ENVIRONMENTAL RESEARCH 5 FURPOSELED e it
LETTERS

LETTER « OPEN ACCESS You may also like

. . - Changes in groundwater irrigation
Shorter growing seasons may moderate climate ihdranals dus to clmaie change in

Kansas

change effects on crop water demands Oladipo S Obembe, Nathan P Hendricks

and S V Krishna Jagadish

. . . . - Changes in rainfed and irrigated crop yield
To cite this article: John T Abatzoglou et al 2025 Environ. Res. Lett. 20 034017 response to climate in the western US

X Liand T J Troy

- Climate-smart management of soil water
storage: statewide analysis of California
perennial crops
Scott Devine and Anthony (Toby) O’Geen

View the article online for updates and enhancements.

This content was downloaded from IP address 169.236.78.21 on 01/06/2026 at 23:41


https://doi.org/10.1088/1748-9326/adb1f5
/article/10.1088/1748-9326/acf147
/article/10.1088/1748-9326/acf147
/article/10.1088/1748-9326/acf147
/article/10.1088/1748-9326/aac4b1
/article/10.1088/1748-9326/aac4b1
/article/10.1088/1748-9326/ab058c
/article/10.1088/1748-9326/ab058c
/article/10.1088/1748-9326/ab058c

10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
19 June 2024

REVISED
19 December 2024

ACCEPTED FOR PUBLICATION
4 February 2025

PUBLISHED
14 February 2025

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 20 (2025) 034017

ENVIRONMENTAL RESEARCH
LETTERS

LETTER

https://doi.org/10.1088/1748-9326/adb1f5

Shorter growing seasons may moderate climate change effects on

crop water demands

John T Abatzoglou"*©, Lauren E Parker***

¥ O NN U A W N

Author to whom any correspondence should be addressed.

E-mail: jabatzoglou@ucmerced.edu

Keywords: agriculture, climate, phenology

Supplementary material for this article is available online

Abstract

, Joshua H Viers*’
Alvar Escriva-Bou’, Justin L Huntington’, Emily L Williams®

, Josue Medellin-Azuara’,
and Kitri Rajagopalan’

Management of Complex Systems Department, University of California, Merced, CA, United States of America

Valley Institute for Sustainability, Technology, and Agriculture, University of California, Merced, CA, United States of America
Institute of the Environment, University of California, Davis, CA, United States of America

United States Department of Agriculture, California Climate Hub, Davis, CA, United States of America

Department of Civil and Environmental Engineering, University of California, Merced, CA, United States of America
Department of Civil and Environmental Engineering, University of California, Davis, CA, United States of America

Western Regional Climate Center, Desert Research Institute, Reno, NV, United States of America

Sierra Nevada Research Institute, University of California, Merced, CA, United States of America

Department of Biological Systems Engineering, Washington State University, Pullman, WA, United States of America

Rising evaporative demand (ETo) with a warming climate contributes to diminished water
availability in water-stressed agricultural regions globally. While increased ETo typically
necessitates increased irrigation, we explore how crop phenological response can moderate this
challenge. Focusing on five key agricultural crops in California’s San Joaquin Valley (SJV), we

employ coupled water balance and phenology models to project crop water demands as a function
of increased ETo and changing phenology. All crops exhibited accelerated growth from a shortened
growing season with warming. The shortened crop maturation period partially to fully offset
increased crop water demands due to rising ETo, with the largest phenological influence for annual
crops such as tomato and corn. By contrast, models that do not account for phenological changes

showed increased irrigation demands of approximately 3.5%—4.5% per °C of global warming
primarily due to increased ETo. Integration with dynamic phenological models for the five key
crops across the extent of agricultural land in the SJV showed a 1.6% decrease in irrigation needs
under a 2 °C warming scenario. While phenological change alongside plant physiological responses
to increased atmospheric CO, may help buffer the impact of climate change on crop irrigation
demand, decreased crop yields with a shorter growing season and continued reliance of
groundwater reserves for agricultural water use and reduced spring snowpack will threaten coupled

agricultural and water security in the region.

1. Introduction

Agricultural hubs in semi-arid climates such as
California’s San Joaquin Valley (SJV) play a vital role
in global food production. However, it is well recog-
nized that water resources are demonstrably over-
used in portions of California and other semi-arid
agricultural regions [1], leading to rapid depletion of
groundwater reserves. Climate change has compoun-
ded this water imbalance through increased evapor-
ative demand and diminished snowpack, paving the

© 2025 The Author(s). Published by IOP Publishing Ltd

way for more severe droughts [2—-4]. Such changes
jeopardize not only the long-term viability of agricul-
ture in affected areas but also that of local econom-
ies and the water security of vulnerable communities
[5, 6]. Continued climate change threatens to further
impact water resources for agriculture [7, 8], thereby
necessitating adaptation efforts to secure the future of
these critical food-producing regions.

Observations and projections show increased
evaporative demand, or reference evapotranspira-
tion (ETo), for California with climate change [4,
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9]. Increased evaporative demand in agricultural
lands generally translates into increased crop water
demand and irrigation requirements [10], which may
be untenable given the imbalance in water resources
in many semi-arid agricultural regions. However, the
direct ‘more ETo means more water needed’ rela-
tionship has been challenged by several lines of sci-
entific inquiry. Increased atmospheric carbon diox-
ide concentrations both promote stomatal closure
that reduces evaporative losses and enhances water
use efficiency [11, 12], and increase Leaf Area Index
and plant biomass that boosts transpiration rates
[13]. The overall direction and magnitude of such
physiological effects varies based on plant func-
tional type and soil moisture [14, 15], although
increased water use efficiency may increase crop water
productivity in some crops [16, 17]. Management
changes like adopting drought-resistant cultivars,
switching crops, and employing water-saving tech-
niques like deficit irrigation or mulching can further
curtail water demand in water limited regions.

At the same time, climate change is alter-
ing phenology—or the seasonality of biologic
processes—across diverse ecosystems, including
managed agricultural systems [18, 19]. Earlier crop
phenology creates potential for crops to leverage
higher soil moisture and lower evaporative demand
in spring—particularly in Mediterranean climates
[20]. Hastened crop maturation may thus lower
water and irrigation requirements later in summer
when evaporative demand is often near its peak [21].
For example, in semi-arid Mediterranean agricul-
tural regions, annual crops such as winter wheat may
see slight reductions in irrigation needs imparted
through climate change-driven phenological shifts
[22]. However, the role of phenology at moderating
increasing evaporative demand is likely to vary across
crops [23]. For example, perennials require irrigation
demands after harvest, while extreme heat impacts
development and yields of some other crops [24].

As climate change alters evaporative demand, a
critical question emerges: how will crop phenology
respond, and can these changes offset the anticip-
ated increase in irrigation requirements? We explore
this question in the context of California’s SJV, a
diverse agricultural region facing significant water
challenges, including the potential substantial reduc-
tion in irrigated agriculture to comply with sus-
tainable groundwater regulation [25]. We examine
changes in crop water demand for crops using a sens-
itivity analysis that couples established thermal phen-
ological models alongside crop water demand mod-
els under warming scenarios. In water scarce regions
where water limitations may ratchet up in the coming
decades, choices about cropping systems and water
management are needed to adhere with sustainability
goals. Hence it is potentially valuable to interrogate
which crops exhibit sufficient phenological plasticity
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to ‘take advantage’ of warming and mitigate addi-
tional irrigation requirements.

2. Approach/methods

We focus our analysis on California’s SJV. The SJV
offers the ideal setting due to its extensive cropland,
diverse crop portfolio, significant water challenges
(both current and future), and projected increases in
ETo [8]. We chose five representative crops widely
grown in the SJV: three perennials, almonds, grapes,
and alfalfa and two annuals, corn and tomatoes. These
five crops account for approximately 58% of SJV’s
irrigated land, 60% of the region’s agricultural irriga-
tion water use, and roughly 53% of the gross agricul-
tural value [25]. Moreover, these five crops have very
different crop water demands. Thus, understanding
their phenological response to climate change may
provide insight for ensuring SJV’s agricultural sus-
tainability in the face of evolving water demands.

We leverage established phenological models for
these five crops following previous approaches (sup-
plemental information; tables S1 and S2). These mod-
els primarily rely on temperature accumulation to
predict key phenological stages like budburst, flower-
ing, and maturity, as well as for vernalization require-
ments in the case of perennials. Thresholds used
for budburst, flowering, maturation are provided
in table S1. While annual crops had static planting
dates of 1 April, we perform an additional experi-
ment that used 15 March planting dates commen-
surate with warming climate [26]. Alfalfa is a peren-
nial but is not subject to vernalization requirements in
warmer climates such as in the SJV. We fix its grow-
ing season to commence on 15 February and con-
tinue through October each year following previous
crop parameterizations for alfalfa [27]. Furthermore,
the thermal-based developmental model for alfalfa
allows for multiple cuttings per year, and accounts
for projected changes in the number of cuttings per
year with warming. Whereas other studies may wish
to employ more sophisticated phenological models,
including those for specific varietals, we use a gener-
alized approach herein to best examine the research
questions posed.

We calculate crop water requirements as poten-
tial crop evapotranspiration (ETc) through a
phenostage-varying crop coefficient method by scal-
ing reference evapotranspiration (ETo) by crop coef-
ficients (K.) based on phenological stages (table S2).
We use the standardized Penman—Monteith approach
[28] to calculate grass reference evapotranspiration
(ETo) over the contemporary observational period.
Crop coefficients (K.) vary both by crop and by
phenostage due to characteristics such as albedo, leaf
area, canopy cover, and crop height that distinguish it
from the grass reference surface in ETo. Phenostages



10P Publishing

Environ. Res. Lett. 20 (2025) 034017

of K are determined using thermal units (i.e. grow-
ing degree days) for each crop following prior work
[28]. For annuals, we adopt a fixed K. = 0.15 outside
of the growing season (between harvest and planting)
and do not accrue water deficits post-harvest in our
crop water demand calculations.

A simple water balance model is used to track
hydrological fluxes and unmet crop water demand
[29]. This water balance model runs on monthly
timescales based on plant water demands (ETc) and
precipitation and uses a fixed soil water holding capa-
city of 150 and 50 mm for perennials and annuals,
respectively. The soil water holding capacity allows
for some carryover of water surplus outside the grow-
ing season toward meeting crop water demands in
drier periods. This model has been widely used to
assess climatic water deficit of ecosystems across
many spatial and temporal scales and provides meas-
ures of actual evapotranspiration (ET) and climatic
water deficit, or the difference between evaporative
demand and ET [30, 31]. Herein we use this frame-
work to define crop irrigation demand as the dif-
ference between ETc and ET each month. Irrigation
practices in California’s Central Valley are approxim-
ately 80% efficient, with values ranging by crop and
management approaches [25]. We do not account
for irrigation efficiency explicitly in our estimates
and thus assume no changes in such practices under
future scenarios.

Observed climate data from gridMET [32], a daily
surface meteorological dataset with a horizontal res-
olution of ~4 km, for the years 1980-2022 is used as
our reference data. This data includes the requisite set
of meteorological inputs needed for calculating ETo
and has been widely used in agricultural analysis in
the region [9, 33, 34]. Prior studies have shown wide-
spread positive biases in ETo estimates from gridMET
and other gridded meteorological datasets in irrigated
lands as the data do not incorporate the land-surface
feedback of irrigation, which results in cooling [35].
Herein, we bias correct gridMET ETo by a factor of
0.85 based on biases found between gridMET and in-
situ weather stations in irrigated lands in the SJV [34].

The standardized Penman—Monteith approach
does not account for plant physiological responses
to increased CO, that drive stomatal closure and
increased water use efficiency. Failure to account
for this under future climates may thus overestim-
ate potential evapotranspiration [36]. Other plant
physiological changes to increased CO, such as
increased biomass and leaf area index may somewhat
offset increased stomatal resistance effects in some
vegetation types [37], although such factors may be
less evident in annual crops [16]. In developing scen-
arios of projected changes in ETo with climate change,
we use a modified version of Penman—Monteith that
accounts for changing stomatal resistance with CO,
and was designed for use in off-line modeling studies
[36].

] T Abatzoglou et al

We adopt a pattern scaling approach to approx-
imate regional changes in ETo with annual Global
Mean Temperature (GMT) increases. Pattern scaling
is based on linear scaling between local changes in
climate responses (e.g. ETo) with changes in GMT
[38]. We opted for this approach over a standard
approach that uses downscaled climate models due
both to the simplicity in application and the ability to
more directly link future changes in ETc to changes
in GMT with policy-relevant climate goals. The pat-
tern scaling approach also allows for more straight-
forward scenario planning without having to be expli-
citly tied to emission scenarios, choice of models, and
time periods. Following Dahl et al [39] we calculate
monthly ETo (using the modified Penman—Monteith
approach [36]) from 20 climate models participat-
ing in CMIP6 (table S3) covering both the historical
forcing experiments (1850-2014) and future mod-
erate emissions pathway SSP2-45 (2015-2100). We
repeated this for both monthly temperature and pre-
cipitation to best capture seasonal changes in the cli-
mate change projections pertinent to phenology and
water balance in the region.

Pattern scaling is based on a linear regression
between the local change (35-38°N, 119-121°W) in
running 31 year monthly climate (i.e. ETo, temper-
ature, precipitation) to the running 31 year average
GMT for the period 1980-2080 commensurate with
the warming in both observations and model projec-
tions. A 31 year centered moving average is applied to
increase signal-to-noise ratios and linear least squares
fit are used to quantify response patterns. Linear scal-
ing is performed separately for each model and we
hereafter use the multi-model median in our sensitiv-
ity experiments as in prior work [7]. We additionally
perform pattern scaling monthly to capture projected
changes in the seasonal cycle of temperature, precip-
itation, and ETo congruent with increased GMT.

We conducted a sensitivity analysis to isolate the
independent and combined effects of climate change
applied directly to ETo and precipitation and cli-
mate change applied to phenology on crop water
needs. The sensitivity runs superimpose scenarios of
1 °C, and 2 °C increases in GMT to the observed
climate record (1980-2022). For reference, average
GMT during 1980-2022 was approximately 0.7 °C
above the 1850-1900 quasi-preindustrial average.
Monthly changes in temperature are applied addit-
ively from pattern scaling to gridMET temperature,
whereas monthly changes in ETo and precipitation
are applied multiplicatively. Models are run using
both static phenology (i.e., dates for the observed
1980-2022 period) and dynamic phenology driven
by warming. By simulating ETc with both dynamic
and static phenology we isolate the effects of phen-
ological changes on crop irrigation needs. We first
examined such simulations absent changes in evap-
orative demand and precipitation which uses the
observed 1980-2022 data verbatim, herein referred
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Figure 1. (a) Scatterplot of moving 31 year Global Mean Temperature (GMT) anomalies (relative to 1851-1900) versus 31 year
moving average April-October ETo anomalies for central California (relative to 1851-1900) for each model. Thin grey lines show
the results of individual models, while the bold black and red lines shown the 20-model average during 1850-1979 and
1980-2100, respectively. (b) Model spread of the pattern scaling of April-October ETo in central California (inset red box). (c)
Multi-model median linear relationship between monthly change in ETo and mean temperature in central California to GMT. We
use the Yang et al (2019) method in calculating ETo that accounts for dynamic CO, concentrations.

to as static climate, Next, we introduced the climate
change impact in evaporative demand and precipita-
tion, herein referred to as dynamic climate. Coupled
phenology and water balance models are run for each
crop for three experiments: (i) static climate and
dynamic phenology, (ii) dynamic climate and static
phenology, and (iii) dynamic climate and dynamic
phenology. The difference between the latter two
results yields a potential water savings arising from
phenological adjustments with warming.

We present our results in more detail (e.g. all
warming scenarios, sensitivity tests) for a representat-
ive location near Kerman, CA (36.7°N, 120°W) loc-
ated in the middle of the SJV where most of the
five representative crops are grown. We then examine
changes across the extent of the SJV agricultural land-
scape for a +2 °C warming scenario. For the latter,
we use estimates of 2018 crop distribution and areal
extent [40] to provide an estimate of how phenolo-
gical shifts might impact regional crop water use, both
with and without dynamic phenology.

3. Results

Climate models project a quasi-linear increase in
ETo for central California including the SJV with
rising global temperature through 2 C above pre-
industrial GMT (figure 1(a)). This relationship is
most apparent from 1980 onward, with multi-model
analyses revealing an average rise of 3.1% in Apr-
Oct ETo per °C increase in GMT albeit with inter-
model spread (figure 1(b)). A distinct annual cycle
in both regional temperature and ETo scaling factors
per degree warming in GMT was found (figure 1(c)).
Specifically, we found accentuated warming in late
summer (>1.2 °C/°C) with slightly subdued rel-
ative increases in ETo (~2%/°C) during the sum-
mer months. Yet, ETo has a strong seasonal cycle
with the highest ETo during the summer resulting
in the largest absolute increases in ETo during the
growing season. Pattern scaling of monthly precip-
itation showed minor increases in mid-winter with
minor decreases in spring and fall and thus do not
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Figure 2. Changes in crop phenology near Kerman, CA (36.7°N, 120°W) using data from 1980-2022 using models for almond,
grape, corn, tomato, and alfalfa. Sensitivity experiments are applied to augment local daily temperatures corresponding with

+1 °Cand +2 °C change in Global Mean Temperature. Colors depict the growing season, for perennials the period between bud
burst and harvest, and for annuals the period between planting and harvest. Static 1 Apr planting dates are given for annuals.
Alfalfa assumes the growing season commences on 15 Feb and shows the average timing of harvests through October. For alfalfa,

+1°C +2°C

strongly factor into projected changes in crop irrig-
ation demand given the region’s Mediterranean cli-
mate (table $4).

Phenological tests applied near Kerman,
California show a shortening of growing seasons for
all crops (figure 2). However, changes differ by crop
with annuals such as tomatoes and corn showing a
clear compression of the growing season (6-7 d per
°C warming in GMT), notably truncating the grow-
ing season during the seasonal apex in evaporative
demand. Both almonds and grapes show changes
in budburst and crop maturation dates leading to
a shorter growing season as well. Under elevated

warming (+2 °C), almonds show crop maturation
2.5 weeks earlier than in the reference scenario. Alfalfa
shows minimal changes in growing periods as it can
have multiple cuttings per year and is not limited by
freezing events in SJV during February—November.
Models suggest more frequent cuts under warmer
conditions with approximate one additional cutting
per year with +2 °C warming.

Models run with dynamic phenology but static
climate showed reduced crop irrigation water
demand under warming scenarios for Kerman,
California (figure 3(a)). These savings stem from
shortened growing seasons induced by warming, with




10P Publishing

Environ. Res. Lett. 20 (2025) 034017

] T Abatzoglou et al

Q
gv

Dynamic Phenology, Static Climate

[C—J1eC
[ 2 -

A Irrigation (mm)
X
o o

1

Alfalfa Almond Grape

b) Static Phenology, Dynamlc Cllmate

Corn Tomato

(&)
o

il

I_II ITI l—ll

A Irrigation (mm)
&
=} o

Alfalfa Almond Grape

C) Dynamlc Phenology, Dynamlc Cllmate

Corn  Tomato

(&)
o

il _

=l

A Irrigation (mm)
n
o =

I N

the 1980-2022 reference period.

Alfalfa Almond Grape

Figure 3. Changes in annual irrigation demand for five crops near Kerman, CA (36.7°N, 120°W) with varying levels of warming
applied. Panel (a) shows changes using dynamic phenology and static climate. Panel (b) shows changes using static phenology
and dynamic climate. Panel (c) shows results using dynamic phenology and dynamic climate. All differences are shown relative to

Corn Tomato

reductions ranging from 8.1% (73 mm) for almonds
to 15.9% (56 mm) for tomatoes under a +2 °C warm-
ing scenario (figure S1). Results were quasi-linear
with warming. Tomatoes saw the largest reductions
in crop water need due both to their shorter grow-
ing season and the curtailment of K values entering
the seasonal windows when ETo is highest (figure
S2). Corn showed slightly less water savings than
tomato with warming. Alfalfa, conversely, displayed
no change in irrigation demand as its growing season
remains static—although more overall cuttings (and
potential yield) occur with increased thermal time.
Simulations using dynamic climate but static
phenology revealed significant increase in crop irrig-
ation water demands across all crops with warming,
mirroring the rise in ETo (figure 3(b)). This effect was
particularly pronounced for higher water use crops

like alfalfa and almonds, with their longer growing
seasons under a +2 °C warming scenario leading to
additional crop irrigation demands of 71 and 70 mm,
respectively. Relative increases in crop water needs
were consistent across crops with 7.5%-9.5% increase
with a 2 °C warming (figure S1).

Simulations using dynamic phenology and
dynamic climate showed mixed results for perennials
and annuals under warming scenarios (figure 3(c)).
Relatively little difference crop irrigation water was
seen for perennials such as almonds (—7 mm, —0.8%)
and grapes (+17 mm, +3.9%) with 2 °C warm-
ing. By contrast, annuals like tomatoes (—30 mm,
—8.4%) and corn (—36 mm, —6.9%) saw reduced
supplemental crop water needs with 42 °C warming.
Experiments that moved the planting date for annu-
als up by 2 weeks saw additional minor reductions in

6
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Figure 4. Mapped changes in growing season length, irrigation demand for dynamic climate and dynamic phenology (mm), and
irrigation demand for dynamic climate and static phenology (mm) with the 42 °C sensitivity experiment relative to the control.
Results are shown for (a)—(c) almond, (d)—(f) grape, (g)—(i) corn, and (j)—(1) tomato and plotted where 2018 crop density exceeds
5%. Kerman, California is denoted by the star in the left-hand column of each plot. County outlines are provided for reference.

supplemental water needs (<2% for +2 °C warm-
ing, not shown). Alfalfa saw similar additional crop
water needs with dynamic phenology and evaporative
demand to those with static phenology and evaporat-
ive demand as more cuttings occurred with warming.
However, when viewed on a per-cut basis, there was
net reduced water needs. These findings highlight the
crucial role of phenological response in mitigating

the impact of climate change on crop water demands.
For perennials like grapes and almonds, dynamic
phenology offset 60% and all the ETo-driven increase
in irrigation needs, respectively. For annuals, the
rapid maturation truncated the growing season to
avoid the time of the year with the highest ETo, lead-
ing to overall reductions in supplemental crop water
needs.

7
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Figure 5. Calculated average monthly crop irrigation demands for the five crops summed across the San Joaquin Valley for the
control 1980-2022 climate (black), +2 ©C warmer climate that includes dynamic phenological changes (red), and +2 °C

warming with static phenology (dashed black).

Simulations applied across the extent of agricul-
tural land in the SJV show similar results to those for
the Kerman, California example, including a shorter
growing season, and net reduction in supplemental
crop water when using dynamic phenological mod-
els (figure 4). These results can be leveraged to gen-
erate a rough estimate of the differences in supple-
mental crop water demands across the SJVina 42 °C
warming scenario. When combined with the present-
day cultivated area of these five crops, we show a
6.6% annual increase in supplemental crop water
demand with warming and static phenology (approx-
imately 385-thousand-acre feet). However, models
run using dynamic phenology result in about a 1.6%
decrease in supplemental crop water demand (90-
thousand-acre feet). In essence, dynamic phenology
acts as a buffer, softening the blow of rising evaporat-
ive demand under climate change for the SJV’s agri-
cultural sector. There is also a shift in the timing of
irrigation demand commensurate with phenological
shifts. Relative to the control monthly irrigation needs
across the region, the 42 °C warming scenario yields
increases from March—June and declines in July and
August (figure 5).

4. Discussion and conclusions

We show potential for crop phenological changes to
partially to fully mitigate the increased evaporative
demands under climate change scenarios. The effects
of shorter growing seasons have the greatest effic-
acy at reducing irrigation demand for annual crops
where a contracted growing season truncates near the
seasonal peak in evaporative demand. Phenological
changes partially or fully offset irrigation increases

due directly to increased evaporative demand for per-
ennials, although such crops have continued irrig-
ation demands post-harvest despite having reduced
crop coefficients. The changes in crop phenology
under warming scenarios, with earlier development,
maturation, and shorter growing seasons, generally
mirror those in previous studies in California and
globally [23, 41-43]. A limited set of previous stud-
ies have suggested the potential for reduced irriga-
tion demand in annual cropping systems in other
Mediterranean climates due to phenological changes
[22, 44] and may be particularly advantageous for
winter cropping systems [45]. Studies that have used
static phenology show significant increases in pro-
jected irrigation demands [46]. By contrast, stud-
ies that have incorporated both phenology and plant
physiological responses to increased CO, have shown
varied changes in irrigation demand by crop type [23,
47]. Here, we isolate the role that phenology plays in
buffering direct climate change effects on crop water
demands.

While we examine the potential mitigative effects
of phenological response on irrigation demand
increases, several areas warrant further investiga-
tion. First, as our results are model based, these res-
ults are sensitive to model choices. We used simple
temperature based phenological models. Such mod-
els may overestimate the phenological response to
warming given that plant development is regulated
by a broader suite of energy and water inputs. For
example, models that incorporate photoperiod and
degree days show reduced sensitivity to warming [48].
The influences of CO, on crop phenology directly are
varied [49], highlighting the importance of further
phenological studies in constraining the irrigation
demands question. While more rapid phenological
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maturation can mitigate water demands, shorter
growing seasons often come at the expense of yield
or quality [20, 50, 51]. Impacts to yields may signi-
ficantly counter some of the moderating effects on
irrigation needs and require other adaptation efforts
[51]. Further efforts that incorporate these additional
considerations can provide a more nuanced under-
standing of how phenological response shapes agri-
cultural water requirements in the face of climate
change [52].

Prior studies have shown that offline models
overestimate the impacts of climate change in plant
water demand by not incorporating the physiolo-
gical response of rising CO, [53]. Here, we show
that the mechanism of phenological changes plays
a complementary role in buffering some crop water
needs due to climate change. We incorporated an off-
line approach for incorporating plant physiological
responses to elevated atmospheric CO, that mod-
erates the direct climate-driven changes in evapor-
ative demand through increased stomatal resistance.
While this effect likely holds of annual crops [16],
perennial tree crops may exhibit different responses
[37]. The details of crop responses to elevated CO,
and its ramifications for changing evapotranspiration
are beyond the scope of this analysis. Models that
do not incorporate CO, effects on stomatal resist-
ance but do account for phenological change show a
0.9% increase in regional irrigation demand under a
+2 °C scenario, well above the nearly 9.4% increase
in irrigation demand for fixed phenology (table S5).
The large differences in changes in irrigation demand
for a +2 °C global warming scenario reflect different
mechanisms at play; +9.4% increase due to the dir-
ect influence of climate change on ETo and precipit-
ation, reduced to +6.6% increase after incorporating
the offline approach for plant physiological response
to increased CO,, further reduced to —1.6% after
incorporating changes in crop growing seasons due to
warming. While phenological changes may moderate
the direct effects of rising ETo on crop water demands
in central California for the crops we examined, a
more thorough assessment of the effect of phenology
across a larger set of crops, uncertainty in climate pro-
jections (e.g. figure 1(b)), and relevance across other
geographies is needed.

The projected mitigating phenological response
to warming from crop irrigation demands does not
undermine the broader scale water resource chal-
lenges germane to the SJV. While climate projec-
tions remain uncertain in terms of overall changes
in annual precipitation for the watersheds that pro-
cure surface water for agriculture [54], there is robust
agreement of declines in mountain snowpack stor-
age and increased occurrence of snow droughts [55]
and numerous measures of drought [56] that will
strain regional water availability. We show a shift

] T Abatzoglou et al

toward increased irrigation demand during March—
June with warming and phenological adjustments
with decreased irrigation demand in July—August.
This shift in irrigation demand is phased with projec-
ted advancement in the timing of streamflow from the
Sierra Nevada headwaters [57]. Increased evaporat-
ive demand in headwater regions may further reduce
runoff and overall water resources availability [58].
Lastly, some climate projections for California sugges-
ted heightened interannual variability which would
facilitate greater reliance on groundwater reserves to
meet irrigation demands [59].

While we focused on the phenological responses
of crops to climate change, a complex web of man-
agement considerations also plays a crucial role in
changing crop water demands. First, we assumed full
irrigation throughout the growing season; however,
deficit irrigation strategies during certain phenost-
ages, already common for crops like grapes, can be
more widely adopted to optimize water use and yield
[60]. Conversely, we note that evaporative cooling
through misting and additional irrigation is a man-
agement strategy used to overcome physiological heat
stress in wine grapes [61], which may increase under
warming scenarios. Second, crop portfolios influ-
ence regional agricultural water demand and changes
in both crop mix as well as the amount of irrig-
ated cropland given regulatory constraints (i.e. the
Sustainable Groundwater Management Act [62]) will
factor into future change. Third, shorter growing sea-
sons coupled with longer freeze-free periods might
incentivize double cropping systems [63], which
would negate any water savings achieved through
faster growth. While we show increased crop water
demand for alfalfa due to increased cutting frequency
with warming, irrigation demands can be curtailed
when water resources are scarce or water prices are
high and agricultural water markets incentivize flex-
ibility in water reallocation [64]. Lastly, phenological
changes as modeled here could disrupt labor pat-
terns and production logistics. These management
considerations highlight the need for a multifaceted
approach that integrates biophysical responses with
practical farming realities to ensure sustainable water
use in a changing climate.
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