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Abstract Nature conservation calls for the man-
agement of reed in large stands to support the reju-
venation of reed. Traditional reed management tools
at Lake Neusiedl are becoming decreasingly suitable
due to insufficient freezing in winter. Therefore, pre-
scribed burning of old Phragmites australis stands is
currently being considered as a regeneration meas-
ure to promote reed regrowth and maintain invalu-
able habitats for specialized species in the reed belt.
In January 2024 a pilot study was carried out near
the municipality of Jois to gain insights into suit-
ability and consequences of controlled burning of old
reed mats in the reed belt. Applied methods include
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pre- and post-fire biomass and carbon content analy-
ses from vegetation, litter and soil, fire behavior and
intensity monitoring, moisture content measurements
during and after the fire, and area-wide UAV-LiDAR
mapping. Mean fire temperature was approx. 700 °C
and peaked at 1034 °C. 15.57 ha of the 32 ha study
area were affected by the fire, and a total of 57.84
tons of carbon were released (3.72 t C/ha). On burnt
areas standing vegetation was removed and litter
thickness significantly reduced by approx. 30%, while
no biomass loss from soil was detected. Fuel moisture
content is negatively correlated to distance from the
water table and has mitigating effects on fire spread
if above 30%, resulting in unaffected deeper layers
and numerous unburnt refugia patches within the fire
perimeter. Our results indicate that prescribed fire can
be a suitable management tool at Lake Neusiedl for
the purpose of reed rejuvenation and wetland habitat
regeneration.

Keywords Prescribed burning - Phragmites
australis - Reed management - Wetland management -
Lake Neusiedl - Jois

Introduction
Globally, wetlands store a disproportionate amount
of the earth’s total soil carbon (Nahlik and Fen-

nessy 2016), with most of this carbon (Hugelius
et al. 2020) being stored in peatlands, while only
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covering an estimated 3% of the global land area
(Xu et al. 2018). Riparian wetlands, which are
often dominated by reed stands and have in many
instances formed around lakes or rivers, are much
less examined but may also store considerable
amounts of carbon (Sutfin et al. 2016). Reed man-
agement using fire, as a way of biomass reduction,
represents a potential conflict between the interests
of climate protection and those of nature conserva-
tion, as carbon dioxide (CO,) is released and the fire
can have adverse effects on ecosystem functioning
and habitats (Walesiak et al. 2022).

The reed belt of Lake Neusiedl in eastern Aus-
tria is dominated by Phragmites australis. It rep-
resents the second largest coherent reed area in
Europe after the Danube delta and is reported
to have increased in size in the last two centuries
(Hietz et al. 1992; Buchsteiner et al. 2023). Phrag-
mites australis is considered to be a very tolerant
and robust grass-like macrophyte (Den Hartog et al.
1989). As a reed bed grows older the layer of bro-
ken reed stems above the original ground or water
surface becomes thicker, ultimately preventing reed
shoots from penetrating through this layer (Csap-
lovics 2019), subsequently leading to a thinning of
the standing vegetation and causing unfavorable
conditions for certain species (Nemeth and Dvorak
2022) by negatively impacting visibility protec-
tion, wind protection, food, and nesting material.
Old reed belt areas can accumulate litter mats of
up to 1 m when unmanaged (Nemeth and Dvorak
2022), which result in interception of precipitation
before water can reach the water body (Muzylo
et al. 2009). Reedbeds and especially old stands can
facilitate sedimentation of particles brought in from
land or the lake water itself, which are caught in the
reed stands (Karstens et al. 2016), and can therefore
lead to the decline of open water areas on lakes such
as Lake Neusiedl. Increased dominance of Phrag-
mites australis communities provide ecological ben-
efits due to their growth as floating islands on top of
open water areas, subsequently creating new habitat
areas for birds, insects, amphibians, and reptiles.
While certain small birds prefer areas with old reed
(e.g. Acrocephalus melanopogon), some species of
high conservation value to the national park, such
as Acrocephalus arundinaceus and Emberiza sch-
oeniclus, require young reed beds for their survival
(Nemeth and Dvorak 2022). Valuable young reed
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habitats, however, are diminishing and the survival
of specialized bird species is possibly jeopardized.

Until 1965, around 50% of the reed belt was used
for agricultural purposes by mowing and subsequent
processing of Phragmites australis (Krail et al. 2013).
In addition, old reed stock was commonly removed by
controlled burning to enable this agricultural use—a
measure which has been prohibited since 1993. Mow-
ing as a reed management method cannot be main-
tained due to rising temperatures and subsequently
insufficient freezing conditions caused by climate
change and due to economic reasons. Lake Neusiedl
has been subject to decreasing water levels in previ-
ous years (Hackl and Ledolter 2023) and manage-
ment by mowing is becoming more difficult since
this measure is only feasible if soil, ground water,
or surface water are frozen and extensive damage
to the rhizomes can be prevented (Armstrong et al.
1996). Thus, the burning of old reed beds is being
considered as a reed regeneration measure in the wet-
land (Nemeth et al. 2014).

Natural fires in wetlands can promote the domi-
nance of Phragmites australis over other, less well
adapted species in the area (Norris et al. 2002; Ward
1968). Fire management has had various results in
the past and can be beneficial to reed regrowth (Ailes
1993; Link et al. 2024; Thompson and Shay 1985).
Reed-dominated landscapes contain high fuel loads
and recover rapidly with dense canopy even after an
intense fire event (Thompson and Shay 1985). Peri-
odic regeneration measures are desirable for old reed
beds, as they can contribute to the preservation of
habitats for small reed bird populations and prevent
reed die-back mechanisms (Nemeth and Dvorak
2022).

From a nature conservation perspective, it is ben-
eficial to leave the rooting horizon and rhizomes unaf-
fected from fire in order to promote swift Phragmites
australis regrowth. This may also be accompanied
with little to no carbon fluxes taking place from the
underlying layers into the atmosphere, which is desir-
able from a climate protection perspective when
employing fire as a management tool (Alcafiiz et al.
2018). Carbon dioxide from vegetation fires has the
potential to be fully compensated by regrowth (Dixon
et al. 2019), especially if rhizomes remain intact. The
amount of biomass lost due to the fire can be used
for comparison with the aboveground biomass pro-
duction of 700 to 1700 g/m? typical for Phragmites
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australis in temperate climates (Papchenkov and
Cizkova 2024).

Prescribed burning is a worldwide accepted and
applied technique to meet different land manage-
ment objectives, including the reduction of wild-
fire hazard, increasing biodiversity, and managing
of vegetation for wildlife and human interests (e.g.
Fernandez-Guisuraga and Fernandes 2024). Greater
fuel loads generally lead to higher fire intensities and
hotter burns and therefore more fuel consumption and
higher temperatures belowground (Kreye et al. 2013;
Zupo et al. 2022). Several studies have shown that
prescribed fires under the right weather conditions
do not reduce soil C content but may even increase
it (e.g. Godwin et al. 2017; Mayor et al. 2016). Pre-
scribed burns in forested areas seem to not negatively
influence soil fungal communities (Vazquez-Veloso
et al. 2022). Recent studies in longleaf pine savanna
ecosystems have shown that prescribed fires have
significantly greater proportions of unburnt refu-
gia patches within the fire perimeter than wildfires
(Donovan et al. 2024). In other ecosystems, fire man-
agement also has more positive effects than naturally
occurring fires (Cheng et al. 2023). Unburnt refugia
patches being retained throughout the burnt area is
also considered advantageous. Different ages of veg-
etation coexisting in the same confined space may
result in enhanced biodiversity and leftover unburnt
patches of old reed stock can help animal species sur-
vive during the fire event as well as regenerate after-
wards. Leftover old reed vegetation and standing dead
areas can offer small mammals (Puig-Girones et al.
2018; Shaw et al. 2021), reptiles (Emery et al. 2024)
and birds (Reynolds et al. 2022) both potential protec-
tion in the landscape during the fire event and a habi-
tat for regeneration after the fire. Factors such as dif-
ferences in wind speed, wind direction, fuel load, fuel
structure, fuel moisture, and topography determine
whether such fire refugia patches can remain unaf-
fected from the fire (Leonard et al. 2014).

Aim of the study

Here we analyze fuel properties, fire dynamics and
the effects of a prescribed fire, which was carried out
on January 13th, 2024, for the purpose of determining
the suitability of such measure for the restoration of
important habitats in the reed belt of Lake Neusiedl.

This study attempts to answer the following research
questions using laboratory analyses of fuel loads,
aerial image data, and field measurements before and
after the burning: (1) How much biomass and carbon
were removed from the study area due to the pre-
scribed fire and from which layers? (2) Can expected
annual aboveground biomass production compensate
for biomass lost due to fire? (3) How does micro-
topographic variation, specifically groundwater table
depth, influence fire severity in reed-dominated
wetlands?

Methodology
Site description

Lake Neusiedl is located on the Austro-Hungarian
border and is, without natural drainage, the western-
most steppe lake in Europe. More than half (approxi-
mately 181 km?) of the subsaline shallow lake is
covered by Phragmites australis (Csaplovics 2019),
which makes it the second largest contiguous reed
ecosystem on the continent. Young reed vegetation
patches form a dynamically changing mosaic in con-
junction with open water areas and sediment patches
(Buchsteiner et al. 2023). The composition of the sur-
face is subject to significant changes over the course
of the year, as a sharp decline in open water areas
correlates with the increasing growth of reed beds.
In our study area, however, Phragmites australis and
subsequently all present above ground vegetation
appears to have formed as a floating mat on top of the
former lake surface.

The average air temperature in the region from
1993 to 2022 is 11.8 °C, showing a significant annual
increase of 0.06 °C in the same period, while the aver-
age annual precipitation of 548 mm has not changed
significantly (— 0.25 mm; Cruz-Alonso et al. 2023).
79% of the total water input into the lake comes from
precipitation, the remaining inflow is based on a few
small streams that flow into the lake. 90% of water
losses are due to evapotranspiration (Soja et al. 2013).
Due to winter conditions in January all standing reed
can be considered standing dead.

On January 13th, 2024, a pilot project was carried
out in Jois, Burgenland, Austria, in which a desig-
nated area of 32 ha (Fig. 1) was subject to controlled
burning in cooperation with the regional firefighting
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Fig. 1 Overview map of
study area and sampling
sites. RGB Google Satellite

designated fire
area

sample sites

department. The aim of the project was to reduce the
amount of standing dead and litter significantly, to
train firefighting personnel, and to determine the suit-
ability of the management measure.

Surface water levels at the time of the fire were
low at 115.3 m above sea level (daily mean value)
measured at a nearby stations in Neusiedl am See and
Breitenbrunn (Burgenland 2024a, 2024b). Groundwa-
ter table measurements were carried out pre-fire and
resulted in an estimated water depth of 80 cm on site,
and accordingly 114.5 m above sea level for the lake
bottom.

Field inspection and biomass sampling

In January 2024, 20 sampling points were established
in the reed belt of Lake Neusiedl (Fig. 1). The north-
ernmost sample point was located at 47°56'14"N,
16°47'41"E, the southernmost at 47°55'56"N,
16°47'54"E. The sampling points were placed along
transects at intervals of around 50 m, considering
accessibility, and selected in such a way that the reed
was as homogeneous as possible within at least 1 m>
of the sampling point. GPS data was recorded, and
the points were marked with steel rods to ensure that
they could be found again for the subsequent post-fire
sampling two days later.

@ Springer
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A square measuring 25X 25 cm was first laid out
on each sample area at a distance of approximately
20 cm from the steel rod. Within this square, samples
of the three horizons ‘standing reed’ (S), ‘litter layer’
(A) and ‘soil’ (B) were then taken (Fig. 2).

Standing (S) reed vegetation forms the layer of
upright and not yet bent reed stems. It also consid-
ers dry reed up to an angle of 45°. When measur-
ing standing reed, all standing reed stems above the
horizontally broken reed/bent layer (A layer) within
the 25 X 25 cm square were counted and their average
height was measured. These were then cut along the
A-layer and placed in a bag. At the time of sampling
in winter, all standing reed was dead.

The standing reed was fully combusted on burnt
sites (S assumed to be 0) and thus was not analyzed
after the fire.

The A-layer is the horizontal reed layer (hence-
forth also called “litter””), which lies loosely above
the soil layer or water surface. The litter consists of
bent and broken reeds and is inclined at an angle of
more than 45° and can form thick horizontal reed
mats (matted reed) when left unmanaged. The sam-
ple of the litter layer was plumbed vertically along
the edges of the measured quadrat area of 25X25 cm
down to the bottom-forming sediment (beginning of
the B-layer), cut off and placed in a bag. The vertical
thickness was measured. The distinction between the
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— A — Litter Layer/
matted reed

L B - .Soil"- Layer
+ Rhizomes

_— Water Table

— S — Standing Dead

Fig. 2 Intact Phragmites australis stock (a.) and Phragmites australis affected by fire (b.). Any material below the water table was
not considered to be potentially affected by the fire and was therefore not sampled

two layers A and B was always made based on struc-
ture and appearance of the material on site.

Samples of the B-layer (also 25X 25 cm) were then
taken below the litter layer. This layer represents a
decomposed layer of organic material. It will also be
called soil layer in the context of this research paper,
although it differs from the general understanding of
the term. Rhizomes were found to be present in the
soil layer on several sites, indicating rooting horizons
near or above the water level. The soil layer below the
water level could not be determined with the avail-
able measuring devices due to the cold weather pre-
fire (ice cover). Therefore, post-fire sampling also
was done until reaching the then liquid ground water
level. The volume of the samples taken subsequently
depended on the thickness of the layers above the
water table. This soil layer consists of the partially
decomposed, crushed former litter layer. The intact
roots and rhizomes were separated from the soil sam-
ples for subsequent measurements. The thickness of
the soil layer was also measured, and the biomass was
collected with a spade and placed in a bag. Due to
solidly frozen open water surfaces not at every sam-
pling point a soil sample could be taken, especially
before the fire. In those cases, only samples of the
S and A layers were taken. The frozen water table,

however, was not present at the time of the post-fire
sampling, thus soil samples were taken from all burnt
sampling points.

Fire monitoring and fuel moisture measurements

Before the start of the fire monitoring, 19 measur-
ing panels were installed at 10 m intervals along the
edge of the planned reed fire area to determine the
rate of spread of the fire front. During burning, the
time it took to reach the individual measuring points
was documented and these measurements were cor-
related with the average wind speed—measured at a
height of 2 m using a Kestrel 5500FW Fire Weather
Meter Pro—in order to determine the effective rate of
spread.

During the prescribed burn, the absolute (high-
est) fire temperature was determined using calibrated
infrared thermometers (VOLTCRAFT IR 1201-50D,
sensitivity up to 1200 °C). The maximum tempera-
ture of the burning reeds was determined at around 20
measuring points on the fire front during the fire and
the fire location and measurements were documented
photographically. The measurements via infrared
thermometers required immediate proximity—Iess
than 10 m away—to the flame front.
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To better understand the moisture content of the
reeds and thus the fire behavior and fire intensity,
measurements of the moisture content (MC) of the
reeds were carried out during and after the fire under
different weather conditions following the prescribed
burn. Measurements were carried out using a mobile
measuring device (Wiltronics Fine Fuel Moisture
Meter, ME2000). The ME2000 indicates the moisture
or water content in percent by weight of the dry mass.

During the burn, only individual measurements of
the MC of the reeds outside the fire area could be car-
ried out. For the follow-up measurements some days
after the fire, a vertical moisture profile was created
in the reeds. For the matted reed/litter layer (A) we
measured at the surface (A-0), at a depth of 5 cm
(A-5), 10 cm (A-10) and 20 cm (A-20) whereas the
first (uppermost) predominantly homogeneous layer
of horizontally bent reed stems was assumed to be
the surface. For the standing reeds (S) three meas-
urements were taken per site and compartment at
the level of the base of the standing reeds (S-0), at
a height of 10 cm (S-10) and 50 cm (S-50). The soil
layer (B) was not sampled as it was saturated with
water. The data was collected at seven representa-
tive sites. In some cases, it was not possible to take
moisture measurements at greater depths due to the
low thickness of the matted reed horizon (reaching
the reed rhizomes, soil and/or water). On both survey
days, the Kestrel 5500FW Fire Weather Meter Pro
was set up before the start of the measurements to
obtain continuous meteorological data from the sur-
vey areas.

Laboratory analysis

Firstly, the fresh masses of the standing reed, lit-
ter and soil layer samples were determined using a
high-precision balance. The reed rhizomes of >2 mm
equivalent diameter in the B-layer were sorted out,
weighed, and stored separately. The dry mass was
then determined by oven drying. For this purpose,
the samples were first dried at 80 °C for 48 h, then
weighed and dried at 80 °C for a further 24 h and
weighed again to ensure that weight constancy was
achieved. The samples of both layers (A; B without
rhizomes) were subsequently crushed and pulver-
ized using a vibrating mill (Retsch MM 400) and
thus prepared for subsequent CN analysis. This way,
approximately 2 ml of representative preparation
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was produced from each post-fire sample taken. This
was then transferred to Eppendorff Safe-Lock tubes.
A carbon/nitrogen (C/N) analysis to determine the
carbon content and nitrogen content as a percentage
of the mass was carried out on all samples of all lay-
ers. The C/N analyses were carried out with a LECO
Truspec CN. The carbon content in g C/m? can be
calculated from these analyses. The results from the
litter layer and the underlying soil layer are subjected
to a paired T-test for the statistical analysis. As only
paired values can be used for this, it should be noted
that the sample number of the soil layer is only 8.

Remote sensing and processing

The study was surveyed with two UAV-LiDAR
flights and one RGB flight. The aerial surveys were
carried out by the company Skyability GmbH using
a VUX SYS 1 UAV LiDAR scanner on 11.01. and
26.01.2024. The RGB flight took place on 11.01.
using a DJI Zenmuse P1 camera. For the two UAV-
LiDAR flights the flight altitude was 120 m above
ground, the flight speed was 8 m/s, the scan angle 80
degrees and the scan frequency 550 kHz. The UAV-
LiDAR data was pre-processed and georeferenced
and was available as laz-files. The UAV-LiDAR point
clouds have an average laser shot density >400 trans-
mitted laser shots per m>.

Based on the georeferenced UAV-LiDAR point
clouds digital terrain models (DTMs) were generated
based on the last echoes. A hierarchical, iterative cal-
culation approach was used. Starting with a cell size
of 3 m, an initial terrain model was calculated from
the lowest points per cell. In the next two iteration
steps, the cell size was continuously reduced and only
points in the vicinity of the previously calculated ter-
rain model were used. Any gaps due to missing data
were closed by triangulation. The final DTMs have a
raster resolution of 0.25 m.

For the calculation of the digital surface mod-
els (DSMs) the first echoes were used, whereas the
land cover-dependent calculation approach of Hol-
laus et al. (2010) and a quantile-based approach was
applied. The land cover-dependent approach follows
a combined calculation approach, which, depending
on the roughness of the surface of the DSM, is com-
posed of the highest point per grid cell and locally
fitted moving planes in the point cloud. The “mov-
ing planes” interpolation is applied to a thinned data
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set (highest points within a cell with half the resolu-
tion of the final DSM) to ensure that the interpolated
model best describes the surface of the reed. This cal-
culation method leads to an improved description of
the reed surface as well as the gaps in the reed, espe-
cially in areas covered with reeds, compared to a pure
“moving planes” interpolation. Furthermore, this
approach has the advantage, especially in areas with
a lower point density, that height information can be
estimated for image elements in which there are no
points by means of the “moving planes” interpolation
using the neighboring points. The DSMs were calcu-
lated with a grid size of 0.5 and 1.0 m.

For the quantile-based approach a grid size of 1 m
was selected and the 95% quantile of all points within
each cell was used for the calculation of the DSM. It
has been shown that the derived DSMs are less influ-
enced by wind than the land cover dependent DSMs.

The normalized digital surface model (nDSM) was
calculated by subtracting the DTM from the DSM. As
the grid sizes of the DTM and the DSMs differ, bilin-
ear resampling of the DTM was applied.

The digital water surface model (DWOM) is cal-
culated based on selected points of the open water
surface. The selection of the water surface patches
was done based on manual inspection of the DSM
and the orthophoto. The same water surface eleva-
tion of 159.31 m was applied for the aerial surveys on
11.01 and 26.01.2024. The DWOM is calculated with
a grid size of 10 m. There is a difference of 44.00 m
between all survey data and the local geodetic datum.

In addition to the DWOM, difference-models
between DTM and DWOM were calculated. These
models have a grid size of 0.25 m. These difference
models are therefore very suitable for detecting open
water areas or reed areas where the DTM is very
close to the water surface.

The detection of the burnt area is based on the
difference-model of the two quantile-based UAV-
LiDAR DSMs. It was assumed that a height reduction
of >0.15 m must be present for the pixel to be identi-
fied as a potential burnt area pixel. This threshold was
determined based on visual inspection of the DSM
changes in burnt and unburnt areas. The final burnt
area was derived by applying morphological filters on
the previously detected burnt area pixels.

The final burnt area map was used for further spa-
tial statistical analyses such as describing the patchi-
ness or identifying the non-burnt areas within the

burnt reed. Further statistics were calculated such as
the mean DTM height above the water level for burnt
and non-burnt areas.

Results
Fire spread and thermal characteristics

The measurements of the propagation speed during
the prescribed burn showed an average propagation of
0.5 m/s or 1.8 km/h of the fire front (see supplemen-
tary material S1). Even if the spread varied over short
periods of time due to alternating stronger and weaker
gusts, the average fire spread corresponded to 10% of
the average wind speed measured at a height of 2 m.

The highest recorded fire temperature was
1034 °C. The average temperature was 726 °C. The
results were evenly distributed over the measurement
period. The highest fire temperatures were reached at
a flame height of more than 2 m (see supplementary
material S2).

Fuel moisture patterns

The measurements of MC during the prescribed burn
were taken between 10:00 and 11:00 local time and
yielded values of 20% to 62%, with an average value
of 31%, whereby the standing reed measured had an
average MC of around 10% lower than the matted
reed (see supplementary material S3). Regarding the
matted reed, the uppermost horizon was sampled.
During the study period, the relative humidity meas-
ured at a height of 2 m was constantly around 67%.
On 24.01, moist conditions prevailed due to a pre-
vious rain event, and there was also little wind. On
this day the focus was on moisture measurements
on the different compartments of the matted reed,
the standing reed was not sampled. The second day
(29.01) was consistently dry and windier. With
increasing daytime temperatures and decreasing rela-
tive humidity, the MC of the standing reed decreased
significantly and that of the matted reed near the sur-
face slightly (see supplementary material S4). The
lowest MC results, around 15%, were recorded in the
early afternoon in the standing reed, the highest with
up to 90% in the deeper layers of the matted reed. On
29.01, lower moisture tended to be recorded on the
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surface of the matted reed than on 24.01, which is
probably related to the weather conditions.

The measurements gave a clear picture of the dis-
tribution of reed MC by compartment (Fig. 3). At a
relative humidity of around 60% and more than 48 h
without precipitation, which corresponds to slightly
more favorable fire conditions than on the day of the
prescribed burn, less than 20% water content was
measured in the standing reeds (S-10, S-50), around
30% in the matted reed close to the ground (S-0, A-0)
and more than 40% in the deeper matted reed layers
(A-5, A-10, A-20).

Biomass reduction and carbon dynamics

The fire did not completely cover the designated area.
On burnt sites (n=11) the pre-fire standing vegeta-
tion (S) was completely removed from the surface.
Visually the A-layer was seemingly only marginally
affected by the fire. Signs of fire activity were notice-
able in the form of charred pieces of stems, but right
underneath surface level the mat was very much intact
with a minimum of 6 cm (mean=11.6 cm=+5.4) of
thickness remaining above the underlying partially
decomposed B-layer. Also patches of intact standing
dead were spontaneously left, seemingly unaffected
by the fire.

The average height of the reed vegetation pre-fire
was 154.8 cm (highest: 350; lowest: 110). Taken
reed stems amount to 189 stems per square meter on
average. The thickness (Table 1) of the litter layer of
old reed stems from previous years was 16.6 (+8.6;
min=1; max=35) cm and had been reduced by
approx. 30% to an average of 11.6 (£5.4, min=6,
max =20) cm by the fire. The fire affected the upper-
most layer of the litter layer and did not reach the soil
layer B below.

The dry biomass of standing reed averaged 482
(+339) g/m?* before the fire and was completely lost
due to the fire on the 11 burnt sites. The mass of the
litter layer was 1851 (x£1132) g/m* before the fire
and was reduced to 1554 (+£502) g/m2 after the fire.
The dry mass data from the soil layer was more vari-
able than the other horizons, as evident from stand-
ard deviations. Before the burning event the mean dry
mass of the soil layer was 5196 (+4267) g/m? and
after the fire it was 5029 (x£2397) g/m% Addition-
ally, rhizomes taken from the soil samples on average
accounted for 412 (+357) g/m? before fire and 627
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Fig. 3 Results of the reed moisture measurements after the
fire event based on compartments. Standing reed MC meas-
ured at respective heights descending from S-50 to S-0, litter
layer from A-0 to A-20. Fire-retardant moisture content of 30%
marked with vertical line. The colored box corresponds to the
middle 50% of the data bounded by the upper and lower quar-
tiles. Median value represented by vertical line within the box,
mean value represented by the black cross

(+587) g/m? post fire respectively. Results are notice-
ably heterogenous in terms of layer thickness as well
as bulk density. The standing reed vegetation had a C
content of 51.1%. The litter layer had an average of
49.2% C before the fire (after the fire: 51.3%), while
the soil layer had 37.2% (after the fire: 38.2%).
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Table 1 Results of layer

. A Layer Thickness ~ Biomass (g/mz) Carbon (%) Carbon flux (t/ha)
thickness, biomass, carbon (cm)
content, carbon change by
fire (carbon flux) Layer  Pre Post Pre (n=11) Post Pre Post
S 154.8 0 482 (450) 0 51.1 0 —2.46
+520 O +339 (306) 0 +1.6 0
Mean values (bold) and A 16.6 11.6 1851 (1737) 1554 49.2 51.3 - 1.14
standard deviations (+) +8.6 +54  +1132(916) +502 +43 +1.0
pre- and post-fire. Pre-fire B 13.5 16.9 5196 (5176) 5029 37.2 38.2 —-0.12
?ffecltel‘; by fire in brackets +97  £35  +4267(4124) 2397  +111  +99
n=

The decrease in thickness (Fig. 4) of the litter layer
is significant (one-sided) at p=0.012, but a signifi-
cant decrease is also given for the soil layer, where no
changes in thickness were expected as a result of the
fire. Although the mean values of the biomass (dry
mass) results show a slight decrease compared to the
pre-fire samples of the A-layer, this difference is not
statistically significant due to the fluctuation or stand-
ard deviation in the paired T-test.

The fire also resulted in a noticeable reduction of
19.1% of the pre-fire biomass in the litter layer com-
pared to the pre-fire results from all 20 sampling

Litter thickness (cm)

1(10)=2.672, p=0.012 *

doo0d

Litter biomass (g/m?)
4000
2300 T 4(10)=0.702, p=0.249
3000

2500

2000

o0 Xoo
¢—2

1500

1000 = =

500
0

g/m?

Fig. 4 Statistical comparison of pre-and post-fire thickness of
affected layers (a.). Pre- and post-fire biomass comparison of
affected layers (b.). The colored box corresponds to the mid-

30
25
20
 — .

points. The standing vegetation on the burnt areas had
been completely removed by the fire. Regarding the
soil layer, there was only a small deviation between
pre- and post-fire samples of <1% of the biomass.
Thus, it can be concluded that the biomass of the
decomposed layer has not been affected by the fire
management.

Aerial survey

The differences between the two UAV-LiDAR
derived quantile-based DSMs provide an area-wide

Soil thickness (cm)

t(7)=2.741, p=0.029 *

o pre-fire A
0] post-fire A
| pre-fire B

m post-fire B

Soil biomass (g/m?)
16000
14008 1(7)=0.223, p=0.83
12000
10000

8000

6000
X
” _
Jm— —
2000

0

g/m?

dle 50% of the data bounded by the upper and lower quartiles.
Median value is vertical line within the box. Mean value is rep-
resented by the black cross
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overview of the reed changes due to the burning.
For Fig. 5 the respective values of the DTM were
subtracted from the DSMs. Transparent visualiza-
tion represents results smaller than or equal to O.
The additional transparent area in the right image
(Fig. 5b) represents the area, which lost standing reed
and parts of the litter layer as a result of the fire. The
burnt area amounts to 15.57 ha. According to this
the total carbon stock lost due to the fire is 57.84 t
C (3.72 t/ha), with an estimated 38.30 t C (2.46 t/ha)
originating from standing vegetation and 17.74 t C
(1.14 t/ha) from the litter layer.

Figure 6a shows the detected burnt area. For deriv-
ing the final burnt area map a majority filter with a
5x5 kernel was applied. The pixel size is 1 X 1 m, the
total burnt area within the AOI is 15.57 ha. As can
be seen in Fig. 6(a.) several patches within the fire
perimeter remain unburnt. From the approx. 20% of
remaining unburnt areas approx. 3% belong to open
water surfaces where the difference between the pre-
fire DTM and the water surface is <0.05 m. The right
image in Fig. 6 shows the difference map between
the DTM before the burning and the water surface
(DTM-DWOM). DTM areas near the water surface
are highlighted in blue.

Further analyses of the burnt versus unburnt areas
show that the pre-fire median of the DTM height

vegetation height

-Sm

om

A

] 100 200 m
I

above the water level is 0.33 m for burnt areas and
0.19 m for unburnt areas within the fire perimeter.
Statistical details are given in the histogram shown on
Fig. 7.

In Fig. 8 the detailed histograms of the pre-fire
DSM heights for burnt areas are shown. Median
changes at burnt and unburnt areas as well as visu-
alized underlying data are provided in the supple-
mentary material S5. Due to the burning the median
reduction of the DSM for the burnt areas is 0.51 m,
whereas the median change for the unburnt areas is
0.08 m. Changes of unburnt areas primarily reflect
the influence of the wind during LiDAR data acquisi-
tions and can be seen as data related uncertainty.

Discussion
Fire characteristics

The measured fire temperatures of around 1000 °C
appear high but have been confirmed by other studies:
The maximum temperature of uncontrolled vegeta-
tion fires is usually 800-1200 °C (Bova and Dickin-
son 2008; Wotton et al. 2012). The highest tempera-
ture of crown fires in the forest can exceed 1300 °C
(Butler et al. 2004). The highest temperatures during

post-fire
vegetation height
3m

om

A

0 100 © 200 m
—

Fig. 5 Normalized Digital Surface Models before the fire (a.) and after the fire (b.). Present standing vegetation in green. Transpar-

ent values represent DSM <DTM values. RGB Google Satellite
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pre-fire
vegetation height

(1] 100 * 200 m
E—

Fig. 6 a Pre-fire nDSM overlaid with burnt area in red. b
Pre-fire DTM height relative to the pre-fire water level (DTM-
DWOM). Areas where the difference between the DTM and

1 fire perimeter
distance to water table

.1m
“-0.1m

A

100 - 200 m
I

the water level is less than 0.10 m are highlighted in blue. The
fire perimeter is visualized as red polygons. Firebreaks are
excluded from the fire perimeter. RGB Google Satellite

a0 Unburnt s Burnt
9 #Data: 12340400 ' #Data: 12340400
T #Used: 600496 —_ #Used: 2310064
8 Median: 0.193 10 Median: 0.327
; — m _ StdDev: 0.152 — StdDev: 0.118
<6 L K7.5 a
zs i z
c c
& 4 K 5.
3
2 2.5
1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6
pre-fire DTM-DWOM pre-fire DTM-DWOM

Fig. 7 Histogram of the DTM heights above the water level before the fire event for later unburnt areas (a.) and burnt areas (b.)

the prescribed burn in the reed belt of Lake Neusiedl
were detected in connection with a high fuel load and
greater flame length, which is consistent with find-
ings from fire research. The results of the measure-
ments (see supplementary material S1) during the
prescribed burn in the reed belt also show that the
10% rule can be used to make a good estimate of the
spread of a reed fire (Cruz et al. 2020).

Reed moisture and combustion behavior

The measurements of reed MC clearly show the influ-
ence of wind, precipitation and air humidity. Shortly
after a rain event (measurements on 24.01.), the MC
of the reeds near the ground was more than 30%. With
such a high moisture content, no or only partial com-
bustion is to be expected (Wade 2021a). With more

@ Springer
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Burnt areas: DSM1 distribution
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Fig. 8 Histogram of the burnt area DSMs pre-fire and post-fire

than 48 h of dryness and a humidity of around 60%
(second day of measurement and slightly below the
humidity on the burning day), the MC in the standing
reeds was below 20%, which means that independent
maintenance of combustion is likely, especially under
the influence of wind. The compartments close to the
ground (S-0, A-0) had an average moisture content of
just under 30%, suggesting partial combustion. Due
to the high moisture content, no combustion is to be
expected under these conditions for deeper lying mat-
ted reeds.

In general, the MC of the burnt material should be
below 30%, otherwise it can be assumed that hardly
any burning takes place (Wade 2021a). In addition,
the possibility of using backfire techniques in reed
under favorable conditions (low wind, low humidity,
positive temperatures) should be examined. These
lead to a higher fuel consumption due to the lower
propagation speed and longer holding time of the
fire. Only around 1/3 of the emissions of a headfire
can be expected under the same fire conditions (Wade
2021b).

Biomass recovery and carbon stocks

According to recent findings Phragmites australis
produces aboveground biomass within the range of
approximately 700 to 1700 g/m? per year in temperate
climates (Papchenkov and Cizkova 2024). However,
our data suggests that standing biomass of this older
reed vegetation plot is about 482 g/m?* (4.82 t/ha).

@ Springer

This is expected, due to wintertime as well as young
reed shoots having difficulties penetrating through
the accumulating layer of old matted reed. We also
conclude that annual Phragmites australis above-
ground biomass production may exceed the amount
of biomass lost to the fire within the following year,
as the combined biomass loss from layers S and A
(mean values) of 779 g/m? is only marginally higher
than the expected minimum regrowth value. Addi-
tional growth-promoting conditions such as improved
nutrient availability due to ash residue (Alcaiiiz et al.
2018) and more space available for young shoots can
be assumed.

Our study site shows similar amounts of accumu-
lated biomass and subsequently carbon stock com-
pared to other study areas at Lake Neusiedl. Exami-
nations by Baur et al. (2024) show a mean carbon
amount of about 37.7 t C/ha on the study area, 14.40
t C/ha (+£6.60 t C/ha) of which was from litter and
standing vegetation combined and the belowground
biomass was sampled up to a depth of 30 cm. Our
data reveal a mean total stock of 30.90 t C/ha on the
study area, 11.57 t C/ha of which are from standing
and litter combined. However, our average below-
ground sampling depth was only about 13.5 cm pre
fire. Since our sampling was limited by the water
table it can be assumed that large amounts of biomass
were also present below.

The effects of the fire can explain changes in the
carbon pools: While all of the carbon was removed
from the layer of standing reed by the fire, this does
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not mean that all of this carbon was released into the
atmosphere. It can be assumed that partially burnt
pieces of reed and ash residues have come to rest in
the surrounding area and on the post-fire litter layer
A exposed by the measure, thus leading to higher pro-
portions of carbon post management (Certini 2005;
Cheng et al. 2023). Same could be argued for the
B-layer below, which showed an estimated carbon
content increase from 37.2 to 38.2% (Table 1). Total
carbon in this horizon is likely to increase over time
due to translocation of partially burnt particles and
ash. Further investigation is needed, as the short sam-
pling interval and lack of precipitation limited parti-
cle movement into deeper layers.

Unburnt patches and habitat diversification

While rejuvenation measures support habitat preser-
vation, retaining patches of old vegetation is also ben-
eficial. Not all standing vegetation and litter are likely
to be removed during controlled burns, allowing reed
structures of varying ages to coexist under similar
conditions as present during this pilot management
project. As our results show a reduction in the thick-
ness of the litter layer, an improvement in the habi-
tat quality for protected or endangered animal spe-
cies who prefer young reed habitats can be expected,
while the loss of animal life could be minimized by
the framework conditions, in particular by the imple-
mentation of the pilot project in winter. Disregard-
ing the presence of plenty of available old reed stock
zones in the area of Lake Neusiedl, the deterioration
of the habitat for species that favor old reed beds
could be reduced both by the non-extensive burning
of the entire reed bed and remaining refugia patches,
as well as by the incomplete burning of the litter layer
itself.

The aerial surveys made it possible to establish a
correlation between calculated water table depth and
the flammability of the fuel in the landscape. The
Lidar flights show the fire spread and, together with
data from the biomass surveys, the burnt reed mass.
The analyses have shown that the median differ-
ence between the pre-fire DTM and the water table
is 0.19 m for unburnt areas compared to 0.33 m for
burnt areas. It can be assumed that if parts did not
burn without firefighting measures (e.g., firebreaks,
see Fig. 6a) being carried out, properties of the mate-
rial led to a reduction of fire spread. If the calculated

water level is close to the DTM before the fire, it can
be expected that these areas have a high moisture con-
tent and therefore burn poorly, as shown in (Fig. 6b).
Thus, shallow water table depth serves as a reliable
indicator of reduced fire propagation in areas with
higher moisture content.

According to the lower post-fire standard devia-
tions, heterogeneity appears to have decreased as a
result of the fire. However, the small number of sam-
ples needs to be taken into consideration. In our opin-
ion, such an investigation is valuable regarding the
data obtained by remote sensing on surface elevation
differences as well as layer thicknesses determined on
site before and after the fire. Reliable comprehensive
comparative biomass analysis can be carried out if a
sufficiently large sample size can be obtained.

Prescribed fire effectiveness and dynamics across
other ecosystems (Williams-Jara et al. 2022; York
and Russell 2025) as well as habitat feedback of eco-
systems dominated by Phragmites australis following
management by fire (Brooks et al. 2024; Geurts et al.
2020; Ward et al. 2025) have been subject to research
in recent years. The investigation of such measure and
subsequent consequences in the national park of Lake
Neusiedl is a novelty and could ultimately be utilized
to promote an amendment to the legislation. Under-
standing implications due to the fire is essential for
future management of the wetland site. Nevertheless,
it is important to also recognize possible negative
implications of prescribed fires such as unintended
damage to non-targeted species or wildlife, possible
soil degradation (Alcaiiiz et al. 2018), smoke emis-
sions and pollutants, and risk of unintended wildfire.
Future research in the study area may help to clarify
the full extent of fire management success, particu-
larly regarding Phragmites australis regrowth perfor-
mance, effective biodiversity retention, carbon stabil-
ity, among other ecological indicators.

Outlook and summary

The prescribed burn on 13.01.2024 showed that
burning of the reed belt at Lake Neusiedl is pos-
sible even under adverse conditions (high humid-
ity, low temperatures). Our research regarding the
consequences indicates that various positive effects
such as habitat rejuvenation and fuel load reduction
could be achieved while simultaneously providing
refugia patches and avoiding C loss from deeper,
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partially decomposed layers. In order to minimize
the risk and under the premise of also burning
deeper matted reed areas, beneficial meteorological
conditions in the winter months include no precipi-
tation for at least 48 h (preferably longer), relative
humidity below 60% but above 30%, average wind
speed below 30 km/h, and temperature above 0 °C.
Possible preparations for the procedure on site
include measurements of reed moisture in differ-
ent compartments in the early afternoon of the day
before the prescribed burn (comparative values for
the following day) and immediately before the start
of the burn. If the aim is to reduce matted reed bio-
mass, this layer should preferably have a water con-
tent of around or below 30%. Prescribed burning in
winter should ideally begin around midday when
the humidity is typically lower. The weather has a
fire-retardant effect from late afternoon onwards due
to rising humidity and decreasing air temperature.
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