragmentary at best, partly due to lack of empirical data.

2.	 Here, we took advantage of the accruing time series of snag observations in the 
Finnish, Norwegian and Swedish National Forest Inventories that have been fol-
lowed in these programs since the mid-1990s. We first harmonized observations 
from slightly different inventory protocols and then, using this harmonized data-
set of ca. 43,000 observations that had a consistent 5-year census interval, we 
modelled the probability of snags of the main boreal tree species Pinus sylvestris, 
Picea abies and Betula spp. falling, as a function of tree- and stand-level variables, 
using Bayesian logistic regression modelling.

3.	 The models were moderately good at predicting snags remaining standing or fall-
ing, with a correct classification rate ranging from 68% to 75% among species.

4.	 In general, snag persistence increased with tree size and climatic wetness, and 
decreased with temperature sum, advancing stage of decay, site productivity and 
disturbance intensity (mainly harvesting).

5.	 Synthesis and applications: The effect of harvesting demonstrates that an effi-
cient avenue to increase the amount of snags in managed forests is protecting 
them during silvicultural operations. In the warmer future, negative relationship 
between snag persistence and temperature suggests decreasing the time snags 
remain standing and hence decreasing habitat availability for associated species. 
As decomposition rates generally increase after fall, decreasing snag persistence 
also implies substantially faster release of carbon from dead wood.
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et  al.,  2012). In forest ecosystems where snags are common, 
their persistence, that is the time they remain standing, can have 
major implications for the whole ecosystem carbon cycling (Hilger 
et al., 2012) and may also play an important role for forest nutrient 
dynamics (Krankina et al., 1999). For both issues—biodiversity and 
carbon and nutrient cycling—snag persistence is a key factor: hab-
itat availability and stability, and how long carbon and nutrients 
keep locked away in dead wood are greatly dependent on how 
quickly snags fall.

To manage snags, we need to understand factors influencing 
their rates of fall. Here, the mechanisms that determine the resis-
tance of live trees to wind and snow (e.g. Peltola et al., 1999), are 
also applicable to understanding snag dynamics. In general, the 
probability of a tree falling depends on (i) the structural strength of 
the stem and on (ii) the external forces exerted on the stem (Oberle 
et al., 2018).

Out of these two, the structural strength and consequently the 
resistance to fall of an individual tree develops during its lifetime. 
While alive, a tree benefits from structural strength that can with-
stand the external forces on the stem, usually from winds and snow. 
This resistance carries over to the standing dead trees. Studies of live 
tree resistance to winds have shown that important variables at the 
tree level include tree species and size, which influence allometry 
and mechanical resistance and physical and chemical properties of 
the wood material (Peltola, 2006). At the level of a forest stand, this 
is influenced by variables such as soil conditions, topographic posi-
tion and stand composition and density (Elie & Ruel, 2005; Suvanto 
et al., 2016). Jointly with the species properties, these influence tree 
allometry, rooting depth and anchorage, canopy surface roughness 
and wind exposure. Higher stand density also dissipates energy from 
the wind to a larger number of individuals (Oberle et al., 2018), but 
stand density may also increase the chance of a tree being knocked 
down by a neighbouring tree (Pelz & Smith, 2013). Trees also accli-
mate to winds during their lifetime (e.g. Larson,  1965), and hence 
changes in the exposure to high winds for instance due to clearcut-
ting adjacent the trees leads to an increased chance of falling over.

These factors at the level of the tree and the forest stand, to-
gether with the changes occurring at tree death and the possible ac-
tivity of saprotrophic fungi while the tree was alive then determine 
the mechanical strength at the time of tree death. Following the 
death of the tree, the joint effect of decomposers and the structural 
strength at death then determine how long the snag remains stand-
ing. As the wood is invaded by decomposers that begin to cleave 
apart cellulose, hemicellulose and lignin, the mechanical strength 
progressively erodes, and hence the external force needed to topple 
the tree is reduced. On the other hand, as foliage and branches of 
gradually increasing order begin to drop, the sail area of the tree 
crown decreases, reducing the turning moment towards the stem or 
the root system, and consequently the mechanical force the tree has 
to withstand. Snag fall occurs latest at the point where the stem can 
no longer support its own mass.

In Fennoscandia, both the long-term human influence on forests 
and the current intensive forest management have reduced snag 

densities to a fraction of their natural levels (Kalliola, 1966; Linder 
& Östlund, 1998; Storaunet & Rolstad, 2002). Although the amount 
of dead wood in general has lately increased, snags remain few, 
averaging less than 4 m3/ha throughout Fennoscandia (Korhonen 
et  al.,  2020; Nilsson et  al.,  2020; Storaunet & Rolstad,  2015). 
Consequently, the lack of dead wood of different species, sizes and 
degrees of decomposition is one of the main causes for the decline 
in forest habitat quality, and reasons underlying the decline of pop-
ulations of many forest-dwelling species (Stokland et  al., 2012). In 
managed forests, low snag densities implies that they play a minor 
role for carbon storage and fluxes. However, in protected areas the 
amount of dead wood is higher than in the managed forests, and 
their amount has been increasing faster (Korhonen et  al.,  2020; 
Kyaschenko et al., 2022).

Forest management guidelines and certification standards em-
phasize leaving dead trees during silvicultural operations, but cur-
rent models predicting snag fall lack generality that could be used 
in management planning. Understanding snag dynamics, especially 
understanding factors that increase their persistence could feed into 
management planning aiming at producing long-lived habitats and 
long-term carbon storage. This also influences the assessment of 
the role and potential of snags in forest carbon fluxes, where snags 
are often treated in a simplistic manner (Hilger et al., 2012; Oberle 
et al., 2018; Woodall, Domke, et al., 2012).

An obstacle to analysing factors influencing snag fall and for 
developing predictive models has been the lack of empirical data, 
which is partly explained by the low density of snags in forests and 
the slow nature of snag dynamics. Permanent plots, where snags can 
be tracked through time are superior data source for these types of 
analyses. However, as permanent plots are usually not specifically 
designed for monitoring snag populations, the numbers of observa-
tions have remained low relative to the number of factors influenc-
ing the fall rates.

During recent decades, large-scale forest inventory programs 
have accrued data suitable for such studies in North America 
(Hilger et al., 2012; Oberle et al., 2018) and central Europe (Oettel 
et al., 2023). Similarly, these earlier data limitations are gradually dis-
appearing also from northern Europe despite the low snag densities, 
as Finland, Norway and Sweden (henceforth: Fennoscandia) all in-
corporated dead wood in the permanent plot measurements of their 
National Forest Inventories (NFIs) in the 1990s. The exact protocols 
differ among these countries, but similar basic data is collected in all 
three inventory programs, and many of the variables can be readily 
harmonized (Stokland, 2003).

Using harmonized snag measurements from the Fennoscandian 
NFIs, we developed statistical models for predicting snag fall, and 
analysed the tree- and site-level factors that influence fall rates 
in Fennoscandian boreal forests. The variables were chosen so 
that the models can be used for predicting snag fall from attri-
butes readily available and easily measurable on any snag found 
in Fennoscandian forests. Our analyses focused on the main tree 
species in the region: Scots pine (Pinus sylvestris), Norway spruce 
(Picea abies) and two birch species grouped together (silver 
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birch Betula pendula and pubescent birch Betula pubescens). For 
other deciduous trees species, although important components 
in Fennoscandian forests, the current data from the NFIs is too 
limited to allow for a similarly detailed analysis as the main tree 
species.

2  |  MATERIAL S AND METHODS

2.1  |  Fennoscandia

The study area consists of the forested areas of Finland, Norway 
and Sweden, stretching from 55° N in southern Sweden, to 69° N 
in northern Norway. Longitudinally, the area is demarcated by 
the Atlantic Ocean at the Norwegian coast at approx. 5° E and 
the eastern border of Finland at approx. 32° E. The area exhibits 
a varied topography, with highest areas in the Scandes with el-
evations between 1000 and 2500 m above sea level, to lowland 
areas in Finland and the southern and coastal areas of Sweden 
and coastal Norway.

The main factor influencing the climate in Fennoscandia is its 
position between the Atlantic Ocean and Eurasia. The Scandes 
Mountains in the west give rise to major differences in precipi-
tation particularly between the western and eastern parts of the 
region. The Norwegian coast is highly maritime, while the eastern 
parts of Fennoscandia are intermediate between maritime and 
continental. However, in all parts of the area at least moderate 
precipitation is recorded throughout the year. Mean temperature 
of the warmest month (July) ranges from 17°C in the southern 
Sweden to 13°C in some areas of the North. The mean tempera-
ture of the coldest month (February) varies from −3.5°C in south-
ern Sweden to −14.7°C in northern Finland (Grieser et al., 2006). 
Annual precipitation sum also varies from over 2000 mm on the 
Norwegian coast to 450–500 mm in the interior of northern 
Lapland (Tikkanen, 2005). In southwestern Norway 11% and in 
northern Sweden 38% of the precipitation falls as snow (Grieser 
et al., 2006).

Forests cover approximately 72%, 35% and 69% of the land 
area in Finland, Norway and Sweden. Most of this area is man-
aged: of productive forest land (annual growth >1.0 m3/ha), 6.1%, 
3.8% and 5.9% is formally protected from harvesting in Finland 
(Suojelualueet,  2022), Norway (Hylen et  al.,  2022) and Sweden 
(Statistics Sweden, 2021), respectively. Most of the forests are man-
aged as rotations of even-aged stands, with intermediate thinnings 
from below. The main forest-forming tree species in the region are 
Scots pine, Norway spruce and birches. Deciduous co-dominants in-
clude aspen (Populus tremula), and other boreal deciduous species 
such as alders (Alnus incana and Alnus glutinosa), rowan (Sorbus aucu-
paria) and goat willow (Salix caprea). The hemiboreal and temperate 
forests in southern Sweden and Norway can also be dominated by 
nemoral deciduous species, such as oaks (Quercus robur, Quercus pe-
traea), or beech (Fagus sylvatica).

2.2  |  National forest inventories

National forest inventories (henceforth NFIs) are detailed else-
where (Breidenbach et al., 2020; Fridman et al., 2014; Korhonen 
et al., 2021), but in short, data is collected on stand, plot and tree 
levels. The Finnish NFI (maintained by Natural Resources Institute 
Finland, https://​www.​luke.​fi/​fi/​seura​nnat/​valta​kunna​n-​metsi​
en-​inven​toint​i-​vmi) is based on a systematic cluster sampling. 
Within-cluster configuration varies throughout the country, with 
the shortest distance between sample plots varying from 250 to 
300 m. Every fourth cluster is permanent and hence applicable 
here. Earlier, the plot remeasurement interval varied, but from 
the 10th NFI 10 (2004–2008) onwards, remeasurement interval 
for each permanent plot was 5 years. The Norwegian NFI (main-
tained by Norwegian Institute of Bioeconomy Research, https://​
www.​nibio.​no/​en/​subje​cts/​forest/​natio​nal-​fores​t-​inven​tory) is 
a systematic permanent inventory since the 1990s, where plots 
allocated on a 3 km × 3 km grid are measured every 5 years. The 
Swedish NFI (maintained by Swedish University of Agricultural 
Sciences, https://​www.​slu.​se/​en/​Colla​borat​ive-​Centr​es-​and-​Proje​
cts/​the-​swedi​sh-​natio​nal-​fores​t-​inven​tory), plots are clustered 
into quadratic tracts (clusters) with eight circular sample plots, lo-
cated evenly along the tract sides. The length of the tract sides 
varies, from 300 m in the south to 1200 m in the north for the per-
manent tracts. The remeasurement interval varied before 2003, 
and after that every 5 years.

2.3  |  Snags in the NFIs

In the Finnish NFI, snag measurements are made on circular sam-
ple plots with a radius of 7 m, and all snags with diameter at breast 
height (i.e. 1.3 m, DBH) ≥10 cm are included. Here, we used data from 
three NFI cycles with a fixed 5-year measurement interval. As dead 
wood pieces were not explicitly followed through time but needed 
to be matched between inventories, tracking the fate of snags re-
quired developing a ‘piece-matching algorithm’ (Woodall, Walters, 
& Westfall, 2012) to pair observations of snags on the same perma-
nent plot between two inventory cycles. In short (see Data S1), at 
each permanent plot we used tree species, size and decay class to 
match the observations. A snag recorded in an inventory cycle was 
compared with snags measured on the same plot in the next cycle, 
and snag of the same species, approximately the same DBH, and 
the same or more advanced stage of decay was considered a match. 
Snags without a matching tree in the following inventory were con-
sidered fallen.

In the Norwegian NFI, snags are tracked through time, from living 
trees until they fall to the ground. Pairing of observations between 
measurements was, therefore, straightforward. Tree measurements 
(including snags) are made on circular sample plots of 250 m2, where 
all trees with DBH ≥5 cm are included. Tree species, DBH and decay 
class are recorded.
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In the Swedish inventory, dead wood is measured on a plot 
with a radius of 10 m. Variables for each dead wood unit (≥10 cm in 
basal diameter and ≥1.3 m in length) are tree species, size (maximum 
basal diameter), decay stage (see below) and position (standing or 
downed). A standing dead tree is defined as being any stump or snag 
higher than 1.3 m and is recorded separately from downed logs orig-
inating from the same tree. Snags are tracked through time.

While permanent plot data is ideal for studying snag dynamics, 
our approach overestimates snag fall for two reasons: snags that fall 
or that were deliberately harvested cannot be separated in the data 
(this information is available only in the Norwegian records). Second, 
snags with erroneous field records (e.g. wrong species, more recent 
decay class in later inventory cycle, etc.) would be considered fallen 
in the Finnish data matched here (Data S1). On the other hand, the 
5-year remeasurement interval may also overestimate the standing 
times, as trees that died standing and fell during the remeasurement 
interval are not captured. Hence only a part of this ‘fastest’ fraction 
of snags leaves any record, whereas slower fraction of snags that 
remains standing for >5 years is fully recorded.

We visualized the geographical pattern of proportion of snag fall, 
by calculating the proportion of snags that were observed to fall in 
cells of a 10 km × 10 km grid. We then calculated a smooth surface (a 
grid of 5 km × 5 km cells) over the entire area, using inverse-distance-
weighted interpolation (with a maximum of 100 closest points and 
parameter 0.5).

2.4  |  Factors influencing snag fall and how they are 
derived from the NFIs

Separate models were built for Scots pine, Norway spruce, and the 
two birch species combined. The two birch species were combined, 
as they are not separated in the Swedish data. For the other species, 
their numbers were too low to allow analyses with similar level of 
detail, with 1210 observations of aspen, 6112 observations of boreal 
deciduous species (including alders, rowan, goat willow) and 1558 of 
nemoral deciduous species (such as oaks and beech).

Predictor variables were chosen as variables that were found im-
portant in earlier studies and that are readily available or measured. 
Tree-level predictor variables included DBH and decay class. Of 
these tree-level predictors, DBH was similarly recorded in all three 
NFI protocols. However, decay classifications were all slightly dif-
ferent. We thus used the harmonization developed by Aakala and 
Heikkinen (2024) that uses wood density in decay classes to group 
similar decay classes into a new, harmonized classification that has 
three decay classes for snags: early, intermediate and advanced. Of 
these, early decay class includes snags that are recently dead and/
or only modestly influenced by decomposers. Intermediate snags 
are characterized by somewhat decayed trees in which a knife can 
be pressed through the outer parts of the stem. In the advanced 
stages, snags are becoming increasingly decomposed, until the point 
where they can barely maintain their own stem upright. Of tree-level 
variables, height (and stem taper) influences probabilities of trees 

falling (Peltola,  2006), but because it has not been systematically 
recorded on all snags in the dataset, we fitted the models without 
height information.

Site-level predictors included site type, stand live tree basal 
area, and disturbances during the remeasurement interval. We also 
used climatic variables that are important determinants for decom-
poser activity and wood properties as plot-level predictors. For 
temperature, we used growing degree days accumulated over the 
growing season, with a 0°C threshold (i.e. temperature sum). For 
moisture conditions, we used the climatic moisture index (Willmott 
& Feddema,  1992) that describes the relative wetness or dryness 
of a location based on precipitation and evapotranspiration, vary-
ing between −1 (dry) and 1 (wet). Both climate variables were ob-
tained from the openly available gridded Envirem data set (Title & 
Bemmels, 2018), based on climatic averages over 1970–2000, and 
with a 16 m × 16 m resolution. Climate variables were assigned to 
each snag based on plot coordinates (permanent plot coordinates 
are classified, and thus have a 1-km accuracy). We note that although 
topography and slope may also influence probability of a tree falling 
(Elie & Ruel, 2005), these were not recorded in the different NFIs in 
a manner that would make them readily harmonizable and were thus 
not included here.

Of the plot-level candidate predictors, basal area was available 
from the original data sets. However, the site type variable required 
harmonization to be useable here. In short (listed in Data S2), site 
type was harmonized so that Norwegian site types (30 site types) 
and Swedish site types (16 site types) were each assigned to a corre-
sponding Finnish site type (6 in total), based on expert opinion on the 
closest-matching site type. Out of these six types, the most produc-
tive and the least productive had a low number of observations, and 
they were thus assigned into the closest site type class. Thus, four 
site types were used in the analyses.

For disturbances, we used change in stand basal area during the 
remeasurement interval as an index of disturbance intensity. We di-
vided these into three categories: low intensity (reduction of less 
than 1/3 of basal area), intermediate intensity, (reduction of basal 
area between 1/3 and 2/3) and high intensity (reduction of over 2/3 
of basal area). As harvesting causes a vast majority of the basal area 
removal in Fennoscandian forests, this variable represents mainly 
the effect of harvesting.

2.5  |  Logistic regression models

Factors influencing snag fall (i.e. snag either standing [1] or fallen [0]) 
were modelled with generalized linear mixed models with a logit-
link, binomial error distribution and with tree and plot identities as 
nested random effects (trees nested within plots). The reasoning 
behind the choice of the analysis method was to build a parametric 
model where the fixed part is easy to use for prediction, while deal-
ing with the violations of independence due to multiple observations 
of the same tree, and trees in the same plot. We further assumed 
that plots are independent of one another.
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In the analyses, we used only the observations with 5-year 
remeasurement interval. Hence, the variable of interest was the 
probability of snag remaining standing over a 5-year period. In fit-
ting the models, we included all trees in the dataset so that data from 
Norway had a smaller minimum DBH (5 cm) than the Finnish and the 
Swedish data (both with a minimum DBH of 10 cm).

We used Bayesian MCMC methods for fitting the models, as im-
plemented in the brms package in R (Richardson et al., 2017). Two 
chains were run for 10,000 iterations, preceded by a burn-in phase 
of 10,000 iterations. Model validation consisted of visual inspec-
tion of trace plots (to assess mixing of chains), and an assessment 
of overdispersion. Model performance was approximated with pos-
terior predictive checks, where we calculated the correct classifica-
tion rates, and the area-under-the-curve (AUC) statistics with fixed 
effects models only (to approximate the skill of the model to predict 
unseen data).

Residual spatial autocorrelation is often problematic when an-
alysing ecological data. As individual snags are not mapped in the 
NFIs, we tested for spatial autocorrelation of residuals, using the 
grouped residuals at the plot-level, and conducted the Moran's I test 
for spatially correlated residuals, as implemented in the DHARMa-
package in R (Hartig, 2022). We further explored the large-scale pat-
terns in model residuals, using interpolated maps (Data S3).

We visualized the influence of climate on snag persistence, pre-
dicting probability of snag remaining standing over the region where 
snags were measured in the NFI data sets. The visualization was 
based on the values of the climate data set and was predicted on a 
contiguous grid of 16 m × 16 m cells and setting all other predictors 
to fixed values.

Data analyses relied on R (version 3.5), and packages brms 
(Richardson et  al.,  2017), sf (Pebesma,  2018) and raster for spa-
tial data (Hijmans,  2020), pROC (Robin et  al.,  2011) for area-
under-the-curve calculations, and ggplot2 (Wickham,  2016) 
and tmap (Tennekes,  2018) for visualizations. Inverse distance 
weighted (IDW) interpolations were done with the package gstat 
(Pebesma, 2004).

3  |  RESULTS

The compiled dataset consisted of 42,729 observations of a total 
of 25,610 individual snags. Scots pine, Norway spruce, and the two 
birch species combined all had a relatively similar number of obser-
vations (12,945, 14,278 and 15,569, respectively). In all, the records 
contained observations of 12,857 snag falls, and 29,935 snags re-
maining standing over the 5-year periods (details on the dataset, 
Data S3). On the map, the proportion of snags that survived showed 
a clear pattern from South to North (Figure 1).

The models predicted snag persistence over the 5-year period 
moderately well, based on posterior predictive checks (using fixed 
effects only). Correct classification rate for snags remaining stand-
ing was higher for the two conifers Scots pine (0.73) and Norway 
spruce (0.75), and somewhat lower for birch (0.68). Evaluated using 
the AUC, the values were 0.71 for pine, 0.72 for spruce and 0.68 for 
birch.

Factors that influenced snag persistence were consistent among 
tree species (Figure 2). Out of the tree-level variables, DBH had a 
consistently positive influence on probability of snags remaining 
standing, and advancing decay stage (from early to intermediate to 
advanced) a consistently negative influence. The change from inter-
mediate to advanced decay stage had a particularly large influence 
on the 5-year probability of a snag remaining standing (Figure 2, pa-
rameter estimate values in Data S3).

Decreasing site productivity increased the probability of snag 
remaining standing consistently among different species. Site pro-
ductivity differences were the greatest for spruce and birch, but 
discernible also for Scots pine (Figures  2 and 3). Basal area had a 
consistently negative, but modest influence on probability of snag 
remaining standing.

In addition to the influence of decay stage, the occurrence of 
harvesting or natural disturbances on the plot had a profound influ-
ence on snag persistence. In particular, the persistence of Norway 
spruce snags in any decay stage, and Scots pine and birch in the ad-
vanced decay stage was very low in plots subjected to clear-cut or 

F I G U R E  1  Smoothed maps of observed proportion of snags that survived during any of the 5-year intervals, for Scots pine, Norway 
spruce and the two birch species combined.
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severe natural disturbance (i.e. at least 2/3 of basal area removed; 
Figures 2 and 3).

Climate imposed a varying, but discernible influence on the 
probability of snags remaining standing. Overall, the climate-driven 
North–South gradient visible in the predictions (Figure 4) followed 
a largely similar variation as the larger geographic trends in the 
observed snag persistence and fall (Figure  1). The effects of tem-
perature here included as growing degree days were consistently 
negative, whereas the moisture index had a consistently positive 
influence on snag persistence. Jointly, these two variables imposed 
broad geographic gradients, in which the dominant feature is the 
high snag persistence in the mountains, and low snag persistence in 
southernmost Sweden (Figure 4).

Residual spatial autocorrelation was either absent or very weak. 
Moran's I may take values between −1 and 1, but varied in our anal-
yses over a very narrow, and probably biologically insignificant 
range of values, from <0.001 for birch, to 0.002 for Scots pine and 
0.005 for Norway spruce. Although for Norway spruce, the residual 
spatial autocorrelation was statistically significant at the 0.05 level 
(p = 0.012), this was probably mainly the result of the large sample 
size.

4  |  DISCUSSION

The ability of predicting how long snags remain standing from easily 
measurable parameters and understanding which factors influence 
standing times is paramount to incorporating snags into forest man-
agement. Here, we developed one of the largest datasets of snag 
observations to date and models for snag persistence and fall for the 
main tree species over Fennoscandia.

The models were moderately good at predicting snag per-
sistence over the 5-year periods, with correct classification rate 

varying between 0.68 for birch and 0.75 for Norway spruce that was 
also the most common species in the dataset. The classification ac-
curacy was within the same range, or somewhat better compared to 
Oberle et al. (2018), who had more data (close to 100,000 records), 
but also a much greater number of tree species within a broader cli-
matic range.

4.1  |  Factors influencing snag fall at the level of the 
tree individual

Variables applied here have the advantage of being easily measured 
and hence making the models useful for predictions, based on rou-
tinely collected forest inventory data. The disadvantage is that many 
of them incorporate a number of potential mechanisms, which makes 
it difficult to link snag fall rates to specific causes. Nevertheless, con-
sistency among tree species (as we fit the models separately), under-
standing of how trees stay upright, and findings from earlier studies 
helps in refining our understanding of the potential drivers and their 
effects and relative importance.

At the tree level, diameter had a consistently positive effect on 
snag persistence for each of the species. The strength of the effect 
varied among species so that a unit change in diameter had a stron-
ger influence on the probability of a snag remaining standing for 
birch compared to the coniferous Scots pine and Norway spruce. 
Diameter-persistence relationship has been shown mechanistically 
for live trees (Peltola et  al.,  1999) and is also identified in a num-
ber of observational studies on snag dynamics (Garber et al., 2005; 
Keen, 1955; Oberle et al., 2018; Russell & Weiskittel, 2012), but not 
always (Holeksa et al., 2008; Vanderwel et al., 2006). Our results are 
well in line with Oberle et al. (2018), who showed a clear increase in 
the 5-year probability of snag persistence with increasing diameter. 
In our models, the diameter effect was particularly clear in trees in 

F I G U R E  2  The influence of different variables on probability that a snag remains standing over a 5-year period, shown as posterior 
distributions of parameter estimates (±error, 95% credible intervals, CI) for each species. Parameter estimates, errors and credible interval 
values are in Data S3. DBH, diameter at breast height.
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2398  |    AAKALA et al.

F I G U R E  3  Examples of how decay stage, site type and harvesting/natural disturbance influences snag persistence (i.e. probability for 
a snag to still be standing after a 5-year period) of different-sized snags of each species. Top row shows probability of a snag remaining 
standing on herb-rich (most productive) sites in the absence of harvesting or natural disturbances, middle row the probability of a snag 
remaining standing on xeric (poorest) sites in the absence of harvesting or natural disturbances, and the bottom row the probability of a snag 
remaining standing on xeric sites in clear-cut harvests or severe natural disturbance (over 2/3 basal area decrease in the sample plot). Other 
parameters are fixed for climatic conditions of southern Finland and basal area of 20 m2/ha. DBH, diameter at breast height.
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    |  2399AAKALA et al.

F I G U R E  4  The influence of climatic conditions on the probability for a snag to remain standing after a 5-year period based on predictions 
from models for each species. Snag persistence is shown here for trees with the average DBH for that species in the dataset (Scots pine 
15.4 cm, Norway spruce 14.9 cm, birch 11.8 cm; see Data S3 for details on the DBH distributions), on mesic sites with a 20 m2/ha basal area, 
in early (top row), intermediate (middle row) and advanced (bottom row) decay stage and without harvesting/disturbances. The geographical 
differences originate from differences in temperature sum and the moisture index in 16 m × 16 m grid cells. DBH, diameter at breast height.
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advanced stages of decay (Figure  3). Onodera and Tokuda  (2015) 
also showed that whether the effect is detectable may depend on 
the species. For instance, the increasing heart-rot or hollowing-
out of larger trees may confound this relationship (Onodera & 
Tokuda, 2015). In general, the influence of tree size originates from 
the larger diameter stems being stronger (Peltola,  2006), but also 
from the higher proportion of decay-resistant heartwood in conifers 
(Taylor et al., 2002).

In our approach (as opposed to many detailed studies on snag 
dynamics), we did not consider the time the snag has remained 
standing. Instead, we used decay class as a measure of the snag his-
tory and otherwise considered each observation independent of its 
past. Snag persistence was relatively stable at early- and mid-stages 
of decay, but greatly reduced when moving to advanced stage of 
decay. This change was especially prominent for birch (Figure  3), 
which could be due to the differences in the decomposition path-
ways between birch and the two conifers. Birch tends to decay 
from inside-out and retain its bark (Krankina et  al.,  1999). By the 
time it is classified into advanced decay stage (assigned by how well 
a sharp object penetrates the wood), it is only held upright by the 
bark and falls easily. Overall, the pattern of increasing probability of 
falling with increasing decay class is mostly consistent with studies 
from boreal North America and Europe (Aakala,  2010; Vanderwel 
et al., 2006), and especially with the rapid increase in fall rates in the 
most advanced decay class reported for black spruce and balsam fir 
in northeastern Canada (Aakala et al., 2008).

Although our findings are not directly comparable with studies 
using snag time since death as a predictor (as in most studies on snag 
dynamics), the general trends seen in many of those studies are in 
line with what we observed (see also Vanderwel et al., 2006). The 
development of fall rates as a function of decay class reflected the 
patterns in studies of dynamics on snag age, where a reverse sigmoid 
curve has been shown to depict snag fall rate change with age. In our 
approach the fall rate obviously depends on how quickly the snags 
move from early to intermediate and to advanced stages of decay, 
but considering a given species, size and environment, our results 
are in line with this shape with an initial lag period that has been 
described in a number of studies (Garber et al., 2005; Keen, 1955; 
Lee, 1998; Mäkinen et al., 2006; Taylor & MacLean, 2007).

4.2  |  Non-climatic site-level predictors

Of the stand-level variables, both live tree basal area and site type (an 
indicator of productivity) had a consistent effect on snag persistence 
so that both decreasing live tree basal area and productivity 
increased snag persistence. Site type influences through differences 
in soil water holding capacity and capillary rise of water, which on 
higher productivity sites contribute to keeping the stem base moist 
enough for decomposer activity (Harmon, 1982; Keen, 1955). Site 
productivity also increases growth rates and hence influences 
the wood density (slower-growing conifers are denser; Eriksson 
et  al.,  2006), and higher nutrient availability may also increase 

decomposition rates of nutrient-poor substrates such as stemwood 
(Allison et  al.,  2009). Another potential effect of site productivity 
could be through its influence on tree allometry: shorter stature 
(Mäkelä et al., 2016), and deeper root systems (Pretzsch et al., 2012) 
in poorer productive sites, would both increase snag persistence.

Live tree basal area had a negative effect on snag persistence. 
Similar to what Oberle et al. (2018) reported on the effects of stand 
structure on snag persistence, the effect detected here was weak, 
but nevertheless consistent among the three species analysed. Live 
tree basal area captures multiple potential effects. Low basal area 
means more open stands, with lower humidity and higher winds 
that reduce snag wood moisture content, potentially low enough 
to influence the decomposer activity (Fahey,  1983; Johnson & 
Greene, 1991). Sparser stands with low basal areas also reduce the 
probability of knock-down when neighbouring trees fall, and high 
stem tapering in sparse stands might be more favourable to with-
stand bending forces on the stem (Peltola, 2006; Peltola et al., 1999). 
On the other hand, snags in stands with high basal areas may be 
more protected from wind, as wind energy dissipates faster in a 
higher-density stand (Oberle et al., 2018).

Disturbance severity (quantified as change in live tree basal 
area), had a clear effect on snag persistence so that snags were very 
likely to fall in the high intensity category. In Fennoscandia, most 
disturbances are due to harvesting, which may influence snag fall in 
a number of ways. Snags can be deliberately felled (e.g. for safety 
concerns), snags can be harvested for bioenergy, or they can be acci-
dentally knocked down when harvesting nearby living trees. In ear-
lier studies, harvest frequency is shown to have a negative impact 
on snag persistence in forests managed under the selection logging 
system (Garber et al., 2005; Vanderwel et al., 2006). As continuous-
cover forestry with more frequent harvest entries is increasing in 
Fennoscandian forests, these findings imply that maintaining snags 
under this system requires explicit attention.

4.3  |  Climatic variables

One major advantage of this large dataset was that the same 
species covered a wide climatic gradient, from the hemiboreal 
forests to the Arctic. Temperature had a clearly negative effect on 
snag persistence and this effect can be explained by at least two 
different mechanisms. First, temperature has a generally positive 
influence on decomposer activity and wood decomposition rates, 
so that the integrity of the stem is reduced more quickly in warmer 
environments. The second effect comes through the influence of 
temperature on growth rates in the boreal forests, and the related 
influence on wood strength, as faster-growing trees tend to have a 
lower wood density (Eriksson et al., 2006). The influence temperature 
observed here is similar in magnitude to that reported by Oberle 
et al. (2018), who showed an increase in mean annual temperature 
of 0 to 20°C reduced probability of remaining standing from ca. 0.8 
to ca. 0.1 (figure 3 in Oberle et al., 2018). The reduction is similar, or 
even slightly stronger compared to the 5-year probability difference 
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in snag persistence between the southernmost and northernmost 
regions in our analyses (Figure 4).

The observed positive influence of the moisture index on snag 
persistence is less straightforward to explain. We would have ex-
pected drier climatic conditions to increase the probability of snag 
remaining standing, as moisture availability influences decomposers. 
Growing degree days and the moisture index were not correlated 
within the dataset (r < 0.01), but it may be that the moisture index 
is reflecting other temperature effects and that in general precip-
itation is not limiting snag decomposition, unlike what is observed 
from moisture-limited systems (e.g. Palmero-Iniesta et al., 2017). For 
reducing the strength of the base of the stem, soil hydrology might 
have an overriding role as a determinant of moisture conditions at 
the base of the stem. This effect would most likely partially be in-
cluded in the site type variable as the poorer productive sites are 
typically dry sites on coarse soils.

4.4  |  Implications for forest management, 
biodiversity and carbon

In the Fennoscandian region, snags are of major biodiversity 
concern as dearth of dead wood is listed among the main causes 
of biodiversity decline (Junninen & Komonen,  2011; Löfroth 
et  al.,  2023). A wide consensus exists in all three countries on 
the importance of increasing the amount and variability of dead 
wood in the managed forest landscapes. Because the functioning 
of dead wood as a habitat greatly changes when it falls (Runnel 
et al., 2013), managing snags requires understanding snag fall and 
factors influencing it.

To reach such aims of increasing the amount of dead wood, 
leaving snags as retention trees is nowadays recommended in for-
est management guidelines and forest certification requirements. 
Despite this, the development of snag volumes has been modest. 
In Finland, the amount of standing dead wood according to the 
12th NFI (2014–2018) in productive forest land was 1.6 m3/ha. At 
the national level, this value is similar to the mid-1990s, when dead-
wood measurements started (Korhonen et  al.,  2021). The amount 
of standing dead wood in Sweden is not directly comparable to the 
Finnish figures as published data are available only for managed for-
ests. In those, the amount of standing dead wood has increased from 
1.6 m3/ha in 1996, to 2.9 m3/ha in 2017 (SLU, 2020). The increase 
can at least partly be attributed to increased conservation efforts 
(Kyaschenko et  al.,  2022). In Norway, standing deadwood in pro-
ductive forest land also increased, from 2.5 m3/ha in 1994–1998 to 
4.1 m3/ha in 2017 (Storaunet, 2021).

Most of the standing deadwood in the data used here, and 
reported in the Finnish NFI is in early stages of decay (Korhonen 
et al., 2021). The small proportion in more advanced decay stages 
obviously reflects the high probability of fall in the intermediate 
and especially advanced decay stages as shown also in our models 
(Figures 3 and 4). However, it also reflects the deliberate removal of 
dead wood (e.g. for bioenergy) during harvesting operations or by 

selective harvesting by the forest owner, and, importantly, the high 
probability of snags falling during or after the harvesting operations 
(Figure 3). This finding points to the need to retain and protect snags 
during management interventions as a potentially effective measure 
to increase their persistence in the managed forest landscapes. This 
applies to long-standing snags that are critical for slow-colonizing 
dead wood dependent species, such as many red-listed lichen spe-
cies (Larsson Ekström et al., 2023; Nirhamo et al., 2023), but similarly 
also to species relying on more ephemeral dead wood substrates, 
such as deciduous snags in advanced stages of decay [e.g. the en-
dangered Poecile montanus (Vatka et al., 2014)]. Moreover, the neg-
ative influence of warmer temperatures on snag persistence means 
that in a warmer climate, habitat availability for species dependent 
on snags will decrease further, unless compensated for by increased 
standing-tree mortality.

In addition to protecting existing snags during harvesting oper-
ations, the findings here point to two additional considerations if 
managing for increasing snag persistence. First, complementary to 
their importance as a habitat (Siitonen, 2001), larger diameter snags 
are also more persistent. This further adds to their value when de-
ciding which structures to retain in managed forests. Second, de-
creasing stand basal area increased snag persistence. Although this 
effect was relatively weak, it points to the potential of increasing 
snag persistence in the forests with lower stocking densities.

Properly accounting for dead wood and dead wood dynam-
ics can increase the accuracy of forest carbon models (Domke 
et  al.,  2011). Snags are not considered to be of major importance 
in the carbon cycling in the Fennoscandian forests due to their low 
numbers. Relative to the live tree volumes, the volume of snags is 
low, in Finland 1.3% (Korhonen et al., 2021), in (managed forests of) 
Sweden 2.6% (SLU, 2020) and in Norway, 3.3% (Storaunet, 2021). 
With climate change, increases in disturbances that lead to trees 
dying standing, such as drought, bark beetles, or fires, may change 
their importance in the future. After such a disturbance, consider-
able amount of the forest aboveground C may be in snags with low 
decomposition rates.

However, warming climate will potentially change the role of 
snags in the cycling of carbon, regardless of changes in mortality. 
Due to the consistent increase in snag fall rates with warmer climate 
identified here, the effect on carbon cycling will be stronger than 
what could be expected from the temperature effect on decom-
poser activity alone. This is due to the strong moisture-limitation 
of decomposer activity (Cornwell et  al., 2009): as snag fall brings 
previously dry wood material in contact with the ground, snag 
fall increases decomposer activity and further accelerates the re-
lease of carbon (and nutrients) stored in the wood material (Hilger 
et al., 2012; Johnson & Greene, 1991).

5  |  CONCLUSIONS

The models presented here increase the possibilities for more in-
formative approaches to reaching targets associated with standing 
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dead wood. Fitted separately for each of the species analysed, the 
models consistently indicated that leaving larger snags in low pro-
ductive edaphic and climatic conditions and in open forests maxi-
mizes their persistence. Using this as management recommendation 
would also slow forest carbon turnover, although for biodiversity 
reasons large snags in different environments are habitats for differ-
ent species and not substitutes for one another. The detrimental ef-
fect of harvesting on snag persistence identified here suggests that 
an efficient avenue to increasing and maintaining snags in managed 
forests is protecting them during silvicultural operations and man-
agement planning.
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