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A B S T R A C T

Understanding of post-fire residual vegetation patterns is important when shoreline vegetation management
aims to emulate natural disturbance (END) patterns. To assess the impacts of fire, lake and lakeshed sizes on the
burning pattern of shorelines and lakesheds, we quantified the burned shorelines and post-fire residual vege-
tation patterns in the lakesheds of 123 lakes of Ontario affected by 26 wildfires between 2005 and 2007. We used
ArcGIS and Ontario’s Enhanced Forest Resources Inventory (eFRI) GIS data to digitize burn patterns. The lake
catchments for all lakes were delineated using ArcGIS via lake, river, and elevation data from the Integrated
Hydrology geodatabase (MNRF, 2016). The shorelines of fire impacted lakes were generated from the eFRI
polygon feature classes, and the polylines were then split according to the digitized burn pattern polygons by
running a geometric intersection with these data. The results of this study show that the percentages of burned
shorelines and lakesheds are positively correlated with the size of fire and negatively correlated with the sizes of
lake and lakeshed. However, irrespective of the size of fire, lake or lakeshed, shorelines are not left completely
unburned, which is contrary to existing practice of retaining fixed-width shoreline buffers. It may imply that
under END based management, forest harvesting can be possible up to the shorelines in some areas of the
landscapes that are left unharvested under a fixed-width riparian buffer management system. However, areas of
strong hydrological connectivity between land and water serve as biogeochemical control points and require
protection from disturbance during forest management planning and operations. We suggest that GIS-based
models developed based on the hydrological and topographical features associated with the unburned shorelines
and lakesheds might be useful to predict shoreline residual forest pattern and facilitate END based shoreline
forest management.

1. Introduction

The numerous streams, rivers and lakes in the boreal forest have
riparian zones of high structural and functional complexity (Sokal et al.,
2010). Riparian zones are the interface between land and water, with
ecosystem characteristics and biotic communities distinct from both
and are naturally adapted to variable environmental conditions
(Naiman and Décamps, 1997; Lamb and Mallik, 2003). These are areas
of reciprocal influences between aquatic and terrestrial components
with varying dimensions depending on geomorphology particularly
topography (Richardson et al., 2005; Kuglerová et al., 2015). The
ecological importance of riparian areas greatly exceeds their areal

extent on the landscape as they support a wide range of plant, animal
and microbial communities (Clary and Medlin, 1993). The complex and
dynamic structural and functional diversity of the riparian ecosystem
provides many important ecological services such as control of surface
run-off and soil erosion, stabilization of stream banks and prevention of
sedimentation, maintenance of high water quality, habitat for in-
vertebrate communities and travel and migration corridors to animals
(Naiman and Décamps, 1997; NRC, 2002; Gundersen et al., 2010;
Kuglerová et al., 2014). Although riparian ecosystems are shaped by
disturbances, natural (predominantly wildfire) and anthropogenic
(mainly forest harvesting) disturbances have considerable differences in
their influence on the resilience and underlying dynamics of riparian
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forests (McRae et al., 2001). Clearcut harvesting leaves more deciduous
trees compared to severe wildfire leading to divergence in species
composition between harvested and burned sites (Kemball, 2002;
Simon and Schwab, 2005). Deeper and more heterogeneous edges and
better conditions for seed germination and survival facilitate more
abundant regeneration in burned sites compared to harvested sites
(Kemball, 2002; Harper et al., 2004; Weyenberg et al., 2004). Fur-
thermore, burned sites take less time to return to the pre-disturbance
state of overstory species composition compared to clearcut sites
(Ehnes, 1998).

Forest harvesting along lakes and stream shorelines affects the bio-
physical environment of the lakes (Kreutzweiser et al., 2009). Best
management practices were introduced to mitigate the adverse impacts
of forest harvesting in riparian zones by keeping unharvested riparian
buffers (Thorell and Götmark, 2005; Trenholm et al., 2013). Shoreline
forest management in Canada is mainly focused on mitigating poten-
tially negative impacts to aquatic ecosystems by establishing fixed-
width buffers at the land–water interface. Fixed-width intact, mature
forest in shoreline areas is operationally easy to implement and effec-
tive in mitigating harvest induced hydrological and biogeochemical
changes to some extent (Kreutzweiser et al., 2013; Sweeney and
Newbold, 2014; Laudon et al., 2016). However, it cannot accommodate
the natural range of variability in riparian forest composition and
function and fails to maintain the diversity of the ecosystem that is
historically achieved from natural disturbance such as wildfires (Naylor
et al., 2012). Fixed-width buffers are based on the assumption that ri-
parian patterns and processes are homogenous across the riparian area
(Richardson et al., 2012), although riparian functions, biodiversity,
hydrology and biogeochemistry vary considerably at small spatial
scales (Kuglerová et al., 2014; Kuglerová et al., 2017; Leach et al.,
2017). In fact, full protection of the waterbodies cannot be achieved
through fixed width buffer zones which do not consider the hydro-
logical and biogeochemical heterogeneity in riparian patterns and
processes (Dosskey et al., 2012). It also appears to be contrary to an
END based forest management strategy because it creates unnatural,
linear patterns of old-growth forests along streams and around lakes
(Buttle, 2002). Fixed-width buffers are also inefficient in terms of cost-
benefit analysis (Tiwari et al., 2016). Hence many ecologists (Qiu et al.,
2009; Sweeney and Newbold, 2014; Moussaoui et al., 2016) proposed
site-specific and targeted ecological function based variable width
buffer zones as an optimum solution for protecting riparian ecosystem
structure and functions. Improved environmental protection can be
provided to both surface water biogeochemistry and biodiversity by
adapting site-specific hydrological condition-based buffer zones
(Kuglerová et al., 2014). It has been suggested that forest landscapes
created by hydrologically adapted buffers are more similar in compo-
sition and structure to landscapes created by natural disturbance such
as wildfires than fixed-width buffers (Crow and Perera, 2004).

Forest fire is the dominant natural disturbance that strongly influ-
ences the structure and dynamics of boreal forests (Shenoy et al., 2011;
Chambers et al., 2016; Whitman et al., 2018). Periodic wildfires sig-
nificantly affect the understory vegetation and create succession pat-
terns resulting in a mosaic of age classes and communities (Whitman
et al., 2018). Forest fires often leave single or large groups of living
trees within the burned areas (Bergeron et al., 2001) and these residuals
serve as source pools or transitionary refuges, contribute as seed
sources to recolonize the burned areas and conserve native biodiversity.
The effects of forest fires can extend up to the edge of water often
leaving the residual mature riparian forests intact in areas of wet soils
or groundwater discharge, creating patchy riparian forests with stands
of early successional regeneration interspaced with patches of older
trees (Kreutzweiser et al., 2012). Since current forest management in
Ontario operates under the END based management paradigm (OMNR,
2010; OMNR, 2014) and a reasonable range of natural variation in
pattern and function may be achieved through careful harvesting in
riparian buffers instead of fixed-width, no-harvest buffers (Naylor et al.,

2012), models developed based on post-fire residual forest patterns
might be useful in redesigning riparian buffers to mimic natural dis-
turbance patterns. This may achieve the objectives of maintaining
ecosystem integrity and establish a balanced ecological and economic
trade-off between varying riparian buffer retention based on topo-
graphy and hydrology.

Post-fire residual forest patterns in the boreal forest of Ontario are
not yet well documented. The limited research done to date is mostly
associated with the riparian zones of running water courses such as
streams and rivers. The shoreline riparian forests of the more than
250,000 lakes in Ontario are rarely studied. To redesign riparian buffers
around boreal forest lakes to better emulate natural disturbance pat-
terns, forest managers should have a suite of disturbance pattern me-
trics representative of the wildfires along water edges to assist forest
management planning. Hence, it is important to describe and quantify
the post-fire residual forest patterns along boreal forest lakes and their
underlying topographical and hydrological features. The objectives of
this research were to (i) quantify post-fire shoreline residual vegetation
patterns across the boreal forests in Ontario; and (ii) assess the impacts
of fire, lake and lakeshed sizes on shoreline and lakeshed burning
patterns.

2. Materials and methods

2.1. Study area

Our study is based on 26 natural forest fires which occurred be-
tween 2005 and 2007 within the boreal and Great Lakes-St. Lawrence
forests, across three ecoregions (Lake Abitibi, Lake Nipigon and Pigeon
River ecoregions) of the Ontario Shield Ecozone covering an area of
approximately 246,000 km2 (Fig. 1). The study area stretched across
four watershed regions of Ontario, namely North West (NW), Far North
Central 1 (FNC1), North Central (NC) and Far North East (FNE). The
climate of the area is cold and moist with long cold winters and short
warm summers. However, temperature, precipitation and humidity
vary widely. Mean daily temperatures in January and July are −15°
and 17 °C, respectively, being more moderate in the southern areas and
around the Great Lakes. Mean annual precipitation ranges from
500 mm in the west to 850 mm in the east (Crins et al., 2009). The area
is comprised of Precambrian bedrock with diverse surficial geology and
substrates. However, a significant portion of the area has exposed
bedrock. Topography of the area varies greatly depending on local
bedrock and surficial deposits, which makes surface drainage patterns
very complex. Rivers and lakes are abundant in most parts of the area.
Since the drainage divide between the Great Lakes system and Hudson
Bay is closer to the Great Lakes, most of this area of the province drains
towards the north. Local variations in climate and soil result in local
variations in runoff ratios (Baldwin et al., 2011). The presence of nu-
merous wetlands, lakes and streams and interrupted drainage systems
lead to irregular patterns in the forest of the area.

Most of the timber management in Ontario takes place in the boreal
and Great Lakes-St. Lawrence forests. Boreal forests of the central and
northern parts of the study area are adapted to a cold climate and
frequent fires and are predominantly composed of black spruce (Picea
mariana (Mill.) B.S.P.), balsam fir (Abies balsamea (L.) Mill.), jack pine
(Pinus banksiana Lamb.), tamarack (Larix laricina (Du Roi) K. Koch)
along with the hardwood species, white birch (Betula papyrifera Marsh.)
and poplars (Populus spp.). The southern part is dominated by mixed
and deciduous forest of tolerant hardwood species like sugar maple
(Acer saccharum marsh.), yellow birch (Betula alleghaniensis Britt.) and
American beech (Fagus grandifolia Ehrh.) (Crins et al., 2009). Fire is the
dominant natural disturbance in the area. However, the frequency,
intensity and burn size vary depending on the prevailing weather
conditions, local topographic and hydrologic features and predominant
vegetation (Thompson, 2000).
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2.2. Data

We used ArcGIS and Ontario’s Enhanced Forest Resources Inventory
(eFRI) GIS data (polygons and orthorectified, digital 2D aerial imagery
(40 cm resolution, 4-band multi-spectral, 16-bit) to digitize burn pat-
terns associated with fires that intersected lakesheds within the study
area. Lakesheds were defined as the total watershed area upstream of
the lake outflow point excluding the watershed area of all upstream
lakes ≥ 5 ha surface area (i.e., the terrestrial portion of the watershed
contributing directly to the lake via surface and subsurface flow not
passing through another lake). The lake catchments for all lakes were
delineated using ArcGIS via lake, river, and elevation data from the
Integrated Hydrology geodatabase (MNRF, 2016). Aerial imagery col-
lection was organized by Forest Management Units (FMUs) between
2006 and 2009. Natural fires,> 40 ha, that burned within two years of

image collection were selected for this study. To capture burn patterns
within the extent of the lakeshed both burned and unburned residual
polygons were digitized. Polygons adjacent to lakes were closed to the
perimeters of lake polygons represented in the eFRI GIS data. The
shorelines of lakes impacted by fire were generated from the eFRI
polygon feature classes, and these polylines were split according to the
digitized burn pattern polygons by running a geometric intersection
with the data. Using the eFRI imagery, the split shorelines were clas-
sified into six disturbance classes: (1) burned forest, (2) unburned
forest, (3) burned organic soil, (4) unburned organic soil, (5) burned
shallow soil, and (6) exposed bedrock. However, in the analyses,
shoreline burned forest, burned organic soil and burned shallow soil
were combined and referred to as burned shoreline while unburned
forest and unburned organic soil were combined and called unburned
shoreline. Each of the continuous burned or unburned split shoreline

Fig. 1. Map of the study area showing the centroids of the study lakes.
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was referred to as a shoreline segment. Residual forest is defined as an
assemblage of trees partially (at least 30% alive) or completely un-
affected by fire at the time aerial photograph was taken. Isolated re-
sidual trees were not included in the study.

We studied a total of 26 wildfires which occurred between 2005 and
2007 and ranged in size from 58 ha to 13623 ha, originating mostly
from lightning. To summarize the broad range of fire sizes which were
irregularly distributed we classified the fires into three size classes
which balanced the number of fires in each class: small (< 2000 ha),
medium (2000 to 8000 ha) and large (> 8000 ha). We examined the
shorelines and lakeshed areas of 123 fire-affected lakes ranging from
5.12 ha to 3273.59 ha. As with fires, lake and lakeshed size covered a
wide range and was irregularly distributed. We divided lakes into four
size classes along a logarithmic scale which balanced lake number in
each class: small (up to10 ha), medium (> 10 to 100 ha), large (> 100
to 1000 ha) and very large (> 1000 ha). The lakeshed areas ranged
from 0.1566 km2 to 104.8203 km2 and were divided into four size
classes based on the shape of the frequency distribution: i) class 1 (up to
3.3 km2), ii) class 2 (> 3.3 to 6.6 km2), iii) class 3 (> 6.6 to10 km2),
and iv) class 4 (> 10 km2). Finally, the percentage of burned lakeshed
area in relation to total area of the lakeshed was divided evenly into five
burn classes (BC); i) BC1 (0–20%), ii) BC2 (20.1–40%), iii) BC3
(40.1–60%), iv) BC4 (60.1–80%) and v) BC5 (> 80%). To evaluate how
well actual burned areas on eFRI imagery compared with mapped fire
areas on provincial landcover maps we digitized all the residual forest
islands in a subset of 31 lakesheds and determined the actual burned
area by subtracting the residual forest area from the total surface area
of the respective lakeshed. We then compared the actual burned areas
and mapped fire areas of these lakesheds and found no significant
difference between the two (Kruskal-Wallis, p = 0.281). Therefore, in
the subsequent analyses we used mapped fire area within a lakeshed as
the burned lakeshed area of the respective lakeshed. In the analyses we

used percentage values rather than absolute values to standardize dis-
turbance measurements across a large range of lake, lakeshed and
disturbance sizes, to ensure the distribution of disturbance measure-
ments met the assumptions of the statistical tests and account for the
influence of spatial scale on the patterns observed.

2.3. Statistical analyses

We determined the relationship between burned shoreline/lakeshed
areas and fire, lake and lakeshed sizes using regression analyses. We
also ran nonparametric Kruskal-Wallis tests to assess the effects of fire,
lake and lakeshed sizes on burn area of shorelines and lakesheds. Fire,
lake and lakeshed sizes were used as independent variables and percent
burned shorelines and lakeshed areas as the response variables.

3. Results

3.1. Burned shorelines and lakesheds

The percentage of burned shorelines ranged from 0 to 100 among
the fire affected lakes. Shorelines of two lakes were not burned at all
whereas shorelines of 8 lakes were completely burned. The number of
burned shoreline segments varied from 2 to 35, with minimum and
maximum lengths of 9.98 and 5318.65 m, respectively. The percentage
of burned lakeshed area ranged from 1.54 to 100. A significant number
of lakesheds were completely burned. The distribution of burned
shorelines, burned lakesheds and the number of burned shoreline seg-
ments is illustrated in Fig. 2(a, b & c, respectively). We found that the
number of burned shoreline segments is significantly correlated
(p < 0.001) with the length of the lake perimeter (Fig. 2d). However,
we did not observe any relationship (p = 0.639) between the percen-
tage of burned lakeshed area and the number of burned shoreline

Fig. 2. Frequency distribution of burned shorelines,
burned lakeshed areas and the number of burned
shoreline segments among the fire affected study
lakes (a, b & c). Numbers on X-axis represent the
upper limits of distribution BINs. Figures d and e
represent the relationship of the number of burned
shoreline segments with lake perimeter and the per-
centage of burned lakeshed areas, respectively.
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segments (Fig. 2e).

3.2. Fire size

There was a positive correlation between fire size and the percen-
tage of burned shoreline (r2 = 0.209, p = 0.019; Fig. 3a) as well as a
positive relationship between fire size and the percent of a lakeshed
area burned (r2 = 0.538, p < 0.001; Fig. 3b). The average percentage
of shoreline burned in small, medium and large fires was 33.68, 54.74
and 56.11%, respectively (Fig. 4a) with a difference that was not sta-
tistically significant (Kruskal-Wallis, p = 0.078). However, we ob-
served significant differences in the percentages of burned lakeshed
areas among small, medium and large fires (p = 0.002). In small fires
33.66% of the total lakeshed areas were burned while 63.78 and
80.43% of the total lakeshed areas were burned in medium and large
fires, respectively (Fig. 4b).

3.3. Lake area

The percentage of shoreline burned was negatively correlated with
the area of the lake (r2 = 0.116, p < 0.001; Fig. 3c). There was also a
significant negative relationship between the percentage of lakeshed
area burned and the area of the lake (r2 = 0.085, p = 0.001; Fig. 3d).
We found a significant difference in burned shoreline among the lake
size classes (Kruskal Wallis, p = 0.021) with small lakes having an
average of 50.66% of the total shoreline burned while only 7.56% of the
total shorelines were burned along very large lakes (Fig. 4c). Burned
lakeshed area was also significantly different among lake size classes
(Kruskal Wallis; p = 0.016) with 66.49% lakeshed areas of small lakes
being burned on average compared to 14.53% for very large lakes
(Fig. 4d).

3.4. Lakeshed area

The percentage of shoreline burned was significantly lower in larger
lakesheds (r2 = 0.060, p = 0.007; Fig. 3e). Similarly, larger lakesheds

Fig. 3. Relationship between fire, lake and watershed sizes and burned shorelines and lakeshed areas. In the regression analysis the percentages of burned shorelines
and burned lakeshed areas were used as the response variable and the fire, lake and lakeshed sizes as the predictor variables. Last panel (g) shows the relationship
between burned lakeshed area and burned shoreline.
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had a significantly lower percentage of the lakeshed area burned than
smaller lakesheds (r2 = 0.061, p = 0.006; Fig. 3f). There were sig-
nificant differences in the percentage of shoreline burned among the
lakeshed size classes (Kruskal-Wallis, p = 0.006) with large (class 4)
lakesheds having an average of 16.22% of their shoreline burned while
smaller lakesheds (class 1 and 2) had 49.63 and 51.85%, respectively,
of their shorelines burned (Fig. 4e). The percentage of lakeshed area
burned also differed significantly among the lakeshed size classes
(Kruskal-Wallis; p = 0.006). The lowest average lakeshed area burned
was 20.44% in lakeshed class 3 and the highest was 63.32% in lakeshed
class 1 (Fig. 4f).

3.5. Relationship between burned lakeshed area and shoreline burning

There was a significant positive relationship between the area of a
lakeshed burned and the percentage of shoreline burned (r2 = 0.313, p
=<0.001) (Fig. 3g). The percentage of burned shoreline differed
significantly among the lakeshed burn classes (Kruskal Wallis,
p < 0.001); the average shoreline burned in lakeshed burn class 1, 2,
3, 4 and 5 were 18.81, 34.64, 50.28, 53.14 and 65.23%, respectively
(Fig. 4g).

3.6. Bi-factor interactions

We conducted some exploratory analyses to evaluate the interac-
tions among the independent factors. The interactive effects of fire and
lake sizes showed a clear trend of decreasing shoreline burning with
increasing lake sizes in case of small fires. Since lakes of large and very
large sizes were missing in the medium sized fires, no trend in shoreline
burned could be identified for medium fires. However, in case of large
fires the percentage of shoreline burned was highest for the medium
sized lakes (60.50%) and lowest for the very large lakes (14.32%). The
percentage of shoreline burned was largest (60.50%) for medium sized
lakes within large fires and least (4.19%) for very large lakes within
small fires (Fig. 5a). The burning of lakesheds showed a similar trend;
burned lakeshed area was lower for lakes with larger areas for both
small and large fires. The maximum burned area was observed in the
lakesheds of small lakes having large fires (86.30%) and the minimum
was in the lakesheds of very large lakes having small fires (4.81%)
(Fig. 5b).

Fire and lakeshed sizes showed no clear interactive effects on either
the percentage of shoreline or the area of lakeshed burned. Lakeshed
class 2 that experienced large fires had the maximum percentage

Fig. 4. Effects of fire, lake and lakeshed sizes on the burning of shoreline and lakeshed areas as well as the effects of lakeshed burning on the burning of shoreline. Y-
axis represent percentages of burned shorelines and lakesheds and X-axis represent fire, lake and lakeshed sizes/classes. X-axis of the lowest panel represents the
lakeshed burn classes.
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(78.45%) of burned shorelines while lakeshed class 4 with small fires
had the minimum (6.23%) (Fig. 5c). Within small fires, burned la-
keshed areas were similar for lakeshed class 1 and 2 and were lower
with increasing lakeshed areas. However, in lakeshed classes 1 and 2
the percentage of burned lakeshed area was higher with increasing fire
sizes (Fig. 5d).

The lack of data limited the interpretation of the interactive effects
of lake and lakeshed sizes on the burning pattern of shorelines and
lakeshed areas. We observed a positive relationship between the per-
centages of burned lakeshed areas and burned shorelines irrespective of
fire, lake and lakeshed sizes; the percentages of burned shorelines
generally increased with increased burned lakesheds (Fig. 5e, f and g).

4. Discussion

Post-fire residual forest patterns are governed by complex interac-
tions of biogeographic factors such as pre-fire vegetation, fuel load and
distribution, topography, hydrology and wind speed and direction

(Ryan, 2002; Cuesta et al., 2009; Madoui et al., 2009). Fuel moisture
and duff moisture affect the burning pattern and formation of residuals
(Perera et al., 2009). Since approaching fires modify the fuel and duff
moisture gradually by the preheating effect of the fire fronts, burning
pattern and post-fire residuals may be affected by fire size. Although
larger fires have a greater probability of encountering fuel breaks or
topographic barriers and are expected to have more residuals, we found
that burning of shoreline and lakeshed areas increased with increasing
fire size (Fig. 3a and b). This might be due to the longer burning period
of larger fires which allows them to modify the fuel moisture through
preheating and change of wind direction that might blow the fire back
to the residuals that were previously left unburned.

Post-fire residuals are commonly associated with moist areas like
wetlands and open water bodies and are concentrated within 100 m of
wetlands (Arseneault, 2001; Araya et al., 2016). We found a higher
percentage of burned shorelines and lakeshed area around small lakes
(< 10 ha) compared to larger lakes (> 100 ha). There is likely a po-
sitive correlation between lake area and lakeshed area but the negative

Fig. 5. Bi-factor interaction effects of fire, lake and lakeshed sizes on the burning pattern of shoreline and lakeshed areas (upper 4 panels) and the interactive effects
of burned lakeshed and fire, lake and lakeshed sizes on shoreline burning (lower 3 panels).
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effect is slightly stronger for lake size, suggesting a ‘lake’ effect. Less
burning around larger lakes can be explained by their enhanced ability
to reduce fire intensity by modifying microclimate (Perera and Buse,
2014). Nielsen et al. (2016) also suggested that the size of water bodies
has a significant influence on wildfires and large lakes have stronger
controls over wildfires than smaller lakes. Larger lakes hold greater
potential to decrease surrounding air temperature and increase relative
humidity, which might slow the drying of adjacent areas and contribute
to greater post-fire residuals.

Our analysis revealed a significantly higher percentage of shoreline
and lakeshed areas burned in smaller lakesheds than in larger lake-
sheds. Fire effects and formation of post-fire residual patches are
usually influenced by topography, pre-fire vegetation characteristics,
wind variation and hydrologic conditions such as wetlands and low-
lying areas (Arseneault, 2001; Ryan, 2002; Madoui et al., 2009). Since
large lakesheds are likely have more variation in topographic and hy-
drologic conditions compared to small lakesheds, there would be more
shoreline areas in larger lakesheds that are less likely to burn compared
to smaller lakesheds. Larger lakesheds may also have more topographic
barriers to the spread of fires as well as having more fire breaks (areas
of bare soil or rock, within the lakeshed), which in turn may result in
more residual forests after fires and consequently less burned watershed
area.

Our results show that unlike fixed-width shoreline buffers, forest
fires do not leave compact residual mature forests around lakes and in
some cases, shorelines are burned right to the water edge, consistent
with the conclusions of Buttle (2002). Although the primary objective
of retaining a fixed-width buffer is to reduce solute and sediment fluxes
from clearcuts to receiving lakes, several studies concluded that har-
vesting can be done close to the margin of lakes without any adverse
impacts on lake water quality or lake ecosystems (Steedman, 2000;
Steedman and Kushneriuk, 2000). Our results also indicate that END
patterns may require harvesting to the lake margins in some areas,
which can contribute to attaining natural vegetation patterns and ad-
ditional timber harvesting.

5. Forest management implications

Our results show that the extent to which boreal lake watersheds are
disturbed by wildfires varies widely over space and time. Similarly, the
amount of shoreline forests consumed by fire, and the amount and
distribution of residual forests within these areas, is highly variable.
Many factors influence how forests burn; in our study larger and pos-
sibly more intense fires resulted in higher levels of watershed and
shoreline disturbance. Our results indicate that in order to best emulate
natural watershed disturbance patterns, managers should plan to
maintain a range of harvest levels within watersheds across the land-
scape rather than considering a single disturbance threshold. Forest
harvesting to the shoreline, along with planned residual areas, also
represents a more natural disturbance pattern than the use of fixed-
width buffers. However, Erdozain et al. (2020) recently showed that
riparian zones contain areas of strong hydrological connectivity be-
tween land and water, and that these areas are sensitive to forest
management. These ‘biogeochemical control points’ must be protected
from forest management disturbances by harvesting equipment, road
building etc. through careful planning and operations, including re-
taining residual forest patches in these areas. Therefore, harvesting in
shoreline areas requires careful planning and operations to avoid harm
to aquatic systems and protect the shoreline biogeochemical control
points. The next step is to develop GIS-based models, which include
hydrologic and topographic features, to predict shoreline areas that are
more likely to burn or remain as residual forest in order to inform END
based shoreline forest management.
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