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ARTICLE INFO ABSTRACT

Handling Editor: Alberto Agnelli Soil solution chemistry is directly related to vegetation nutrition and growth in forest ecosystems. However, the
impacts of natural disturbances on boreal forest soil solution composition and nutrient fluxes remain unclear. In
this study, we explore the effects of a windthrow on soil solution chemistry collected weekly between 2012 and
2018 during the snow-free period at a Canadian black spruce boreal forest site. We show that the windthrow had
an important effect on soil solution chemistry within only a few days, inducing much higher NO3 and NH}
concentrations and a strong pH drop, persisting up to six years after the disturbance. Following the windthrow,
soil solution major ion concentrations (i.e., K*, Ca®*, Mg?*, Mn2, Cl~, SO3") similarly increased but with
various intensities and recovery times. This windthrow also occurred on a site receiving a chronic ammonium
nitrate treatment as part of a N deposition simulation experiment, which showed that two decades of N treatment
had nearly no impacts on soil solution NO3 and NHj concentrations. Therefore, our results indicate that
windthrows could potentially alter the North American boreal forest soil chemistry much more than elevated N
deposition corresponding to 200 years of accelerated ambient N deposition. While this finding needs to be
supported by larger studies, it clearly highlights the significance of wind disturbances’ impacts on nutrient
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cycling and calls for more research as windthrow frequency is predicted to increase with global change.

1. Introduction

The black spruce-moss forest is the largest bioclimatic zone of the
boreal forest and covers ~2 million km? in North America (Canada’s
National Forest Inventory, 2025). This large ecosystem plays crucial
environmental roles such as sheltering biodiversity and storing sub-
stantial amounts of carbon (C), mostly in its soils (Pan et al., 2011).

Fires, insect outbreaks, and windthrows are the main natural dis-
turbances experienced by boreal forests. By strongly modifying vegeta-
tion composition, tree stands density, and soil chemistry, they constitute
the starting point of boreal forest ecosystems regeneration. The duration
of a forest regeneration cycle depends on tree stands composition,
geographic location, and environmental conditions (Taeroe et al.,
2019). However, climate change is inducing more severe and frequent
natural disturbances and can ultimately reduce forest regeneration cycle
time (Kautz et al., 2017; Westerling, 2016).

Windthrows are much less studied than other major disturbances like
fires. However, they can still significantly impact forest ecosystems by

increasing tree mortality and facilitating insect outbreaks (Seidl et al.,
2017). Windthrows consist of partial or total tree stands being uprooted
and/or broken by strong winds, usually during storms. Windthrow
vulnerability is mainly driven by tree stand characteristics (e.g., species,
age, root anchorage), soil properties, and exposition to wind (Anyomi
et al., 2017; Elie and Ruel, 2005; Meunier et al., 2002; Waldron et al.,
2013). However, climate is a determining factor in windthrow fre-
quency, and warmer and wetter conditions were shown to favorize
windthrow occurrence worldwide as it impacts tree anchorage and
growth (Seidl et al., 2017). Because average temperature and precipi-
tation are predicted to globally increase in the Canadian boreal zone
(Price et al., 2013), most of the North American boreal forest will likely
experience more wind disturbances in the future. More specifically, in
eastern Canada, prediction models indicate a future higher risk of
windthrow in boreal forests due to an increase of the length of unfrozen
soil conditions (Saad et al., 2017).

In addition to potential wood loss for the forestry sector, windthrows
can profoundly affect soil nutrient concentrations and fluxes. In Europe,
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windthrows were shown to modify forest soil nitrogen (N) content and C
stocks (Crisan et al., 2021; Mayer et al., 2023). In a coniferous forest of
central Europe, a 12,000-ha windthrow induced major cation (NH}, K™,
Ca2+, Mg2+) and anion (NO3) leaching (Bischoff et al., 2008). Similarly,
a study regrouping 33 sites in the Swedish boreal forest showed that
NOj3 concentration significantly increased in soil solution for ~5 years
following a windthrow (Hellsten et al., 2015).

Despite their frequency and their important consequences on forest
ecosystems, the exact impacts of windthrows on soil solution nutrient
concentrations in the North American boreal forest are still uncertain, as
no study investigated these so far. The objective of the present study was
to assess the long-term impacts of a naturally formed windthrow on
North American boreal forest soil solution chemistry. In 2012, a wind-
throw occurred on an experimental site located in the eastern Canadian
black spruce boreal forest. For 7 years following the disturbance, we
measured ion concentrations and pH in soil solution collected in ly-
simeters placed at 60 cm depth. This windthrow also happened on a site
receiving a chronic ammonium nitrate treatment as part of an N depo-
sition simulation experiment (see Houle et al., 2025) which allowed us
to compare the effects of 18 years of N addition and windthrow on soil
solution chemistry and nutrient leaching. Based on previous studies, we
predicted that the windthrow would significantly modify soil solution
chemistry and induce higher ion leaching for at least a few years. As N
treatment had only minor impacts on soil solution (Houle et al., 2025),
we also predicted that the windthrow would represent a much greater
disturbance than higher N deposition to soil solution composition and
nutrient cycling.

2. Methods
2.1. Site description

The site involved in this study belongs to a network of forest
watershed experimental sites monitored by the government of Quebec
since the 2000s, and is located in the boreal forest of Quebec, Canada,
within the black spruce — moss bioclimatic domain. At this site, black
spruce (Picea mariana [Mill.] B.S.P) is the dominating tree species, with
a basal area of ~28.5 m%ha ! (Houle et al., 2015), and the understory
vegetation mainly comprises feather mosses (e.g., Pleurozium schreberi
[Willd. ex Brid.] Mitt., Ptilium crista-castrensis [Hedw.] De Not.) and
ericaceous shrubs (e.g., Rhododendron groenlandicum [Oeder] Kron &
Judd). Soil and humus are respectively classified as Orthic Humo-Ferric
Podzol and Mor type (Soil Classification Working Group, 1998) and
organic F-H horizons are acid with pH ranging from 2.8 to 3 (Ste-Marie
and Houle, 2006). Mean annual temperature is 0C whereas mean annual
precipitation is 823 mm. Ambient N deposition is considered very low
and is estimated to 3 kg-ha’1~yr’l (Ste-Marie and Houle, 2006). Addi-
tional information about the environmental characteristics of the study
site is presented in Table S1.

2.2. Fertilization experimental design

The study site is part of an N fertilization experiment set up in 2000
and described in detail in Houle et al. (2024a). This site consists of 9
experimental units measuring 10 x 10 m, separated by at least 10 m and
all located approximately 100 m away from the road, receiving low N
treatment (LN), high N treatment (HN), or no treatment (control, C). LN
and HN treatments corresponded to applications of 9 kg:-N-ha l.yr~!
and 30 kg-N-ha !.yr~! respectively (i.e., 3-fold and 10-fold increase of
ambient N deposition measured at the beginning of the experiment), and
consisted of applications of a NH4NOj3 solution supplied as four passes
using a backpack sprayer (Solo, Newport News, VA, USA). Treatment
application started in June 2001 and was performed once a month be-
tween June and October every year.
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2.3. Soil solution sampling and chemical analyses

In October 2000, two tension lysimeters (Soil moisture Equipment
Corp., Model 1911) per experimental unit were placed at 30 and 60 cm
depths. For 17 years (2002-2018), soil solution was collected weekly
from May to November and stored at 4C until analysis.

After collection, samples were filtered at 0.45 pm (Nucleopore) and
pH was measured with a probe. Soil solution NO3 and NHj concentra-
tions were respectively measured by ion chromatography and colorim-
etry (Technicon AA2), while other ion concentrations (i.e., Na™, K,
Ca2+, Mg2+, Mn?*, CI°, SO?{) were measured by plasma emission
spectrometry. All elemental concentrations and pH data are summarized
in Table S2.

2.4. Windthrow

On August 30th 2012, strong winds recorded at a maximum of 82
km-h~! at the on-site meteorological station created an important total
windthrow on the experimental forest site. It is worth precising that the
meteorological station is located ~300 m away from the zone affected
by the windthrow and that winds could have thus reached higher speeds
than the value recorded.

The windthrow greatly disturbed tree stands on one experimental
unit that was receiving HN treatment. On this unit and as of 2025, only
one black spruce tree was still alive and there were 6 standing dead
trees. One broken tree was located about 1 m away from the soil
lysimeter and there was no living or standing dead trees within a 3 m
radius of the lysimeter. The regeneration status of the experimental unit
currently includes ~20 balsam fir trees with an average height of 1 m
and 5 white birch trees with an average height of 2 m.

After the windthrow occurred, the site was left as is and no alter-
ations were made. Soil solution continued to be collected as described in
Section 2.3, but N treatment was suspended indefinitely due to safety
issues.

After the windthrow, the lysimeter located at 30 cm depth received
lower amounts of soil solution, probably because of its proximity with
the soil surface disturbed by the windthrow, which resulted in obtaining
less frequent observations as collected solution volumes were often too
low. Therefore, we only show the 60 cm-depth lysimeters data in this
study. Since the latter is out of the black spruce rooting zone and that
nutrients cannot be taken back by roots, the collected soil solution can
be entirely considered as leaching losses from the forest plot.

2.5. Statistical analyses

All statistical analyses were performed on data collected from 2002
to 2018 with R Studio v.4.3.1. (R Core Team, 2023). Figures were built
with ggplot2 (Wickham, 2016) and ggbiplot packages (Vu and Friendly,
2024).

To visualize and compare soil solution analyses inside and outside of
the windthrow area, we used data from lysimeters placed at 60 cm depth
on the unit affected by the windthrow and on the two other units
receiving HN treatment but undisturbed by the windthrow (Figs. 1 and
2). In the experimental unit affected by the windthrow, linear models
were used to estimate the effects of time (i.e., assessed with the collec-
tion date) and the occurrence of windthrow on soil solution pH and log-
transformed ion concentrations (NO3, NHf, Na®, K*, Ca®*, Mg?*, Mn?*,
cl-, S03). Additionally, Principal Component Analysis (PCA) was
performed to further assess the relationship between windthrow and soil
solution pH and ion concentrations. All variables were shifted to be zero-
centered and subsequently scaled to have unit variance using the
prcomp function prior to perform the PCA.

3. Results

On August 30th, 2012, strong winds measured at 82 km-h™! are
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Fig. 1. Daily maximum wind speed (a), and soil solution NO3 concentration (b)
and pH (c) measured across 2012 at an experimental boreal forest site. The
photo (a) was taken on September 5th, 2012, and shows the windthrow that
occurred a few days prior on one of the experimental units. The dashed red line
corresponds to the creation date of the windthrow. Light green points corre-
spond to observations from the experimental unit affected by the windthrow
and dark green points correspond to the means of observations from the two
undisturbed units.

thought to be the cause of the windthrow discovered less than a week
later on an experimental unit (Fig. 1a). These winds displayed the
highest daily maximum speed recorded in 2012 and the second highest
daily maximum speed recorded between 2001 and 2020 (Fig. S1). After
the estimated date of the windthrow (i.e., 2012-08-30), soil solution
NOj3 concentration and pH were drastically impacted, with changes
noticeable as soon as 11 and 5 post-disturbance days respectively
(Fig. 1b and c). NO3 and pH displayed opposite shifts that followed two
successive phases after the windthrow. The first phase consisted of a
massive short-term increase of NO3 concentration from 0.01 mg-L~}
(measured the week before the windthrow) to 5.22 mg-L’1 (averaged
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Fig. 2. Soil solution NO3 concentration (a), NHj concentration (b), and pH (c)
measured at an experimental boreal forest site from 2002 to 2018. The dashed
red line corresponds to the creation date of the windthrow. Light green points
correspond to observations from the experimental unit affected by the wind-
throw and dark green points correspond to the means of observations from the
two undisturbed units.

concentration between 2012-09-10 and 2012-11-05), and less severely,
a decrease of pH from 5.59 (measured the week before the windthrow)
to 4.94 (averaged value between 2012-09-04 and 2012-11-05). The
second phase was longer and consisted of a more progressive increase of
NO3 from 0.09 to 9.18 mg-L™! between 2013-08-12 and 2017-08-07,
and a decrease of pH from 4.9 to 4.76 between 2013-09-09 and 2018-
08-20 (Fig. 2a and c). NO3 concentration reached its maximum in
August 2017 whereas pH reached its minimum in August 2018, 5 and 6
years after the disturbance respectively. These observations were sup-
ported by linear model results indicating that the windthrow had a
positive effect on soil solution NO3 and a negative effect on pH
(Table S3).

The influence of the windthrow on NHZ concentration was also
significant (Table S3) but differed from its effect on NO3 and pH, as the
two successive response phases were less clear and the duration of the
impact was much shorter. Following the disturbance, NHJ concentra-
tion slightly increased between 2012-09-04 and 2012-09-17, which
respectively correspond to 5- and 18-days post-windthrow. Then, NHZ
increased more drastically between June 2014 and September 2015
(+6400 %) and reached a peak at 0.52 mg-L™! on 2014-06-09. Mid-
September 2015, 3 years after the windthrow, NHJ concentrations
shifted back to pre-disturbance values (Fig. 2b).

Seasonal variations of soil solution NO3 and pH were also altered by



M. Renaudin et al.

the windthrow (Figs. 2a, ¢ and S2). On both windthrow-affected and
undisturbed experimental units, post-disturbance NO3 concentration
increased to reach a peak in mid-August/early September and subse-
quently decreased. However, the regression line peak was ~5 times
higher for the unit impacted by the windthrow compared to the two
other HN treatment plots (Fig. S2). Pre-windthrow pH varied similarly
on all experimental units, but post-windthrow pH displayed opposite
seasonal variation patterns between disturbed and undisturbed units. pH
peaked at the same time as NO3 concentration (i.e., mid-August/early
September) but showed a downward peak on the windthrow unit
(reaching a minimum of 4.72) and an upward peak on undisturbed units
(reaching a maximum of 6.03). The PCA biplot indicated that NO3 was
one of the elements most impacted by the windthrow as it appears out of
the pre-windthrow ellipse and in the post-windthrow ellipse (Fig. 3). In
good agreement with temporal variations shown in Figs. 1 and 2, the
PCA also clearly indicates that NO3 was negatively correlated with pH.
The other anions (SO3~, CI7) and cations (Na*, K*, Ca®*, Mg?*, Mn?")
formed two distinct groups that seemed to be positively related and
similarly impacted by the windthrow. For the two latter groups, linear
models showed that sampling date and windthrow occurrence had sig-
nificant effects for all ions (K*, Ca%t, Mg?*, Mn®", CI-, and SO%"),
except for Na® (Table S3). Alike NO3 and NHf, KT, Ca%*, Mg?", Mn2*,
Cl7, and SO%’ concentrations all increased shortly after the windthrow
but with contrasted intensities and recovery times (Fig. S3). Among
these ions, K' displayed the highest peak of concentration following the
windthrow (increase of +26,000 %) while Mg2+ showed the weakest
responses to disturbance (+375 %). Cl~ and SO%’ recovered a year later,
in 2016, but KT, Ca?*, Mg?*, and Mn?* did not seem to recover before
the end of the study in 2018.

4. Discussion

As we predicted, the total windthrow created in 2012 on an HN
treatment experimental unit had important and visible impacts on soil
solution chemistry. Shortly after the windthrow, ion concentrations (i.e.,
NO3, NHj, K, ca’*, Mg2+, Mn?*, Cl°, and SO3) significantly
increased in soil solution (Fig. 2; Fig. S2), indicating higher nutrient
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Fig. 3. Principal Component Analysis (PCA) biplot of elemental concentrations
and pH measured in soil solution collected from 2002 to 2018 at an experi-
mental boreal forest site, before (red) and after (orange) the windthrow. The
PCA regroups 310 observations. Points represent samples and ellipses represent
95 % confidence intervals.
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leaching. The most striking shift was NO3 concentrations that raised up
to ~10 times average pre-windthrow values, only a few days after the
disturbance. Post-windthrow elemental concentrations fluctuated with
various intensities and recovery times, potentially because of ions’
specific mobility and properties in soil. For example, because of its soil
diffusion coefficient, NO3 is more mobile and prone to leaching via soil
solution compared to NHf (Owen and Jones, 2001), which probably
explained the higher concentration of NO3 compared to NHJ in soil
solution (Fig. 2).

To our knowledge, this is the first report of long-term windthrow
effects on soil solution chemistry in the North American boreal forest.
Windthrow studies are scarce most likely because forest natural wind
disturbances happen randomly and are often not accessible, especially in
the boreal forest where the road network is limited. However, a few
studies in European temperate and boreal forests showed similar results
of increased cation (NHZ, K™, Ca*", Mg?") and anion (NO3) leaching for
1 to 5 years following windthrow (Bischoff et al., 2008; Hellsten et al.,
2015; Yu et al., 2016). Other major forest disturbances such as insect
outbreaks, fire, drought, and harvesting were also shown to induce ion
leaching in temperate and boreal forests (Futter et al., 2010; Houle et al.,
2016, 2009; Lamontagne et al., 2000).

The observed increased leaching following windthrow could be
caused by higher inputs of water from precipitation due to broken and
dead trees (which implies less canopy interception and transpiration)
and increased mineralization by soil microbes due to warmer and wetter
soil conditions (as more precipitation and sunlight can reach the forest
floor because of a more open canopy) (Vodde et al., 2011). Previous
work showed that net nitrification is low but present in the organic FH
horizon at our study site (Ste-Marie and Houle, 2006) with reported
values being typical of boreal forests soils (Sponseller et al., 2016).
Therefore, the observed peak of NO3 concentration right after the
windthrow could be partially explained by an increase of net nitrifica-
tion promoted by more favorable soil conditions (Cheng et al., 2012; Li
et al., 2020). On the other hand, tree mortality and soil disruption could
impact the soil microbiome and cause a loss of bacterial and fungal di-
versity and biomass (especially symbiotic ectomycorrhizal fungi colo-
nizing tree roots). This could lead to lower microbial activity such as
respiration but also to reduce microbial nutrient uptake and transport
which can ultimately impact forest biogeochemical cycles.

Moreover, tree damage and mortality most likely prevented or
reduced tree nutrient uptake and caused forest floor physical distur-
bance such as feather moss (i.e., main understory vegetation at the
experimental site) layer uplifts. Feather mosses are known to retain
important amounts of nutrients, especially N, preventing them to reach
deeper soil horizons and controlling tightly soil solution chemistry in
boreal forests (Gornall et al., 2007; Koranda and Michelsen, 2021).
Therefore, change in the homogeneity of the moss cover induced by
windthrow, as well as reduced tree nutrient uptake, can affect soil so-
lution elemental concentrations and leaching rates, as demonstrated by
previous work in European forests (Mellert et al., 1998; Ritter et al.,
2005).

In our study, Na* was the only element that was not significantly
affected by the windthrow (Table S3). Compared to other measured
cations, Na™ is not considered an essential nutrient for plant growth and
generally has a conservative behaviour in forest ecosystems (Houle
et al,, 1999). Therefore, the processes involved in higher nutrient
leaching could have not impacted Na™.

At the study site, soil solution elemental alterations led to concom-
itant pH drops, up to ~1.2 times average pre-windthrow values,
showing lasting soil acidification. The negative relationships between
major base ion concentrations (especially NO3) and pH are also visible
on the PCA biplot where the variables are located at the opposite of each
other (Fig. 3). The observed lower soil pH is most likely due to higher
NO3 leaching due to reduced vegetation uptake which simultaneously
produced protons and caused soil net acidification (Gundersen et al.,
2006). Forest soil acidification induced by base cations leaching is a well
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documented process that has been extensively showed in N fertilization
experiments worldwide (Moldan et al., 2018; Tian and Niu, 2015) but
was less studied in natural wind disturbance settings. The observed soil
acidification at the study site echoes findings from Yu et al. (2016)
showing that storm-induced windthrows caused soil base cations
leaching and concomitant pH drop, potentially affecting acidification
recovery in a Swedish spruce forest.

Interestingly, both soil solution NO3 and pH displayed a strong and
opposite seasonal pattern after the windthrow, which did not exist
before the disturbance (Fig. S2). This indicates that not only absolute
NOj3 and pH values were impacted by the windthrow but also the sea-
sonality of N cycling and soil processes during the snow-free and
growing periods. These changes could impact vegetation and tree
regrowth after windthrows, but further research is needed to evaluate
how soil solution chemistry alterations could influence boreal forests’
regeneration and productivity.

Recently, we showed that two decades of N addition (i.e., HN
treatment), corresponding to 200 years of accelerated ambient N
deposition, did not significantly affect soil solution NO3, NH{, Ca?*
concentrations and pH at the same experimental site (Houle et al.,
2025). This, along with results from other N fertilization studies (Houle
and Moore, 2019; Houle et al., 2024a,b), indicates that the eastern Ca-
nadian boreal forest soil solution chemistry and N cycle are highly
resilient to N deposition, potentially because of its strong and wide-
spread N limitation (Du et al., 2020). Therefore, our work shows that
windthrows can alter the North American boreal forest soil solution and
nutrient fluxes much more drastically than two decades of elevated N
deposition. This finding highlights the probably underestimated signif-
icance of wind disturbances’ impacts on forest soils and nutrient cycling.

5. Conclusion

In this work, we show that a total windthrow at a Canadian black
spruce boreal forest site induced significant higher leaching of NO3,
NHZ, K*, Ca?*, Mg?*, Mn?*, C1~, and SO, lasting between 1 and 6
years after the disturbance. This study is the first to report that wind
disturbance can have much stronger impacts on forest soil solution
chemistry than N addition corresponding to 200 years of accelerated
ambient N deposition. The particularly intense response of NO3 to the
windthrow illustrates an unexpectedly fast and strong effect of wind
disturbance on the N cycling of a forest ecosystem that is highly resilient
to N deposition. However, it is worth precising that, even if the wind-
throw occurred naturally, our results originate from soil solution
collected on an experimental site receiving chronic artificial N addition
and more work is needed to validate our conclusions in natural settings
and at a larger scale. More generally, additional studies are necessary to
further assess the effects of wind disturbances on forest soil chemistry as
windthrow frequency is predicted to increase in the North American
boreal forest (Saad et al., 2017).
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