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At-risk conifer stands growing in hot, arid conditions at low elevations may contain the most climate change-
adapted seeds needed for sustainable forestry. This study used a triage framework to identify high-priority
survey areas for Pinus ponderosa (Pipo) within a large region, by intersecting an updated range map with a
map of seed zones and elevation bands (SZEBs). The framework assesses place-based climate change and po-
tential wildfire risks by rank-order across 740 potential collection units. The study separately combined three
operational measures of cone priority SEZBs from a government reforestation nursery in California — current
inventory, target seed supply levels, and areas with high seed demand - to create operational SZEB priority
rankings. Combining the risk and operational SZEB rankings permitted an overall priority ranking of survey
areas, and road extents within each SZEB’s Pipo area indicate accessibility. Pipo’s California range covers
62,456.9 km?, which intersects 740 of 1212 total SZEBs. Of these, 43 have high climate exposure under baseline
(1980-2010) conditions, and 139 more become highly exposed by the end of the century. Of these 182 highly
climate-exposed SZEBs, our index of high-intensity fire risk indicates 42 were also at high risk of stand replacing
fire at the beginning of the 2023 fire season. Of these 42, only 4 are currently represented in the seed lot in-
ventory. In contrast, the top 73 operational priority SZEBs all have relatively low risk rankings. Integrating
models of landscape risk with operational seed collection priorities can direct collection efforts to high-risk
stands before those are lost, and improve spatial coverage in seed bank inventories. The triage framework can
provide spatial guidance for cone crop surveying efforts, and has the potential to improve forest nursery and field
management. Triage elements can be updated or added to provide more comprehensive tracking over time. For
example, wildfire perimeters and seed inventories could be updated annually and fuels reduction treatments,
cone crop survey routes, annual assessments of cone crop condition, and additional seedbanks (e.g. for the USDA
Forest Service) could be included.

1. Introduction flammable litter (Fonda et al., 1998; Fonda and Varner, 2004) promotes

fires that may kill seedlings of other species (Williamson and Black,

Pinus ponderosa Douglas ex Lawson & C. Lawson (Pipo/ponderosa
pine) is an integral and often dominant component of reference state dry
forests in California and across Western North America. It tolerates a
fire-prone landscape with short fire return intervals of roughly 5-20
years (Keeley, 2012; Van de Water and Safford, 2011) and its highly

1981) while relatively thick bark at early growth stages helps Pipo’s own
seedlings survive (van Mantgem and Schwarz, 2003; Steady et al.,
2019). A traditional host species for bark beetle with the opportunity for
coevolution (Amman, 1973), Pipo is often able to fend off infestation
with monoterpene-rich resin production and delivery (Kane and Kolb,
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2010; Sturgeon, 1979).

However, Pipo range has declined relative to its historic range over
the last century (Thorne et al., 2008; Haffey et al., 2018; Davis et al.,
2019). Some of this decline is due to management choices like fire
suppression, that tend to favor more shade tolerant firs and cedars
(Safford and Stevens, 2017). Some of this decline is due to several vul-
nerabilities amplified by climate change, which interact with each other
and land management (Pausas and Keeley, 2021). Drought (Asner et al.,
2015; Fettig et al., 2019, Kolb and Robberecht, 1996), bark beetle (Raffa
et al., 2008), and fire regimes (Hagmann et al., 2021; Laurent et al.,
2019; Westerling et al., 2006; Williams et al., 2023) are all deviating
from the historic norms that shaped Pipo physiology and morphology, as
well as the structure and composition of Pipo forests (Keeley, 2012;
Stephens et al., 2015). The challenge and opportunity now, is for
thoughtful post-disturbance reforestation interventions (North et al.,
2019) to mitigate the impacts of climate change (Xu and Prescott, 2024),
restore these forests (Davis et al., 2019; Steele et al., 2022), and increase
the numerous ecological and societal benefits they provide (Dore et al.,
2010; Fettig, 2018; Marcille et al., 2020). Seed collection is at the start of
this reforestation pipeline.

Conifer seed inventories across the western US are insufficient to
accommodate currently needed or anticipated reforestation efforts
(Fargione et al., 2021). This holds true in California. California’s
Department of Forestry and Fire Protection recently completed a pre-
liminary Assessment of Needs (AON) for its statewide seedbank
(California Department of Forestry and Fire Prevention, 2023). The AON
considered the conifer seed needed to secure reforestation on 25% of all
forested landscapes for which the state of California is responsible. It
found that the need considerably exceeds current inventory and Pipo is
among the species with greatest assessed deficit (~10,000 bushels).

Because Pipo has an extensive distribution (Graham and Jain, 2005),
the species itself may not be highly vulnerable to climate change (Potter
et al., 2017), but stands at the lowest, hottest, and driest locations that it
occupies, are at risk. High mortality has been observed at trailing edge
locations across the species’ range (Allen and Breshears, 1998; Negron
etal., 2009; McDowell et al., 2009). Climatic conditions may also be less
favorable for establishment and growth at trailing edge locations
(Breshears et al., 2008; Hill et al., 2023). Following a stand-replacing
disturbance, like the high severity fires increasing in size and fre-
quency across California (Miller and Safford, 2012; Miller et al., 2012),
many conifers in arid locations may be unable to regenerate naturally
(Clark et al., 2021; Davis et al., 2019; Pozner et al., 2022; Rother and
Veblen, 2016; Stevens-Rumann and Morgan, 2019; Stewart et al., 2021).
Further, when an order comes into a nursery for seed or seedlings, a
nursery manager checks the location of the request and, traditionally,
tries to use seed from the same area or one nearby to fill the request.
However, there is some acceptance of transferring seed/seedlings from
lower elevation source locations to higher elevation planting locations
as a form of climate-anticipating reforestation (St. Clair et al., 2022). As
remaining low-elevation, hot and dry stands may be the best available
sources for climate-optimized seed (Martinez-Berdeja et al., 2019; St.
Clair et al., 2022), the urgency to collect from these at-risk locations
increases. In sum, our approach addresses the potentially amplifying
demand for seed from low elevation stands, to prepare for a future in
which at-risk seed sources may no longer persist.

Nurseries tasked with reforestation in California use a map that splits
the state into seed zones and 500-foot (152.4 m) elevation bands. Seed
zones were originally drawn in 1946 (Fowells, 1946), and have gone
through several revisions, the most recent in 1970 (Buck et al., 1970).
There are 87 seed zones and 1212 seed zone x 500-foot (152.4 m)
elevation bands (hereafter, “SZEBs”) across California. These spatial
units have been used to catalog the collection locations of conifer seed
lots stored in nursery freezers, and in selecting seed lots to fill orders for
seed or seedlings.

Our primary objective with this work was to provide a geographic
selection analysis that can help to target, or triage (Bottrill et al., 2008),
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searches for Pipo seed by ranking risks to SZEBs from climate change
and severe wildfire, as well as operational factors like seed demand for
each seed zone (CAL FIRE’s internal assessment) and the current in-
ventory (California Department of Forestry and Fire Prevention, 2023)).
We conducted an assessment of the SZEBs that contain the most envi-
ronmentally at-risk Pipo and combined it with a rank order of seed need
to generate a mapped ranking of priority areas for scouting Pipo seed
crops across California. To do so required answering the following
questions.

1) What is the existing range of Pipo in California and what SZEBs does
the range intersect?

2) What is the relative risk from climate change and high-intensity
wildfire for the extent of ponderosa pine in each SZEB?

3) What is the relationship between environmental risks and opera-
tional seed needs?

4) And, what are the highest priority scouting areas for Pipo in
California?

2. Materials and methods

We developed a geospatial dataset and protocol that uses climate
change risk, fire risk, and operational considerations (supply and de-
mand), to target the collection of additional Pipo seed. We first gener-
ated a best-available, observation-based map of Pipo’s distribution
within California using several high-quality vegetation datasets. We
then projected climate exposure to each grid cell across the identified
Pipo range for a single climate model and emissions scenario through the
end of the century. Climate risk and a proxy for high intensity fire risk
were then combined into a rank-ordered overall risk category for each
SZEB that intersected with the identified Pipo range. The final step in
our selection process was to compare the SZEB risk rankings with three
rankings for seed supply and demand at the LA Moran Reforestation
Center, CAL FIRE’s tree nursery in Davis, California. Once all SZEBs
were ranked, as described in more detail below, we assessed access to
show how the framework might be used to further efficiencies in
scouting for and collecting Pipo seed. Because the SZEB framework
currently uses Standard metrics for distance and elevation, we use feet
and miles in some of the following calculations.

2.1. Ponderosa pine range map development

We wanted a map that portrays a single species’ range, rather than
one based solely on vegetation types that might contain the species. The
reasons for this were to quantify our rankings as accurately as possible
and ensure that all SZEB areas that intersect with the Pipo range were
included. The map aims to err towards including rather than excluding
potential range so as to capture as many stands as possible but exclude
areas where the species is not found, to make the scouting effort more
efficient. Although errors of commission (inaccurately assigning pres-
ence to our species range map) were not desirable (Di Marco et al.,
2017), errors of omission (inaccurately assigning absence to our map)
were even less desirable as they could eliminate high-risk seed sources
from the assessment.

We constructed the Pipo range map for California by combining data
from several vegetation surveys. The primary source used was a digi-
tized Pipo range map (Pawlak et al., 2023) derived from the Griffin &
Critchfield (G & C) atlas of California tree ranges (Griffin and Critch-
field, 1972). We then updated the range by removing and adding loca-
tions using a series of other spatial data.

To refine the G & C digitization and remove raster cells unlikely to
include Pipo, we first excised any raster cells outside its California
elevation range of 150 m—2300 m as noted in the Jepson Flora of Cali-
fornia (Hickman, 1993). We also excised grid cells which intersected
with tree or shrub California Wildlife Habitat Relationship (CWHR)
types from the most recent statewide vegetation map Fire and Resources
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Assessment Program (FRAP, 2016) for which Pipo was not noted in the
type description as a typical species (California Department of Fish and
WildlifeBiogeographic Data Branch, 2021). Excised CWHR types
included (e.g.) Alpine Dwarf Shrub (ADS), Alkali Desert Scrub (ASC),
and Chamise-Redshank Chaparral (CRC; full list in SM Appendix 2).

This process removed large sections of the Pipo range map. To ensure
we didn’t exclude any extents, we then added areas with more recent or
detailed datasets. We started by comparing the range map with 39
vegetation maps compiled by the California Department of Fish and
Wildlife’s (CDFW) VegCAMP, the Vegetation Classification and Map-
ping Program), which includes surveys by the National Park Service
(NPS). If Pipo areas in a vegetation map intersected with the G & C base
layer, we reviewed associated survey reports (SM Table 1) and added in
any vegetation type polygons for which Pipo was a documented
component. If survey reports were absent or vague, we assigned pres-
ence to CDFW/NPS survey vegetation types by conservatively inter-
preting the vegetation type descriptions in A California Manual of
Vegetation (Sawyer et al., 2009) and/or confirming with expert opinion.
An excel file that tracks the source of Pipo presence assignment for these
surveys is available as SM Table 1.

We then added in point observation data from herbarium records and
18 vegetation and forest plot surveys from numerous sources (e.g. Cal-
ifornia state vegetation mapping, National Park Service Inventory and
Mapping, and USDA Forest Service mapping and monitoring programs)
assembled over the last several decades (SM Table 2).

Finally, if Pipo was specifically labeled in polygons from the Wies-
lander vegetation type maps from the 1930s (Thorne and Le, 2016), we
also added back in those polygons. A complete list of our sources appears
in Supplemental Tables for polygon and point data (SM Tables 1 and 2)
and a text document describing our decision protocols is included as
Supplemental text (SM Appendix).

2.2. Climate change risk index

For the climate change risk assessment, we applied a place-based
climate exposure analysis that portrays variable risk within a specific
vegetation type’s range to the newly defined Pipo range (Thorne et al.,
2015, 2018, 2020; Munoz-Saez et al., 2021; Choe and Thorne, 2019;
Hidalgo-Triana et al., 2023). Data for ten hydro-climatic variables were
generated using downscaling to 270 m grid resolution and the Basin
Characterization Model (BCMv8, Flint et al., 2021) for a baseline time
period (1981-2010) and for three future time periods (2010-2039,
2040-2069, and 2070-2099). The BCM variables used were the annual
30-year averages for: minimum temperature (tmin), maximum tem-
perature (tmax), precipitation (ppt), potential evapotranspiration (pet),
actual evapotranspiration (aet), climatic water deficit (cwd), snowpack
(pck), groundwater recharge (rch), runoff (run), and soil water storage
(str).

For historical precipitation and air temperature we used data from
the Parameter Regression on Independent Slopes Model (PRISM; Daly
et al., 2008). PRISM data has the highest accuracy for precipitation and
high accuracy for temperature among five gridded renditions of Cal-
ifornia’s historical climate, when compared to 1231 California weather
stations (Stern et al., 2022). We statistically downscaled PRISM data
from 4-km to 270-m (Thorne et al., 2020). For the future, we selected a
relatively hot and dry global climate model (MIROC-ESM; Watanabe
et al.,, 2011) and a high emissions scenario (Representative Concentra-
tion Pathway RCP 8.5; Thorne et al., 2020). Selection of a hot and dry
future is a conservative approach, if future warming is less, or future
precipitation more than in the model we selected, those should, theo-
retically, reduce direct climate stress on ponderosa pine. However, we
cannot be assured of this, and so the selection of a hot and dry future is a
conservative approach when considering a risk ranking for climate
change stress.

Data from all time periods were extracted for 100,000 randomly
selected points across California. The points were tagged as being within
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or beyond the Pipo range, and were inputted to a principal component
analysis to define California’s two-dimensional hydro-climatic space,
which includes the Pipo range. From here, the baseline time period
climate of each Pipo grid cell was ranked according to the frequency
with which that climate occurred across grid cells in the ponderosa pine
range. Climates found up to 80% of the time in the 1980-2010 period
were considered not climatically stressful. Those occurring only 5% of
the time were considered climatically stressful and classed as climate
risky parts of the Pipo range.

The future climate projected for each grid cell was ranked using the
baseline climate frequency class. When a cell’s climate in one of the
three future time periods became climate conditions found in only the
5% least-frequent baseline conditions, or fell outside all baseline cli-
mates (non-analog, NA), we classified the cell as climate risky. Any cells
that fell or transitioned into climate conditions between stable and risky
(80-95%) were classified as moderately risky. The average exposure
score of all Pipo grid cells in each SZEB was then calculated for each of
the 4 time periods using a zonal mean, and the mean value from each
time period was classified into not stressful, moderately stressful, or
highly stressful, and assigned to the SZEB.

The frequency distribution generated by this climate exposure
analysis is two-tailed. A climate can be infrequent across a species’ range
because it is on the wet/cold end of the distribution or the hot/dry end of
the distribution. To focus our results away from areas with starting
conditions on the wet and cold end of the range, we used the distribu-
tions of tmin and ppt in the baseline time period (1980-2010) to move
the coldest 10% and the wettest 10% of SZEBs to the bottom of our
rankings (assigning a value of 0).

Although we did not want to exclude any areas which might have
recently supported Pipo from the range maps used to define its climate
space, we also did not want to prioritize areas for cone scouting recently
burned at high severity or currently occupied by human land uses. High
severity burn areas were identified using the Monitoring Trends in Burn
Severity dataset for 1984-2021 (MTBS, 2022) and the Rapid Assessment
of Vegetation Condition After Wildfire (RAVG) dataset for 2022 (U.S.
Forest Service, 2023). Areas occupied by human land uses were identi-
fied using the FRAP Fveg map (FRAP: Fire and Resources Assessment
Program, 2016). After removing areas burned at high severity or
currently occupied by human land uses like Urban (URB) and Pasture
(PAS), any SZEBs with 1 grid cell or less remaining were also bumped to
the bottom of our rankings (assigned a value of 0).

Due to either wet/cold conditions or low areas, a total of 184/
740SZEBs were limited to the lowest climate risk category regardless of
their climate exposure values. Before any high severity burn or land use
types were removed, 47/740 SZEBs were represented by a single grid
cell. We did not incorporate the same wet/cold limitation into the
wildfire rankings (below) but we did incorporate the same high burn
severity and land use/area-based limitation.

Our final ranking of climate change exposure risk assigned a value of
0-5, as follows: 0 = low exposure or limited priority; 1 = never exceeds
moderate exposure; 2 = high exposure by 2070-2099; 3 = high exposure
by 2040-2069; 4 = high exposure by 2010-2039; and 5 = high exposure
in the baseline time period 1980-2010.

2.2.1. High-severity wildfire risk index

To assess the risk of high intensity fire to each grid cell, we generated
a proxy for potentially high fuel loads or stand densities by comparing
the years since an area last burned to the historic fire return interval. The
assumption is that landscapes which are overdue for a burn, relative to
pre-colonization fire frequencies, are at higher risk.

We used two fields from a preexisting Fire Return Interval Departure
(FRID) dataset (Safford et al., 2014). These fields were Time Since Last
Fire (TSLF), updated through 2021 at the time of this analysis, and mean
reference fire return interval (meanRefFRI). To accommodate fires from
2022, we combined the data in the FRID TSLF field with all
fire-impacted cells in the RAVG raster for 2022 (U.S. Forest Service,
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Fig. 1. The 2023 range map for ponderosa pine in California (a) and the seed zones and elevation bands used in nursery seed lot catalogs (b). Numbers on the right-

hand image are the identification number of each seed zone.

2023), setting these cells to a TSLF value of 1 and adding 2 to all TSLF
data derived from the FRID dataset. We then used the following formula
1 - (TSLF/meanRefFRI) to estimate relative fuel accumulation, and
assess the risk to each cell within the identified Pipo range. A few cells
could not be assigned as they didn’t have an underlying fire return in-
terval value. These cells are coded with values of —999.

We then calculated a mean value for the Pipo grid cells within each
SZEB, first converting any negative values (i.e. within the range of pre-
colonization fire return intervals) to zeros so that very large negative
values would not render means meaningless. SZEBs with one Pipo grid
cell or less were bumped down in the rankings into a “very low” high
intensity fire risk category, regardless of mean relative fuel load values.

The final wildfire risk ranking assigned a value of 0-3 to each SZEB
as follows. If the resulting mean value for all Pipo grid cells in a SZEB
was less than or equal to O then, on average for that SZEB, the most
recent fire was within the range of precolonization fire return intervals
and the final wildfire risk ranking was 0 = very low. If the resulting
mean value was less than or equal to 0.33 but greater than 0, then the
mean time since last fire was up to 1.5 x the precolonization fire return
interval and the ranking was 1 = low. If the resulting mean value was
less than or equal to 0.67 but greater than 0.33, then the mean time since
last fire was 1.5-3 x the precolonization fire return interval and the
ranking was 2 = moderate. If the resulting value was greater than 0.67,
then the mean time since last fire was more than 3x (up to ~10x) the
precolonization fire return interval and the ranking was 3 = high.

2.2.2. Combining climate and wildfire intensity risk

We created a combined risk index by adding the climate change risk
index and the high-severity wildfire risk index at the SZEB level. This
created a ranking from O to 8, representing the various combinations of
risk, with 0 being very low and 8 being high.

2.3. Operational needs assessment

To better integrate the risk assessment with ongoing nursery prac-
tices, we developed three indices of operational seed needs: seed zones

from which the LAMRC receives a high number of seed or seedling re-
quests; a CAL FIRE estimate of the bushels of seed needed to reforest
25% of non-industrial privately-held forested lands (California Depart-
ment of Forestry and Fire Prevention (2023); and, a ranking of the
bushels of ponderosa seed available per SZEB in the LAMRC’s inventory.
These categories represent priorities that the LAMRC already considers
when determining areas for cone crop scouting.

The following describes the rankings in each index:

High-demand seed zones — Based on the number of requests, we
ranked seed zones as: High = 1 or Low = 0.

Reforestation targets — We ranked the estimated number of bushels
(a term deriving from the volume of the baskets used when collecting
conifer cones, equal to about 0.04 m®) needed for reforesting conifer
extents in each SZEB as follows: 0 needed = 0; 0-10 = 1; 11-50 = 2; or
>50 bushels = 3.

Inventory — We ranked the Pipo seed in the inventory in terms of
bushels as: 0 = 4; 0-10 = 3; 10-50 = 2; 50+ = 1.

Combining operational needs to rank-order ponderosa SZEBs — We
added the three categories together to create an index from O to 8,
representing different combinations of operational priority for seed
collection.

2.4. Overall rank order analysis

We used the SZEB rank values for combined climate and fire risk and
then combined operational priority to rank-order all 740 SZEBs. We
sorted the table (SM Table 3) first by risk and then by operational pri-
ority, high-to-low. This resulted in a sequentially ranked series for the
740 ponderosa SZEBs. The table can also be used to rank order the SZEBs
according to any of the individual or combination of metrics—climate,
fire, and/or the three operational categories.

2.5. Post ranking SZEB access analyses

We used Open Street Map (OpenStreetMap contributors, 2024) to
calculate both the linear extent of roads within the ponderosa range of



J.H. Thorne et al.

Journal of Environmental Management 373 (2025) 123654

198

0-2010

e,
o

it .
» ;Mn«:-f'%'
®
; s

2040-2069

2070-2099

e

e

km = fawn | 7 f [ 2
Exposure Score [ Seed Zones ___1500 Foot Elevation
0 -0.1 0.2-0.3 04-05 0.6-0.7 0.8-0.9 10.95 - 0.99 Ml NA
0.1-0.2 0.3-0.4 0.5-0.6 0.7-0.8 0.9-0.95 IN0.99 -1 Il Water

Fig. 2. Climate change exposure score for ponderosa pine’s range in 4 time periods. Increasing levels of high climate exposure are particularly evident in the
southern and lower-elevations of the range. The high exposure found in the northwest represents areas that are the 10% wettest and coolest of the range in the

baseline time period.

each SZEB and the area within 100m of a road. This can be used to
evaluate accessibility among similarly priority-ranked SZEBs. We also
show an example of how aerial imagery can be used to confirm that
stands are still extant in areas that are identified as high priority SZEBs
for cone scouting.

3. Results
3.1. Ponderosa pine range

Pipo range in California covers 62,456.9 km? and intersects with 740
SZEBs (Fig. 1). The extent of Pipo within a SZEB ranged from 519.9 to
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Fig. 3. The number and percentage of SZEBs in different classes of climate stress according to elevation (a & b) and by latitude (c). The red band and above show the
number or percentage of SZEBs that have high climate exposure ranking from 2010 (red). to 2040 (black), to 2070 (brown), to 2100 (pink). A total of 51 SZEBs
(40.5%) below 2000’ (610 m) are highly exposed during this time. The pattern is similar for SZEBs in the 2000-4000" (to 1219 m), 4000-6000" (to 1829 m), and
6000-8000° (to 2438 m) elevations, with 19.4, 25.4, and 23.9% of their respective SZEBs showing high climate stress by 2100. An average of 52.5% of the SZEBs in
southern California, between 32 and 36° latitude, have high climate exposure from now to the end of the century, compared to an average of 20.9% for those north of

36° latitude, which includes most of the Sierra Nevada Mountains.

Risk Category
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Fig. 4. Spatial ranking of high fire intensity risk to ponderosa pine cone crop collection areas. The map shows SZEBs within the ponderosa pine range assumed to
have high fuel loads based on time since last fire relative to pre-colonization fire return intervals. The priorities have been classed into four levels with highest priority

shown in red.

0.027 km?. Results for all SZEBs and metrics in this section are provided
in SM Table 3.

3.2. Climate exposure

By end-century, 182/740 ponderosa pine (24.6%) SZEBs are in the
high climate risk category for climate exposure. In the baseline time
period, 43 SZEBs were already at the hot dry margin. Another 46 SZEBs
enter this category by 2040, 31 more by 2070, and 62 more by 2099
(Fig. 2).

Of Pipo’s 126 SZEBs in the 0-2000 elevation band, 22 are at high
climate risk in the baseline time period (1980-2010), with 17 more
projected to move into high climate stress conditions by 2040; an
additional 12 join them by 2100, bringing the total number of low
elevation Pipo SZEBs to 51 (40.5%) by end-century (Fig. 3;

Supplemental Table 3). The remainder stay in low or moderate projected
climate stress. However, the progression of climate stress moving uphill
can be detected in that these elevation extents show a higher proportion
of SZEBs entering high climate stress by end-century, relative to the
number currently in high exposure.

3.3. Fuels and wildfire risk

For wildfire intensity risk, 135 of Pipo’s 740 SZEBs are in the highest
risk category, including 32 of the 126 below 2000’ (25%). Similar
numbers of SZEBs at high wildfire risk extend through elevations up to
8000’ (Fig. 4).

Eleven SZEBs have the highest risk profile for both wildfire and
climate, five in the 2000-4000’ elevation and six between 4000 and
8000’ (SM Table 3). An additional 65 SZEBs are in moderate wildfire risk
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Fig. 5. Spatial ranking of operational priority for ponderosa pine cone crop collection areas. The map shows the combination of three operational priorities used in
determining seed collection field efforts by the LA Moran Reforestation Center (seed orders, anticipated seed need for reforestation of private, non-industrial lands,
and current supply of seed lots in the repository. The map units shown are the 740 seed zone elevation bands (SZEBs) containing the range of ponderosa pine overlaid
by outlines of all seed zones (main map) and/or elevation bands (inset). The priorities have been classed into nine levels with highest priority shown in red.

and high climate risk. These SZEBs are distributed with 25 between
0 and 2000/, 10 from 2000 to 4000’, 20 in the 4000-6000’ range and 10
above 6000’. Finally, 35 SZEBs have low wildfire intensity risk, but high
climate exposure, 30 of which are between 2000 and 4000°.

3.4. Operational priority rankings

250 Pipo SZEBs are in seed zones where landowner demand for seed
has historically been high.

Of the 740 total Pipo SZEBs, 76 are expected to require more than 50
bushels of seed to reforest 25% of their forested areas and another 137
are expected to need 10-50 bushels.

655 of the 740 SZEBs have no seed supply in the LAMRC inventory
and 26 more have low supplies, <10 bushels.

Combining operational priorities identifies 13 SZEBs in the highest of
8 operational need classes, 60 in the 2nd highest class, and 211 in the
3rd highest class (Fig. 5).

3.5. Combined ranking framework

The final categorical combination ranks all Pipo SZEBs for both risk

and operation (Fig. 6). The top 11 SZEBs in the highest climate-fire risk
category (8), fall into operational priority category 6 (of 8) or lower.
Similarly, the top 13 SZEBs in the highest operational priority category
fall into relatively low climate-fire risk categories, although 4 fall into
our highest fire risk class. Summing these 24 SZEBs in independently
ranked highest climate risk, fire risk, or operational priority categories,
23 have no seed in the inventory.

We used available road datasets to assess road lengths within the
Pipo range, which covers 107,632 km. A 100m buffer on these roads
shows that 17,100 km? of Pipo range could potentially be viewed from
the roads (e.g. Fig. 7). There are 45 SZEBs with no roads in Pipo. Among
the others, mean road extent is 155 km. Among the SZEBs with the
highest combined climate and wildfire risk, road access in their Pipo
areas ranges from O to 120 km. Among the 13 SZEBs with highest
operational priority, road access ranges from 12 to 1251 km.

Of the top 11 priority SZEBs for climate-fire, roads in their Pipo ex-
tents that measure more than 1 km are found in 7, with lengths from 2 to
22 km. The 13 highest operational priority Pipo areas in SZEBs all have
road access, ranging from 0.29 to 120 km lengths.
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Fig. 6. Spatial ranking of combined risk and operational priorities for ponderosa pine cone crop collection areas. The map shows seed zone elevation bands (SZEBs)
containing ponderosa pine range order-ranked from 1 to 740 by the combination of climate exposure risk, wildfire risk and three operational priorities (seed orders,
anticipated seed need for reforestation of private, non-industrial lands, and current supply of seed lots in the repository. Here the 740 SZEBS are classed into 10%
intervals, with the 74 highest-priority SZEBs shown in red. Post-ranking analysis: road access and visual inspection.

4. Discussion

Overall, there is a poor overlap between SZEBs at high risk and those
with high operational priority. This is exacerbated by the low numbers
of seed lots in the LAMRC’s overall seed inventory. In particular, areas in
the Transverse ranges and southern California already exhibit high
levels of risk, and are poorly represented in the state’s seed inventory. It
is possible that federal or private timber companies’ seed banks for Pipo
have better representation for these areas, but this study did not have
access to those records, pointing to the need to build a comprehensive
inventory of seed lots in repository, particularly with regards to inten-
sifying climate change trends.

The spatial pattern of projected stressful climate exposure across
Pipo range is consistent with general observations that vegetation shifts
upslope (Breshears et al., 2008) and that tree species show varying levels
of latitudinal migration in North America (Sharma et al., 2022). This
phenomenon is widely observed in California, for Pipo (Thorne et al.,
2008; Hill et al., 2023), other tree species (Wright et al., 2016), and for
4426 native plant species in California, whose ranges have moved up-
slope an average of 13 m over the past century (Wolf et al., 2016).
Overall, we found that about 40% of the Pipo range in SZEBs below

2000 is either already in or will be in high climate exposure by
end-century, while 52% of California’s mountain region Pipo in the
southern third of the state (south of 36° latitude) are already or will be at
high levels of climate stress by end century. Ponderosa pine’s lower
elevation and latitudinal range retractions are represented here by high
climate exposure advancing upslope and into the 36-38° latitude zones
over the remainder of this century (Fig. 3).

The projected increase in climate stress to California Pipo stands at
southern and lower elevation locations provides incentive to ensure
remaining stands are surveyed for cone crops; a motivation that in-
creases when considering the rapid expansion of wildfire extents over
the past decade (California Department of Forestry and Fire Prevention,
2022), operational seed needs, low seed inventories, and the potential
genetic value of seed lots from low elevations for use in climate change
anticipatory reforestation, wherein trees originating from hotter and
drier locations may be better adapted to future hotter and drier condi-
tions expected to occur at the planting site (Xu and Prescott, 2024).

The updated Pipo range map is the base for this study. We used Pipo
presence data to define the boundaries of land supporting the species,
and it was across this range that we assessed climate exposure and high-
intensity wildfire risk. Our mapping process of first cutting Griffin &
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Fig. 7. Screening prior to sending a cone crop survey. The figure shows part of seed zone 994 (upper left); lower left shows the areas within (red and tan) and outside
Pinus ponderosa range (grey). The large image shows a high-priority ranked area comprising 3 elevation bands from 3500 to 5000°. Their overall ranking (out of 740
SZEBs) is 66th, 35th and 122nd. The aerial imagery shows these stands have not been recently lost to disturbance. The roads show 18 km of vehicle access to assess
potential cone crops. The roads traverse areas with high current climatic exposed (aerial imagery unobscured) and an area projected to be highly exposed in the

2040-2069 time period (tan). Road length would permit roadside scouting of 5.4 km?

, indicated by the 100m buffer. If forest in the cross hatching is found to have

mature Pipo stands, those could be added to the range map. Once a survey was conducted in this area, notes on stand condition, potential future cone crop sites, and

other field data could be added to the GIS for future years.

Critchfield’s Pipo range map (1972) by its minimum elevation given in
the California flora (150 m, Hickman, 1993), then adding areas where
subsequent surveys detected the species, may have excluded some
low-elevation stands in southern California, if those had not been sur-
veyed after 1972. The same lower cutoff at higher latitudes, the range
spanning from 32 to 42° latitude, likely includes the majority of pon-
derosa stands. Although we did not further examine lands below 150 m
in southern California, much of those lands are heavily used by humans,
which we removed from range map when we removed landcover types
including urban and agriculture (SM Appendix 2).

New technologies in forestry are improving mapping precision and
accuracy, including drones for mapping post-wildfire vegetation growth
(Young et al., 2022) and LiDAR and hyperspectral imagery for mapping
structure and species across increasingly large areas (Qin et al., 2022).
Spatial modeling of single species’ ranges across large areas has pre-
dominantly relied on statistical models including wide-ranging plot--
based efforts (Riley et al., 2021) and hybrid projects that combine
satellite imagery and plot data (e.g LEMMA GNN; https://lemma.fore
stry.oregonstate.edu/data). Our approach contrasts by compiling mul-
tiple map- and point-based records that represent true-positive presence
locations, which for California represents the first updated Pipo range
map in 52 years (Griffin and Critchfield, 1972). We primarily used this
approach in order to explore the spatial patterns of climate stressors
within the known range. This place-based approach aligns with the need
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of forest management to understand how climate change stress varies
across the lands they manage, which can inform the selection of adap-
tation management strategies including prioritizing areas to scout for
cone crops. The range map also provides a spatial baseline for further
range modifications from additional surveys and monitoring, particu-
larly given the rapid increase in mapping technologies, geospatial
computing capacity and inventory approaches.

The integration of remote sensing that can identify forest structure,
fuels, and productivity of individual stands within the mapped Pipo
range also represents a promising way to further improve the assessment
of risks within an existing range. Operationally, inclusion of these types
of data, as well as local knowledge, may already be possible for indi-
vidual national forests or at sub-watershed scales. Foresters planning
seed collection campaigns within their areas of responsibility may have
the opportunity to incorporate such data. For example, they may also
already be familiar with zones in their areas that are more or less pro-
ductive for Pipo, or in which other risk factors such as bark beetles (Raffa
et al., 2008) should be considered.

The operationalization of climate-adaptive reforestation also re-
quires integrating anticipated future conditions and ecological forecasts
which can benefit from technologies like GPS to better record the lo-
cations of collected seed lots, rather than the large areas encompassed in
SZEBs. Seed lots registered with stand level precision would permit more
precise assessment of which seed lots are best suited for climate-
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adaptive planting (Young et al., 2020), and would be a suitable addition
to web-based tools such as the Climate Adaptive Seed Tool (https://refo
restationtools.org/climate-adapted-seed-tool/) or the seed lot selection
tool (St Clair et al., 2022; https://seedlotselectiontool.org/sst/) that
assist reforestation practitioners. However, even while incorporating
more accurate methods and technologies going forward, it is also
necessary to retain legacy seed lot records that historically recorded seed
lot locations using the Bureau of Land Management’s Public Lands
Survey System subdivisions of Township Range and Section (TRS; FGDC.
gov, https://www.fgdc.gov/standards/projects/cadastral/index_html),
whose minimum area covers one square mile. For example, 738 (66%) of
the LAMRC’s seed lot inventory in 2022 are registered only by TRS lo-
calities, 15 seed lots by latitude and longitude, the remaining locations
are by place or person name, and 14% of its 334 Pipo seed lots were
collected in 1980 or earlier.

Spatial risk-ranking of SZEBs addresses one step of the reforestation
cycle at which climate change and other factors can be incorporated, the
seed collection step. Because these stands are predominantly at low and
hot elevations, their seeds may also be needed for climate adaptive
planting (Young et al., 2020; St. Clair et al., 2022) by matching them to
sites where future conditions will be as hot as the low elevation sites
where the seeds were collected are today. Some site-specific variability
in ponderosa traits may be genotype- or location-specific
(Martinez-Berdeja et al., 2019; Ramirez-Valiente et al., 2021). To
ensure that these evolved traits are represented in seed inventories for
future plantings, increased seed collection efforts are needed, particu-
larly for areas at high risk of loss and that are underrepresented in the
current seed inventory.

5. Conclusions

Reforestation nurseries manage complex programs to collect,
accession, and store seed; process orders and select seed lots; and grow
and distribute appropriate seedlings for field operations. These pro-
cesses are challenged by a warming climate, changes in precipitation
patterns and wildfires. We examined one of the first steps in reforesta-
tion operations by combining CAL FIRE’s LA Moran Reforestation
Center’s seed inventory with climate change projections and risk of
high-intensity wildfire for the seed zone elevation bands that make up
the spatial units the nursery uses. We found spatial prioritization for
ponderosa pine based on risk identified areas not identified when using
nursery operational priorities related to seed supply and demand.
Combining individual objectives in rank-ordered classes permits the
incorporation of risk-based metrics into route-planning for cone crop
surveys. Additionally, use of road networks and aerial imagery permits
pre-field assessment of whether ponderosa stands are accessible and still
extant in areas that are selected. Overall low inventories of seed and
increasing risk make incorporating such efficiencies a useful contribu-
tion to the early steps in the reforestation process.

Further efficiencies in scouting for cones could include keeping re-
cords of routes travelled during surveys, areas surveyed, stands
observed, and observations of the level of cone production by species on
a yearly basis. Similarly, spatial updates of wildfire and potentially other
types of tree mortality (e.g. bark beetle attacks) could improve the ef-
ficiency of seed collection efforts.
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