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Abstract

:

In drylands, most studies of extreme precipitation events examine effects of individual years or short-term events, yet multiyear periods (>3 y) are expected to have larger impacts on ecosystem dynamics. Our goal was to take advantage of a sequence of multiple long-term (4-y) periods (dry, wet, average) that occurred naturally within a 26-y time frame to examine responses of plant species richness to extreme rainfall in grasslands and shrublands of the Chihuahuan Desert. Our hypothesis was that richness would be related to rainfall amount, and similar in periods with similar amounts of rainfall. Breakpoint analyses of water-year precipitation showed five sequential periods (1993–2018): AVG1 (mean = 22 cm/y), DRY1 (mean = 18 cm/y), WET (mean = 30 cm/y), DRY2 (mean = 18 cm/y), and AVG2 (mean = 24 cm/y). Detailed analyses revealed changes in daily and seasonal metrics of precipitation over the course of the study: the amount of nongrowing season precipitation decreased since 1993, and summer growing season precipitation increased through time with a corresponding increase in frequency of extreme rainfall events. This increase in summer rainfall could explain the general loss in C3 species after the wet period at most locations through time. Total species richness in the wet period was among the highest in the five periods, with the deepest average storm depth in the summer and the fewest long duration (>45 day) dry intervals across all seasons. For other species-ecosystem combinations, two richness patterns were observed. Compared to AVG2, AVG1 had lower water-year precipitation yet more C3 species in upland grasslands, creosotebush, and mesquite shrublands, and more C4 perennial grasses in tarbush shrublands. AVG1 also had larger amounts of rainfall and more large storms in fall and spring with higher mean depths of storm and lower mean dry-day interval compared with AVG2. While DRY1 and DRY2 had the same amount of precipitation, DRY2 had more C4 species than DRY1 in creosote bush shrublands, and DRY1 had more C3 species than DRY2 in upland grasslands. Most differences in rainfall between these periods occurred in the summer. Legacy effects were observed for C3 species in upland grasslands where no significant change in richness occurred from DRY1 to WET compared with a 41% loss of species from the WET to DRY2 period. The opposite asymmetry pattern was found for C4 subdominant species in creosote bush and mesquite shrublands, where an increase in richness occurred from DRY1 to WET followed by no change in richness from WET to DRY2. Our results show that understanding plant biodiversity of Chihuahuan Desert landscapes as precipitation continues to change will require daily and seasonal metrics of rainfall within a wet-dry period paradigm, as well as a consideration of species traits (photosynthetic pathways, lifespan, morphologies). Understanding these relationships can provide insights into predicting species-level dynamics in drylands under a changing climate.
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1. Introduction


Extreme weather events are becoming more frequent [1], and warmer temperatures are expected to continue to increase leading to extreme rainfall and increases in variability as a result of a combination of increased moisture and weakened circulations [2]. In drylands, these extreme, climate-related events include both anomalously high and low amounts of rainfall that have dramatic, long-lasting impacts on ecosystem dynamics [3,4,5,6,7,8,9,10,11,12]. Many studies have examined ecological impacts of individual year events or have manipulated replicated events across years (e.g., [5,13,14]), yet far fewer studies have assessed effects of events that occur over multiple different types of sequential years (e.g., [15,16,17]). Long-term observations are often needed for the duration of, and beyond, these multiyear events, such as the decade-long drought of the 1930s in the central and southern US that contributed to the ‘Dust Bowl’ [14,18,19]. Multiyear extreme events have the greatest potential to influence the trajectory of ecological systems through changes in landscape-soil template properties, and through direct and indirect effects that result in shifts in species dominance [20,21,22]. Drylands are expected to be particularly sensitive to multiyear sequences of above or below-average amounts of precipitation. Low and variable amounts of rainfall and high temperatures in the growing season interact with soil properties to govern patterns in species dominance and composition in arid and semiarid ecosystems located in dryland regions of the world [23,24,25]. The legacy of an extreme event may also be important: a wet year followed by a dry year has different impacts on ecosystems than a dry year followed by a wet year [26,27]. However, little is known about impacts and legacies of multiyear wet or dry periods on patterns in biodiversity.



1.1. Species Richness Responses


Most of the information about the role of extreme events in ecosystems comes from aboveground net primary production (ANPP) responses to short-term dry events (<4 years) (e.g., [17]), although there are some studies of species abundance responses with a focus on plants in the canopy rather than seeds stored in the soil (e.g., [28]). Many studies in drylands have shown that species abundance in the canopy and ANPP are related [29,30,31]. Thus, studies of ANPP can be used to infer responses by species to extreme climatic events. Across grasslands globally, temporal variability of ANPP decreases as species richness increases [30,31,32,33,34,35,36,37,38]. Variable effects of dry events occur through a reordering of dominant aridity-tolerant species [39] and increases or losses in the relative abundance of rare or subordinate species, either in the canopy or stored in the soil seed bank [40,41]. The dominant aridity-tolerant perennial species show changes in cover or ANPP, but not numbers of species, with a single dry year or pulse of rainfall (e.g., [42]). Dry years often lead to losses in some subdominant species from the community through mortality and increases in other species through aridity avoidance (e.g., increased water-use efficiency and slower growth) or escape strategies (e.g., early flowering) [41,43]. Multiple, sequential dry years are expected to accentuate these different responses in dominant and subdominant species, and lead to overall losses in species richness from the community [15].



Individual wet years can result in increases in species richness of plants in the canopy and ANPP that do not translate to changes in species richness during multiyear wet periods (e.g., [44]). An individual wet year can have limited effects on increased richness and ANPP because of low seed storage in the soil, low production of viable seeds, and low soil water availability resulting from high rates of bare soil evaporation and low infiltration capacity [45]. However, multiple sequential wet years in drylands can lead to high diversity due to recruitment opportunities of multiple functional types in suitable microhabitats [15]. A sequence of plant demographic processes across multiple years is expected to be important for species to respond to large amounts of rainfall. This sequence cannot be met in individual wet years [16].




1.2. Precipitation Characteristics


Precipitation characteristics (e.g., seasonality, depth of water from individual storms, critical rainfall event size, and the length and frequency of dry or wet spells) may be important to water availability and species responses in multiyear dry and wet periods [46,47]. These characteristics can result in periods with similar total amounts of rainfall (e.g., two dry periods) having different species richness. Seasonality of rainfall constrains the response of plants with different photosynthetic pathways and root morphologies. C4 plants (i.e., most grass and some forb species) are able to continue to grow when exposed to seasonally high summer temperatures and therefore benefit from increased summer precipitation, whereas C3 plants (primarily perennial forbs, shrubs and subshrubs) have greater responses to rainfall in cooler seasons of spring and fall. C3 shrubs and subshrubs are, furthermore, able to use cool-season precipitation stored at deeper depths [48,49]. Storms leading to water at different depths in the soil profile are expected to differentiate species responses with different maximum rooting depths [50]. Critical rainfall event size is also important, and is related to storm depth: only the most extreme precipitation events wet the soil deeper than 10 cm in semiarid regions, with consequences for grassland function (e.g., [45,51,52]). This result suggests that shifts toward larger rainfall events, which are more likely to reach the rooting zone for shrubs, are likely to favor shrub species richness. The length and frequency of dry and wet spells, defined as the number of sequential days either without rain (dry) or with rain (wet), can also be important to species responses where longer, more frequent dry spells within a year should favor aridity-tolerant species that often dominate drylands. Longer, more frequent wet spells within a year should favor subdominant species depending on the seasonality of the rainfall.



Daily precipitation is often used to determine ecosystem responses to water availability in drylands [53,54]. This approach is useful, given the typical time interval between water input to the soil surface and subsequent plant water uptake. Furthermore, the daily interval allows for a relatively simple definition of the mean soil wetting depth of an individual storm and the interval of time in days between storm arrivals. Using this approach, Fernández-Illescas et al. [55] showed that multiyear wet or dry periods can be represented by variations in these two parameters (wetting depth, time interval between storms) of the daily precipitation record.




1.3. Legacies


Extreme wet and dry years have effects on community and ecosystem functioning that can last beyond the year in which they occur. Therefore, it is important to study multiyear extreme periods in order to understand ecosystem functioning and the effects of future climate change. The effect of previous conditions on current functioning is a phenomenon known as legacies. These legacies are ubiquitous and occur across temporal and spatial scales involving physiological, demographic, ecosystem and geomorphic mechanisms. Theory predicts that the effect of legacies depends on the magnitude of the phenomenon and time since it occurred [56], and there can be lagged effects of dry or wet periods on ecosystem function following the return of average precipitation conditions [39]. Empirical field studies in drylands demonstrated that previous-year precipitation can explain up to 20% of current-year ANPP [27]. In this case, legacies occurred through changes in the structure of vegetation where grass stolon density linked past and present ecosystem functioning [57]. A dry year reduced stolon-density that constrained production when a dry year was followed by a wet year and, similarly, a wet year enhanced production the following year.




1.4. Dryland Landscapes


Directional changes in climate include an increase in the frequency or intensity of dry or wet periods that act as extreme events in drylands. It has been shown that for equal seasonal precipitation totals, infrequent, large events result in higher seasonal average soil moisture, and therefore ANPP, than frequent small precipitation events [58,59,60]. Therefore, despite the widely accepted understanding that higher aridity conditions are expected in a warming climate [61], the shift toward larger rain events may somewhat offset the drying effect on soil moisture and vegetation to lead to either a decrease (dry periods) or increase (wet periods) in species richness compared with the current climate.



Dryland landscapes consist of multiple ecosystem types that may respond differently to wet and dry periods because they differ in their species dominance and composition, and their location on the landscape that affects seed and soil water availability [45,62]. Upland grasslands are expected to have the greatest variability in response between periods with the same amount of rainfall because these grasslands are dominated by C4 grasses, with the highest biodiversity of C3 and C4 species among the landscapes in this study [15,63]. Shrub-dominated landscapes consist of high resource availability (nitrogen, water) concentrated beneath woody plants where resources available to other species are affected by competition with the woody plants [64,65,66]. The large bare soil interspaces between woody plants have high rates of evaporation combined with a low mean number of species, which suggests that these ecosystems would have a limited ability to respond to variability in rainfall, except in a wet period [15,45,67]. Previous studies showed that perennial grasses increased production in a 4-y wet period in mesquite shrublands [16], whereas the response of species in creosotebush and tarbush shrublands to wet periods is unknown.



To better understand how extreme events in the form of multiyear dry or wet periods affect biodiversity in drylands, we used long-term observations of species richness collected over a 26-yr time span (1993–2018) in the Chihuahuan Desert of southern New Mexico (USA). Our goal was to determine the relationships between wet or dry periods and their legacies with patterns in species richness of plant canopies for ungrazed upland grasslands and three different shrubland ecosystems in order to predict the response of the biodiversity of these ecosystems to future changes in climate. We focused on richness of species with different photosynthetic pathway (C3, C4) and lifespans (annuals, perennials) with precipitation during different seasons of the year. Specifically, our objectives were: (1) to statistically identify the dry, wet, and average periods from 1993 to 2018, and relate patterns in species richness in each period to the period’s mean precipitation; (2) to compare the precipitation characteristics and patterns in species richness between periods where mean precipitation was similar; (3) to compare how precipitation characteristics and patterns in species richness change through time, including the role of legacies in these changes.





2. Methods


2.1. Study Area


The study was conducted at the USDA Jornada Basin Long Term Ecological Research (Jornada) site in southern New Mexico, USA (32.5 N, 106.45 W). The climate is arid to semiarid with an average of 25 cm/y precipitation (1939–2018) (stdev = 8 cm; min = 8.7 cm/y; max = 45.1 cm/y) occurring mostly as monsoonal rainfall (>60%) during the summer to fall growing season (1 July to 1 October). Average monthly temperatures over the same time period ranged from 6 °C in January to 26 °C in June. Domestic livestock grazing has decreased over time with peaks in the late 1800s and 1910s [68]. Current grazing intensities are maintained at low levels throughout the 100,000-ha research site. All locations sampled for plant species richness have been ungrazed by livestock since at least the late 1980s when sampling began [63]. Aerial imagery of the areas surrounding each exclosure indicated no post-grazing legacy or long-term impact of the exclosures on the vegetation.



The Chihuahuan Desert consists of four major ecosystem types with different species dominance, composition, lifespan, and physiology (C3, C4), soil properties and topography, that are expected to influence their response to dry or wet periods: (1) upland grasslands dominated by black grama (Bouteloua eriopoda), mesa dropseed (Sporobolus flexuosus), and several threeawn species (Aristida spp) on level locations with sandy loam to loamy sand soils; and three shrublands dominated by different species: (2) honey mesquite (Prosopis glandulosa) on level uplands with sandy soils, (3) creosote bush (Larrea tridentata) on upper bajada slopes with loamy, rocky soils, and (4) tarbush (Flourensia cernua) on lower bajada slopes with loamy soils [15,45,62]. For each ecosystem type, three locations were selected in 1989 to represent the range of variation in vegetation, soils and topography at the Jornada for that ecosystem type for a total of twelve species richness locations. Species composition of Chihuahuan Desert ecosystems consists of four major functional groups of plants with high interannual variability in richness for each ecosystem type: annuals, perennial forbs, perennial grasses, and dominant shrubs (P. glandulosa, L. tridentata, F. cernua), including subshrubs [15].




2.2. Precipitation Data


Daily precipitation data were available from 1993 to 2018 from 16 tipping bucket rain gauges that included the 12 species richness sampling locations and four additional locations (map of locations available from [63]; data available from [69,70,71]. Each daily gauge was colocated with a high accuracy weekly or monthly rain gauge that was used to gap-fill missing daily data by adjusting accumulated daily amounts to the weekly or monthly total [71].




2.3. Species Richness Data


The experimental design and sampling protocols for species richness are detailed in [63,72] modified by [15], and summarized here (data available from [73]). Within a small livestock exclosure at each location (ca. 1 ha), a systematic grid of 49 1-square meter permanent quadrats with 10 m buffers was established in 1989. The total number of species was counted in each quadrat in three seasons for each year to correspond to recruitment or growth of different species [late winter (March), spring for C3 species (June), and fall for C4 species (September)]. Sample date varied among years by 2 to 3 weeks depending on recruitment and growth patterns.



We used richness data of plant canopies from 1993 to 2018 (26 y) to correspond to the available daily precipitation data. Richness per square meter was obtained by counting the total number of unique species in each season and quadrat, summing by location and year, then dividing by 49 square meter. Each species was classified based on its functional type (annual, perennial forb, perennial grasses, subshrub, shrub) and photosynthetic pathway (C3 vs. C4). Succulents (CAM photosynthetic pathway) occur in low frequency at the Jornada, and were excluded from these analyses. Species were then grouped into three functional groups based on their expected response to differences in the timing of precipitation: C3 species (annuals, perennial forbs, shrubs and subshrubs), C4 species (excluding perennial grasses), perennial grasses, and the total. Perennial grasses (all were C4) were evaluated separately from the C4 group because these grasses were the historic dominant species in many locations [62]. Decreases in perennial grass richness would be an indication of continued desertification, whereas increases in richness would indicate recovery following desertification.




2.4. Analysis


To better interpret how precipitation timing may affect species richness, analyses were conducted separately for four seasons: fall (October–December (OND)), winter (January–March (JFM)), spring (April–June (AMJ)) and summer (July–September (JAS)). Although plants are dormant during the fall (OND), we analyzed the precipitation during this season because of the potential for stored water to be available for recruitment and growth of plants in the winter (JFM) and spring (AMJ). We also analyzed separately the nongrowing season (OND and JFM) and the growing season (AMJ and JAS) as two additional seasons of particular interest in these drylands. A significance level of 0.05 was used for all tests. Repeated analyses of variance (ANOVA) used to compare period means were performed in R using the packages nlme for repeated measures [74] and emmeans for estimating marginal means [75].



2.4.1. Objective 1: Identifying Precipitation Periods and Species Richness Responses


To define multiyear periods of similar precipitation, a breakpoint analysis was applied to the water-year precipitation data (WPPT; October 1 to September 30) averaged over the 16 precipitation locations in each year. Breakpoint analyses indicate when a statistically different year occurs during a time series [76,77]. These analyses have been used in ecological studies to identify thresholds in time series data that reflect important changes in ecosystem dynamics or the processes governing those dynamics [4,78]. The strucchange package in R was used to determine the optimal number of breakpoints and their locations in the mean water-year precipitation time series given a minimum window size and a quantitative measure to optimize [79,80]. For WPPT, we assumed a minimum window size of four years to account for legacy effects, and the number of years needed for sequential processes to occur (recruitment, growth, mortality) and result in population change in perennial grasses [16]. We optimized the residual sum of squares. We then compared mean WPPT among periods using a repeated measures ANOVA with subjects as the 16 locations and the fixed effect of period.



For the groups of species, log-transformed richness values for each group were analyzed to meet assumptions of normality, although nontransformed values are presented to aid in interpretation. Richness per functional group and ecosystem type were compared either between pairs of similar periods or among all five periods using a repeated measures ANOVA with the 12 locations as subjects and the fixed effect of period.




2.4.2. Objective 2: Comparing Daily Precipitation Characteristics and Richness for Periods with Similar Precipitation


We used characteristics of daily precipitation (storm depth, dry-day interval, frequency of dry and wet spells of different durations) to compare periods with similar amounts of mean precipitation across years within a period. Daily precipitation data were translated into two variables to interpret frequency distributions: storm depth (cm, daily rainfall amount >0.01 cm), and dry-day interval (number of sequential days between days with rain). Storm depth was based on precipitation amounts larger than a trace (>0.01 cm) for the rain gauges. Dry-day intervals were assigned to the season when the interval began, and were allowed to persist into later seasons. To characterize the distributions of the two variables, probability density functions (PDFs) were fit to their sample distributions using data from all 16 locations for each period and season. The exponential PDF was used because it is defined for non-negative numbers, has a general shape with greater probability density for small values with a decreasing right tail for lower probability density for high extreme values, has only one parameter to fit, and is typically used to describe daily PPT patterns [53,81], including across the western US [47].



For storm depth (h), an exponential PDF was fit to each period-season sample distribution:


   f H   ( h )  =  1 α   e  −  1 α  h    



(1)




where 1/α is the parameter to estimate. Since the maximum likelihood estimator for the parameter in an exponential PDF is one divided by the sample mean of the random variable, α can be interpreted as mean storm depth (cm). Similarly, we fit an exponential PDF to the dry-day interval sample distributions:


   f T   ( t )  =    1 τ   e  −  1 τ  t    



(2)




where τ can be interpreted as the mean dry-day interval (days). For each period and season, the storm depth and dry-day interval sample distributions were tested with Cramer-von Mises and Anderson-Darling goodness-of-fit tests (0.05 significance level) to assess the applicability of the exponential PDF for the samples. The α and τ parameters were estimated with bootstrapping (1001 iterations) to yield 95% confidence intervals. The fitdistrplus R package was used to fit the distributions with bootstrapping and to test goodness-of-fit [82]. For all periods and seasons, the storm depth and dry-day interval distributions had p-values greater than the significance threshold for both of the goodness-of-fit tests. Therefore, we can describe storm depth and dry-day interval distributions as exponential PDFs and compare the periods by their estimated mean storm depths (α) and mean dry-day intervals (τ).



We also calculated the number of days in each period in a dry spell (number of consecutive days with less rain than 0.5 cm/day) or wet spell (number of consecutive days with rain more than 0.5 cm/day) of varying duration. Dry or wet spell durations provide a more accurate depiction of the ecologically-relevant precipitation for plant growth than the dry-day interval, and are based on experimental responses in drylands [58,83]. Dry spell duration classes were selected to represent short (0, 1–3, 4–7 days), medium (8–14, 15–30 days), and long durations (31–100, 101–200, 201–365 days) for within-year dry periods. These classes correspond to plant physiological responses where short dry spells are less than a week, medium spells are 1 week to 1 month, and long dry spells are seasonal to annual. Within each season, dry spell frequency was calculated as the percentage of days classified as a dry spell. When a dry spell crossed into two or more seasons, it was counted in both seasons and weighted by the number of days it extended into each season. Similarly, wet spell duration (0, 1–9 days) was based on the length of sequential wet days. Each day was classified as a “wet spell” or “non-wet spell” based on whether it fit the definition. In each season, wet spell frequency was calculated as the percentage of days in a wet spell. A non-wet spell is the same as a dry spell except that a non-wet spell can be of any duration.




2.4.3. Objective 3: Comparing the Sequence of Wet-Dry Periods and Richness over the Record


To compare precipitation characteristics through time, we used metrics of seasonal and annual rainfall that captured extreme values. Total amount of precipitation (cm) was summed for each location within each season and averaged across all locations within each period. Precipitation frequency was defined as the percentage of days with precipitation exceeding a trace amount (0.01 cm/day). The frequency of extreme precipitation was defined as the percentage of days in each season with daily precipitation exceeding the 98th percentile of precipitation amount (0.7 cm/day in OND, 0.5 cm/day in JFM, 0.5 cm/day in AMJ, and 1.6 cm/day in JAS).



To compare the mean value of each precipitation metric among periods, a repeated measures ANOVA, with subjects as the 16 locations and period as a fixed effect, was applied to each metric and season pair individually. For each metric-season combination, the period effect was tested for significance and, if significant, the contrasts of each marginal mean pairs of periods were tested for significant differences. To assess changes in daily PPT amount and frequency through time, estimated mean storm depth and mean dry-day interval were compared between period pairs. If the 95% confidence intervals of the estimated parameters between two periods did not overlap, the parameters for those periods were considered significantly different.






3. Results


3.1. Objective 1: Identifying Precipitation Periods and Species Richness Responses


Using a window size of four years, the optimal number of breakpoints was four during the years 1999, 2003, 2008, and 2012. Five sequential periods were differentiated by their mean water-year precipitation: AVG1 (1993–1999), DRY1 (2000–2003), WET (2004–2008), DRY2 (2009–2012), and AVG2 (2013–2018) (Figure 1a). The WET period had the highest mean (30.2 cm/y) and the two DRY periods had similarly low mean precipitation (DRY1:17.7 cm/y; DRY2:18.0 cm/y) compared with the two average periods, where AVG1 (22.4 cm/y) had significantly less precipitation than AVG2 (24.3 cm/y) (Figure 1b). The first three periods agreed with previously defined periods using a qualitative approach for six of these locations [15].



In general, the largest numbers of species were found in upland grasslands followed by creosotebush, tarbush, and mesquite shrublands (Figure 2). Functional group composition was similar for all ecosystems: the C3 type (grasses, forbs, sub-shrubs, and shrubs) had the most species at all four ecosystems with perennial grasses second highest, and the C4 functional group had the fewest number of species.



Total species richness in the wet period was among the highest in the five periods (Figure 2. For other species-ecosystem combinations, two patterns were unrelated to total precipitation. AVG1 had more C3 species, yet lower water-year precipitation, compared with AVG2, in upland grasslands, creosote bush, and mesquite shrublands (Table 1, Figure 1b). While DRY1 and DRY2 had the same amount of precipitation, DRY2 had more C4 species than DRY1 in in creosote shrublands and DRY1 had more C3 species than DRY2 in upland grasslands (Table 1, Figure 1b).




3.2. Objective 2: Comparing Daily Precipitation Characteristics and Richness for Periods with Similar Precipitation


The frequency distributions of storm depth sizes up to 3 cm showed a high proportion of small events in all seasons and periods with a sharp decrease in frequency as event size increased (Figure 3). Largest seasonal mean storm depth sizes occurred in the spring (AMJ) and summer (JAS) in AVG1 (α ≥ 0.5 cm), and in the summer in AVG2 (α = 0.5 cm), and WET (α = 0.62 cm). Storm depth sizes, on average, were smaller in the corresponding dry periods than in the average or wet periods in the same seasons (e.g., DRY1 vs. AVG 1 or WET in OND). Separating out small storm depth sizes (<3 cm) from large storm depth sizes (≥3 cm) allows a focus on the correspondence between large rain events and species richness (Table 1, Figure 2 and Figure 4). For example, more large storms in the fall (OND) and spring (AMJ) in AVG1 (Figure 4) corresponded with more C3 species at upland grasslands and creosotebush shrublands compared with AVG2 (Figure 2). DRY1 had more large storms than DRY2 in late spring (AMJ), and greater C3 species richness in upland grasslands. In contrast, DRY2 had more large storms than DRY1 in summer (JAS) and greater C4 species richness (other than perennial grasses) in creosotebush shrublands compared with fewer large storms and fewer C4 species in this ecosystem in DRY1 (Figure 2 and Figure 4).



The frequency distribution of the number of days between rain events (i.e., the dry-day interval) is skewed to the left, with most values < 10 days during the summer monsoon rainy season (JAS) when C4 species are most active (Figure 5). In the summer, the larger τ (5.7 days) in AVG1 reflects more dry-day intervals of longer lengths compared to AVG2 (τ = 4.3 days), and may correspond with the lower water year precipitation in AVG1 (Figure 1 and Figure 5). Flat curves in the other seasons indicate the few occurrences of long duration between rain events typical of drylands. The WET period had the fewest total long duration (>45 days between rain events) dry intervals of all periods in each season (Figure 6). The summer (JAS) had the fewest long dry intervals compared with the early spring (JFM) where AVG2 and DRY2 had more frequent, long dry intervals with greater τ values compared with AVG1 and DRY1, respectively. DRY2 had more long duration dry intervals in the fall (OND), and fewer C3 species richness (e.g., shrubs and sub-shrubs) in upland grasslands compared with DRY1 (Figure 2).



Differences in precipitation between periods were further distinguished by comparing storm depth (α) and dry-day interval (τ) parameters with patterns in species richness of functional groups. In fall (OND) and spring (AMJ), AVG1 had a larger mean storm depth and a smaller mean dry-day interval than AVG2 with more C3 species in AVG1 for all locations (Figure 2 and Figure 7a,c). Mean storm depths in spring (JFM) and summer (JAS) were not significantly different for these two periods. On the other hand, while the difference between dry-day intervals between AVG1 (τ = 5.7 days) and AVG2 (τ = 4.3 days) in summer (JAS) was small (Figure 7c), the AVG1 dry-day interval was 32% larger than AVG2.



In the dry periods, DRY2 had a greater mean storm depth and a 35% increase in precipitation when it rained (0.46 cm/day) over DRY1 on average (0.34 cm/day) in the summer (JAS) (Figure 4 and Figure 7b), and greater C4 richness in DRY2 for creosotebush shrublands (Figure 2). The greater storm depth and shorter dry-day intervals in DRY1 in the spring seasons (JFM, AMJ) compared with DRY2 corresponded with more C3 species in upland grasslands in DRY1 (Figure 2 and Figure 7b). In addition, DRY1 experienced more frequent rain days with more rain on those days in the spring (0.44 cm/day) compared with DRY2 (0.29 cm/day) (Figure 4).



The frequency of dry days of varying duration in different seasons is a measure of within- year dry spells (Figure 8). The frequency of short-duration (up to 7 days) dry spells during the summer growing season (JAS) was similar between DRY1 and DRY2, and between AVG1 and AVG2 (Figure 8d). However, DRY2 had more mid-duration dry spells in the summer (8–30 days) and greater richness of C4 species in creosotebush and mesquite-dominated shrublands than DRY1, whereas DRY1 had more long-duration dry spells (>30 days) (Figure 2 and Figure 8d). During spring (AMJ), DRY2 and AVG2 had more dry spells days lasting longer than 200 days and fewer C3 species in upland grasslands than DRY1 or AVG1, respectively (Figure 2 and Figure 8c).



The frequency of consecutive single day wet events (wet spells) showed seasonal variability between periods (Figure 9). In summer, there were more events with two or more consecutive wet days in DRY2 than in DRY1 that corresponded to C4 richness in creosotebush shrublands (Figure 9d). In addition, the frequency of one and two precipitation events in the summer, and the number of C4 species in creosote bush shrublands, were nearly identical between AVG2 and WET (Figure 2 and Figure 9d). AVG2 had the longest duration (9 day) wet spells with less total annual rainfall than WET (Figure 1). In the other seasons, the pattern was reversed from the summer: DRY1 and AVG1 had more frequent wet events than DRY2 and AVG2 that corresponded with C3 species richness in upland grasslands (Figure 2 and Figure 9).




3.3. Objective 3: Comparing the Sequence of Wet-Dry Periods and Richness over the Record


Fall (OND), winter (JFM) and spring (AMJ) precipitation amounts were similar among the first three periods (1993–2008) and then decreased through time. The result is that AVG2 had significantly less fall and spring precipitation than AVG1 (Figure 10). The delivery of that precipitation also changed: the frequency of precipitation in the 98th percentile (≥0.5 cm/day) decreased in fall and spring resulting in AVG1 and DRY1 having more extreme precipitation than AVG2 and DRY2 in these seasons (Figure 10).



The opposite trend was observed in the summer growing season (JAS), where precipitation amounts generally increased from beginning to end of the record (Figure 10) with a corresponding general increase in frequency of extreme rainfall events. The result is that DRY1 was substantially drier with less frequent precipitation than DRY2 in the summer, whereas the opposite was true in the other seasons. These rainfall patterns corresponded to C4 species richness in creosotebush shrublands (Figure 2). In addition, AVG2 had more frequent summer precipitation than AVG1 and even the WET period (Figure 10), and similar numbers of C4 annual species in all three shrubland types for AVG2 and the WET periods (Figure 2). The higher total precipitation in the summer in WET than AVG2 (Figure 10a) was associated with higher average precipitation totals on days with precipitation.



Comparing mean storm depth and mean dry-day interval for each period represents changes in mean seasonal precipitation through time [47]. For the growing season, each transition from one period to the next had significant differences in both storm depth and dry-day interval, although the direction of the change depended on the period preceding the period in question (Figure 11a). In both transitions to dry periods (i.e., AVG1 to DRY1; WET to DRY2), mean storm depth decreased and mean dry-day interval increased, while in both transitions from a dry period (i.e., DRY1 to WET; DRY2 to AVG2), meant storm depth increased and mean dry-day interval decreased. Thus, differences in growing season precipitation among all five periods can be attributed to both changes in daily precipitation amount (Figure 10a-4) and frequency (Figure 10c-4).



For the nongrowing season, a different pattern in time was observed where there was a decrease in mean storm depth from AVG1 to DRY1, then no significant difference from DRY1 to WET, then a decrease in mean storm depth and increase in mean dry-day interval from WET to DRY2, and then no significant difference from DRY2 to AVG2. This series of transition differences resulted in a general decrease in the amount of nongrowing season precipitation over the course of the study: first, daily precipitation amounts decreased, then daily precipitation frequency decreased. Several cases of losses of richness were observed: the number of perennial grasses in tarbush ecosystems decreased through time and decreased from AVG1 to AVG2 in creosotebush shrublands, and C3 species richness in all four ecosystem types decreased since the WET period (Figure 2).





4. Discussion


Distinguishing multiyear dry and wet periods from random sequences of years for a 26-year time series of precipitation data provided new insights into the relationships between rainfall and species richness compared to traditional studies of extreme events based on individual years [42]. Similar to expectations, the wet period with the largest mean amount of water-year precipitation had among the highest total species richness in the five periods for all four ecosystem types: upland grasslands, and the three shrubland types dominated by different species: creosotebush, mesquite, tarbush. We observed two patterns in species richness that required more in-depth analyses of daily and seasonal precipitation within each period to understand the potential processes underlying richness patterns. Compared with AVG2, AVG1 had lower water-year precipitation yet more C3 species in upland grasslands, creosotebush, and mesquite shrublands, and more C4 perennial grasses in tarbush shrublands. AVG1 had larger amounts of rainfall and more large storms in fall and spring with higher mean depths of storm and lower mean dry-day interval compared with AVG2. DRY1 and DRY2 had the same amount of precipitation, yet DRY2 had more C4 species than DRY1 in creosotebush shrublands and DRY1 had more C3 species than DRY2 in upland grasslands. Most differences in rainfall between these periods occurred in the summer when C4 species would be affected by soil water availability. Our results show that understanding the biodiversity of Chihuahuan Desert landscapes as precipitation continues to change will require daily and seasonal metrics of rainfall within a wet-dry period paradigm.



4.1. Richness and Rainfall Comparisons between Periods


Our results show that it is necessary to go beyond water-year amount of precipitation to understand the response of plant canopy species richness. Dry spell length was most frequently important to account for differences in richness between periods with similar water-year precipitation, followed by mean storm depth, total seasonal precipitation and extreme precipitation frequency (Table 1). Drylands are characterized by small rain event sizes and short duration between events that increase soil water availability to plants [46]. In our study, precipitation characteristics in the fall and spring were important for explaining richness of C3 species and perennial grasses primarily in average rainfall periods (AVG1, AVG2; Table 1, Figure 2 and Figure 10). Storm depth was also important where the size of individual storms affect the depth that water percolates into the soil [84]. The depth of the wetting front controls the partitioning of vertical water losses between soil evaporation, deep percolation, and transpiration. As predicted by the inverse texture hypothesis [25] and empirically demonstrated later [60,85,86], large rainfall events enhance soil water available to plants only in drylands.



Similar to previous studies, seasonality in these precipitation characteristics was also important to richness patterns (Table 1) [87]. These characteristics varied by period and ecosystem type that likely governed seasonal patterns in water availability [85,88]. The tendency for the WET period to have the greatest number of species for C3 and C4 functional groups across all ecosystem types was likely related to this period generally having the deepest average storm depth in the summer, and fewest long duration (>45 day) dry intervals across all seasons (Figure 3 and Figure 6). Both characteristics can affect water available to plants, either to C4 species including perennial grasses in the summer or to all species throughout the year [45].



The larger number of C3 species in upland grasslands and creosotebush species in AVG1, yet lower water-year precipitation, compared with AVG2, may be explained by larger amounts of rainfall and more large storms in AVG1 in fall and spring compared with AVG2 (Figure 10). The resulting precipitation had a higher mean storm depth and lower mean dry-day interval in AVG1 than AVG2, which would have resulted in more soil moisture during the seasons when C3 species are either actively growing (annuals, forbs, and grasses: AMJ) or can receive subsurface water recharge (shrubs and subshrubs: OND) [53,81,89]. By contrast, in summer, the AVG1 dry-day interval was 32% greater, and summer precipitation was lower than AVG2. However, none of our locations showed a species richness response in AVG2 to this shorter average dry-day interval and larger amount of summer rainfall compared with AVG1 (Figure 2 and Figure 10). This result suggests that other factors are driving richness in the summer for these locations on the dryland landscapes, such as competition with the dominant C4 perennial grasses or a legacy effect of the WET or preceding dry period (DRY2).



Differences in seasonality of rainfall between periods with similar amounts of total rainfall may reflect changing rainfall patterns through time. Both AVG1 and DRY1 have higher fall and lower summer amounts of rainfall than AVG2 and DRY2, respectively. A shift from less fall to more summer rainfall could explain the general loss in C3 species at most locations through time. Reclassifying periods to account for both patterns in precipitation and vegetation may be warranted with further research.



Interestingly, the opposite pattern was found for the dry periods (DRY1, DRY2) and C4 species richness in creosotebush shrublands. The number of events, event size, and length of dry periods of similar rainfall amounts have been shown to be important to grassland production in drylands [17]. In our study, more C4 species occurred in DRY2 than DRY1 even though both periods had similar amounts of water-year precipitation (Table 1). Most differences between these periods occurred in the summer, when C4 species would be affected by soil water availability. Both dry periods had long, dry intervals (>30 days) during the summer (JAS), although DRY1 had a greater frequency of dry-day intervals from 31 to 200 days that would have resulted in less soil moisture compared to DRY2 [89]. In addition, DRY1 was substantially drier, with less frequent precipitation than DRY2, which had more frequent large storms in the summer (Table 1). There were also more events with two or more consecutive wet days in DRY2 (Figure 9, Table 1).




4.2. Importance of Legacies


Our time series of richness and precipitation data allow us to compare the legacy of a dry period (DRY1) in a subsequent wet period (WET) with the legacy of a very wet period (WET) in a subsequent dry period (DRY2). As expected, based on theory and precipitation manipulation experiments, these two legacies were asymmetrical [26,27]. The legacy of a wet period had a larger negative effect on richness compared with the legacy of a dry period. This legacy effect was important for C3 species richness in upland grasslands where the transition from DRY1 (8.4 species/m2) to WET (9.6 species/m2) led to no significant change in richness compared with the transition from WET to DRY2 (5.7 species/m2), which resulted in a 41% loss of C3 annual and perennial subdominant species (Figure 2). Based on previous research, we expect the mechanisms of the two legacy periods were different. A dry period (DRY1) with few meristems and low seed production may have dampened the C3 species responses in the WET period, whereas the lower richness than expected in DRY2 may have resulted from the larger densities of C4 dominant perennials in the WET period that survived through time [27,56].



The opposite asymmetry pattern was found for C4 subdominant species in creosote bush and mesquite shrublands, where an increase in richness occurred from DRY1 to WET followed by no change in richness from WET to DRY2. These results show that C4 subdominant species can respond in shrublands to a sequence of years of above-average years of precipitation and can then persist through time during a subsequent multiyear drought. In creosote bush, the effect of the wet period continued to persist into the second average period (AVG2) with similar richness values as the WET period, yet with significantly less rainfall (Figure 1 and Figure 2). Islands of fertility associated with creosotebush shrubs combined with modifications of soil properties from herbaceous plants during the WET period may have accounted for the continued success of these C4 plants.





5. Conclusions


This study highlighted the importance of studying multiyear precipitation patterns as important drivers of ecosystem structure. Patterns in precipitation have shifted at this research site over the past 26 years, during which nongrowing precipitation amount has decreased and the summer growing season has increased with a corresponding increase in frequency of extreme rainfall events. Water-year amount was not sufficient to explain long-term patterns in plant-species richness. These empirical observations confirmed results from experiments performed with an ecosystem level model [90]. The modelling exercise explored the importance of enhancing the amount of annual precipitation variability by enhancing or decreasing subsequent event sizes by 25, 50 or 75% versus enhancing the duration of a dry period or extreme wet conditions from 1, 3, 6 and 9 years. The model showed that duration of dry and wet periods had the largest effect on ecosystem water balance by affecting the soil wetting depth. Modelling, and this study, support the importance of storm depth on ecosystem structure (species richness) and functioning (soil water dynamics). Moreover, penetration of water in the soil profile is affected by the duration of the wet or dry conditions. Our results confirm the theory that niche partitioning and, consequently, species richness in drylands are determined by the distribution of belowground resources and traits associated with species physiology and rooting patterns [91]. In addition, our study of multiple periods with similar amounts of water-year rainfall, yet different ecosystem responses, show the importance of considering the biotic and precipitation characteristics of multiple multiyear periods rather than inferring generalizations from individual extreme events. Long-term observations will be needed to characterize and develop these generalizations from multiple multiyear periods.
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Figure 1. Water year precipitation (WPPT, cm) at n = 16 locations from 1993–2018 for five periods. (a) Periods delineated by breakpoint analysis (points for observed WPPT, horizontal lines for period means) compared with 89-year long-term mean (solid black horizontal line) and ± 0.5 standard deviation (black dashed lines). (b) WPPT means by periods with 95% confidence intervals and letters indicating significantly different means among periods from repeated measures ANOVA. 
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Figure 2. Species richness (number square meter) at four ecosystem types (columns, 1–4) for three functional groups and total combined (rows, a–d). Period average richness and ±1-standard error shown. Letters indicate significantly different means in the five-way comparison of periods. Asterisks over DRY2 or AVG2 indicate significantly different means in pairwise comparisons with DRY1 or AVG1, respectively. Vertical scale differs by functional group. 
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Figure 3. Storm depth distributions (bars; relative number of days/yr/location) and fitted exponential PDFs (curves) for depths ≥3 cm with a bin size of 0.25 cm. Only nonzero precipitation is shown. Relative frequency for each season and period was calculated using bin frequency from all 16 locations and number of years in the period divided by 16 and the number of years. PDF curves (probability density) are vertically-scaled to match the average frequencies. Vertical scale differs by row. Row (a) is water year, row (b) is fall, row (c) is winter, row (d) is spring, and row (e) is summer. 
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Figure 4. As in Figure 3 except for depths ≥3 cm. 
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Figure 5. Dry-day interval sample distributions (bars; number of intervals/yr/location) and fitted exponential PDFs (curves) <45 days with a bin size of 2 days. Relative frequency for each season and period was calculated using bin frequencies from all 16 locations, number of years in the period divided by 16 and the number of years. PDF curves (probability density) are vertically-scaled to match the average frequencies. Row (a) is water year, row (b) is fall, row (c) is winter, row (d) is spring, and row (e) is summer. 






Figure 5. Dry-day interval sample distributions (bars; number of intervals/yr/location) and fitted exponential PDFs (curves) <45 days with a bin size of 2 days. Relative frequency for each season and period was calculated using bin frequencies from all 16 locations, number of years in the period divided by 16 and the number of years. PDF curves (probability density) are vertically-scaled to match the average frequencies. Row (a) is water year, row (b) is fall, row (c) is winter, row (d) is spring, and row (e) is summer.



[image: Climate 09 00130 g005]







[image: Climate 09 00130 g006 550] 





Figure 6. As in Figure 5 except for dry-day intervals ≥45 days. Vertical scale differs by row. 
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Figure 7. Mean storm depth (a,b) and dry-day interval (c,d) by season for AVG1 vs. AVG2 (left) and DRY1 vs. DRY2 (right). Bar height denotes median bootstrapped parameter estimates, and error bars denote 95% confidence intervals for the estimates. 
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Figure 8. Percentage of days in each period in dry spells (consecutive days with less than 0.5 cm/day) of varying durations (days) as an average of 16 locations for each season. (a) OND, (b) JFM, (c) AMJ, and (d) JAS. Black bars represent the percentage of days not in a “dry spell” of at least one day. 
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Figure 9. Percentage of days in each period in wet periods of varying durations (days) as an average of 16 locations for each season. (a) OND, (b) JFM, (c) AMJ, and (d) JAS. Black bars represent the percentage of days not in a “wet period” of more than one day. 
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Figure 10. Period average of annual precipitation metrics by season: fall (OND), winter (JFM), spring (AMJ), and summer (JAS). Boxplots represent the distribution of values at the 16 locations. (a-1–a-4) Total precipitation (cm), (b-1–b-4) frequency of precipitation exceeding 0.01 cm/day (% of days), and (c-1–c-4) frequency of precipitation exceeding the 98th percentile (% of days). Letters indicate significantly different means in the five-way comparison of periods. Vertical scales differ by season for each precipitation metric. 
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Figure 11. Mean storm depth (α) and mean dry-day interval (τ) combinations for the five periods during (a) growing season and (b) nongrowing season. Points indicate median estimated parameter values, and error bars indicate 95% confidence interval for the estimate. Periods are labeled with the first year in the period. Gray oblique lines represent α and τ combinations that result in equal mean seasonal total PPT. 
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Table 1. Summary of significant differences in richness or precipitation characteristics between periods with similar total amounts of precipitation 1. Counter-intuitive results are shown in red text. Figures are identified in column headers.






Table 1. Summary of significant differences in richness or precipitation characteristics between periods with similar total amounts of precipitation 1. Counter-intuitive results are shown in red text. Figures are identified in column headers.





	
Ecosystem Type

	
Functional Group (Relevant Season)

	
Richness 1

[Figure 2]

	
Mean Storm Depth (Alpha)

[Figure 7a,b]

	
Mean Dry-Day Interval (Tau)

[Figure 7c,d]

	
Dry Spell Length (31–200 Days)

[Figure 8]

	
Wet Spell Length (>2 Days)

[Figure 9]

	
Total PPT 2

[Figure 10a]

	
PPT 2 Frequency

[Figure 10b]

	
Extreme PPT 2 Frequency

[Figure 10c]






	
Upland grasslands

	
C3 (AMJ)

	
A1 > A2

D1 > D2

	
A1 > A2

D1 > D2

	
D1 < D2

	
A1 < A2

D1 > D2

	

	
A1 > A2

D1 > D2

	
D1 > D2

	
A1 > A2

D1 > D2




	
C4 (JAS)

	

	

	

	

	

	

	

	




	
Perennial grasses (JAS)

	

	

	

	

	

	

	

	




	
Creosote Shrublands

	
C3 (AMJ)

	
A1 > A2

	
A1 > A2

	

	
A1 < A2

	

	
A1 > A2

	

	
A1 > A2




	
C4 (JAS)

	
D1 < D2

	
D1 < D2

	

	
D1 > D2

	
D1< D2

	
D1 < D2

	
D1 < D2

	
D1 < D2




	
Perennial grasses (JAS)

	
A1 > A2

	

	
A1 > A2

	
A1 > A2

	
A1 < A2

	
A1 < A2

	
A1 < A2

	
A1 < A2




	
Mesquite Shrublands

	
C3 (AMJ)

	
A1 > A2

	
A1 > A2

	

	
A1 < A2

	

	
A1 > A2

	

	
A1 > A2




	
C4 (JAS)

	

	

	

	

	

	

	

	




	
Perennial grasses (JAS)

	

	

	

	

	

	

	

	




	
Tarbush Shrublands

	
C3 (AMJ)

	

	

	

	

	

	

	

	




	
C4 (JAS)

	

	

	

	

	

	

	

	




	
Perennial grasses (JAS)

	
A1 > A2

	

	
A1 > A2

	
A1 > A2

	
A1 < A2

	
A1 < A2

	
A1 < A2

	
A1 < A2








1 A1: AVG1; A2: AVG2; D1: DRY1; D2: DRY2 2 PPT = precipitation.
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