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A B S T R A C T   

Boreal forests are exposed to larger and more frequent fires due to climate change, with significant consequences 
for their carbon and water balances. Low-severity fires (trees charred but surviving) are the most common fire 
regime in the Eurasian boreal forest, but we still lack understanding on how they impact tree functioning. This 
study focused on the dynamics of tree transpiration and stem growth of Pinus sylvestris in central Sweden after a 
large wildfire in 2018. We compared a stand impacted by low-severity fire (LM) with an unburnt stand (UM), 
over three years following the fire (2020–2022). We found that transpiration was on average lower and more 
variable within the stand at LM compared to UM. LM also had consistently lower stem growth compared to UM, 
resulting in larger accumulated growth for the unburnt site in the second to fourth year after the fire. Our results 
highlight the complex effects of low-severity fire on tree water cycling, with both direct (damage to tree xylem 
and roots) and indirect fire impacts (due to loss of understory vegetation and changes in soil properties). Trees 
affected by low-severity fire also exhibited reduced resilience to water shortages. Considering the expected in-
crease in frequency of droughts and forest fires at higher northern latitudes, such indirect fire impacts may put 
additional pressure on the boreal forest.   

1. Introduction 

Wildfires burn large areas of boreal forest each year, and thus play an 
important role in shaping the biodiversity, biogeochemical cycles and 
energy budget of this biome (Smith et al., 2011). As well as releasing 
significant amounts of carbon (C) during combustion, the direct impacts 
of fire such as the reduction of tree canopy, tree mortality and con-
sumption of understory vegetation can lead to significant changes in the 
carbon uptake capacity of forests and their ability to store and use water 
(Faber-Langendoen and Davis, 1995). Wildfires increase the amount of 
rainfall reaching the ground and the surface runoff rate due to the 
consumption of vegetation while decreasing the infiltration rate due to 
changes in soil hydrophobicity (Tecle and Neary, 2015). Wildfires also 

alter evapotranspiration (ET), with an initial reduction due to the loss of 
vegetation and a subsequent increase due to plant regrowth (Vertessy 
et al., 2001; Nolan et al., 2014). Changes in the water cycle caused by 
fire have important implications for local to continental scale climate 
dynamics (Nolan et al., 2014). 

Boreal forests across the globe are already experiencing larger and 
more frequent fires as a result of climate change (Zheng et al., 2023). 
Although they belong to the most broadly distributed biome where 
climate warming is strongest, boreal forest fires still receive less atten-
tion than fires in tropical forests (Zheng et al., 2023). A study of wildfire 
dynamics in a Siberian larch forest showed that climate-induced fire 
frequency and burned area are increasing in correlation with air tem-
perature anomalies and drought occurrence (Ponomarev et al., 2016). 

☆ Short summaryLow-severity fires are common across boreal Eurasia yet little is known about their impact on tree functioning. We find that low-severity fire leads 
to lower stem growth and often decreased transpiration in the surviving trees for four years after fire, highlighting the longevity of fire impacts. 
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During the last decades, the boreal forests of both North America and 
Eurasia experienced increased water deficit, resulting in an increase in 
fire-related carbon dioxide (CO2) emissions (23 % of global fire CO2 
emissions in 2021; Zheng et al., 2023). Studies on the impacts of these 
fires on C and water cycling have mainly focused on high-severity (i.e. 
stand-replacing) fires in the North American boreal zone (Amiro et al., 
2003; Girardin et al., 2006; Le Goff et al., 2007; Bremond et al., 2010; 
Walker et al., 2019). By comparison, Eurasian boreal forests have 
received very little attention, which limits the ability of policymakers to 
take informed decisions on sustainable forest management strategies in 
the face of increasing climate extremes and wildfire frequency. The 
Eurasian boreal forest fire regime is characterized by low-severity fires, 
which consume understory vegetation and small saplings but allow the 
continued survival of mature trees such as Pinus sylvestris, which are 
adapted to these types of fires (de Groot et al., 2013). However, there is 
limited knowledge on how low-severity fire affects tree growth, the C 
and water fluxes of the surviving trees, and the potential feedback to the 
climate and energy balance of these forests. 

Low-severity fires can lead to temperatures higher than 300 ◦C near 
the bark surface (Flanagan et al., 2020). Hence, such fires may lead to 
tree injuries which impact whole-tree functioning and stem diameter 
growth especially if the xylem and cambial tissues are damaged (Bär 
et al., 2019). Balfour and Midgley (2006) analyzed the effect of heating 
on the xylem for Acacia (A. karroo) and showed that all heat-treated 
trees started shedding leaves immediately and experienced stem 
dieback within four weeks. Wildfire can damage xylem cell walls and 
lead to the formation of air bubbles (Michaletz et al., 2012; Partelli--
Feltrin et al., 2022). Thus the tree canopy and xylem tissue can be 
damaged by embolism formation or xylem deformation if the heat 
transfer to tree tissue during burning is very high (Varner et al., 2021). 
Heat conduction through bark at a temperature of 60 ◦C can cause ne-
crosis of the phloem and vascular cambium tissues (Bova and Dickinson, 
2005; Michaletz et al., 2012). It has been shown for Populus balsamifera 
L. collected in Calgary, that heating leads to thermal softening of the 
viscoelastic polymers in the conduit walls (Michaletz et al., 2012). They 
deformed in response to the stresses caused by the hot air inflow. In 
addition, localized excessive heating during the fire can injure tree roots 
and canopy (Michaletz and Johnson, 2007; Michaletz et al., 2012). In 
some cases, soil temperatures during fire can rise to several hundred 
degrees, especially when there is deep combustion of the forest floor 
(Santín and Doerr, 2016). Such temperatures can impact the transport of 
xylem sap from roots to leaves, reduce phloem transport rate and reduce 
the growth of new tissues. In short, fire can affect tree diameter growth 
directly due to damage to tree tissues or indirectly if transport of water 
and nutrients around the tree is weakened by xylem and/or phloem 
damage. 

To some extent, trees can recover from the damage caused by 
wildfire (Christensen-Dalsgaard and Tyree, 2014; Niu et al., 2017; 
Zeppel et al., 2019). Under certain conditions, low-severity fire can also 
have a positive impact on tree growth, as removed understory can result 
in temporarily decreased competition for water and nutrients (Peterken, 
2001; Blanck et al., 2013). This in turn contributes to increasing tree 
carbon fixation and transpiration. For example, it has been reported for 
temperate coniferous forests in the US, that photosynthetic capacity was 
lower for burnt than for unburnt trees due to resource depletion (Bryant 
et al., 2022). Interestingly, for burnt trees, photosynthetic capacity 
increased with damage severity. Studies have shown that increasing 
photosynthetic efficiency at the leaf level can compensate for damage to 
entire trees, including loss of leaf and root area (Bryant et al., 2022). 

Sap flow measurements, which record the rate of water transported 
through the tree sapwood, can provide important insights into the effect 
of fire on transpiration. Despite the versatility of sap flow data, few 
previous studies have measured sap flow on fire-affected trees. Ferrat 
et al. (2021) showed that tree sap flow in Mediterranean Pinus nigra 
stands in control and plots burnt by low-severity prescribed fire followed 
the same seasonal and daily pattern (Ferrat et al., 2021). Since leaf area 

reduction was low at the burnt plots, the fire did not lead to significant 
reductions in transpiration. In contrast, for moderate and high severity 
fires in a mixed species Australian eucalypt forest, Nolan et al. (2014) 
found that transpiration decreased 1–2 years after fire until the surviv-
ing trees grew new leaves (Nolan et al., 2014). At the ecosystem level, 
the growth of new seedlings partially compensated for the decreased 
transpiration during this period, favoring a faster recovery of evapo-
transpiration than if the forest would have regenerated from seedlings 
alone (without surviving mature trees). They also found that fire 
severity determined the effect of fire on ET, whereby average ET was 41 
% lower in the forest burnt at high severity compared to an unburnt 
forest, but only 3 % lower at the low-severity burnt forest (Nolan et al., 
2014). 

In this study, we defined low-severity fire based on low tree mortality 
(<10 %) with charred trees but no direct foliage damage. The main aim 
was to assess how low-severity fire impacts tree growth and transpira-
tion in a Nordic boreal forest. We examined (i) whether fire-affected 
trees could sustain similar sap flow to unburnt trees, (ii) how sap flow 
changed over time since the fire, and (iii) the impact of the fire on the 
stem diameter growth. We hypothesized (1) that transpiration and stem 
increment growth would be reduced in trees affected by low-severity fire 
due to possible xylem damage from the fire, even though the tree foliage 
was left intact; and (2) that the combustion of surface vegetation and soil 
organic layer impacted the regeneration on trees by changing the hy-
draulic properties of the soil. 

2. Material and methods 

2.1. Study area 

The study area is located in the municipality of Ljusdal in central 
Sweden (61◦56′ N, 15◦28′ E). In July 2018, the Ljusdal area was hit by 
the second largest fire in Sweden in recorded history, burning a total of 
8995 ha of forest. The fire was ignited by lightning strikes and spread 
quickly due to severe drought conditions. It burned primarily through 
coniferous forests, mainly Scots pine (Pinus sylvestris) with smaller areas 
of Norway spruce or birch. Our study area was composed of managed 
Pinus sylvestris forests on poor, sandy soil with understory vegetation 
dominated by mosses and lichens (Cladonia spp., Pleurozium schreberi, 
Cetraria sp. and Polytrichum juniperinum.) and small shrubs (Vaccinium 
vitis-idaea, V. myrtillus, Calluna vulgaris, and Empetrum nigrum), which is 
representative of the larger burnt and unburnt area. The 30-year mean 
annual air temperature in the area was 2.8 ◦C and the total mean annual 
precipitation 648 mm (1991–2020, national monitoring station Ytter-
hogdal, 40 km northwest of the study site; SMHI, 2022). We refer to 
Kelly et al. (2021) for a more detailed site description. 

Here we compare two Pinus sylvestris sites (Fig. 1): a low-severity fire 
site where nearly 100 % of the trees survived one year after the fire (LM; 
Low-severity Mature) and an unburnt site (UM; Unburnt Mature). The 
sites cover approximately 4000 m2. They are only 400 m apart and thus 
experience the same climatic conditions. Soil characteristics for both 
locations were very similar, with a shallow organic layer above sandy 
mineral soil. At LM, the tree charring height was 2.1 ± 0.2 m and the 
understory vegetation was completely consumed by the fire. This led to 
a loss of 0.93 kg m− 2 forest floor biomass (based on post-fire comparison 
of UM and LM) with only 37 ± 2 mm of the total organic layer remaining 
at LM, compared to the (organic) florest floor depth of 149 ± 4 mm at 
UM (Kelly et al., 2021). The tree canopy at LM was not scorched during 
the fire, i.e. the needles remained green, and visual inspection of the tree 
trunks did not reveal any injuries except for charring of the outer bark by 
the fire. The LM stand had a tree density of 484 trees ha− 1, an average 
tree height of 19.3 ± 0.5 m and an average diameter at breast height 
(DBH) of 24 ± 2 cm. The UM stand had 688 trees ha− 1, an average tree 
height of 15.3 ± 0.4 m, average DBH of 20 ± 1 cm (Figure S1). 
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2.2. Meteorological measurements 

Climate data for the study area was collected in an open area 400 m 
away from the two forest stands. Precipitation for June-September was 
measured with an ARG314 (EML, UK) and gap filled for the remaining 
months with data from a national monitoring station (Sveg A, 60 km east 
from the study area, 357 m a.s.l., (SMHI, 2022)). Incoming, above 
canopy photosynthetically active radiation (PAR) was measured with a 
full-spectrum Quantum sensor (SQ-500-SS, Apogee Instruments). At 
each site, air temperature and humidity were monitored at 2 m height 
with a HygroVUETM 10 (Campbell Scientific, Inc., USA) and used to 
calculate water vapour pressure deficit (VDP). In this study, we used soil 
temperature and volumetric water content measured at 7.5 cm depth at 
three locations at each site to capture the spatial variability (CS655-DS 
sensors, Campbell Scientific, Inc., USA). 

2.3. Sap flow measurements 

Sap flow was derived using the tissue heat balance (THB) method, 
where the rate of water transport through the xylem is calculated from 
the power consumption and the temperature increase of the water 
passing through the stem (Čermak et al., 1973; Čermák and Deml, 1974; 
Kucera et al., 1977). The thermal balance is derived for an area of the 
water conducting stem heated by 3 electrodes (Obojes et al., 2018; 
Szatniewska et al., 2022b). The recorded input energy is split between 
conductive heat losses and advective transport of heat with the xylem 
sap flow (Čermák et al., 2004). The THB method has been shown to be 
nearly independent of the sap flow radial profile (Kučera, 2018). Whole 
tree sap flow rate [kg time− 1] was derived by multiplying sap flow (Q 
[(kg cm− 1 time− 1)]) with tree circumference (Ci [cm]), after excluding 
the thickness of the bark and phloem layer (B [cm]) (Szatniewska et al., 
2022a). The flow rate of sap per unit sapwood area (sap flux density) for 

each tree (SF [kg cm− 2 day− 1 and g cm− 2 h− 1]) was then calculated by 
dividing the tree sap flow rate by the sapwood area (A [cm− 2]): 

SF =
Q(Ci − 2∗π B)

A
(3) 

In August 2019 (i.e. one year after the fire), sap flow sensors (SF 81, 
Environmental Measuring Systems s.r.o. EMS Brno, Czech Republic) 
were installed at breast height at 6 representative trees per site. Here, we 
present measurements during the growing seasons (May to October) 
2020, 2021 and 2022. At the start of the 2021 measuring season, sensors 
at two trees at the UM site had to be moved to new trees due to resin 
accumulation, and in 2022 the same occurred for one tree at LM. The 
dimensions of the trees with sap flow sensors are presented in Table 1. 
The zero transfer value of sap flow, i.e. the “baseline” at which no 
transpiration is assumed to occur, was obtained using the exponential 
weighting method with a 5 days averaging period, as described in 
Kučera (2018) and Kučera et al. (2020). Note that in the following, we 
used the terms “sap flow” to refer to the xylem water flow process, “sap 
flow density” to represent sap flow per sapwood unit area, and “tran-
spiration” for the cumulative sap flow on a daily timescale. 

2.4. Dendrometer measurements 

Changes in stem circumference were measured at 2 m height by 
dendrometers (DR26E, EMS Brno, Czech Republic) on the trees with sap 
flow sensors. The circumference was measured with a resolution of 
0.002 mm every 5 min and allowed for the exact tracing of even small 
DBH changes. The dendrometer measurements were available from 
April or May to October in 2020–2022, i.e. not including the winter 
months. The dendrometer bands were however left on the trees all year 
round. To estimate the stem increment and its phases for each year, 
dendrometer data from all trees were averaged for each site. The typical 
pattern of annual tree diameter growth reported in the literature 

Fig. 1. a) Location of the study area within Sweden. Photos of the sites taken in 2019: b) Unburnt Mature (UM), and c) Low-severity Mature (LM). Map source: © 
Lantmäteriet, Sweden. 

Table 1 
UM (Unburnt Mature) and LM (Low-severity Mature) sap flow tree characteristics. Sensors at UM trees 2 and 6 were moved to new trees at the start of 2021 and LM tree 
5 was also replaced in 2022. Sapwood area [ha− 1] was calculated using the number of trees ha− 1 and the relationship between DBH and tree sapwood area (Fig S1).  

Unburnt Mature (UM) site Low-severity Mature (LM) site 
Tree DBH  

(cm) 
Thickness bark + phloem (cm) Sapwood area  

(m2) 
Tree DBH (cm) Thickness bark + phloem (cm) Sapwood area  

(m2) 

1 26 0.7 0.052 1 23 0.7 0.039 
2 18/16 0.6/0.6 0.024/0.019 2 18 0.4 0.023 
3 22 0.5 0.036 3 34 0.6 0.090 
4 25 0.5 0.049 4 30 0.7 0.067 
5 18 0.8 0.022 5 27/27 0.5/0.5 0.055/0.055 
6 23/23 0.7/0.7 0.039/0.039 6 22 0.4 0.038 
Sapwood area ha− 1 (2020) 16.50 Sapwood area ha− 1 (2020) 17.32  
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(Zweifel et al., 2010; Dukat et al., 2021) guided the determination of the 
growth phases in this study. Five phases in stem circumference were 
determined for each year: (i) the maximum winter contraction (MWC) 
phase in late winter when the minimum stem diameter is reached due to 
freezing and tissue dehydration (Mayr et al., 2007; Zweifel et al., 2010); 
(ii) the rehydration period (rP) when tree stem increment recovers from 
the MWC to the level at which tree growth had stopped in the previous 
autumn; (iii) the main radial growth period (RGP); (iv) the low radial 
growth period when reversible stem shrinkage and expansion relate 
mainly to the changing stem water content and soil conditions (espe-
cially drought) (WT) and finally, (v) the phase at the end of the growing 
season, when large reversible stem shrinkage and swelling may occur 
due to reduced precipitation and freezing temperatures (PS). The initial 
point of tree growth (L0) was determined as the stem circumference 
measured in late autumn of the prior year (Deslauriers et al., 2007). 
Previous studies have shown that during the spring, the maximum stem 
contraction is reached, therefore, the increase in stem diameter from the 
lowest records in the spring cannot be considered as the growth starting 
point, as it is only a reversible swelling due to refilling of tree internal 
water stores (Kolari et al., 2014; Dukat et al., 2021; Zweifel et al., 2010). 

2.5. WUE at tree level 

Tree water use efficiency (WUE [kg− 1]) was calculated as tree-level 
dry biomass production [kg] per total tree level transpiration [kg] from 
the period of biomass growth. The dendrometer measurements were 
used to define the period of wood growth. We used an allometric 
equation for Sweden developed by Marklund (1988) and updated by 
Petersson and Ståhl (2006) to estimate the tree dry biomass increment 
per year. Tree level total transpiration within this period was based on 
the sap flow measurements. WUE was calculated as the site average of 
all available sample trees for a given year. 

2.6. Tree-ring width chronologies 

As a complement to the dendrometer measurements, we took tree 
cores from 5 trees at each site to examine the tree growth before and 
after the fire. The increment cores were analysed and data processed 
following standard dendrochronological procedures (Bräker, 2002). 
Tree-ring widths (TRW) were measured to the nearest 0.01 mm using a 
digital LINTAB positioning table connected to an Olympus stereomi-
croscope and TSAPWin Scientific software (Rinn, 2003). Prior to stan-
dardization, all TRW series were cross-dated for missing rings and dating 
errors using COFECHA (Cook and Holmes, 1984). To minimise the in-
fluence of non-climatic variations and trends, related to e.g., tree age 
and geometry, the TRW series were standardized and transformed into 
dimensionless indices (Fritts, 1976; Cook and Kairiukstis, 1990) using 
ARSTAN_41d (Cook and Krusic, 2006). As non-significant synchronism 
was detected between the burnt and unburnt pine trees, and to preserve 
potential low-frequency variations in the tree growth, a flexible Fried-
man’s variable span smoother (Friedman, 1984) was used for 
standardization. 

2.7. Ancillary vegetation measurements 

We quantified the recovery of the understory vegetation since the 
fire based on vegetation surveys at LM and UM. We surveyed 12 quadrat 
plots of 25 × 25 cm along two transects at each site in July 2020 (Delin, 
2021) and 2022. We visually estimated the percentage of ground 
covered by each vascular and bryophyte species present in the quadrat. 

The effective plant area index (PAIe) was used to estimate changes in 
tree canopy coverage since the fire at both sites. PAIe was derived from 
upward-facing hemispherical photos using a 180◦ fisheye lens. Three 
photos were taken at three points at each site once per year at the end of 
the growing season. We use the term PAIe instead of LAI (leaf area index) 
to clarify that tree stems and branches visible in the photos were 

included in the calculation of the plant area. The photos were first 
processed in MATLAB (v.2020a) using histogram matching to ensure a 
similar brightness between images and then binarized to separate sky 
from vegetation using an adaptive threshold function. The binary im-
ages were processed in CAN-EYE (v.6.4, INRAE, France) to calculate 
effective PAI, i.e. PAIe based on the assumption that the foliage is 
randomly distributed. 

3. Results 

3.1. Meteorological conditions 

The meteorological conditions at the study area are presented in 
Fig. 2 and the site-specific soil moisture and temperature data during the 
growing season are shown in Fig. 3. We defined the growing season as 
May 1 to October 15 because this is when daily mean soil temperature 
(Tsoil) at 7.5 cm depth was ≥ 5 ◦C at both sites. However, it should be 
noted that soils reached this threshold between 2–21 days earlier and for 
up to 19 days longer at LM than at UM. 

The average growing season air temperature (Tair) was lowest in 
2020 with 11.3 ◦C and highest in 2022 with 12.0 ◦C. Nevertheless, 
during a short period in June 2020, air temperature, incoming PAR 
(photosynthetically active radiation) and VPD (water vapor pressure 
deficit) were all higher than in any other year (Fig. 2a, c, d). The growing 
season precipitation sum was also lowest in 2020, totaling 332 mm. In 
2021 and 2022, the total growing season precipitation was 369 mm and 
434 mm, respectively (Fig. 2b). During the summer months (i.e. June- 
August), mean daily air temperature reached 15.0 ◦C, 15.4 ◦C and 
16.0 ◦C in 2020, 2021, and 2022 respectively. In 2020, the highest 
monthly precipitation was measured in July (118 mm), while only 23 
mm were recorded in August. In 2021, precipitation was relatively 
equally distributed over the summer months whilst in 2022 the highest 
precipitation was recorded in August (154 mm). 

The volumetric soil water content (VWC) during the growing season 
was higher at LM than at UM in 2020 and 2021 (Fig. 3a-b). However, in 
2022, VWC was higher at UM until mid-July, and then similar at both 
sites during the following months (Fig. 3c). During the growing season, 
soil temperature (Tsoil) was generally higher at LM than at UM (Fig. 3d- 
f). The mean growing season Tsoil was 11.0–11.6 ◦C at LM and 
9.3–10.4 ◦C at UM. In 2022, Tsoil at LM reached 5 ◦C almost a month 
earlier than at UM. 

3.2. Sap flow dependence on environmental conditions 

At the start of the 2020 growing season (May-June), sap flux density 
(transpiration) was higher at LM than at UM (Fig. 4a), likely due to the 
higher soil temperatures at LM where soils thawed earlier than at UM 
(Fig. 3d). From July until mid-August 2020, sap flux density was sub-
stantially higher at UM compared to LM. After mid-August, sap flux 
density declined at both sites, corresponding with a period of no growth 
and even shrinkage of tree stems (Fig. 7) as well as very low soil mois-
ture (Fig. 3a). At the end of the growing season, similar daily cumulative 
sap flow rates per sapwood area were measured at both sites. In 2021, 
both sites had similar mean daily sap flux density, especially during the 
start and end of the growing season. In July and August there were two 
periods when the sap flux density at LM was slightly higher than at UM. 
In 2022 (four years after the wildfire), we observed the largest difference 
in sap flux density between the sites, with substantially lower sap flux 
density at LM than at UM throughout June, July, and August (Fig. 4c). 
Even if the two sites had partly similar mean hourly sap flux density, e. 
g., in June 2020 and 2021, the sap flux density range among the trees 
was much larger at LM than at UM (Fig. 5). 

To assess the relationships between the meteorological factors and 
the sap flow at a higher temporal resolution, the hourly sap flux density 
from all available trees were binned in equal intervals based on the value 
of a given meteorological factor (Fig. 6). Using hourly data allowed a 
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better understanding of the responses of the trees to fast changing 
environmental conditions at the sub-daily scale. Transpiration (i.e. sap 
flow) is driven by soil water availability (VWC), water vapour deficit 
(VPD) in the air (evaporative demand), and available energy (PAR). This 
analysis showed that the responses of the trees to environmental con-
ditions varied with regards to site and year of measurement (Fig. 6). 
Nevertheless, in all cases the UM site tended to have higher mean sap 
flux density at a given level of an environmental variable than LM. 

Sap flux density was highest at soil moisture (VWC) values of 
0.06–0.08 m3m− 3 for both sites during all years and declined as the soil 
became wetter or drier. LM had lower sap flux density rates than UM for 
any given VWC value. The response of sap flow to VPD at both sites was 
similar in all years, with a sharp increase in sap flux density as VPD 
increased from 0.5 to 1 kPa and saturation at around 1.5 kPa. Sap flux 
density increased with increasing soil temperatures at both sites, sug-
gesting that soil temperature was not a limiting factor for sap flow. As 
expected, a clear response of sap flux density to light (PAR) was 
observed for both sites, with saturation of sap flux density at high PAR 
(>1400 µmol m− 2 s− 1). 

3.3. Seasonal and annual stem increment growth 

All trees with sap flux density measurements were also equipped 
with a dendrometer to record hourly variations in stem size which we 
used to estimate the annual stem growth of the trees (Section 2.4). Daily 
averages of measurements from all trees per site allowed us to compare 
the total annual stem radial increment (Ri) between sites and years 
(Fig. 7). For all years, total annual Ri was smaller at LM than at UM. The 
total annual Ri at UM was 0.13 cm in 2020, 0.30 cm in 2021 and 0.27 cm 
in 2022, (Table 2). At LM, total Ri was also relatively high in both 2021 
and 2022 (~ 0.27 cm and 0.21 cm, respectively), whereas in 2020 there 
was almost no growth (0.07 cm). 2021 was the year with the smallest 
difference in total Ri between the sites (Fig. 7 b). It was also the only year 

when Ri during the maximum winter contraction (MWC) was lower at 
UM than at LM. During all measured growing seasons and at both sites, 
short-term reversible stem swelling was associated with the occurrence 
of precipitation and fluctuations of soil water content (particularly 
during the second half of the growing season). In 2020, the response to 
these changes was much stronger at UM than at LM (Fig. 7a), whereas in 
the following two years the response was similar at both sites (Fig. 7b, c). 

3.4. Water use efficiency (WUE) 

WUE at tree level was visibly lower for LM than for UM in 2020 and 
2022 (Table 2). WUE was at its highest level in 2021 for both sites. In 
2022 WUE dropped at both sites compared to 2021. At LM, the total 
average tree transpiration [kg] of the radial wood growth period also 
dropped, while it increased at UM. The highest total tree biomass growth 
per hectare occurred in 2021 at LM and in 2022 at UM. 

3.5. Tree ring widths 

The tree ring width (TRW) index chronologies shown in Fig. 8 pro-
vide a longer-term perspective on the tree growth at the UM and LM sites 
during the four decades before the fire as well as in the years that fol-
lowed. The chronology from the UM site covered the period 1965–2021 
and all trees were estimated to be between 60–70 years old. The chro-
nology at the LM site covered the period 1902–2021 with two trees 
around 130 years old and the remaining trees around 90 years old, 
which is 20 years older than a previous estimate for the site and reflects 
the larger variability of tree DBH at LM compared to the UM (Kelly et al 
2021, Figure S1). Note that the tree cores were taken from other trees 
than the sap flow measurements. The correlation between the stan-
dardized chronologies at the two sites was r = 0.40 but increased to 0.54 
for the residual chronologies (corrected for autocorrelation). Between 
1965 and the mid-1990s, correspondence between the chronologies was 

Fig. 2. Daily means of meteorological conditions at the study area for 2020–2022. The panels show a) air temperature (Tair), b) cumulative precipitation (Pcumsum), 
c) incoming photosynthetically active radiation (PAR), d) water vapor pressure deficit (VPD). A 10-day moving average was applied to the data in panels a), c), and 
d). The gray dashed vertical lines indicate the growing season (May 1 to October 15). 
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low, followed by several consecutive years of lower growth at the LM 
compared to UM (1996–2003). However, since 2010, the trees at both 
sites have shown similar growth patterns, until the fire in 2018. In the 
year of the fire, the UM tree growth declined substantially (TRW index 
= 0.50) and was lower than for any other year in the preceding four 
decades, whilst at the LM, tree growth also decreased but was just below 
the mean (TRW index = 0.93). For the years following the fire, the 
growth rate of the UM trees returned to equal or above mean TRW 
values, whereas radial growth continuously declined at LM. A compar-
ison of the average TRW index value for the 3 years before and after the 
fire reveals a 9 % increase in growth at UM after the fire whereas the 
TRW index at LM declined by 72 % after the fire. 

3.6. Understory vegetation cover and plant area index 

In 2022, the understory and forest floor vegetation at UM covered 
most of the soil surface (total cover = 92 %) and was dominated by 
bryophytes (68 % mean cover compared to 24 % for vascular plants). 
The only vascular species recorded were Vaccinium vitis-idaea (appeared 
in all plots) and Calluna vulgaris (83 % plot occupancy). Cladonia sp. was 
the most common bryophyte (appeared in all plots) followed by Pleu-
rozium schreberi (83 % plot occupancy), then Polytrichum juniperinum and 
Cetraria sp. (both 17 %). At LM, the average cover of vascular vegetation 
increased from 9 % in 2020 to 20 % in 2022 whilst bryophyte cover 
increased from <1 % to 6 % in 2022, giving a total vegetation cover of 
26 % four years after the fire. The most common vascular species at LM 
in 2022 was Vaccinium vitis-idaea (83 % plot occupancy), followed by 
Pinus sylvestris seedlings (17 %) and by Betula sp., Vaccinium myrtillus, 
and Calluna vulgaris (all with 8 % plot occupancy). Vaccinium vitis-idaea 
and Calluna vulgaris were the only vascular species present in 2020. 
Polytrichum juniperinum was the most common bryophyte in 2022 (33 % 

plot occupancy) followed by Cladonia sp. and Pleurozium schreberi (both 
17 %). 

There was no significant difference in the effective Plant Area Index 
(PAIe) between the sites or among years. PAIe was on average 0.66 ±
0.03 and 0.64 ± 0.02 at the UM and the LM site, respectively. This result 
confirms that the tree canopy at LM was not visibly affected by the fire. 

4. Discussion 

4.1. Response of sap flow to post-fire conditions 

In this study, we investigated the impacts of a low-severity fire on 
tree radial growth and sap flow in a managed boreal forest of Pinus 
sylvestris in Sweden, by comparing trees in a fire-affected area with trees 
in an adjacent unburnt stand. The trees at both sites had similar total 
sapwood area and thus similar transpiration fluxes would be expected if 
the trees had not been damaged by the fire. We hypothesized that trees 
affected by the fire (LM stand) would have lower transpiration than trees 
from an unburnt stand (UM) due to fire-related injuries. When analysing 
hourly sap flux density as a function of VWC, soil temperature, or PAR 
(Fig. 6), we found that sap flux density at LM was lower than at UM 
during the whole study period. However, we did not observe consis-
tently lower transpiration in the time series of LM compared to UM. 
Specifically, transpiration was reduced at LM compared to UM during 
July and August in the second year after fire and throughout the growing 
season of the fourth year after fire, but in the third year, transpiration 
was similar at both sites (Fig. 4). The maximum daily transpiration rate 
was 18  % lower at LM than at UM in 2020 and 36 % lower in 2022. The 
decreased transpiration at LM in 2020 (second year after fire) is likely to 
be an effect of the fire. However, it is more difficult to disentangle the 
impact of the fire on the transpiration of the LM trees in 2021 and 2022. 

Fig. 3. Daily means for 2020–2022 of a-c) volumetric soil water content (VWC), and d-f) soil temperature (Tsoil) at 7.5 cm depth, at the UM site (blue) and the LM 
site (red). 
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If the influence of other factors (e.g. meteorological conditions), 
including those indirectly caused by the fire (e.g. changes in soil mois-
ture, changes in undergrowth vegetation), becomes important in time 
then they may significantly contribute to the variability of transpiration 
together with the direct tree-fire damage. 

There are several mechanisms that can explain why the LM trees 
showed reduced sap flow compared to unburnt trees at UM two years 
after the fire. Although low to medium intensity fires often do not pose 
an immediate lethal threat to mature, fire-tolerant trees, they can cause 
a variety of injuries that disrupt the functioning of the entire tree (Bär 

et al., 2019). For example, the lower sap flux density at the LM site may 
be due to xylem cavitation and/or thermal damage to the tree trunks 
during the fire (Renninger et al., 2013). In more severe cases, tree trunk 
burning can result in a sufficient increase in temperature in the cambium 
to cause damage and death to living tissue. If the damage is extensive 
enough, it can lead to whole-tree mortality (Peterson and Ryan, 1986; 
Ducrey et al., 1996; Dickinson and Johnson, 2001; Butler et al., 2005), 
but this was not the case at our low-severity fire site. Pinus sylvestris is 
adapted to low-severity fire - its thick bark protects the cambium from 
fire-related damage (Uhl and Kauffman, 1990); and we did not note any 

Fig. 4. Daily sap flux density averaged in 10-day moving windows (solid line) for the Unburnt Mature (UM; blue line) and the Low-severity Mature (LM; red line) 
sites for 2020–2022 (a-c). Direct comparison of cumulative daily sap flux density measured at UM and LM for 2020–2022 are shown in d-f. The black line denotes the 
1:1 line and the blue line is a linear regression with 95 % confidence intervals. 

Fig. 5. Daily patterns of average hourly sap flux density (SF) for all trees for June 2020–2022, at the Unburnt Mature (UM, blue) and Low-severity Mature (LM, red) 
sites. The solid line is the site average, dashed lines show the standard deviation. 
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obvious injuries to the tree trunks at LM except for charring of the bark. 
Nevertheless, even low-severity fire can lead to damage of shallow 

fine roots, especially if there is significant consumption of the forest 
floor. (Swezy and Agee, 1991) reported for old-growth Pinus ponderosa, 
that fire decreased the biomass of fine-roots (dry weight) by 50–75 % 
depending on fire severity. Almost half of Pinus sylvestris fine root 
biomass is located within the forest floor layer (Persson, 1980; Van-
guelova et al., 2005). This layer was mostly consumed by the fire at LM, 
suggesting that the LM trees may have lost a substantial portion of their 
fine root biomass. This loss is significant as fine roots are capable of 
accessing water and nutrients over vast areas (Valverde-Barrantes, 
2022). The loss of the fine roots may also explain the reduced radial 
growth observed in the TRW data for the LM trees after the fire (Fig. 8). 

A reduction in transpiration may be an adaptation mechanism to 
prevent water potentials from decreasing too low as the fire could have 
decreased the water uptake capacity of the trees due to loss of fine roots 
and/or the xylem hydraulic conductance due to embolism and/or xylem 
deformation. For example, West et al. (2016) have shown both experi-
mentally and theoretically, that hydraulic failure occurs during 
fire-induced heat waves (West et al., 2016).Thus, post-fire damage 

assessments should consider possible hydraulic impacts and limitations 
to water access in conjunction with the direct effects of heat transfer 
during fire (Bär et al., 2018). It have shown, that trees have the capa-
bility to recover from embolism, thus variations in tree functioning 
related to disturbance should be monitored over several years to capture 
the net effect of the disturbance been (Zeppel et al., 2019). 

We cannot exclude the risk of future negative impacts to tree health 
and growth resulting from indirect effects of the fire, such as limited 
carbon and water fluxes or increased vulnerability to insect attacks, 
pathogenic infections and extreme weather events (Bär et al., 2019). The 
substantially lower sap flux density at the LM site measured in 2022 may 
be due to such longer-term, indirect fire impacts emerging at LM. Such 
factors can cause latent post-fire tree mortality even for initially healthy 
trees. The transpiration reduction in LM in 2022 may also be a response 
to post-fire changes in soil temperature and soil moisture availability 
due to the fire (see Section 4.2). It is also important to highlight that the 
within-stand variation of hourly sap flux density was larger at LM than at 
UM, for all measured years (Fig. 5). This increased variability at LM may 
result from the wider range of tree diameters at the stand scale compared 
to UM or individual features of the trees (like bark thickness), but it 

Fig. 6. Box plots, including median (circle) and average (line) showing the hourly tree sap flux density SF) in response to volumetric soil water content (VWC - a, b, 
c), vapour pressure deficit (VPD - d, e, f), soil temperature (Tsoil – g, h, i), and photosynthetically active radiation (PAR – j, k, l) for the 2020–2022 growing seasons at 
the Unburnt Mature (UM) and the Low-severity Mature (LM) sites. Measurements during precipitation (> 0.2 mm per half hour) were excluded, as then sap flow is 
near zero. 
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Fig. 7. Cumulative daily stem increment at 2 m height for all sap flow trees for a) 2020, b) 2021, and c) 2022 at the Unburnt Mature (UM, blue line) and the Low- 
severity Mature (LM, red line) sites. Note the different y-axis scales in each subplot. Ri denotes the stem increment, MWC is the period which ends with the maximum 
winter contraction (the peak of MWC is marked with a white point), rP is the rehydration period, RGP is the radial wood growth period, WT is the period with low 
increment expansion related to wood growth, with reversible stem shrinkage and swelling mainly related to water transport dynamics within the tree, PS is the post- 
growing season phase without growth (only reversible swelling and shrinkage), L0 is the zero line used to designate the start of stem increment for the next growing 
season, SE denotes stem expansion, and SS stem shrinkage. Description after Zweifel et al. (2010). 
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could also indicate differences in fire exposure. The effect of fire on 
vegetation depends on the temperature and duration affecting different 
parts of the plant, which are the result of fire behavior variables such as 
the intensity of the fire line, flame height and the residence time 
(Michaletz and Johnson, 2007). Thus, variations in fire behavior within 
the LM site may have resulted in some trees having suffered more severe 
damage than others, leading to larger declines in transpiration without 
causing mortality. On the other hand, the relationship between tran-
spiration and environmental factors (Fig. 6) remained similar for both 
sites across the three years (although the absolute values of transpiration 
were lower at LM than UM). In particular, the responses to VPD and light 
availability suggest that LM trees have maintained their functioning, 
despite reductions in transpiration. 

The within-stand variation of sap flux density points to the fact that a 
larger amount of dendrometer and sap flow sensors might have reduced 
the uncertainty of allocating the impacts of the fire. Even though the 
number of dendrometer sensors is in line with the high standards of the 
ICOS protocol (Gielen et al., 2018) our findings show that with the local 
variability of fire behaviour, future studies could profit from an 
increased sampling size and replicates of each treatment (low-severity 
fire and unburnt). 

4.2. Changes in soil temperature and water availability 

Fire not only impacts trees directly, but also alters their environment 
by burning the understory vegetation and the organic soil layer, which 
changes soil water availability and soil temperature for many years after 
fire. At the LM site, 83 % of the forest floor layer was consumed by the 
fire (relative to UM). By the fourth post-fire growing season, the un-
derstory vegetation at LM had only reached a quarter of the cover of that 
observed at UM, and the plant composition differed considerably (less 

bryophyte cover, fewer bryophyte species and larger diversity of 
vascular plants at LM). As a result of reduced insulation by the forest 
floor and understory vegetation, the soil at LM was exposed to larger soil 
temperature variability than that at UM. One year after wildfire, hourly 
soil temperatures have varied between -8 and 0.1 ◦C during winter (Jan- 
Mar, not shown) and 2 - 21 ◦C during spring and summer (May-Aug, 
Fig. 3) at LM compared to -5 and 0.5 ◦C and 0 - 15 ◦C, respectively, at 
UM. During the spring, the soil was substantially warmer at LM than at 
UM, which led to earlier snowmelt. The average April-June soil tem-
perature at the LM site reached 7.0 - 7.3 ◦C during the study period, 
compared to only 4.0 - 5.4 ◦C at UM. Notably in 2022, the soil tem-
perature at LM reached 5 ◦C almost a month earlier than at UM, which 
would have allowed the trees to start transpiring earlier, although we do 
not have transpiration data prior to May which could confirm this. These 
results highlight an important indirect impact of the fire: the loss of the 
forest floor and understory vegetation can cause an earlier start of the 
growing season at the LM site, which increases water usage by the trees 
and evaporation of water from the soil surface and could make them 
more vulnerable to drought. On the other hand, reduced competition for 
water from the forest floor vegetation may improve water availability 
for the trees. At the LM site some trees maintained a high or even higher 
sap flux density than those at the unburnt site (Fig. 5), which could be 
related to this increased access to water. 

The soil water content (VWC) at LM declined with each year since the 
fire relative to UM (Fig. 3). We measured VWC relatively close to the 
surface and it has been shown that 70 % of water uptake by pine trees 
originates from shallow soil layers (Song et al., 2016). However, since 
pine trees may also use water from deeper soil layers in periods of 
reduced water availability, we cannot deduce unequivocally whether 
the differences in sap flux density between the burnt and unburnt forest 
sites were due to fire-related changes in VWC and soil temperature or 
whether the fire-affected trees responded differently to soil moisture 
availability. 

4.3. Differences in tree stem increment and tree ring width 

The tree ring width (TRW) chronologies suggest that the two sites 
may have responded differently to variations in the climate in the de-
cades before the fire. There are many possible underlying factors for 
these growth deviations. Firstly, the trees at UM are slightly younger 
than at LM, which can result in stronger influence of juvenile growth in 
the TRW. Additionally, as the tree replication in the two TRW chro-
nologies is relatively low, growth deviations in individual trees could 
have a disproportionately large impact on the final TRW chronologies. 
The two sites may also have been managed differently; for example 
thinning at one of the sites may cause growth patterns of the trees to 
differ at the sites, even if the climatological factors are the same. 
However, apart from the 2018 fire, no such growth disturbances are 
known at our sites for the past decade, the growth variations in the TRW 
chronology and in the dendrometer data after 2018 are related to the 
forest fire. 

Tree stem increment (measured by the dendrometers) differed be-
tween the sites, with lower total seasonal growth at LM compared to UM, 
especially in 2020 and 2022. An explanation for the difference in stem 
increment between the sites is that at LM, fine roots damaged by the fire 
needed to be rebuilt (Świątek and Pietrzykowski, 2021). Therefore, 
assimilated carbon may have been mostly invested in carbon below-
ground rather than stored in the stem, to compensate for the loss of roots 
during the fire. As a result, stem growth after the fire was lower at LM 
than at UM. This is also supported by a continuous decline in the tree 
ring width (growth) at LM since the fire. Similarly, a study of Scots Pine 
in Norway showed that forest fire led to a slight and temporary reduc-
tion in tree growth five years after the fire, followed by an increase in 
growth 11–20 years after the fire (Blanck et al., 2013). Further, WUE 
fluctuated significantly at LM between 2020–2022, whereas a gradual 
increase in WUE was observed for UM. Declines in WUE at LM indicate 

Table 2 
Increment of diameter at breast height (DBH [cm]), dry biomass increment at 
tree [kg] and stand scale [t C ha− 1], total transpiration [kg] as well as water use 
efficiency (WUE) at tree level, for the Unburnt Mature (UM) and Low severity 
Mature (LM) sites in 2020, 2021, and 2022. Total transpiration was calculated 
for the radial wood growth period (RGB), i.e. 17/06–01/08 2020, 17/06–21/08 
2021, and 15/06–23/08 2022.  

Site Year Average 
DBH 
increment 
(cm) 

Average 
tree dry 
biomass 
increment 
(kg) 

Total RGP 
transpiration 
for average 
tree (kg) 

WUE 
at tree 
level 
[-] 
(10− 3) 

Total 
stand 
biomass 
increment 
(tC ha− 1) 

UM 2020 0.17 2.35 986 2.38 1.62 
2021 0.30 4.31 1179 3.66 2.96 
2022 0.37 5.45 1556 3.50 3.75 

LM 2020 0.07 1.30 1121 1.16 0.63 
2021 0.27 4.72 1404 3.36 2.28 
2022 0.21 3.77 1270 2.97 1.83  

Fig. 8. Average standardized tree ring width index (dimensionless) chronolo-
gies for the UM and the LM sites. The dashed line in 2018 shows the date of the 
Ljusdal fire, and the dotted line represents the chronology mean. 
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that the trees were assimilating less carbon per unit of water transpired 
and are further evidence that the trees were allocating carbon to 
rebuilding lost root mass rather than to stem growth. These results 
highlight the need for long-term monitoring of stem increment of trees 
after fire as fire can cause changes in carbon allocation within the 
affected trees over several years. 

In addition, at the LM site, there was a lower magnitude of reversible 
shrinkage and swelling of the stem at the daily scale than at UM, espe-
cially during the dry period in August 2020. These differences in stem 
reversible shrinkage and swelling might be related to different man-
agement of water stored in the stem. It has been shown that maximum 
daily stem shrinkage corresponds to the difference between water de-
mand and water supply (Zweifel et al., 2000; Güney et al., 2020). Larger 
stem increment variations at daily to weekly time scales usually imply 
that trees are using stem water for transpiration whereas less variation 
may suggest less effective stem water storage. This may mean that after 
low-severity fire, trees are slower at replenishing stems with available 
water during alternating drier and wetter periods. Moreover, the lower 
magnitude of reversible shrinkage and swelling of the LM trees could 
have been caused by injury of the living cells within the sapwood and 
the phloem. Lintunen et al. (2017) found that damage to living cells 
impacts their water storage capacity which results in reduced diameter 
changes of branches. This confirms the vulnerability of forests affected 
by low-severity fires to changing environmental conditions, even if the 
fire has not resulted in immediate tree mortality. 

Our measurements of tree stem increment, reversible stem shrinkage 
and swelling, and sap flow provide valuable information on stand con-
ditions. The differences in stand conditions that we observed between 
unburnt and burnt sites for the same meteorological and soil properties 
suggest that fire-affected trees are functioning, but need several years to 
recover from the low-severity fire. A longer measurement series would 
help to quantify the longevity of these legacy impacts of fire on the trees 
at LM. Further work is needed to capture the effects of low-severity fire 
on sap flow and tree growth in other boreal forests to ascertain whether 
our results are applicable to the wider boreal forest region. 

5. Conclusions 

In this study, we investigated the recovery dynamics of a boreal Pinus 
sylvestris forest stand after a low-severity fire in 2018 and compared it 
with an adjacent unburnt stand. We analysed transpiration (sap flux 
density) and stem increment fluctuations over a three-year period 
(2020–2022), two to four years after the fire. Although the fire did not 
kill the trees nor affect the tree canopy, sap flux density was more var-
iable, and in some cases lower in the fire-affected trees than in the un-
burnt trees. Differences between measured sap flux density at both 
stands decreased in the third post-fire growing season, but larger dif-
ferences emerged in the fourth growing season after the fire, indicating a 
substantial inter-annual variability in recovery dynamics. The fire- 
affected trees had consistently lower cambial growth rates than those 
at the unburnt stand, demonstrating that this low-severity fire had 
significantly affected tree growth dynamics and tree carbon allocation. 
Our results suggest that trees impacted by low-severity fire are less 
resistant to disturbances such as water shortages and prioritize alloca-
tion of carbon to roots to repair fire-related damage over stem growth. 

Studies of sap flow after fire are still rare. Our results indicate that 
sap flow and stem increment measurements provide valuable informa-
tion on the forest health status. The differences we observed between the 
burnt and unburnt sites with the same meteorological and soil properties 
highlight that the consequences of fire on tree growth are visible for 
multiple years after a fire. Continuous and long-term observation of 
changes in tree water and carbon management will reveal the time 
needed for complete recovery. 
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