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ABSTRACT 
Global Circulation Models of climate predict not only a change of annual precipitation 
amounts but also a shift in the daily distribution. To improve the understanding of the 
importance of daily rain pattern for annual plant communities, which represent a large portion 
of semi-natural vegetation in the Middle East, I used a detailed, spatially explicit model. The 
model explicitly considers water storage in the soil and has been parameterized and validated 
with data collected in field experiments in Israel and data from the literature. I manipulated 
daily rainfall variability by increasing the mean daily rain intensity on rainy days (MDI, rain 
volume/day) and decreasing intervals between rainy days while keeping the mean annual 
amount constant. In factorial combination, I also increased mean annual precipitation (MAP). 
I considered five climatic regions characterized by 100, 300, 450, 600, and 800 mm MAP. 
Increasing MDI decreased establishment when MAP was >250 mm but increased establish-
ment at more arid sites. The negative effect of increasing MDI was compensated by 
increasing mortality with increasing MDI in dry and typical Mediterranean regions (c. 360–
720 mm MAP). These effects were strongly tied to water availability in upper and lower soil 
layers and modified by competition among seedlings and adults. Increasing MAP generally 
increased water availability, establishment, and density. The order of magnitudes of MDI and 
MAP effects overlapped partially so that their combined effect is important for projections of 
climate change effects on annual vegetation. The effect size of MAP and MDI followed a 
sigmoid curve along the MAP gradient indicating that the semi-arid region (≈300 mm MAP) 
is the most sensitive to precipitation change with regard to annual communitie 
 
INTRODUCTION 
 
Drylands are characterized in the first place by the limitation of plant growth by low quantity 
of water. Another important characteristic is the spatial and temporal distribution and great 
variability of water, which play important roles in structuring ecosystems and maintaining 
biodiversity [17,35,44]. Comparisons of historic climate trends in the Mediterranean basin 
showed a more or less clear shift in the distribution of rainfall intensities from light to heavy 
or torrential rains [1]. Present global climate models suggest that these trends will continue 
[9]. Many vegetation processes are affected by daily rain variability: germination [11,23], 
plant growth [19], litter decomposition [37,39], and litter mineralization [4]. Despite the well-
documented importance of water in drylands and their wide global distribution [32], just a 
quarter of the studies reviewed by DiTommaso and Aarssen [6] included a water treatment 
and only a single study assessed the variability of water. Only a handful studies have been 
added since this review. Thus, our knowledge about the effects of climate change with regard 
to changes in daily precipitation patterns remains limited [42]. Experiments to study the effect 
of daily water availability on plant growth and survival have concentrated on crop species or 
used unnaturally long intervals or only parts of the plants’ life cycle. The majority of results 
from these studies suggest that greater rain intensities and longer intervals between rains, i.e., 
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while keeping the total amount of rain constant, 
reduce plant performance [5,12,27,34,38]. The 
exceptions, however, suggest that the negative 
effect of daily rain variability may be caused by a 
low water holding capacity of the soil, confined 
rooting space or a shallow rooting habit 
[21,31,38,43]. Since the systematic variation of rain 
fall in field experiments while maintaining realistic 
rain intervals and intensities is a logistic challenge, I 
used a spatially explicit model to investigate the 
effect of daily rainfall variability on plant 
performance. The importance of rainfall variability 
is likely to decline from arid to mesic ecosystems. 
Therefore, I assessed its importance for a gradient 
of aridity. Furthermore, I compared the effect of 
changing daily variability to that of changing the 
annual rain volume. 

 
Methods 
I used a spatially explicit model to simulate the 
influence of daily rainfall variability on plant 
growth of individual annual plants on a 25 cm × 25 
cm area subdivided in 1 cm² cells (Fig. 1). 
 
Annual plants are the dominant herbaceous life form 
along a gradient from 100 to 800 mm mean annual 
precipitation in Israel. Furthermore, annual plants 
generally do not store water in their tissue and can 
therefore be expected to be especially responsive to 
daily rainfall variation. The model comprises four 

modules using equations or rules describing physical processes for time steps of one day. 
Seed bank processes, in contrast, use annual time steps. The climate module generates 
deterministically the daily temperature and stochastically the daily rainfall amount. The soil 
module simulates in each cell for five soil layers the infiltration, vertical movement, drainage, 
and evaporation of water. Excess water runs off the cell. The seed bank module tracks the 
density of seeds, their moisture and temperature-dependent germination, seed mortality, and 
density-dependent granivory. The plant growth module simulates the increase of individual 
biomass based on available moisture, competition for water, and temperature. Biomass is 
allocated to vegetative and reproductive tissue. The seeds produced by the plant are dispersed 
according to a negative exponential distribution. Details of the modules are described in [25]. 
The model has been validated with data from four field sites in Israel (Sede Boqer, 90 mm 
mean annual precipitation [MAP], Lahav, 300 mm, Matta, 537 mm, 'En Ya'qov, 780 mm 
[18]). 
 
I used the stochastic time series generator ReGen [26] to vary the mean daily rain intensity on 
rainy days (MDI, rain volume/day) from –20 to +20% in 10% steps. For comparison, current 
regional climate change models project a change ranging from –3 to + 29% of the current 

Figure 1. Schematic overview of processes 
simulated in one cell of the model. 
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intensity in the Middle East [2]. Further, I varied MAP from –20 to +20% in 10% steps in a 
factorial way with MDI to provide a comparison for the magnitude of the effect of changing 
daily rainfall intensity. The simulations were performed for 5 sites on an aridity gradient: 100 
(arid), 300 (semi-arid), 450 (dry Mediterranean), 600 (typical Mediterranean), and 800 mm 
MAP (mesic Mediterranean) to examine how the effect of daily rainfall intensity changes with 
climatic region. 
 
I conducted the simulations for 30 years with five replications for each combination of change 
of intensity and annual precipitation for each point on the aridity gradient. To exclude inter-
annual autocorrelation I reset the seed bank density each year to the same value (arid: 2000, 
semi-arid: 16'000, dry Med.: 17'000, typical Med.: 18'000, mesic Med.: 20'000 seeds/m2 
corresponding to typical values observed in the field). Runon (but not runoff) between cells in 
the model was excluded so that the direct effect of rainfall could be examined. 
 
I report results for three variables: longest wet period (LWD, maximum number of con-
secutive days where soil water potential >–1.5 MPa [nominal permanent wilting point]), 
establishment (the ratio of seedlings to the number of seeds), and density of mature indivi-
duals. I examined the means of each variable for each 30-year series with analyses of 
covariance (ANCOVA). The full-factorial ANCOVA, using change of mean daily rain 
intensity and change of MAP as covariates and site as a nominal factor, had 605 degrees of 
freedom for the error term. Post-hoc comparisons of slopes and means were done using 95% 
confidence intervals. In addition, I calculated the change of each variable per 10% change of 
MDI and per 10% change of MAP.  
 
RESULTS 
 
The longest wet period (LWP) varied significantly among sites, with MAP, MDI, all two-way 
interactions except MDI × MAP, and the three-way interaction between sites, MAP, and MDI 
(all P < 0.0001, Fig. 2a, b).  
 
LWP (averaged across rain treatments) differed most strongly among sites (F = 17802) and 
increased along the humidity gradient (Fig. 2b). Within sites, LWP (averaged across all other 
factors) increased linearly with MAP (F = 3886) and with MDI (F = 245). The rates of 
increase differed among sites. The increase with MAP was steepest at the dry Mediterranean 
site and became flatter towards the arid and mesic ends of the climate gradient (F = 35, Fig. 
2b). The increase with MDI was largest around 200 mm MAP and became smaller towards 
the ends of the climatic gradient (F = 29). Although the interaction between MAP and MDI 
was not significant across all sites, this interaction varied significantly among sites (F = 5.9), 
because the rate of increase of LWP with MDI rose with MAP at the arid site but sank with 
MAP at all other sites (Fig. 2b). At the moistest site, LWP did not change significantly with 
MDI. The relative increase of LWP with change of MAP and change of MDI was strongest at 
the arid site and decreased to the mesic Mediterranean site.  
 
Establishment fractions varied significantly among sites, with MDI, with MAP, with the inter-
action of sites with MDI, with the interaction of sites and MAP, and with the three-way-
interaction of all factors (all P < 0.0001, Fig. 2c, d). Establishment (averaged across MDI and 
MAP levels) varied around 18% depending on site (F = 330, Fig. 2c). Averaged across sites, 
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establishment increased with MAP (F = 292). An interaction of MAP with site (F = 410), 
however, arose because establishment decreased with increasing MAP at the Mediterranean 
sites (Fig. 2d). Increasing MDI at constant nominal MAP generally decreased establishment 
(F = 6.8), but this effect differed among sites (F = 49). At the arid site, a higher MDI 
increased establishment, whereas MDI generally caused establishment to decrease at the other 
sites (Fig. 2d). Since the density of seeds increased along the humidity gradient, the declining 
establishment suggests that density-dependent germination became more important as water 
supply increased. The three-way interaction (F = 3.5) indicated a maximum effect of MDI on 
establishment around 100 mm MAP and a minimum of MDI around 350 mm MAP. 
 
The effects of rain manipulations on density of mature plants were similar to that on LWP. 
Density varied significantly with site, MDI, and MAP and their interactions (all P < 0.0001, 
Fig. 2e, f). The greatest absolute differences among levels were among sites (F = 13381). 
Density (averaged across sites and MDI) increased with MAP (F = 936, Fig. 2e). This slope 
of increase (averaged across daily patterns) differed among sites (F = 275). It was maximal at 
the semi-arid site (Fig. 2f). Further, density (averaged across sites) increased with increasing 
MDI (F = 45), but the rate was generally smaller than that caused by a similar change in 
MAP. The rate of increase with MDI (averaged across levels of MAP) varied among sites (F 
= 20). The greatest average slope occurred in the semi-arid site (Fig. 2f). The confidence 
interval of the average slope at the typical Mediterranean site included zero. The effects of 
MDI and MAP on density interacted (F = 16). Inspection of means indicated that the effect of 
MDI was the stronger the more MAP was reduced. This interaction further varied among sites 
(F = 8). At the arid site, the effect of increasing MDI was positive and increased with MAP 
(Fig. 2f). At the three intermediate sites the effect of MDI decreased with increasing MAP so 
that it became insignificant. At the mesic Mediterranean site, the effect of increasing MDI 
was negative, but the size of this effect also decreased with MAP. Generally, the effect of 
MDI was smaller than that of MAP at each site. In summary, increasing mean daily rain 
intensity and, more strongly, mean annual precipitation both increased density, but their 
relative effects generally decreased from the semi-arid to the mesic Mediterranean site. 
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Figure 2. Change of (a) longest wet period (LWP, maximum number of consecutive days 
with soil water potential > –1.5 MPa), (c) establishment fraction, and (e) density of mature 
individuals with mean annual precipitation (MAP, thin, black lines) and with daily mean 

rain (MDI, thick, grey lines, 20% change of MDI scaled to 10 mm MAP). The slope of the 
thin lines corresponds to the effect of absolute change of MAP. b), d), f) Slopes of panels in 
the left column expressed per 10% change of MAP (filled circles) or 10% change of MDI 
(outline circles). This corresponds to the effect of the relative change of MDI and MAP. 
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DISCUSSION 
 
Global climate change models predict a change in the daily rain pattern characterized by a 
shift to more high-volume rain events [22]. I simulated this shift by increasing the seasonal 
variation of mean daily rain volume (MDI) matched by a decrease in the seasonal variation of 
likelihood of rainy days so that the mean annual volume remained unchanged. 
 
Changing annual rain volume and daily rain pattern clearly affected the average longest wet 
period (LWP, number of consecutive days where moisture in at least one soil layer >–1.5 
MPa) (Fig. 2a, b). A change of mean annual precipitation (MAP) had a stronger effect than a 
change of MDI and keeping MAP constant. As expected, average LWP increased among sites 
along the humidity gradient. The slope of increase of LWP with relative change of MAP was 
greatest at the dry Mediterranean site (Fig. 2b). Thus, this region is the most sensitive with 
regard to water availability. Based on the absolute change of MAP, however, the slope of 
increase of LWP became flatter with the humidity of the climate (Fig. 2a). This pattern is due 
to the roughly reciprocal relationship between soil water potential and soil water content. At 
the arid site, soil moisture is on average low and almost each additional rainfall raises the soil 
water potential considerably and prolongs the wet period. With increasing climatic humidity, 
the soil is moister on average. The moister the soil, the more water is needed to raise the water 
potential by the same magnitude. In addition, the soil becomes saturated and additional water 
drains to lower soil layers or runs off at the surface. Changing MDI produced a complex 
response of LWP. In almost all instances, a greater amplitude of MDI, i.e., more days with 
rainstorms, extended the wet period because a rainstorm fills up the soil immediately and to a 
greater depth than light rains. This is confirmed by measurements at the field sites. Water 
stored at greater depths evaporates more slowly than it does near the surface because soil dries 
out from the surface downwards and soil permeability decreases as the soil dries out [30]. 
Thus, both the responses of LWP to a change in MDI and to a change in MAP are strongly 
tied to the non-linear relation between soil water potential and soil water content. 
 
The average percentage of established seeds was 18% across sites (Fig. 2c, d). The increase of 
establishment with MAP within sites was positive at the arid and semi-arid sites but negative 
at the three Mediterranean sites (Fig. 2d). This is the outcome of combining the concept of 
hydrothermal time for germination [26] with density-dependent germination fractions [16] in 
the model. Evidently, additional rain enhanced the number of days when conditions for 
germination were met and increased establishment at the two arid sites. In contrast, more 
frequent rainfalls at the Mediterranean sites did not greatly improve the conditions for 
germination. On the other hand, more rain raised the potential germination fraction, 
intensifying the competition among germinating seeds. As a consequence establishment along 
the Mediterranean part of the humidity gradient decreased. Independent of changes to MAP, 
increasing MDI increased seedling density till about 200 mm MAP and decreased 
establishment beyond that point on the humidity gradient. This indicates that under arid 
conditions establishment is improved by heavy rainfalls that penetrate the soil more deeply 
and provide the opportunity to grow deep roots. Under moister conditions, this effect becomes 
less important so that germination and establishment are enhanced by more regular rainfalls. 
Without density regulation, heavy rainfalls would cause mass germination and strong 
competition among adult plants. Therefore, density-dependent germination is an evolutionary 
stable strategy [40]. Evidence for density-dependence in natural communities is accumulating 
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[3,8,16,20,33,40]. In summary, seedling establishment is determined mostly by seed 
availability, number of rainstorms under arid conditions, and regularity of rain under more 
mesic conditions. 
 
Generally, the effect of rain manipulations on the density of mature individuals followed a 
similar pattern as that on LWP (Fig. 2e, f). Thus, density increased in a sigmoid way with 
mean annual precipitation along the gradient (Fig. 2e), was more strongly affected by a 
change in MAP than by a change in MDI (Fig. 2f), and increasing either MAP or MDI had 
positive effects on density, except in the mesic Mediterranean region. The tight correlation 
between density and LWP indicates the strong control that water as a limiting resource exerts 
on plant growth. In the arid and semi-arid regions, individuals grew sparsely so that 
competition was weak. With increasing MAP the importance of rainstorms and LWP for 
growth decreased, while that of competition among the more densely growing individuals 
increased. This resulted in a negative effect of increasing MAP on density. At the dry and 
typical Mediterranean sites establishment fractions had decreased with MAP due to seedling 
competition. This was compensated later by higher mortality of established plants at lower 
MAP and thus LWD, resulting in an increase of density of mature individuals with MAP. At 
the mesic Mediterranean site, the small increase of LWP was less effective so that the density 
of mature individuals still decreased with increasing MAP. Similarly, the decrease of 
establishment with increasing MDI was not changed by the increase of LWP at the mesic 
Mediterranean site during growth so that the density of mature individuals also decreased with 
MDI. The decrease of density, however, was compensated by higher production per 
individual so that peak community shoot mass increased with MAP at this site as it did at the 
other sites [24]. To summarize, the sigmoid increase of plant density with mean annual 
precipitation MAP resulted from non-linear relations between soil water volume and soil 
water potential, a larger effect of rainstorms on establishment in arid than in mesic regions, 
and increasing importance of competition for water. The increase of density with daily mean 
rain MDI was the net effect of a positive effect on establishment at arid sites, a negative effect 
on germination at Mediterranean sites, and a positive effect on the longest wet period LWP 
resulting in more intense competition but also higher production with increasing MAP.  
 
Experiments that manipulate rainfall frequency in natural vegetation [12] or use wild species 
are rare [27,34,38,43]. More effort has been invested in studies of irrigation frequency of 
crops [5]. Most of these studies agree that established plants perform better when the same 
amount of water is distributed in more frequent, smaller volumes than in fewer, larger 
volumes, especially when roots are close to the surface [5]. Exceptions [21,27,31,43] suggest 
that positive effects are observed predominantly in intact natural vegetation, whereas negative 
effects are found when root space is limited as in pot experiments or roots are concentrated 
near the soil surface as in crop species. This conclusion is corroborated by irrigation 
experiments [10] and the model’s sensitivity analysis [24] that showed that soil depth is the 
fourth most important factor across all sites controlling the longest wet period LWP. Seeds 
and seedlings in my simulation were in a similar situation as plants in pot experiments. They 
had access only to water in the surface and A1 layer. Consequently, I found a negative effect 
of rainstorm frequency on seedling density (Fig. 2d) but positive effects on the density of 
mature individuals in all regions but the mesic Mediterranean (Fig. 2f).  
 



 354

My study showed that effects of precipitation pattern in more arid climates are primarily 
related to the time soil moisture is available to plants. The length of the moist period depends 
not only on soil characteristics that vary with soil texture, but also on the “context” of rain 
events [36], i.e., on the soil moisture before rains and on the clustering of events. Therefore, 
my results support Reynolds et al. [36] that in terms of the pulse-reserve hypothesis [35] 
“pulse” must refer directly to the form of the resource as it is available to the plant and not to 
the resource as it is supplied. Thus, pulse here must refer to the available soil moisture and not 
to the rain event. 
 
Using the simulation results one can estimate the effect of precipitation changes projected by 
global circulation models. The RegCM3 model generally predicts a 10 to 20% increase of 
MDI, but the change of MAP varies between –20 and +10% in simulated regions [2,14,15]. 
Although the community response to an increase of MDI has an opposite trend to the 
response to a decrease in MAP (Fig. 2), the latter is much stronger. Consequently, the net 
effect is negative. At sites with soils that might cause a negative response of community mass 
to the increase of MDI the effect of decreasing MAP would be amplified. In contrast, where 
the decrease in MAP is small and the increase in MDI is strong, the net effect might be even 
positive. Projected changes of mean temperatures, CO2 concentrations or nitrogen deposition 
from the atmosphere may interact with effects of precipitation changes. A multi-factorial 
experiment in an annual grassland, however, showed that interactions among these factors 
become rare and nitrogen deposition produced the strongest effect [7]. Nonetheless, in the 
long-term, aboveground production of herbaceous arid communities is most strongly 
correlated with annual precipitation [28], which is also shown by the tight correlation of 
community biomass with annual precipitation along my gradient [24]. 
 
 Among the communities along the humidity gradient from arid to mesic Mediterranean, those 
in the semi-arid region are the most sensitive to changes in annual precipitation as shown by 
my simulations (Fig. 2) and field data [18]. Despite its low mass, annual vegetation is 
important in drylands. Annual plants represent the bulk food for livestock, reduce soil erosion, 
and increase rain infiltration. The attractiveness of their species diversity is an economical 
factor in the tourism industry [13,41]. Therefore, this “marginal” vegetation must be included 
in regional assessments of global change to provide a full picture of the effects on regional 
ecosystems and socio-economy[29]. 
 
In conclusion, my simulations demonstrate that changes to daily rain patterns have strong 
effects on annual plant communities in arid regions through the amount of water stored in the 
soil. These effects were smaller but of the same order of magnitude as changes to mean 
annual precipitation. Therefore, these effects should be included in assessments of global 
climate change. 
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