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Abstract

Background Live fuel moisture contributes to wildfire spread and reflects plant stress and physiological traits. The
anticipated change in live fuel moisture under future conditions is likely non-linear, owing to physiological plant
thresholds in water hydraulics. We constructed a mechanistic model of live fuel moisture’s response to water stress

to understand the impact of future climate on live fuel moisture. We first gathered data on plant physiology and live
fuel moisture for Pinus ponderosa at Bandelier National Monument, NM, USA, and modeled their relationship. We

then parameterized a mechanistic plant hydrodynamics model (FATES-HYDRO) to simulate changes in plant stress
and a statistical model to simulate the resulting impact on live fuel moisture. We then simulated FATES-HYDRO

under future climate anomalies (SSP2-4.5 and SSP5-8.5: 2080-2100) to understand the change in plant stress and esti-
mate its impact on live fuel moisture.

Results We found that the number of days below crucial thresholds of live fuel moisture (100% and 79%) increased
from contemporary levels (< 100%: 72 days, < 79%: 1.4 days) under SSP2-4.5 (< 100%: 185 days, < 79%: 10.2 day)

and increased exponentially under SSP5-8.5 (< 100%: 215 days, < 79%: 65 days). We found that gross primary produc-
tivity decreased under both future climate scenarios (contemporary: 336 g C m~2, SSP2-4.5: 203 g C m~2, SSP5-8.5:
243 g C m™2); however, spring productivity increased under SSP5-8.5, potentially altering fuel loading. We additionally
see a potentially lethal loss of conductivity in hydraulic P ponderosa under SSP5-8.5.

Conclusions The overall increase in plant water stress (as represented by loss of hydraulic conductivity and leaf water
potential) and lower live fuel moisture appear to be driven by reduced precipitation during late summer monsoons
typical of the region, extending the fire season later in the year. We predict increasing variability in the P ponderosa
wildfire regime under both climate projections driven by changing productivity, rising mortality, and an overall
decrease in live fuel moisture.
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Resumen

Antecedentes La humedad del combustible vivo contribuye a la propagacién de los incendios vy refleja el estrés

de las plantas y sus caracteristicas fisiolégicas. El cambio anticipado en el contenido de humedad bajo condiciones
futuras es probablemente no linear, debido a los limites fisiolégicos de las plantas en la hidraulica del agua. Construi-
mos un modelo mecanistico del contenido de humedad del combustible vivo en respuesta al estrés hidrico, para
entender el impacto del clima futuro en la humedad del combustible vivo. Primeramente tomamaos datos sobre la
fisiologia de las plantas y sobre la humedad del combustible vivo de pino ponderosa en el Monumento Nacional de
Bandelier en Nuevo México, EEUU, y modelamos sus relaciones. Luego parametrizamos un modelo mecanistico de
la hidrodindmica de las plantas (FATES-HYDRO), para simular cambios en el estrés de las plantas y en el contenido

de humedad del combustible vivo. Simulamos luego FATES-HYDRO bajo las anomalias de cambio climético a futuro
(SSP2-4.5 y SSP5-8.5: 2080-2100) para entender los cambios en el estrés de las plantas y estimar el impacto en sobre el
contenido de humedad del combustible vivo.

Resultados Encontramos que el nimero de dias por debajo de los limites cruciales de humedad del combustible
vivo (100% y 79%) se incrementaron desde valores contemporaneos (< 100%: 72 dias, < 79%: 1.4 dfas), bajo el SSP2-4.5
(< 100%: 185 dias, <79%: 10.2 dias), y se incrementaron exponencialmente bajo el SSP5-8.5 (< 100%: 215 dias, < 79%:
65 dias). Encontramos que la productividad primaria total decrecia bajo los dos futuros escenarios climaticos (contem-
poréneo: 336 g C m? 203 g C m™en SSP2-4.5,y 243 g C m™ en SSP5-8.5). Sin embargo, la productividad primaveral se
incrementaba bajo el escenario SSP5-8.5, alterando potencialmente la carga de combustible. Vimos adicionalmente
una potencialidad letal de la conductividad hidrdulica de pino ponderosa bajo el escenario SSP5-8.5.

Conclusiones El aumento generalizado del estrés hidrico en plantas (representado por una pérdida en la conductivi-
dad hidraulica y en el potencial agua de las hojas) y una menor humedad del combustible vivo, parece ser conducido
debido a la reduccién en la precipitacion por los monzones tipicos durante el verano tardio en la region, extendiendo
la estacion de incendios por mas tiempo en el afo. Predecimos una variabilidad incremental en el régimen de incen-
dios de pino ponderosa bajo ambas proyecciones de cambio climatico, motivados por cambios en la productividad,

el incremento en la mortalidad, y un generalizado decremento en la humedad del combustible vivo.

Background
Future climate presents a unique challenge to the predic-
tion of wildfire behavior, as fuel (the combustible mate-
rial in wildfire) and its characteristics (e.g., flammability)
are a product of complex interactions between plant
demographics, plant physiology, and environmental con-
ditions (Littell et al. 2016; Higuera et al. 2015). Warming,
drought, and increased CO, levels may all have inde-
pendent effects on plant physiology and can result in dif-
ferent vegetative assemblages, both of which affect fuel
quantity and moisture (Swann et al. 2023; Flannigan et al.
2016; Abatzaglou et al., 2018). The impact of a future cli-
mate on fire risk may also depend on precipitation tim-
ing and amount (King et al. 2013, Westerling et al., 2006).
For example, greater rainfall before the fire season and
increased warming could contribute to a greater accu-
mulation of fuel that can ultimately increase fire spread
(Dennison & Moritz 2009). Meanwhile, warming could
also cause earlier snowmelt and increase water deficits,
causing fuels to dry more readily and decreasing fuel
moistures during fire season (Westerling 2016).

Live fuel moisture content (LFMC) is the amount of
water in living plant tissues (i.e., the ratio of remov-
able water compared to dry weight) and is crucial to the

prediction of climate impacts on fire regimes. Higher
LEMC typically corresponds to lower flammability due to
the energy required to evaporate the moisture before bio-
mass can reach combustion temperatures (Rossa et al,,
2016). LEMC has been shown to be a key predictor of
fire spread and ignition, contributing exponentially to fire
spread both in field and laboratory settings in fuel beds
with large live fuel fractions (Dennison & Moritz 2009;
Rossa et al., 2016; Chuvieco et al. 2009). Traits related
to water acquisition, storage, and use within plants (i.e.,
minimum and predawn leaf water potential (LWP), and
cuticular conductance, the water loss when stomata are
closed) have been shown to correlate with LFMC in ter-
minal shoots in semi-arid plants (Pivovaroff et al. 2019).
Differences in rooting depth and xylem architecture can
also influence plant water storage and LEFMC (Agee et al.
2021). Thus, various species with unique drought adap-
tations and hydraulic strategies may have varied LEMC
responses to climate, resulting in varied LEMC under
the same meteorological conditions (Pivovaroff et al.
2019; Matheny et al. 2017). Traditional fire risk indices
are calculated through empirical relationships derived
exclusively from weather and seasonal timing (cFWI: Van
Wagner, (1974); GSL: Jolly et al. 2005); while these have
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been used to estimate the change in future fire risk, they
do so without considering the crucial thresholds that
plants may cross (Bobribb and Holbrook et al.,, 2003);
Nolan et al., (2020). Key to predicting fire behavior is an
understanding of how the plant carbon and water cycles
alter fuel availability (live or dead vegetation available to
burn) under non-analog climate conditions (Jolly and
Johnson 2018; Dickman et al. (2023).

The temporal response of plants to weather, soil con-
ditions, and the resulting soil water availability is non-
linear owing to plant physiological response. Plant traits
can determine when plants close their stomata, how they
draw down water from their leaves, and their thresholds
for mortality (McDowell et al. 2008a, b). Plants respond
non-linearly to changes in precipitation, temperature,
and vapor pressure deficit (VPD) from the atmosphere,
increasing transpiration but also by closing their stomata,
limiting transpiration (Grossiord et al. 2020; Novick
et al. 2024). Further, an increase in drought stress results
in greater plant mortality which can lower overall fuel
moisture both in the short and long term (Ruffault, et al.
2022).

Due to the complex interactions between future cli-
mate and plant physiology, we need mechanistic mod-
els of plant physiology to capture changes in LFMC and
predict the impact of future conditions on fire spread.
The use of mechanistic models can provide methods by
which to project LEMC while accounting for species-spe-
cific responses to soil water deficits (Cakpo et al. 2024,
Ruffault et al.,, 2023; Ma et al., (2020), warming tempera-
ture, and increases in atmospheric CO, levels (Balaguer
Romano et al,, 2023). The addition of species-specific
traits is crucial as they control water maintenance and
thus the water content and necrosis of live fuels (creating
dead fuels; Ruffault et al., 2023).

To understand one driver of future fire behavior under
future conditions, we collected data on the change in
LEMC as a function of physiological conditions and then
simulated how LFMC would change under future cli-
mate. Throughout one growing season (March—October
2023), we examined Pinus ponderosa forests in Bande-
lier National Monument. P. ponderosa is a useful indi-
cator species as it is widespread throughout the Rocky
Mountains, ranging from Montana to northern Mexico
and east to Texas (Oliver et al., 1990), with sub-species
found throughout the Eastern Cascades of Washing-
ton, Oregon, California, and British Columbia. P pon-
derosa is classified as being fire dependent due to being
light intolerant (Arno et al. 1995) and as fire adapted
with thick bark, self-pruning limbs, and an expected
5-20-year fire return interval. P ponderosa is an isohy-
dric species (McDowell et al. 2008a, b), which main-
tains relatively constant minimum LWP by reducing

Page 30f 18

stomatal conductance under elevated temperature and
drought conditions to minimize water loss. This strategy
is thought to reduce the risk of hydraulic failure, though
more recent work suggests that stomatal behavior may
not be a reliable indicator of embolism resistance (Gar-
cia-Forner et al. 2016). P. ponderosa is also thought to
demonstrate enhanced capacity for water storage (Car-
nwath et al. 2012); Stout and Sala (2003) and has been
shown to use hydraulic redistribution to move water
from lower to upper soil layers under drought (Warren &
Meinzer, 2006), further limiting its exposure to hydraulic
failure. However, cuticular conductance (Kerstiens 1996,
Running, (1976) and leaky roots (as evidenced through
hydraulic redistribution; Caldwell et al. (1998) may con-
tribute to increased water stress following stomatal clo-
sure. Generally, the growing season predawn LWP is
between —0.5 and —2.0 MPa (O’Hara and O’Hara, (2002).
Assimilation and stomatal conductance are typically
higher during the early part of the growing season and
diminish in the later growing season (Grulke and Rezlaff,
2001). Average water-use efficiency in P ponderosa for-
ests is between 4.4 and 4.7 mmol CO, per mol H,O
(O’Hara and O’Hara, 2002).

LFMC samples were collected monthly, along with
plant physiological parameters that are indicators of
change in LFMC (minimum and predawn LWP and sto-
matal conductance (G,)). We used this data to constrain
the parameters of a plant hydrodynamic model, FATES-
HYDRO (Xu et al. 2023). We then modeled the plant
physiology of P. ponderosa under two future climate sce-
narios (shared socioeconomic pathway: SSP2-4.5 and
SSP5-8.5; years 2080-2100) to understand how future
plant stress will be altered and the subsequent impact on
LEMC.

Methods

Field site and sampling

Data was collected at Bandelier National Monument in
Northern New Mexico, USA (Fig. 1). The study was per-
formed on four plots selected near long-term Bandelier
Fire Ecology plots (Walker et al. 2018). Historically, fire
regimes in the southern Rockies and New Mexico typi-
cally occur early in the growing season, after snowmelt
and prior to the summer monsoons (July to August, Tou-
chan et al,, 1996). Lightning ignitions peak in June and
July, with 72% of burned area in New Mexico correspond-
ing to the June lightning ignitions (Touchan et al., 1996).
Large wildfire seasons often require correct climatic
sequencing, with a prior wet year providing sufficient
fuel and subsequent dry conditions leading to fire spread
(Margolis et al. 2017, 2017a). Monsoon-season drought
during the fire year is significantly associated with large
late-season fire occurrence (Margolis et al. 2017, 2017a).
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Fig. 1 Study sites in Bandelier National Monument, NM, USA

Within each of the four plots, we selected four P. pon-
derosa trees for intensive measurement. Samples of LWP,
G,, and LFMC measurements were retrieved from the
canopies of mature P. ponderosa trees five times over the
course of the 2023 growing season. Predawn samples
were collected before civil twilight (4:00-7:00 MDT) and
midday samples were collected within approximately 1 h
of maximum diurnal temperature (11:00-14:00 MDT).
We used a Big Shot arbor slingshot (Notch Equipment,
Greensboro, NC, USA) to collect samples. Sampling was
targeted toward the mid-canopy to provide an intermedi-
ate measure between lower LMA bottom-canopy leaves
and higher LMA upper-canopy leaves. A rope saw was
used to harvest a sun-exposed (at midday), south-facing
branch, and two terminal shoot samples were collected
immediately or after G, measurement (LI-600 Porom-
eter/Fluorometer, LI-COR Environmental, Lincoln, NE,
USA) and placed in zip-top cooler bags to prevent mois-
ture loss prior to LWP and LEMC measurement. Samples
were transported to the lab for LWP measurement with a
Scholander-type pressure chamber (Kaufmann, Merrill &
Thor 1982); pressure chamber Model 1005, PMS Instru-
ment Company, Albany, OR, USA) within 2 hours of
sampling. Following midday LWP measurement, ~20 g
of needles were weighed and dried in an oven at 65 °C
to weight constancy and then reweighed (Stonex et al,
(2004); Zahn and Henson 2011). We obtained LEFMC per-
centage using Eq. 1.

Water Mass _

LFMC = 100 * = 100 *

Initial needle weight — Dried needle weight
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Fuel moisture modeling

Using field measurements, a statistical model of LEMC
was fit to represent the change in P ponderosa LEFMC as
a function of measured physiology. The statistical model
was fit using a general linear model of the predawn and
midday LWP and the midday G,. Analysis was conducted
using AIC, RMSE, and R? comparison within the sklearn
(Virtanen et al., 2020) and the statistical models packages
in Python 3.11 to select the most parsimonious and pre-
dictive model with the lowest error (Table S.4).

The FATES-HYDRO model is a hydrodynamic sub-
model with the E3SM-FATES model to simulate the
relationship between water content and water potential
(a continuous porous media approach) between four
tissue types within plants (absorbing roots, transport-
ing roots, stem, and branches). It uses this relationship
to simulate the relationship between water potentials,
hydraulic conductivity, and stomatal conductance. It
scales these calculations to the whole tree by account-
ing for the branching structure and height to tissue.
It further allows for direct comparison to common
measurements of LWP and stomatal closure. The water
potentials for specific tissues are calculated from rela-
tive water content based on three stages of water tissue
drainage. Stage one represents the water drawn from
capillary reserves when the tissue is at or above full tur-
gor. The second stage represents the stage between full
turgor and the turgor loss point when the total water

(1)

Dry Mass

Dried needle weight
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potential is a function of the solute and pressure water
potential (elastic cell drainage). The third stage is after
the turgor loss point but above the point of residual
water content, where the water potential is only a func-
tion of the solute water potential. Stomatal reduction is
based on a Ball Berry model which includes LWP, base
cuticular conductance, CO, levels, and atmospheric
pressure at the leaf surface which act to adjust the
photosynthetic rate within the FATES model and has
been shown to be the most appropriate stomatal model
for use in P. ponderosa (Misson et al. 2004). FATES-
HYDRO additionally accounts for root water loss under
prolonged drought conditions. For equations used to
govern these processes, please see Christoffersen et al.
(2016) and Xu et al. (2023).

The FATES-HYDRO model has more model param-
eters than could be directly measured in this study (Xu
et al. 2023); we instead use measurements to filter the
total trait space. In this process, we start with a range of
observable traits from observational studies that are fit
to statistical distributions. From these distributions, we
draw a large number of feasible trait combinations (in
this case 1000 simulations). These are then compared
to site-specific data gathered for the study. Models that
best represent the observations (in this case the top 1%
of models as assessed by normalized root mean square
error) are selected for hypothesis testing.

The FATES-HYDRO was initialized for Bandelier sites
using temperature (C°), precipitation (mm), relative
humidity (%), and solar radiation from ERA5 (2010-
2024; Hersbach et al., (2020). The soil texture was initial-
ized using the USGS soil survey (Soil Survey Staff, 2023)
using % sand (0-100 cm), % clay (0-100 cm), organic
matter (0—-100 cm), and runoff coefficients (stand level).
Stand densities (number of trees per meter at various
diameters) for the area were determined from the USFS
Forest Inventory and Analysis program beginning in
2010 (Gray et al., 2012).

Initial P ponderosa parameter ranges were gathered
through the TRY database (Kattge et al., 2020); these
include leaf water content apoplastic fraction, leaf elas-
tic modulus, osmotic potential at full turgor, xylem water
potential at which 50% of conductivity is lost (P50), vul-
nerability shape, photosynthesis carboxylation capac-
ity per leaf area at 25C (Vc,,,: Farquhar model), stem
specific density, and maximum hydraulic conductance
(Knay)- Additional values were found through literature
review: in this case, the water potential at which 50%
of stomatal closure occurs (p50,). We got initial ranges
of fraction of water in capillary reserve, xylem taper
exponent for sapwood, and specific leaf area from prior
FATES-HYDRO sensitivity analyses (Xu et al. 2023). Tur-
gor loss point is constructed within the exercise as the
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product of the osmotic potential at full turgor and the
bulk elastic modulus per Xu et al. (2023). See Table S.1
for explanation and Fig. S.1 for ranges tested and values
selected. These parameter distributions were then sam-
pled to construct 1000 parameter sets.

Each parameter set was run in FATES-HYDRO 2010-
2024 and compared to observations from 2023-2024.
These observations include field data (LWP and Gy),
as well as remotely sensed measurements of gross pri-
mary productivity (GPP: MOD17AH?2; Zhao et al. 2011)
and soil moisture (ERA5; Hersbach et al., (2020). These
were then compared with the observational data for G,,
predawn and midday LWP, ERA5 soil moisture, and GPP.
Some model bias exists for seasonal changes in produc-
tivity and LWP. We used total normalized RMSE used as
a loss function to equally weight the leaf measured obser-
vations (LWP, Gs, GPP) with overall ecosystem water use
(soil water balances). The top 1% of models were selected
as a representative trait ensemble for future simulation
based on total normalized RMSE.

Given that there are uncertainties in model parameteri-
zation from existing databases, we used this trait filtering
approach to select trait combinations that are consistent
with observed GPD, leaf water potential, and soil mois-
ture. Given the limited observations, we do acknowledge
that these combinations may not represent the “true”
trait combinations; however, we believe these are all
plausible combinations given the observed constraints
and acknowledge this as a source of uncertainty in our
representation of traits in the model system.

Climate modeling

To simulate future plant stress, we constructed tem-
perature, precipitation, and relative humidity anomalies
using CMIP6 model runs (Masson-Delmotte et al. 2021),
from select models (ACCESS-CM2, GFDL-ESM4, IPSL-
CM6A-LR, MPI-ESM1-2-HR, UKESM1-0-LL), under
SSP2-4.5 and SSP5-8.5. These models were selected as
they approximately span (2-5 °C) the very likely range
of equilibrium climate sensitivities (ECS, see Supple-
mentary Table S2), represented in the 2021 IPCC report
(2021 IPCCQ). For each model and scenario, the mean dif-
ference in weekly precipitation, temperature, and rela-
tive humidity between 1986-2006 and 2080-2100 were
calculated. These anomalies were then applied to the ini-
tial contemporary climate driver used in calibrating the
model, which was then rerun for each of the trait ensem-
bles selected for the years 2010-2024. CO, concentra-
tions under contemporary climate were set to 367 ppm,
while SSP2-4.5 and SSP5-8.5 were projected with CO,
concentrations at 603 and 1059 ppm, respectively.
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Data analysis

Simulations were then analyzed for change in LWDP,
Gs, GPP, and percentage loss of hydraulic conductivity
(PLC) for the years 2014-2024 to allow for model spin-
up. These analyses were used to infer changes in LFMC
based on the statistical model. We analyzed the num-
ber of days under critical fire spread LFMC thresholds
of 100% (likely to burn: Jolly (2007) and 79% (rapid fire
spread: Dennison & Moritz 2009), along with changes
in GPP, and risk of hydraulic failure (PLC>60%: Adams
et al. 2017 and PLC >88%: Choat et al., (2012) and thus
mortality. Using the stand level productivity and water
loss outputs from FATES-HYDRO, we additionally calcu-
lated the water-use efficiency (mmol carbon/mol water;
Briggs and Shantz, 1913) for each scenario to understand
the relative contribution of rising CO, levels in concert
with altered temperature and precipitation. The growing
season for analysis was defined as the months in which
80% of modeled GPP occurs (March—October).

Results

LFMC model fitting

Our statistical model of P. ponderosa LEMC was fit using
AIC as an inverse Gaussian function (Wald function:
LEMC~ (u, A), where p is a function of predawn LWP
(L\X/de, MPa), midday LWP (LWP,_ 4 MPa), and Gs
(mol H,0O m? s™; Table S.3) and showed general agree-
ment with observations (R?=0.31; Fig. 2), comparable to
previous models of LFMC (Nolan et al., 2020). None of
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the predictive variables shows strong correlation among
them (Fig. S.3). The final model had an MAE of 7.03%
and a RMSE of 9.13%. Mean residual is +0.21%, indicat-
ing very little overall model bias toward underprediction
(Fig. S.3, Table S.4). Given the limited data we collected
for this study, we chose to fit the model with all data
points. To understand prediction outside of training, we
did a bootstrap analysis where 30% of the data is with-
held from the fitting process and tested against a model
fit with the remainder. This was iterated with partitions
equal to the number of observations (n=38). The average
R? for the models fit using this process was 0.316.

FATES-HYDRO model fitting

We selected the top 1% FATES-HYDRO trait ensembles
(Table S.2) for future simulations based on the minimum
sum of normalized RMSE for monthly GPP, predawn
and midday LWP, midday G, and soil water content
at three layers (0-7 c¢cm, 7-28 cm, 28-100 cm; Fig. 3,
Fig. S.1). Mean RMSE were 90.52 g C m~> month™" for
GPP, 0.71 MPa for predawn LWP, 0.41 MPa for midday
LWP, 0.078 mol H,0 m? s~ for midday G, 0.06 m/m for
0-7 cm soil water, 0.04 m/m for 7-28 cm soil water, and
0.03 m/m for 28—-100 cm soil water (Fig. 3).

Future climate projections

The CMIP6 climate projections for Bandelier National
Monument indicate rising VPD, temperature, and
a reduction in precipitation (Fig. 4, Table S.5). The
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mean temperature increased ~2.1 °C under SSP2-4.5
and~4.1 °C under SSP5-8.5. The mean VPD increased
15.3% under SSP2-4.5 and 33.4% under SSP5-8.5. Pre-
cipitation decreased by 42.6% (395 mm a year) under
SSP2-4.5 and by 47% (430 mm per year) under SSP5-8.5.
Temperature change appears uniform throughout the
year; however, the biggest change in VPD occurs during
the summer months, which is also when precipitation
decrease is the greatest.

Anticipated change in live fuel moisture

The contemporary climate simulations (2014—2024) have
higher LEMC in all parts of the year, suggesting drier
future live fuels under both future climate scenario sim-
ulations. Mean monthly LEFMC of P. ponderosa ranged
from 97 to 223% under contemporary climate simula-
tions, 79 to 220% under SSP2-4.5, and 74 to 228% under
SSP5-8.5 (Fig. 5). Under contemporary climate, 1.4%
of the simulated days (averaging 5 per year) were spent
under the critical threshold of 79% LFMC, while 19.8%
of days (72 per year) were below the threshold of 100%

LFMC (Table 1; Fig. 6). In the SSP2-4.5 climate scenario,
P, ponderosa spent 10.2% of days (37 per year) below the
79% threshold and 42% of days (185 per year) below the
100% threshold. In the SSP5-8.5 climate projections,
P. ponderosa saw 17.8% of simulated days (65 per year)
under 79% LEMC and 58.6% of days (215 per year) under
100% LEMC.

Future plant stress projections

Much of the change in live fuel moisture in our simula-
tions is driven by increased plant water stress as seen in
the decline in midday LWP (Fig. 7). R ponderosa in the
contemporary climate scenario had a minimum LWP
of —3.41 MPa across 10 years. Under the SSP2-4.5 cli-
mate simulation, P ponderosa has a minimum LWP
of —3.51 MPa. In comparing 2023, under the contem-
porary climate, only 1 month had monthly mean mid-
day LWP<-2.0 MPa (August) while SSP2-4.5 had
4 months (February and July—September) and SSP5-8.5
had 6 months (January and July—December). We fur-
ther see lower levels of G in both future scenarios,
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Table 1 Summary of leaf water potential (LWP) and live fuel moisture content (LFMC) simulated using the FATES-HYDRO model for
Bandelier National Monument, NM, USA, under contemporary and CMIP6 (shared socioeconomic pathway 2-4.5 and 5-8.5). SSP2-4.5
and SSP5-8.5 climate simulations represent end of century anomaly projections (CMIP6) overlaid upon our contemporary climate
drivers. LFMC is summarized by annual percent and number of days below fire risk thresholds of 100% and 79%

Climate scenario Lowest mean LWP (MPa)

Percent days < 100% LFMC (average days
per year per run)

Percent days <79% LFMC
(average days per year per

run)
Contemporary climate -341 19.8% (72 days) 1.4% (5 days)
SSP2-4.5 -3.51 42.00% (185 days) 10.2% (37 days)
SSP5-8.5 —-4.13 58.6% (215 days) 17.8% (65 days)
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Fig. 6 P ponderosa percent live fuel moisture simulated using FATES-HYDRO under different climate anomalies for 2023 in Bandelier National
Monument. Across the three scenarios, the solid line represents the mean and the colored bands represent variability from ten replicate
simulations for each scenario. SSP2-4.5 and SSP5-8.5 climate simulations represent end of century anomaly projections (CMIP6) overlaid upon our
contemporary climate drivers. The gray shaded area represents the growing season (March-October: representing roughly 80% of gross primary

productivity) in northern New Mexico

indicating a greater period of stomatal closure (Fig. 8A).
The maximum contemporary monthly mean G, of
0.019 mol m s ! is observed in March (Fig. 9A). Dur-
ing the growing season, contemporary G, averaged
0.006 mol m?2 s'!, with greater activity than SSP2-4.5
and SSP5-8.5. The highest SSP2-4.5 monthly mean G, of
0.07 mol m s ! is recorded in March. Overall, the mean
growing season G, within SSP5-8.5 is low, averaging at
0.0009 mol m2 s'!. During the growing season (March—
October), contemporary simulations show only 1 month
(June) that averages below 0.005 mol m2 s™! while SSP2-
4.5 and SSP5-8.5 both have seven (March—October). This
suggests severe limitations in gas exchange during the
warmer months, likely due to increased VPD and soil
moisture stress.

Future change in productivity

Contemporary climate scenarios have generally higher
monthly GPP than end-of-century climate scenarios,
even with higher levels of CO,. Annual productivity
(Table 2) fell in both future scenarios (SSP2-4.5: 202.77 g
C m™2, SSP5-8.5: 242.23 ¢ C m~2) compared to contem-
porary simulations (336.80 g C m~2). Peak contemporary
monthly GPP (51.09 g C m~2) occurs in March (Fig. 8B).
SSP2-4.5 scenarios show a similar seasonal pattern with
a maximum GPP of 48.00 g C m™2 observed in March
(Table 2; Fig. 9B). Under scenario SSP5-8.5, the highest
monthly mean GPP of 55.17 g C m™~2 occurs in March, an
increase in productivity compared to the contemporary
scenario. SSP5-8.5 has higher early season productivity
(Jan—Apr: 116.92 g C m~) than the contemporary sce-
nario (94.54 g C), while the SSP2-4.5 scenario has compa-
rable productivity (95.52 g C m~2). Water-use efficiency



Robbins et al. Fire Ecology (2025) 21:64

Page 10 of 18

|
w

Leaf Water Potential (MPa)

|
S

SSP5-8.5

SSP2-4.5

-5

Contemporary Climate

2014 2015 2016 2017 2018

2019 2020 2021 2022 2023 2024

Fig. 7 P ponderosa midday leaf water potential (MPa) under different climate anomalies for 2014-2024 in Bandelier National Monument simulated
using the FATES-HYDRO model. Across the three scenarios, the solid line represents the mean and the colored bands represent variability from ten
replicate simulations for each scenario SSP2-4.5 and SSP5-8.5 climate simulations represent end of century anomaly projections (CMIP6) overlaid

upon our contemporary climate drivers

was calculated at the stand level (mmol carbon/mol
water) based on the photosynthetic and transpiration
rates. The contemporary simulation had an average
water-use efficiency of 3.45 mmol C per mol H,O, the
SSP2-4.5 scenario had an average water-use efficiency of
4.47 mmol C per mol H,O, and the SSP5-8.5 scenario had
a water-use efficiency of 4.83 mmol C per mol H,O.

Future change in risk of hydraulic failure

The contemporary climate scenario showed low PLC
throughout the year (Fig. 10). The contemporary sce-
narios suggest little likelihood of hydraulic failure and
mortality, as PLC does not approach either a mortality
threshold of 60% (Adams et al. 2017) or 88% (Choat et al.,
2012). SSP2-4.5 scenarios show higher PLC than contem-
porary climate, spending 11.5% of days above PLC 60%,
though zero above PLC 88%, suggesting the potential for
some mortality. SSP5-8.5 scenarios show 20.5% of days
spent above the PLC 60% but none above the PLC 88%
threshold.

Discussion

Changes in seasonal live fuel moisture

The seasonality and absolute values of LEMC could radi-
cally shift as water-use thresholds in plants are crossed
under warmer summers with increased VPD and lower
precipitation. This change in canopy moisture will impact
future crown fire behavior as the relative rate of spread
of canopy fire accelerates exponentially with declining
LFMC, particularly below 79% (Rossa et al. 2016). Our
results indicate a greater number of days below the 100%
and 79% LFMC thresholds, suggesting a prolonged fire
season and greater potential for extreme fire (Table 1).

These findings show a greater increase in the length of
the fire season than described by Ma et al. (2020) who
saw an increase of 10-20 days below 79% LFMC under
SSP5-8.5, and 8-11 days under SSP2-4.5 in the chaparral
ecosystem in California as compared to our increase of
65 days under SSP5-8.5 and 35 days under SSP2-4.5. For
context, the length of the fire season is estimated to have
expanded on average by 20 days in the last 25 years in the
contiguous USA (Cattau et al., 2020). The most consider-
able change in LFMC in our study area occurs primarily
from summer to fall, coinciding with periods of elevated
VPD under future climate scenarios (Fig. 4). Under SSP2-
4.5, the additional fire season (below 100% LFMC) is
between August and October (Fig. 6), while under SSP5-
8.5, it extends from July through the end of the year, with
periods from August on showing high fire risk (below
79% LEMC).

The combination of higher VPD and lower precipita-
tion (Fig. 4) puts increased stress on the plant water
continuum (Figs. 7 and 8). Studies of US Southwest
(Arizona and New Mexico) fire occurrence suggest
that the VPD has been rising over the 30-year period
between 1984 and 2015 and is the climatic variable
most associated with increases in burned area and fire
severity, with a much stronger association than either
temperature or precipitation (Mueller et al. 2020). In
the same study, annual minimum VPD had the highest
correlation to fire regime, suggesting that the inabil-
ity for hydraulic recharge contributed to these more
extensive and more severe fires. Historical (1599—
1899) reconstruction of the fire regime by Margolis
et al. (2017, 2017a) suggests that the most extensive
fire seasons within the Jemez Mountains (including



Robbins et al. Fire Ecology (2025) 21:64 Page 11 of 18

-? A
L. 0.05 )
©

©

q

€  0.04
5

£

Q  0.03

Q

(&)

c

& 0.02

[S)

=

©

C

o

O  0.01-
I

©

g | "‘, ) % : a5 k¥ | i) JE oy
& 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

5 B)

E |

° 6

T

S

O 5

2

Fn 4

>

I

- 3

[e]

a

> 2

©

£

& 1

a

e 0 | J o | p ! Al P W v
O 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Contemporary Climate I SSP5-8.5
SSP2-4.5

Fig. 8 A Daily P ponderosa stomatal conductance (average mol m?s™') and B gross primary productivity (g C m~?) under different climate
anomalies for 2014-2024 in Bandelier National Monument. Across the three scenarios, the solid line represents the mean and the colored bands
represent variability from ten replicate simulations for each scenario. SSP2-4.5 and SSP5-8.5 climate simulations represent end of century anomaly
projections (CMIP6) overlaid upon our contemporary climate drivers

this study area) are associated with cool season (Octo-  September; Adams and Comrie, 1997). This is where
ber—April) drought and the prior 2-3 years pre- our projections predict the greatest change in LFMC.
cipitation driving fuel accumulation. However, they = Other southwestern fire patterns have been shown to
additionally find late summer fires appear to be driven  correlate with consecutive days without rain (Holden
by declines in monsoon season precipitation (North et al. 2007).

American Monsoon (NAM), typically from July to
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Effects on plant physiology drive exponential increase

in dry live fuels

Our model results show warmer temperatures and
drought leading to increased plant water stress and
thus decreased LFMC. While contemporary simula-
tions show P. ponderosa rarely exceeding its turgor loss
point (TLP~-2.0 MPa), future simulations regularly

show LWP < —2.5 MPa and prolonged periods of stoma-
tal closure, driven by extended periods of high VPD and
reduced late summer precipitation (weeks 25-35 2023,
Figs. 4,). It is hypothesized that future conditions would
increase stomatal closure, thus minimizing water loss
and declines in LWP and LEMC. Within SSP2-4.5 and
SSP5-8.5 scenarios, however, we see continued decline
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Table 2 Quarterly and annual gross primary productivity (GPP, g C m~2) for 2014-2024 simulated by FATES-HYDRO for Bandelier
National Monument under future climate scenarios (CMIP6: shared socioeconomic pathways 2-4.5 and 5-8.5). SSP2-4.5 and SSP5-8.5
climate simulations represent end of century anomaly projections (CMIP6) overlaid upon our contemporary climate drivers

Scenario Q1 (Jan-Mar) Q2 (Apr-Jun) Q3 (July-Sep) Q4 (Oct-Dec) Mean
Annual Total
Contemporary 94.54 7224 91.12 79.88 336.80
SSP2-4.5 95.27 46.00 13.84 47.64 202.77
SSP5-8.5 116.92 46.45 17.69 61.16 242.23
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Fig. 10 Daily percentage loss of hydraulic conductivity (PLC) for P ponderosa under different climate anomalies for 2014-2024 in Bandelier
National Monument. Across the three scenarios, the solid line represents the mean and the colored bands represent variability from ten replicate
simulations for each scenario. SSP2-4.5 and SSP5-8.5 climate simulations represent end of century anomaly projections (CMIP6) overlaid upon our
contemporary climate drivers. Hydraulic failure threshold at 60% from Adams et al. (2017) and 88% from Choat et al. (2012)

in LWP past the point of stomatal closure, even while
FATES-HYDRO stimulates stomatal closure and thus
water conservation. The FATES-HYDRO model includes
minimum conductance (water loss through the cuticle
and incompletely closed stomata) as recommended by
Duursma et al. (2019), and thus water lost from the above
ground portion of the plant is never zero. Additionally,
FATES-HYDRO includes root water efflux under condi-
tions where the rhizosphere water potential is more neg-
ative than root water potential (Caldwell et al. 1998) as
documented for P. ponderosa (Warren et al., 2011). Sto-
matal closure prevents decline in midday LWP relative
to predawn; however, if soil water availability (~ predawn
LWP) declines below the stomatal closure point for a
prolonged period, midday LWP will equilibrate with
predawn (soil) and decline in concert despite stomatal
closure (Plaut et al. 2012).

Experimental data suggests that trees experience more
significant physiological stress under the same drought
conditions at warmer temperatures (Allen et al. 2015)
and that the effect of CO, on increasing water-use effi-
ciency is minimal under these conditions (Birami et al.
2020). Our simulations show increased plant stress
(decreased LWPs and greater loss of conductivity) under
future precipitation patterns and climate scenarios, even
with increased water-use efficiency (3.45 mmol C per
mol H,O, SSP2-4.5: 4.47 mmol C per mol H,0, SSP5-8.5:
4.83 mmol C per mol H,O) under rising CO,. Changes in
LFMC in P. ponderosa appear to be driven by prolonged
periods of more negative LWP, driven, presumably by
cuticular conductance or root leakage (i.e., non-stomatal
water loss; Duursma et al., 2019). Increasing atmospheric
dryness (VPD) aligns with rapidly decreasing LWP under
SSP5-8.5, even while G is near zero (Figs. 6 and 7). A rise
in water loss, even as G, decreases, is seen currently in
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P. ponderosa forests in the neighboring areas that do not
experience the NAM (Strange et al. 2023).

Increased gross primary productivity antecedent to fire
season

In the US SW, future fire seasons may be dependent on
spring rain providing adequate fuel to burn during the
summer months, as is seen in lower elevations (Keely
and Syphard et al,, 2015) and high climatic water deficit
areas (Abatzoglou et al. 2018). Our SSP5-8.5 results sug-
gest the possibility for both an expansion in the amount
of spring fuel generated and the rapid drying of fuel dur-
ing the summer months, as seen in the increased spring
GPP and the reduction in LFMC during the summer
months, expanding both conditions necessary for fire.
In the spring and early summer (where precipitation
persists), we see increased growth, likely due to higher
water-use efficiency and increased early spring tempera-
ture conducive to an earlier growing season. However,
when aggregated across the growing season, the future
climate scenarios show reduced GPP. This could have
important implications for the regional carbon cycles,
where reduced carbon sink from terrestrial ecosystems
could exacerbate future CO, concentrations. While we
cannot interpret our findings in the context of multiple
years of fuel accumulation, the increased spring GPP and
a decline in late-season LWP suggest the opportunity for
two of these fire-driving events to become more frequent.

Implications of demographic change

Changes in mortality rates, as suggested by the higher
PLC values under future climate (SSP5-8.5), and a tran-
sition in forest demographics may further alter the fuel
profile of these forests. Our results suggest that our
study area (at the lower P ponderosa elevation range)
may experience increased mortality due to hydraulic
failure, potentially driving this change (Fig. 10). Other
studies have found Utah P ponderosa begins to experi-
ence hydraulic failure at an exponential rate after water
potential exceeds —2.0 MPa and reaches 50% loss of con-
ductivity around —3 MPa (Koepke & Kolb 2013). Only in
our SSP5-8.5 scenarios is LWP projected this low (Fig. 7).
We see simulated percent loss of conductivity >60% in
some trait ensembles in both SSP2-4.5 and SSP5-8.5, sug-
gesting that at least some mortality might occur in these
scenarios. It should be noted that P. ponderosa may expe-
rience mortality prior to this, either through biotic agents
or carbon starvation (Hubbard et al. 2001).

P ponderosa may also be replaced by oak (Quercus
spp.) and/or New Mexico locust (Robinia neomexicana),
which would further alter the fire fuel profile (Strom &
Fule, 2007). Gambel oak (Quercus gambelii) has the
potential to significantly shift fire behavior in Northern
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New Mexico by altering the landscape’s fuel profile—
what biomass is available, the sensitivity to fire, the spa-
tial pattern of that biomass, and litter profiles. Compared
to the more open and discontinuous fuels in P. ponderosa
forests, Gambel oak tends to form dense, clonal thick-
ets that increase horizontal fuel continuity and promote
higher-severity fires. These shrub fields burn with similar
frequency and seasonal timing as mixed conifer forests,
but their structure supports more intense fire behavior.
High-severity fire, coupled with changing environmen-
tal conditions, limits P ponderosa regeneration and pro-
motes the expansion of Gambel oak across the region
(Guiterman et al. 2018; Woolman et al. 2022). As these
shrub fields replace conifer stands, they shift not only
what biomass is available to burn but also how that bio-
mass is arranged in space and how it responds to chang-
ing moisture conditions. Our findings, which suggest
lower LEMC in P. ponderosa under future climate sce-
narios may further enable the high-severity disturbances
that drive type conversion reinforcing a feedback loop
that favors Gambel oak while limiting conifer recovery.
However, long-term projections of ecotones in response
to climate suggest that Southern Rocky Mountain P. pon-
derosa woodland may occupy a similar total area by the
end of the century, moving up in elevation and latitude,
with the more southern portion of the range transition-
ing out of P. ponderosa (Harris et al. 2023).

The fire and fuel implications of massive, large-scale
die-off in P. ponderosa have been studied extensively due
to the occurrence of bark beetle outbreaks and may pro-
vide insight into how the fuel loads of these forests may
be altered. After bark beetle outbreaks, researchers find a
doubling of fine (non-woody) and 1-1000 h fuels (woody
fuels) in the short term (~5 years; Hoffman et al. 2011).
In the long term (>5 years), bark beetle impacted stands
have lower surface fuel loads with increasing larger fuels
(1-100 h) and sapling live fuels, increasing the rate of
passive crown fire and decreasing active crown and sur-
face fire behavior (Hansen et al., 2015). However, these
studies do not account for future changes in LEMC
within the regenerating understory. A crucial dynamic
will be whether P ponderosa regeneration persists and
how the physiology of these regenerating pines may be
affected by increased aridity.

Loss of North American Monsoon

Key to the change in the LEFMC we observe is the pro-
jected collapse of the NAM season during the late sum-
mer months (weeks 22-38, Fig. 4). Bandelier National
Monument experiences the NAM and regularly sees 40%
of annual rain in the late summer following a dry sum-
mer period (Reneau 2000). The future climate projections
show greatly reduced precipitation during the summer
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and monsoon seasons but increased precipitation later in
the year (weeks 40-50). The return of the rains in Octo-
ber under SSP2-4.5 reduces plant water stress (Figs. 4 and
7); however, under SSP5-8.5, we see insufficient precipita-
tion to return LWPs to levels above the TLP (—2.0 MPa).
These projections are consistent with a general reduction
in later summer NAM and an increase in fall precipita-
tion under CMIP6 (though not under CMIP5 models;
Hernandez & Chen 2022). Decrease in specific humidity
and lower evapotranspiration and soil moisture may con-
tribute to the lack of summer rains, as hot days become
drier (McKinnon, 2021). Monsoons have been shown to
be a significant buffer of drought mortality historically,
and our results concur with prior studies showing that
increasing CO, (and thus increased water-use efficiency)
is likely not sufficient to mitigate the loss of monsoons
(Strange et al. 2023).

Caveats and future work

It is important to note that retrospective studies have
found climate variation to account for only a portion of
the change in the fire regime, as management, fire exclu-
sion, successional pattern, and land use likely all play
an important role (Abatzoglou et al. 2018; Keely and
Syphard et al., 2015). One main concern with LEMC is
the difficulty in estimating its effect on larger scales to
understand retrospective fire occurrence and determine
fire risk (Rossa & Fernandes 2018). Disentangling the
effect of LFMC, dead fuel moisture content, and other
drivers of fire is complex, often owing to limited sample
size and climate covariance (Pimont et al. 2019). Simi-
lar to other recent models, our efforts tend to overpre-
dict LFMC during periods of ready water availability
(Balaguer Romano et al., 2022) and would benefit from
inclusion of maximum saturated water content if used in
real-time fire simulations (as was done in Rufault et al.,
2023). Our work does not include increased leaf necro-
sis and thus changes in the total fuel moisture profile,
an important consideration in total plant flammability
(Cakpo et al. 2024). Our empirical model using midday
Gs and predawn and midday LWP was similarly predic-
tive of LFMC as prior models using turgor loss point and
midday LWP (Figs. S.6, S.7; Nolan et al., (2020), provid-
ing a more scalable methodology due to efficiency and
potential for remote collection of Gs data. Our work
highlights the predictive capacity of these models in arid
field deployment.

In our study, improvements could be made to account
for tree size, tree density, aspect, and slope and its effect
on plant water stress. This could improve the correlation
between plant stress and live fuel moisture, and FATES-
HYDRO’s representation of LWP and Gs. It is also
important that NAM dynamics within the CMIP suite of
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models may not currently be fully resolved and exhibit
biases due to resolution (Hernandez & Chen (2022).
Our sampling represents the lower elevation range of
P. ponderosa in the Jemez Mountains and, as such, may
not represent the drought resilience of higher elevation
P ponderosa, as in the mountains of Arizona, where
lower elevation P. ponderosa had a lower drought toler-
ance than higher elevation P ponderosa (Kilgore et al.
2021). Future FATES-HYDRO simulations examining
the dynamic competition of oak and P. ponderosa will be
useful to understand the change in proportional biomass
and its effect on overall LFMC and fire behavior.

While our model successfully captures the observed
benchmarking variables, however, model-data discrep-
ancies remain even after ensemble filtering. Identifying
the sources of these discrepancies, whether from uncer-
tainties in plant traits, climate inputs, soil parameteri-
zation, or model structural limitations, is scientifically
important. Unfortunately, the current lack of site-specific
measurement of plant traits, soil properties, and climate
data prevents us from attributing these uncertainties.
Future studies aimed at disentangling these sources could
significantly enhance our predictive understanding.

Conclusions

The seasonality and absolute values of LEMC could radi-
cally shift as water-use thresholds in plants are crossed
under warmer summers with increased VPD and lower
precipitation. This change in canopy moisture will impact
future crown fire behavior, expanding the potential for
extreme wildfires and longer fire seasons. We predict
increasing variability in the P ponderosa wildfire regime
under both climate projections, driven by changing pro-
ductivity, rising mortality, and an overall decrease in live
fuel moisture. The overall increase in stress and lower live
fuel moisture is driven by reduced precipitation during
late summer monsoons typical of the region, extending
the fire season later in the year. Our work emphasizes the
need for including plant physiology models in fire risk
forecasts.
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