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Abstract

Throughout communities and ecosystems both within and downstream of mountain forests, there
is an increasing risk of wildfire. After a wildfire, stakeholder management will vary depending on
the rate and spatial heterogeneity of forest re-establishment. However, forest re-establishment and
recovery after a wildfire is closely linked to interactions between the temporal evolution of
plant-available water (PAW) and spatial patterns in available energy. Therefore, we propose a
conceptual model that describes spatial heterogeneity in long-term watershed recovery rate as a
function of topographically-mediated interactions between available energy and the movement

of water in the subsurface (i.e. subsurface hydrologic redistribution). As vegetation becomes
re-established across a burned landscape in response to topographic and subsurface controls on
water and energy, canopies shade the ground surface and reduce wind speed creating positive
feedbacks that increase PAW. Furthermore, slope aspect differentially impacts the spatial patterns
in regrowth and re-establishment. South aspect slopes receive high solar radiation, and
consequently are warmer and drier, with lower standing biomass and greater drought stress and
mortality compared to north aspect slopes. To date, most assessments of these impacts have taken a
bulk approach, or an implicitly one-dimensional conceptual approach that does not include spatial
heterogeneity in hydroclimate influenced by topography and vegetation. The presented conceptual
model sets a starting point to further our understanding of the spatio-temporal evolution of PAW
storage, energy availability, and vegetation re-establishment and survival in forested catchments
after a wildfire. The model also provides a template for collaboration with diverse stakeholders to

aid the co-production of next generation management tools to mitigate the negative impacts of

future wildfires.

1. Introduction

Wildfire impacts on water resources are an increas-
ing risk for communities and ecosystems in and
downstream of mountain forests. Climate change has
increased the frequency and burned area of wild-
fire in the western US over recent decades, alter-
ing the land surface energy balance resulting in sur-
prising impacts on mountain snowpacks, ecosystem
water availability, and streamflow generation (Kampf
et al 2022). While the immediate impacts of fire
on air quality, carbon storage, peak streamflow, and

© 2023 The Author(s). Published by IOP Publishing Ltd

sediment delivery are well quantified, the long-term
impacts are poorly understood (Wine er al 2018).
In large part, this long-term uncertainty arises from
spatial and temporal heterogeneity with respect to if
and how vegetation recovers from disturbance in a
warmer and likely drier climate where water limita-
tion becomes more widespread, especially during late
summer. Because vegetation both responds to and
alters local hydroclimate, predicting recovery requires
more complex and nuanced representations of the
water cycle in complex terrain. Here, we review what
is known and present a new conceptual model about
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terrain-mediated interactions between water, energy,
and vegetation that can be expected to result in spatial
heterogeneity in forest recovery and water resources
in the western US.

As climate change increases the frequency,
duration, and area under water stress, forest re-
establishment and recovery after a wildfire will be
closely linked to interactions between the temporal
evolution of plant-available water (PAW) and spatial
patterns in available energy (Brooks et al 2015, Fan
et al 2019). High intensity wildfires remove surface
vegetation and soil organic matter, leaving landscapes
barren. The removal of organic matter and develop-
ment of hydrophobic compounds alters the structure
of the soil reducing infiltration and decreasing sur-
face water storage. Consequently, immediately fol-
lowing a wildfire the landscape is prone to: (a) high
spatial variability in infiltration (Onda et al 2008),
(b) increased runoff response to input (Moody et al
2008), and the resulting (c) high rates of erosion
which rapidly changes the physiography of the land-
scape (Kampf et al 2016). The altered geomorpho-
logy creates spatial and temporal patterns of hydro-
logic, sediment, and nutrient connectivity different
from that of the pre-burn landscape. While these
short-term responses have been studied at the plot
(Benavides-Solorio and MacDonald 2001), hillslope
(Schmeer et al 2018), and watershed scales (Saxe
et al 2018), few studies have considered how these
changes influence PAW storage across complex ter-
rain at longer-term timescales.

We propose a conceptual model that describes
spatial heterogeneity in long-term watershed recov-
ery rate as a function of topographically-mediated
interactions between available energy and the move-
ment and storage of water in the shallow sub-
surface (i.e. subsurface hydrologic redistribution).
Subsurface hydrologic redistribution acts as the
connection between short- and long-term recovery
timescales because it controls the distribution of PAW
across complex terrain (McNamara et al 2005, Hwang
et al 2012, McGuire et al 2018). The distribution
of PAW then controls the spatial patterns of vegeta-
tion establishment and survival after a wildfire (e.g.
Rodriguez-Iturbe 2000, Litaor et al 2008, Zapata-
Rios et al 2015, Boisramé et al 2018). Spatially vari-
able and temporally dynamic subsurface hydrologic
redistribution has only recently been incorporated
into predictive ecohydrological models. We argue that
expansion of work in this area is required for mod-
els to get the ‘right answers for the right reasons’
(Kirchner 2006). In particular, understanding the
temporally and spatially variable evolution of PAW
after a wildfire will improve predictive capabilities on
(1) how and where seedlings establish in the short
term, and (2) the likelihood of seedling successful
re-establishment and survival across dry years which
are likely to become more frequent in a warming
climate.
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2. Hydrologic redistribution and PAW
heterogeneity

The processes that control the post-wildfire spatial
heterogeneity of water availability in complex ter-
rain determines the patterns of long-term biomass
accumulation (Swetnam et al 2017, Boisramé et al
2018), annual gross primary production (Tai et al
2021), and vegetation resilience to drought and insect
attack (Tai et al 2021). These patterns are widespread
throughout western US forests and are driven by sub-
surface hydrological redistribution from ridgeline to
valley and at locations where local slope decreases
(Rodriguez-Iturbe 2000, Litaor et al 2008, Zapata-
Rios et al 2015, Swetnam et al 2017, Boisramé et al
2018). Similarly, antecedent soil moisture influences
the partitioning of incoming precipitation amongst
runoff, groundwater recharge, and evapotranspira-
tion (e.g. Hwang et al 2012). The interactions between
spatially variable and temporally dynamic subsurface
hydrologic redistribution and topographically-driven
patterns in energy availability have only recently
begun to be incorporated into ecohydrologic mod-
els. Thus, the influence of these processes has yet
to be fully explored in relation to vegetation re-
establishment after a wildfire.

Many ecohydrologic studies have investigated
post-wildfire recovery as bulk responses across
scales (i.e. plot to watershed). This implicit one-
dimensional conceptual model of a system likely
lacks transferability to other locations due to dif-
ferences in complex physiographic characteristics
that influence hydroclimate experienced by vegeta-
tion during recovery. Topography complicates the
post-wildfire recovery processes through the redis-
tribution of water both above and below the ground
surface. Mountain snowpack is often redistributed
from exposed areas and deposited on leeward slopes
or where physical wind breaks occur such as surviv-
ing vegetation. During spring snowmelt, increased
infiltration occurs where snow accumulates on lee-
ward slopes, solar shaded areas, and the leeward sides
of forest stands (Musselman et al 2012, Broxton et al
2015, Harpold et al 2015, Webb 2017, Webb et al
2020). Following spring snowmelt, rain events create
an additional distinct infiltration pattern from run-
off and run-on around vegetation driven largely by
gravity flow and upslope contributing areas (Hwang
et al 2012, Rossi et al 2018). However, the season-
ally variable patterns of water input to the system
also has seasonally varying output associated with the
increased demand during the growing season. These
complex processes of spatially and temporally vari-
able patterns of water input, subsurface hydrologic
redistribution, and water output result in spatially
heterogeneous distribution of PAW and energy avail-
ability across a landscape.

As vegetation re-establishes across a burned land-
scape in response to topographic and subsurface
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controls on PAW, inputs of organic matter and
increases in surface roughness promote infiltration
of upslope runoff, limit erosion (Boisramé et al
2018), and increase the rate of soil development
(Brooks et al 2015) creating positive feedbacks that
increase PAW storage. Vegetation regrowth in these
favored locations alter boundary layer characterist-
ics that influence evaporation from the ground sur-
face, specifically reducing wind speed and shading
the ground surface (Gouttevin et al 2015, Rossi
et al 2018). During winter, shading and shelter-
ing of the snowpack by regrowth reduces sublima-
tion and evaporation, increasing the snow volume in
these locations (Rinehart et al 2008, Musselman et al
2012). This shading also delays the onset of snow-
melt and slows the rate of melt, thus shading alters
the volume and timing of soil water input (Moeser
et al 2020). During summer, shading and wind shel-
tering of the ground surface limits evaporation fur-
ther, indirectly increasing PAW and decreasing the
ratio of evaporation to transpiration. Consequently,
there is the potential for positive feedback where
initial vegetation re-establishment in topographically
favored micro-hydroclimates increases the likelihood
of longer-term survival.

Furthermore, slope aspect should differentially
impact the spatial patterns in regrowth and re-
establishment via topographically driven hydrologic
redistribution. In the northern Hemisphere, south
and west aspect slopes receive high solar radiation,
and consequently are warmer and drier, with lower
standing biomass (Wilcox et al 2003, Swetnam et al
2017, Boisramé et al 2018) and greater drought stress
and mortality (Tai et al 2021) compared to north
and east aspect slopes. Thus, topographically driven
hydrologic subsidy should result in greater spatial
variability in vegetation recovery in higher energy
south and west aspect environments than on lower
energy north and east aspect slopes or slopes shaded
by adjacent topography. This is particularly import-
ant in predicting rates and trajectory of recovery in a
watershed from wildfire in drought conditions com-
pared to the climate when pre-burn vegetation pat-
terns were established.

3. Conceptual model and testable
hypothesis

The inferential evidence for hydrologic redistribution
in complex terrain driving ecosystem structure and
function is strong and widespread. These observa-
tions present both a notable challenge and opportun-
ity to predict vegetation response and recovery after
wildfire in complex terrain. To address this challenge,
we propose a conceptual model that includes interac-
tions between terrain-mediated subsurface hydrolo-
gic redistribution, energy availability, and vegetation
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structure (e.g. Rinehart et al 2008, Thompson et al
2011, Swetnam et al 2017) that differentially influ-
ences both short-term responses and long-term forest
re-establishment after a wildfire (figure 1). Thus, we
present figure 1 as a new conceptual model of topo-
graphically driven hydrologically redistributed PAW
and vegetation recovery after a wildfire for generic
hillslopes. Just as productivity, species composition,
and drought response vary in undisturbed forests,
we expect that the vegetation recovery rate and spa-
tial heterogeneity will vary predictably between a
southerly aspect (figure 1(a)) and northerly aspect
(figure 1(b)) due to differences in energy availabil-
ity. It is important to note that the influence of com-
plex terrain and resulting distribution of PAW also
alters the timeline of vegetation re-establishment and
survival depending on physiographic parameters yet
to be fully constrained. Therefore, we also present
a timeline of four stages for post-wildfire vegeta-
tion recovery and associated ecohydrologic impacts in
the form of a testable vegetation recovery hypothesis
(table 1).

This testable hypothesis focuses on the temporal
evolution of vegetation recovery driven by interac-
tions between spatial patterns in water availability as
a function of slope position, spatial patterns in avail-
able energy related to aspect, and vegetation influ-
ences on local microclimate. Specifically, the pro-
posed four stage vegetation recovery focuses on the
ecohydrologic response of evaporation, transpira-
tion, canopy interception, infiltration, soil moisture,
and energy demand reaching the ground surface.
As vegetation establishes and survives, tree canop-
ies will increase interception of incoming precipita-
tion. However, the shading of radiation and increase
in surface roughness overcomes these interception
losses, resulting in an increase in PAW as previously
described (Musselman et al 2008, Veatch et al 2009,
O’Donnell et al 2021). Initial ground cover recovery
(Stage 2) will be shallow rooted vegetation that util-
izes shallow soil moisture, allowing deeper soil mois-
ture retention (Tromp-van Meerveld and McDonnell
2006). As saplings establish (Stage 3), vegetation will
access PAW from both shallow and deep soil moisture.
We hypothesize that vegetation adolescence (Stage 4)
will take approximately 5-10 years and the long-term
spatial patterns of vegetation will emerge during this
stage. However, long-term recovery beyond 10 years
is an outstanding question due to uncertainty with
respect to how vegetation recovers in a warmer, drier
climate.

One example of our conceptual model and
timeline is the recovery from the Thompson Ridge
fire which occurred during the summer of 2013 in
the Jemez mountains, New Mexico USA. Vegetation
recovery from this fire has occurred on the north
aspect but remains lacking on south aspect slopes
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Figure 1. Conceptual model of the hydrologic redistribution of plant available water (PAW) for (a) a south aspect slope,
(b) a north aspect slope, and (c) comments on some of the main processes. Conceptual models are displayed for the time periods
(i) pre-burn conditions (ii) short-term response (1-3 years post-burn), and (iii) long-term forest re-establishment.

vha . )
@4@“’ e Biomass recovery preferentially
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« ‘South aspect recovery varies greatly
based on soil type, water stress, etc.

(figure 2). It remains unclear if the forest will recover
on south aspect slopes. This supports the aspect con-
trols presented in figure 1 and timeline in table I.
Past studies further support the influence of drought
and aspect on vegetation establishment (e.g. Tai et al
2021, Marsh et al 2022). However, there remains a
need to systematically evaluate these processes at mul-
tiple sites in a variety of conditions. Our presented
conceptual figure (figure 1) and testable vegetation
recovery hypothesis (table 1) are posed as a start-
ing point to conduct such a systematic evaluations
in future investigations that incorporate multiple
eco-regions.

Post-wildfire recovery will vary between eco-
regions due to differences in vegetation species,
phenology, latitude, geology, and climate patterns.
However, further work is necessary to constrain

the physiographic and environmental factors that
constrain PAW and the associated vegetation re-
establishment and survival. Once vegetation is re-
established and survives (figure 1(iii)), the spatial
patterns of infiltration, depth to groundwater, and
evapotranspiration will vary in a predictable seasonal
manner that may be projected into the future (e.g.
Boisramé et al 2018). These time-scales of recov-
ery are likely to vary based on seasonality and form
(rain vs snow) of precipitation relative to the grow-
ing season, different topographic thresholds such as
hillslope angle, and geological impacts on subsurface
water storage and transmissivity. Additionally, the
distance to seed source and distribution mechanism
(e.g. Kiel and Turner 2022) as well as hillslope angle
influencing geomorphic changes (e.g. Kampf et al
2016) are likely important drivers in recovery after a

4
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Table 1. A description of the four-stage vegetation recovery hypothesis with timeline for each stage and ecohydrologic impacts.

Vegetation status

Timeline

Ecohydrologic response

Stage 1

Immediately after fire—no vegetation Initial weeks to months

Minimal transpiration
Minimal canopy interception
Minimal infiltration

Minimal shallow soil moisture

Stage 2

Ground cover recovery

Years 1-3

e Minimal canopy interception
e High solar radiation and wind on ground

surface

e Increased evapotranspiration
e Low near surface soil moisture
e Shallow roots allow retention of deeper

soil moisture

Stage 3

Sapling establishment

Years 2-5

Moderate canopy interception
Moderate transpiration

Moderate solar radiation and wind
Reduced shallow and deep soil moisture

Stage 4

Adolescence

Years 5-10

e High canopy interception
e High transpiration
e Low solar radiation and wind on ground

surface
Moderate soil moisture

a) South Aspect

Latitude: 35.865471°
Longitude: -106.533379°

Earth 2023a, 2023b).

b) North Aspect

i) May 2012: Pre-burn

June 2014: ~1 year ost—burn

Image: Google, Landsat/Copernicus, Image © 2023 CNES/Airbus,
Image © Maxar Technologies

Latitude: 35.866939°
Longitude: -106.585321°

Figure 2. Satellite imagery of (a) south aspect and (b) north aspect hillslopes in the Jemez Mountains, New Mexico USA. These
hillslopes burned during summer 2013 in the Thompson Ridge fire. (Landsat Imagery gathered via Google Earth Pro v. 7; Google
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wildfire. Thus, further understanding of the influence
of complex topography across multiple eco-regions
on the subsurface hydrologic redistribution of PAW
and association with vegetation establishment and
survival will improve models for long-term predictive
capabilities.

Long-term predictive capabilities in vegetation
recovery may also vary across scales. While this paper
focuses on the headwater catchment and hillslopes,
larger scale processes are important to consider. At the
mountain range scale, windward sides of mountains
may receive higher amounts of precipitation due to
orographic lifting, increasing PAW differently than at
the hillslope scale as described in this paper. This may
result in recovery patterns that vary by scale, though
further investigations are necessary.

Considering the transferability of the presented
conceptual model, the physical processes described
in this paper will also drive recovery elsewhere.
However, differences in climate and vegetation type,
as previously mentioned, may alter the timeline. For
example, wildfire in the mountains of south Africa
have been linked to similar PAW storage processes as
described herein (van der Werf et al 2008, Andela and
van der Werf 2014, Li et al 2023). Grassland biomes in
North America have high resilience in wildfire recov-
ery, but drought intensity has resulted in declines
in vegetation cover and tree abundance (Donovan
et al 2020). A non-water limited site in the northeast-
ern US has shown biomass and productivity varies
with topography and micro-climate (e.g. Smith et al
2016) that may be linked to hydrologic redistribu-
tion of nutrients seen at another site (Weintraub et al
2017). Beyond individual sites, studies have found
that water limitation during dry years can be wide-
spread across ecosystem types (Brooks et al 2011,
Voepel et al 2011) and warm dry air masses impact
tree growth across the entire northern Hemisphere
(Lee and Dannenberg 2023). Thus, our presented
conceptual model for hydrologic redistribution of
PAW may be transferable to other regions as well,
with appropriate modifications for location-specific
conditions.

4. Concluding remarks

Burned areas experience both short- and long-term
alterations to runoff and water quality that can be
costly for municipalities and landowners, with large
uncertainties associated with planning and recovery
efforts. One of the largest uncertainties, particularly
in seasonally water-limited forests characteristic of
much of western North America, is understanding
the mechanisms driving both spatial and temporal
variability in vegetation re-establishment and survival
after a wildfire and the ecohydrological impacts of
this variability. Constraining these uncertainties in
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the face of climate change and more extreme wild-
fires will serve as an important link between science
and resource management for ecosystems and com-
munities that rely on these water supplies.

To date, most assessments of these impacts
have taken a bulk approach, or an implicitly one-
dimensional conceptual approach that does not
include spatial heterogeneity in hydroclimate influ-
enced by topography and vegetation. Understanding
of the natural heterogeneity of these processes across
space and time in complex terrain is a major gap
in current understanding. The presented conceptual
model that includes influences of complex terrain in
addition to the testable vegetation recovery hypo-
thesis associated with time of recovery will address
this knowledge gap. This sets a starting point to fur-
ther our understanding of the spatio-temporal evolu-
tion of PAW storage and vegetation re-establishment
and survival in forested catchments after a wild-
fire. The presented conceptual model also provides a
template for discussions with diverse stakeholders to
help integrate multiple interests and assist in the co-
production of knowledge to develop next generation
management tools to mitigate the negative impacts of
future wildfires.
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