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ABSTRACT 

Climate change is causing hydrologic intensification globally by increasing both 

the frequency and magnitude of floods and droughts. While environmental variation is a 

key regulator at all levels of ecological organization, such changes to the hydrological 

cycle that are beyond the normal range of variability can have strong impacts on stream 

and riparian ecosystems within sensitive landscapes, such as the American Southwest. 

The main objective of this study was to investigate how anomalous hydrologic variability 

influences macroinvertebrate communities in desert streams. I studied seasonal changes 

in aquatic macroinvertebrate abundances in eleven streams that encompass a hydrologic 

gradient across Arizona’s Sonoran Desert. This analysis was coupled with the 

quantification and assessment of stochastic hydrology to determine influences of flow 

regimes and discrete events on invertebrate community composition. I found high 

community variability within sites, illustrated by seasonal measures of beta diversity and 

nonmetric multidimensional scaling (NMDS) plots. I observed notable patterns of NMDS 

data points when invertebrate abundances were summarized by summer versus winter 

surveys. These results suggest that there is a difference within the communities between 

summer and winter seasons, irrespective of differences in site hydroclimate. Estimates of 

beta diversity were the best metric for summarizing and comparing diversity among sites, 

compared to richness difference and replacement. Seasonal measures of beta diversity 

either increased, decreased, or stayed constant across the study period, further 

demonstrating the high variation within and among study sites. Regime shifts, 

summarized by regime shift frequency (RSF) and mean net annual anomaly (NAA), and 

anomalous events, summarized by the power of blue noise (Maximum Blue Noise), were 
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the best predictors of macroinvertebrate diversity, and thus should be more widely 

applied to ecological data. These results suggest that future studies of community 

composition in freshwater systems should focus on understanding the cause of variation 

in biodiversity gradients. This study highlights the importance of considering both flow 

regimes and discrete anomalous events when studying spatial and temporal variation in 

stream communities.  
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INTRODUCTION 

Environmental variation regulates processes at all levels of ecological 

organization in streams (Roff 2002, Sabo and Post 2008) and supports diverse biological 

communities (Sousa 1979). An ecological disturbance in streams is an extreme and often 

sudden hydrologic event which renews limiting resources, clears space for recolonization, 

and promotes coexistence among species by disrupting competitive advantages of 

dominant taxa (McWethy et al. 2009, Sabo and Post 2008, Sousa 1979). However, large-

scale disturbances (e.g., floods, excessive drying) cause significant mortality and alter 

rates of critical ecosystem processes (Grimm 1994). Sensitive ecosystems such as dryland 

rivers may become more vulnerable to environmental variation, as climate change 

continues to alter discharge variability across the globe (Seager et al. 2007).  

Climate change is expected to increase drought frequency and severity as well as 

induce hydrologic regime shifts in the American Southwest (Dai 2010, Jaeger et al. 2014, 

Sponseller et al. 2010), where high-magnitude floods already occur in Arizona’s Sonoran 

Desert (Baker 1977, Grimm and Fisher 1989). The Southwest has seen considerable 

warming (Karl et al. 2009, MacDonald 2010), with model predictions pointing toward a 

hotter and drier climate (IPCC 2007, Ye and Grimm 2013). Channel drying events in this 

region are projected to increase in frequency by 17% and duration by up to 15 days 

within the next 30 years (Jaeger et al. 2014). These extreme low flows result in channel 

fragmentation and loss, which isolates stream pools, concentrating predators (Boulton 

and Suter 1986) and increasing the likelihood of predation. These events can also shift 

flows from perennial to intermittent (Dai 2010, Jaeger et al. 2014), with consequences for 

population persistence and nutrient spiraling (Datry et al. 2016, Doretto et al. 2019, 



 2 

Doretto et al. 2020). Floods are also increasing in both magnitude and frequency globally 

(Vander Vorste et al. 2021). Extreme high-flow events, capable of moving substrata, can 

displace or kill organisms (Sabo and Post 2008, Townsend et al. 1997) and reduce total 

invertebrate densities by as much as 98% (Boulton et al. 1992, Fisher et al. 1982).  

While the matter of biodiversity response to climate-related disturbance is 

relevant to many biological systems (Kerr et al. 2015, Newbold 2018), it is particularly 

applicable in the context of river flooding and intermittency, as increases in floods and 

droughts continue to cause shifts in flow regimes (Vander Vorste et al. 2021). Flow 

regimes are characterized by the magnitude, frequency, duration, timing, and flashiness 

of a series of events over many years (Poff et al. 1997). They exert long-term pressure 

and may determine the degree of variation in species composition and local diversity. 

Because flow regimes are strongly associated with important environmental factors, such 

as habitat diversity, channel geomorphology, and biotic interactions, (Doretto et al. 

2019), they are described as a “master variable” for rivers (Poff et al. 1997). With 

intensifying climate change (Durack et al. 2012, Krauss et al. 2010, Huntington 2006), 

changes in the predictability and seasonality of environmental fluctuations will affect 

ecosystems in ways that are less understood (Tonkin et al. 2017).  Thus, it has become 

increasingly important to study these effects on susceptible communities by considering 

disturbance events, or short-term conditions, in conjunction with flow regimes, or long-

term dynamics, when studying flow variability and community change in streams. 

 The effects of disturbance on community structure can be evaluated by 

quantifying beta diversity and its components among biological communities. Beta 

diversity is defined as the extent of variation in community composition (Whittaker 1960) 
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and essentially quantifies the number of unique species (those only found at one site) 

between communities. Beta diversity describes how different communities are from one 

another and is standardized across communities, making it a useful tool for comparing 

diversity among sets of connected sites. The two components of beta diversity are 

richness difference (difference in the number of species) and replacement, or turnover 

(simultaneous gain and loss of species) (Legendre 2014). These indices can reveal 

different aspects of ecosystem functioning and can be used to improve our understanding 

of important geographical, ecological, and conservation issues, such as climate change 

and community response to environmental gradients (Schmera et al. 2020). Factors such 

as species dispersal strength and habitat connectivity, both of which are affected by 

environmental variation, can affect richness difference and replacement (Heino 2013). 

For example, species replacement can indicate environmental filtering and/or competition 

(Leprieur et al. 2011), where higher replacement might show greater differences in 

environmental conditions among neighboring sites (Gaston et al. 2007). Low dispersal 

capacities may also result in increased beta diversity driven by replacement (Ruhi et al. 

2017, Vanschoenwinkel et al. 2013). On the other hand, habitat capacity (the potential 

number of individuals a site can hold) may increase richness differences among sites 

(Dong et al. 2015, Ruhi et al. 2017). One might also expect higher richness difference in 

areas that experienced the most severe past climate-related changes (Leprieur et al. 2009, 

Leprieur et al. 2011, Baselga 2010), such as shifts in the flow regime or the increase in 

frequency of extreme high- or low-flows (Dai 2010, Jaeger et al. 2014, Sponseller et al. 

2010). 
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Because macroinvertebrates play important roles in many ecological processes, 

such as controlling biomass of primary producers, processing riparian litter, and nutrient 

cycling (Ramírez and Gutiérrez-Fonseca 2014), their abundance and diversity may be 

indicators of water quality and ecosystem health (Sharma and Rawat 2009). Thus, 

studying changes in macroinvertebrate assemblages can provide valuable information for 

river managers, enabling them to better understand how stream communities may shift in 

the future (Sabo et al. 2017, Tonkin et al. 2019). A recent study found that temporal 

taxonomic beta diversity of stream invertebrate communities increased with increasing 

number and duration of drying events within streams, largely due to replacement (Crabot 

et al. 2019). Richness difference did not vary with either increasing number or duration of 

drying events in that study. Similarly, another study found that beta diversity increased or 

remained stable in response to increased drying duration in benthic invertebrates 

(Stubbington et al. 2019). Community composition and diversity have also been shown to 

respond to environmental stochasticity across various community types. For example, 

one study found that plant community composition differed among sites with varying 

burn regimes, with declines in species richness in sites subjected to more frequent fires 

(Collins 2000). Another study of fish assemblages in a desert river found that richness 

difference was a greater contributor than replacement to beta diversity after anomalous 

droughts (Ruhi et al. 2014). In that study, fish abundance decreased after extreme 

droughts but increased after extreme floods. Both environmental regimes and extreme 

events play important roles in regulating community dynamics, yet the ecological 

responses to each are generally studied separately. Considering their combined effects on 

communities may provide insight to unexplored processes driving temporal variability. 
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In this study, I assessed how benthic invertebrate assemblages respond to 

hydrologic variability in streams of varying hydroclimates. I compared spatial and 

temporal patterns of beta diversity and its components, replacement and richness 

difference, for eleven Sonoran Desert streams. Replacement can imply environmental 

sorting by abiotic factors (Leprieur et al. 2011), whereas richness difference may reveal 

variation in habitat size and capacity (Dong et al. 2015). I hypothesized that temporal and 

spatial variation in invertebrate community composition is dependent on both flow 

regime and disturbances in desert streams. First, I predicted that both flow regime and 

disturbance events would be significant predictors of invertebrate beta diversity, due to 

their linked relationship to community dynamics. Second, I predicted that total beta 

diversity would be highest among sites of different geographic areas, compared to sites 

withing the same geographic area. I predicted that seasonality would be an important 

influence on beta diversity within sites. Lastly, I predicted that stream drying would 

increase beta diversity after rewetting—driven by replacement—in sites that experienced 

drying during the study period. I examined to what extent replacement and richness 

difference contribute to beta diversity across and within sites with varying flow regimes 

and disturbance frequencies. Because these data-exploration methods are widely relevant, 

this study provides necessary insight into the association between environmental regimes 

and anomalous events for other systems and communities. 
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METHODS 

Study area 

I studied eleven first- to third-order streams (headwaters) that span central and 

southern Arizona, USA (Table 1). This area has a hot, desert climate and encompasses a 

gradient in precipitation timing and hydrologic variation. Wet Beaver, Eagle, and San 

Francisco have cobble stream beds; Verde, Agua Fria, Sycamore, Babocomari, Santa 

Cruz, San Pedro, and Bonita have sand and gravel substrate; and Ramsey has mostly 

bedrock substrate. Intense monsoonal thunderstorms in the summer (July-September) 

dominate rainfall in southern (Babocomari, Ramsey, San Pedro, and Santa Cruz) and 

eastern Arizona (Bonita, Eagle, and San Francisco), with weak winter precipitation 

(November-April). Summer and winter precipitation evenly affect rainfall in Central 

Arizona (Agua Fria, Sycamore, Verde, and Wet Beaver). Sites were located near U.S. 

Geological Survey (USGS) discharge gauging stations. 

 

Macroinvertebrate sampling 

Sampling occurred quarterly in March, May, September, and December, 

bracketing winter and summer precipitation, beginning in March of 2016 and ending in 

May of 2017. I collected benthic invertebrate community samples from riffle habitats at 

each site using a Surber sampler (31cm2, 500µm mesh). I took four samples per visit for 

each site and preserved them in 70% ethanol. I separated macroinvertebrates from plant 

and other materials found in the samples and individually counted and identified to 

family, apart from Acari, Collembola, Oligochaeta, and Ostracoda, which I identified to 

subclass. Due to intermittent flow, I could not collect invertebrates from Babocomari and 
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Sycamore on occasion, reducing the total number of surveys for these sites. Raw 

invertebrate abundance data for the 11 sites comprised a total of 63 samples with 83 

families and 4 subclasses. 

 

Changes in beta diversity and components to temporal and spatial variation  

To test my first prediction that invertebrate diversity is influenced by flow 

regimes and anomalous events, I calculated beta diversity and its components for each 

site and between surveys. I calculated beta diversity with square-root transformed mean 

community abundance data and calculated replacement and richness difference using the 

quantitative form of Sørensen dissimilarity, the percent difference (Bray-Curtis) index 

with the ‘beta.div.comp’ function in the adespatial package (Legendre 2014). For sites 

with six surveys, I calculated five estimates of beta diversity, replacement and richness 

difference to evaluate differences between consecutive surveys. I also found total beta 

diversity, total replacement, and total richness difference for each site using the 

‘beta.div.comp’ function which follows Legendre and De Cáceres (2013). I performed all 

statistical analyses in R version 3.6.1. 

 

Relationship between beta diversity versus flow regimes and disturbance events 

I examined twenty years of mean daily discharge (January 1st, 1997-December 

31st, 2018) measured at USGS gauges to quantify flow regimes and flow anomalies for 

each site (June 6th, 1998 - April 15th, 2019 for Bonita Creek). I used Discrete Fast Fourier 

Transform (DFFT) to examine seasonal signals of hydrologic variation and quantify 

expected mean daily discharge (Sabo and Post 2008). I summarized two metrics this way 
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which I used as predictors of temporal variation of invertebrate beta diversity: flow-

regime variability (σhf), and mean net annual anomaly (NAA), where σhf is the standard 

deviation of “catastrophic” events (Sabo and Post 2008). Therefore, σhf measures the 

frequency of extreme high-flow events relative to small variation from seasonal flow. 

NAA is the mean of the net annual anomalies across the twenty years of daily discharge 

data. It quantifies discharge variation within each site and describes mean anomalous 

high- and low-flows per year (Sabo et al. 2017). Since σhf measures variation across the 

entire (20-y) time series whereas NAA integrates the magnitude of annual departures 

from the DFFT signal (positive and negative), σhf and NAA are hence both flow regime 

metrics. 

I used wavelets to quantify aspects of regime shifts between strings of high- and 

low-flow years. I used the wavelet power spectrum (using a Morlet mother wavelet) 

against a theoretical spectrum of blue noise, which characterizes negative autocorrelation, 

or significant shifts between strings of positive and negative anomalies (Sabo et al. 2019), 

using mean daily discharge from USGS stream gauges. I identified significant blue noise 

signals across temporal scales of 1-4 years in which I calculated a time series of annual 

power maxima (reflecting peak transition periods between wet and dry flow regimes). 

Using this time series, I identified significant peaks (Maximum Blue Noise), the number 

of these peaks (regime shift frequency, RSF) and the time in days since the last peak 

(Time Since). Maximum Blue Noise is a measure of shifts in flow regime between wet 

and dry within the last 20 years for each site, regime shift frequency (RSF) quantifies the 

number of times regimes have shifted, and time since the last maximum blue noise (Time 

Since) measures the number of days between the last regime shift and the time of 
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sampling. RSF is hence a flow regime metric, whereas Time Since and Maximum Blue 

Noise (within the survey period) are event-based metrics.   

I used two sets of multiple linear regression models to evaluate how flow regime 

variability (σhf, NAA, and RSF) and disturbance events (Maximum Blue Noise and Time 

Since) correlate with each measure of diversity. I ran the first set of models against the 

highest observed beta diversity and its associated components across surveys for each 

site. These models consisted of NAA, σhf, and RSF. I ran the second set of models against 

seasonal measurements of beta diversity and its components and consisted of Maximum 

Blue Noise and Time Since. For all linear models, I arcsine transformed measurements of 

beta diversity, richness difference, and replacement. I used Akaike’s Information 

Criterion for small sample size (AICc) to compare relative support among models using 

multi-model inference. 

 

Comparing temporal macroinvertebrate abundances across study sites  

I conducted a nonmetric multidimensional scaling (NMDS) ordination to compare 

Bray-Curtis dissimilarities among surveys for each site. I evaluated the fit of the 

ordination via ordination stress, where stress less than or near 0.1 corresponds to good fit 

and near or above 0.2 has potential to be misleading (Dexter et al. 2018). Stress for 

untransformed dissimilarities for ordination plots of all surveys across sites was 0.1411 

with three dimensions. Stress for combined survey abundances was 0.1162, 0.1748 for 

pre versus post summer and winter, and 4.378e-05 for combined summer versus winter 

surveys, with two dimensions. I also used site geography to group sites into south, east, 

and central site locations, as shown in Table 1. 



 10 

RESULTS 

Changes in beta diversity and components to temporal and spatial variation  

Beta diversity differed significantly among sites (ANOVA, F10,41 = 3.503, p = 

0.002084), while there were no significant site effects on richness difference (ANOVA, 

F10,41 = 1.015, p = 0.4481) or replacement (ANOVA, F10,41 = 0.6503, p = 0.7622). For all 

sites, excluding Sycamore, beta diversity either began lower and then increased over the 

study period or began higher and then dropped below the first measured beta diversity 

(Figure 1). This could indicate variation in community response to disturbance among 

sites. There was also no significant effect of site location on beta diversity (ANOVA, 

F2,42 = 1.80, p > .05), richness difference (ANOVA, F2,42 = 1.014, p > .05), or 

replacement (ANOVA, F2,42 = 0.731, p > .05). Total beta diversity was highest in two 

central sites: Sycamore and Agua Fria (Figure 2). Sycamore also had the highest total 

richness difference, while Agua Fria had the highest total replacement, of all sites. 

 

Relationship between beta diversity and mean net annual anomaly, flow-regime 

variability, and regime shift frequency 

Maximum beta diversity, richness difference, and replacement were equally well 

predicted by NAA, σhf, and RSF across sites (Table 2). All single-predictor models were 

well supported (DAICc < 2) for beta diversity and its components, with the RSF-only 

model being the best supported across beta diversity and richness difference. The NAA-

only model was best supported across the replacement diversity metric. RSF had the 

highest predictor weight across beta diversity and richness difference, while NAA had the 

highest predictor weight for replacement, which suggests that RSF and NAA are most 
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important in predicting beta diversity and its components, compared to σhf (Table 3). For 

beta diversity and richness difference, NAA had the second highest predictor weight, 

followed by σhf, while for replacement, RSF had the second highest variable weight, 

followed by σhf. However, all predictor weights for beta diversity, richness difference, 

and replacement fell between 0.27 and 0.53, which indicates low probability that the 

predictors are components of the best model and is likely due to low model weights. 

Overall, these models revealed that RSF and NAA are significant predictors of beta 

diversity, richness difference, and replacement. 

 

Relationship between beta diversity, Maximum Blue Noise and Time Since 

 Seasonal measures of beta diversity, richness difference, and replacement varied 

within and across sites (Figure 1). Maximum Blue Noise-only models were best 

supported across all diversity metrics, while Time Since-only models were supported for 

richness difference and replacement only (Table 4). Model weights for beta diversity and 

richness difference with Maximum Blue Noise as the only predictor was 0.665 and 0.588, 

respectively, indicating reasonable relative probability that these are the best models. The 

model weight for replacement with the Maximum Blue Noise-only model was 0.451, 

which indicates relatively low probability that this is the best model. These models 

showed that Maximum Blue Noise is a significant predictor of beta diversity, while there 

is less certainty for richness difference and replacement.  

Maximum Blue Noise had the highest predictor weight across all diversity 

metrics. (Table 5). This suggests that Maximum Blue Noise is the most important 

predictor of beta diversity and its components, when compared to Time Since. The 
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predictor weight for Maximum Blue Noise was 0.889 for beta diversity, 0.775 for 

richness difference and 0.591 for replacement. This indicates high probability that 

Maximum Blue Noise is a component of the best beta diversity model and moderate to 

low probability that it is a component of the best richness difference and replacement 

models. Predictor weights for Time Since were between 0.34 and 0.55, indicating low 

probability that it is a component of the best models. These predictor weights show that 

Maximum Blue Noise is a significant predictor variable in these models and that there is 

a relatively high probability that it is a component of the best model. 

 

Comparing temporal macroinvertebrate abundances across study sites  

 Plots of the NMDS axes were examined for any clustering of the data.  

Notable clusters of axis data points were not observed for ordinations of seasonal mean 

abundances, combined survey mean abundances, or combined before and after data 

(Figure 3). However, there were clusters observed for the summer versus winter survey 

data (Figure 4). This reveals that while there is no significant difference among the 

macroinvertebrate communities across sites, surveys, or before versus after seasonal 

disturbances, there is a difference in community composition between the winter and 

summer seasons. 

 

DISCUSSION 

The effects of disturbance in shaping biodiversity have been a central focus of 

ecological theories for decades (Sousa 1979, Lake 2003). Previous studies have focused 

on organismal response to gradual changes due to climate change (Jentsch et al. 2009) or 
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on singular anomalous events (Bokhorst et al. 2011, Buckley and Huey 2016); however, 

climate change is also causing extreme annual variation in precipitation associated with 

alterations between droughts and unusually heavy rains (Kozlovsky et al. 2018). Because 

of this, I hypothesized that both flow regimes and anomalous events would be important 

predictors of beta diversity. I also hypothesized that total beta diversity would differ with 

respect to site location, I would find significant patterns of seasonal beta diversity within 

sites, and that I would observe an increase in beta diversity after stream drying, driven by 

the replacement of taxa. I also examined to what extent spatial and temporal estimates of 

replacement and richness difference contribute to beta diversity in streams with varying 

hydroclimates. Seasonal measures of beta diversity either increased, decreased, or 

remained constant throughout the study period and temporal measures of beta diversity 

demonstrated the high variation within and among study sites. Flow regimes summarized 

by NAA and RSF, and anomalous events summarized by Maximum Blue Noise, were the 

best predictors of macroinvertebrate diversity. NMDS ordinations also illustrated the high 

amount of community variation within sites of seasonal macroinvertebrate abundances, 

combined seasonal abundances, and combined pre versus post summer and winter 

seasonal abundances. Here, I highlight the importance of considering both flow regimes 

and anomalous events when studying spatial and temporal variation in desert stream 

communities.  

 

Effects of anomalous events and flow regime on benthic community diversity 

Macroinvertebrate communities became more diverse over the course of the study 

period in about half of the sites, while the other half became less diverse. This indicates 
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that these sites are more distinct from one another than initially predicted. This could also 

indicate different patterns of recovery and/or seasonality in these sites. Future studies 

should focus on understanding the cause of variation among nearby sites. Beta diversity 

at the Sycamore site remained especially high throughout the study period, where it had 

the highest total beta diversity and total richness difference among the sites. Sycamore 

maintained high beta diversity after intermittency for the fall and winter of 2016, which is 

consistent with finding from other studies (Crabot et al. 2019, Stubbington et al. 2019). 

This high beta diversity was driven by an increase of replacement during the spring of 

2017 and was possibly due to the presence of refugia which allowed resistant taxa to 

persist (Wood and Petts, 1999) and shorter-term stream drying in comparison to droughts 

that occur over several years which have larger negative impacts on benthic communities 

(Herbst et al. 2019). Similarly, Babocomari is missing a survey for the fall of 2016, in 

which beta diversity dropped by nearly 50% between the summer and the winter of that 

year. These results are consistent with other studies on the general effects of stream 

drying on macroinvertebrate diversity (Bodana et al. 2006, Herbst et al. 2019). 

Surprisingly, richness difference was highest directly after stream flows resumed, which 

could be due to aerial invertebrate dispersal (Crabot et al. 2019).  

There is a general trend of higher total richness difference relative to total 

replacement among sites. These results suggests that richness difference is a greater 

contributor to total beta diversity than replacement and that temporal variation in 

community composition is mostly driven by changes in the number of species and less by 

changes in species identity. This ratio of richness difference to replacement implies that 

variation within sites is mostly due to ecological processes, such as changes in habitat 
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size and capacity (Legendre 2014) and less due to environmental filtering by abiotic 

factors (Leprieur et al. 2011). This also implies that these sites are more susceptible to 

discharge variation, like those that come with stochastic floods and droughts. These 

results suggest that future studies of community composition in streams should focus on 

understanding the cause of variation in biodiversity gradients. Understanding how 

richness difference and replacement contribute to community composition over time 

could help conservation managers identify sites that may have a disproportionately high 

effect on metacommunity dynamics and to prioritize conservation actions in those sites 

(Ruhi et al. 2017).  

Anomalous events, summarized by NAA and RSF, and regime shifts, summarized 

by Maximum Blue Noise, were the best predictors of macroinvertebrate diversity. Sabo et 

al. 2017 describes NAA as a “high-level” predictor and is a compact metric of hydrologic 

variance. It essentially describes anomalous wetness or dryness and is important because 

its various components quantify events that comprise the timing, magnitude, frequency, 

and duration of annual hydrographs and abnormal departures (Sabo et al. 2017), all of 

which describe a flow regime. These results demonstrate that these sites are significantly 

affected by anomalous high- and low-flows and that NAA is an important descriptor of 

discharge variance and predictor of diversity that should be more widely applied to 

community composition data. Estimating RSF and Maximum Blue Noise are novel 

approaches which characterize shifts between positive and negative anomalies. RSF is a 

regime-based metric which measures the number of high- and low-flow transitions in a 

given time series. RSF was also shown to be an important predictor of beta diversity and 

richness difference, likely due to flow regimes being strongly associated with important 
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environmental factors (Doretto et al. 2019). This indicates that beta diversity and richness 

difference are significantly affected by the frequency of regime shifts. Maximum Blue 

Noise is an event-based metric which reveals transitions between high- and low-flow 

regimes. Its significance in predicting beta diversity supports the concept that anomalous 

events are important to consider when studying spatial and temporal diversity, which are 

known to affect communities (McWethy et al. 2009, Sabo and Post 2008, Sousa 1979). 

Based on my results, RSF and Maximum Blue Noise should also be adopted as 

frequently used metrics, as they are useful tools for quantifying regime shifts in 

ecological systems. 

 

CONCLUSION 

Anthropogenic activity is causing non-stationarity in environmental conditions 

and climate warming, which has led to modified long-term regime averages and more 

intense disturbance events (Kozlovsky et al. 2018, Poff 2018). Thus, new methods that 

quantify these sources of variation are key in order for ecological models to adapt along 

with the adapting biodiversity. This paper presents methods that allow for quantification 

of both long-term environmental regimes and seasonal sources of variation from time 

series data. I used these methods to estimate variation in community composition of 11 

desert stream communities. The results of this study demonstrate the importance of 

considering both flow regimes and disturbance events when studying variation in stream 

and river systems. Understanding how community diversity is likely to respond to future 

changes in flow regime and disturbance magnitude or frequency should also prove useful 

for river managers in the conservation of freshwater ecosystems (Tonkin et al. 2019). 
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Because the hypotheses being evaluated are broadly applicable, this study will also 

provide insight into the association between flow regimes and discrete events in other 

systems and biological communities.  
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Table 1. Study site information, watershed characteristics, flow-regime variability (σhf), 

mean net annual anomaly (NAA), and highest Maximum Blue Noise observed during the 

study period. 

Site name USGS 
gage 
number 

Number 
of 
surveys 

Site 
location 

Watershed 
area (ha) 

Mean 
discharge 
(m3/s) 

σhf NAA Max blue 
noise  

Agua Fria 09512500 6 Central 151,514 0.402 3.28 0.042 26.90 
Babocomari 09471380 5 South 40,844 0.104 4.01 -8.09 26.13 
Bonita 09447800 6 East 78,218 0.130 2.19 0.097 26.90 
Eagle 09447000 6 East 161,097 1.24 0.56 0.051 24.60 
Ramsey 09470750 6 South 1,064 0.016 5.74 7.412 75.90 
San Francisco 09444500 6 East 716,391 4.61 0.49 0.059 413.9 
San Pedro 09471000 6 South 319,605 0.893 1.15 0.050 242.0 
Santa Cruz 09480500 6 South 138,046 0.229 5.64 -0.01 135.2 
Sycamore 09510200 4 Central 42,476 0.461 5.19 0.359 163.3 
Verde 09503700 6 Central 649,310 0.964 0.65 0.005 47.49 
Wet Beaver 09505200 6 Central 28,749 0.697 0.93 0.039 47.18 
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Table 2. Linear regression models of metrics summarizing variation across sites in 

macroinvertebrate diversity. All diversity metrics were arcsine transformed and 

represent the highest beta diversity with its associated components measured at each 

site. Models were composed of mean net annual anomaly magnitude (NAA), flow-

regime variability (σhf ), and regime-shift frequency (RSF). Best supported models 

(DAICc < 2) are bolded. 

K = number of predictors +2 

exp(-0.5*D) = model likelihood  

wi  = model weight 

Diversity 
metric 

Model K AICc DAICc exp(-0.5*D) wi 

Beta RSF 3 - 1.865 0.000 1.000 0.454 
diversity NAA 3 -0.572 1.293 0.524 0.238 
 σhf 3 - 0.362 1.503 0.472 0.214 
 σhf + RSF 4 3.027 4.892 0.087 0.039 
 NAA + RSF 4 3.320 5.185 0.075 0.034 
 σhf + NAA 4 4.406 6.271 0.043 0.020 
 σhf + NAA + RSF 5 10.26 12.12 0.002 0.001 
       
Richness RSF 3 18.49 0.000 1.000 0.362 
difference NAA 3 18.92 0.426 0.808 0.292 
 σhf 3 19.17 0.678 0.713 0.258 
 NAA + RSF 4 22.97 4.477 0.107 0.039 
 σhf + RSF 4 23.66 5.165 0.076 0.027 
 σhf + NAA 4 24.15 5.658 0.059 0.021 
 σhf + NAA + RSF 5 30.28 11.79 0.003 0.001 
       
Replacement NAA 3 11.11 0.000 1.000 0.397 
 RSF 3 11.92 0.812 0.666 0.265 
 σhf 3 12.01 0.902 0.637 0.253 
 NAA + RSF 4 15.90 4.793 0.091 0.036 
 σhf + NAA 4 16.34 5.225 0.073 0.029 
 σhf + RSF 4 17.15 6.042 0.049 0.019 
 σhf + NAA + RSF 5 23.23 12.12 0.002 0.001 
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Table 3. Variable weights of flow-regime variability (σhf), mean net annual anomaly 

(NAA), and regime shift frequency (RSF) for the eleven sites. Diversity metrics are the 

same as those shown in Table 2. The predictor variables with the highest weights are 

bolded. 

wj = variable weight 

Diversity 
metric 

Predictor 
variable 

wj 

Beta σhf 0.274 
diversity NAA 0.293 
 RSF 0.528 
   
Richness σhf 0.307 
difference NAA 0.353 
 RSF 0.429 
   
Replacement σhf 0.302 
 NAA 0.463 
 RSF 0.321 
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Table 4. Linear regression models of metrics summarizing seasonal variation in 

macroinvertebrate diversity. All diversity metrics were arcsine transformed and represent 

seasonal measures of beta diversity, richness difference, and replacement across sites. 

Models were composed of Maximum Blue Noise and time since last maximum blue 

noise in days (Time Since). Best supported models (DAICc < 2) are bolded. 

K = number of predictors +2 

exp(-0.5*D) = model likelihood  

wi  = model weight 

Diversity 
metric 

Model K AICc DAICc exp(-0.5*D) wi 

Beta Max blue noise 3 -9.053 0.000 1.000 0.665 
diversity Max blue noise + Time Since 4 -6.881 2.172 0.338 0.224 
 Time Since 3 -5.471 3.582 0.167 0.111 
       
Richness Max blue noise 3 29.40 0.000 1.000 0.588 
difference Time Since 3 31.32 1.923 0.382 0.225 
 Max blue noise + Time Since 4 31.70 2.296 0.317 0.187 
       
Replacement Max blue noise 3 4.400 0.000 1.000 0.451 
 Time Since 3 4.597 0.197 0.906 0.409 
 Max blue noise + Time Since 4 6.739 2.338 0.311 0.140 
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Table 5. Variable weights of Maximum Blue Noise and time since last maximum blue 

noise in days (Time Since) across seasons for the eleven sites. Diversity metrics are the 

same as those shown in Table 4. The predictor variables with the highest weights are 

bolded. 

wj = variable weight 

Diversity 
metric 

Predictor variable  wj 

Beta Maximum Blue Noise 0.889 
diversity Time Since 0.335 
   
Richness Maximum Blue Noise 0.775 
difference Time Since 0.412 
   
Replacement Maximum Blue Noise 0.591 
 Time Since 0.549 
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Figure 1. Seasonal observations of square root transformed beta diversity, richness 

difference, and replacement across sites. Missing values are from missing 

macroinvertebrate surveys due to intermittency. Richness difference and replacement 

sum to beta diversity and are calculated for each survey. Sites are ordered from highest to 

lowest total beta diversity. Letters next to each site name correspond to site location (c = 

central, e = east, s = south). 

SP = spring, S = summer, F = fall, W = winter 
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Figure 2. Total values of square root transformed beta diversity, richness difference, and 

replacement across all sites. Total richness difference and replacement sum to total beta 

diversity. Sites are ordered from highest to lowest total beta diversity. Letters next to each 

site name correspond to site location (c = central, e = east, s = south). 
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Figure 3. Nonmetric multidimensional scaling (NMDS) plots based on untransformed 

seasonal macroinvertebrate abundances across all sites (A-C), untransformed abundances 

summed across surveys for each site (D), and untransformed abundances summed 

between alternating surveys for each site (E). Stress for plots A-C, D, and E are 0.1411, 

0.1162, and 0.1748, respectively. 
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Figure 4. Nonmetric multidimensional scaling (NMDS) plot of untransformed summed 

macroinvertebrate abundances for one winter and two summer surveys. Stress = 4.378e-

05. 


