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Highlights
• Rare fungi can persist for decades in isolated old-growth forest fragments.
• The remaining old-growth forest fragments should be urgently protected, even if they are 

isolated from larger expanses of natural biotopes.

Abstract
According to ecology theory, isolated habitat fragments cannot maintain populations of special-
ized species. Yet, empirical evidence based on monitoring of the same fragments over time is 
still limited. We studied the colonization–extinction dynamics of eight wood-decaying fungal 
species in 16 old-growth forest fragments (<14 ha) over a 20-year period (1997–2017). We 
observed 19 extinctions and 5 colonizations; yet, the distribution of extinctions and colonizations 
did not differ from the one expected by chance for any of the species. Twenty-six percent of the 
extinctions took place in two natural fragments amid large forest–peatland complexes. Phellinus 
nigrolimitatus (Romell) Bourdot and Galzin decreased and Phellinus ferrugineofuscus (P. Karst.) 
Bourdot increased in abundance (number of logs occupied). The volume of living spruce trees in 
the forest fragments correlated positively with the number of logs inhabited in five of the study 
species. Because fragment characteristics did not affect species turnover, it seems that stochastic 
processes governed colonizations and extinctions. Although the least abundant species in 1997 had 
declined, and the most abundant species had become more abundant, it appears that specialized 
wood-decaying fungi can persist for decades in isolated old-growth forest fragments, if suitable 
dead wood is continuously available.
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1 Introduction

Habitat loss and fragmentation are among the biggest threats to global biodiversity (Fischer and 
Lindenmayer 2007). In many regions, the proportion of primary or old-growth forest to all forest 
area has declined greatly (Schmitt et al. 2009). As a result, large and continuous populations have 
become small and isolated, and are more vulnerable to local extinction than large populations. 
Particularly vulnerable are specialist species at higher trophic levels (Roslin et al. 2014), such as 
wood-decaying fungi (Komonen et al. 2000; Penttilä et al. 2006). Wood-decaying fungi (Aphyl-
lophorales) are dependent on dead wood, although a few species utilize living trees. Many species 
specialize in a particular tree species and require certain minimum log size or decay stage (Jun-
ninen and Komonen 2011). 

Long-lived species may survive in resource patches and habitat fragments for long periods. 
In fungi, fruiting bodies and mycelia may persist in an individual log for years and in an old-growth 
forest fragment for decades after landscape transformation (Berglund et al. 2005; Penttilä et al. 
2006; Berglund and Jonsson 2008; Jönsson et al. 2008; Bässler and Müller 2010). However, the 
evidence is mostly based on observations of species in small and isolated fragments, and chrono-
sequence studies, rather than monitoring the same logs and sites over years (Berglund and Jonsson 
2005; Penttilä et al. 2006; but see Berglund et al. 2005; Jönsson et al. 2008). The time delay in 
species response to environmental change has been conceptualized as extinction debt (Tilman et 
al. 1994; Krauss et al. 2010). Although species local turnover happens in natural landscapes, higher 
number of extinctions than colonizations after fragmentation indicates paying of extinction debt 
(Berglund and Jonsson 2005).

Our aim was to study extinction-colonization dynamics of wood-decaying fungi in old-
growth forest fragments, by resampling fragments which had been sampled 20 years ago. We 
surveyed fruiting bodies of eight spruce-associated species, of which seven are old-growth forest 
indicators and one is a common species. Our research questions were:

1. Has the abundance or occurrence of species changed over the past 20 years? We predicted that the 
abundance and occurrence of the most specialized species decline, whereas those of the common 
species remain virtually unchanged.

2. Do fragment characteristics, specifically area, isolation time, tree age and volume of living spruce, 
affect the abundance or occupancy of species? We predicted greater population declines and more 
extinctions in smaller and more isolated fragments that contained the lowest amount of dead wood.

2 Material and methods

2.1 Study area

The study was conducted in Kuhmo, eastern Finland, which belongs to the middle boreal zone 
(Ahti et al. 1968). The large‐scale forestry with clear-cuttings started after World War II and accel-
erated in the 1950s and 1960s (Gu et al. 2002); yet, it reached some areas as late as in the 1980s 
and 1990s (Sigurdsson 1999). The percentage of forests older than 140 years was 9.7% in 1997 
(Tomppo et al. 2003), and the percentage of natural and seminatural old‐growth was 2.9% (Virkkala 
et al. 2000). The average volume of dead wood in forests was 6.2 m3 ha−1 (Tomppo et al. 2003).

We selected 16 old-growth forest fragments that had been inventoried for wood-decaying 
fungi in 1997 (Penttilä et al. (2006) and Supplementary file S1 for the map, available at https://
doi.org/10.14214/sf.10491). In 2017, these fragments had been isolated from the surrounding 
old-growth forests for 22–45 years at least (Table 1; see Suppl. file S1 for measuring the isolation 
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time). We could not resample all the original fragments (n = 18), because two fragments had been 
clear-cut. Although the Vepsä fragment had been partially (ca. 1/3) clear-cut, this was included. 
The mean area of fragments was 7 ha (min–max: 3.3–13.8 ha; Table 1). The mean age of spruces 
in the dominant-canopy layer was 164 yrs. The mean volume of spruce dead wood was 17 m3 ha–1 
and that of coarse spruce logs was 7 m3 ha–1. We did not repeat the measurements of fragment 
characteristics in 2017. Study fragments were surrounded by managed forests (n = 13) or open 
peatland within larger protected areas (n = 3); the latter served as a control for natural turnover 
rates in stochastic equilibrium.

2.2 Study species

We studied eight spruce-dwelling aphyllophoroid fungal species (Table 2). Phlebia centrifuga is 
a corticoid and the rest are polypores. Seven species are old-growth forest indicators in Finland, 

Table 1. Wood-decaying fungal species in fragments of old growth boreal forest. Study site characteristics. Tree vol-
ume data are from 1997, whereas time-since-isolation and mean tree age represent the situation in 2017.

Site Coordinates 
(N, E) a

Area 
(ha)

 Time since 
isolation 

(yrs)

 All trees  Spruce
Living  

(m3 ha–1)
Dead  

(m3 ha–1)
Living  

(m3 ha–1)
Dead  

(m3 ha–1)
Coarse b 

logs  
(m3 ha–1)

Mean age 
(yrs)

Puntari 70904:36165 5.9 22 216 43 152 26 11.1 178
Lauvuskylä 70891:36265 5.5 22 234 53 195 27 7.1 168
Jonkeri 70929:36364 8.4 22 197 50 134 34 14.6 193
Vepsä c 70917:36154 7.7 22 231 24 118 7 2 133
Kujanki 70869:36179 4.9 32 253 42 162 26 9.5 181
Näveri 71042:35997 4.1 35 343 59 177 14 4.4 144
Luhtavaara 71525:36104 13.8 32 245 29 161 10 3.9 164
Pitkävaara 71622:36171 9.6 32 259 40 126 13 4.6 159
Ypykkävaara 71584:36228 9.2 22 217 25 151 9 4.2 168
Iso-Matojärvi 70867:35907 4.3 35 260 64 162 35 18.3 178
Luvesuo 71640:36213 7.5 35 220 47 125 13 4.2 164
Pellinkangas 71354:35946 3.3 35 126 27 70 16 8.2 107
Kuivikkovaara 71256:36541 3.6 32 145 50 82 13 7.3 224
Elimyssalo d 71293:36674 6.4 >100 205 46 61 5 1.4 144
Juortanansalo d 71678:36359 6.2 >100 198 14 128 5 1.3 155
Tuli-Varpusuo d 71646:36167 10.8 >100  145 37  109 19 9.8 167
a Based on Finnish YKJ coordinate system; b Diameter at breast height ≥ 20 cm; c One third of this area was clearcut between 1997 and 
2017; d Natural forest fragments surrounded by open peatlands. 

Table 2. Studied wood-decaying fungal species and their abundance (number of logs occupied) in fragments of old 
growth boreal forest in 2017.

Study species IUCN-status 
2001/2019 a

Ecology b Mean ± SD Min/Max Total

Amylocystis lapponica (Romell) Singer VU/NT Annual, brown rot 7.7 ± 8.3 0/27 123
Fomitopsis rosea (Alb. and Schwein.: Fr.) P. Karst. NT/NT Perennial, brown rot 7.8 ± 9.0 0/32 124
Phellinus ferrugineofuscus (P. Karst.) Bourdot NT/LC Perennial, white rot 16.3 ± 16.7 0/53 260
Phellinus viticola (Schwein.: Fr.) Donk LC/LC Perennial, white rot 49.5 ± 35.2 7/113 792
Leptoporus mollis (Pers.: Fr.) Quél. LC/LC Annual, brown rot 0.8 ± 1.0 0/4 13
Phlebia centrifuga P. Karst. VU/LC Annual, white rot 1.6 ± 3.3 0/12 25
Phellinus nigrolimitatus (Romell) Bourdot and Galzin LC/LC Perennial, white rot 1.9 ± 3.0 0/12 31
Fomitopsis pinicola (Sw.: Fr.) P. Karst. LC/LC Perennial, brown rot 48.6 ± 39.0 3/131 777
a Rassi et al. (2001) and Hyvärinen et al. (2019); VU = vulnerable, NT = near-threatened, LC = least concern; b Niemelä (2016)
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whereas Fomitopsis pinicola is a common species as it can utilize living and dead wood of many 
tree species (Niemelä 2016). Species were selected so that they would predominantly occur on 
coarse logs and would be easy to identify in the field. Nomenclature follows Kotiranta et al. 
(2009).

2.3 Sampling

We surveyed fungi between 4 October and 12 November 2017. All lying spruce logs (diameter 
at breast height, dbh > 10 cm) were searched for fruit bodies. Fully moss-covered logs were not 
inspected. For each species, we counted the number of occupied logs. Species were identified in 
the field and if in doubt identification was confirmed in the laboratory. It took 4 to 10 hours to 
survey each fragment. See Suppl. file S1 for description of the 1997 survey.

2.4 Statistical analyses

Statistical analyses were conducted with non-parametric statistics, because model assumptions 
of parametric tests were not adequately met. Changes in fungal species abundance (number of 
occupied logs) between 1997 and 2017 were analyzed with the Wilcoxon sign test for paired sam-
ples. Changes in fungal species occurrence (presence or absence in the fragments) between 1997 
and 2017 were analyzed with the McNemar test for paired samples. We also compared fragment 
characteristics in those fragments that experienced extinctions to the fragments where no extinc-
tions took place, using the Mann-Whitney U-test or the chi-squared test. Correlations of fungal 
abundances between 1997 and 2017, and among the study species, were analyzed with Pearson’s 
correlation coefficient. The relationship between dead wood volume and the total fungal abundance 
was tested with linear regression.

3 Results

Altogether we recorded 2145 spruce logs occupied by the study species (mean per fragment =  134, 
SD = 27). Phellinus viticola was the most abundant species and Leptoporus mollis the least abundant 
species (Table 2). Six forest fragments hosted all the study species, whereas two natural fragments 
surrounded by open peatland hosted only half of the study species.

3.1 Occupancy

In most fragments, the studied species had persisted between 1997 and 2017. We documented 19 
extinctions and five colonizations (Fig. 1), but the distribution of extinctions and colonizations did 
not differ from the one expected by chance only for any of the species (McNemar’s test: χ2 < 3.3, 
n = 16, p > 0.063). Extinction–colonization balance was negative (i.e. below one) for the four rarest 
species and for the rather common P. ferrugineofuscus. The two most abundant species in 1997, 
F. pinicola and P. viticola, occupied all fragments also in 2017.

The fragments in which extinctions were documented had less spruce dead wood and coarse 
spruce logs in 1997 than fragments without extinctions (Mann-Whitney: U = 9, n = 16, p = 0.022 and 
U = 10, n = 16, p = 0.030, respectively), whereas fragment area, volume of living spruce or mean 
tree age did not differ significantly. Extinctions were documented in 40% and 75% of the frag-
ments isolated at least for 22 and 33–45 years, respectively, but the difference was not significant 
(Fisher’s exact test: χ2 = 1.6, df = 1, p = 0.29). For Phlebia centrifuga and Phellinus nigrolimitatus, 
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the fragments which faced extinctions or remained unoccupied, had similar characteristics than 
fragments which were colonized or remained occupied (U < 34, n = 16, p > 0.14); the small number 
of extinctions did not warrant analyzing the other species.

3.2 Abundance

The median change in the number of logs occupied among the fragments ranged from 0 to 3.5 for 
the rarer species, and from 11 to 16 for the common P. viticola and F. pinicola, respectively. Even 
for the rarer species, notable (≥ 10 logs) increases or decreases were documented: Amylocystis 
lapponica and Fomitopsis rosea in three fragments, P. ferrugineofuscus in four, and P. nigrolimi-
tatus in two fragments. The number of logs occupied by P. ferrugineofuscus increased from 1997 
to 2017 (Wilcoxon’s test: z = 2.62, n = 16, p = 0.009; Fig. 2) and that of P. nigrolimitatus decreased 
(z = –2.55, n = 16, p = 0.011). There were no significant changes for other species (ǀzǀ < 1.55, n = 16, 
p > 0.12). In the fragment that had been partially clearcut after 1997, five species occupied more 
logs and two species fewer logs in 2017 than in 1997.

The number of logs occupied correlated between 1997 and 2017 for all species (rp > 0.52, 
n = 16, p < 0.05), except for L. mollis, which had very low abundance in both years. Moreover, 
species abundances (number of logs occupied) correlated with each other both in 1997 (rp > 0.51, 
n = 16, p < 0.05; L. mollis being the only exception), and in 2017 (rp > 0.57, n = 16, p < 0.05; L. mollis 
and the correlation between Phl. centrifuga and P. nigrolimitatus being the exceptions). The total 
abundance of the seven indicator species correlated significantly between 1997 and 2017 (rp = 0.79, 
n = 16, p < 0.001). In both years, the total volume of dead spruces in 1997 was linked with the total 
indicator abundance (linear regression; 1997: r2 = 0.61, r = 0.78, n = 16, p < 0.001; 2017: r2 = 0.41, 
r = 0.64, n = 16, p < 0.01).

Fig. 1. Occurrence of wood-decaying fungi in fragments (n = 16) of old growth boreal forest. 
Changes in the number of occupied fragments between 1997 and 2017. Full author references 
of fungal taxa are shown in Table 2.
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4 Discussion

We documented colonization–extinction dynamics of eight wood-decaying fungal species in old-
growth boreal forest fragments between 1997 and 2017. Fewer colonizations than extinctions were 
observed, but the population turnover did not differ from random for any of the species. Most 
fragments had maintained populations over the 20 years, but there were – sometimes notable – 
changes in abundance.

A higher number of extinctions than colonizations was expected, since most fragments were 
already occupied by the studied species in 1997. Species requiring larger or more decayed logs 
experienced more extinctions and declined more often than species preferring fresh dead wood 
(Jönsson et al. 2008). Thus, it is possible that the amount of fresh and well-decayed dead wood had 
changed accordingly. Because we did not record the number of logs in 2017, we cannot analyze 
changes in the proportion of logs occupied; however, the number of occupied logs reflects resource 
availability and true population size and is thus more important from the conservation point of view.

The observed extinctions and declines suggest that the populations of the rarest species 
might have experienced extinction debt (Penttilä et al. 2006). Our results corroborate Berglund 
and Jonsson (2008) who suggested extinction debt for A. lapponica, Phl. centrifuga and L. mollis 
in similar old-growth forest fragments using a chronosequence approach. However, it is practically 
impossible to evaluate if a local extinction represents paying off extinction debt or stochasticity 
not linked with fragmentation. Ideally, verifying extinction debt requires species occurrence data 
prior to fragmentation.

Extinction frequency was similar in recently isolated and older fragments, despite tendency 
for being higher in older fragments. Yet, small sample size does not warrant definitive conclusions 
considering the effect of isolation time, especially since the older fragments were also of poorer 
quality. It is notable that 26% of the extinctions occurred in two natural fragments amid large 
forest–peatland conservation areas. Extinctions and colonizations in natural fragments are assumed 
to be in stochastic equilibrium and thus not related to recent fragmentation. These fragments had 

Fig. 2. Abundance of wood-decaying fungi in fragments of old growth boreal forest. Changes 
in species abundance (number of logs occupied) between 1997 and 2017. Full author references 
of fungal taxa are shown in Table 2.
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clearly the smallest amount of coarse spruce logs; hence, species turnover in these fragments can 
overestimate the baseline turnover in the other fragments.

Under natural gap disturbance dynamics, higher site productivity leads into larger amounts 
of dead wood, and, consequently, higher fungal diversity and abundance (Gjerde et al. 2005). The 
fragments in which extinctions were documented had less spruce dead wood and coarse spruce logs 
in 1997 than the fragments without extinctions. Fragment characteristics did not affect population 
turnover of Phl. centrifuga and P. nigrolimitatus in the fragments. The weak effect of fragment 
characteristics is not unexpected, because fragments were originally selected such that their forest 
characteristics would be similar. Although we did not measure forest characteristics in 2017, we 
presume that they did not change markedly as key characteristics result from site productivity and 
thus tend to remain without stand-replacing disturbances (Jönsson et al. 2017).

Fruiting bodies (not necessarily the same brackets) can persist in a single log at least for 
eight years, and the fruiting bodies of perennial species persist longer than those of annual species 
(Berglund et al. 2005). This means more uncertainty in documenting the presence or absence of 
annual than perennial species (Halme and Kotiaho 2012). Because fungi persist as mycelia, the 
occupancy based on fruiting bodies is an underestimate of the true abundance but does indicate 
the reproductive population size at the given moment. We had a different sampling protocol than 
the original survey in 1997. Because we focused on a few, relatively conspicuous species, and 
surveyed all downed spruce logs, it is likely that at least extinctions were documented reliably. 
Furthermore, the notable (≥ 10 logs) increases or decreases in abundance in many fragments, even 
for rarer species, indicates that the general results obtained are not due to differences in sampling.

Some conservation-relevant conclusions can be drawn. First of all, wood-decaying fungi can 
persist in small old-growth forest fragments for decades, and thus the importance of small frag-
ments should be acknowledged. Our species-specific results regarding extinctions, colonizations 
and declines are consistent with the studies of the same species in Sweden (Berglund and Jonsson 
2008; Jönsson et al. 2008; Ruete et al. 2016; Jönsson et al. 2017). Taken together, all these studies 
underscore that rare species generally seem to decline following fragmentation, but abundant spe-
cies become more abundant. One possible explanation is that wind disturbance creates dead wood 
in fragment edges, which are utilized by common fungi (Ruete et al. 2016). Another explanation 
is that common species benefit from clear-cuttings and invade the old-growth fragments from the 
matrix (Laaksonen et al. 2008).

Because fungal spores can disperse large distances (Komonen and Müller 2018), fragment 
level turnover was influenced by landscape changes between 1997 and 2017. In the past decades, 
the amount of old-growth in Kuhmo has decreased but not markedly. Kuhmo still has more old-
growth forest than southern Finland generally. It is situated near the large old-growth forest areas 
in Russia (Laaksonen et al. 2008), and possibly receives spore dispersal from there. Thus, the 
documented extinction–colonization dynamics cannot be readily transferred to other landscapes 
with longer history of intensive human impact.

5 Conclusions

Our study suggests that wood-decaying fungi can survive in small old-growth fragments for a few 
decades if the fragments are of good quality. From the conservation point of view, it is notable that 
the least abundant species in 1997 had declined, whereas the most abundant species had become 
more abundant. The remaining small old-growth forest fragments should be urgently protected, 
even if they are isolated from larger expanses of natural biotopes.
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