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Abstract

Freshwater wetlands are widely recognized as biodiversity hotspots for many organisms,
including birds. Climate change and the projected increased risk of wetland fires may pose
a major threat to wetland biodiversity in the future. There is urgent need to assess short- and
long-term effect of fires on avian biodiversity and to establish relevant management impli-
cations. We analysed the short-term (first 3 months after fire) effect of a large (5 500 ha)
spring wildfire on the community of breeding marshland birds in the best-preserved Pol-
ish local wetland biodiversity hotspot: Biebrza Valley. We compared the avian community
structure and abundance of certain species before and after the fire on the 18 permanent
transects located in both burned and unburned habitats. Within first breeding season post
fire, fire significantly reduced pooled abundance and species richness of the whole bird
community. Three bird species of special conservation concern (including aquatic warbler)
temporarily disappeared from burned areas, and the numbers of 11 other species declined.
In contrast, only 3 species benefited from the fire, none of which depended on marshes as
their primary habitat. Although the reported strong initial fire effect is likely to fade away
in subsequent years, its immediate detrimental effects on marshland birds should not be
underestimated. We conclude that it is essential to temporarily provide the unburned adja-
cent refuge areas with additional protection and bird-friendly management and to focus on
preventing further degradation of marshes to increase their resilience to fire.
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Introduction

Freshwater ecosystems, including wetlands, are widely recognized as biodiversity hotspots
for both plants and animals (Dertien et al. 2020; Reid et al. 2019). Although they cover
only 0.8% of the world’s land area, they host nearly 6% of all described animal species,
including 33% of all vertebrates (Dudgeon et al. 2006). However, their area continues to
shrink at an alarming rate; since the beginning of the twentieth century, the global area of
freshwater wetlands has declined by 64-71% (Davidson 2014). In Europe, between 1970
and 2008 alone, the total area of natural wetlands declined by 50% (Dixon et al. 2016). The
condition of the remaining wetlands is deteriorating mainly due to further anthropogenic
water level regulation, habitat degradation, water pollution and invasive species (Dudgeon
et al. 2006). As a result, wetland-associated biodiversity is declining faster than ever world-
wide (Reid et al. 2019). For example, 40% of European freshwater fishes are threatened
according to the IUCN (Reid et al. 2019) and over 50% of wetland bird species in Europe
are declining (BirdLife International 2017). Huge efforts are now being made to restore
lost wetlands or create new ones to support threatened wetland biodiversity (Kacergyté
et al. 2021; Szalkiewicz et al. 2018).

Recent predictive models show that wetland-associated biodiversity may face further
changes and degradation under pressure of climate change (Reid et al. 2019). In temperate
zones of Northern Hemisphere, predicted warming across all seasons is expected, among
other factors, to increase the annual evapotranspiration to precipitation ratio (Cizkova et al.
2013), frequency of soil moisture droughts (Grillakis 2019) and reduce snow cover depth
(Brown and Mote 2009), leading to increased vulnerability of wetlands to fire (Cizkova
et al. 2013; Kettridge et al. 2015; Turetsky et al. 2015). This impact is expected to strike
central European wetlands with particular severity (Okruszko et al. 2011). Although fire
regularly occurs in some wetland ecosystems, and may help to promote wetland-associated
biodiversity (Kotze 2013; Martin and Kirkman 2009), the development of a new distur-
bance regime with higher fire frequency or severity may pose a threat on sensitive species
or habitats, thus creating new challenges in wetland conservation.

With the expected increased impact of fires on freshwater wetland ecosystems, there
is an urgent need to assess both short-term and long-term consequences on wetland birds.
This topic is understudied in Europe (but see Mérd et al. 2015) partly due to the low pre-
dictability of wildfires at local scales, so many studies lack reliable assessments of bird
diversity prior to the fire event, making it difficult to disentangle fire effects from random
environmental variability. This may lead to biased conclusions on the true fire effects
(Smith 2002). Accuracy in assessing fire effects is crucial for building knowledge base
for further wetland management, although temporal aspects need to be taken into account
to clearly separate short-term effects, occurring early after fire event, from long-term
consequences.

Birds, often being focal species in wetland conservation (e.g., Ramsar Convention), may
be affected by fires in various, species-depending ways. Short-term fire effects are often
attributed to fire-induced iterations of vegetation cover; For example, species preferring
tall vegetation, like reedbeds, tussocks, shrubs or tall grass may lose their habitats due to
fire (Curnutt et al. 1998; Isacch et al. 2004). In contrast, short-term reduction of vegetation
biomass may provide suitable foraging grounds for species preferring short vegetation, like
waders or geese (Mitchell et al. 2006; Vogl 1973). The effect of fire on birds of prey seems
complex: short-term reduction of plant biomass and height due to fire may facilitate prey
detection and availability (Barnard 1987) but also reduce prey densities (Sharp Bowman
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et al. 2017). In a longer term, fire may effectively slow down succession in wetlands, help-
ing to maintain suitable habitat for wetland specialists (Conway et al. 2010), while for
some species, long-term effects may even contradict short-term effects (Grzywaczewski
et al. 2014). As a consequence, impact of fire on wetland birds often remains unclear and
depends on time scale considered. Unfortunately, for many regions large-scale empirical
evaluations of fire consequences for wetland birds are not available.

Biebrza Valley is recognized as largest, best-preserved Polish wetland and one of the
largest wetlands in central and western Europe. It is an important breeding and migratory
site for birds (ca. 270 species observed within its borders, Biebrza National Park 2021)
and hosts 75% of the EU population (20% of the global population) of the aquatic warbler
Acrocephalus paludicola, the rarest migratory bird in Europe (Swigtochowski et al. 2010).
It is recognized as most important breeding site in central and western Europe for several
other wetland birds (e.g. great snipe Gallinago media, corn crake Crex crex and spotted
crake Porzana porzana) (Birdlife International 2017).

Here we evaluate the initial impact (i.e. observed within 3 months since the fire event)
of large wildfire of spring 2020 (5500 ha; largest open landscape fire in Poland after World
War II) on bird community in Biebrza Valley. We hypothesize that: (1) As fire immediately
reduces vegetation structure and kills the shrubs (Conway et al. 2010), shortly after fire
bird species preferring tall vegetation for nesting, foraging and as shelters will be nega-
tively impacted. Importantly, we expect that many marshland species of high conservation
concern may fall into this group. (2) Several bird species preferring short vegetation and
open landscape structure for which shrubs encroachment and expansion of tall vegetation
is a threat, will increase in number at burned sites immediately after the fire. 3) Bearing in
mind the possible species-specific responses to fire, the composition of the whole marsh-
dependent bird community will be markedly altered by the fire, but with little change, if
any, in overall bird abundance and species richness.

Materials and methods
Study site

The Biebrza Valley located in NE Poland (53°28'48.3"N 22°38'19.3"E) (Fig. 1a) is recog-
nized as best preserved large complex of fen marshes in western and central Europe (Zurek
2005). The valley covers 136 900 ha, extending along the entire length (164 km) of Bie-
brza River. Roughly half of the area (66 800 ha) is protected as Biebrza National Park, the
largest national park in Poland. It is recognized as a wetland of International Importance
(Ramsar Convention Secretariat 2013) and Important Bird and Biodiversity Area (IBA,
Birdlife International 2021).

Biebrza Valley was formed due to complex accumulation-erosion interactions during
the last two Pleistocene glaciations and interglacials. Intensity and direction of those
processes differed within the area, and three major units can be divided as a result:
Upper Basin, Middle Basin and Lower Basin (Zurek 2005). Upper Basin is the most
narrow part of Biebrza Valley (1.5 km wide) with total area of 12 000 ha. Its bottom is
covered with thick layer of peat (3—6 m) and gyttja (mud formed by partial peat decay)
(Zurek 2005). Middle Basin is much wider (20 x 40 km) and nearly rectangular in shape.
Peat layer cover 45 000 ha and reaches up to 3 m in depth (Dembek et al. 2005). Lower
Basin is 12—-15 km wide and it’s formed mainly by one large fen with peat layer depth
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Fig. 1 Study site; a Location of fire and 18 bird count transects b Fire front (19th April) ¢ Post-fire marsh
landscape after 2 weeks (4th May) d Post-fire marsh landscape after 5 weeks (28th May) e Post-fire marsh
landscape after 11 weeks (3rd July)

rarely exceeding 2 m (Dembek et al. 2005; Zurek 2005). Sand and gravel layer of aver-
age depth 5-15 m (20-30 m in Lower Basin) spans underneath the peat (Zurek 2005).
Upper and Middle basins were subject to partial drainage due to human activity in the
past, while Lower Basin was left largely undisturbed (Birdlife International 2021).
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The valley covers a mosaic of landscapes, with marshes and non-agricultural open
areas occupying ca. 30% of the area (Swietochowski et al. 2010). Large parts of Bie-
brza Valley consist of regularly flooded bogs and wet meadows dominated by sedge
(Carex spp.) and oxbow lakes covered with reed (Phragmites australis). Unflooded
areas consist mainly of pine (Pinus sylvestris), alder (Alnus spp.), willow (Salix spp.),
and mixed forests, as well as sedge beds, bogs, pastures and meadows (Birdlife Inter-
national 2021). Sedge, sedge moss, and reed peat soils cover majority of the valley,
with numerous elevated moraine islands of loamy sand and gravel spread throughout
the area. The valley is sparsely populated and agriculture (mostly extensive in charac-
ter) has been largely abandoned in recent decades, resulting in scrub encroachment in
many parts of the valley (Dembek et al. 2005). Some habitat management (mowing)
has been introduced as conservation measures (Lachmann et al. 2010).

Natural fires were present in Biebrza Valley prior to human settlement, helping to
shape vegetation of the valley’s peatlands. However, in recent decades fires started
to be perceived as one of the major threats to Biebrza Valley’s ecosystems, because
of their increasing frequency and area covered (Dembek et al. 2005). Recent yearly
number of fires in the valley vary greatly depending on seasonal weather conditions:
Between 2015 and 2019 there were 55 fires in total, which covered total area of 765 ha
(Rutkowski et al. 2021). Prior to 2020, largest single fire occurred in 2002 and cov-
ered ca. 1 200 ha (Kania et al. 2006). Majority of the fires in the region are human-
caused and occur during winter-spring period due to illegal burning (Szczygiet et al.
2021). Valley is constantly monitored for the presence of fires with the use of terres-
trial patrols and video cameras. Wherever possible, fires are extinguished as soon as
detected by State & Voluntary Fire Services, State Forests and Biebrza National Park
(Rutkowski et al. 2021). Among other local threats to biodiversity, the most important
is decline in groundwater levels (due to dredging, channelization, and water manage-
ment), followed by the succession of expansive plant species (Ramsar Convention Sec-
retariat 2013; Swietochowski et al. 2010).

Fire of 2020

During April 19-26, 2020, a large human-caused wildfire occurred over an area of
5500 ha (4% of the total area) in the central part of Biebrza Valley (Fig. 1a). It was the
largest open landscape fire in Poland after World War II (Szczygiet et al. 2021). Before
the fire, the water level in the valley was extremely low, marking the lowest April water
level in the Biebrza River in last 20 years (Institute of Meteorology and Water Man-
agement, Poland). Majority of the burned area consisted of marshlands. As a result of
the fire, more than 90% of the surface vegetation (mainly dead biomass of reeds, tus-
socks and grasses from the previous year, but also shrubs and small trees) was burned
and the area became significantly less covered with tall vegetation (Fig. 1b). Soon after
the fire, surface vegetation began to re-sprout; At the beginning of May (ca. two weeks
after the fire — Fig. 1c) vegetation was still scarce and there was observable difference
between burned and control areas (mean NDVI values 0.25+0.05 SD vs. 0.46+0.17
SD, respectively) (Durka 2020). The green cover fully recovered within two months
(Fig. 1d-e); Observed NDVI differences virtually disappeared by 8th June (burned vs.
control 0.59+0.11 vs. 0.60 +0.13) (Durka 2020).
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Breeding bird counts

Systematic bird counts took place in the area in 2015-2016 (i.e. 5 years before the fire)
and 18 line transects were established throughout the Biebrza Valley’s marshlands to cover
the most important breeding sites of birds (Fig. la). Each transect consisted of two paral-
lel lines (each 1 km long) divided into five sections (200 m long, 10 sections per transect).
The minimum distance between transect centers was 1.4 km (4.2 km on average), while the
distance between sections of the nearest adjacent transects was always greater than 600 m.
The 2020 fire affected the area containing six full transects, and one half of an additional
transect (Fig. 1a). All other transects remained intact, providing controls for the fire effect.

Bird abundance data were collected during slow walks at a constant pace along transects
(hereafter each such walk is referred to as a "survey"), following Gregory et al. (2004).
Surveys were conducted nine times in each transect: three times per breeding season
(1-15 May, 20-31 May, 5-21 June), in three years (2015, 2016, 2020). Each survey lasted
approximately 1.5 h between 4 and 9 am, on days with good visibility and no or light rain.
During each survey, birds were counted within hearing/seeing distance. Surveys were con-
ducted by the same team of experienced ornithologists for all survey periods. The three
surveys for each transect in given year were often done by two or more ornithologists. The
final abundance of each species in a given transect section and year was considered, for
this study, to be maximum abundance from the three surveys, and this value was used in all
further statistical analyses.

In this study, we focused on marshland birds defined as species that typically inhabit wet
meadows, pastures, tussock-covered marshes, reedbeds and shrubs (according to Kuczynski
and Chylarecki 2012; Sikora et al. 2007). This group was chosen for analysis as it is of
highest conservation concern and the target of most conservation efforts aimed at bird pro-
tection in the area. Species typical for other habitats, such as woodlands (woodpeckers, tits,
treecreepers), urban areas (martins, swallows, swifts) and open water (ducks, swans, geese,
grebes, terns and gulls) were excluded from the analysis. We also excluded some raptors
that have very large territories or mainly hunting in flight (white-tailed eagle Haliaeetus
albicilla, hobby Falco subbuteo), but left harriers (Circus spp.), common buzzard Buteo
buteo and eurasian kestrel Falco tinnunculus. Bird flocks larger than 50 individuals (Eura-
sian Starling Sturnus vulgaris, Northern Lapwing Vanellus vanellus) were also excluded as
largely migrating. A total of 63 species were included (hereafter called "marshland birds”),
while 62 were excluded from further analysis (see Appendix Tables 1-2 for details).

Using data on 63 marshland bird species, six indices of bird diversity were calculated
for each transect section and year: abundance and richness of all species, abundance and
richness of “Species of European Conservation Concern” (SPECs; Birdlife International
2017), and abundance and richness of species included in Polish Red List of Birds, listing
rare or quickly declining species in Poland (red-listed; Wilk et al. 2020).

BACI study design

Each data record (i.e., abundance of each species in a single transect section in a given
year) was attributed to one of two time periods (before vs after the fire) and one of two
treatments (fire vs no fire). Such approach, known as before-after control-impact study
design (BACI), allowed us to disentangle the fire effect from a natural temporal and spa-
tial variation of a biological response driven by factors other than the treatment of interest
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(Smith 2002). Following the design, our records were therefore divided into four groups:
before-control (BC), before-impact (BI), after-control (AC), after-impact (Al), hereafter
referred to as the “BACI groups”.

Statistical analysis: GAMMs, logistic regression and indicator species analysis

For all bird species with abundance > 15 individuals (i.e. 47 species; in case of remaining
16 species generated models exceeded maximum number of iterations), generalized addi-
tive mixed models (GAMM) in “mgcv” package (Wood 2017) in R (version 4.1.0, R. Core
Team 2013) were fitted. GAMMSs were chosen as they allow to fit random effects as penal-
ized regression terms, which are faster to compute and more reliable than conventional
random effects in general mixed models (Wood 2017). In each GAMM, species abundance
was a response variable and three explanatory variables were considered: period (before vs
after fire), treatment (fire vs no fire) and interaction of these two, the latter being a formal
test of the fire effect. Also, random effects of year, transect and section were included to
account for spatial and temporal dependency of the data, and were fitted with ridge pen-
alty splines (Wood 2017). All 47 GAMMs were fitted using negative binomial distribu-
tion and logarithmic link with theta dispersion parameter estimated directly from data. This
approach was preferred over Poisson distribution, because of overdispersion observed in
most species (variance to mean ratio, White and Bennetts 1996). We reported “positive
short-term fire effect” on a species if period/treatment interaction coefficient had value
above 0 with associated p <0.05 and “negative short-term fire effect” for coefficients below
0 (p<0.05).

Seven species were absent in one of four BACI groups (specifically: after-impact, see
Appendix Table 3 for details), resulting in a problem of perfect data separation. As a result,
confidence intervals of model coefficients were impossible to estimate using standard max-
imum likelihood methods (GAMM) (Heinze 2006). Hence, to obtain interpretable results
for those seven species, logistic regression models were performed instead of GAMMs
(Firth; see Appendix Table 4 for details). Species occurrence (i.e. abundance transformed
to presence/absence binomial values) was used as a response variable, while period, treat-
ment, their interaction and transect as explanatory variables. The coefficient was obtained
using penalized maximum likelihood method (Firth 1993) in “logisft” package (Heinze
et al. 2020) in R.

Another six GAMMs were performed to analyse how six diversity indices (i.e., abun-
dance and species richness of all marshland bird species, SPEC species and red-listed spe-
cies) changed in response to fire. Here we followed the procedure described above for spe-
cies-specific GAMMs.

Spatial autocorrelation of residuals of the models was checked with spline correlograms
using “ncf” package (Bjornstad 2020) in R. As in no case we did record significant spatial
autocorrelation of the residuals and in all cases correlation never exceeded 0.1 we assume
the models meet the criteria of spatial independency of data. Predicted values and con-
fidence intervals from the models were plotted using ggplot2, ggeffects (GAMMs) and
DAMisc (logistic regressions) packages (Armstrong 2021; Liidecke 2018; Wickham 2016)
inR.

In addition to GAMM and logistic regression models, we performed two Indicator Spe-
cies Analyses using “indicspecies” package in R (9999 permutations, De Céceres and Leg-
endre 2009). We compared separately after-impact group with before-impact group (Al vs
BI; same area before and after the fire) and after-control with after-impact group (AC vs
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Fig.2 Short-term impact of fire on bird community in Biebrza Valley, NE Poland; Effect size, meant as p
model coefficient of interaction between period (before vs after) and impact of wildfire (fire vs control)
as found by GAMM/Firth’s logistic regression models, was presented for: a 47 marshland bird species
(abundance > 15), b diversity indices for all 63 marshland bird species. Additional diversity indices were
calculated for those belonging to Species of Special European Conservation Concern according to Bird-
life International 2017 (SPEC, n=31) and species present on Polish Red List of Birds according to Wilk
et al. 2020 (red-listed, n=18). Horizontal bars represent 95% confidence intervals. Significance level of fire
effect was presented for each species (**p <0.01; *p <0.05). Trophic guilds were attributed following Pigot
et al. (2020). Further details provided in Appendix Tables 3, 4.

Al; same period of time, control and burned areas). We used threshold of p <0.05 to deter-
mine indicator species for both categories in each of the two analyses.

Statistical analysis: MANOVA, PCA

To analyse differences in bird communities between BACI groups, Permutational Analysis
of Variance (PERMANOVA) was performed. Differences in bird abundances were trans-
formed into Bray—Curtis dissimilarity matrix in “vegan” R package. To make the num-
ber of records the same for before and after time periods, data records from 2015 to 2016
(i.e., both years before the fire) were averaged. Bird community compositions of four BACI
groups were compared using PERMANOVA on two levels: transect and section. Prior to
transect level analysis, section abundances were averaged in each transect separately for
before and after time periods.

Next, multivariate homogeneity of groups dispersions (PERMDISP2) test was per-
formed to check for homogeneity of variances between treatment groups (Anderson 2006;
Oksanen et al. 2020). Permutational MANOVA (9999 permutations) and Pairwise Permu-
tational MANOVA with Bonferroni p-value correction (9999 permutations) were used on
each dissimilarity matrices to statistically test differences in species composition among
BACI groups (Anderson 2001; Martinez Arbizu 2020).

To visualize differences in bird communities detected with PERMANOVA, principal
component analysis (PCA) was performed based on scaled, Hellinger-transformed species
data (Oksanen et al. 2020).

Results

A total of 9786 marshland bird observations were recorded. The five most common spe-
cies were as follows: sedge warbler Acrocephalus schoenobaenus (n=1234), common reed
bunting Emberiza schoeniclus (1072), common snipe Gallinago gallinago (821), meadow
pipit (791) and willow warbler Phylloscopus trochilus (572). Mean bird abundance on a
section was 18.1 (SD=6.85) and mean species richness was 9.46 (SD=3.03). 31 out of 63
marshland birds were included in list of European Birds of Conservation Concern SPEC
(six of which are globally threatened) and 18 species in Polish Red List of Birds (four with
“Critically Endangered” status).

Species-level short-term response to fire

Fire turned out to be important (statistically significant interaction between period and
treatment was recorded) for abundance of 17 species among 47 tested, having short-term
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positive effect on three species and negative on 14 (Figs. 2a, 3). All three species positively
affected by the fire were species of European conservation concern (included on SPEC
list), while among 14 negatively affected species, five were included on both lists (SPEC
and Polish Red List of Birds), one only on Polish Red List of Birds and two only on SPEC.
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Fig.3 Short-term impact of fire on bird community in Biebrza Valley, NE Poland; Abundance (GAMM
models) and probability of presence (Firth logistic regression models), of marshland birds significantly
(p<0.05) impacted by fire in relation to time (before vs after fire) and impact (fire vs control), as predicted
by models described in Fig. 2 and Appendix Table 4. Vertical bars represent 95% confidence intervals. In
cases, where upper confidence intervals exceeded scale, they were shown on the graphs as numbers. Signifi-
cance level of fire effect was presented for each species (**p <0.01; *p <0.05). Trophic guilds were attrib-
uted following Pigot et al. (2020)

Four of the negatively affected species temporarily disappeared from burned areas after the
fire (aquatic warbler, short-eared owl Asio flammeus, corn crake and reed warbler Acro-
cephalus scirpaceus; see Appendix Table 3 for details).
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We identified 12 indicator species for fire treatment, with five species common for both
performed analysis (BI vs. Al & AC vs. Al) (Table 1a, b). In both cases, Eurasian skylark
(Alauda arvensis) was best indicator species for fire (Indicator value>0.75). We identi-
fied 10 species being indicators of control areas (i.e. no fire), with six species common for
both analysis. Indicator species detected for control areas slightly differed between two per-
formed analysis, with common snipe and common grasshopper warbler (Locustella naevia)
among best indicator species for both.

Community-level short-term response to fire

Fire immediately altered the abundance and richness of studied bird assemblage (Fig. 2b,
Fig. 4). The total abundance of all 63 marshland species remained constant after the fire
on impact areas (difference=0.03), but at the same time increased by 4.43 individuals on
control sites (Fig. 4). Fire caused decline of species richness by 0.3 species/section, while

Table 1 Significant (p <0.05) indicator species for fire and control areas compared within same space, but
different time period (a. before/impact vs. after/impact) and different space, but same time period (b. after/
control vs after/impact)

Before/fire vs after/fire

Treatment = Before/fire Treatment = After/fire
Species Indicator value p value Species Indicator value  p value
Emberiza schoeniclus 0.78 0.000 Alauda arvensis 0.90 0.000
Gallinago gallinago 0.74 0.000 Phylloscopus trochilus  0.61 0.047
Locustella naevia 0.71 0.000 Anthus pratensis 0.60 0.013
Locustella luscinioides 0.61 0.000 Luscinia luscinia 0.51 0.000
Saxicola rubetra 0.60 0.021 Anthus trivialis 0.43 0.000
Acrocephalus paludicola  0.56 0.000 Emberiza citrinella 0.42 0.006
Acrocephalus scirpaceus  0.38 0.003 Phasianus colchicus 0.38 0.009
Circus aeruginosus 0.37 0.013 Coturnix coturnix 0.36 0.000
Corvus cornix 0.34 0.003
Lanius excubitor 0.33 0.003
Lyrurus tetrix 0.29 0.048

After/no fire vs after/fire

Treatment = After/no fire Treatment = After/fire

Species Indicator value p value Species Indicator value  p value
Locustella naevia 0.71 0.000 Alauda arvensis 0.79 0.000
Gallinago gallinago 0.67 0.001 Anthus pratensis 0.62 0.012
Saxicola rubetra 0.60 0.013 Phasianus colchicus 0.41 0.000
Locustella luscinioides 0.53 0.000 Cyanecula svecica 0.37 0.048
Lanius collurio 0.52 0.007 Coturnix coturnix 0.34 0.004
Acrocephalus paludicola  0.44 0.001 Lyrurus tetrix 0.30 0.003
Circus aeruginosus 0.40 0.006

Circus pygargus 0.38 0.041
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Fig.4 Short-term impact of fire Marshland birds (n=63)

on bird community in Biebrza - -
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on control areas richness increased by 1.86 species/section. Similar trend was observed for
red-listed species, in which abundance and richness increased in control areas (by 0.51 and
0.09 respectively) and decreased in impact areas (by 2.37 and 0.68 respectively). Abun-
dance and richness of SPEC species did not change due to fire (Fig. 2b).

Permutational MANOVA showed a separation of bird community recorded at burned
sites shortly after fire as compared to remaining BACI groups. However, as homogeneity
of variance test among BACI groups confirmed violation at the level of sections (F=17.5,
p<0.001), we restricted PERMANOVA analysis to data at the level of transects (homoge-
neity test results, F=1.57, p=0.21). Bird assemblages of BACI groups significantly dif-
fered from each other (PERMANOVA, F=1.75, p<0.05; Fig. 5a). This difference, how-
ever, resulted solely from the difference between BI and Al (pairwise PERMANOVA,
F=2.98, p<0.05) and there was no significant difference between any other pair of BACI
groups. We show visual separation of those two significantly different BACI groups
(before-fire and after-fire) using PCA (Fig. 5a-b).

Discussion

Our study clearly demonstrated that — partly contradicting our hypothesis — large wildfire
substantially reduced diversity of marshland birds in burned area of Biebrza Valley in first
weeks after the fire event. This effect was observed both in the overall abundance and spe-
cies richness of marshland birds and at the species level, including abundances of spe-
cies of high conservation concern. Only a few species benefited from the fire, but none of
them inhabits marshlands as its primary habitat (Kuczynski and Chylarecki 2012). These
results are in general consistent with the observed short-term impact of wildfires (Heim
et al. 2019) and prescribed fires (Hanowski et al. 1999; Mér6 et al. 2015) in temperate wet-
lands (but see Conway et al. 2010). Below, we discuss fire-induced mechanisms potentially
leading to a short-term decline of marshland birds and their implications for wetland biodi-
versity conservation and management, as well as possible long-term effects.
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Fig.5 Principal component analysis (PCA) performed on Hellinger-transformed marshland bird commu-
nity matrix in two time periods: before and immediately after the fire. using transects (a) and single sections
of transects (each transect= 10 sections) (b). Fire-induced short-term alteration of the two bird communities
(before-impact and after-impact) for which significant differences were confirmed (PERMANOVA p <0.05)
were visualized. Presented PC1 and PC2 axes explain in total 37% of variance on the transect level (a) and
18% on the section level (b)

Bird community—short-term response to fire

As predicted, fire immediately benefited some bird species of open habitats that avoid
tall vegetation. Two out of three positively affected species are generalists of open habi-
tats and inhabit primarily cropland, including arable land (Eurasian skylark) and grassland
(meadow pipit), while none relies on marshlands as their main habitat (Kuczyriski and
Chylarecki 2012). Several marshland species preferring short vegetation were observed on
the study area, e.g. northern lapwing and godwit Limosa limosa (Zmihorski et al. 2018),
but contrary to our hypothesis, they did not respond positively to fire. Also, none of typical
marshland species were identified among indicator species for burned area.

In contrast, the numbers of several marshland bird specialists inhabiting tall vegeta-
tion, reeds and tussocks immediately declined, confirming our predictions. Temporary loss
of suitable habitat structures negatively impacted reed passerines (sedge warbler, com-
mon reed bunting, common grasshopper warbler), open marshland passerines (aquatic
warbler), and open marshland non-passerine birds (common snipe). Several marsh rap-
tors also showed a negative response to fire (Montagu’s harrier Circus pygargus, marsh
harrier Circus aeruginosus, short-eared owl). Most of the above mentioned species were
also identified as indicator species for control areas. Similar short-term patterns, although
from slightly different ecosystems, were identified in wetlands of Argentina (Isacch et al.
2004) and eastern Russia (Heim et al. 2019), where the vast majority of wetland specialists
declined after fire.

Short-term vegetation removal seems to be the main driver of observed initial decline
of marshland birds, since most of the negatively impacted species rely on tall vegetation
for foraging and breeding and short sward does not provide them with suitable habitats.
In addition, gleaning arboreal species (dependent on tall vegetation for foraging; see
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Appendix Table 4 for details) were identified among roughly half of indicator species of
control areas (e.g., common grasshopper warbler, Savi’s warbler Locustella luscinioides).

As fire influences short-term food availability in variety of habitats (Panzer 2002;
Sileshi and Mafongoya 2006; Vieira and Briani 2013), food base alteration could be
another important driver of observed fire effect. In case of our study, insects started to
occur at burned sites just a few days after the fire, and some groups (e.g., beetles Coleop-
tera) even increased in diversity in burned areas (Jaworski et al. in preparation), so the food
base likely remained available for at least some insectivorous species. However, as inverte-
brates react to the fire in different species-dependent ways (Garcia-Dominguez et al. 2010;
Panzer 2002), the food availability for some insectivorous specialists could be temporarily
reduced. The aquatic warbler, for example, is an insectivorous species that forages in low
vegetation directly adjacent to higher vegetation and apparently benefits from the varied
structure of its foraging habitat (Tanneberger et al. 2013). Fire may have temporarily sim-
plified habitat structure to the point that it became incompatible for the species, contribut-
ing to the loss of this important species from burned areas.

At the same time, fire provided better access to bare soil as a foraging layer, as most
of the dead biomass disappeared, thus improving invertebrate availability for some birds
(Hoste-Danytow et al. 2010). All three species that showed a positive response to fire in
our analysis were mainly ground foragers (Appendix Table 4). In addition, ground foraging
species formed majority of indicator species for burned areas, despite no confirmed posi-
tive fire effect on some of them (e.g., black grouse Lyrurus tetrix, common quail Coturnix
coturnix, yellowhammer Emberiza citrinella, thrush nightingale Luscinia luscinia).

Contrary to invertebrates, fire caused an immediate decline in the density of small mam-
mals, especially the disappearance of the most common rodent species in the valley—the
root vole Microtus oeconomus (Borowski et al. in preparation). Rodents are a basic food
item for all three birds of prey negatively affected by the fire—short-eared owl (Lesinski
et al. 2016), montagu’s harrier (Kitowski et al. 2021) and marsh harrier (Brzeziriski and
Zmihorski 2009). Since the availability of prey is one of the main factors influencing popu-
lation densities and habitat use in birds of prey (Korpiméki and Norrdahl 1991; Newton
2007), the temporal absence of rodents could largely contribute to the observed short-term
decline of these species on burned areas.

Implications for conservation

The impact of fire on wetland species of conservation concern is ambiguous and there is an
ongoing debate if it should be recommended as a management tool (Conway et al. 2010;
Hochkirch and Adorf 2007). In short term, fire may positively affect some species of high
conservation concern, while causing declines in others (Conway et al. 2010; Heim et al.
2019; Isacch et al. 2004). In our study, fire negatively affected marshland bird specialists
and led to temporary disappearance of four species (aquatic warbler, short-eared owl, corn
crake and reed warbler). Some studies show similar short-term effects of fire on specialist
species of high conservation concern in wetlands (Curnutt et al. 1998; Heim et al. 2019)
and highlight the importance of unburned adjacent areas as refugia that allow survival and
recolonization of burned areas by rare species (Grzywaczewski et al. 2014; Heim et al.
2019; Shaw et al. 2021). We therefore suggest that when fires occur, adjacent areas that
have not burned could be temporarily covered with additional protection and bird-friendly
management (e.g., delayed or reduced mowing).
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In contrast, several rare and/or currently declining species actually benefitted from the fire
in short term (Eurasian skylark, meadow pipit, and largely similar trends observed for yel-
lowhammer, thrush nightingale, common quail, northern lapwing, godwit and black grouse)
(Chylarecki et al. 2018). It suggests that burned marshland patches may become important
local habitats for these declining species. Therefore, we encourage to temporarily introduce
bird-friendly protection measures (e.g. limited access for people) in burned marshes as well.

However, to establish general management implications it is crucial to take into consid-
eration both short-term and long-lasting fire effects. In numerous studies, strong initial
response of bird community was recorded during first year after fire, to virtually disappear
after 34 years (Heim et al. 2019; Mér§ et al. 2015; Newman et al. 2018). In addition, wet-
land species of highest conservation concern, negatively affected by fire during first year, often
returned to pre-fire abundances (Yellow-breasted bunting Emberiza aureola in Heim et al.
2019) or even reported increase (Aquatic warbler in Grzywaczewski et al. 2014) already one
year after the fire. In longer term, fire can help keep marshes open by stopping the encroach-
ment of scrub and trees, benefiting wetland herbaceous vegetation and associated biodiver-
sity (Kotze 2013; Martin and Kirkman 2009; O’Connor et al. 2020). Overgrowth of shrubs
and trees in marshes is one of the greatest threats to marsh biodiversity (Cizkova et al. 2013;
Kotowski and Piérkowski 2005), also in Biebrza Valley (Dembek et al. 2005). For these rea-
sons, introduction of fire as management tool is recommended in some wetland environments
to protect marshland birds (Conway et al. 2010), even despite negative short-term effects on
target species (Grzywaczewski et al. 2014). Therefore, the consequences of fires, even if ini-
tially negative, can be different and diverse in the long term and need to be monitored.

Predicted increased fire frequency due to climate change may shorten intervals between
fires (change of fire regime) which permanently alters vegetation structure and thus pose a
serious threat to related biodiversity, including birds (Chalmandrier et al. 2013; Gosper et al.
2019). Increased fire frequencies affect vegetation structure also in temperate wetlands (Heim
et al. 2019) and are hypothesized to affect bird community in a longer scale. In addition,
expected changes in fire regime may increase risk of peat layer ignition. In contrary to sur-
face fires, peat fires permanently damage peat layers, causing permanent ecosystem changes
(Filkov et al. 2015; Kettridge et al. 2015). They may facilitate scrub expansion on wetlands,
posing major threat to wetland-specific biodiversity (Kettridge et al. 2015; Sulwirski et al.
2020).

Many marshland species of conservation concern may exist in the form of metapopulations,
as suitable habitat patches are usually heavily fragmented and scattered over large areas, while
individuals disperse among them (Zmihorski et al. 2016). Theory predicts that while large
patches may serve as population sources, small ones are also important as “stepping stones”
that enhance network connectivity and thus increase population survival (Hanski 1999). In
such systems, species might find refuge in adjacent unburned patches and then recolonize the
burned patches the next year when the fire effect subsides. However, climate change, along
with water management, often leads to further drying of water-dependent ecosystems and can
cause severe droughts and synchronized fires over large areas. The simultaneous burning of
large areas can wipe out large metapopulation fragments and significantly reduce connectivity
between patches, with dramatic consequences for rare marsh species. It is therefore critical to
prevent further drainage of marshes, while restoring previous water levels and dynamics to
increase their resilience to fire.
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