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INTRODUCTION

Annual cycles of plant growth, termed plant “phenology,”
are sensitive to variation in their environmental cues, such
as temperature or precipitation, which will be modified by

Osvaldo E. Sala'*?

Abstract

Cycles of plant growth, termed phenology, are tightly linked to environmental
controls. The length of time spent growing, bounded by the start and end of
season, is an important determinant of the global carbon, water, and energy
balance. Much focus has been given to global warming and consequences for
shifts in growing-season length in temperate regions. In conjunction with
warming temperatures, altered precipitation regimes are another facet of
climate change that have potentially larger consequences than temperature in
dryland phenology globally. We experimentally manipulated incoming
precipitation in a semiarid grassland for over a decade and recorded plant
phenology at the daily scale for 7 years. We found precipitation to have a
strong relationship with the timing of grass greenup and senescence but
temperature had only a modest effect size on grass greenup. Pre-season
drought strongly resulted in delayed grass greenup dates and shorter
growing-season lengths. Spring and summer drought corresponded with
earlier grass senescence, whereas higher precipitation accumulation over these
seasons corresponded with delayed grass senescence. However, extremely wet
conditions diluted this effect and caused a plateaued response. Deep-rooted
woody shrubs showed few effects of variable precipitation or temperature on
phenology and displayed consistent annual phenological timing compared
with grasses. Whereas rising temperatures have already elicited phenological
consequences and extended growing-season length for mid and high-latitude
ecosystems, precipitation change will be the major driver of phenological
change in drylands that cover 40% of the land surface with consequences for
the global carbon, water, and energy balance.
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anthropogenic climate change. Phenology affects net
ecosystem productivity and global carbon cycling as
carbon fixation dominates over ecosystem respiration
during the phase when plants are green, and respiration
dominates over carbon fixation during the time
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when ecosystems are bare (Goulden et al, 1996;
Kikuzawa, 1995; Schlesinger, 2005). The length of the
green period is one of the determinants of the carbon
balance. Additionally, phenology affects the energy
balance of our planet. When canopy shifts from bare to
green, the albedo decreases, therefore increasing the
amount of energy absorbed (Richardson et al., 2013).
Duration of the phase in which ecosystems remain green
affects energy partitioning with ultimate feedbacks to the
global energy balance. A longer duration of the green
phase will enhance the effect of increased greenhouse
gas emissions on temperature. Phenology also controls
ecosystem water balance. During inactive parts of the year,
when more bare ground is exposed, water losses occur
through soil evaporation, deep percolation, or run-off.
When plants and ecosystems leaf out, transpiration then
acts as an additional, major water loss from the ecosystem.
Therefore, changes in the green period may affect the
amount of water reaching streams, recharging water
tables, and ultimately affecting precipitation patterns
(Shukla et al., 1990).

Many phenological studies focus on mesic, temperate,
and alpine ecosystems, demonstrating that phenology is
controlled primarily by temperature in these regions
(Collins et al., 2021; Goulden et al., 1996; Jackson et al.,
2001; Kramer et al., 2000; Richardson, Hufkens, Milliman,
Aubrecht, Furze, et al., 2018b; Zhang et al., 2003). Indeed,
scientists have observed increased global net primary
production (NPP) due to the warming temperature-driven
extension of growing-season length in  recent
decades, mostly in mid and northern latitude regions
(Nemani et al., 2003). However, the determinants and sensi-
tivities of the timing and magnitude of greenness in relation
to climate are less clear in water-limited ecosystems.
Drylands are characterized by having an aridity index, the
ratio of mean annual precipitation and potential evapotrans-
piration (MAP/PET), of <0.65 (Atlas, 1992). Drylands have
been relatively overlooked in phenology, yet these important
ecosystems cover more than 40% of the terrestrial Earth’s
surface (Pravalie, 2016), account for 30% of global carbon
fixation (Field et al, 1998), and explain most of the
interannual variability of the carbon cycle (Poulter
et al., 2014). As the name suggests, these systems are biologi-
cally sensitive to water availability. Climate change in dry-
lands is expected to decrease precipitation, probably expand
the global dryland area (but please refer to Berg &
McColl, 2021), and increase interannual precipitation
variability (Gherardi & Sala, 2019) with more frequent and
severe droughts coupled with deluges of novel magnitude
and frequency (Ault, 2020; Petrie et al., 2014). Given the
large terrestrial extent of drylands, phenological sensitivity
of plants within these ecosystems to directional changes in
precipitation amount could have large consequences from

local forage production to carbon, water, and energy balance
of our planet.

Our study addressed three questions. First, we asked:
Within a dryland community, how do two dominant
plant species differ in their phenology patterns?
Specifically, we focused on a perennial, deciduous shrub
(Prosopis glandulosa) and a perennial grass (Bouteloua
eriopoda). These two dominant plant species account for
most (67%) of aboveground net primary production
(ANPP) at our study site (Huenneke et al., 2002;
Reichmann et al., 2013). The Prosopis and Bouteloua gen-
era represent common plant-functional types found in
drylands worldwide, shrubs and grasses, and therefore
we refer to our study organisms as “shrub” and “grass”
respectively for brevity. Second question, what are the
determinants of those phenological patterns? Given the
morphological and physiological differences, we expect
our study species to respond differentially to changes in
phenological controls, such as seasonal water availability
or temperature. P. glandulosa, a C;, N-fixing shrub,
exhibits extensive rooting systems that can sometimes
reach 5 m in depth whereas B. eriopoda is a Cg,
shallow-rooted, stoloniferous grass (Gibbens &
Lenz, 2001). Ecophysiologically, P. glandulosa typically
outperforms B. eriopoda under drought stress,
maintaining a more favorable leaf-water potential and
higher photosynthetic rates for a longer fraction of the
growing season (Throop et al., 2012). Because of the large
spatial extent of our study species within North
American deserts and grasslands (“Occurrence records of
Bouteloua eriopoda (Torr.) Torr.”, 2021; “Occurrence
records of Prosopis glandulosa Torr.”, 2021) and the ubiq-
uity of the Bouteloua and Prosopis genera in drylands
worldwide  (“Occurrence  records of  Bouteloua
Lag.”, 2021; “Occurrence records of Prosopis L.”, 2021),
our third question asks: What are the consequences of a
changing climate for phenology of drylands?

Our approach to understanding the effects of temper-
ature and precipitation on dryland phenology combines
long-term precipitation manipulative field experiments
with temperature observations. Here, we present a
multiyear experimental study at the Jornada Basin Long
Term Ecological Research (LTER) (New Mexico, USA)
that combines rainfall manipulation in the field and
phenocameras to address our three objectives while
elucidating cause-effect relationships between precipitation,
temperature, and phenology patterns of two plant-
functional groups, woody shrubs and grasses. The vegeta-
tion habitat types of our field site are representative of the
northern Chihuahuan Desert, which covers a total spatial
extant of 501,895km® and is the largest desert of
North America (Havstad et al., 2006). Mean annual
rainfall of 232 mm, measured potential evaporation of
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~2200 mm year ', and the closed-basin topography typical
of the southwestern USA make this site an ideal, representa-
tive study system for understanding dryland ecosystem pro-
cesses (Havstad et al., 2006; Maestre et al., 2021). Because it
is impossible to detect long-term trends based on short-term
observations (Collins et al., 2011), our study provides novel
perspectives on precipitation-temperature-phenology inter-
actions in drylands by synthesizing 7 years of data from a
long-term rainfall manipulation experiment in a
multifunctional group system. This plot-level scale provides
an advantage, because community composition could
amplify or offset the effects of climate change if plant groups
respond differently (Ibrahim et al., 2021). Finally, one study
estimates that climate change has already advanced plant
greenup by 23-51days decade”' for the Northern
Hemisphere (Parmesan, 2007) and could extend
growing-season length in some ecosystems by 1-2 weeks
under current warming trends by the end of this century
(Richardson, Hufkens, Milliman, Aubrecht, Furze,
et al., 2018b). Our study presents a temporal resolution at the
daily scale, matching the timescale of future climate-change
impacts.

METHODS
Overview

Our objective was to investigate temperature and precipi-
tation controls on the phenology of a dryland ecosystem
co-dominated by two plant types. To address our ques-
tions, phenocameras were installed just outside a
long-term rainfall manipulation experiment in which
incoming precipitation was subtracted or added by 80%,
located at the Jornada Basin Long Term Ecological
Research site (New Mexico, USA). Daily images were
analyzed for changes in greenness through time. We
extracted greenup (start of season) and senescence (end
of season) dates from the greenness versus time curves
for each plant species and explored their relationships
with temperature and precipitation using linear mixed
effects models.

Study site description

This study was conducted at the Jornada Basin LTER
site, located at 32.56 latitude, —106.78 longitude (Las
Cruces, New Mexico, USA). The Jornada Basin receives a
mean precipitation amount of 232 mm annually. In total,
76% of this mean annual precipitation comes in the form
of summer monsoonal storms derived from the Gulf of
Mexico (Havstad et al., 2006). During the summer, which

constitutes the main growing season for dominant vege-
tation, mean maximum temperature is 36°C. Dominant
vegetation consists of the C; perennial shrub, Prosopis
glandulosa (honey mesquite) and the C, perennial grass,
Bouteloua eriopoda (black grama). Soils are classified as
Cacique loamy fine sand with weakly developed textural
B (argillic) horizons overlaying semi-indurated to indu-
rated caliche at ~30-60 cm in depth (Gile, 1981;
Monger, 2006).

Climate variables

Climate data were obtained from the meteorological
stations nearest to the experimental plots. Gap-filled daily
precipitation sums were obtained from the Jornada G-BASN
long-term NPP site (32.53 latitude, —106.79 longitude;
~3.3 km southwest from experimental plots) (Yao
et al., 2020). Daily temperature means were obtained from
the Jornada Experimental Range Headquarters NOAA sta-
tion (32.62 latitude, —106.74 longitude; ~7.5 km northeast
from study plots), calculated as the mean of the daily mini-
mum and maximum.

Experimental design and image capture

Water treatments were achieved using rainout shelters
that decreased incoming precipitation by 80% and auto-
mated irrigation systems that simultaneously applied 80%
of incoming precipitation (Gherardi & Sala, 2013;
Yahdjian & Sala, 2002). During precipitation events,
shelters intercepted and redirected incoming rainfall to a
PVC irrigation system surrounding +80% treatment plots
by means of a solar-powered pump; control plots received
ambient precipitation (with no shelter or irrigation
system) throughout the duration of the experiment.
Manipulation intensities were based on extremes of his-
torical precipitation data for the region. Rainfall manipu-
lation treatments were started in 2006 along with
control plots that received ambient rainfall (n = 6;
N =18 2.5 x 2.5 m plots) (Reichmann et al., 2013).

To address our questions, Wingscape TimeLapse Pro
(WCT 00125) “phenocams” were installed just outside of
nine plots (n = 3 per treatment) in year 8 (2014) and an
additional nine (to increase our replication to n = 6 per
treatment) were installed in year 12 of the experiment
(2018). All cameras were installed facing west/southwest,
horizontal and aimed to the center of each plot
(Appendix S1: Figure S1). Images taken before 2018 were
captured once during peak sunlight at noon, and images
taken after 2018 were captured every 30 min between
11:00 AM and 2:00 PM.
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Image analyses

Daily images from each plot were analyzed for changes
in greenness through time. Three regions of interest
(150 x 150 pixels) were situated on each dominant grass
patch (B. eriopoda) and central shrub (P. glandulosa)
using a MATLAB-based graphical user interface,
PhenoAnalyzer (patent pending), developed by the Craig
Tweedie System Ecology Laboratory (University of Texas,
El Paso; Ramirez et al., 2021). The regions of interest
were placed on portions of each plant and plant patch
that qualitatively had the most consistent leaf cover to
avoid analyzing extraneous parts of the image, such as
soil, sky, obstruction from other plants, or woody stems.
Pixelated information was extracted and composited,
resulting in output that contained date, and red, blue,
and green color channel information. The green
chromatic coordinate (g..), analogous to NDVI in other
phenology studies, was calculated as:

(green digital number)
red digital number) + (blue digital number)]

gCC = [( (1)

Comparable to NDVI, g.. has been found to be a suitable
color index for phenology studies at the landscape and
plot level (Richardson, Hufkens, Milliman, Aubrecht,
Chen, et al., 2018a; Sonnentag et al., 2012). From these
time series data for each plot, we followed the double
logistic model curve-fitting and phenophase extraction
approach using the per 90 g. after Sonnentag et al.
(2012) and the phenopix package (Filippa et al., 2016) in
R version 4.0.3 (Team, 2015). Within this package, images
that were below a brightness threshold of 0.2 (due to
cloudy days or camera obstruction) did not pass quality
control and were automatically discarded using the
“night” filter within the autoFilter() function. A rolling
window of 7 days for images taken before 2018 (one
image per day) and 3 days for images taken after 2018
(multiple images per day) were applied to the 90th
percentile of g.. data time series. Shrub data were fitted
with a Klosterman curve (Klosterman et al., 2014) using
the gu extraction method (Gu et al., 2009), whereas
grasses were best fitted with a gu curve (Gu et al., 2009)
using the Klosterman extraction method (Klosterman
et al., 2014). Some plots were missing data due to camera
failure or installation of new cameras mid-season
(Appendix S1: Table S1).

Statistical analyses

The independent wvariables, precipitation amount
(mm) and mean air temperature (°C), were categorized

into the following seasons: winter (1 January to
31 March), spring (1 April to 30 June), summer (1 July to
31 September, the typical monsoon season at the Jornada
Basin LTER), and fall (1 October to 31 December). We
selected the winter season as the independent variable
for greenup analyses, as these are the months immedi-
ately preceding typical greenup events observed
long-term at this site. We selected the spring and summer
seasons for senescence analyses, specifically using rainfall
sums across these months as the precipitation variable.
For the temperature variable in senescence analyses, we
used mean air temperature from the fall following the
typical growing season. We used maximum likelihood to
compare the fixed effects (Bolker et al., 2009) of precipita-
tion amount and mean air temperature on plant greenup
and senescence with the following linear mixed effects
models:

Y =Po+ Sos +B1Xi +es (2)

Y5 =B + Sos + B X +esi (3)

Y =B+ Sos + log (B, X +2) +eg (4)
Yy =By + Sos + B Xi + B,X + ey (5)

Ysij = BO =+ Sos + BlXi + IOg (BZXJ' + 2) + (2 (6)
Y= Bo +Sos + B X + Bsz + BlXiﬁZXj + e€sij (7)

Y = Bo + Sos + B1.Xi + B,.X; + PrXilog (B,X; +2) + ey
(8)

Sos ~ N (0,75,).
esj ~N(0,6%)

where Y;; = response (greenup or temperature),
o = intercept, Sos = random effect (year), p,.X; = fixed
effect 1 (mean temperature), p,X; = fixed effect 2 (precipi-
tation amount), ey = residuals. Because some seasons
may have zero or <1 mm of rainfall, logarithmic models
included the addition of a constant to the precipitation
variable. All linear mixed effects models were analyzed
using the Imer() function in the Ime4 package
(Bates et al., 2014 p. 4). We used the Akaike Information
Criterion (AIC) to select the best model (Sakamoto
et al., 1986). Models that met our criteria had the lowest
AIC with AAIC > 2, otherwise the most parsimonious
model was selected. Residuals of selected models were
tested for and exhibited normality.
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FIGURE 1 Annual greenness (as green chromatic coordinate, or g..) versus time (as Julian day of year, where DOY 1 is January 1)
curves for grass (green line) and shrub (orange line) functional types at the Jornada Basin LTER.
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FIGURE 2 (a)Long-term (1915-2020) trends in annual precipitation amount and mean annual temperature at the Jornada; (b) monthly

mean air temperature (°C) and (c) monthly precipitation sums (mm) over the study period (2014-2020) at the Jornada Basin LTER.

RESULTS
Overview

We found that woody shrubs greenup earlier in the
summer growing season, around day of year 96 (early
April), whereas grasses greenup later, with a mean
greenup day of year of 157 (mid-June) (Figure 1).
These results are typical of the Jornada Basin and
match landscape-level observations made previously

(Browning et al.,, 2017). In general, growing-season
length for shrubs is longer than that for grasses; mean
growing-season length was 187 and 97 days for shrubs
and grasses, respectively.

The division of temporal niches for these two plant
species may reflect the responses to the cue that
varies the most at the annual scale (Okin et al., 2018). In
drylands, that cue is precipitation (Gherardi & Sala, 2019;
Trenberth et al., 2003), which varied the most annually at
our site both over the long term (105 years; Figure 2a) and
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TABLE 1

Short-term (2014-2020) and long-term (1915-2020) climate means and coefficients of variation (CV) for temperature and

precipitation at the Jornada Basin Long Term Ecological Research site, located in Las Cruces, New Mexico, United States.

Study period (2014-2020)

Long term (1915-2020)

Environmental cue Mean Coefficient of variation (%) Mean Coefficient of variation (%)

Temperature 289.7K 0.26 2889 K 0.34

Precipitation 242 mm 29 232 mm 39
2504 1(b) Grass the model with temperature alone (Equation 2) met our
200 - _ criteria and was selected. Grass senescence was best
150- | explained by the logarithmic precipitation model

100 4

50 +

Greenup day of year
o

0 16 32 48 64 6 8 10 12 14
Winter precipitation (mm) Winter temperature (°C)

FIGURE 3
on grass (a, b) and shrub (c, d) greenup, expressed as day of the year.
Points represent plot-year replicates. Significant linear mixed model

Winter temperature and winter precipitation effects

precipitation effects in (a) and (b) are denoted by a solid line, which
represents the predicted model fit £95% confidence interval, calculated
as +2 x standard error around the effect size. In (a) and (b), grass
greenup = 337.8 + (—1.8 x precipitation) + (—16.71 x mean air
temperature). In (c) and (d), shrub greenup did not statistically
respond to either winter precipitation or mean winter air temperature.

during our study period (7 years; Figure 2b). The
long-term coefficient of wvariation (CV) for annual
precipitation was ~39%, whereas the CV for air tempera-
ture (calculated using temperature in Kelvin) was ~0.34%
(Table 1). At the intra-annual scale, transitions in seasonal
temperature are essential triggers that plants also may use
to shift between phenological stages of growth. We
explored the relative effects of temperature and precipita-
tion, two important phenological cues and components of
environmental change, on grass and shrub phenology.

Model selection
For grass greenup response, the additive model with both

temperature and precipitation (Equation 5) met our
criteria and was selected. For shrub greenup response,

(Equation 4). Shrub senescence was best explained by the
non-logarithmic precipitation model (Equation 3). For all
selected models, except that for shrub senescence, the
random effects variances were estimated as zero.
Although singularity indicates a mixed model that is
overfitted, we felt that it was important to retain the ran-
dom effect term (year) to reflect the repeated nature of
our experimental design. Bolker et al. (2009) affirmed
that in cases such as these, the results remain unchanged
and the random effect parameter may be retained. The
Supporting Information contains statistical output for
AIC comparisons (Appendix S1: Table S2) and results
from each mixed model (Appendix S1: Tables S3-S6).

Phenology responses of grasses and shrubs

Grass and shrub greenup exhibited differential responses
to environmental cues. Grass greenup responded signifi-
cantly to winter precipitation (Figure 3a; Appendix S1:
Table S3; fixed effects estimate: —1.8; CI: —2.60 to —1.01;
p < 0.05; marginal R*> = 0.46). Dry pre-season winter
conditions resulted in delayed grass greenup, and wet
conditions advanced grass greenup. The effect of winter
precipitation on grass greenup resulted in extreme
drought, delaying this important phenological transition
up to 110 days, from the earliest statistically estimated
day of year (DOY) 95 to the latest DOY 205 (while hold-
ing the temperature constant). The effect of winter tem-
perature on grass greenup was also significant, indicating
that warmer winter temperatures resulted in earlier grass
greenup, whereas cooler temperatures delayed grass
greenup up to 98 days, from the earliest estimated
DQOY 75 to the latest DOY 173 (while holding precipita-
tion constant) (Figure 3b; Appendix S1: Table S3; fixed
effect estimate: —16.71; CI: —28.40 to —5.03; p < 0.05;
marginal R? = 0.46). Shrub greenup, by contrast, had a
relatively constant date when the standard error of
greenup around a mean DOY of 97 was only 0.27. Shrub
greenup was ecologically insensitive to winter precipita-
tion (Figure 3c), and this fixed effect was not included in
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effects on grass (a, b) and shrub (c, d) senescence, expressed as day of
the year. Points represent plot-year replicates. Significant linear mixed
model precipitation effect in (2) is denoted by a solid line, which
represents the predicted model fit £95% confidence interval,
calculated as £2 x standard error around the effect size. In (a), grass
senescence = 31.24 + (45.78 x log[precipitation + 2]), whereas
temperature did not statistically explain grass senescence (b). In

(c) and (d), shrub senescence did not statistically respond to either
spring + summer precipitation or mean fall air temperature.

the best selected explanatory model. Additionally, shrub
greenup did not respond to winter temperature
(Figure 3d; Appendix S1: Table S4; fixed effect estimate:
—1.05; CI: —2.15 to 0.05; p = 0.06; marginal R?=0.036).

Grass senescence was significantly linked to cumula-
tive spring and summer precipitation (Figure 4a;
Appendix S1: Table S5; fixed effects estimate: 45.78;
CI: 5.04-86.51; p < 0.05; marginal R?= 0.15). By contrast,
grass senescence did not depend on any changes in fall
temperature (Figure 4b), which was not included in the
best selected explanatory model. Growing-season drought
corresponded with statistically estimated senescence as
early as DOY 188. Higher accumulated precipitation over
these seasons resulted in delayed senescence, which
extended the growing-season length. The selected logarith-
mic model indicates that delays in grass senescence date
plateaued at approximately DOY 300. Therefore, sensitiv-
ity of grass senescence to precipitation appeared highest at
low to average rainfall amount and diminished during
extremely wet years. Shrub senescence was insensitive to
variability in both growing-season precipitation (Figure 4c;
Appendix S1: Table S6; fixed effect estimate: —0.05; CI:
—0.16 to 0.06; p = 0.40; marginal R* = 0.007) and fall tem-
perature (Figure 4d).

DISCUSSION

Precipitation versus temperature controls
of phenology

Our study provides a unique lens to assess precipitation
and temperature controls of phenology. We saw that pre-
cipitation had an effect on grass greenup and senescence,
but temperature had an effect on just grass greenup.
Shrubs, by contrast, were insensitive to both environmen-
tal cues. To support our conclusion, we used the selected
explanatory regressions (Appendix S1: Table S2) to esti-
mate the effects of long-term (>100 years, Figure 2), his-
toric ambient precipitation and temperature on
phenology for our study species at the Jornada. The
results suggest that ambient precipitation variability from
historic records had a potentially larger effect on phenol-
ogy relative to temperature (Table 2). Precipitation at our
site over 105 years explained 27% of the variability in
grass greenup, whereas historic temperature variability
explained only 10% of the phenological variability.
Precipitation also had a larger effect than temperature on
grass senescence but the effects were smaller than those
observed for greenup (Table 2). This important conclu-
sion of our work results from both higher sensitivity of
our grass species to both precipitation and temperature at
the start of season (Figure 3) and higher interannual
variability of precipitation relative to temperature
(Table 1). Our results in conjunction with climate-change
predictions suggest that, for dryland regions, changes
in precipitation will be a more important driver in
phenological shifts than temperature. Whereas rising
temperatures have already elicited phenological conse-
quences and extended growing-season length for
mid- and high-latitude ecosystems (Cook et al., 2012;
Parmesan, 2007; Richardson et al., 2018b), precipitation
change will be the major driver of phenological change
in drylands.

Grasses and shrubs exhibit contrasting
phenology strategies

Phenological responses to the environment are reflective
of a strategy that maximizes fitness and resource acquisi-
tion while reducing competition (Jackson et al., 2001;
Kikuzawa, 1991; Kraft et al., 2015; ROmermann
et al., 2016). Separation of phenological timing among
species within a plant community reflects the stabiliza-
tion strategies that facilitate coexistence (Cleland
et al., 2012; Kraft et al., 2015). Grass phenology strongly
depended on shifts in precipitation more than changes in
seasonal temperature. Additionally, grasses were more
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TABLE 2

Long-term (105 years) estimates and coefficients of variation (CV) of Greenup and senescence in grasses and shrubs

back-calculated from the selected explanatory models using historic, ambient precipitation and temperature as independent variables.

Grass Shrub
Greenup Senescence Greenup Senescence
Environmental Coefficient Coefficient Coefficient Coefficient
cue Range  of variation Range of variation = Range  of variation Range of variation
Winter precipitation = 14-298 26% 92-105 2%
Winter temperature DOY DOY
Spring + summer 153-300 9% 274-291 1%
precipitation DOY DOY
Fall temperature
Abbreviation: DOY, day of year.
sensitive in their phenology at lower precipitation

amounts; therefore, drought has potentially higher and
negative consequences for grass phenology over “deluge”
by shortening the growing-season length by either
delaying greenup, advancing senescence, or both.
Whereas there were deluge impacts on grass senescence
in our study, these effects appeared to plateau at precipi-
tation totals over 200 mm. We interpreted the small
response of senescence beyond 200 mm of precipitation
to the possible water saturation of the upper layers of the
soil where most of the grass roots are concentrated
(Jackson et al., 1996). When precipitation exceeds
200 mm, soil water may reach layers poorly explored
by grasses and then absorbed by deep-rooted shrubs
or lost via deep percolation. Satellite observations of
West African savanna similarly found grasslands to be
more sensitive to changes in precipitation than
woody-dominated landscapes, which exhibited constant
greenup dates (Ibrahim et al., 2021). Studies in a
Mediterranean-type ecosystem, also reported that herba-
ceous species were more sensitive to changes in rainfall
amount, especially drought, and exhibited delayed
greenup (Esch et al., 2019). Because grasses accounted for
40% of the Jornada Basin aboveground net primary pro-
ductivity (Huenneke et al., 2002), and many other global
drylands are grass dominated, the ecological consequence
of drought on grass phenology cannot be understated.
Grass response to short-term changes in the environ-
ment represents an ecological phenomenon called pheno-
logical tracking (Cleland et al., 2012), which enables
plants to adjust their growth to when favorable climatic
conditions occur and maximizing growth for each year.
This strategy allows grasses to maximize the use of water
that otherwise would be lost via soil evaporation (Throop
et al., 2012). Plants that exhibit this strategy may be more
adaptive to variable precipitation predicted for future cli-
mate scenarios in drylands. The disadvantage is that cou-
pling greenup to early precipitation pulses holds a risk

S onesonie. (1 of yean))
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FIGURE 5 Hypothetical relationship between senescence day
of year for grasses (green line) and shrubs (orange line) and annual
precipitation amount. Saturation of surface soils at higher rainfall
amounts results in percolation to deeper soil depths accessible by
shrubs, eliciting a senescence response.

for plants during drought years. If no subsequent rain
events occur thereafter, there is the possibility of invested
carbon and nitrogen resources after a rain event for root
(Lauenroth et al., 1987) or shoot growth that cannot be
offset during a shortened growth period.

Shrub phenology is consistent among years and may
reflect a strategy associated with access to a source of
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water with low interannual variance and a
frost-avoidance strategy linked to predictable shifts in
seasonal temperature (Medeiros & Pockman, 2014). At
any given latitude, photoperiod is another stable cue at
annual time scales and is often synchronous with predict-
able patterns in seasonal temperature (Adole et al., 2019;
Jackson, 2009). Photoperiod is an indicator of very
long-term adaptations over decadal/century time scales
and represents a conservative phenological approach. A
continental-scale study of Africa’s terrestrial ecosystems
found phenology to be controlled by multiple drivers that
were dominated by photoperiod (Adole et al., 2019).
Early theories of phenology identified the strategy of
tracking photoperiod and predictable temperature cues
as favoring high-light environments where resources
and water were available (Jackson et al., 2001;
Kikuzawa, 1995). Deep soil water has been shown to be a
relatively stable source of water for shrubs (Duniway
et al., 2018). If there are any precipitation effects on shrub
phenology, we expect them to occur after high multiyear
droughts or deluges (Figure 5). If grass senescence
responses plateau at high rainfall accumulation, this
water becomes available to percolate to deeper soil layers
that are more accessible by shrubs. It is also possible that
shrub phenology responds to multiyear precipitation
cycles that result in prolonged droughts or wet years.
Increased frequency of climate anomalies, such as the
Pacific Decadal Oscillation (PDO) and the El
Nifo-Southern Oscillation (ENSO), is likely to drive these
multiyear cycles (Felton et al., 2020; Petrie et al., 2014).
Therefore, stable seasonal temperatures contrast the
temperature- and water-insensitive shrubs at our site
compared with temperature-sensitive trees in temperate
systems that experience higher fluctuation of
start-of-season temperatures (Zani et al., 2020).

Implications for future climate scenarios

Although global temperature is rising and affecting tem-
perate ecosystem phenology directly, temperature alone
has a minimal effect on the phenology in drylands.
Future climate simulations for the United States
Southwest project a strong reduction in winter and
spring precipitation under the ICPP RCPS8.5 scenario
(Wuebbles et al, 2014), which would drastically
shorten grass growing-season length through delayed
greenup and earlier senescence. Precipitation, particu-
larly drought, affects grass phenology more than shrubs.
Alteration of the length of growing season via changes to
precipitation has important consequences for global car-
bon cycling as many drylands consist of grass-dominated
systems. In terms of season length, how does this affect

C fixation? Drought is altering the cycle of grass growth
by shifting greenup and senescence, and therefore short-
ening growing-season length. Drought impacts to phenol-
ogy may result in a reduction of grass cover, and
therefore grass ANPP.

Our results suggest that warming winter temperatures
could have a significant impact on grass phenology by
advancing greenup dates. Nonetheless, temperature is
not expected to increase as much in terms of variability
or directionality in our semiarid system compared with
mesic or temperate counterparts (Wuebbles et al., 2014).
Future climate scenarios project a temperature increase
under the RCP8.5 scenario of up to 3.2°C for southern
New Mexico (Scott et al., 2016). This projected tempera-
ture increase is encompassed in the observed temperature
range of our study (—8.65 to 33.35°C).

A reduction in plant cover through altered phenology
will subsequently have larger impacts on energy and
water balance. In an example driven by this study,
decreased aboveground biomass of perennial grasses will
result in increased bare ground exposure, and therefore
increased albedo and surface reflectance of incoming
radiation. Furthermore, an increased percentage of bare
ground will subsequently increase overland water flow,
surface erosion, and water losses via evaporation
(Okin et al., 2018), further increasing the patchiness of
desert landscapes and reinforcing mechanisms for
woody-plant encroachment (Huenneke et al., 2002).
Decreased plant transpiration will also decrease latent
heat loss during the growing season (Pefiuelas
et al., 2009), a mechanism that cools microclimates. Loss
of herbaceous species, which have an open nutrient econ-
omy and high nutrient turnover (Sala et al., 2012), will
result in decreased litterfall inputs to these oligotrophic
systems, therefore further amplifying the openness of
nutrient cycling under drought in these water-limited
ecosystems.

This 7-year snapshot of the phenology of dominant
grass and shrub species of the Chihuahuan semiarid eco-
system provides the impetus for investigating
temperature—precipitation controls on phenology at
larger spatial and temporal scales across global drylands.
Our experimental ranges of annual precipitation over the
7-year study period were 32-372 mm, mirroring historic
precipitation extremes over the last century, whereas
temperature showed a mean ambient range 16.5-18.9°C
that also represents long-term trends (Figure 2a). The
most complete vision of phenology responses to the inter-
active effects of water and temperature variability will
depend on complimentary approaches (Cleland
et al., 2007), such as combinations of existing long-term
manipulative experiments, coordinated research net-
works (e.g., PhenoCam Network; Seyednasrollah
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et al., 2019 and the European Phenology Camera Network;
Wingate et al., 2015), and satellite observations that docu-
ment large-scale change through time (Adole et al., 2019).
Phenological studies will benefit from a greater under-
standing of how water-limited systems respond to extreme
precipitation. Because temperature alone does not neces-
sarily control the phenology in all ecosystems, filling the
research gap by including dryland responses to shifts in
annual precipitation will be critical for our global under-
standing of controls on ANPP. This will ultimately be
important to better understand the global carbon cycle, the
energy and water balance the capacity for dryland ecosys-
tems to sequester carbon, and how the sensitivity of these
systems to shifts in precipitation and temperature may
affect the services they provide.
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