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ABSTRACT

Background. Wildfires in Mediterranean-type climate regions have numerous impacts on the
ecosystem services provided by native shrublands, however, quantifying these impacts is chal-
lenging. Aims. We developed a reproducible method to quantify fire impacts on ecosystem
services and created a tool for resource managers in southern California. Methods. The SoCal
EcoServe tool consists of two components: a desktop tool and an online mapping tool. We used
the Alisal Fire of 2021 as a case study and quantified: aboveground live carbon storage using pre-
and post-fire biomass data; water runoff, groundwater recharge and sediment erosion retention
by integrating data on burn severity into hydrological and sediment erosion models; and
estimated recreation services and biodiversity using pre-fire data. Key results. We estimated
the Alisal Fire resulted in an immediate post-fire reduction in carbon storage of 25%, of which
20% was estimated to be permanently lost. Water runoff increased by 21%, groundwater recharge
7-fold, and sediment erosion increased 24-fold. Conclusions. The EcoServe tool provides an
initial approximation of wildfire impacts that can support damage assessments post-fire, track
carbon storage and help identify priorities for post-fire restoration. Implications. We intend the
tool to be used by USDA Forest Service resource managers of shurblands in southern
California. However, it can provide the framework for future work in shrublands throughout
the western USA.

Keywords: Biodiversity, carbon storage, groundwater recharge, recreation, resource management,

sediment erosion, shrublands, water runoff.

Introduction

Wildfire is a characteristic of the world’s Mediterranean-type climate regions.
In California, the extent of shrubland burned and the frequency of wildfires are of
ecological and socio-economic concern, especially given the proximity of shrublands to
heavily populated coastal regions (Keeley and Safford 2016; Safford et al. 2022). The
environmental impacts of wildfires vary depending on fire characteristics such as inten-
sity, size and frequency (Roces-Diaz et al. 2022). The combustion of shrublands leads to
both negative and positive impacts. Most notably, combustion reduces biomass and fuels
and the ability of landscapes to sequester carbon from greenhouse gases (Pausas and
Keeley 2019). With the removal of vegetation, soil erosion, water runoff and ground-
water recharge increase, especially in the first year or two post-fire (Wohlgemuth and
Lilley 2018; Flint et al. 2019). In addition, other services such as recreational opportuni-
ties on public lands or habitat for wildlife and biodiversity can be temporarily lost.
Understanding and quantifying fire impacts on ecosystem services is increasingly
important given potential impacts of future climates on wildfire. Shrublands in southern
California experience burning under two scenarios: spring/summer fires where higher
fuel moisture and moderate onshore winds restrict the area burned, whereas autumn/
winter fires occur when ignitions are influenced by hot strong winds, like the Santa Ana,

Collection: Fire and Climate.
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and the areas burned are extensive (Safford et al. 2022).
Warming climates are increasing drought and, as a conse-
quence, are contributing to the expansion of the fire season
year-round in California (Diffenbaugh et al. 2015). More
drought is increasing shrub mortality and fuel loads, while
increasing short-interval fire results in vegetation type con-
version and expansion of annual (largely non-native) grass-
lands providing highly combustible fuels (Safford et al.
2021; Pratt 2022). Moreover, post-fire drought negatively
influences seedling survival and growth of resprouting
shrubs (Pratt et al. 2014) and thus shrubland recovery.

For resource managers of shrubland-dominated national
forests, being able to quantify the impacts of wildfire is
important for numerous reasons, including tracking carbon
storage and estimating the impacts of wildfire on carbon
storage, understanding fuel loads to inform fire models and
prescriptive fuel treatments, and identifying sites for post-
fire restoration. Furthermore, generating data on wildfire
impacts is necessary for post-fire Natural Resource Damage
Assessments frequently conducted for fires on public lands,
which are used to estimate and acquire cost-recovery funds
to complete much needed post-fire restoration.

To date, there has been no systematic method for esti-
mating fire impacts on shrubland ecosystem services:
impacts have been estimated with little standardisation
between fires. In addition, there has been no tool for
resource managers to readily access relevant spatial data
associated with ecosystem services. To fill this critical
need of resource managers, we developed an online map-
ping tool that allows users to view, query and download pre-
and post-fire data on ecosystem services. The SoCal
EcoServe tool (https://manzanita.forestry.oregonstate.edu/
EcoServeHome/) provides the first transparent, reproduc-
ible and scientifically sound tool for resource managers of
shrublands in southern California. It provides an important
contribution by packaging and summarising data on eco-
system services and wildfires that have been previously
published (e.g. Underwood et al. 2018; Schrader-Patton
and Underwood 2021; Schrader-Patton et al. 2022, 2023;
Underwood and Hollander 2023). The six ecosystem ser-
vices included in the tool were identified by resource man-
agers at the beginning of the project as those most valuable
to understand for management of southern California shrub-
lands, as well as practical to model within the timeframe of
the project. The ecosystem services included are: carbon
storage, water runoff, groundwater recharge, sediment ero-
sion, recreation services and biodiversity.

Although other studies have compiled and modelled data
on ecosystem services in California (e.g. Chan et al. 2006;
Chang and Bonnette 2016) as well as estimated fire impacts
on services (e.g. Kinoshita and Hogue 2011; Flint et al.
2019), this is the only tool we are aware of for resource
managers to access ecosystem services data associated with
impacts of specific wildfires across an ecoregion. SoCal
EcoServe currently includes large fires since 2017 that

have occurred on public lands and have burn severity data
available. To date, the tool has been tested on a limited
number of fires and has received positive review by resource
managers, and we are now rolling it out to USDA Forest
Service (USFS) resource managers more widely across
southern California.

In this paper, we describe the methods used to quantify
wildfire impacts on ecosystem services and illustrate the
tool and data outputs using a case study of the Alisal Fire,
which burned on the Los Padres National Forest in 2021. We
selected the Alisal Fire as it covered a large spatial area, is
dominated by shrub vegetation and the majority of the fire
burned at high severity.

Methods

SoCal EcoServe tool

The SoCal EcoServe tool consists of two components: a
behind-the-scenes desktop tool, currently managed by select
USFS staff responsible for maintaining EcoServe, that pre-
pares the ecosystem services raster data, and an online
mapping tool that allows users to query these outputs. The
goal of the desktop tool is to process all fires on USFS
National Forest lands within the southern California ecore-
gion (Bailey 2016) (Fig. 1). It requires two inputs: the
ecosystem services data in pre-fire condition and burn sever-
ity data. More specifically, it uses the fire-induced canopy
cover loss produced by the USDA Forest Service’s Rapid
Assessment of Vegetation Condition after Wildfire (RAVG),
which is produced for all fires over 1000 acres (405 ha) on
public lands. In a small number of instances, RAVG data
may not be available, e.g. in fires <405 ha (1000 acres) or if
running the tool on non-USDA Forest Service lands. As an
alternative, the canopy cover loss data can be generated
through the use of a Google Earth Engine application
(Parks et al. 2018).

Using a Python script, the desktop tool clips the input
ecosystem services raster files to the fire boundary and also
to the portion of the fire that is within USFS lands, performs
the raster calculations and prepares the tabular outputs as
described for each ecosystem service below. Outputs from
the desktop tool are compiled into a zip file that is then
uploaded by Forest Service staff to the server hosting the
online mapping tool.

The EcoServe online mapping tool provides the interface
for users to query the ecosystem services data prepared in
the desktop tool, view outputs and download data as tables
and rasters to include in reports or to conduct further spatial
analysis. The tool accounts for all vegetation types within
the fire perimeter; however, additional data relating to
carbon storage are available for shrublands. The online
mapping tool is an ASP.NET Core Model-View-Controller
(MVC) application and built using Microsoft Visual Studio
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Fig. 1. Map of southern California displaying the area within which the EcoServe tool can currently be applied. The boundary consists

of the Level 4 ecoregions surrounding the four National Forests in southern California.

2019 software using C# (C-sharp) programming language
along with hypertext markup language (HTML), Cascading
Style Sheets (CSS) and Javascript. It is hosted on a Dell
PowerEdge R440 server running Windows 2016 Standard,
build 10.0.14393. Below, we summarise the ecosystem ser-
vices data developed for southern California that are used in
the tool and provide citations to previous uses of these data.

We illustrate the EcoServe tool using the Alisal Fire,
6868 ha (16970 acres). The fire was started by lightning
on 11 October 2021, and occurred on the Los Padres
National Forest in Santa Barbara County.

Carbon storage services

For the user-selected fire, SoCal EcoServe reports carbon
storage which has been converted from estimates of above-
ground live biomass (AGLBM, 30m resolution, dataset
extends from 2000 to 2021). We developed AGLBM data
for southern California as existing biomass estimates for

shrublands were limited to one-time data acquisitions and,
in some datasets, underestimated shrub biomass values. We
used a Random Forest model to analyse a variety of environ-
mental and climatic variables (e.g. elevation, aspect, precipi-
tation) for 766 field plots, primarily from the USDA Forest
Service Forest Inventory and Assessment and the Landfire
Reference DataBase (Schrader-Patton and Underwood 2021;
Schrader-Patton et al. 2022, 2023). Cross-validation using
reserved plot data showed our model had an R? of 0.51 and
an uncertainty of 905 g m~ 2 (Schrader-Patton and Underwood
2021; Schrader-Patton et al. 2023). Two of the model input
variables were generated on an annual basis, the Normalized
Difference Vegetation Index (NDVI) and annual precipitation,
thereby allowing the biomass model to be rerun every year to
provide a stack of biomass data from 2000 to 2022. Using the
AGLBM estimates, we also developed a methodology to esti-
mate other shrub biomass pools including standing dead,
litter and belowground biomass based on field data reported
in the literature and other spatial datasets (full details in
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Schrader-Patton et al. 2022). To estimate carbon storage, we
converted vegetative biomass measurements to carbon by
multiplying by 0.47 (McGroddy et al. 2004).

To report on carbon storage in the tool for a specific fire,
we cross-referenced the start month of the selected fire with
the biomass dataset. For fires that burned between 1 January
and 31 June, we used the July-August AGLBM from the
previous year, given that the primary shrubland growing
season is March through June, the previous year better
represents pre-fire conditions. For fires that burned between
1 September and 31 December, we used the July-August
AGLBM of the current year. In addition to reporting the
pre- and post-fire carbon storage for the year of the specific
fire, we also report an average carbon storage using biomass
data from 2001 to 2007, which captures a range of drought
and non-drought climate years in southern California (see
Schrader-Patton and Underwood 2021 for details).

To report the post-fire change in carbon storage for a
specific fire, we use the biomass raster (same source) for the
year following the fire. However, as shrubland biomass
recovers quickly post-fire under normal conditions, with
estimates ranging from 8 to 12years (Black 1987;
Bohlman et al. 2018), we also calculated the amount of
biomass that is ‘permanently lost’, i.e. unlikely to recover.
We identified pixels with low regeneration potential and,
therefore, unlikely to recover pre-fire shrub biomass given
their fire history (Underwood and Hollander 2023). We did
this by querying each pixel using two criteria: either three or
more fires in the last 40 years or less than 10 years since the
last fire, based on findings in the literature (Zedler et al.
1983; Syphard et al. 2019). We assumed the biomass of the
qualifying pixels would be ‘permanently lost’ (as documen-
ted in the referenced studies) and consequently replaced by
annual (non-native) grasses with a lower biomass value. To
determine this grassland biomass value, we queried the
AGLBM data from 2000 to 2022 in areas classified as annual
grasslands in a statewide vegetation map (FRAP 2015) to
provide an average AGLBM value of annual grasslands of
0.14kgm ™2 We calculated the amount of aboveground
carbon storage permanently lost post-fire as the difference
between the pre-fire shrubland carbon storage value and the
post-fire annual grassland carbon storage value.

Water runoff and groundwater recharge services

We used the Basin Characterisation Model (BCM) (Flint et al.
2013) to provide data on water runoff and groundwater
recharge. The BCM is a regional water-balance model that
generates gridded runoff and recharge rasters using
vegetation-specific actual evapotranspiration, soil character-
istics, and precipitation and temperature specific to each
water year. The BCM is unique in its ability to partition
available water into recharge and runoff based on spatial
variations in bedrock permeability and to be run for large
spatial areas, providing the opportunity to study the impacts

of disturbance — such as wildfire — and climate (Flint et al.
2013). The BCM has been used in a wide range of studies in
California including evaluating water resources, bio-
diversity, wildfire and forest health, and is accepted to be
the most appropriate model at the watershed scale, with
outputs validated using streamflow measurements from 159
largely unimpaired watersheds in California (CalWater
1999; Flint et al. 2013).

Wildfires exert a strong influence on the hydrological
conditions of a watershed, particularly when occurring at
high severity (which characterise shrubland fires in
California) and can produce hydrological changes in a
watershed beyond the range of historic variation (DeBano
et al. 1998; Neary et al. 2005). With fire, removal of vegeta-
tion reduces transpiration and evaporation, which increases
water runoff and groundwater recharge (Flint et al. 2013,
2019). In addition, the partial combustion of litter and rede-
position of vaporised waxy substances from the leaves into
cooler soil below, can create hydrophobic soils that reduce
infiltration (DeBano 1981; Wohlgemuth and Lilley 2018).
Previous studies have used burn severity to estimate the
impacts of fire on hydrological services (Neary et al. 2011).

In addition to wildfire, climatic conditions can also have
a substantial influence on recharge and runoff: when
drought is severe, runoff and recharge can decrease instead
of increase post-fire (Flint et al. 2019). To compensate for
this, we averaged the BCM outputs over 12years that are
considered to be representative of the climate from 2000 to
2022 in terms of their drought conditions as indicated by the
Palmer Drought Severity Index for the south coast ecoregion
of California (2000, 2003, 2005, 2006, 2008, 2009, 2014,
2015, 2016, 2017, 2020 and 2021).

Normalised pre-fire estimates of surface runoff and
groundwater recharge, assuming undisturbed vegetation
conditions, were calculated under the average climatic con-
ditions described above. To estimate the impacts of fire, we
reran the BCM for each year from 2000 to 2021, integrating
data on fire-induced canopy cover loss from the RAVG data.
The five RAVG canopy cover classes were cross-walked to a
single value for each class (0, 20, 40, 60 and 80%) and the
BCM rerun to integrate this value as the amount of vegeta-
tion lost post-fire, e.g. if canopy cover loss was 75-100%
change (midpoint 80%), we reran the BCM with 20% can-
opy cover. We then calculated the average of each canopy
cover class run over the 12 years (specified above). Based on
the fire-induced canopy cover loss data for a target fire, the
normalised post-fire runoff and recharge quantities reported
were taken from these 12-year average outputs.

Sediment erosion services

Estimates of sediment erosion used InVEST’s sediment ero-
sion model (Hamel et al. 2015), which can be parameterised
in a straightforward way by integrating data on landform,
climate, soil and vegetation. The sediment erosion model
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uses the Universal Soil Loss Equation (Wischmeier and
Smith 1978) to predict erosion, sedimentation and reten-
tion. It can simulate how changes in vegetation associated
with landscape disturbances such as fire can affect sediment
yield. It has been widely used for modelling soil loss and
sediment yield in a variety of countries and ecosystems
(e.g. Zhou et al. 2019; Gashaw et al. 2021) and has been
calibrated to predict post-fire sediment yield at the
watershed scale in the western US using sediment erosion
measurements compiled from the literature (Moody and
Martin 2009; Sankey et al. 2015). Sankey et al. (2015)
found the model could accurately predict post-fire sediment
yield by adjusting vegetation cover and the erodibility factor
in the model.

To apply the sediment erosion module in southern
California, we integrated input data for southern California
including a soil erodibility data layer from county-scale soil
maps (USDA Natural Resources Conservation Service Soil
Service Geographic Database [SSURGO]) and vegetation
cover data (which influences soil erosion) from NDVI data
(2014-2015). Pre-fire estimates of sediment erosion reported
in the tool use the average InVEST outputs calculated over
the 12 years listed in the previous section for hydrological
services. Similarly to water runoff and groundwater
recharge, post-fire values were generated by rerunning the
sediment erosion module and integrating data on percentage
canopy cover loss from the RAVG data. Again, we calculated
the average of each canopy cover class run over the 12 years
and report these according to the fire-induced canopy cover
loss for each target fire.

Recreation services

The EcoServe tool is also able to report on recreation ser-
vices using data for recreation sites from a national scale
recreation database that contains spatial data on recrea-
tional sites, areas, activities and facilities on USFS public
lands (USFS Geodata Clearinghouse; https://data.fs.usda.
gov/geodata/help.php), as well as recreation sites surveyed
by the USDA Forest Service National Visitor Use Monitoring
Survey (NVUM; USDA Forest Service 2015; English et al.
2002). For the subset of recreation sites that were NVUM
sites, the tool reports the predicted total number of visits per
year to each site developed using a recreation demand
model (Garnache and Lupi 2018). The assumption is that
wildfire will result in the closure of all recreation sites
within the target fire during containment; however, the
length of closure time is undetermined and may be more
or less than 1 year depending on the degree of fire-related
damage and conditions.

Biodiversity services

Given the challenges of understanding the impacts of wild-
fire on biodiversity, SoCal EcoServe only presents this ser-
vice in its pre-fire condition. We created an overall

biodiversity index using Marxan conservation planning soft-
ware (Ball et al. 2009). Marxan has been used to support
reserve design in many types of ecosystems around the
world and is the most widely used conservation planning
software. The software uses a simulated annealing algorithm
to explore configurations of planning units to identify a
solution that meets the input conservation objectives in
low-cost ways. For the purposes of generating an output
for the EcoServe tool, we identified a list of conservation
targets in discussion with USFS resource managers, includ-
ing: sensitive species identified in national forest plans,
wildlife habitat linkages and watersheds with high-value
aquatic biota (see details in Underwood et al. 2018). For
each target, we assigned a conservation goal. The Marxan
output is an irreplaceability index for each planning unit
that comprises the most suitable solutions to meet the speci-
fied conservation objectives. The EcoServe tool presents
tabular results for the target fire as well as for each of the
four southern National Forests (Angeles, Cleveland, Los
Padres and San Bernardino) to allow comparisons with the
broader landscape.

Hotspots of change in ecosystem services

To assist in identifying areas of potential interest for post-
fire activities such as restoration, the tool quantifies the
amount of change in carbon storage, water runoff, ground-
water recharge and sediment erosion services. For the latter
three services, the change raster is generated by using the
12-year average pre-fire and the 12-year average post-fire
rasters:

(mean post-fire — mean pre-fire)/mean pre-fire X 100

The resulting change raster is then rendered into the follow-
ing classes: <0, 0-20, 20-40, 40-60, 60-80, 80-90, 90-95,
95-100 and >100%. A table in the tool reports the area of
fire that experienced >80% increase in runoff, recharge, or
sediment erosion. For carbon storage, hotspots of change are
calculated as the area of pixels in the fire perimeter identi-
fied with low regeneration potential (see Carbon storage
services above).

Results

We obtained the Alisal Fire perimeter and burn severity
raster data from the Burn Severity Portal (https://
burnseverity.cr.usgs.gov/) and created the pre- and post-
fire ecosystem services data using the desktop tool, and
uploaded outputs to the EcoServe server. A resource man-
ager accesses spatial data and estimates of fire impacts by
opening the online mapping EcoServe tool (https://
manzanita.forestry.oregonstate.edu/EcoServeHome/). On
starting the tool, the user is presented with a map of the
southern California ecoregion and options to add viewable
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layers, e.g. National Forest boundaries, hydrological unit
boundaries (Fig. 2). A user then selects the year, fire (either
entire perimeter or portion of fire on National Forest land),
and one of six ecosystem services to quantify or ‘hotspots of
change’ (Fig. 2). In the map display for carbon storage,
surface runoff, groundwater recharge and sediment erosion,
the user can toggle between viewing spatial data in pre-fire
and post-fire condition, RAVG burn severity data and (for
carbon storage) pixels identified with low regeneration
potential.

The outputs for carbon storage services in the EcoServe
tool include a table summarising data of pre- and post-fire
carbon storage for five different biomass pools (Table 1) and
corresponding bar chart; summary of major shrub commu-
nities in the fire; and the amount of carbon ‘permanently
lost’ post-fire. The majority of the Alisal Fire consisted of
shrub (69%), with mixed chaparral (54%) dominating, fol-
lowed by coastal sage scrub (14%).

The carbon stored in vegetative carbon pools in the Alisal
Fire pre-fire totalled 102 944 metric tons, which was slightly
higher than the 7-year average (99 130 metric tons). The
aboveground live biomass and standing dead pools contrib-
uted relatively more than the belowground and litter
(Table 1, Fig. 3). Using biomass data for the post-fire year
(2022), carbon storage decreased by 25% across all vegeta-
tive pools to 76 941 metric tons (Table 1). Recognising that
shrubland that experiences high-frequency short-interval
fire is unlikely to recover and is vulnerable to conversion

Table 1. Carbon stored in five different pools pre- and post-fire for
the Alisal Fire (2021) on the Los Padres National Forest.

Carbon pool Carbon pre-fire

(metric tons)

1year post-fire
(metric tons)

Aboveground live 26920 15 870
Standing dead 26 924 25318
Litter 24 803 20163
Belowground 24298 15590
Total All vegetative pools 102 944 76 941
Total All vegetative pools 99130 -

average (2001-2007)

to annual grassland (Zedler et al. 1983; Syphard et al. 2019),
we estimated 13 831 metric tons or 20% of the pre-fire total
vegetative biomass could be permanently lost based on the
identification of pixels with low regeneration potential
according to fire history. The Alisal Fire had 1344 ha
(3322 acres or 20% of the fire) with low regeneration pixels
owing to the occurrence of the Sherpa Fire (2016) that
occurred in the eastern portion of the Alisal burn perimeter.

For runoff, recharge and sediment erosion services that
integrated the RAVG burn severity data, the tabular outputs
reported in the EcoServe tool include the area within each
canopy cover loss class. For the Alisal Fire, 57% experienced
75-100% canopy cover loss; 11% of the fire experienced
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1-25% canopy cover loss; and 6% of the fire experienced
25-50 and 50-75% loss each (Fig. 4).

The difference between pre-fire and post-fire (normalised)
change in water runoff for the Alisal Fire (calculated based
on the 12-year average) showed an increase of 21%, from

Carbon storage in all vegetative pools
ALISAL fire
Start date: 11 Oct 2021

120000

100000

80000
%)
c
I°]

£ 60000
@
=

40000

- .
0
Pre-fire Post-fire
— Aboveground live - Standing dead Litter - Belowground

Fig. 3. Graphical outputs of EcoServe tool for the Alisal Fire showing
different vegetative carbon pools pre- and post-fire.
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1154 to 1401 ha metres year_1 (Table 2, note the tool
reports runoff and recharge in acre feet per year but here
we report in SI units of ha metres a year). The increase in
groundwater recharge was greater, increasing seven times
from 73 to 560ha metres year_1 (Table 2). Sediment
erosion increased by 24-fold from an average pre-fire
estimate of 5499 m®year ! to an average post-fire estimate
of 131 407 m®year ! (Table 2). The difference in hydrolog-
ical and sediment erosion services can also be viewed in

Table 2. Pre- and post-fire volumetric totals for runoff, recharge
and sediment erosion for the Alisal Fire (2021) and reported by canopy
cover loss class (informed by USFS RAVG data).

Canopy Area Runoff (ha Recharge Sediment
cover (ha) metres (ha metres erosion
loss (%) year™) year™) (m?® year™)
0 1308 161 26 1431
0-<25 757 né 19 12770
25-<50 397 70 16 7958
50—<75 431 85 31 9410
75-100 3900 969 468 99773
Post-fire 1402 560 131407
(average)
Pre-fire 154 73 5499
(average)
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water runoff
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4 41-93
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Display Options
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Download data: Chart Data }| Spatial Data m

EcoServe tool showing outputs for water runoff pre- and post-fire for the Alisal Fire and reported in table by different

canopy cover loss classes in the RAVG burn severity data. Map image also shows display options including pre-fire, post-fire water

runoff and burn severity data.
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graphical format in the tool (Fig. 5). In the case of the Alisal
Fire, there were no recreation sites contained in the two data
sources integrated into the EcoServe tool. However, in other

O TABLE @ GRAPH Fire start date: 11 Oct 2021
Water runoff
ALISAL fire
Start date: 11 Oct 2021

14000

12000

5 10000
(0]
>

& 8000
Q.
©

£ 6000
o
Q

< 4000

2000

0

= Pre-fire = Pre-fire average =— Post-fire
Fig. 5. Graphical outputs of EcoServe tool for the Alisal Fire showing

water runoff pre- and post-fire including average pre-fire for
comparison.
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Fig. 6.
Alisal Fire with the four southern National Forests.

shrubland fires currently integrated in the tool, the number
of recreation sites ranges from 1 to 17.

The mean Marxan biodiversity score for the Alisal Fire
was 27 out of a maximum irreplaceability score of 100.
Highest biodiversity scores were mapped along the southern
edge of the fire perimeter (Fig. 6). The table output com-
pares biodiversity information for the Alisal Fire with the
four southern National Forests (Fig. 6): the mean Marxan
score ranked third after the San Bernardino and Cleveland
National Forests. The Alisal Fire had rare and native species
richness levels similar to the four National Forests
(California Department of Fish and Wildlife’s Areas of
Conservation Emphasis Map data 2010, https://map.dfg.
ca.gov/ace/) (table in Fig. 6).

The ‘hotspots of change’ calculation showed the majority
of the Alisal Fire was impacted by high change (defined as
>80% change) in groundwater recharge and sediment ero-
sion (78% and 74% respectively, Fig. 7), whereas only 1% of
the fire experienced high change in water runoff. As
reported previously under post-fire carbon storage, the
EcoServe tool identified 20% of the fire (1 344 ha) with
low regeneration potential. These data appear in tabular
format in the tool and the change rasters can be viewed in
the map window (Fig. 7).

Finally, a range of data presented in the EcoServe online
mapping tool can be downloaded for reports or conducting
additional spatial analyses. Data include: pre- and post-fire
raster spatial data and change data for carbon storage,

Biodiversity|
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Biodiversity output from Marxan showing irreplaceability of planning units within the Alisal Fire. Tabular results compare the
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SocCal EcoServe: Fire Impacts on Ecosystem Services

To assess the impacts of fire on ecosystem services in the
Angeles, Cleveland, Los Padres, and San Bernardino National
.| Forests and surrounding areas in Southern California @, first
] select the year, then select the fire (entire perimeter or USFS
portion only), and then select one of six ecosystem services.

A
v

STEP 1: SELECT YEAR ©
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STEP 2: SELECT FIRE
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@ 1ABLE O GRAPH Fire Start Date:
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Ecosystem
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Change, type il
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Groundwater
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>80% increase 13,198 78.3 %

Water Runoff >80% increase 205 222

Sediment
Erosion

>80% increase 12,429 74.0 %

Display Options

O None Carbon Storage Low regen area 3,322 202%

@® Change in Groundwater Recharge Download data: Spatial Data @

O Change in Water Runoff

O Change in Sediment Erosion

O Predicted Low Regeneration of Pixels

O RAVG Burn Severity

Fig. 7. Table (right) reporting change in ecosystem services in Alisal Fire. Map (left) showsoptions for map display for the hotspots

of change selection.

runoff, recharge and sediment erosion, and chart and tabu-
lar data can be downloaded for each service. For bio-
diversity, the downloadable table includes additional
information such as a list of rare species by taxonomic
groups (California Natural Diversity Database, https://
www.wildlife.ca.gov/Data/CNDDB).

Discussion and conclusion

We have described the input data on ecosystem services and
the methodology used in the SoCal EcoServe tool to quantify
the impacts of fire in shrublands in southern California and
report outputs using the Alisal Fire as a case study. The
outputs generated by EcoServe provide important data for
resource managers to quantify fire impacts for assessing
damages to natural resources on National Forest lands.
This was identified as a need by resource managers and
will become increasingly important given that future cli-
mates will result in higher fuel loads from drought-related
shrub mortality and vegetation type conversion associated
with drought, fire and nitrogen deposition (Allen et al. 2018;
Safford et al. 2021; Pratt 2022).

Outputs from the EcoServe tool showed the Alisal Fire
reduced carbon storage by 25% across all vegetative bio-
mass pools (Table 1) and approximately one-fifth of this
(1344 metric tons) is estimated not to recover and be per-
manently lost. When interpreting the change in carbon

storage post-fire, it is important to note the time between
the fire occurrence (in this case 11 October 2021; note ‘Fire
start date’ in Fig. 3) and the date of the post-fire AGLBM
data (July-August 2021). For the Alisal Fire, there were
9months for shrub vegetation to recover post-fire. This
should be noted when comparing change in carbon storage
between different fires; for example, a spring fire will have
fewer months for post-fire recovery before the July-August
date of the post-fire biomass data.

In applying the EcoServe tool to the Alisal Fire, there are
a number of discussion points associated with outputs of the
different ecosystem services. First, the Alisal Fire had a
notable increase in water runoff of 21%, which is expected
with the reduction in evaporation and transpiration as veg-
etation is removed. To provide context for this output, other
shrub-dominated fires in southern California have experi-
enced water runoff increases between 8 and 46% post-fire
(E. Underwood, unpubl. data). However, for fires occurring
in years with severe or extreme drought conditions, runoff
(and recharge) have been found to decline (versus increase)
post-fire. This was a key motivation for reporting the aver-
age runoff and recharge over 12years, which capture a
range of climatic conditions. For groundwater recharge,
the 12-year pre-fire average for the Alisal Fire is similar
on a per hectare basis to other shrub-dominated fires in
the tool such as the Willow (2021), Thomas (2017),
Whitter (2017) and Valley (2020) fires. Groundwater
recharge increased seven times post-fire which, in part, is
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explained by it occurring on excessively drained soils
(Maymen series) that will have relatively more recharge
when the transpiring plant cover is removed.

Second, the substantial increase in sediment erosion after
the Alisal Fire is a pattern found in other shrub-dominated
fires both in 2021 and in other years. One caveat associated
with the InVEST model is that it only considers annual
precipitation and does not account for the intensity of indi-
vidual winter storm events that characterise southern
California and cause substantial erosion. Furthermore, the
loss of soil also reduces ecosystem productivity upslope as
well as impacts infrastructure downstream, which are not
reflected in this estimate of impact.

Third, there were no recreation sites reported for the
Alisal Fire using the two datasets currently in the EcoServe
tool which, in part, reflects the fairly remote location of the
fire. However, there may well be recreation facilities
affected but just not contained in these datasets. Fourth, in
interpreting the summary of the biodiversity data, it is
important to note that the output is dependent on the indi-
vidual biodiversity layers entered into the Marxan software.
Different conservation targets and associated goals would
result in different solutions. Furthermore, the input bio-
diversity data originated in different years.

Finally, in relation to areas identified as ‘hotspots of
change’ post-fire, there is variation in the amount of area
identified for each ecosystem service. This is, in part, due to
the services being generated by different models and
approaches (i.e. water runoff and groundwater recharge
from the Basin Characterisation Model and sediment erosion
retention from InVEST). In addition, it is important to note
that this is only one way to define hotspots; other approaches
could include integrating ecosystem services data with fire
frequency, climatic water deficit data, or non-native species,
which could be incorporated into future versions of the tool.

Currently, the outputs from the EcoServe tool report post-
fire impacts over the short term, which is often sufficient for
quantifying some immediate environmental damages to
resources. However, we also recognise that understanding
longer-term impacts is equally important for managing
shrublands. We have taken steps to do this for carbon stor-
age in two ways. First, we calculate the permanent loss of
carbon storage over the long-term given fire history data
and second, we include in the tool a link to a graph showing
the trajectory of biomass recovery for mixed chaparral
shrubland. One challenge in projecting recovery is the dif-
ference in temporal scales for each service. For example, in
the spring following shrubland fires, a flush of wildflowers
can attract visitors (Safford et al. 2018), even though recre-
ation facilities and infrastructure may take much longer to
be usable; similarly, hydrological services are estimated to
recover 2-4 years post-fire however have been found to be
more sensitive to climate (Flint et al. 2019).

Climate, particularly drought conditions, is a major chal-
lenge for developing pre- and post-fire data relating to

carbon storage, hydrology and sediment erosion. We
address the year-to-year variations in these services by
reporting the pre-and-post-fire values for these services
using a 12-year average climatic condition. This approach
has the advantage of facilitating comparisons of fires occur-
ring in different years, increasing the influence of burn
severity (RAVG) data over climate on determining fire
impacts, and allowing fire impacts to be calculated as soon
as burn severity data are available.

SoCal EcoServe is primarily a compilation and aggrega-
tion tool for existing ecosystem services data that have been
previously published. The use of burn severity data to cap-
ture fire impacts on biomass, hydrology and sediment ero-
sion has appeared in previous studies (e.g. Neary et al. 2011;
Sankey et al. 2015). Ideally, a quantitative landscape-level
assessment of the ecosystem services in pre- and post- fire
condition generated by the EcoServe tool is required to
conduct a full validation of outputs; however, this would
be challenging in practice (e.g. it would require a priori
knowledge of a fire perimeters or fires located in the identi-
cal geographies burning at different severities to measure).
However, we welcome the opportunity to fully validate
EcoServe results should appropriate data become available.
Development of spatial ecosystem services data is an active
area of research and we are open to future datasets and
methods that could contribute to capturing pre- and post-
fire conditions. That said, we believe the data and methods
used in EcoServe are currently the best available for gener-
ating data on fire impacts to shrub-dominated ecosystems in
southern California.

The spatial data on ecosystem services within the current
EcoServe tool are limited to the southern California ecoregion
(Fig. 1). However, the same tool framework can be utilised if
data on ecosystem services inputs are generated for shrub-
lands in different areas of California or the western
US, including non-National Forest lands if burn severity data
are generated through alternative means (e.g., Park). The
EcoServe tool outputs can be used to determine the loss of
ecosystem services to inform natural resource damage assess-
ments, help prioritise restoration activities post-fire (e.g. focus
on high fire impactareas or hotspots of change), identify areas
vulnerable to type-conversion to non-native grasses (using the
data on low biomass regeneration potential), and, ultimately,
contribute to supporting resource managers to ensure the
provision of ecosystem services over the long term.
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