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ABSTRACT OF THE THESIS

From drought to deluge: responses of native and exotic Southern California 

plant species to experimental variation in rainfall

by

Angelita Consuelo de Dios Ashbacher

Master of Science in Biology

University of California, San Diego 2012

Professor Elsa Cleland, Chair

Climate models for Southern California predict  long periods of drought 

punctuated by periods of high precipitation due to a higher incidence of 

extreme weather events resulting from climate change. Synergies between 

changing rainfall patterns, invasion and large-scale disturbances such as fire 

could influence community structure in the shrub lands of Southern California.  

Juvenile shrubs have shallow roots and rely on water inputs from rainfall. 

Sharing the rooting zone with exotic species, they are subject to competition 

for resources. The environmental conditions present during an establishment 
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phase in this system will dictate the course of succession and ultimately, 

community composition. We experimentally manipulated rainfall in an invaded 

chaparral community recovering from fire. This study sought to predict 

differences in growth responses between established and juvenile shrubs as 

well as exotic herbaceous species and juvenile shrubs on the basis of 

functional traits. Our results suggest that exotic species have disproportionate 

growth responses to changing rainfall in comparison to native species. This 

outcome however, could not be explained on the basis of mean functional trait 

values or trait plasticity. The superior performance of exotic species in 

response to increased rainfall due to climate change calls attention to the 

importance of active management of exotic species in this system, especially 

during periods with multiple high rainfall years in a row. This is of particular 

importance during restoration of native habitats and during periods of 

establishment following large scale disturbances such as fire in the shrub 

lands of Southern California.
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Introduction

Climate models predict that rising atmospheric greenhouse gases and 

associated warming trends will dramatically affect worldwide precipitation 

patterns over the coming century (Meehl et al. 2007). Southern California is 

expected to experience some of the greatest climate change impacts in the 

U.S., in particular due to changing rainfall regimes (Diffenbaugh et al. 2008). 

Rainfall in the region is predicted to decline overall (Cayan et al. 2008, Seager 

et al. 2007), along with more frequent extreme weather events (Schubert 

2008). Across California, species richness and composition are strongly 

correlated with rainfall. (Levine 2008, Richerson & Lum 1980), suggesting that 

changing rainfall regimes could greatly impact California’s diverse native plant 

communities. This is concerning in Southern California where many plant 

communities are already being impacted by habitat loss (Regan et al. 2010), 

nitrogen deposition (Fenn et al. 2003), an acceleration of the fire regime 

(Keeley 1995), and in particular, invasion by exotic species (Franklin 2010, 

Lonsdale 1999, and Mooney et al. 1986). There could be synergies among 

these factors, as climate change is expected to exacerbate the impacts of 

invasions on ecosystems (Dukes & Mooney 1999).

In the shrub-dominated plant communities of Southern California, 

including chaparral and coastal sage scrub, fire is a disturbance event that 

plays an important role in community dynamics (Keeley & Davis 2007). 

However, the introduction of exotic herbaceous species to shrub-dominated 

systems has altered fire dynamics (D’antonio & Vitousek 1992). Chaparral is 
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frequently reset by high-intensity fire and native species have adapted their 

regeneration and propagation strategies to follow such events (Keeley 1998). 

Exotic species, especially exotic annual grasses, can accelerate the fire cycle 

causing fires to burn hotter, faster and more frequently (D’antonio & Vitousek 

1992). Interactions among climate change, fire regimes, and invasion by exotic 

species may alter the trajectory of post-fire succession in chaparral 

communities, and prevent re-establishment of native shrub cover (Zedler 

1983, Keeley et al. 2005). Thus, it is critical to understand how native versus 

exotic species are likely to perform under the levels of rainfall predicted for the 

coming decades.

Species vary in their tolerances to environmental constraints such as 

drought, as well as their capacity to compete for limiting resources with other 

species (Tilman 1982). Plant functional traits integrate these ecological 

tolerances and strategies for obtaining resources (Lavorel & Garnier 2002) 

providing a framework for predicting how species composition is likely to 

respond to shifting environmental conditions, as well as the impact of species 

on resource availability (Suding et al. 2008). Global assessments have shown 

that traits of invasive species differ from those of native species, (Van Kleunen 

2010), and specifically that invasive species often have a suite of traits 

associated with high rates of resource acquisition and growth (Leishman 

2012). In addition to occupying a different area of the trait spectrum, exotic 

species often have greater levels of trait plasticity when compared to native 

species (Davidson et al. 2011). Therefore, fitness of exotic species can be 
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related to a “jack of all trades” strategy in which the exotic species maintains 

high fitness under a broad range of environmental conditions. Alternatively, 

these species may act as a “master of some” where fitness increases as the 

environment becomes more favorable (Richards et al. 2006). A functional trait 

approach, considering both mean values as well as trait plasticity, offers a 

potential strategy for predicting native versus exotic responses to changing 

environmental conditions.

Native shrub species characteristic of Mediterranean-type ecosystems, 

such as chaparral and coastal sage scrub habitats, have two primary 

strategies for coping with water stress. Deciduous species have thin, fast-

growing leaves and avoid drought through dormancy during the prolonged 

summer dry season, while evergreen species build thick, drought tolerant 

leaves and grow more slowly year-round (Ackerly 2004, Mahall & Schlesinger 

1982). Exotic species in California have traits associated with efficient light 

capturing strategies and resource use such as high specific leaf area, 

nitrogen-use efficiencies, relative growth rate and large seed size (Sandel & 

Dangremond 2012, Graebner et al. 2012). These trait differences between 

native and exotic species may thus enable exotic species to preferentially  

benefit from changes in rainfall regimes in the coming decades.

In addition to average differences in traits, exotic species may display 

higher trait plasticity, giving them a competitive advantage over less plastic 

native species as environmental conditions change (Keeley 2002, Brossard et 

al. 2007). Exotic species often have high levels of trait plasticity allowing them 
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to persist in range of environmental conditions (Berg & Ellers 2009, Matesanz 

et al. 2010). This could be particularly beneficial during sensitive periods of 

establishment, following habitat restoration or a disturbance event (Keeley 

2006). During early development, many juvenile native shrubs compete with 

exotic herbaceous species for shared resources in the rooting zone (Eliason & 

Allen 1997, but see Wolkovich et al. 2009). Further, it is unclear if drought 

adapted native species have the flexibility in their trait responses to take 

advantage of pulses of rainfall associated with large El Niño events (Funk & 

Zachary 2009). As climate variation continues, native species may be 

susceptible to competitive suppression by exotic species in the early phase of 

establishment following a disturbance (Moreno & Oechel 1992, Eliason & Allen 

1997, Keeley et al. 2005). !!

! Here, we experimentally manipulated rainfall in an invaded chaparral 

community recovering from fire. We monitored growth of adult and 

establishing native shrubs as well as exotic herbaceous species in response to 

our rainfall manipulations, and sought to predict differences in growth 

responses on the basis of physiological functional traits measured on focal 

species in the experimental plots. We hypothesized that (1) juvenile shrubs 

would be more sensitive to variable rainfall than established shrubs based on 

seedling vulnerability during the establishment phase. We predicted that (2) 

exotic herbs would have greater trait plasticity than native juvenile shrubs in 

response to increasing rainfall. Furthermore, we hypothesized that (3) these 
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trait differences would predict variation among groups in their growth 

responses to rainfall totals.

!

! The thesis, in part, is currently being prepared for submission for 

publication of the material. Ashbacher, A., E. E. Cleland. The thesis author was 

the primary investigator and author of the material.
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Methods 

Study system

!

! Research was conducted at the University of California Elliott Chaparral 

Reserve which burned in the Cedar Fire of 2003 (32° 52' 30" N, 117° 15' 15" 

W). The most dominant native shrub in this community is chemise 

(Adenostoma fasiculatum) though other shrub species are also common. Red 

foxtail brome and storksbill (Bromus madritensis and Erodium botrys 

respectively) are two highly abundant exotic herbs in this community. 

Characterized by a Mediterranean climate, nearly all rain falls during the winter 

rainy season, and averages 220 mm/yr.  Rainfall during the course of this 

study was slightly higher than average, and totaled 353 mm during the 2011–

2012 rainy season.

Rainfall manipulations

!

! To examine the relationship between species composition and rainfall, 

we created 30 experimental plots (12.2 m2 each) placed on a south-facing 

slope in 2010 prior to the rainy season. We ranked plots qualitatively 

according to initial herbaceous ground cover (low to high), and allocated 

treatments to plots in a randomized block design, with each treatment having 

equal representation of each initial cover class. Experimental plots received 
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one of four levels of rainfall (0%, 50%, 150% or 200% of ambient rainfall) with 

five replicates for a total of 20 experimental plots. Additionally, we included ten 

control plots that received ambient rainfall levels. Rainfall was manipulated by 

covering each plot with a rain-out shelter: a structure with a slanted roof made 

of clear corrugated polycarbonate sheeting positioned over each plot. Each 

shelter was equipped to capture, store and redistribute rainwater among plots 

according to their prescribed treatment. To account for any shelter effects, a 

rain-out shelter covered half of the ambient rainfall treatment plots and half 

were left uncovered. All runoff was diverted from plots by the use of lawn 

edging. Daily rainfall was monitored using Elliott Chaparral Reserve’s 

Campbell Scientific weather station (http://www.wrcc.dri.edu/weather). Soil 

sensors in each plot continuously recorded soil moisture throughout the study. 

We used linear regression to compare the change in soil moisture across 

treatments and dates, each as continuous fixed factors.

7

Photo 1. Rain out shelter over experimental plot with rainfall treatment being applied.



Focal species

! Each plot contained at least one adult A. fasiculatum. To evaluate the 

influence of the rainfall treatments on establishment of juvenile shrubs, we 

planted three native juvenile shrubs from each of four native species (A. 

fasiculatum, Encelia californica, Salvia apiana, and Salvia mellifera) in a 0.5m2 

subplot. We measured seedling physiological response, growth rate and 

establishment among native species. 

Physiological responses to rainfall manipulation

! Water availability and plant stress were quantified using a plant 

moisture stress pressure chamber (model 1000, PMS Instrument Company, 

Albany, OR), (Cleary et al. 2007). Minimum (pre-dawn) water potential 

measurements were taken to evaluate water availability when soil water and 

plant roots are at equilibrium. Maximum (mid-day) water potential 

measurements were taken to determine the relative degree of water stress 

plants could tolerate within each of five rainfall treatments. 

! We assayed phenotypic trait plasticity by measuring aspects of plant 

physiology including rate of photosynthesis (Amax), Conductance (gs), and 

transpiration rate (E) using a LI-COR 6400 portable photosynthesis analyzer 

(LI-COR Biosciences, Lincoln, NE). In addition, we used three common 
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physiological metrics to reveal water retention by plants. Water-use efficiency 

was calculated by dividing photosynthetic rate (Amax) by transpiration rate (E) 

multiplied by 100. Specific leaf area (SLA) was calculated by dividing leaf area 

by dry weight (g). We calculated leaf area (cm2) from photos of freshly 

harvested leaves in the field using ImageJ (NIH). Leaves were harvested and 

transported on ice to the laboratory where fresh weight measurements were 

taken for each leaf. Leaves were then dried at 40o C and re-measured to 

determine dry weight. Leaf water content was calculated as the difference of 

fresh weight from dry weight divided by dry weight.

Quantifying biomass and species composition responses to rainfall 

manipulations

! Growth responses for adult and juvenile shrubs were quantified via 

changes in stem length and diameter between November 2011 and March 

2012. At the time of peak production in April we harvested biomass of 

herbaceous species in a 0.30 m2 area from each plot and identified plants to 

species. Biomass was dried at 40o C for 24 hours. Dry weights for each group 

were recorded to evaluate the relative abundances of native and exotic 

herbaceous species.
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Statistical analyses

! All statistical analysis were performed in the R v. 2.11 statistical 

platform (R Core Development Team 2011). The six physiological trait 

responses to the rainfall manipulations were all measured on the same 

individuals and hence had high levels of colinearity. Accordingly, these data 

were analyzed using permutational multivariate linear models using the adonis 

routine in the R vegan package (Oksanen v1.17-6). First, we compared the 

traits of established and juvenile A. fasiculatum grown across the suite of 

treatments over the period of three consecutive rain events using a linear 

model where treatment was a continuous factor, age class was a categorical 

factor and rain event was nested within plot (the adonis routine only permits 

analysis of fixed factors). A second analysis compared the physiological trait 

responses of native juvenile shrubs versus exotic herbaceous species with a 

linear model including rainfall treatment (continuous factor), origin and species 

as categorical factors, and rain event nested within plot to account for 

repeated measures. 

! We used MANOVA with Pillai’s trace to determine differences in stem 

growth (a metric combining changes in stem length and diameter as a single 

response variable) between established and juvenile A. fasiculatum with 

treatment as a continuous fixed factor and plant age as a categorical fixed 

factor. We compared proportional changes in herbaceous biomass compared 

10



with juvenile shrubs using ANCOVA. The linear model included treatment as a 

continuous fixed factor and origin (native/exotic) as a categorical fixed factor

! The thesis, in part, is currently being prepared for submission for 

publication of the material. Ashbacher, A., E. E. Cleland. The thesis author was 

the primary investigator and author of the material.
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Results

! Rainfall additions altered soil moisture (Fig. 1: R2=0.84, p < 0.001).  

During the first year of soil moisture observations (2010–11), soil moisture 

sensors did not detect a soil moisture gradient. This was likely due to 

deployment issues and was deemed a “settling in” period. However, 

gravimetric soil moisture measurements taken during this period indicated that 

a soil moisture gradient was indeed present (A. Ashbacher, unpubl. data). The 

summer dry season reduced soil moisture to similar levels for all treatments. 

Following the first set of large storms in year two (2011–12), we were able to 

detect a soil moisture gradient over our rainfall treatments as follows: 0% < 

50% < 100% < 150% ≤ 200% ambient rainfall (TukeyHSD, p = 0.94). Plots 

were therefore effectively subjected to the experimental soil moisture gradient 

resulting from altered rainfall for two rainy seasons, with soils reaching field 

capacity close to the 150% treatment such that no additional soil moisture 

gains were achieved in the 200% treatment.

!
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Figure 1. Average soil moisture for each rainfall treatment and each rain event from 2011 
   through 2012. The area of discontinuity is due to a power outage.



Predawn water potential decreased with increasing rainfall (Fig. 2a, 

F1,314=33.46, p<0.001) and was strongly dependent of the size of the rain 

event preceding our measurements (F2,314=6.20, p=0.002). Established and 

juvenile A. fasiculatum did not differ in their predawn water potentials 

(F1,314=0.60,p=0.44). Mid-day water potential also significantly decreased with 

increasing rainfall (Fig. 2b: F1,320=21.23, p<0.001). This response was not 

dependent on the size of the preceding rain event (F2,320=1.33, p=0.27) or age 

class (F1,320=1.74, p=0.19).

Growth and biomass production were sensitive to the addition of rainfall 

for all species. Increased rainfall significantly influenced herbaceous biomass 

overall (Fig. 3, F1,56=13.90 p<0.001). Proportional growth of exotic herbaceous 

species across rainfall treatments exceeded that of native juvenile shrubs.(Fig. 

3, Treatment by origin interaction, F1,6=1.64, p<0.02). Overall, native shrub 

biomass increased with added rainfall (F1,116=7.02, p=0.001). We found a 

13

Figure 2. A) Predawn and B) Midday water potential for established and juvenile A. fasiculatum 
   across rainfall treatments
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treatment by age class interaction between amount of rainfall and age class 

(F1,116=6.92, p=0.001) with juvenile shrubs producing more new growth across 

treatments than adult shrubs (Fig. 4)
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Figure 4. Stem growth for established and juvenile A. fasiculatum in response to rainfall treatment. 
   A) Change in stem diameter B) Stem elongation over 2011–2012 growing season.
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Figure 3. Proportional growth for exotic herbaceous and native juvenile shrub    
   species in response to rainfall treatment. 



Rainfall significantly influenced the suite of six physiological traits (Fig. 

5: F1,45=6.22, p=0.001), which differed between established and juvenile A. 

fasiculatum (F1,45=7.08,  p=0.001). When analyzed individually, four of the six 

traits significantly responded to rainfall treatment. Photosynthetic rate, 

transpiration rate and water-use efficiency were most impacted by the addition 

of rainfall when analyzed individually and are shown in figure one (Sup. table 

1). However, there was no interaction between rainfall treatment and plant age 

class (F1,45=1.49, p=0.241). Trait responses were dependent on the size of the 

storm preceding our sampling event (Sup. table 1).

! In comparisons among the 4 native juvenile shrub species, and 2 exotic 

herbaceous species, we found that rainfall significantly and positively 

influenced the physiological trait responses in the multivariate analysis (Fig. 6: 

F1,85=7.34, p=0.001). In individual analyses, conductance, transpiration rate 
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Figure 5. Physiological trait responses for established and juvenile A. fasiculatum in 
   response to rainfall treatment. The three traits with the most significant response 
   when analyzed in isolation are shown. 



and water-use efficiency responded significantly to rainfall (Sup. table 2). 

Although, there were inherent trait differences associated with origin and 

species (Sup. figure 2. F1,85=13.81, p<0.001 and F4,85=5.15, p=0.001 

respectively), there were no interactions between rainfall treatment and native/

exotic groupings (origin groups)(F1,85=0.20, p=0.94). The size of the storm 

preceding data collection influenced the measured physiological trait 

responses, with the greatest trait influences associated with the moderate-

sized rain event (Sup. table 2).!

! The thesis, in part, is currently being prepared for submission for 

publication of the material. Ashbacher, A., E. E. Cleland. The thesis author was 

the primary investigator and author of the material.
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Figure 6. Physiological trait response for exotic species and native juvenile shrubs in 
   response to rainfall treatment. The three traits with the most significant response 
   when analyzed in isolation are shown.
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Discussion

! Our rainfall manipulation treatments strongly influenced soil moisture 

availability, with plants in high rainfall plots having the greatest access to 

water. Seedlings often have high rates of mortality following fire or other major 

disturbances when rooting structures are shallow and water is highly limiting to 

survivorship (Keeley & Zedler 1978). Hence, seedling establishment is likely to 

be a major limiting factor in regeneration of the native shrub community in 

coastal scrub habitats (Grubb 1977), and inter-annual variability in rainfall is 

likely to play a key role in predicting rates of establishment. Pre-dawn water 

potential, taken when soil and plant water are at equilibrium, is a measure of 

soil water availability integrated across the entire root system of an individual 

plant (Chone et al. 2001). We did not observe differences in pre-dawn water 

potential between established and juvenile A. fasiculatum suggesting both age 

classes were accessing water from similar depths in the soil (ie. rainfall as 

opposed to deep soil water). Rooting structures of established shrubs in this 

system may be prevented from accessing deeper groundwater in part due to a 

shallow calcic layer, which can develop in Aridisol type soils (Brady & Weil 

2008). The idea that all plants were dependent on surface water is reinforced 

by the mid-day water potentials, which are an indicator of plant water demand, 

and tolerance for water stress (Chone et al. 2001). 

! Past studies have frequently found that exotic species had 

disproportionately positive responses to resource enhancement (Daehler 

2003) as compared with native species.  Further, under conditions of low 
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resource availability, exotic species have sometimes been shown to have 

more efficient resource use than native species (Funk & Vitousek 2007). Both 

of these mechanisms could give exotic species a competitive advantage over 

native species under scenarios of changing rainfall. In our study, biomass 

accumulation increased with increasing rainfall overall. Juvenile shrubs had 

greater stem growth than established shrubs; higher growth for juvenile A. 

fasciculata is not explained by differences is trait plasticity but rather by 

ontogenetic differences in mean trait values. This highlights the importance of 

resource availability for growth during the establishment phase and may be a 

manifestation of differences in resource allocation between these age classes. 

Increased levels of rainfall dramatically increased exotic species productivity 

though this could not be attributed to a higher trait plasticity than native 

species. Rather, the exotic herbaceous species tended to be further along a 

trait spectrum associated with high resource acquisition. This “master of some” 

strategy potentially allows exotic species to take advantage of abundant 

resources (Richards et al. 2006), thereby contributing to their presence as a 

dominant herbaceous component of this system. Communities dominated by 

native species have been shown resist invasion under increased rainfall 

conditions when the native species possessed traits associated with high 

resource acquisition (Maron & Marler 2007), but this was not the case in our 

system. Although native species did increase growth in response to increasing 

rainfall, proportionally, this response was less than that of the exotic species.

18



! When physiological traits of established and juvenile age classes were 

compared, we found that all our suite of physiological traits respond to rainfall 

level suggesting that A. fasiculatum has the ability to take advantage of 

varying degrees of rainfall despite specific adaptations for drought tolerance 

(Ackerly 2004). Although juveniles appeared to have a stronger response than 

established shrubs, we were unable to detect an interaction between our 

treatments and the two age classes. Surprisingly, our results do not support 

our hypothesis that juvenile shrubs have a greater sensitivity to rainfall during 

the establishment period than established shrubs, at least for A. fasiculatum, 

which dominates biomass. However, juvenile shrubs have higher mean trait 

values than established shrubs suggesting an ontogenetic distinction in terms 

of resource use. In other systems where adults have access to deep soil 

moisture, adults are likely to be less sensitive to inter-annual changes in 

rainfall than establishing shrubs that, due to shallow roots, rely on rainfall 

(Hellmers et al. 1955).

! The use of shallow soil water by native shrubs in this study system may 

make them particularly susceptible to competition with exotic species at the 

seedling stage (Eliason & Allen 1997), especially if exotic species have traits 

that enable them to grow faster than native species to co-opt light and nutrient 

resources (Leishman et al 2007). Differences among species trait plasticity 

across an environmental gradient can elucidate specific mechanisms driving 

success in such a competitive environment (Valladares et al. 2006). The suite 

of traits that we measured for these origin groups were affected by our rainfall 
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manipulation. When analyzed individually, only leaf water content did not 

respond to rainfall, which suggests that water storage in leaves is a static, 

rather than plastic, trait in these species. Juvenile shrubs tended to have 

higher rates of photosynthesis and exotic herbs had higher specific leaf areas, 

but these differences were strongly driven by the responses of individual 

species, rather than consistent responses within native and exotic origin 

groups. In particular, S. mellifera (native shrub) and E. botrys (exotic herb) 

were the two species with the strongest trait responses to rainfall 

manipulation. Thus, our results are not consistent with the hypothesis that 

exotic herbaceous species have higher trait plasticity than native juvenile 

shrubs overall. This is similar to a result found by Funk and Zachary (2010) 

suggesting that individual species responses may be more relevant than 

functional group classifications when examining responses to water stress. In 

some systems, exotic species can be competitive even when native and exotic 

traits are very similar (Corbin & D’Antonio 2010). This was certainly the case in 

our study. The two origin groups did not differ in their trait plasticity in response 

to rainfall variation. However, the two groups had inherently different traits. In 

general, exotic species had higher mean trait values than native species 

although there were large differences among species traits within origin 

groups, making it unlikely that these traits will be good predictors of species-

level response to future environmental change in this system. 

 !
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! In conclusion, exotic species in our system performed better than native 

species under higher levels of rainfall. Our results suggest that exotic species 

in our system possess traits associated with high resource conditions, rather 

than having greater plasticity in response to changing rainfall (Richards et al. 

2006).  Given the large variability in trait values among native species and 

among exotic species groupings, however, these traits are unlikely to be 

consistent predictors of species-level responses to changing rainfall.

Greater inter-annual rainfall variability associated with climate change 

could trigger changes in post-disturbance community dynamics via 

competition between establishing native shrubs and exotic herbaceous 

species that are better equipped to take advantage of resources. Our results, 

in addition to other studies show that establishing native shrub communities 

should benefit during periods with multiple high rainfall years in a row (i.e. El 

Niño)(Holmgren & Scheffer 2001). These periods are generally considered 

favorable for restoration of native habitats (Matias et al. 2011). While this may 

be true when there are factors controlling exotic species abundance, our 

results suggest that exotic species benefit disproportionately from high rainfall 

years. As a result, successful efforts to restore native habitats during periods 

of high rainfall will require mitigation of exotic species through grazing, 

herbicides, mowing, or other management techniques. In sum, our results 

suggest that high rainfall years during shrub establishment, for example, 

following large scale-disturbance such as fire, are susceptible to shifts in 
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successional trajectory propelled by an influx of exotic species in the absence 

of active management.

! The thesis, in part, is currently being prepared for submission for 

publication of the material. Ashbacher, A., E. E. Cleland. The thesis author was 

the primary investigator and author of the material.
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Appendix

Notes: 

1. Statistical analysis for individual traits were run using a linear mixed effects 

model with run (rain event) nested within plot to account for repeated 

measurements in each plot. 

2.  Permutational analysis were run using adonis protocol in the R vegan 

package. Analyses were first run for each rain event separately then 

combining all traits and rain events for the full analysis. 
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precipitation levels.



Notes: 

1. Statistical analysis for individual traits were run using a linear mixed effects 

model with rain event (event) nested within plot to account for repeated 

measurements in each plot. 

2. Linear mixed effects models for individual trait responses did not 

incorporate species due to data limitations. However, species were included 

(nested within origin) for full adonis analysis.

3.  Permutational analysis were run using the adonis protocol in the R vegan 

package. Analyses were first run for each rain event separately then 

combining all traits and rain events for the full analysis.
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