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Abstract
1. Against a backdrop of rising temperature, large portions of the western United 

States are experiencing fewer, larger and less frequent precipitation events. 
How such temporal ‘repackaging’ of precipitation alters the magnitude and tim-
ing of seasonal maximum gross primary productivity (GPPmax) remains unknown. 
Addressing this knowledge gap is critical, since changes to GPPmax magnitude 
and timing can impact a range of ecosystem services and management decisions.

2. Here we used a field- based precipitation manipulation experiment in a semi- arid 
mixed annual/perennial bunchgrass ecosystem with mean annual precipitation 
~384 mm to investigate how temporal repackaging of a fixed total seasonal pre-
cipitation amount impacts seasonal GPPmax and its timing.

3. We found that temporal repackaging of precipitation profoundly influenced 
the seasonal timing of GPPmax. Many/small precipitation events advanced the 
seasonal timing of GPPmax by ~13 days in comparison with climatic normal pre-
cipitation. Conversely, few/large events led to deeper soil water infiltration, 
which delayed the timing of GPPmax by up to 16 days in comparison with climatic 
normal precipitation, and altered end- of- season community composition by in-
creasing the diversity of shallow- rooted annual plants. While GPPmax magnitude 
did not differ across precipitation treatments, it was positively correlated with 
the abundance and biomass of deeper- rooted perennial bunchgrasses. The sen-
sitivity of plant growth, biomass accumulation and plant life histories to the tim-
ing and magnitude of precipitation events and the resulting temporal patterns of 
soil moisture regulated ecosystem responses to altered precipitation patterns.

4. Our results highlight the sensitivity of semi- arid grassland ecosystem to the tem-
poral repackaging of precipitation. We find that already- observed and model- 
forecasted shifts toward few/large precipitation events could drive significant 
delays in the timing of peak productivity for this ecosystem. Adaptive land 
management frameworks should consider these findings since shifts in peak 
ecosystem productivity would have major implications for multiple land user 
communities. Additional research is needed to better understand the role of 
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1  |  INTRODUC TION

Climate warming- induced intensification of the hydrologic cycle 
increases the frequency and intensity of extreme weather events 
(Dai, 2013; Diffenbaugh et al., 2015). Evidence from across the semi- 
arid southwestern United States (US) suggests that rainfall regimes 
are shifting towards larger, less frequent rain events interspersed 
by longer intervals of days without rainfall (Bradford et al., 2020; 
Groisman & Knight, 2008; Zhang et al., 2021). However, shifts in the 
frequency and event size distribution of precipitation have been less 
well studied than shifts in seasonal or annual totals, and the eco-
logical consequences of such precipitation ‘temporal repackaging’ 
remain uncertain (Heisler- White et al., 2008; Liu et al., 2017; Potts 
et al., 2019).

Grassland maximum photosynthetic production (gross primary 
productivity, GPPmax) and its seasonal timing correspond to the mag-
nitude and timing of ecosystem services including carbon seques-
tration (Xia et al., 2015), plant biomass production for forage and 
grazing (Hernandez- Ramirez et al., 2011), and erosion control (Zuazo 
& Pleguezuelo, 2009). Important impacts of GPPmax magnitude and 
timing include management decisions such as animal grazing rota-
tions (Browning et al., 2019; Xu et al., 2016) and possible matches 
in plant– pollinator biorhythms (Burkle & Alarcón, 2011; Hegland 
et al., 2009). GPPmax is considered as the turning point in vegeta-
tion phenophase (i.e. when carbon allocation shifts away from 
vegetative production and primarily towards structures associated 
with reproduction), especially for grasslands with clear seasonality. 
Furthermore, GPPmax magnitude and timing are important indica-
tors of seasonal maximum carbon uptake and carbon balance (Niu 
et al., 2017; Park et al., 2019; Xia et al., 2015). With semi- arid lands 
playing a dominant role in the trend and variability of the global car-
bon cycle (Ahlström et al., 2015; Poulter et al., 2014), understanding 
the mechanisms controlling semi- arid grassland GPPmax is not only 
essential for informed rangeland management, but may also be crit-
ical for improving our predictions of grassland carbon cycling in re-
sponse to global change (Gonsamo et al., 2018).

The precipitation repackaging effect on GPPmax magnitude and 
timing may in large part be determined by the functional traits and 
the phenology of perennial C4 grasses, the dominant plants in semi- 
arid rangelands (Bodner & Robles, 2017; Ehleringer et al., 1997). 
However, changes in water availability due to variations in the 
amount and timing of rainfall and the resulting depth and magnitude 
of soil water infiltration can also cause fluctuations in the abundance 

of different species within communities (Knapp et al., 2002). 
Community shifts might be particularly apparent in semi- arid grass-
lands, which contain mixtures of different plant functional types 
(e.g. annual, perennial), because the response of grass species to al-
tered precipitation may vary according to their life history (Munson 
& Long, 2017). Different rooting distributions for different plant 
functional types in water- limited ecosystems drive the various re-
sponses to precipitation repackaging, suggesting a shift in commu-
nity composition under precipitation repackaging (Liu et al., 2017; 
Reynolds et al., 2004). These responses may influence seasonal car-
bon uptake dynamics, since ecosystems harbouring more plant spe-
cies can achieve higher GPP (Milcu et al., 2014). Few, large rainfall 
events have relatively deeper infiltration into the soil profile and a 
lower fraction lost to evaporation compared to smaller rain events, 
thus proportionally more water is available for plant growth and a 
higher GPPmax (Austin et al., 2004; Guo et al., 2016; Huxman, Snyder, 
et al., 2004). Additionally, deeper infiltration is expected to favour 
deeper- rooted perennial plants over shallow- rooted annual grasses 
and forbs under prolonged dry intervals. Therefore, we expect that 
temporal repackaging of precipitation will affect seasonal GPPmax 
magnitude and timing. Specifically, in semi- arid grasslands with 
deep, well- drained soils, few/large events are expected to increase 
GPPmax magnitude and delay GPPmax timing.

In the semi- arid rangelands of interior southwestern North 
America, the majority of ecosystem production occurs between 
July and September in response to intense, convective rain-
fall associated with the North American monsoon (Biederman 
et al., 2017; Hinojo- Hinojo et al., 2019; Scott et al., 2010). Complex 
interactions between monsoon rainfall variability and the timing 
of plant growth have limited our ability to predict the magnitude 
and timing of GPPmax in these ecosystems (Briske et al., 2008; 
Polley et al., 2013). At the regional scale, satellite remote sensing 
has been used to demonstrate the close relationship between sea-
sonal shifts in vegetation greenness and GPPmax magnitude and 
timing across semi- arid grassland ecosystems (Smith et al., 2019; 
Yan et al., 2019). Long- term remote sensing observations have 
further found both the seasonal timing of peak vegetation green-
ness and peak GPP are largely impacted by seasonal precipitation 
totals (Yang et al., 2019; Zhou & Jia, 2016), but it remains unclear 
how the temporal repackaging of precipitation, independent of 
changes in precipitation totals, may impact vegetation green-
ness and GPPmax magnitude and timing. Identifying patterns and 
mechanisms of GPPmax and its timing in response to precipitation 

climate, community composition and soil properties in mediating variability in 
the seasonal timing of maximum ecosystem productivity.

K E Y W O R D S
community composition, maximum photosynthetic production, precipitation repackaging, 
semi- arid grasslands, vegetation greenness
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repackaging have been difficult to discern through long- term ob-
servations due to large interannual precipitation variability, legacy 
and lag effects, and complex impacts of simultaneous variations 
in natural precipitation amount and temporal packaging (Sala 
et al., 2012; Wu et al., 2015). However, high degrees of interannual 
and intra- annual variability in peak vegetation greenness timing 
suggest that precipitation variability at various time- scales may 
drive the magnitude and timing of GPPmax (Zelikova et al., 2015).

Our objective in this study was to address this knowledge gap 
by evaluating the impacts of a climatic shift towards fewer and 
larger precipitation events on the magnitude and seasonal timing 
of peak photosynthesis. We utilized a new, intensively instru-
mented field experiment in the semi- arid grassland in Southern 
Arizona, US, to fully control precipitation over 20 hydrologically 
isolated plots during the main summer growing season of July– 
September 2020. We combined measurements of plot- level GPP, 
vegetation greenness, soil moisture, functional traits, community 
composition to address the following questions: (a) What is the im-
pact of precipitation repackaging on seasonal GPPmax magnitude 
and timing? and (b) How is the relationship between precipitation 
repackaging and GPPmax mediated by plant functional traits and 
community composition?

2  |  MATERIAL S AND METHODS

2.1  |  Site description

This experiment was conducted at the experimental facility 
named Rainfall Manipulation in the Santa Rita Experimental Range 
(RainManSR; 31.79°N, 110.90°W, 1,075 m a.s.l.). The mean an-
nual temperature (2004– 2018) is approximately 19.0°C, with 
daytime maximum temperature often exceeding 35°C in June 
(Scott et al., 2009). The mean annual precipitation (2004– 2018) 
is 384 mm, about 50%– 60% of which arrives during the summer 
growing season associated with the North American Monsoon 
(July– September) (Roby et al., 2020; Scott et al., 2008). Soils at 
the site are deep, well- drained sandy loams (72% sand, 13% clay, 
and 15% silt) and do not vary considerably across the site, where 
all experimental plots were within 140 m of one another. The 
extant ecosystem is savanna, with widely spaced Prosopis velu-
tina, Senegalia greggii and Celtis pallida the most common woody 
species and a sparse understory of C4 perennial bunchgrasses 
(Eragrostis lehmanniana, Digitaria californica, Heteropogon con-
tortus) interspersed with a seasonally dynamic community of C4 
annual grasses (Bouteloua barbata, B. aristidoides, Aristida adscen-
sionis) and C3 forbs (Evolvulus arizonicus, Solanum elaeagnifolium, 
Eriogononum abertianum, Machaeranthera tanacetifolia). The field 
research was conducted with permission from the University of 
Arizona Agricultural Experiment Station, Accession No. 19- 66, 
granted 8 May 2019 under a cooperative agreement between the 
University of Arizona and the USDA- Agricultural Research Service 
(agreement no. UA- 3030310).

2.2  |  Rain- exclusion shelter design

The experiment used a randomized block design, with each of 
five rainout shelters considered a block, and four plots, measuring 
1.2 m × 1.5 m, spatially randomized under each shelter. Shelters 
are of a semi- circular ‘hoop house’ design with dimensions of 
4.3 m width, 22 m length and 2.5 m maximum height (GrowSpan 
Greenhouse Structures), and were covered with transparent, 6- mil 
polyethylene greenhouse film that transmits 92% of photosyntheti-
cally active radiation (Lumite, Inc.). Hardware fabric (1.2 cm mesh) 
was installed around each shelter to a height of 1 m and a sub- 
surface depth of 0.3 m to deter rodent and lagomorph disturbance 
within the shelters yet allow access for small reptiles, arthropods 
and soil macroinvertebrates. There were negligible environmental 
impacts from the rainout shelters, which caused minimal change in 
relative humidity and air temperature (Figure A1). Each shelter was 
fashioned with gutters to divert precipitation to a storage tank; this 
harvested rainwater was used for all irrigation treatments.

To hydraulically isolate plots above- ground and below- ground, 
plots were trenched on all sides to a depth of 80 cm, and soil col-
umns were lined with black, 6- mil polyethylene film that extended 
to the trench bottoms before backfilling. Plots were also lined with 
0.25 mm galvanized steel flashing that extended 50 cm down the soil 
column and 10 cm above the soil surface.

To provide a relatively consistent initial plant community among 
plots in this typically patchy, heterogeneous desert grassland, we 
transplanted seedlings of a native perennial bunchgrass (Digitaria 
californica (Benth.) Henrard) at a density of approximately 20 plants 
per m2 in November 2019. From transplant through 1 May 2020, 
each plot received supplementary irrigation to promote establish-
ment approximately biweekly. No irrigation was applied during 
May and June 2020, in accord with the normal local climatic rainfall 
pattern. Establishment of Digitaria californica transplant seedlings 
varied, providing a range of abundance and biomass, which proved 
useful in testing their importance as predictors of GPP.

2.3  |  Experimental setup

The precipitation treatments were carried out during July– 
September 2020 (Figure 1). This experiment only altered the dry 
interval duration and frequency of precipitation events, while main-
taining constant monsoon season precipitation of 205 mm, equiv-
alent to the ~45- year mean (1975– 2019). Within the context of a 
45- year climate record for this location (Figure A2), the durations 
of dry intervals were fixed for each precipitation treatment as fol-
lows: 3.5 days (S1), 7 days (S2, climatic normal average dry interval 
between events), 14 days (S3) and 21 days (S4). Precipitation events 
were simulated by a digital flow meter (A109GMN025NA1; Assured 
Automation) using collected rainwater. Events larger than 7 mm were 
applied in multiple small doses over 30– 60 min to prevent ponding. 
All plots received 38 mm on 14 July 2020, providing all treatments 
with sufficient moisture to initiate the summer monsoon growing 
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season. Thereafter, the mean (range) precipitation event sizes during 
the experimental period were 9 (4– 14) mm for S1, 17 (8– 24) mm for 
S2, 34 (24– 43) mm for S3 and 51 (48– 61) mm for S4.

2.4  |  Data collection

2.4.1  |  Soil moisture and temperature

Soil moisture in the top 10 cm was measured weekly in each plot 
using a HydroSense II soil water content sensor (12 cm tines, CS659; 
Campbell Scientific). In nine selected plots, half- hourly soil moisture 
and temperature at three depths were measured by sensors (12 cm 
tines, CS655; Campbell Scientific) inserted from the soil surface at 
a 30° from nadir, providing an integrated measurement over the top 
10 cm of soil, and horizontally into the soil column at 25 and 75 cm 
depths. Due to cost constraints for the sensors, we prioritized the 
extreme treatments (S1 and S4) and the intermediate treatment S2. 
Given the highly dynamic nature of soil moisture in pulse- driven 
desert ecosystems, seasonal mean soil moisture is often not repre-
sentative of plant stress. Therefore, we quantify the persistence of 
‘wet soil’ (defined here as soil moisture >0.05 m3/m3, determined by 
in situ measurements to correspond to soil water potential >−1 MPa 
at this site) at three depths in the soil using cumulative distribution 
curves at daily scale (average of half- hourly soil moisture).

2.4.2  |  Ecosystem CO2 fluxes

We measured whole- plot CO2 fluxes with a closed static chamber (1.3 m 
wide, 1.0 m tall, 1.6 m long), using an infrared gas exchange analyser con-
figured for closed- loop measurements (IRGA; LI- 6400; Li- Cor Inc.) fitted 
inside (Huxman, Cable, et al., 2004; Potts et al., 2006). During the meas-
urement, the analyser was mounted on a tripod, and two 15 cm diameter 
fans ran continuously to mix the air inside the chamber. The chamber was 
constructed of a PVC pipe frame and a tightly sewn polyethylene sheet 
which was sealed around the plot base by a heavy steel chain. After the 
chamber atmosphere was thoroughly mixed by the fans for 30 s after 
the chamber was sealed, CO2 concentration measurements were taken 
at 2- s intervals during a 90- s period. Linear fits of CO2 concentration 
were used to calculate net ecosystem exchange (NEE). Following NEE 
measurement, the chamber was vented, then reset and covered with 
an opaque cloth, and the CO2 exchange measurements were repeated. 
Because the second set of measurements eliminated light (and hence 
photosynthesis), the values obtained represent ecosystem respiration 
(ER). GPP was calculated by the difference between ER and NEE.

We calculated CO2 fluxes (Fc, µmol m−2 s−1) for each individual 
plot measurement with the method reported by Jasoni et al. (2005) 
and Steduto et al. (2002) using Equation (1):

(1)Fc =
VPav

(

1, 000 −Wav

)

RS
(

Tav + 273
) ×

dC

dt
,

F I G U R E  1  Experimental precipitation applications (mm, bars) and weekly soil volumetric water content (VWC, %, lines) at 10 cm depth 
during experiment
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where V is the volume of chamber (m3); Pav the average pressure 
(KPa) during measurement period; Wav the average water mole frac-
tion (mmol/mol) during measurement period; R the ideal gas constant 
(8,314 J mol−1 K−1); S the surface area covered by chamber (m2); Tav the 
average temperature (°C); C is the mole fraction of CO2 (µmol/mol); and 
dC

dt
 is the slope of linear regression of C on time. The flux measurements 

were made weekly during the morning (9:00– 12:30) on sunny days.

2.4.3  |  Plot- level phenology observations

In each plot, plant phenology and whole- plot greenness were tracked 
using half- hourly photographs taken during the daylight hours be-
tween 9:00 a.m. and 4:00 p.m. using Raspberry Pi Camera Module V2 
(Raspberry Pi Foundation). These cameras were configured to maintain 
a fixed white balance and were mounted above each plot under a steel 
weather shield to prevent them from overheating in direct sunlight. Each 
camera captured the full area of two adjacent plots and maintained a 
static, nadir- oriented field of view. Using the phenopix package (Filippa 
et al., 2016), we defined a region of interest (ROI) for each plot that in-
cluded only the vegetated area inside the aluminium flashing. We then 
calculated green chromatic coordinate (GCC) for all pixels within the ROI 
and averaged all pixel GCC values to obtain plot- scale GCC value for 
each half- hourly image (Filippa et al., 2016). Finally, daily GCC estimates 
were extracted as the 90th percentile of all half- hourly GCC values for a 
given day following a standard method for minimizing changes in hourly 
illumination condition (Yan et al., 2019). GCC was calculated as follows:

where R, G and B are the red, green and blue layers of the image, 
respectively.

2.4.4  |  Community structure and plant 
functional traits

We measured plant species richness (total number of species) and 
Shannon diversity (number of individuals of each species) on 1 August 
and 3 October 2020, using a 1 m × 1 m quadrat centred inside each 
plot. In October 2020, for each living Digitaria californica plant in each 
plot, plant height was defined by the highest leaf collar when its culm 
was shifted perpendicular to the soil surface. The number of vegetative 
culms and reproductive culms were also counted for each live plant. 
Basal diameter was determined by measuring the widest diameter and 
its perpendicular diameter with calipers. The biomass of each Digitaria 
californica individual was estimated by allometry (3) (Nafus et al., 2009):

where b is the plant biomass, d is the diameter and h is the height.

2.5  |  Data analysis

We used a cubic smoothing spline to interpolate the GPP time series 
to a 1- day resolution (Chen et al., 2006; Cong et al., 2012). Then 
we calculated the GPPmax magnitude and timing. The effects of 
precipitation repackaging on GPPmax were assessed using mixed- 
effects models by the ‘lme’ function in the nlme package (Pinheiro 
et al., 2021), where precipitation treatment was fixed effect and 
block was random. Significant differences were identified using anal-
ysis of variance and p values, followed by a Duncan's test to compare 
the effects for each treatment. Species richness and Shannon diver-
sity index (H) in August and October were compared with a paired t 
test. Regression analysis was used to explore relationships between 
GPPmax, GPPmax timing, plant functional traits, community compo-
sition changes, and GCCmax and GCCmax timing. All analyses were 
conducted in R version 4.0.2 (R Core Team, 2013).

3  |  RESULTS

3.1  |  Gross primary productivity dynamics

Across the rainfall treatments, the seasonal dynamics of GPP fol-
lowed a single- peak pattern during the summer monsoon growing 
season (Figure 2a). Rainfall treatment did not significantly influence 
GPPmax magnitude (p = 0.40, Figure 2b), while the timing of GPPmax 
varied significantly with rainfall treatment (p < 0.01, Figure 2c). 
The earliest peak in seasonal GPP occurred in the S1 treatment 
(many/small events) while the latest seasonal peak in GPP occurred 
in the S4 treatment (few/large events; Figure 2c, 27.0 ± 2.9 and 
56.4 ± 1.1 days after first irrigation, respectively). As compared 
to normal conditions (S2, 40.4 ± 5.3 days), many/small events (S1) 
brought GPPmax timing forward by 13 days, while few/large events 
(S4) shifted GPPmax later by 16 days (Figure 2c).

3.2  |  Green chromatic coordinate dynamics

We observed no significant effects of precipitation repackaging 
on the magnitude of maximum GCC (GCCmax, p = 0.77, Figure 3a). 
However, in comparison with the climatic normal precipitation pat-
tern of the S2 treatment, the seasonal timing of GCCmax was signifi-
cantly delayed with few/large events in the S4 treatment (p < 0.05, 
Figure 3b). The GCCmax magnitude showed marginally positive 
relationships with GPPmax (p = 0.07, Figure 3c), and GCCmax tim-
ing showed a significant positive relationship with GPPmax timing 
(p < 0.01, Figure 3d).

3.3  |  Soil moisture dynamics

Compared to the climatic normal precipitation pattern (S2, 
5.6 ± 0.6%), time- averaged weekly soil moisture at 10 cm depth 

(2)GCC =
G

(R + G + B)
,

(3)b =
1

e3.51

d0.963h1.353

,
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was significantly lower (p < 0.01) under many/small events (S1, 
4.5 ± 0.1%) and few/large events (S4, 5.0 ± 0.2%) (Figure 1).

The cumulative days of surface (0– 10 cm) wet soil were 23 in S1 
and 29 in S4, which are both much lower than the cumulative days 
with wet soil under the intermediate climatic normal precipitation 
pattern (S2, 47 days) (Figure 4a), although treatment differences 
were only marginally significant (p = 0.06). The many/small events 
in S1 treatment accumulated only 3 days with wet soil at the 25 cm 
depth and none at the 75 cm depth (Figure 4b,c). In contrast, few/
large events in the S4 treatment resulted in 27 days of wet soil at 
25 cm depth and 38 days at 75 cm depth (Figure 4c).

3.4  |  Plant functional traits

Digitaria californica abundance, its biomass and height per plant in 
the plot explained significant variability (p < 0.05) in GPPmax magni-
tude across all treatments (Figure A3). At the end of growing season, 
the few/large events in the S4 treatment increased reproductive 
culms of each plant significantly (p < 0.05), with 4.0 ± 1.1 culms 

per plant, compared to the climatic normal precipitation pattern 
(S2, 1.7 ± 0.3 culms per plant, Figure 5a). Although GPPmax timing 
of the different treatments was not related to Digitaria californica 
abundance, biomass or height (Figure A4), the average number of 
Digitaria californica reproductive culms per plant was positively cor-
related with GPPmax timing (p < 0.05, Figure 5b).

3.5  |  Community structure dynamics

Few/large events every 2 or 3 weeks in the S3 and S4 treatments 
caused increases in annual grass species richness between August 
and October (p < 0.01 and p < 0.05, respectively, Figure 6a). 
Except for S1 (many/small events), plots in the other three treat-
ments showed increased annual grass community Shannon di-
versity between August and October (p < 0.05, Figure 6b). In 
addition, many/small events in the S1 treatment were associated 
with a statistically marginal decline in perennial forb richness be-
tween August and October (p < 0.1, Figure 6c). Few/large events 
in S4 treatments also increased community species richness and 

F I G U R E  2  Weekly measurements of gross primary production (GPP) for four treatments during the summer monsoon growing season 
(a). Vertical lines indicate the timing of peak GPP (GPPmax). GPPmax magnitude (b) and GPPmax timing (days since beginning of irrigation 
treatments, (c) under each temporal packaging treatment. Dashed lines indicate the average of each treatment. Significant treatment 
differences are indicated by different letters (p < 0.05) among treatments
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Shannon diversity in October than the diversity in August (Figure 
A5a,b). Across precipitation repackaging treatments, seasonal dif-
ferences (October minus August) in annual grass species richness 
and Shannon diversity, community species richness and Shannon 
diversity were positively correlated with GPPmax timing (p < 0.01, 
Figure 6d,e, Figure A5c,d).

4  |  DISCUSSION

Precipitation variability and the frequency of extreme- duration 
drought events are increasing and are forecasted to continue 
to increase with climate warming (Bradford et al., 2020; Zhang 
et al., 2021). Understanding the impacts these hydroclimate changes 
will have on semi- arid ecosystems is critical given the significant role 
that water- limited systems have in the global carbon cycle and global 
resource availability (Ahlström et al., 2015). Our study showed that 
temporal repackaging of a fixed seasonal precipitation total had 
significant impacts on semi- arid grassland seasonal GPPmax tim-
ing. Specifically, fewer and larger precipitation events delayed the 

GPPmax timing in comparison to the climatic normal precipitation 
pattern (Figure 2). The seasonal peak of plot- level canopy greenness 
(i.e. GCCmax) was also delayed by a shift towards fewer and larger 
precipitation events (Figure 3). These shifts in GPPmax and GCCmax 
timing were associated with temporal variability in accumulated soil 
moisture at various rooting depths (Figure 4), the production of re-
productive tillers of perennial grasses (Figure 5) and intra- seasonal 
shifts in plant community richness and Shannon diversity (Figure 6). 
Taken together, these results describe the sensitivity of the timing 
of both maximum photosynthetic production and peak vegetation 
greenness in semi- arid grasslands to already- observed and model- 
forecasted shifts in intra- annual rainfall variability leading to less 
frequent and larger precipitation events.

In semi- arid ecosystems, larger storms tend to wet the entire 
root zone, and these soil moisture pulses are main drivers of plant 
growth and ecosystem function (Huxman, Cable, et al., 2004; 
Noy- Meir, 1973). Likewise, we observed more abundant mois-
ture at 75 cm soil depth in the S4 rainfall treatment, which was 
characterized by few/large rainfall events (Figure 4). Coincident 
with a greater soil moisture availability in deeper soil layers, the 

F I G U R E  3  Seasonal maximum green chromatic coordinates (GCCmax, a) and GCCmax timing (days since beginning of irrigation treatments, 
(b) under each temporal packaging treatment. Significant treatment differences are indicated by letters (p < 0.05). Relationships between 
magnitudes of maximum gross primary productivity (GPPmax) and GCCmax (c) and between timing of each maximum (d)
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production of reproductive culms by Digitaria californica increased 
as precipitation events became less frequent and larger, which sup-
ports the link between rainfall variability and sexual reproduction 
in perennial grasses (Figure 5a; Munson & Long, 2017). Moreover, 
high photosynthetic capacity of successive leaves during repro-
ductive growth may lead to increased total plant productivity 
(Woledge, 1978) which may contribute to the observed correla-
tion between Digitaria californica's reproductive culm production 
and the GPPmax timing (Figure 5b). In our study, longer intervals 
between precipitation events increased soil surface temperatures 
(Figure A6) and exacerbated plant water stress, with negative con-
sequences for plant growth, especially annual grasses, at the be-
ginning of monsoon (Figure 6). Annual plants in arid environments 
are often able to resume rapid growth following large storms, a be-
haviour that could provide competitive advantage under unpredict-
able rainfall patterns, tending to stabilize biomass in highly variable 
climates (Gutierrez et al., 1988; Miranda et al., 2009).

The nearly 2 weeks advance of GPPmax timing with more- 
frequent/smaller events might be a consequence of the decreasing 
perennial forbs diversity during the late growing season. Perennial 
forbs often have taproot systems that are generally in deeper por-
tions of the soil profile, whereas the annual grasses are shallow- 
rooted (Gibbens & Lenz, 2001; Kurc & Small, 2007). Frequent, 
small precipitation events that wet the soil surface without in-
filtrating the deeper rooting zone of perennials (Fay et al., 2008; 
Liu et al., 2017) may mainly stimulate physiological activity of the 
most shallowly rooted annuals. Given the limited storage capac-
ity of the shallowest soil layers as well as their rapid depletion by 
evaporation, we suggest the many/small events in S1 treatment 
constrained moisture availability for more deeply rooted perenni-
als, thereby contributing to an advancement in the seasonal timing 
of GPPmax.

Our findings were robust across both plot- level GPP and GCC 
estimates, which together provide convincing support for the idea 

F I G U R E  4  Cumulative days of ‘wet soil’ defined as soil moisture (SM) > 0.05 m3/m3 in the 0– 10 cm surface soil (a), at depth 25 cm (b) and 
75 cm (c). Shadows represent the standard error of the mean (n = 3)

F I G U R E  5  Digitaria californica (DICA) reproductive culms of each plant under each treatment (a). Dashed lines indicate the average of 
each treatment. Significant treatment differences are indicated by different letters (p < 0.05) among treatments. Correlations of seasonal 
maximum gross primary production (GPPmax) timing with Digitaria californica reproductive culms of each plant (b). Each point represents a 
plot, rainfall treatments are indicated by colour following the notation presented in Figure 3d
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that precipitation repackaging will drive significant shifts in the sea-
sonal trajectory of vegetation productivity. Changes in GCC closely 
followed GPP dynamics across treatments (Figure 3), suggesting that 
ecosystem greenness state is a key determinant of vegetation car-
bon uptake in semi- arid grasslands. This finding is consistent with a 
previous study that found tower- based measurements of ecosystem 
GCC were closely correlated with ecosystem- scale GPP for a semi- 
arid grassland site also located in the Santa Rita Experimental range 
(Yan et al., 2019). Our results demonstrate the value of coupled 
plot- level imaging and gas exchange measurements at high tempo-
ral frequency for monitoring the seasonal productivity dynamics of 
semi- arid grasslands (Shiklomanov et al., 2019).

Although there were no statistically significant differences in 
GPPmax magnitude under temporal repackaging of precipitation, 
the positive relationships between GPPmax and several measures 
of Digitaria californica structural traits demonstrate the contribu-
tion of perennial bunchgrasses to overall productivity in this eco-
system (Figure A3). These results are consistent with observations 
from East Asian grasslands which indicated that the vegetation 
biomass is the controlling factor on ecosystem productivity (Fang 
et al., 2018; Nakano et al., 2008). Vegetation height was related to 
the curvature of the light response curve and identified as a sig-
nificant predictor of canopy net ecosystem CO2 exchange (Milcu 
et al., 2014). Additionally, the dominant plant abundance was also 
related to GPPmax (Figure A3), possibly because Digitaria californica 
has relatively high photosynthetic capacity and productivity due to 
its large size, high leaf area and deep roots, which provide advan-
tage in competition for limited water and nutrients (Grime, 2006). 
Seasonal soil temperatures at both 10 and 25 cm depths were also 

positively correlated with GPPmax magnitude in our study (Figure 
A7), consistent with the idea that soil temperature potentially regu-
lates CO2 flux in semi- arid grasslands (Wang et al., 2011). Our find-
ing that relatively frequent, smaller events had lower GPPmax and 
GCCmax than the climatic normal precipitation patterns (although 
no significant effects were identified, Figures 2b and 3a) partly sup-
ports a previous finding that CO2 fluxes declined under relatively 
high- frequency precipitation events over a 4- year experiment in a 
temperate grassland (Liu et al., 2017). Future work is required to ex-
plore how GPPmax magnitude may respond to precipitation temporal 
repackaging in arid and semi- arid ecosystems spanning a range of 
mean annual temperature and precipitation, which has been shown 
to further mediate ecosystem responses to increasing interannual 
variability of precipitation (Hou et al., 2021).

The many/large events treatment (S3) did not produce mea-
surable effects on either GPPmax or GPPmax timing relative to the 
climatological mean rainfall treatment (S2), which implies that the 
plant community is adapted to a range of short- term precipitation 
variability. The rainfall events in S3 treatment, while larger than 
the climatic normal S2, might not have been large enough to elicit 
impactful changes in deeper- root plant activity or to substantially 
change the fraction of precipitation lost to evaporation (Schwinning 
et al., 2003).

Here we not only reveal how seasonal GPPmax and its timing 
are responding to precipitation repackaging, important for grass-
land carbon cycling, but also how community structure is ex-
pected to respond to the growing duration of drought intervals 
expected between rainfall events (Zhang et al., 2021). Although 
our study shines a light on how GPPmax timing is delayed under 

F I G U R E  6  Annual grass species richness (a), Shannon diversity index (b) and perennial forb species richness (c) in August (red) and 
October (green) under different treatments. The significance of the differences between August and October is indicated as **p < 0.01, 
*p < 0.05, ^p < 0.1. The relationships of monsoon maximum gross primary production (GPPmax) timing with differences between October 
and August values of annual grass richness (d), Shannon diversity (e) and perennial forb richness (f)
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more extreme- duration drought, more monitoring is needed to 
fully capture seasonal GPP changes that result from precipitation 
repackaging (e.g. the start of the green- up or dry- down of canopy, 
seasonal GPP length). To accomplish these goals, the combining 
of high- frequency plot imaging and plot- level gas exchange are 
needed to track pulse dynamics which are important in controlling 
semi- arid vegetation dynamics (Huxman, Snyder, et al., 2004). As 
soil nutrient requirements and wetting/drying cycles may con-
strain the responses of plant activity and soil microbes to precipi-
tation pulses (Potts et al., 2006), our future work will also focus on 
daily dynamics following pulses to better understand the factors 
driving differences across treatments.

5  |  CONCLUSIONS

Our results indicate that the seasonal GPPmax timing in a semi- 
arid grassland can be quite responsive to precipitation temporal 
repackaging. Temporal repackaging of rainfall into few events 
with correspondingly long dry intervals postpones peak pho-
tosynthesis, while maintaining the magnitude of GPPmax, com-
pared with historically normal precipitation patterns. Moreover, 
few/large precipitation events may influence the timing of maxi-
mum canopy greenness and the seasonal dynamics of commu-
nity composition. While GPPmax magnitude was not sensitive to 
precipitation repackaging, few/large precipitation patterns may 
promote deeper- rooted perennial plants which are resilient to 
future extreme- duration drought. Accurately forecasting how 
semi- arid ecosystem GPPmax magnitude and timing respond to cli-
mate change, and consequently their impact on the global carbon 
budget or optimizing resources availability, will require knowledge 
of how the magnitude, frequency and timing of precipitation might 
be altered in the future.
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