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CHAPTER 1: INTRODUCTION- QUANTIFYING INVERTEBRATE RESISTANCE TO
FLOODS: A GLOBAL-SCALE META-ANALYSIS.
Abstract
Frequency of large magnitude floods is increasing in many regions due to
climate change. Also, managers are prescribing floods in many dammed rivers to
move towards more natural flow regimes. These flood disturbances greatly affect
aquatic ecosystems, and there is a need for generalities to be drawn concerning flood
effects on aquatic taxa. We conducted a global-scale meta-analysis of effects of
natural and managed floods on invertebrate resistance. We considered 994 papers for
inclusion in the analysis, and after evaluating studies based on a priori criteria
narrowed our analysis to 41 primary research studies. The measure of effect chosen
for our study was the natural log ratio of invertebrate abundance before and within 10
days after flood events. This effect size can be directly converted to estimates of
percent survival of invertebrates. We conducted categorical and continuous analyses
that examined the contribution of environmental and study design variables to effect
size heterogeneity, and examined differences in effect size among taxonomic groups.
We found that invertebrate abundance was lowered by at least half after flood events.
While natural vs. managed floods were similar in their effect, effect size differed
among habitat and substrate types and among some taxonomic groupings. There was
also evidence for a decrease in effect size with days since a flood event, and an
increase in effect size with flood magnitude. Results of this study can provide
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quantitative guidelines for predictive river management under climate change and
increasing population pressures.
Introduction
Riverine floods have immediate, significant effects on aquatic organisms and
ecosystems (Power et al. 2008, Robinson and Uehlinger 2008, Death 2010). Floods
may subject organisms to direct mortality (Erman et al. 1988, Young et al. 2010), sublethal damage (Beveridge and Lancaster 2007), lateral displacement (Chapman and
Kramer 1991), or increased downstream drift (Bond and Downes 2003, Death 2007,
Gibbins et al. 2007). Despite the barrage of challenges that floods impose on
organisms, aquatic organisms occupy a vast array of running-water habitats. Aquatic
organisms persist in environments as diverse as large rivers that experience strong
seasonal flooding such as those in Mediterranean climates (Gasith and Resh 1999) to
aridland catchments that experience unpredictable, abrupt flash floods (Lytle 2000).
Populations of these organisms must have inherent capabilities for persisting despite
disturbance in the form of resistance (the ability to survive disturbances) or resilience
(the ability to recover from disturbances) (Grimm and Fisher 1989, Stanley et al. 1994,
Matthaei et al. 1996, Dole-Olivier et al. 1997, Melo et al. 2003, Rader et al. 2008).
While studies have shown that aquatic organisms are often detected at low
numbers immediately after flood events (Stock and Schlosser 1991, Miller and
Golladay 1996, Hax and Golladay 1998, Lytle 2000, Fritz and Dodds 2004, Olsen and
Townsend 2004, Robinson and Uehlinger 2008), populations of aquatic organisms
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often quickly rebound after flood events (Fisher et al. 1982, Matthaei et al. 1997).
Thus, it has been thought that many riverine organisms and communities posses low
resistance but high resilience to flooding (Death 2010). However, this quick recovery
after disturbance events may be due to factors other than population growth.
Recovery could be facilitated by immigration of new individuals or by hidden survival
or ‘hidden resistance’ of individuals. This ‘hidden resistance’ may be due to
organisms hiding under substrates during flood events (Lytle and White 2007),
organisms recovering to the main channel after being washed laterally (Lytle et al.
2008), or organisms utilizing refuges or other habitats differentially during
disturbances (Townsend and Hildrew 1994, Olsen et al. 2007). Some organisms may
even take advantage of floods in order to recolonize previously dewatered stream
reaches (Stubbington et al. 2009).
Floods with different characteristics may also differentially affect populations
of aquatic organisms. For example, large floods may affect populations more than
small floods. Climate science predictions indicate an increased risk for extremely
great floods in the future (Milly et al. 2002, Palmer et al. 2009, Herbst and Cooper
2010), thus, aquatic populations are going to have to deal with even greater
disturbances. Also, floods are being introduced to many dammed rivers in order to
move towards a more natural flow regime (Patten et al. 2001, Scheurer and Molinari
2003, Shafroth et al. 2010). For these reasons, it is important to gain a general
understanding of flood effects on aquatic organisms.
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Aquatic organisms also vary greatly among taxonomic groups in ability to
withstand disturbance events (Townsend and Hildrew 1994). This could be due to
their different life-histories, behaviors, or morphologies in relation to flood survival
capabilities (Meffe 1984, Harvey et al. 1999, David and Closs 2002, Lytle and Poff
2004, Lytle and White 2007, Lytle et al. 2008), or to use of riverine habitats that are
affected differently by flood events.
Overall, while there have been many case studies investigating effects of
floods on aquatic organisms, there have been few studies that draw ecological
generalities concerning these ever increasing disturbances on aquatic populations
(Resh et al. 1988, Death 2010). These general relationships between flow
characteristics and biotic reactions are needed for river science and management (Poff
and Zimmerman 2010). Here, we identify general, quantitative relationships between
flood events and immediate abundance reactions of invertebrates (resistance) through
a global-scale meta-analytic study.
Our first goal was to quantify the overall effect size of floods on aquatic
invertebrate relative abundance. Next, we examined the effect of floods on
invertebrates associated with different habitats, environmental factors, and study
designs. We expected that effect size would differ according to flood magnitude, river
habitat type, substrate type, sampling design, and community composition. We also
examined flood effects among different taxonomic groupings.
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Methods
Literature search
We searched the literature with a priori criteria for appropriate primary case
studies concerning effects of floods on aquatic invertebrate abundance immediately
after flood events. We used the electronic database Web of Science (including papers
from 1970-2010) to identify potential papers for study inclusion. We used the terms
spate or flood, macroinvertebrate or macro-invertebrate or insect or invertebrate, and
benthic or aquatic or stream as keywords, resulting in 994 potential studies. We
evaluated each study for inclusion with the following a priori criteria. Studies needed
to be primary research papers and needed to contain information on independent flood
events in rivers, streams, or artificial stream channels, with both pre- and post- data on
aquatic invertebrate abundance per unit area (density) in relation to floods. Most
studies reported invertebrate abundance per square meter, while others reported
abundance per cage, artificial substrate, or rock; what was most important is that
within a study, pre- and post-flood density data were reported in the same units.
We did not include studies that only contained correlation coefficients or
significance values concerning flood effects on invertebrates. Neither did we include
studies that had confounding effects at all collection sites occurring at the same time
as flood events, such as insecticide application. We included both natural and
managed floods. The pre-flood samples must have occurred within 60 days of the
flood event, and the post-flood samples within 10 days of the flood event. If other
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papers were cited that could contain needed, missing information, we included data
from those papers as well. With these criteria in place, we included 41 studies in the
analyses (Table 1.1).
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River

Thomson
(2002)

Wantzen
(1998)
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Data sets
We collated two separate primary sets of data for further analysis from the
studies deemed appropriate:
1) General data set- total abundance of invertebrates per unit area before and
after flood events represents sample units, without respect to taxonomy.
2) Taxon-specific data set- abundance of different taxonomic groups of
invertebrates per unit area before and after flood events represents sample
units, broken down by lowest taxonomic level reported in studies. Within
a study, taxonomic groups are equally weighted.
A summary of the characteristics of the two data sets is in Table 1.2.
Table 1.2. Characteristics of the two separate primary datasets used in metaanalyses.
General dataset
Before/ after flood abundance of
total invertebrate count

Taxon-specific dataset
Before/ after flood abundance of
specific taxonomic units

Benefit

Minimize pseudoreplication
within each study

All taxonomic groups from each
study contribute equally to
results

Bias to results

Taxa of highest abundance in
each study have more influence

More sample units potentially
drawn from each study

Sample unit

Study inclusion Either:
criteria
1) Report total invertebrate
abundance pre/ postflood
OR
2) Report abundance
pre/post flod for at least

Report abundance pre/ postflood for at least one specific
taxonomic group at any
taxonomic level.
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three orders of
invertebrates (data will
be aggregated)
Studies not
included

Report abundance pre/ postflood for only 1 or 2 taxonomic
groups

Report only total invertebrate
abundance

For example, a study could have reported abundance before and after a flood
event for five different taxa found in a river. To use these data in the general data set,
we would have added up the abundances of all five taxa before and after the flood
event and called this a sample unit. For the taxon-specific data set, the abundance
before and after the flood event for each of the five taxa was considered a sample unit.
In this scenario, we would have obtained one sample unit for the general data set, and
five sample units for the taxon-specific data set. We describe these differing data sets
up front because of the different potential biases of analyzing these data sets (Table
1.2). Figure 1.1 conceptualizes the analyses performed on the different data sets.
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Figure 1.1. Overview of analyses performed using the general data set and the
taxon-specific data set. Boxes in dotted lines represent the two different data
sets, boxes in solid lines represent analyses run on data sets. Analyses in the left
circle were performed using effect sizes from both data sets because of their
different potential biases (general data set- overrepresentation of abundant taxa;
taxon-specific data set- more replication within each study). Analyses in the right
circle could only be performed using differently aggregated levels of the taxonspecific data set.
If results were congruent between the same analyses on both data sets (Figure
1.1, left circle), we concluded that they were robust. For the general data set, the
cumulative effect size (Rosenburg et al. 2000) of floods on total invertebrate
abundance would be biased towards taxa that generally occur in higher abundance.
For the taxon-specific data set, the cumulative effect size is representative of the
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overall magnitude of the effect of floods on all taxa treated as individual units of
replication in all the studies in the data set. The cumulative effect size including all
taxa may be biased due to pseudoreplication within studies, but would evenly account
for all taxa irrespective of average abundance. Besides calculating a cumulative effect
size of floods on overall invertebrate abundance from the taxon-specific data set (and
using this value in categorical and continuous analyses, see Figure1.1 left circle), we
were also able to compare effect of floods among different taxonomic groups (Figure
1.1 right circle).
For the general data set, if a study reported the total invertebrate densities pre
and post the flood event, these numbers were used. If a study only reported densities
pre and post the flood event for specific taxa, densities of individual taxa were
aggregated so long as data for three or more orders of invertebrates were reported
(Table 1.2). For the taxon-specific data set, we first recorded invertebrate data at the
finest taxonomic level reported in each study, and then standardized to higher
taxonomic levels where appropriate. We considered different taxonomic groups
within a study independently. For taxon-specific analyses, we could also include
studies in which data were reported as a percent change from pre to post-flood.
Within the taxon-specific data set, data was standardized to different
taxonomic levels depending on the analysis being performed, as stated above. For
analyses that were performed using both the general data set and the taxon-specific
data set (Figure 1.1, left circle), sample units consisted of ordinal level data for insects
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and various other levels for non-insects. Thus, data were standardized to this level by
summation of lower classification levels (if the data were reported as density data) or
by averaging (if the data were reported as a percent change). A categorical analysis
among groups of taxa at these higher-level taxonomic groupings was also performed
(Figure 1.1 right circle).
The second set of taxon-specific analyses (Figure 1.1 right circle) were
conducted at the family level. All groups of taxa determined in the first set of taxonspecific analyses were analyzed for inclusion in this next step of analysis. For a group
of invertebrates to be included, it had to have sub-group data for at least 2 disparate
groups at the next classification level with n>=5 for each, and with data derived from
at least 3 separate studies for each sub-group. The goal of this set of analyses was to
determine whether significant differences in resistance to flooding can be detected
among groups at finer classification levels.
We included data only for flood events at least 60 days apart with no
significant floods within 60 days prior to the flood event for each river in each study.
We included data for multiple sites per river per study, if data were reported for
multiple longitudinal sites. Although including multiple flood events and longitudinal
river sites from a single study in the analysis could cause a lack of spatial or temporal
independence, this is a common problem in meta-analysis, and we concluded that
exclusion of these data would be too great of an information loss. If data from
multiple rivers were reported in a study, we included data from all rivers in the
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analyses. When needed, we used Data Thief III software (Tummers 2006) to extract
data from graphs.
Examining resistance via effect size
Resistance can be defined as the ability of a population or community to
withstand a disturbance event (sensu Grimm and Fisher 1989) so we calculated effect
size of floods on aquatic invertebrate taxa within 10 days after the flood event. The
primary response variable of interest was density of invertebrate taxa per unit area.
We used natural log response ratio (R) as the measure of effect size in this study: ln
(density of invertebrates post-flood/ density of invertebrates pre-flood). Thus, a
negative effect size indicated a reduction in density of individuals following a flood
event. We considered a single sample unit used for effect size calculation to be preand post-flood density data of invertebrates derived from one collection site after one
flood event on one date from one study, along with associated environmental and
study data. Taking the natural log of the response ratio linearizes the results by equally
accounting for the numerator and denominator, and normalizes the sampling
distribution of the response ratio (Hedges et al. 1999).
Meta-analytic techniques
We performed an unweighted analysis, as 7 studies did not report variance and
would have been excluded from the analysis. Additionally, summation of invertebrate
data from lower to higher taxonomic levels for standardization disallowed accounting
for variance. Weighting of meta-analyses using study-level variance typically does
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not affect estimation of the mean effect size (Borer et al. 2005). We used an
unstructured and unweighted random effects model in MetaWin (Rosenberg et al.
2000) to evaluate overall effect size of floods on aquatic invertebrates. Effect sizes, in
the case of ln response ratio, are considered significant if their 95% confidence
intervals do not overlap zero (Rosenberg et al. 2000; Shurin et al. 2002).
Using both the general data set and the highest-aggregated level of the taxonspecific data set (Figure 1.1), we examined resistance of overall invertebrate density to
flood events and also explored potential effects of natural versus managed floods,
habitat type, substrate type, and collection method with categorical analyses. We also
performed an analysis of resistance of invertebrates as a function of the number of
days since the flood event, and as a function of the relative flood magnitude (peak
discharge/ mean discharge or mean baseflow).
We reported all statistics at the α=0.05 significance level. We performed the
majority of analyses using MetaWin (Rosenberg et al. 2000), and we also used
SigmaPlot (SigmaPlot 2004) for data visualization and some analyses. For categorical
analyses, we included categories only if the number of sample units in a given
category >=5, and if the sample units were derived from at least 3 separate studies.
When we detected a significant difference between categories, unplanned comparisons
of means were conducted using the Tukey-Kramer method (Sokal and Rohlf 2000).
We examined a funnel plot of effect size vs. sample size to detect publication
bias, such as underreporting of non-significant studies. Assuming no publication bias,
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smaller sample sizes are expected to have greater error spread, the cumulative effect
size is expected to be independent of sample size, and normal distribution of
individual studies is expected at all sample sizes (Palmer 1999).
Results
The 41 studies included in the analyses spanned 13 countries and 37 rivers,
streams, or stream systems (Table 1.1). There appears to be slight asymmetry in the
funnel plots of both the general and taxon-specific data sets, indicating that there could
be a relationship between treatment effect and sample size, but there is not enough
evidence to indict strong publication bias (Figure 1.2).

21

Figure 1.2. Funnel plots examining the general (upper panel) and taxon-specific
(lower panel) data sets, charting effect size versus sample size for 41 published
studies.
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General analyses of resistance
There was a significant, negative effect of floods on the overall density of
invertebrates within 10 days of a flood event (cumulative effect size -1.01, 95% CI (1.27 to -0.76), n=90) (Figure 1.3). This is equivalent to a reduction of 53-72% of
overall density of invertebrates within 10 days of a flood event.

Figure 1.3. Effect size (natural log of invertebrate density post-floods/
invertebrate density pre-floods) of floods on aquatic invertebrate density and
95% confidence intervals. The black circles are effect sizes for sample units
derived from the general data set, and the grey diamonds are effect sizes for
sample units derived from the taxon-specific data set. The dashed line at 0
indicates which effect size results are significant; those with confidence intervals
overlapping the dotted line are not significant. The overall (cumulative) effect
size is shown, as well as effect sizes estimated from categorical analyses of flood
type, collection method, habitat type, and substrate type.
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Effect size of floods on invertebrate density did significantly differ between
habitat types (P<0.01, n=3) (Figure 1.3). Invertebrates were most severely reduced
by floods in pool habitats, which differed significantly in effect size from run or riffle
habitats (Table 1.3). There was no significant difference between effect size of natural
versus managed floods on invertebrate density (P=0.98, n=2) (Figure 1.3). There was
no significant difference in effect size between collection methods (P=0.12, n=5), and
no significant difference in effect size between invertebrate densities collected from
different substrate types (P=0.63, n=6) (Figure 1.3).
Table 1.3. Results of Tukey-Kramer test for unplanned comparisons of group
mean effect sizes for categorical comparisons with significant differences among
groups.
Group
n
Tukey-Kramer
General
Habitat
Pool
5
a
Riffle
39
b
Run
8
b
Taxon-specific
Habitat
Pool
24
c
Riffle
146
d
Run
30
e
Substrate
Gravel
105
f
Cobble
127
g
Boulder
28
f
Sand
31
f,h
Wood
14
g,h
Bedrock
39
f,g
Diptera
Ceratopogonidae
20
j,k
Chironomidae
83
k
Tipulidae
12
j
Simuliidae
24
j
NOTES: n is the sample size. Groups with the same letter are not significantly different from each other.
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A continuous model analysis showed that effect size became smaller (closer to
zero) with days since a flood event, when examining densities of invertebrates within
10 days of a flood event (slope P=0.02, n=89) (Figure 1.4). However, with removal
of the outlier with the largest effect size at 10 days post-flood, the relationship was no
longer significant (slope P=0.11, n=88)

Figure 1.4. Effect size (natural log of invertebrate density post-floods/
invertebrate density pre-floods) of floods on overall aquatic invertebrate density
versus time since the flood event, within the first 10 days of a flood event.
When including all data from all river and habitat types in a continuous model
analysis of effect size versus relative flood magnitude, there was no significant trend
detected. However, when a continuous model analysis was performed using only
samples from riffle or run habitats composed of primarily cobble or gravel substrate,
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effect size became greater with increasing relative flood magnitude (slope P<0.01,
n=49) (Figure 1.5).

Figure 1.5. Effect size (natural log of invertebrate density post-floods/
invertebrate density pre-floods) of floods on overall aquatic invertebrate density
versus relative flood magnitude, for riffle or run habitats composed of primarily
cobble or gravel substrate.
When the same analyses described above were conducted using cumulative
effect size from the taxon-specific data set, there was also a significant, negative effect
of floods on the overall density of invertebrates within 10 days of a flood event
(cumulative effect size -1.15, 95% CI (-1.37 to -0.93), n=340). This is equivalent to a
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reduction of 61 to 75% of individuals in all groups of invertebrates within 10 days of a
flood event.
Again, invertebrates were most severely reduced by floods in pool habitats,
while they were least reduced in run habitats (P=0.003, n=3, Figure 1.3), and all three
habitats had significantly different effect sizes from each other (Table 1.3). Also,
there were complex differences in effect size among substrate types (P=0.003, n=6,
Figure 1.3, Table 1.3), with invertebrate density being most reduced in sandy
substrates and least reduced on wood. There was no significant difference in effect
size between natural versus managed floods (P=0.4, n=2, Figure 1.3) or between
collection methods (P=0.17, n=5, Figure 1.3).
A continuous model analysis using the taxon-specific data set showed no
significant effect of days since flood on effect size within 10 days of a flood event
(slope P=0.9, n=339). As with the general data set, when including all data there was
no significant effect of relative flood magnitude on effect size. There was a significant
increase in effect size with relative flood magnitude when examining only riffle or run
habitats dominated by cobble or gravel substrate (slope P<0.0001, n=202).
Taxon-specific analyses of resistance
Floods had a significant, negative effect on densities of Coleoptera,
Eumalacostraca, Annelida, Ephemeroptera, Diptera, Plecoptera, and Trichoptera (95%
confidence intervals did not overlap zero, Figure 1.6). Floods did not have a
significant effect on densities of Acari, Mollusca, or Platyhelminthes (95% confidence
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intervals did overlap zero, Figure 1.6). However, there were no significant categorical
differences between groups, since all of their confidence intervals overlapped
(P=0.26).

Figure 1.6. Effect size (natural log of invertebrate density post-floods/
invertebrate density pre-floods) of floods on aquatic invertebrate density of
different taxonomic groups and 95% confidence intervals. The dashed line at 0
indicates which effect size results are significant (the effect of floods on density of
these groups was significant); those that have confidence intervals overlapping
the dotted line were not significant.

28

Application of selection criteria for categorical analyses at finer taxonomic
levels narrowed the groups for further analysis to Diptera, Ephemeroptera, Plecoptera,
and Trichoptera. Of these groups, categorical analyses only found significant
differences among families within each order for the Diptera, with Chironomidae
experiencing significantly greater post-flood reduction than Tipulidae or Simuliidae
(P=0.049, n=4, Figure 1.7, Table 1.3). All mayfly families experienced significant
reduction post-flood events.

Figure 1.7. Effect size (natural log of invertebrate density post-floods/
invertebrate density pre-floods) of floods on taxon-specific density and 95%
confidence intervals from categorical analyses. The dashed line at 0 indicates
which effect size results are significant; those that have confidence intervals
overlapping the dotted line are not significant.
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Discussion
This meta-analysis found a significant immediate reduction in overall
invertebrate abundance and a reduction in abundance of major groups of invertebrates
after flood events on rivers. While a number of case studies exist concerning
prescribed high flow releases and ecosystem effects, and other papers have published
information on natural floods and effects on invertebrates, there is a paucity of amongstream studies of flood effects on aquatic invertebrates (Death 2007). This is the first
calculation of values for immediate invertebrate reduction after floods across studies at
a global scale.
Poff and Zimmerman (2010) performed a qualitative and quantitative review
of literature concerning biotic responses to altered flow regimes, and part of their
conclusion was that their “analyses [did] not support the use of the existing global
literature to develop general, transferable quantitative relationships between flow
alteration and ecological response.” However, our study shows that it is possible to
draw general, quantitative relationships between flow parameters and biotic reactions.
We limited our study to one important aspect of the flow regime, flood disturbances,
and to one type of biotic response, macroinvertebrate abundance. We were able to
find 41 studies concerning our question of interest, enough to examine general patterns
through a formal meta-analysis. There is a need for increased ability to predict
outcomes of river flow management on aquatic biota (Death 2007, Souchon et al.

30

2008, Poff 2009). While some studies have considered quantitative, cross-system
effects of river flow management on aquatic organisms and communities (Bickford
and Skalski 2000, Monk et al. 2006, Haxton and Findlay 2008, Stewart et al. 2009),
this study contributes new information to our growing synthetic knowledge.

Since

log response-ratios may be easily translated into percent reductions, the overall effect
size of density change of invertebrates due to floods, and other quantitative data
regarding effect sizes in this study, may be used directly for modeling or quantitative
prediction of management outcomes. The results of this meta-analysis can be used to
predict reactions of biota to flood events and to parameterize general models of flood
effects on aquatic organism abundance. One purpose of meta-analyses is to generate
predictive hypotheses for further experimentation and evaluation (Osenberg et al.
1999, Lajeunesse 2010).
When examining the relationship between floods and total invertebrate
abundance, we examined the data in two ways. The first was with a general data set
that lumped all taxa from each sample unit into “total invertebrate abundance”. This
data set would be biased towards taxa that are generally found in higher abundance
having greater influence on the results. However, the general data set provided
independence between sample units because all sample units were derived from
primary data that were collected at different times and places. The second data set
(taxon-specific data set) counted all taxonomic groups as equal, thus allowing
organisms that are generally found in lower abundance to have equal weight in
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influencing results. This second method used the overall effect size derived from the
taxon-specific data set, although all taxa were treated equally (differences among taxa
were not examined for this analysis).
Results from the general data set demonstrated a greater estimated resistance of
invertebrates to floods as compared to results from the overall effect size drawn from
the taxon-specific data set. It is possible that the greater resistance observed in the
general data set may be due to taxa with generally high densities in rivers being less
immediately affected by floods than rare or less common taxa. However, overall the
values of general reduction from both data sets are in concordance and show that
invertebrates are generally reduced in numbers by at least half immediately after flood
events.
We found no evidence for differing effects of natural versus managed floods
on invertebrate resistance. While lack of evidence for a statistical relationship does
not necessarily mean that a relationship does not exist, our results indicate that as far
as we know, general inferences drawn from mensurative (natural) flood experiments
may be applied to development of manipulative flood experiments (Konrad et al. in
press). While mensurative flow experiments do not have true replication, precondition standardization, or control of treatment size (Konrad et al. in press), they are
useful in the context of synthesis of data from multiple, observable, quantified studies.
Categorical analysis of both data sets demonstrated significant differences in
effect of floods on invertebrate resistance among different general habitat types.
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While one data set showed differences among all three habitat types- riffle, run, and
pool- the other showed that only pool habitats differed from riffle and run habitats. In
general, invertebrates were reduced in density much more in pools than in riffles or
runs. There is evidence that substrates in pools are more easily scoured by spates than
substrates in riffles or runs (Scarsbrook and Townsend 1993, LaPointe et al. 2000,
Harrison and Keller 2007). Runs may offer calmer and less scoured areas during flood
events, where taxa are more likely to survive. Also, taxa that generally inhabit more
lentic conditions may be more susceptible to floods (McMullen 2011, ch2 and ch4).
Invertebrates differed in resistance among substrate types when categorically
examining differences in effect sizes from the taxon-specific data set, but not when
using data from the general data set. Differences among groups demonstrated by the
taxon-specific data set were complex, with invertebrates most reduced on boulder and
sand substrates, and least reduced on wood substrates. Wood can act as a refuge for
invertebrates during flood events (Hax and Gollday 1998, Palmer et al. 1996), as may
cobble by providing greater structural complexity. Sand, the smallest-diameter
substrate evaluated here, would be moved by the least force and thus may be the most
easily disturbed substrate analyzed. Boulders, one of the larger substrates analyzed,
also showed very low resistance of invertebrates. This may be due to the lack of
interstitial spaces on boulders to act as refuges (Lancaster 1992), and the frequent
covering of boulders with silt and associated algae or macrophytes which may be
easily disturbed by floods. Intermediate-sized substrates may provide the most
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protection for invertebrates from flood events. The specific habitat sampled, its
constituent substrate, and how it was sampled must be taken into account when
predicting flood effects on organisms, due to the great differences in resistance these
variables confer on the organisms.
Analysis of the general data set showed that invertebrates significantly
increased in numbers within 10 days after a flood event, although with removal of
potential outliers this relationship was no longer significant. Although succession via
recolonization and recruitment may begin immediately after flooding, the evident
increase in resistance of invertebrates within 10 days of a flood event may encompass
‘hidden survival’ since the majority of stream-dwelling organisms have life-cycles
greater than 10 days. While floods do decrease population size through mortality,
organisms may also be affected through sub-lethal effects, increased drift, washing to
lateral side channels, behavioral changes, or different allocation of habitat. While
immigration could account for some of this measured ‘resistance,’ organisms may be
displaced by the flood into marginal habitats (side channels, deep pools) or buried by
substrates. Indeed, invertebrates in several groups have the ability to return to the
active stream channel if displaced by a flood (Lytle et al. 2008), and still other taxa are
known to abandon streams prior to flooding and eventually return (Lytle & White
2007, Lytle 1999). Thus, we cannot assume that low incidence of organisms directly
after flood events is always indicative of mortality.
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However, analysis of the taxon-specific data set showed no relationship
between effect size and days since event in a continuous model analysis. With such
varied life-history patterns and overall lifespans in aquatic invertebrates, what is
defined as ‘resistance’ versus ‘resilience’ may vary between groups. For example,
very fast life-cycled mayflies such as Fallceon quilleri (Ephemeroptera: Baetidae)
may transform from egg to reproductive aerial adult in as fast as 7 days (Gray 1981),
and their aerial stage can escape river-bed flood events. Measuring resistance of this
species to floods may need to happen within a day or two of a flood event, as their
populations may immediately exhibit observable resilient capacities such as new
oviposition and hatching and growth of larval instars. However for longer-lived
organisms, and those without aerial stages, such as freshwater mussels, immediate
effects of flow disturbance may be evident and quantifiable for a much longer time
period after the disturbance event before populations have begun to rebound from this
damaged condition.
When including all data, both for the general data set and the taxon-specific
data set, there were no significant changes in effect sizes with relative flood
magnitude. However, when the data set was limited to samples taken in areas that are
primarily riffle or run habitats with cobble or gravel substrate, there was a significant
effect of relative flood magnitude on effect size. We believe that flood magnitude
plays an important role in shaping the effect of floods on invertebrates, and that the
effect of flood magnitude on invertebrates was masked in the full data sets by
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including samples that had taken place in pools, and on wood and vegetation, which
may act as refuges.
While there was no significant categorical difference between groups of taxa at
the order (insects) and higher levels (non-insects), some groups were shown to be
significantly affected by flood events (95% confidence intervals not overlapping zero),
while others were not (95% confidence intervals overlapping zero). All insect groups
were significantly affected by flood events. The only groups not shown to be
significantly affected were water mites (Acari), molluscs (Mollusca), and flatworms
(Platyhelminthes). However, variance in effect size within these groups was also very
large, and sample sizes were low.
There were not enough data reported on some aquatic insect taxa (and other
aquatic invertebrates) to include them in this meta-analysis. These less-commonly
reported insect groups included odonates (dragonflies and damselflies), hemipterans
(true bugs), megalopterans (alderflies and dobsonflies), collembolans (springtails), and
lepidopterans (butterflies and moths). Many studies reported only select taxa,
generally those found to be most abundant in the system. Greater reporting of data
regarding all taxa collected and identified instead of just the most abundant taxa
collected would greatly broaden our ability to discern the generalities critical to both
basic biological understanding and effective management. Also, there were few
available published studies from 1970-2010 quantifying immediate effects of floods
on biota from Africa, Asia, Central and South America. In fact, all together only 13%
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of rivers and streams reported on in this analysis are drawn from those continents
combined, while 49% of the lotic systems analyzed were in the United States and
Canada. More studies concerning flows in these under-reported countries would
improve understanding of generalities in reactions of biota to flow characteristics and
disturbances.
Overall, this study provides new quantitative information concerning effects of
riverine floods on aquatic invertebrate populations. In particular, these results can aid
in the planning of high-flow events for managed rivers and in the design of monitoring
schemes surrounding flow events. This study provides general values to expect for the
immediate reduction of some groups of invertebrates following flood events. It also
suggests which microhabitats may show greater or lesser reactions to floods, allowing
one to qualitatively characterize river reaches as more or less susceptible to ecological
effects of floods. Comprehensive, quantitative evaluation of other aspects of the flow
regime (drought, base flows, timing of flow events, etc.) and studies on other
organisms are needed to provide a solid scientific framework on which to base specific
prescribed flow events and to predict ecological reactions to climate induced
hydrologic changes.
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CHAPTER 2: HIGH MORTALITY AND ENHANCED RECOVERY: MODELING THE
COUNTERVAILING EFFECTS OF FLOODING ON AQUATIC POPULATION DYNAMICS.

Abstract
Floods can cause high mortality in populations of aquatic organisms while
simultaneously enhancing population growth by favorably altering habitats. These
countervailing effects make it difficult to predict population dynamics following flood
events. Rivers are being increasingly managed through ecologically-based flow
prescriptions, and it is important for decision makers to predict population-level
responses of taxa to alternative flow scenarios. To address this challenge, we
developed a model that unifies the dynamics of logistic population growth with
concepts drawn from riverine ecology. We modeled initial population size and
carrying capacity as functions of flood magnitude, and used a function that allowed
carrying capacity to revert to a pre-flood state through time. We explored the
dynamics of the basic single-flood analytical model and a multi-flood extension of the
model by parameterizing it for three life-history types represented by species with
varying traits: a fast life-cycle mayfly that suffers high flood mortality, a slow life
cycle dragonfly that is adapted to survive floods, and an ostracod seed shrimp that
favors lentic habitat. A multi-flood model identified combinations of flood frequency
and magnitude that resulted in a broad range of population outcomes for the lifehistory groups. Verification of the model using data from prescribed flows on a large
river system found accurate model predictions in the majority of cases, but in most
situations where model predictions were not upheld organisms were more susceptible
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to flood events than predicted. Outside of life-history specific model runs, sensitivity
analysis identified isoclines of “disturbance trait” combinations (resistance and
resilience) that favor population growth in flood-prone systems. We believe our
model is broadly applicable to population-level management of aquatic ecosystems in
relation to disturbance events when basic information (carrying capacity, population
growth rate) on populations can be estimated.
Introduction
Understanding the effects of floods on population dynamics of organisms
inhabiting flowing water is critical to predicting their abundance and persistence over
time. On the one hand, floods can impose high mortality via movement of substrates,
downstream displacement, and stranding of individuals in lateral stream margins
(Lytle 2000, Shannon et al. 2001, Fritz and Dodd 2004, Robinson et al. 2004, Olsen
and Townsend 2005, Suren and Jowett 2006). Conversely, floods may positively
affect population growth by regenerating physical habitats, enhancing food resources,
and maintaining ecological linkages between rivers and their floodplains (Junk et al.
1989, Power et al. 1996, Effenberger et al. 2006). These countervailing effects–
mortality from flooding vs. enhanced population growth due to flooding– create
complex population dynamics that are challenging to understand and predict. Adding
to these complexities, successional processes, such as sedimentation and depletion of
flood-deposited nutrients, can ameliorate the effects of flooding over time.
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A model of flood-mediated population dynamics can aid in understanding the
ecology, evolution, and conservation of many aquatic organisms. Ecological flow
prescriptions are becoming more commonly used to manage populations of aquatic
organisms in dammed rivers (Richter et al. 2006, Poff et al. 2010). Managers who
allocate river flows are often required to make decisions between more frequent,
smaller flow events and less frequent, larger releases with little information about how
populations might respond (Richter et al. 2003). Population dynamics also drive
evolutionary processes, and flood-mediated selective pressures may influence the
evolution of life histories, behaviors and morphologies that allow individuals to escape
or withstand flood events (Hart and Finelli 1999, Holomzuki and Biggs 1999,
Holomzuki and Biggs 2000, Lytle 2001, Lytle and Poff 2004, Lytle et al. 2007, Lytle
et al. 2008, Death 2010). Thus, a strong quantitative linkage between flood events and
their consequences for population dynamics could provide a foundation for basic ecoevolutionary research as well as the conservation of aquatic ecosystems.
The role of resistance (the ability of individuals to withstand disturbance)
compared to resilience (the ability of a population to recover following disturbance) is
an important topic in the study of disturbance dynamics (Halpern 1988, Grimm and
Fisher 1989, Peterson and Stevenson 1992). Resistance, in the case of examining
effects of floods on aquatic organisms, is often measured as change in invertebrate
abundance following an event (e.g., Collier and Quinn 2003, Robinson et al. 2004,
Negishi and Richardson 2006, Effenberger et al. 2008, Orr et al. 2008). Resilience has
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been measured in a variety of ways including time to recovery to a pre-disturbance
state, the slope of a regression of population size versus time since disturbance,
comparison of population size or community composition at some pre-defined time
after the disturbance (sometimes standardized with the pre-disturbance state), and a
comparison of undisturbed communities to those that were disturbed but with the
disturbance now removed (Grimm and Fisher 1989, Stanley et al. 1994, Matthaei et al.
1996, Dole-Olivier et al. 1997, Knapp et al. 2001, Melo et al. 2003). The potential
plasticity of resistant and resilient traits to disturbance characteristics is difficult to
quantify. The role that resistance and resilience play collectively in shaping
population dynamics has been little explored, and is important to investigate regarding
ecological disturbance theory.
Based on first principles of population ecology, we derive a theoretical singleflood model that captures the fundamental dynamics of population growth, flood
mortality, and flood-mediated habitat enhancements. We then calibrate the model for
three organisms that span a wide range of life history strategies and habitat
preferences: a fast life-cycle organism that experiences moderate flood mortality but
whose habitat is enhanced by disturbance, a slow life-cycle organism that is
comparatively resistant to disturbance, and a fast-reproducing organism that has
minimal disturbance-survival traits and favors non-disturbed habitats. Using
information from the literature and expert knowledge of taxa at our empirical study
site, we represent these three organism types with mayflies, dragonflies, and ostracod

51

seed shrimp, respectively. These taxa are broadly representative of aquatic
invertebrate taxa inhabiting large river systems. We also use our theoretical singleflood model to examine sensitivity of post-flood population performance to changes in
population resistance and resilience. Next, we develop a more general form of the
basic single-flood model that accommodates multiple, sequential floods of any given
magnitude. Finally, we compare model predictions to data obtained from a series of
prescribed flood events on the Bill Williams River, an aridland river in western
Arizona.
Methods
Model description
While some parameter values were estimated using information from the
literature, others were given values based on reasonable judgement, and could be
altered if more data were available. Changing these values would not change inherent
shapes of relationships between other parameters, but would alter rates of change
within relationships. The initial condition for population size (N0) after a flood event
is a negative exponential function of both pre-flood population size (NZ) and flood
magnitude (Q):
𝑁0 = 𝑁𝑧 𝑒 −ℎ𝑄

(1)

where h is a shape parameter describing the relationship between flood magnitude and
flood-induced mortality. h can also be considered as a proxy to population resistance.
A negative exponential function is used so that increasing flood magnitude increases
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population-level mortality, where at a ‘bed-moving’ stage the rate of change of
mortality with flood size decreases. Thus, larger values of Q imply more exposure to
mortality risk, although there is always a finite possibility of survival even for large Q.
While Eq. 1 assumes a single flood at t=0, we later used numerical simulations to
explore the effects of multiple, sequential floods.
We assumed standard logistic population growth, which expresses population
size as a function of time (t) and carrying capacity (K). We expressed this population
growth using the differential form with time-dependent carrying capacity:
𝑁
𝑑𝑁
�
= 𝑟𝑁 �1 −
𝐾(𝑡)
𝑑𝑡

(2)

r, or the intrinsic rate of increase of a population, can be considered a proxy for
population resilience in our model.
The initial condition for K (carrying capacity) was equal to KQ, the floodaltered carrying capacity (Eq. 3). In Eq. 3, we included flood alterations to the river
habitat (either improvement or degradation) by assuming that a flood of magnitude Q
would alter carrying capacity according to:
𝐾𝑄 = 𝐾𝑠 − (𝐾𝑠 − 𝐾𝑙 )𝑒 −𝑗𝑄

(3)

where KQ is the flood-altered carrying capacity, Ks is the carrying capacity limit
following a very large flood, Kl is the carrying capacity limit under non-flood
conditions, and j is a parameter describing the relationship between flood magnitude
and carrying capacity. The relative values of Ks and Kl will determine whether the KQ
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curve is concave up (Ks>Kl; larger floods improve habitat and increase carrying
capacity) or concave down (Ks<Kl; larger floods degrade habitat and reduce carrying
capacity). This relationship likely varies from species to species, and a different
functional relationship can be used where the biological details are known (normal
distribution, linear, etc.). Floods have no effect on carrying capacity when j=0. We
assumed that over time, successional processes in the river would return K, the
realized population carrying capacity at any point in time, to its pre-flood value. We
included this by assuming that K converges to Kl over time according to:
𝑑𝐾
𝑑𝑡

= 𝑒 −𝑔𝑡 �𝑔�𝐾𝑙 − 𝐾𝑄 ��

(4)

where g describes how rapidly K reverts to pre-flood levels. Values of g near 0.01
allow carrying capacity to return to pre-flood levels within about a year. The shape of
Eq. 4 causes flood effects on carrying capacity to start diminishing immediately after
the flood and then to gradually disappear as KQ approaches Kl. In cases where postflood successional processes are well understood, other forms of this equation could
be used.
Model simulation
The model was performed using numerical solution techniques in Wolfram
Mathematica 7.0 (Wolfram Research 2008). Mathematica’s NDSolve function was
used to solve the system of differential equations under different ranges and scenarios.
Depending on the system of equations, NDSolve uses Runge-Kutta, the method of
lines, the shooting method, or other numerical techniques to solve equations when
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provided initial or boundary conditions. NDSolve uses an iterative, adaptive process
to determine step size, and can handle ordinary differential equations, many partial
differential equations, and differential-algebraic equations (Wolfram Research 2011).
Target taxa
We parameterized the model for three life-history types. We represented these
life-history types using a range of aquatic invertebrate taxa. Intrinsic rates of
population increase were estimated using a life-table approach with information from
the literature, and estimates of rates of population increase are described in Appendix
2A. Other parameters for target taxa were derived from the literature or estimated
based on expert knowledge. Table 2.1 describes the symbols used for parameters and
variables in the model, their units, and default values used for the three target taxa.
Upper and lower limits on carrying capacity were set at 40 and 100 for all taxa for
standardization and easy comparison of model results among taxa. These values could
be altered if carrying capacities for taxa at specific river sites were known.
Table 2.1. Model parameters and variables with default values for target taxa.
Default values
Symbol

Description

Units

t

Time

Days

Nt

Population size at
time t
(time-dependent)

Individuals

Nz

Population size
pre-flood

Individuals

mayfly

dragonfly

ostracod
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N0
K

Ks
KQ
Kl
r

Population size
post-flood
Realized carrying
capacitya
(time-dependent)
Carrying capacity
limit following
strong flooding
Flood-altered
carrying capacity
Carrying capacity
limit when floods
are absent
Intrinsic rate of
population increase

Individuals
Individuals

40

40

100

Individuals

100

100

40

40

40

100

0.08

0.16

Individuals
Individuals

Individuals/ 0.23
(individual ∙
day)-1
m3∙ s-1

Peak flood
magnitude
Proxy flood
m3∙ s-1
Qproxy
magnitude
Strength of flood0.02
0.01
0.03
h
mortality
relationship
Strength of flood –
0.05
0.05
0.05
j
carrying capacity
relationship
Rate that K returns
0.01
0.01
0.01
g
to pre-flood level
NOTE.- All parameters with units of individuals were rescaled to a maximum of 100.
a
K was set at the non-flood carrying capacity for simulation models prior to the first
flood event, but generally it changes as a function of flood magnitude and time.
Q

Fast life-cycle, flood-adapted species were represented by mayflies; the
particular species used for parameterization was Fallceon quilleri (Ephemeroptera:
Baetidae), which can develop from egg to adult stage in as few as 7 days (Gray 1981).
This species reproduces continuously in warm-climate streams and recolonizes postflood from upstream drift as well as from ovipositing aerial adults (Gray and Fisher
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1981, Poff et al. 2006). In desert rivers, mayflies such as Fallceon benefit from floodgenerated riffles and nutrient pulses that promote algal growth, so to reflect a strong
positive flood enhancement we set the maximum possible carrying capacity (Ks) to
100 (a maximum population size of 100 allows us to interpret population size as a
percentage) and the lowest possible carrying capacity (Kl) to 40 (in our model, absence
of flooding limits populations to 40% of maximum possible). Carrying capacity after
flood enhancements was assumed to diminish during succession, due to depletion of
nutrient pulses and alteration of riffle habitats by encroaching riparian vegetation
(Andersen and Shafroth 2010).
Slow life-cycle, flood-adapted species were represented by the sanddragon
dragonfly Progomphus borealis (Odonata: Gomphidae). Among aquatic invertebrates,
sanddragon larvae are large-bodied predators, and thus have a slower population
growth rate compared to other aquatic invertebrates such as mayflies (Table 2.1).
Sanddragons also possess behaviors for surviving flood displacement (Poff et al. 2006,
Lytle et al. 2008), and this was included in the model by using a lower flood mortality
rate (Table 2.1). This species is suited to open, sandy river channels that are created by
flooding (Ks=100 and Kl=40 to reflect a positive flood enhancement).
Species poorly adapted to flooding were represented by ostracod seed shrimp
(Crustacea: Ostracoda). Ostracods are filter feeders that prefer slow-water habitats and
can reach high numbers in rivers with large amounts of established edge vegetation or
beaver dam impoundments (Shafroth et al. 2010). Because floods reduce both of these
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preferred habitats, we assumed that floods have a strong negative effect on habitat
quality (Ks =40 and Kl =100). We calculated a medium population growth rate and
assumed a high mortality from flooding, due to ostracods low swimming and crawling
abilities, and apparent lack of flood-related survival behaviors (Table 1, Poff et al.
2006)
Model sensitivity
We examined the sensitivity of modeled population recovery to changes in the
values of r (intrinsic rate of population increase) and h (strength of flood-mortality
relationship), which can be interpreted as approximations of resilience and resistance,
respectively. We examined the effect of the relationship between r and h values on
relative population size by examining population size across a range of these values
after a mid-sized flood. We also examined the sensitivity of modeled population
recovery to changes in the values of g and j.
Multiple floods
The multiple flood version of the model was parameterized with the number of
floods, the time of flood occurrence, and their magnitudes. Because subsequent floods
can occur at any time following the initial flood in our model, we needed a way to
account for changes in carrying capacity that remained due to any previous floods.
We accounted for this by calculating a parameter Qproxy , which represents the
magnitude of a flood required to change the carrying capacity to the current level as
the first flood event:
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where Kz is carrying capacity just before the imminent flood. Thus, Qproxy incorporates
the previous changes in the carrying capacity due to flood events and the change over
time of carrying capacity since the last flood event into the calculation of the new
flood-altered carrying capacity (KQ). When no previous flood has occurred or it has
been very long since a flood event, Qproxy becomes zero. During simulations, Qproxy is
added to the successive flood’s magnitude Q when calculating the new carrying
capacity (KQ).
Thus, in simulation models, successive flood events had an additive effect on
maximum flood-altered carrying capacity, while still accounting for the return to preflood carrying capacity over time between flood events.
We examined population dynamics of the three life-history groups after
experiencing multiple hypothetical flood events with flood magnitudes ranging from
1-1000 cubic meters per second, and flood frequencies of 1-10 floods per season, with
floods occurring 20 days apart. We modeled how allocating a specific amount of
water across a range of flood events (from 1 to 10 floods) affected population
dynamics. This ‘cumulative flood magnitude’ is useful for understanding how
population dynamics are differentially affected by multiple small flood events as
opposed to few large events.
Model evaluation
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We compared model predictions to observed population sizes of the three
representative target taxa groups after two prescribed flood events on the Bill
Williams River, Arizona. Invertebrate community samples were collected at three
sites along the Bill Williams River before and after these managed flood events. More
thorough methods describing sampling surrounding these experimental flow releases
that took place in 2006 and 2007 are described in Shafroth et al. (2010). We
parameterized the model with the observed peak magnitudes of the prescribed floods
(Q), the time post-flood that invertebrate sampling occurred (t), and the observed
relative population sizes at the study sites prior to the actual flood events (Nz). We did
not account for attenuation of the flood at downstream sites; instead we examined the
effect of the peak magnitude of the floods at the most upstream site. Because our
model is calibrated to predict population sizes of organisms relative to their highest
possible carrying capacity at a site, we relativized our sampled invertebrate data
according to the mean of the top three values for abundance we obtained over the time
period of the entire project (assumed to be the highest possible carrying capacity) for
the three target taxa groups.
Results
General model
Our model demonstrates the roles that resistance (h) and resilience (r) play in
population dynamics after disturbance events. Responses after flood events varied
substantially across the life-history groups. Figure 2.1 shows population response
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surfaces for the three representative taxa after a single flood event at different values
of Q over time. For most values of Q, population size of mayflies rose sharply as the
population recovered post-flood, but eventually began to decline as succession eroded
the beneficial flood enhancements on habitat. For mayflies, the optimal tradeoff
between flood mortality and flood enhancements occurred at Q=80 and t=27, although
the population never exceeded 85% of the maximum possible size for any Q-t
combination. A similar pattern was evident for dragonflies, although slower
population growth rates coupled with lower flood mortality produced a different
optimum (Nt=75% at Q=70, t=50). The low Nt values emphasize that at least for these
two species, a single flood event is not sufficient to boost a population to the
theoretical maximum attainable size. In stark contrast to the flood-adapted species,
ostracod populations remained at 100% of their maximum population size when no
flood occurred (Q=0) but experienced a sharp decline even for small floods, although
substantial population recovery was usually evident by t=200.
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Figure 2.1. Flood-population response surfaces for three taxa with contrasting
life histories after a single flood event. Relative population size (Nt) vs. flood
magnitude (Q) and time since flood event (t). Top panel: a fast life-cycle mayfly
that rebounds quickly after floods. Middle panel: a slow life-cycle dragonfly that
benefits from flood enhancements and is resistant to flood mortality. Bottom
panel: a slow-water adapted ostracod that suffers high flood mortality but
benefits from habitats that occur when floods are rare.
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Tradeoffs between resistance and resilience
Exploration of r-h parameter space revealed several notable features about the
relationship between resistance and resilience under this model (Fig. 2.2). First, there
is a steep isocline between parameter combinations that allow rapid population
recovery over short timescales compared to parameter combinations that do not.
Within a relatively narrow parameter space, a small change in r or h creates a large
shift in potential population recovery after flood events – evidence for a threshold
effect. Second, the surface on either side of the threshold is a relatively flat plateau.
This suggests that there are many r-h parameter combinations that can lead to either
strong or weak population responses to flooding, and these parameter combinations
are equivalent in this sense because they produce similar population-level effects.
Both of these findings suggest a binary relationship between resistance and resilience
traits instead of a continuous relationship. The model was robust to changes in g and
j.
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Figure 2.2. Plot of r vs. h for a species whose habitat is enhanced by floods. r is
interpreted as a measure of resilience, and h as a measure of resistance. There is
a resistance-resilience threshold beyond which the trait combination allows, or
disallows, timely recovery from flooding. KQ = 100; Kl = 40; j = 0.05; Q = 500; t =
50; g = 0.01; NZ=40.
Multiple flood scenarios
The population-level consequences of multiple, sequential floods varied across
taxa, with ostracods exhibiting the most dramatic fluctuations and dragonflies the most
moderate. Over time, all population levels tended towards their pre-flood carrying
capacities (Fig. 2.3).

64

Figure 2.3. A typical model run showing population dynamics over a series of
flood events (Q=10, 50, 100), where flood events are represented by vertical
dotted lines. Black line- ostracods, Gray line- mayflies, Dashed line- dragonflies.
When exploring the relationship between cumulative flood magnitude and
flood frequency on relative population size, the effect of the number of floods on
population size became less important as time since the last flood increased (Fig. 2.4).
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Figure 2.4. Relationship between flood frequency and cumulative flood
magnitude for mayflies, dragonflies, and ostracods. Cumulative flood magnitude
represents the sum of all flood events, distributed across 1 to 10 individual flood
events. Twenty days after the series of flood events both number of floods and
cumulative flood magnitude had a large effect on relative population size, while
after 100 days the effects were more homogeneous.
At 20 days since the last flood event, mayflies, dragonflies, and ostracods reached
maximum numbers after 3 floods with a cumulative magnitude of 150 cms, 10 floods
with a cumulative magnitude of 510 cms, and 10 floods with a cumulative magnitude
of 10 cms, respectively. At 100 days since the last flood event, mayflies, dragonflies,
and ostracods reached maximum numbers after 1 flood with a magnitude of 340 cms,
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10 floods with a cumulative magnitude of 980 cms, and 10 floods with a cumulative
magnitude of 10 cms, respectively (Figure 2.4). This indicates that for poorly floodadapted taxa (ostracods), multiple smaller floods may have a lesser effect on
abundance than fewer, larger floods. In the short term, resilient taxa had higher
abundance after a few small to medium-sized floods than after very large, very small,
or many floods. However in the long term, a single medium to large sized flood event
produced the greatest abundances. For resistant taxa (Progomphus) in the short term,
many smaller (but not the smallest) floods elicited the greatest abundance, while in the
long term, multiple small to medium sized floods were the most favorable. Thus, for
any given combination of flood magnitude and frequency, it appears that some species
will experience conditions favorable for population growth while others will not,
especially in the short-term.
Model comparison
Model predictions of relative population sizes fell within the 95% confidence
intervals for observed population sizes after flood events in the Bill Williams River,
AZ 65% of the time (Table 2.2). The model differed in success at predicting relative
population sizes among sampling sites on the river; the proportion of times that model
predictions fell within the 95% confidence intervals of the observed population sizes
at the most upstream site (closest to managed flood release) was 100%, while it was
only 44% at the furthest downstream site. There were also differences in success of the
model at predicting relative population sizes among target taxa groups. The model
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was most successful at predicting relative population sizes for Gomphidae, where
predictions fell within the 95% confidence intervals 83% of the time. The model was
least successful at predicting relative population sizes for mayflies, where the model
was successful only 56% of the time (Table 2.2).
Table 2.2. Model predictions and observed averages and standard errors for
relative population size of Fallceon (F) (Ephemeroptera: Baetidae), Gomphidae
(G) (Odonata), and (O) Ostracoda after two flood events on the Bill Williams
River, Arizona.
Model prediction
Flood magnitude
(cms)
68.8

29.2

Days postflood
21

1

12

Site

F

G

O

Actual relative population
size average ± SE
F
G
O

A

69

-

26

30±20*

-

6±5*

MW

80

35

3

48±15*

7±4

0

R

84

14

-

53±23*

18±14*

-

A
MW
R
A
MW
R

4
17
33
33
62
85

18
44
32
60

8
1
23
27
8
47

4±1*
5±1
9±4
13±9*
13±4
16±7

12±5*
31±18*
32±10*
67±14*

30±14*
2±1*
8±3*
34±15*
1±1
3±1

NOTE.- Values were rounded to the nearest integer. *Cases where the model
prediction fell within the 95% confidence interval of the actual relative population
size.
Discussion
The flood model we have presented unifies basic logistic population growth
with fundamental concepts drawn from riverine ecology. In the model, floods affect
two key variables related to logistic population growth, initial population size (N0) and
carrying capacity (K). To our knowledge, this is the first model to combine single-
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species aquatic population dynamics with flood ecology. While stage-specific
population models have been used to predict the effect of flooding and hydrologic
disturbance on riparian plants (Lytle and Merritt 2004, Elderd and Doak 2006,
Schleuning et al. 2008), and spatially-explicit individual based models have been used
to examine effects of changes in hydrology and other disturbances on demographic
rates and habitat of species (Elderd and Nott 2007, Keith et al. 2008), our approach
provides a way to model population trajectories that does not require a large degree of
parameterization. Because population sizes and carrying capacities were represented
by scaling values to 100, the model results can be applied to river habitat areas where
organisms vary in carrying capacity, since results represent a percentage of the
carrying capacity for an area of river habitat.
In our models, we focused on abiotic effects of floods on population dynamics.
Although biotic interactions between aquatic species certainly play a role in
population dynamics (Sousa 1979, Wootton et al. 1996, Marks et al. 2000), it may not
be necessary to include these effects when considering abiotically-dominated
ecosystems such as flood-prone rivers (Moyle and Light 1996, Marchetti and Moyle
2001, Lepori and Hjerdt 2006). At a minimum, our abiotically-focused approach
allows us to isolate the extent to which abiotic factors alone influence population
dynamics (Hart and Finelli 1999, Death 2010), and the model can be used as a null
that asks whether flood effects alone are sufficient for describing observed population
dynamics in a system (e.g., Lytle and Merritt 2004). In practice, these single-species
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models could also be linked numerically to account for biotic interactions and to
predict community dynamics, although there will always be some tradeoff between the
simplicity of a model and its ability to account for a myriad of ecological factors.
In our model investigations, we parameterized the model for three target taxa
representative of groups varying in life-histories and habitat preferences: mayflies,
dragonflies, and ostracods. Taxa differed in respects to the magnitude of a single
flood that was most beneficial to their population levels, with slightly smaller floods
being more beneficial to longer-lived, resistant taxa (dragonflies) and slightly larger
floods being more beneficial to short lifecycle, moderately resistant taxa (mayflies).
This result shows factors other than flood-induced mortality, such as flood alteration
of habitat and differences in life-histories are important to incorporate into predictions
of flood effects on populations. The model can be parameterized for any aquatic
organism; the only necessary information is an estimate of the species’ intrinsic rate of
population increase, expected mortality from flooding, and knowledge of how floods
would alter habitat in relation to the species’ preference. The flexibility of this singlespecies model allows it to uncover results of flood effects on population dynamics for
a wide range of species.
Aside from parameterizing the model for particular taxa, we explored the
dynamics of the model in relation to parameter space of ‘h’ (an approximation of
resilience) and ‘r’ (an approximation of resistance). In our sensitivity analysis, it
appears that these traits in combination have a near-binary effect on population
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recovery. This is exhibited through certain combinations of r-h values allowing
populations to recover to near carrying capacity, and other combinations not allowing
populations to recover at all. Some organisms may have a combination of r-h values
that does not allow the population to recover readily after severe flood events,
represented by ostracods in this model (Sponseller et al. 2010). Interestingly, Crook et
al. (2010) found a positive correlation between resistance and resilience in freshwater
fish in a study examining resistance and resilience to drought, indicating that while
some species may be very poor at responding to drought, others may thrive, which
agrees with our findings. This threshold-like reaction to disturbance events indicates
that it is important to examine the qualities of resistance and resilience simultaneously,
making predictions based on both factors. Because of this resistance-resilience
relationship, knowledge of organisms’ resistant and resilient traits in relation to
disturbance events may allow determination of whether their populations will respond
favorably or not to these events.
If resistance of populations is actually a threshold function, once discharge
reached bed-mobilizing capacity for any particular river, populations would be less
likely to recover. Because of the ‘jump’ in possible resistant values for certain
populations, the range of resilient values that would allow some level of population
recovery would be dampened.
In simulations of our multi-flood model, populations often had not recovered
to carrying capacity when an additional flood occurred. This may have a greater effect

71

for organisms with lower resistance, even if they have fast growth rates or their
habitats are enhanced by flood events (for example, mayflies). Organisms adapted to
lentic conditions are more affected by sequential floods once previous floods have
lowered their carrying capacity. Fast lifecycle organisms were the least sensitive to
differences in flood magnitude in the long run, while taxa whose habitat is
detrimentally affected by floods were the most sensitive. For non flood-adapted
organisms, there is an isocline for the cumulative flood magnitude- number of floods
relationship, where certain combinations of floods (mainly very large floods) do not
allow populations to recover, while other combinations (smaller, more frequent
floods) allow populations to recover to levels near carrying capacity. Overall, our
model showed that many small floods are not always equivalent to one or a few larger
floods in relation to aquatic population dynamics (a question frequently encountered in
managing dammed rivers).
Our model also showed that population size soon after a disturbance event may
be more difficult to predict than longer after an event. In our model, over time
populations tend to return to pre-flood levels as habitats return to more lentic
conditions and their carrying capacity increases. As more time passed since the last
flood event, populations converged on similar relative abundances, regardless of the
previous floods’ magnitudes. This pattern is more evident for fast lifecycle, flood
adapted organisms than for organisms which are very susceptible to flood events.
Especially for fast-lifecycle, year-round reproducers, a longer amount of time may
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need to pass before effects of disturbance events can be accurately quantified. This
has strong implications for producing effective management strategies for these
organisms.
Our comparison of model predictions to observed data found that about two
thirds of the time, the model prediction fell within the 95% confidence interval of the
observed data. Among taxa, the model was most successful at predicting post-flood
relative population size for long-lived, resistant taxa (dragonflies), where the model
prediction only fell outside the range of the 95% confidence interval in one case. In
this particular case, the observed number of individuals had not recovered to the
predicted abundance. Thus, these organisms may have experienced greater mortality
than expected. The model was least successful at predicting results for fast lifecycle
organisms (mayflies). This agrees with our finding above that for fast-lifecycle
organisms, it may be difficult to quantify population level effects immediately after
disturbance events. In all cases where model predictions did not fall within the 95%
confidence interval of the observed data, the number of fast lifecycle individuals postflood was much lower than predicted. The differences between predicted and
observed numbers occurred both immediately after and a couple of weeks after the
flood event, showing that floods may cause greater mortality for these taxa than
expected. In all cases where model predictions differed from observed relative
numbers of non flood-adapted taxa (ostracods) post-flood, the observed number of
individuals was lower than that predicted. Thus, these organisms may be more

73

susceptible to floods than expected when the model was parameterized. Overall, the
original parameterization of our model may have reflected greater resistance capacities
than actually occur in nature, at least at our study location.
The difference in model success among sites on our study river shows that to
obtain more accurate model results, resistance values and carrying capacities for taxa
need to be defined for particular habitats. With our results, we could re-parameterize
our model to reflect observed population densities before and after floods in our
particular study system. However this was not the goal of this paper. One of our aims
was to understand how well a model built from first principles and basic ecological
knowledge could reflect actual population dynamics in a riverine system, and our
results show that the model resulted in accurate predictions in the majority of cases.
Thus, if basic life history traits and habitat preferences of an organism are known, we
believe our model can be adapted to gain a basic understanding of how flood events
would affect its population dynamics without having site-specific data on population
abundances before and after flood events. We also believe our model could produce
even more accurate results by incorporating population level data that are specific to a
given river system.
Applied implications
There is a strong need to produce scientific models that can predict the
outcome of alternative management outcomes (Walters 1997), and in the case of river
management, allocation of flow is an important management question. In many rivers
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and streams, invasive species are one of the primary threats to populations of native
freshwater organisms. For example, non-native fish threaten populations of native fish
in nearly all of the major river systems in arid regions of the United States (Gido and
Brown 1999, Olden et al. 2006). While prescribed flows are being used to favor native
over non-native taxa, few attempts have been made to model the population-level
consequences of these flow regimes for a diverse array of affected taxa. A modeling
approach such as ours could be a useful tool for designing flow regimes that achieve a
particular conservation goal such as maximizing population size for some species
(favored or endangered species) or minimizing it for others (nuisance or invasive
species).
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Appendix 2A: Estimating intrinsic rates of population increase
Intrinsic rates of population increase (r) for the three target taxa were tabulated
from age-specific fecundity and survival rates from published values (after Birch
1948). r was defined as the number of offspring one individual produces per day, thus
measuring the per capita rate of increase over a short time (Gotelli 1998). The
parameter values used for this approach, and the resulting estimated intrinsic rates of
population increase, are given in Table 2A.1. When information could not be found on
the exact taxon of interest, information from a closely related taxon was used. When a
range of values were reported, the average was used in the estimation.
In order to calculate the estimated intrinsic rate of population increase, total
average lifespan, number of eggs laid, and survivorship of life stages or overall
survivorship were necessary parameters (Table 2A.1). Calculations began at the egg
stage, and the number of individuals was successively reduced by survivorship values
until r was estimated. For example, for Fallceon quilleri, calculations began with
eggs laid per individual (1850). The value of survivorship of eggs used was 80%, so
1850 was reduced to 1480. This was assumed to be the average number of offspring
that survive to larval stage per individual. The value of survivorship of larvae used
was 8.9%, so 1480 was then reduced to 131.72, and so on, to arrive at an estimated
intrinsic rate of population increase of 0.23.
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Table 2A.1. Parameter values used for life-table calculations and resulting
estimated intrinsic rates of population increase.
Fallceon quilleri
(Ephemeroptera:
Baetidae)
3-34 (18.5)

Progomphus
borealis (Odonata:
Gomphidae)
13 to 56 (34.5)

Ostracoda:
Podocopa

Egg stage duration
9 to 86 (47.5)
(d)
Egg stage
70-90 (80)
77.4
survivorship (%)
Larval stage
6- 12 (9)
30-180 (105)
21-365 (193)
duration (d)
Larval survivorship 8.9
2.53
(%)
Adult stage
1
30
28-180 (104)
duration (d)
Adult survivorship 1.2-8.8 ( 5)
78.2
(pre-reproductive)
(%)
Overall
40-80 ( 60)
survivorship (%)
Mean life cycle
28.5
181.5
344.5
duration (d)
Eggs laid per
1200-2500 (1850)
1000
8-180 (94)
individual
Estimated intrinsic 0.23
0.08
0.16
rate of population
increase (r)
SOURCE.- Information used for parameter values were found in Ferguson 1944, Gray
1981, Corbet 1999, Braune et al. 2008, Dole-Olivier et al. 2000, Gandolfi et al. 2001,
Werneke and Zwick 2006, and Merritt et al. 2008.
NOTE.- Mean values used in the analyses shown in parentheses.
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CHAPTER 3: EFFECTS OF LARGE-SCALE EXPERIMENTAL FLOODS ON INVERTEBRATE
DIVERSITY AND COMMUNITY STRUCTURE IN AN ARID LAND RIVER.
Abstract
Management of rivers through environmental flow prescriptions is increasing
worldwide. A frequent component of environmental flow prescriptions is the addition
of floods or high flow events. Study of the effects of these disturbance events on
community diversity and structure in riverine systems is important both from
theoretical and management standpoints. Here, we investigate the effects of multiyear large-scale experimental floods on macroinvertebrate community diversity and
structure in the Bill Williams River, Arizona, USA. Overall, we found that
longitudinal site differences and inter-annual differences were more influential on
community diversity and structure than flood events. We found evidence that floods
increased beta and gamma diversity, and were influential in structuring responses of
alpha diversity and community evenness by site and year. We also found that at some
sites and years, there was evidence of post-flood communities converging towards
pre-flood communities over time. A few taxa were consistently correlated with
ordination axes where pre-flood samples fell, including gastropods and ostracods. Our
study demonstrates that floods may be influential in shaping landscape-level diversity
and short-term, localized community composition, while further study of effect of
floods on long-term community composition is needed.
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Introduction
Rivers are being increasingly managed with the use of ecological or
environmental flow prescriptions (Merritt et al. 2009, Olden and Naiman 2010, Poff
and Zimmerman 2010, Shafroth et al. 2010). Within eco-flow and river management,
at least 100 studies exist across the globe in which parts of the management of the
river can be considered flow experiments (National Center for Ecological Analysis
and Synthesis database). Flow experiments must include a way to evaluate predictions
concerning effects of distinct changes in the flow of a river on physical, biological, or
chemical characteristics of the river (Konrad et al. in press). Thus, flow experiments
are useful in designing future flow regimes for rivers, and also can be used to test
basic scientific theory (Poff et al. 2003, Konrad et al. in press).
Flood events are important architects in riverine systems, being the dominant
form of disturbance (Lepori and Hjerdt 2006). A common alteration to the managed
flow regime of a river for flow experiments is the introduction of prescription flood
events. For example, managed flood releases from Glen Canyon Dam on the
Colorado River have tested hypotheses of flood effects on substrate movement and
ecosystem processes, sometimes resulting in unexpected finding that can help inform
future management (Schmidt et al. 1998, Patten et al. 2001, Shannon et al. 2001). A
multi-year experimental flood program on the River Spöl in Switzerland investigated
instream habitat, macroinvertebrate, fish, and periphyton responses (Robinson et al.
2003). Annual experimental flood releases from Alamo Dam on the Bill Williams
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River, Arizona have provided the opportunity to study a myriad of effects including
riparian, macroinvertebrate, beaver dam, and fish community responses (Shafroth et
al. 2010), which is the flow program reported on in this study.
Some studies postulate that community composition may shift towards species
that are more resistant and resilient to disturbance events post-disturbance. Townsend
et al. (1997) found in streams that variance of disturbance-related traits in aquatic
insects was higher in sites after flood events, increasing the overall community
resistant/ resilient capacity, and Duafresene et al. (2007) found systematic changes in
riverine invertebrate community structure after disturbance events. Townsend and
Scarsbrook (1997) found evidence that aquatic invertebrate communities are
structured by the intermediate disturbance hypothesis (Hutchinson 1953, Connell
1978), with maximum taxonomic richness occurring at sites with intermediate levels
of disturbance. Further study of the effects of floods on biodiversity and community
composition, over longer time spans and large spatial scales, are important for
ecological theory and riverine management (Lepori and Hjerdt 2006).
We have had the opportunity to study responses of the aquatic invertebrate
community at multiple longitudinal sites along the Bill Williams River (BWR),
Arizona, USA, to large-scale flow experiments. Three floods were released; in 2006,
2007, and 2008, respectively; to test specific hypotheses concerning disturbance
effects on a variety of ecosystem properties. The BWR is an ideal site for conducting
flow experiments because there is little infrastructure along its banks and there are few
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political pressures surrounding its management. We expected floods to reduce overall
abundance of invertebrates, but that abundance would quickly approach levels similar
to pre-flood abundance. We hypothesized that floods may increase evenness of
invertebrate communities, thus decreasing “patchiness”. We hypothesized that
immediately after a flood event, invertebrate communities may look vastly different
than the pre-flood communities, but that over time they would converge back on the
pre-flood community condition, albeit taking seasonal considerations into account.
Because we used a rigorous before-after study design along multiple river stretches,
our results can be applied to future management of the BWR, and can inform
ecological theory concerning recovery of community structure after disturbance
events.
General site and flow program description
The Bill Williams River is located in west-central Arizona, USA, and has one
of the most intact stands of natural cottonwood-willow habitat along the lower
Colorado River watershed. The BWR flows into the Colorado River at Lake Havasu.
The BWR flows 58 km (Shafroth et al. 2010), and is regulated by Alamo Dam which
was constructed in 1968. While the confluence of the Santa Maria and Big Sandy
rivers at Alamo Lake behind Alamo Dam are the headwaters of the BWR (Figure 3.1),
there are no perennial tributaries downstream of Alamo Dam.
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Figure 3.1. Map of the Bill Williams River and tributaries with invertebrate
sampling sites circled. Modified and reproduced with permission from Shafroth
et al. 2010.
The BWR is designated a Nature Conservancy and U.S. Army Corps of
Engineers Sustainable Rivers Project river, the program of which attempts to restore
sustainable flows to rivers to improve or maintain ecosystem processes. Some of the
other Sustainable Rivers Project rivers include the Willamette River in Oregon, the
Sacramento River in California, and the Mississippi River. As part of this program
dozens of scientists and managers have met in workshop formats to develop
hydrologic-ecologic models and hypotheses, and to collaborate in developing flow
recommendations and field sampling designs. Here, we report on flow experiments in
the form of relatively small floods on the BWR that were implemented in 2006, 2007,
and 2008.
Methods
Field methods
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We collected invertebrates at three sites along the BWR (from upstream to
downstream: Alamo, Rankin, and Mineral) before and after three flood events in 2006,
2007, and 2008 (Figure 3.2). In 2006, the flood occurred in mid-march and had a
very long drawdown period, over two weeks long. In 2007 and 2008, the floods were
pulse floods in late March and early April respectively. We also collected
invertebrates at the same time in the Santa Maria River (undammed control site), in
2006 and 2007. In 2006, we sampled prior to the flood event and about 20 days after
the flood event because of a long drawdown period. In 2007 we sampled twice after
the flood event: 1-2 days after the event and two weeks after the event. In 2008 we
sampled three times after the flood event: 1-2 days after the event, 16 days after the
event, and 33-34 days after the event.
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Figure 3.2. Discharge in cubic feet per second surrounding three experimental
floods and invertebrate sampling periods on the Bill Williams River, AZ just
below Alamo Dam in 2006 (top panel), 2007 (middle panel), and 2008 (bottom
panel).
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In 2006 we sampled 3 replicate transects at each site on each sampling date. In
2007 and 2008 we sampled 5 replicate transects at each site on each sampling date.
The transects were approximately 50m apart (or in available riffle areas). No
sampling took place in deep pools. For each of the five transects, diversity of habitat
types was accounted for by taking four kick samples (1 ft2 for 30 seconds of effort
each) from all transect microhabitats with one sample from edge vegetation, for a total
sampled area of 5ft2 per transect. In 2006 and 2007 we composited all 4 kick samples
for each transect in the field. In 2008, we kept the 4 kick samples separate in the field,
although for this paper the data were treated the same as for 2006 and 2007: compiled
to the reach level. We also recorded environmental data in the field, including pH,
wetted channel width, depth, conductivity, dissolved oxygen, and visually-estimated
substrate composition.
Laboratory methods
In the laboratory, most samples were sub-sampled to approximately 300
organisms, which were then identified to the lowest reasonable taxonomic level,
usually genus or family. For some samples 100% of the organisms were identified.
When a sample had been divided and only a portion of the sample identified
(subsampling), the counts of invertebrates were multiplied by the inverse of the
portion identified to estimate counts that would have been present in the entire sample.
Annelids were not included in identification or analysis because they sporadically
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appeared in samples in extremely large numbers, and broke apart easily during sample
sorting making it difficult to distinguish individuals.
Measuring taxonomic diversity
We compared taxonomic diversity before and after flood events with an
untransformed, unrelativized matrix of taxa abundances at sample transects. We
considered sample transects at each study site as individual ‘sample units’. Diversity
measures were calculated in PC-ORD Version 6.0 (McCune and Mefford 2011).
Diversity measured we examined included α (alpha diversity, or species richness), βW
(Whitaker’s beta diversity, species turnover or rate of change), γ (gamma diversity, or
landscape-level diversity), E (Pielou’s J evenness measure), H (Shannon-Wiener
diversity measure), and D (Simpson’s diversity index). We conducted further
statistical analyses using TIBCO Spotfire S+ 8.1 (TIBCO 2008).
Multivariate analysis
Before performing multivariate analyses, we deleted species from data sets
when they were present in only one transect, and log(x+1) transformed the data.
Deleting rare species can reduce noise in data sets, thus increasing the detection of
relationships between community composition and other factors (McCune and Grace
2002). Log transforming the data increases the influence of species found in low
abundance and decreases the influence of species found in high abundance by
compressing high values and spreading low values (McCune and Grace 2002).
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We used PC-ORD Version 6.0 for all multivariate analyses (McCune and
Mefford 2011). We used MRPP (multi-response permutation procedures) (Mielke
1984, Mielke and Berry 2001) with Sorensen distance to discern significant statistical
differences between groups of sample units. MRPP is a non-parametric procedure that
can test the hypothesis of no difference between groups of multivariate data; it does
not describe the difference between groups. Sorensen distance is a proportion
coefficient distance measure that represents the similarity among sample units of
multivariate data (McCune and Grace 2002). When more than 2 groups were
compared, multiple pair-wise comparisons were run to test for differences among subsets of the primary grouping variable.
In order to visualize relative similarities of samples taken at different sites
before and after flood events, we ordinated the species by sample unit data using
nonmetric multidimensional scaling (NMS) (Mather 1976 and Kruskal 1964). This
procedure systematically reduces dimensionality in the “species-space” so that
relationships between sample units can be visualized. We ran all NMS analyses with
autopilot (medium speed) mode in PC-ORD using Sorensen distance.
The autopilot mode (thoroughness: medium) for NMS analyses in PC-ORD
uses a random starting configuration, and performs a Monte Carlo test with 15 real and
30 randomized runs. PC-ORD selects the best solution for each potential
dimensionality as that with the lowest final stress. PC-ORD then recommends the
number of dimensions for the final solution, by considering additional dimensions if
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the final stress is reduced by 5 or more on a scale of 0-100 (McCune and Grace 2002).
The autopilot mode then checks whether the final stress has P≤0.05 for the Monte
Carlo test, if it does not then a lower-dimensional solution is chosen. Only axes that
explained at least 20 percent of the variability in the data set were considered
biologically meaningful.
We ran an NMS ordination on the full data set, and examined categorical
overlays of sites, years, and samples taken pre or post-floods. When site or year
turned out to be the factors most discriminating among ordination points, we also
broke down data by site and or year to further examine pre- and post-flood patterns.
When data were broken down both by site and year, we also examined ‘days since the
flood event’ as a grouping variable.
When we found significant differences between pre- and post-flood samples or
between days since a flood event, we examined correlation coefficients of individual
taxa with ordination axes considered biologically meaningful, and ones visually
determined to be associated with pre- versus post-flood samples. When examining
correlation coefficients with the main matrix of taxa data, we consulted Rohlf and
Sokal (1995) to determine critical values. Because critical values are reported in
Rohlf and Sokal only for select v (n-2), the conservative approach was taken and the
critical value for the next smallest v was used. Because ordination scores are not
independent of each other, it is not appropriate to use the P-value as a null hypothesis
of the relationship between ordination scores and other variables (McCune and Grace
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2002). However, we used the critical values (at P=0.05) as guidelines for reporting
which taxa are negatively or positively associated with ordination axes. Those
relationships of the taxa matrix with ordination axes with product-moment correlation
coefficients (r) greater than or equal to the reported critical value were reported.
Results
Environmental characteristics of the three study sites are described in Table
3.1. Along the BWR, Alamo is the most upstream site, just below the outflow of
Alamo Dam. The substrate here is dominated by large cobbles and boulders
frequently covered with silt and attached macrophytes and algae. The river is wide,
yet confined by a canyon and fairly deep here, with the coldest temperature along the
river being a result of the bottom release of flows from Alamo Dam. The conductivity
is higher than that of the Santa Maria, but is the lowest of that along the BWR (Table
3.1).
Table 3.1. Instream characteristics of the three invertebrate sampling sites along
the Bill Williams River and the reference sampling site on the Santa Maria River
surrounding the sampling periods in 2006, 2007, and 2008. Averages are
reported with ± standard error, and sample sizes are reported in parentheses.
Alamo
Average wetted
channel width
(m)
Average depth
(cm)
Primary
substrate
Secondary

Rankin

Mineral

Santa Maria

16.21±0.65
(37)

8.68±0.95 (35)

12.5±1.45 (37)

7.82 ± 2.19 (6)

19.98±1.07
(54)
CobbleBoulder
Silt

27.38±2.57
(28)
Gravel

16.02±1.12
(79)
Sand

<8.875a

Sand

Gravel

Gravel

Sand
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substrate
Average
13.24±0.45 (9) 19.2±1.03 (8)
21.64±1.06 (9) 18.77±0.81 (6)
temperature
(C)
Average pH
8.71±0.31 (9)
8.12±0.21 (7)
8.18±0.17 (9)
8.54±0.06 (6)
Average
683.28 ±20.21 796.29±16.03
820.89±10.30
601.5±11.83
conductivity
(9)
(7)
(9)
(6)
(µS)
Average
14.1±1.08 (6)
7.6±0.29 (4)
9.35±0.97 (7)
11.0±0.45 (2)
dissolved
oxygen (ppm)
% of each
97.98 (21)
89 (15)
97.82 (21)
75.52 (15)
transect
underwater
% of each
90.30 (72)
62.12 (66)
60.56 (71)
100 (15)
transect with
in-channel
vegetation
a
Depths were taken from measurements used to calculate discharge. Many locations
in the Santa Maria were too shallow in order to use a flow-meter, thus the depth was
not recorded. The average depth of the Santa Maria is lower than that reported.

Rankin is the middle site longitudinally, and is characterized by gravel
substrate. The river here flows narrow and deep (Table 3.1). Mineral is the most
downstream site we sampled, characterized by sandy substrate and high conductivity
and temperature. The river again flows wider at this site (Table 3.1).
The Santa Maria River on average is narrow and shallow compared to the
BWR. Like Mineral, it is dominated by sandy substrate, and it has many sandbars and
braided channels (Table 3.1). The Santa Maria, having a natural flow regime, goes
through distinct periods of flooding and drought, and thus has more intermittent
reaches than the BWR (Shafroth 1999, Shafroth et al. 2000, Stromberg et al. 2010).
While the BWR still experiences some intermittency, many reaches have become
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perennial due to low flows released from Alamo Dam (Shafroth et al. 2002, Stromberg
et al. 2010).
Taxonomic abundance and diversity
In 2006, there were no significant changes in overall invertebrate abundance
pre-flood versus 22 days after the flood event at any of the longitudinal sites (Figure
3.3; Welch modified two-sample t-test Alamo P=0.58, df=2; Rankin P=0.73, d.f.=4;
Mineral P=0.76, d.f.=3.87). In 2007 overall invertebrate abundance was significantly
reduced immediately post-flood at Rankin (Welch modified two-sample t-test P=0.05,
d.f.=4.29), but not at Alamo or Mineral (Alamo P=0.58, df=4.29; Mineral P=0.35,
d.f.=7.92). Twelve days after the 2007 flood event, abundance had not significantly
changed at any of the sites (Figure 3.3, Welch modified two-sample t-test immediately
post-flood versus 12 days post-flood Alamo P=0.09, d.f.=5.72; Rankin P=0.51,
d.f.=5.42; Mineral P=0.39, d.f.=6.13). In 2008, invertebrate abundance was reduced
at Alamo and Rankin but not Mineral immediately after the flood event (Welch
modified two-sample t-test Alamo P=0.002, d.f.=4.37; Rankin P=0.01, d.f.=4.06;
Mineral P=0.19, d.f.=6.75) (Figure 3.3). Overall invertebrate abundance in the Santa
Maria River did not change relative to flood events (Figure 3.3, all Welch modified
two-sample t-test p>0.05).
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Figure 3.3. Overall estimated invertebrate abundance per m2 at all sample dates
at three longitudinal sites on the Bill Williams River and at the Santa Maria
River. Error bars are standard error. The filled in triangles pointing down
represent Alamo, the open circles represent Rankin, the filled in circles represent
Mineral, and the open triangles pointing up represent the Santa Maria. The solid
lines indicate breaks between sampling years, and the dotted lines indicate flood
events.
The flood event as a main effect (comparing pre versus all post-flood samples)
did not significantly affect any diversity measures (Table 3.2, Table 3.3). In the
BWR; taxonomic richness (α) (Table 3.2) differed significantly among sites; years; the
interaction between sites and years; the interaction between years and flood effect; and
the interaction between sites, years, and flood effect (Table 3.3, Figure 3.4).

98

Table 3.2 Sample size (n) and measures of taxonomic diversity in the Bill
Williams River and Santa Maria River, AZ. α = average taxonomic richness per
sample unit, βW = Whitaker’s beta, γ = taxonomic richness combining all sample
units, E = Pielou’s J evenness measure, H = Shannon-Wiener diversity measure,
and D = Simpson’s diversity index. Note that the Santa Maria River is a
tributary reference site, and thus did not experience the flood event although
samples were taken in the river before and after the flood events on the Bill
Williams River.
n

α

βW

γ

E

H

D

Full data
set
Relative to
Flood
Pre-flood

123

22.1

3.43

98

0.629

1.912

0.7605

39

22

2.5

77

0.507

1.153

0.4675

Post-flood

84

22.2

3.19

93

0.64

1.953

0.7672

2006

18

15.7

2.44

54

0.550

1.506

0.6429

2007
2008
Site

45
60

22.4
23.9

2.75
2.26

84
78

0.669
0.662

2.057
1.926

0.7974
0.7681

Alamo

41

17.3

2.06

53

0.644

1.81

0.7685

Rankin
Mineral
SMR
Full data
set
Relative to
Flood
Pre-flood
Post-flood
Year
2006
2007

41
41

25.4
23.6

2.19
2.47

81
82

0.616
0.626

1.969
1.959

0.7535
0.7593

17

23.4

1.95

69

0.673

2.11

0.7962

6
11

21.5
24.4

1.23
1.62

48
64

0.653
0.685

2.009
2.165

0.7522
0.8203

6
11

19
25.7

1.32
1.22

44
57

0.589
0.719

1.733
2.316

0.7073
0.8477

BWR

Year
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Table 3.3. Results from three way factorial ANOVAs examining differences in
taxonomic diversity on the Bill Williams River. α = average taxonomic richness
per sample unit, E = Pielou’s J evenness measure, H = Shannon-Wiener diversity
measure, and D = Simpson’s diversity index.
α
F(2, 105) =24.17,
P=0
Year
F(2, 105) =15.08,
P<0.0001
Flood
n.s.
Site X Year F(4,205)=2.70,
P=0.035
Site X Flood ns
Site

Year X
Flood
Site X Year
X Flood

F(2, 105) = 10.20,
P<0.0001
F(4, 105)=2.68,
P=0.04

E
n.s.
F(2, 105)=12.27,
P<0.0001
n.s.
F(4, 105)=4.33,
P=0.0003
F(2, 105)=3.16,
P=0.046
ns
ns

H
F(2, 105)=3.37,
P=0.04
F(2, 105) =20.28,
P=0
n.s.
F(4, 105)=3.56,
P=0.009
ns

D
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Figure 3.4. Average alpha diversity (α) before and after flood events at all BWR
sites and years. 2006 is indicated by triangles, 2007 by open circles, and 2008 by
filled circles.
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Taxonomic evenness (E) (Table 3.2) differed significantly between years, the
interaction between sites and years, and the interaction between site and flood effect
(Table 3.3, Figure 3.5); average evenness across all sites and years was higher after
flood events (Table 3.2). In 2006, taxonomic evenness had variable responses to the
flood event among sites. In 2007, taxonomic evenness had moderate responses to the
flood event at all sites. In 2008, taxonomic evenness increased post-flood at all sites.

102

Figure 3.5. Average Pielou’s J evenness measure (E) before and after flood
events at all BWR sites and years. 2006 is represented by triangles, 2007 by open
circles, and 2008 by filled circles.
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Shannon-Wiener Diversity Index (H) (Table 3.2) differed significantly
between sites, years, and the interaction between sites and years (Table 3.3).
Simpson’s Diversity Index (D) (Table 3.2) differed significantly between years and
the interaction between sites and years (Table 3.3). Neither Shannon-Wiener
Diversity Index nor Simpson’s Diversity Index significantly differed by main flood
effect or any interactions involving flood effects (Table 3.3).
Both gamma diversity (γ) and Whitaker’s beta diversity (βW) were higher after
floods than before floods (Table 3.2), and increased downstream from Alamo to
Mineral (Table 3.2).
Multivariate analysis- Alamo
At Alamo (the most upstream site), MRPP indicated significant differences
between samples grouped by year (Year(Full) A=0.18, P=0; Year(06 vs 07) A=0.23,
P<0.0001; Year (06 vs 08) A=0.25, P<0.0001; Year(07 vs 08) A=0.31, P=0) and
whether they were collected before or after the flood event (Flood A=0.02, P=0.005).
The very low A indicates that although the separation between pre- and post-flood
samples was statistically significant, it may not be ecologically significant. Thus,
separate analyses were also run for 2007 and 2008 (2006 data did not have enough
data points to result in a stable solution).
MRPP did not indicate a significant difference between pre- and post-flood
samples for 2007 data (Flood A=0.06, P=0.08), but did indicate a difference between
groups taken before the flood and different days after the flood (Days(Full) A=0.14,
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P=0.016). Samples taken immediately after the flood did not significantly differ in
community structure from those taken before the flood, while samples taken 12 days
after the flood significantly differed from those taken both before and 1 day after the
flood (Days(0 vs 1) A=0.02, P=0.35; Days(0 vs 12) A=0.17, P=0.02; Days(1 vs 12)
A=0.11, P=0.04).
An NMS run on Alamo data from 2007 resulted in a recommended 2D solution
with a final stress of 16.69. Axis 1 represented 45.2 percent of the variability and axis
2 represented 19.2 percent of the variability; together they represented 64.4 percent of
the variability in the data set. A categorical overlay by days indicated that pre-flood
samples and samples taken immediately post-flood versus samples taken 12 day after
the flood event were differentiated along axis 1 (Figure 3.6).
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Figure 3.6. NMS ordination of Alamo data for 2007, with a categorical overlay
by days (filled circles = pre-flood, open circles = 1 day post-flood, filled triangles
pointing down = 12 days post-flood). MRPP indicated that community structure
significantly differed between samples taken before or 1 day after the flood event
and 12 days after the flood event.
A critical value of 0.514 was determined as the cut-off point for reporting
correlation coefficients. A number of taxa were negatively correlated with axis 1,
including dipterans in the families Chironomidae and Simuliidae, the ephemeropterans
Baetis and Fallceon in the family Baetidae, Homoleptohyphes (Ephemeroptera:
Leptohyphidae), gastropods, and acari. Positively associated with axis 1 were
Hirudinea, nematodes, and the odonate Argia (Coenagrionidae).
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MRPP run on Alamo data from 2008 indicated significant differences between
samples taken before and after the flood event (Flood A=0.17, P<0.001) and between
samples taken before and different days after the flood event (Days(Full) A=0.29,
P<0.0001; Days(0 vs 1) A=0.31, P=0.003; Days(0 vs 16) A=0.21, P=0.003; Days (0
vs 33) A=0.27, P=0.005; Days(1 vs 16) A=0.12, P=0.02; Days(1 vs 33) A=0.23,
P=0.01; Days(16 vs 33) A=0.02, P=0.29). The only samples grouped by days that
were not shown to significantly differ in community structure were those taken 16 vs.
33 days after the flood event.
An NMS resulted in a recommended 3D solution with a final stress of 9.81.
Axis 1 represented 67.2 percent of the variability, higher dimensions added very little
representation of variability; together they represented 67.7 percent of the variability
in the data set. A categorical overlay by day demonstrated distinct clumping of sample
units by day (Figure 3.7).
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Figure 3.7. NMS ordination of Alamo data for 2008, with a categorical overlay
by days (filled in circles = pre-flood, open circles = 1 day post-flood, filled in
triangles pointing down = 16 days post-flood, open triangles pointing up = 33
days post-flood). MRPP indicated that community structure significantly
differed among pre-flood samples and groups of samples taken successively after
the flood event, except no community difference was indicated between samples
taken 16 and 33 days post-flood.
A critical value of 0.444 was determined as the cut-off point for reporting
correlation coefficients. Many taxa were positively correlated with axis 1 including
Agabus (Coleoptera: Dytiscidae) larvae, ephemeropterans, Microvelia (Hemiptera:
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Veliidae), trichopterans in the family Hydroptilidae, amphipods, nematodes and
watermites.
Multivariate analysis- Rankin
MRPP indicated significant differences both among samples taken before and
after flood events (Flood A=0.04, P=0.012) and among years at Rankin (Year(Full)
A=0.29, P=0; Year(06 vs 07) A=0.30, P<0.0001; Year(06 vs 08) A=0.24, P<0.0001;
Year(07 vs 08) A=0.17, P<0.0001), while the difference among pre- and post-flood
samples may be ecologically insignificant. Thus, separate analyses were run by year.
MRPP of the 2007 Rankin data set indicated significant differences between
pre- and post-flood samples (Flood A=0.09, P<0.001), and between groups of samples
taken at different days since the flood event (Days(Full) A=0.1, P=0.01; Days(0 vs 2)
A=0.10, P=0.048; Days(0 vs 13) A=0.18, P=0.013; Days(2 vs 13) A=0.11, P=0.032).
NMS resulted in a recommended 3D solution with a final stress of 14.49. Axis
1 represented 26.6 percent of the variability, axis 2 represented 40.5 percent of the
variability, and axis 3 represented 13.1 percent of the variability; together they
represented 80.3 percent of the variability in the data set. A categorical overlay by
pre- versus post-flood samples indicated differentiation along axis 1 (Figure 3.8). A
categorical overlay by days since the flood event did not reveal an evident visual
pattern.
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Figure 3.8. NMS ordinations of log transformed Rankin data from 2007 (left
panel) and 2008 (right panel). The left panel shows a categorical overlay by
samples taken before and after the flood event (filled in circles= pre-flood, open
circles = post-flood), and the right panel shows a categorical overlay by samples
taken before the flood event and different days after the flood event (filled in
circles = pre-flood, open circles = 2 days after the flood event, filled in triangles
pointing down = 16 days after the flood event, open triangles pointing up = 34
days after the flood event). MRPP indicated significant differences in community
structure among all groups.
A critical value of 0.482 was determined as the cut-off point for reporting
correlations for this data set. Positively correlated with axis 1 included Hydrophilid
larvae (Coleoptera); chironomids (Diptera); the ephemeropterans Baetis, Fallceon, and
Trichorythodes; the hemipteran Microvelia; large trichopterans; gastropods; ostracods;
and pelecypods. Negatively correlated with axis 1 included simuliids, the
ephemeropteran Acentrella (Baetidae), and small trichopterans in the family
Hydroptilidae.
MRPP of the 2008 Rankin data set indicated a significant difference between
pre- and post-flood communities (Flood A=0.14, P<0.001) and between days of
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sampling since a flood event (Days(Full) A=0.31, P<0.0001; Days(0 vs 2) A=0.31,
P=0.002; Days(0 vs 16) A=0.32, P=0.002; Days(0 vs 34) A=0.14, P=0.003; Days (2
vs 16) A=0.15, P=0.01; Days(2 vs 34) A=0.20, P=0.002; Days(16 vs 34) A=0.15,
P=0.02).
An NMS resulted in a 3D solution with a final stress of 7.12. Axis 1
represented 36.5 percent of the variability, axis 2 represented 46.7 percent of the
variability, and axis 3 represented 1 percent of the variability; together they
represented 84.2 percent of the variability of the data set. A categorical overlay by
days showed clumping of sample units by days (Figure 3.8).
A critical value of 0.423 was determined as the cut-off point for reporting
correlations with the main matrix. Many taxa were negatively associated with axis 1.
These included coleopteran larvae in the family Hydrophilidae; Dipteran larvae in the
families Ceratopogonidae, Chironomidae, and Empididae; Dipteran pupae in the
families Simuliidae and Tipulidae; Trichorythodes (Ephemeroptera: Leptohyphidae);
lepidopterans; all odonates; six out of seven trichopterans; amphipods; nematodes;
gastropods; pelecypods; ostracods; and acari. Positively associated with axis 2 were
dipterans in the families Empididae and Stratiomyidae; Fallceon (Ephemeroptera:
Baetidae); Hydoptila and Ochotricha (Trichoptera: Hydroptilidae); and acari.
Negatively associated with axis 2 were collembolans; dipterans in the family
Tipulidae; Baetis (Ephemeroptera: Baetidae); and arachnids.
Multivariate analysis- Mineral
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MRPP run on Mineral data resulted in very strong grouping by year
(Year(Full) A=0.38, P=0.00; Year(06 vs 07) A=0.18, P<0.0001; Year(06 vs 08)
A=0.24, P<0.0001; Year(07 vs 08) A=0.33, P=0), and less strong grouping by flood
(Flood A=0.04, P=0.02). While MRPP indicated a significant difference between preflood versus post-flood samples, this difference may have been ecologically
insignificant, and a particular trend was not evident from a categorical overlay on the
NMS ordination. Because of this, we chose to break down the Mineral data by year
before examining correlations of pre or post-flood samples with particular taxa.
For the 2007 Mineral data set, MRPP indicated a significant difference
between pre- and post-flood samples (A= 0.14, P=0.004), and among pre-flood
samples and days since the flood event (Days(Full) A=0.31, P<0.0001; Days(0 vs 2)
A=0.32, P=0.002; Days(0 vs 13) A=0.14, P=0.022; Days(2 vs 13) A=0.24, P=0.005).
An NMS resulted in a recommended 3D solution with a final stress of 11.82.
Axis 1 represented 41.1 percent of the variability, axis 2 represented 15.6 percent of
the variability, and axis 3 represented 16.3 percent of the variability; together they
represented 73 percent of the variability in the data set. A categorical overlay showed
that pre-flood samples tended to be located towards the negative end of all axes and
post-flood samples tended to be located near the positive end of all axes, with distinct
clumping by days (Figure 3.9).
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Figure 3.9. NMS ordination of 2007 (left panel) and 2008 (right panel) Mineral
data. The left panel has a categorical overlay of days since the 2007 flood event
(filled in circles = before flood, open circles = 2 days after flood, filled in triangles
pointing down = 13 days after the flood), and the right panel has a categorical
overlay of days since the 2008 flood event (filled circles = before flood, open
circles = 3 days after flood, closed triangles pointing down = 16 days after the
flood, open triangles pointing up = 33 days after the flood event). MRPP
indicated significant differences in community structure among all 2007 samples
grouped by sampling date; but only between pre-flood and 33 day samples, 3 day
and 33 day samples, and 16 and 33 days samples for the 2008 data set.
For the 2007 Mineral data set, a critical value of 0.514 was determined as the
cut-off point for reporting correlation coefficients. Some coleopteran larvae
(Hydrophilidae and Dytiscidae: Hydroporinae) were positively correlated with axis 1,
as were many dipteran larvae and pupae, nematodes, and acari. The ephemeropterans
Fallceon (Baetidae) and Trichorythodes (Leptohyphidae) were negatively correlated
with axis 1.
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For the 2008 Mineral data set, MRPP did not indicated a significant difference
between pre- and post-flood samples (A= 0.019, P = 0.23). However, MRPP did
indicate a significant difference between pre-flood samples and samples taken
different days after the flood event (Days(Full) A=0.09, P=0.04). However, pairwise
comparisons indicated that the only groupings significantly different from each other
were those taken pre-flood vs. 33 days after the flood event, 3 days vs. 33 days after
the flood event, and 16 vs. 33 days after the flood event (Days(0 vs 3) A=0.05,
P=0.76; Days(0 vs 16) A=0.04, P=0.24; Days(0 vs 33) A=0.18, P=0.01; Days(3 vs
16) A=-0.05, P=0.77; Days(3 vs 33) A=0.14, P=0.01; Days(16 vs 33) A=0.10,
P=0.045).
An NMS resulted in a suggested 3D solution, with a final stress of 11.75.
Axis 1 represented 56.1 of the variability; higher dimensions represented very little
variability in the dataset. Together they represented 66.3 percent of the variability. A
categorical overlay showed distinct clumping of samples taken 33 days post-flood,
with greater variability among location of sample units taken on other days (Figure
3.9).
A critical value of 0.444 was determined as the cutoff point for reporting
correlations. Many taxa were positively correlated with axis 1 including coleopteran
larvae in the families Hydrophilidae and Haliplidae; dipterans in the families
Ceratopogonidae, Chironomidae, Stratiomyidae, and Tipulidae; Fallceon
(Ephemeroptera: Baetidae); the odonates Erpetogomphus (Gomphidae),
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Ophiogomphus (Gomphidae), and Hetaerina (Coenagrionidae); amphipods;
gastropods; pelecypods; and acari. The trichopterans Helicopsyche (Helicopsychidae),
Hydroptila (Hydroptilidae), and Leptoceridae were also positively correlated with axis
1.
Multivariate analysis- full BWR data set
MRPP did not indicate a significant difference for samples taken before versus
after flood events (A= 0.005, P=0.055). MRPP did indicate significant differences
between samples grouped by site (Site A=0.18, P=0.0); and among all years
(Year(Full) A=0.06, P=0; Year(06 vs 07) A=0.11, P<0.0001; Year(06 vs 08) A=0.12,
P<0.0001; Year(07 vs 08) A=0.07, P<0.0001).
An NMS run on data from the BWR resulted in a recommended 3D solution
with a final stress of 13.95. Axis 1 represented 49.7 percent of the variability, axis 2
represented 20.3 percent, and axis 3 represented 14.8 percent; together they
represented 84.8 percent of the variability in the data set. Categorical overlays by site
and year demonstrated distinct clumping by their respective categories (Figure 3.10),
and no pattern was evident among pre- verses post-flood sample units (Figure 3.10).
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Figure 3.10. NMS ordination of all log transformed multivariate taxa abundance
data with taxa found in only one sample unit deleted, for the BWR before and
after flood events at three sites. The upper panel shows sample units in taxa
space represented by site (filled circles = Alamo, open circles = Rankin, filled
triangles pointing down = Mineral), the middle panel shows sample units in taxa
space represented by year (filled circles = 2006, open circles = 2007, filled
triangles pointing down = 2008), and the lower panel shows sample units in taxa
space represented by whether they were taken before or after a flood event (filled
circles = before event, open circles = after event). MRPP found significant
differences between samples grouped by site and year, but not pre- vs post-flood.
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Overlays by site and taxon-correlations with ordination axes suggest specific
taxa that may be associated with particular sites. At the most upstream site (Alamo),
communities may be highly structured by presence of many non-insects (acari,
amphipods, gastropods, nematodes, and ostracods), by the ephemeropterans Acentrella
and Baetis in the family Baetidae, Leptohyphidae (Ephemeroptera), coleopterans in
the family Dytiscidae, small caddisflies in the family Hydroptilidae, and dipterans in
the families Chironomidae and Simuliidae. Downstream communities at Rankin and
Mineral may be structured by presence of a diversity of coleopterans and hemipterans,
Fallceon (Ephemeroptera: Baetidae), a diversity of large caddisflies, lepidopterans,
and pelecypods.
Multivariate analysis- Santa Maria control site
An NMS of Santa Maria data resulted in a recommended 2D solution with a
final stress of 9.69 (Figure 3.11). MRPP indicated strong separation by year
(A=0.389, P<0.0001), but not by sampling dates pre or post the flood event on the Bill
Williams River (A=0.01, P=0.28).
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Figure 3.11. NMS ordination of Santa Maria data, with a categorical overlay by
year (filled in circles = 2006, open circles = 2007). MRPP indicated a significant
difference in community structure.
Because there was such strong grouping by years, the NMS was re-run on data
for 2007 only (Figure 3.12). MRPP indicated separation by sampling date (Days(Full)
A=0.25, P=0.01; Days(0 vs 1) A=0.04, P=0.28; Days(0 vs 12) A=0.29, P=0.03;
Days(1 vs 12) A=0.23, P=0.02), but not by pre or post the flood event on the Bill
Williams River (A=0.08, P=0.11). Among the samples taken before the flood event on
the BWR and different days after, those taken prior to the flood event versus 1 day
after did not significantly differ in community structure.
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Figure 3.12. NMS ordination of 2007 Santa Maria (control site), with a
categorical overlay by days since the flood event on the Bill Williams River (filled
circles = before flood event, open circles = 1 day after flood, filled triangles
pointing down = 12 days after flood). MRPP indicated significant difference in
community structure samples taken immediately pre or post the flood event
versus those taken 12 days after the flood event.
Discussion
Aquatic invertebrate communities in the Bill Williams River are highly
structured inter-annually and by longitudinal site location. While flood effects on
invertebrate community structure were evident at particular sites and years, we did not
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find flood effects when examining the data set as a whole. This was evident both
through examination of univariate diversity measures and multivariate analysis. While
we expected that a disturbance event affecting the entire ecosystem would
demonstrably affect the entire riverine invertebrate community in a similar fashion,
this pattern was not evident. Boulton et al. (1992) also found that communities of
aquatic invertebrates in arid-land streams were highly structured seasonally and interannually, and that while spates reduced overall abundance, they had less discernable
and more variable effects on community composition. Conversely, Suren and Jowett
(2006) found flow-related variables to be more important than seasonal changes in
density in determining invertebrate community structure.
Floods on the Bill Williams River generally reduced overall invertebrate
abundance immediately after flood events, but invertebrate abundance quickly
rebounded. In a few cases however, abundance actually stayed level or increased.
Boulton et al. (1992) found variable effects of floods similar in magnitude on
invertebrate abundance. This increase in abundance could be achieved via a variety of
mechanisms. Littoral or hyporheic organisms may be washed into the main channel.
Abundance could increase due to productivity, although invertebrates with longer lifecycles may need a longer time period for reproduction. Of those taxa that are able to
reproduce quickly, they may colonize empty space created via disturbance and quickly
reproduce in numbers. Increase in abundance post-flood may also be due to natural
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seasonal changes. At the control site which did not experience a disturbance event,
overall abundance stayed fairly level all years the site was sampled.
Some increases in abundance may also be due to “hidden survival” of
individuals that were simply washed into side-channels or protected in refuges or
substrates immediately after flood events, and later recovered to the main channel.
These types of behaviors have been observed for Progomphus borealis (Odonata:
Gomphidae) in the Bill Williams River (Lytle et al. 2008), and for other taxa (ex.,
Abedus herberti (Hemiptera: Belostomatidae)) elsewhere (Lytle 1999, Lytle and
White 2007).
The interaction of flood effects by site and year was important in regulating
alpha diversity (α) of communities. Alpha diversity generally decreased post-flood in
2006, and increased in 2007 and 2008, although it tended to have a higher rate of
increase in 2007. Part of this pattern could be due to differences in flood
characteristics and timing of post-flood sampling among years. When examining
diversity measures pre- vs. post-flood events, all samples units before and after floods
at all sites in all years were used for calculations. Across years, changes in alpha
diversity pre to post-flood were most consistent at Rankin (always increasing), and
least consistent at Mineral. Alpha diversity may have increased post-flood at
particular sites due to drift of invertebrates, invertebrates being washed in from side
channels or littoral zones, or due to seasonal fluctuations in species composition.
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While on average, alpha diversity (or average taxonomic diversity per sample
unit) among all sites and all years increased by only 0.20 organisms in post-flood
versus pre-flood samples, gamma diversity (or landscape level diversity) increased by
16 organisms total when considering all pre-flood and post-flood samples. If the same
organisms had been added to the community-pool post-flood at all sites across all
years, we would expect that the increase in α post-flood would be equal to the increase
in γ. Because the increase in γ was 80 times that of the average increase in α, the
species that were added to communities in post-flood samples must have varied
greatly among sites or years, although part of the low value of α in this case is due to
the fact that the taxon-pool in some sample units decreased post-flood. Boulton et al.
(1992) found that seasonal invertebrate community composition changes in arid-land
streams were more attributable to species representation than to changes in relative
abundance of species.
Whittaker’s beta diversity (β) is a standard diversity measure examining
𝛾

species turn-over among sample units, and is measured as 𝛽 = − 1. When γ equals
𝛼

α, the rate of turnover of species is zero. Overall, β increased post-flood across all sites
and years. Without other information, we could suppose this increase in β to be due to
either a decrease in α or an increase in γ. Because we know the values of γ and α, we
know that the post-flood increase in β is due to increased γ, or increased landscapelevel diversity. As discussed above concerning α, increased γ post-flood could be due
to a variety of mechanisms including seasonal changes in species composition, mixing
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of organisms from littoral zones or side channels into the main channel, or
disturbance-induced opening of niche-space for colonization of new organisms.
Sample units in an ordination of the full data set grouped much more strongly
by site and year than by whether they were taken pre- or post-flood events. While
there was no indication for a flood effect on community structure for the full data set,
when the data set was broken down by site there was a significant difference found
before versus after flood events for all sites including all years of data. For 2 out of 3
sites, even though a statistically significant difference in communities pre- versus
post-floods was found, there was not a distinct pattern evident in an overlay by preand post-flood samples on an ordination. Interestingly, when data were broken down
by year and by site, a significant effect of floods on community structure was found in
only 2/3 of the cases. However, in all cases a significant effect was found among
groups of pre-flood samples and groups of samples taken different days post-flood.
Brown (2007) found that temporal variability of aquatic invertebrate community
structure was highest during disturbance (flood and drought) conditions. This
supports our finding that community structure is generally distinguished more clearly
post-flood by day since flood than by just the grouping “post-flood” itself.
For the full data set at the Santa Maria control site, no significant difference
between communities before versus after the flood events on the Bill Williams River
was found. Through time, sample units moved further from each other in “speciesspace”, indicating a temporal trajectory of change in community composition. When
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data was examined only for 2007, there still was no evidence for a difference in
community structure before versus after the flood. However, there was a statistically
significant difference between community structure prior to the flood event on the Bill
Williams River and 1 day after the flood versus 12 days after the flood. This suggests
that within two weeks, seasonal shifts in community structure may have been
occurring at the Santa Maria, which is important to take into account when
considering community structure at sites along the Bill Williams River.
At Alamo, over time sample units were arranged in a triangular fashion in
“species-space”, with samples taken immediately post-flood and samples taken later
in time approximately equidistant from the pre-flood samples along one axis, but
following different directions on the second axis. It is unclear whether further
sampling of communities in time would have led to convergence on pre-flood
communities or not, although it is likely seasonal changes in community composition
would have become increasingly influential. From examination of categorical
overlays and correlations of taxa with ordination axes at Alamo, gastropods and
ostracods were most associated with axes where pre-flood samples fell; with
ephemeropterans, acari, and Microvelia (Hemiptera: Veliidae) also associated.
At Rankin, there does appear to be some evidence that over time post-flood,
samples began to converge on pre-flood community structure. Sample units
immediately post-flood were furthest from pre-flood sample units in “species-space”,
and over time began to move back towards the pre-flood samples. Coleopterans in the
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family Hydrophilidae, chironomids (Diptera), Trichorythodes (Ephemeroptera:
Leptohypidae), large trichopterans, gastropods, pelecypods, and ostracods were
correlated with ordination axes where pre-flood samples fell in both years. At Mineral
in 2007, samples taken immediately after the flood event were furthest from pre-flood
samples, with samples taken further in time moving back towards the pre-flood
community state in “species-space”. In 2008, it was difficult to discern a particular
trajectory of sample unit movement over time post-flood. Fallceon (Ephemeroptera:
Baetidae) was correlated with axes where pre-flood samples fell for both years. In
2008, many additional taxa were correlated with axes where pre-flood samples fell.
We found evidence for convergence of community structure back to a preflood state at some sites in some years, similar to results of Boulton et al. (1992).
Gastropods, ostracods, acari, amphipods, pelecypods, combinations of
ephemeropterans (including Fallceon and Baetis (Baetidae), and Trichorythodes
(Leptohyphidae)), Hydrophilidae (Coleoptera), and Chironomidae (Diptera) were
correlated with axes where pre-flood samples fell in the majority of cases. Microvelia
(Hemiptera: Veliidae), Tipulidae pupae (Diptera), and large trichopterans were
correlated with axes where pre-flood samples fell at two of the three sites. We expect
that the previously listed taxa may generally exhibit low resistance to flood
disturbance, especially gastropods and ostracods.
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CHAPTER 4: VEGETATED RIVERINE PATCHES AS REFUGES AND HOTSPOTS FOR
INVERTEBRATES

Abstract
Instream vegetation patches have been shown to act as ‘hot spots’ for
invertebrate biodiversity and abundance. Precisely how instream vegetation interacts
with disturbance to regulate invertebrate diversity and community structure, however,
is little known. We had the opportunity to sample invertebrate communities at the
patch-scale in vegetated and unvegetated patches before and after a prescribed flood
event in an arid-land river. We found that vegetated patches not only increased
abundance, richness, and evenness of invertebrate communities in the absence of
flooding, but also acted as refuges during flood events. The composition (algae vs
macrophytes) and location (mid-channel vs edge) of vegetation patches also had
significant effects on invertebrate diversity and community structure. Specific taxa
were associated with vegetated patches (19 indicator taxa) and pre-flood patches (15
indicator taxa). Instream vegetation is important in structuring riverine invertebrate
communities, including during disturbance events, and may have cascading effects for
higher trophic levels.
Introduction
Instream vegetation has been shown to affect stream velocity and sediment
distribution at the patch scale, and can even have distinct effects among different
morphotypes of the same macrophyte (Cotton et al. 2006). While relatively few
studies have examined the role of macrophytes in structuring benthic invertebrate
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communities, macrophyte beds have been deemed ‘hot spots’ for invertebrate
biodiversity and especially invertebrate abundance in streams (Shupryt and Stelzer
2009). Because instream vegetation patches may play a dominant role in invertebrate
abundance and diversity, and because they have the ability to alter flow dynamics, it is
important to understand how flow-disturbance events affect both the vegetation
patches and their associated invertebrates.
Some studies have observed that stream invertebrates are found in higher
abundance and have greater richness in macrophyte and macroalgae patches than in
other non-vegetated patches (see review- Carpenter and Lodge 1986, Dudley et al.
1986, Downes et al. 2000). This increase in abundance may be due to additional food
resources, protection from predators, or more ideal and diversified habitat (Carpenter
and Lodge 1986, Newman 1991, Collier et al. 1999). It has also been shown that the
influence of macrophyte biomass and flow on abundances and assemblages of
invertebrate species differs by macrophyte species (Humphries 1996).
Giorgi et al. (2005) found current velocity to be the most important factor
influencing macrophyte biomass in a South American grassland stream. Flow
disturbances may indirectly affect invertebrates associated with macrophytes or
macroalgae in streams due to long-term changes in vegetation biomass and diversity,
and more directly due to immediate vegetation scour (Dudley et al. 1986). However,
little is known about the interaction of instream vegetation and flow disturbances on
lotic invertebrate communities.
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We investigated effects of a prescribed flow disturbance in an arid-land river
on invertebrate diversity and community structure in vegetated versus unvegetated
patches. We expected invertebrate richness and abundance to be higher in vegetated
patches. While we expected that the percent of vegetated streambed would decrease
post-disturbance due to scour, we believed that density of invertebrates would be less
reduced in vegetated patches as compared to bare substrate. We also hypothesized that
macrophytes may provide greater refuge than macroalgae during flood disturbance
due to their higher structural complexity and more profound root system.
Methods
Field methods
Our study was conducted on the Bill Williams River (BWR) in Arizona, an
arid-land river that is a tributary of the lower Colorado River. The BWR is regulated
by Alamo Dam which was constructed in 1968. As part of flow-management of the
BWR, experimental floods are released to test eco-flow hypotheses and promote
ecosystem health. We collected macroinvertebrates at three sites along the Bill
Williams BWR (from upstream to downstream: Alamo, Rankin, and Mineral) before
and after a prescribed flood event (≈ 27 times baseflow) in March 2008 (Figure 4.1).
Pre-flood samples were taken one to two days prior to the flood event, and post-flood
samples were taken one to two days after the flood event. At each site, we sampled 5
replicate transects perpendicular to the stream channel. Within each transect, we took
4 timed and spatially standardized samples (each location a sample was taken is
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termed a ‘patch’) with a d-net, focusing on sampling a diversity of habitat types within
each transect. We presevered invertebrates in 70% ethanol in the field. We always
sampled one of the four patches within each transect at the edge of the stream channel.
We also recorded wetted channel width, visually-estimated substrate composition, and
instream vegetation type.
We divided instream vegetation into two broad categories: algae versus
macrophytes. A patch was classified as having algae if algal growth was visually
evident as being raised above the immediate substrate surface. Classification was not
taken to a lower level. There are a diversity of macrophytes present in the BWR,
including Typha sp. (cattail) and Nasturtium officinale (watercress) among many
others.

Figure 4.1. Map of the Bill Williams River and tributaries with invertebrate
sampling sites circled. Modified and reproduced with permission from Shafroth
et al. 2010.
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Laboratory methods
In the laboratory, macroinvertebrate samples were sub-sampled to
approximately 300 organisms, which were then identified to the lowest reasonable
taxonomic level, usually genus or family. Annelids, terrestrial taxa, and invertebrates
not visible without the aid of a microscope were not included. For some samples
100% of the organisms were identified. When a sample had been divided and only a
portion of it identified (subsampling), the counts of invertebrates were multiplied by
the inverse of the portion identified to estimate counts that would have been present in
the entire sample.
Measuring taxonomic diversity
We compared taxonomic diversity before and after flood events using factorial
ANOVAs including the categories site, flood, edge, and vegetation; including all main
effects, two-way and three-way interactions.

Diversity measures were calculated in

PC-ORD Version 6.0 (McCune and Mefford 2011). Diversity measured we examined
included α (alpha diversity, or species richness), βW (Whitaker’s beta diversity, or
species turnover), γ (gamma diversity, or landscape-level diversity), E (Pielou’s J
evenness measure), H (Shannon-Wiener diversity measure), and D (Simpson’s
diversity index). We conducted further statistical analyses using TIBCO Spotfire S+
8.1 (TIBCO 2008).
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Multivariate analysis
We used multivariate analyses to test for differences in community structure
among categories of patches, to visualize differences in community structure among
patches, and to determine taxa important in structuring categories of patches. Before
performing multivariate analyses, we deleted species from data sets when they were
present in only one transect, and log(x+1) transformed the data. Deleting rare species
can reduce noise in data sets, thus increasing the detection of relationships between
community composition and other factors (McCune and Grace 2002). Log
transforming the data increases the influence of species found in low abundance and
decreases the influence of species found in high abundance by compressing high
values and spreading low values (McCune and Grace 2002).
We used PC-ORD Version 6.0 for all multivariate analyses (McCune and
Mefford 2011). We used MRPP (multi-response permutation procedures) (Mielke
1984, Mielke and Berry 2001) with Sorensen distance to discern significant statistical
differences between groups of sample units. MRPP is a non-parametric procedure that
can test the hypothesis of no difference between groups of multivariate data; it does
not describe the difference between groups. Sorensen distance is a proportion
coefficient distance measure that represents the similarity among sample units of
multivariate data (McCune and Grace 2002). When more than 2 groups were
compared, multiple pair-wise comparisons were run to test for differences among sub-
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sets of the primary grouping variable, however multiple comparisons were not
adjusted.
We performed nonmetric multidimensional scaling (NMS) in order to visualize
relative similarities of samples taken at different sites with and without vegetation
before and after flood events (Mather 1976 and Kruskal 1964). This procedure
systematically reduces dimensionality in the “species-space” so that relationships
between sample units can be visualized. We ran all NMS analyses with autopilot
(medium speed) mode in PC-ORD using Sorensen distance which uses a random
starting configuration and performs a Monte Carlo test with 15 real and 30 randomized
runs. PC-ORD selects the best dimensionality and solution with lowest stress. Only
axes that explained at least 20 percent of the variability in the data set were considered
biologically meaningful.
We analyzed the full data set, and examined categorical overlays of sites,
samples taken pre or post-floods, samples taken in locations with instream vegetation
present or absent, and samples taken at the edge of a stream channel versus midchannel. When needed, we also performed analyses for each site to further examine
the influence of other environmental and study design factors.
We examined correlation coefficients with the main matrix of taxa data. We
consulted Rohlf and Sokal (1995) to determine critical values. Because critical values
are reported in Rohlf and Sokal only for select v (n-2), the conservative approach was
taken and the critical value for the next smallest v was used. Because ordination
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scores are not independent of each other, it is not appropriate to use the P-value as a
null hypothesis of the relationship between ordination scores and other variables
(McCune and Grace 2002). However, we used the critical values (at P=0.05) as
guidelines for reporting which taxa were negatively or positively associated with
ordination axes. Those relationships of the taxa matrix with ordination axes with
product-moment correlation coefficients (r) greater than or equal to the reported
critical value were reported.
Indicator species analysis was used to determine taxa that are indicative of
vegetated versus unvegetated samples and pre-flood versus post-flood samples
(Dufrêne and Legendre 1997). Hierarchical indicator species analysis was performed
when it was deemed beneficial to further describe taxon associations. Indicator
species analysis combines information of abundance of taxa in groups with the
faithfulness of occurrence of taxa in groups (McCune and Grace 2002). A Monte
Carlo technique is used to test for significance of indicator values.
Results
Site descriptions
Substrate size and channel width decreased from upstream to downstream
(Table 4.1), as did the percent of sample units with vegetation. Of vegetated samples,
macroalgae were more common than macrophytes across the channel at all sites.
After floods, the average substrate size increased, the percent of samples with
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vegetation decreased, and macrophytes increased in vegetation dominance as
compared to algae (Table 4.1).
Table 4.1. Substrate and vegetation characteristics at each of the three
longitudinal study sites, and overall characteristics before versus after the flood
event at all study sites combined.

Site
Alamo
Rankin
Mineral
Flood
Pre
Post

Average
substrate
size (mm)/
sample
unit

SE of
substrate
size (mm)/
sample
unit

Percent
patches
with
vegetation

Percent of
vegetated
patches
with algae

Percent of
vegetated
patches
with
macros

Average
width (m)

8.91
1.57
.36

0.64
1.04
.05

90
47.5
35

88.89
73.68
85.71

33.33
57.89
50

13.67
6.43
5.35

2.69
4.54

0.47
0.95

65
50

92.31
73.33

35.9
53.55

7.53
9.44

Abundance and diversity measures
Patches with vegetation supported a higher abundance of invertebrates as
compared to unvegetated patches (Figure 4.2), (Welch modified two sample t-test
P=0, d.f.=112). Also, invertebrates were reduced to a greater degree post-flood in
unvegetated (78% reduced) as compared to vegetated patches (73% reduced)
(ANOVA flood F=35.54, P<0.0001; vegetated F=18.67, P<0.0001; flood X vegetated
F=6.05, P=0.015; Figure 4.2, Figure 4.3).
For vegetated patches, while the main effect of vegetation type (algae,
macrophyte, or both) was only moderately significant in structuring invertebrate
abundance (ANOVA F(2,63)=2.74, P=0.07), the interaction between flood effect and

138

vegetation type was more significant (ANOVA F(2,63)=3.19, P=0.05) (for flood as
the main effect, ANOVA F(1, 63)=28.35, P<0.0001). On average, invertebrate
abundances were reduced less in patches with algae than in patches with macrophytes.
Invertebrate abundance significantly decreased post-flood at the first two
longitudinal sites along the BWR (Alamo and Rankin), but not at the most
downstream site (Mineral) (upstream to downstream Welch modified two sample ttests P=0.0001, 0.001, 0.3; d.f.=22, 19, 34, respectively).

Figure 4.2. Estimated invertebrate abundance per sample in all unvegetated
versus vegetated patches. Error bars represent standard errors.
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Figure 4.3. Overall estimated invertebrate abundance per sample at three
longitudinal sites on the Bill Williams River pre- and post-flood. Error bars are
standard error. The filled circles represent Alamo, the open circles represent
Rankin, and the filled triangles represent Mineral.
Vegetated patches had higher taxonomic richness and Pielou’s J evenness than
unvegetated patches (Table 4.2, Table 4.3). The interaction between whether a patch
was vegetated and whether it was taken mid-channel or from the edge of a channel
was significant in structuring responses of local richness and Shannon’s diversity
index (Table 4.3). From examining plots of average values, we determined that local
richness increased to a greater degree in vegetated edge patches than in vegetated
main-channel patches. Also, while Shannon’s diversity index increased in vegetated
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edge patches (as compared to unvegetated), it slightly decreased or stayed the same in
main-channel patches (Table 4.3 and visual examination of plot of averages).
The flood event was significant in decreasing local (α) taxa richness, and in
increasing taxa evenness (Table 4.2, Table 4.3). Taxa evenness was affected by the
interaction of site with whether the sample was taken mid-channel or at the channel
edge (Table 4.3). An examination of plots of averages showed that while evenness
increased post-flood in the majority of cases, it decreased post-flood in edge samples
taken at Alamo, and stayed approximately even in mid-channel samples at Mineral.
Longitudinal study sites significantly differed in local taxa richness (Table 4.3), with
the middle site (Rankin) exhibiting the highest richness.
Landscape-level diversity (γ) was much higher at Rankin and Mineral than at
Alamo, and turnover of taxa (βW) was also higher at Rankin and Mineral (Table 4.2).
Floods did not appear to significantly influence landscape-level diversity (Table 4.2).
Landscape-level diversity was higher in vegetated and edge patches than in
unvegetated and main-channel patches, while taxa-turnover was lower (Table 4.2).
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Table 4.2. Sample size and measures of taxonomic diversity in the Bill Williams
River surrounding the 2008 flood event. α = average taxonomic richness per
sample unit, βW = Whitaker’s beta, γ = taxonomic richness combining all sample
units, E = Pielou’s J evenness measure, H = Shannon-Wiener diversity measure,
and D = Simpson’s diversity index.
BWR
Full data
set
Relative to
Flood
Pre-flood
Post-flood
Site
Alamo
Rankin
Mineral
Vegetated
Yes
No
Channel
edge
Yes
No

n

α

βW

γ

E

H

D

120

15

3.73

71

.698

1.788

0.75

60
60

17.1
13

3.04
4

69
65

0.645
0.751

1.768
1.808

.7353
.7648

40
40
40

13.6
17.5
14.1

1.65
2.6
2.9

36
63
55

0.671
0.707
0.715

1.708
1.873
1.783

.7370
.7648
.7483

69
51

17.2
12.1

3.07
3.79

70
58

0.640
0.776

1.77
1.812

0.7355
0.7696

30
90

17.5
14.2

3
3.65

70
56

0.664
0.709

1.76
1.797

0.7281
0.7574
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Table 4.3. Results for significant factorial ANOVAs examining differences in
taxonomic diversity on the Bill Williams River. α = taxonomic richness per
sample unit, E = Pielou’s J evenness measure, H = Shannon-Wiener diversity
measure, and D = Simpson’s diversity index. Four ANOVAs were performed:
one each for α, E, H, and D. All ANOVAs were structured with all main effects
(flood, site, vegetated, and edge), and all two-way and three-way interactions.
Flood
Site
Vegetated
Edge
Flood x Site
Flood x
Vegetated
Site x
Vegetated
Flood x
Edge
Site x Edge
Vegetated x
Edge
Flood x Site
x Vegetated
Flood x Site
x Edge
Flood x
Vegetated
xEdge
Site x
Vegetated x
Edge

α
F(1,105)=27.04,
P<0.0001
F(2,105)=9.53,
P<0.001
F(1, 105)=55, P=0

E
F(1,99)=35.55,
P=0
n.s.

H
n.s.

D
n.s.

n.s.

n.s.

n.s.

n.s.

n.s.
F(2,105)=8.38,
P<0.001
n.s.

F(1,99)=41.93,
P=0
n.s.
F(2,99)=4.78,
P=0.01
n.s.

n.s.
n.s.

n.s.
n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

F(1,105)=8.76,
P=0.004
n.s.

n.s.

F(1,99)=8.24,
P=0.005
n.s.

F(2,99)=4.13,
P=0.02
n.s.

n.s.

n.s.

n.s.

n.s.

F(2,99)=3.89,
P=0.02
n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.

n.s.
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NMS full data set
NMS analysis of the full data set resulted in a recommended 2D solution with
a final stress of 13.69. Axis 1 represented 53.7 percent of the variability, and axis 2
represented 13.9 percent of the variability; together they represented 67.6 percent of
the variability in the full data set. A critical value of 0.195 was determined as a
guideline for reporting correlation coefficients with the main matrix. Table 4.4 lists
taxa and environmental variables strongly associated with NMS axes.
Table 4.4. Correlation coefficients of NMS axes with main matrix of taxa and
secondary matrix of environmental variables. Taxa with absolute values of
correlations ≥ 0.195 (critical value determined from Rohlf and Sokal 1995) are
reported.
Taxon or Environmental variable
Collembola
Diptera
Ceratopogonidae larvae
Chironomidae larvae
Chironomidae pupae
Empididae larvae
Empididae pupae
Psychodidae pupae
Simuliidae larvae
Simuliidae pupae
Tipulidae Cryptolabis
Tipulidae pupae
Coleoptera
Dryopidae Postelichus
Dytiscidae Agabus larvae
Dytiscidae Hydroporinae larvae
Elmidae Microcylloepus
Haliplidae Peltodytes larvae
Hydroscaphidae Hydroscapha larvae
Ephemeroptera
Baetidae Baetis

Axis 1 correlation

Axis 2 correlation
0.203
0.297

-0.587
-0.468
-0.284

0.241
0.305
0.221

-0.424
-0.366
0.285
0.248
0.213
-0.324
0.222
0.239
0.293
0.325
-0.422

-0.297
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Baetidae Fallceon
Leptohyphidae Homoleptohyphes
Leptohyphidae Trichorythodes
Trichoptera
Glossosomatidae Culoptila
Leptoceridae Nectopsyche
Leptoceridae Oecetis
Helicopsychidae Helicopsyche
Hydroptilidae Hydroptila
Hydroptilidae Metrichia
Hydroptilidae Ochotricha
Veliidae Microvelia
Odonata
Calopterygidae Hetaerina
Coenagrionidae Argia
Gomphidae Erpetogomphus
Gomphidae Ophiogomphus
Gomphidae Progomphus
Acari
Amphipoda
Gastropoda: Ancylidae
Gastropoda: Physidae
Gastropoda: Planoribidae Gyraulus
Nematoda
Ostracoda
Pelecypoda
Substrate- average width mm
Substrate- standard deviation mm
Transect width

-0.227
-0.269
-0.461

-0.213

-0.506
-0.309
-0.252
-0.220
-0.273
-0.206
-0.335
-0.455
-0.218
-0.523
-0.249
-0.250
-0.549
-0.224

-0.312

0.409
-0.198
0.308
0.383
0.269
0.346
-0.222
0.198
0.205
0.227
0.330
0.245
0.301
0.238

0.238
0.196

0.276
-0.463
-0.465
-0.615

MRPP indicated many significant community differences among categories for
the full data set. From stongest (largest A) to least strong (smallest A), these
differences were between longitudinal sampling sites (Full A=0.246, P=0; Alamo vs.
Rankin A=0.183, P=0; Alamo vs. Mineral A=0.298, P=0; Rankin vs. Mineral
A=0.067, P<0.0001), between samples with vegetation present or not (A=0.207,
P=0), between samples with no vegetation or only macrophytes and those with algae
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(A=0.178, P=0). between pre- and post-flood samples (A=0.103, P=0), between
samples with no vegetation or only algae and those with macrophytes (A=0.05,
P<0.0001), and between samples that were taken near the channel edge versus midchannel (A=0.015, P=0.026). Categorical overlays by pre- and post-flood, sampling
site, vegetation presence, and edge or mid-channel sample are in Figure 4.4.

Figure 4.4. Macroinvertebrate community ordinations (NMS) with categorical
overlays by pre- versus post-flood (upper left; open circle=pre, filled circle=post),
site (upper right; filled circle = Alamo, filled triangle = Rankin, open circle =
Mineral), vegetation presence (lower left; present = open circle, no = filled circle),
and whether the sample was taken along the stream edge (lower right; yes = open
circle, no = filled circle).
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From examination of categorical overlays (Figure 4.4), we visually determined
that pre-flood versus post-flood samples were differentiated along axis 1. Community
structure of samples taken at Alamo clumped separately on the ordination than those
taken at Mineral and Rankin (Figure 4.4). Samples taken where instream vegetation
(macrophytes or algae) was present versus not present were differentiated along axis 1,
similar to pre- and post-flood samples (Figure 4.4). A consistent pattern between
samples that were taken near the stream edge versus mid-channel is not visually
evident in the categorical overlay (Figure 4.4).
In the main ordination, average substrate size, substrate size variance, and
channel width were strongly negatively correlated with axis 2, the axis that was most
associated with ‘site’ as a grouping variable. Alamo, the site most negatively
associated with axis 2, has the largest average substrate size, largest variability in
substrate size, and greatest channel width of all sites. Because we wanted to examine
whether substrate size and variability might have an effect on community structure
without site-level differences predominating, we subdivided the data and performed
additional NMS analyses on Rankin and Mineral data only. Average substrate size,
substrate variance, and channel width were not significantly correlated with the
ordination structure (r<0.1 in all cases), so we did not further examine this data set.
Indicator species analysis
Indicator species analysis (ISA) identified 19 taxa that were significantly
associated with vegetated samples, and no taxa significantly associated with non-
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vegetated samples (Figure 4.5). Within vegetated samples, indicator species analysis
identified 1 taxon significantly associated with samples with algae only, 6 taxa
associated with samples with macrophytes only, and 4 taxa significantly associated
with samples with algae and macrophytes (Figure 4.5). Also within vegetated
samples, ISA identified 6 taxa significantly associated with edge vegetation and no
taxa significantly associated with main-channel vegetation (Figure 4.5). ISA
identified 6 taxa significantly associated with pre-flood vegetated samples, and no taxa
significantly associated with post-flood vegetated samples (Figure 4.5).

148

Figure 4.5. Hierarchical indicator species analysis results for taxa significantly
associated with groups, with highest hierarchical component being whether or
not a sample was taken in a location with instream vegetation. Indicator species
values are in parentheses.
When grouping all sample data by whether it was taken pre or post-flood, ISA
identified 15 taxa indicative of pre-flood samples (Table 4.5), and no taxa indicative of
post-flood samples. The taxa most strongly indicative of pre-flood samples were
chironomid larvae and pupae (Diptera), Gastropoda: Physidae, and Ostracoda (Table
4.5).
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Table 4.5. Taxa indicative of pre-flood samples at the α=0.05 level as determined
by indicator species analysis. No taxa were found to be indicative of post-flood
samples.
Taxon
Agabus larvae (Coleoptera: Dytiscidae)
Chironomid larvae (Diptera)
Chironomid pupae (Diptera)
Empidid larvae (Diptera)
Tipulid pupae (Diptera)
Trichorythodes (Ephemeroptera:
Leptohyphidae)
Argia (Odonata: Coenagrionidae)
Oecetis (Trichoptera: Leptoceridae)
Hydroptila (Trichoptera: Hydroptilidae)
Amphipoda
Acari
Gyraulus (Gastorpoda: Planorbidae)
Gastropoda: Physidae
Ostracoda
Pelecypoda

Indicator species
value
20
92
72
26
31
42

p-value

24
14
47
40
53
18
82
56
53

0.007
0.043
0.012
0.011
0.003
0.008
0.0002
0.0004
0.023

0.025
0.0002
0.0002
0.002
.0016
0.017

Discussion
We found evidence that instream vegetation mediated immediate flood effects
on aquatic invertebrate abundance. It is likely that vegetation can act as a protected
zone for invertebrates, similar to wood (Campbell et al. 2001, Hax and Gollday 1998,
Palmer et al. 1996). Among aquatic vegetation types, algae appeared to provide
greater refuge than macrophytes, although algae were scoured to a greater degree by
the flood event than macrophytes. Relative density of invertebrates in algal patches
may have been higher post-flood due to the reduced ‘space’ of algal patches, however
this seems unlikely as sampling occurred only one to two days post-flood. Another
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explanation could be that the only indicator taxon for patches with algae was Baetis
(Ephemertoptera: Baetidae), which were found in high numbers. Indicator taxa in
vegetated patches with only macrophytes tended to be more rare taxa.
Long-term effects of floods on instream vegetation may indirectly affect
invertebrate abundance and diversity. While in the short-term large floods may
completely scour instream vegetation, Henry et al. (1996) showed that within two
years post-flood macrophytes had recovered to pre-flood levels. In flood-prone rivers,
macrophytes may be dominated by pioneer species that can easily recover after
disturbance events, and succession of macrophytes post-flood may be specific to
modes of propagation (Henry et al. 1996). In the Bill Williams River, where floods
have been reduced in frequency and magnitude for over four decades since
construction of Alamo Dam, macrophyte assemblage may have begun to shift away
from one dominated only by flood-tolerant species. This could apply to any regulated
river that has had a significant reduction in flow disturbances. This potential change
in macrophyte assemblage could further alter velocity and sediment distribution in the
stream channel (Cotton et al. 2006), and could directly alter assemblages of
macroinvertebrates (Humphries 1996).
Flow regime can have a profound effect on macrophyte community
assemblage (Bunn and Arthington 2002). Dam-moderated flows could shift
macrophyte assemblage over time to one with less disturbance-tolerant species. This
could result in the overall instream vegetation community becoming more susceptible
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to disturbance events and less likely to recover, potentially having cascading effects on
the ecosystem through food-web and habitat alterations. Slower accumulation of
macrophyte biomass post-disturbance likely would reduce rate of recovery for
invertebrates. It is important for all involved in river management to understand the
degree to which a river system needs to be re-calibrated towards its historical
disturbance regime to encourage native macrophyte and macroinvertebrate
assemblages.
Previous studies have found evidence that invertebrate communities shift with
instream vegetation communities (Humphries 1996, Strayer et al. 2003), and we found
distinct invertebrate communities in macrophytes and algae. However, for most
invertebrate taxa it is unknown whether they are generalists or more specific in their
need for association with particular macrophytes for food, physical habitat, or
reproduction. While invertebrates overall show increased abundance with increased
macrophyte biomass (Collier et al. 1999, Giorgi et al. 2005), invertebrate richness has
not been shown to increase with increased macrophyte biomass (Collier et al. 1999,
Shupryt and Stelzer 2009). However, diversity of macrophytes and macroalgae may
influence diversity of macroinvertebrates, but this relationship has been little explored.
In our study, local invertebrate taxa richness was influenced by vegetation to a
higher degree in channel edge patches than in mid-channel patches. Landscape level
diversity was higher in vegetated and edge patches, while taxa turnover was lower
(probably due to increased localized richness). Henry et al. (1996) showed that after
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flood events, macrophytes began recolonization at the channel edge in finer sediments
and gradually infiltrated coarser sediments in the main channel. We would expect that
recovery of macrophytes temporally occurring first at channel edges is beneficial to
increasing the rate of macroinvertebrate community recovery.
Overall, vegetated patches had higher abundance, richness, and evenness of
invertebrate taxa than unvegetated patches, corroborating with many previously
mentioned studies (ex. Collier et al. 1999, Shupryt and Stelzer 2009). We also found
strong differences in community structure between vegetated and unvegetated river
patches. In fact, this was one of the categorical variables most influential to
differences in invertebrate community structure, second only to longitudinal river site.
Higher taxonomic evenness among samples indicates that vegetated patches either
harbor greater abundance of rare species, lower abundance of common species, or
both, as compared to unvegetated patches. We found 19 significant indicator species
for vegetated samples and none for unvegetated samples, and we suspect that much of
the increase in evenness is due to greater abundance of rare species in vegetated
patches.
The flood event was significant in reducing invertebrate abundance, except at
the most downstream sampling site. Community structure was most distinct among
sampling sites, although it was also significantly different between pre- and post-flood
samples. The flood event decreased local taxa richness and increased taxa evenness
(we suspect due to decrease in abundant taxa at the patch-scale).
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While 26 taxa were correlated with ordination axes where pre-flood and
vegetated samples were located, no taxa were correlated with ordination axes where
post-flood samples were located. Similarly, while many indicator taxa were found for
pre-flood and vegetated patches, no indicator taxa were identified for post-flood or
unvegetated patches. Within vegetated samples, all 6 taxa indicated as representative
of pre-flood vegetated samples were also indicated as representative of pre-flood
samples among all patch types. It appears that among all habitats, specific taxa are
relatively similar in susceptibility to flood events.
Conclusion
Instream vegetation, in the form of macrophytes and algae, increased
abundance and diversity of aquatic invertebrates. While patches of vegetation can be
considered riverine ‘hotspots’ for increases in productivity and richness, they also
provide refugia from flow disturbance events. Different types of instream vegetation
differ in their habitat quality and refuge capacities, although it is unknown how these
attributes differ relative to specific invertebrate taxa. Protecting native instream
vegetation is important for the entire stream food-web and riverine ecosystem because
these lead to an increase in food sources for higher trophic levels and regulate
instream sediments, nutrients, and patch-scale flow dynamics.
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CHAPTER 5 : BURROWING BEHAVIOR OF PROGOMPHUS BOREALIS (MCLACHLAN)
LARVAE (ANISOPTERA: GOMPHIDAE).
Abstract
Burrowing behavior of Progomphus borealis was studied in the Big Sandy
River (USA: AZ: Mojave County). Observations of (1) burrowing speed and (2) trail
length of different instars are discussed. P. borealis is shown to have the fastest
burrowing speed of all larval odonates on record.
Introduction
Larvae in the family Gomphidae (Anisoptera) have the ability to burrow headfirst into substrates using anal propulsion and leg movement, often creating
characteristic “trails” by burrowing long distances just below the sediment surface
(Corbet 1999, Dunkle 1984, Huggins and Dubois 1982). Burrowing speed, the time
required for a larva to bury itself completely beneath the substrate, varies widely
within the family. Huggins and Dubois (1982) recorded Progomphus obscurus and
Gomphus externus larvae (Anisoptera: Gomphidae) burrowing from sight under
substrate in 2-5 and 40-70 seconds, respectively. P. borealis has been described as
more adapted for burrowing than any other odonate larva (Kennedy 1917), but details
of its behavior have not been recorded. In this study we examine trail length and
burrowing speed of Progomphus borealis (Anisoptera: Gomphidae).
Study area
The study was conducted in the Big Sandy River at the crossing of Signal
Road (N 34º33.935'; W 113º34.585'; Arizona, USA: Mojave County). This is a wide
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flood-plain (average width 38.9±11.04 m; average depth 3.75±2.12 cm), highly
braided (average underwater portion from left to right bank edges 57± 14%), sandy
river (substrate composition 93.7% coarse sand, 5.27% fine sand, 0.75% fine gravel,
0.21% coarse gravel, and 0.06% silt/ clay). The entire study reach was 165 meters in
length. Riparian vegetation primarily includes salt cedar (Tamarix), willow (Salix),
and mesquite (Prosopis). At the first sampling date, water temperature was 22.8ºC,
pH was 8.68, conductivity was 1418 µs, and dissolved oxygen was 7.54 ppm.
Burrowing speed
We captured 24 larvae on 21 April 2007 and measured head width, hind
wingpad length, and burrowing speed (time from initial movement when directly
placed on moist substrate until coverage with substrate; Fig. 5.1). The experiment was
repeated on 3 April 2009 with 15 additional larvae. Larvae were categorized into four
distinct groups which corresponded to developmental stages, as determined by body
size and coloration. Groups F-2 through F-0 were progressively larger instars (average
head widths 2.95±.07mm, 3.87±.07mm, and 4.93±.11mm respectively) while EF-0
larvae were close to emergence as indicated by eye and wingpad coloration. F-0 larvae
had black eyes and plain wingpads characteristic of younger larvae, while EF-0 larvae
exhibited cloudy eyes due to corneal detachment and visibly-folded adult wings below
the wingpads (T.D. Schultz, personal communication).

160

Figure 5.1. Head-first burrowing of Progomphus borealis (Anisoptera:
Gomphidae) and trail produced by a tunneling larva.
The average burrowing speed was 2.38s (n=24; ±1.05s) on the first
sampling date and 7.89s (n=15; ±3.49s) on the second (Fig. 5.2). The fastest
burrowing time observed was 0.72s by a larva with a head width of 2.9mm and a hind
wingpad length of 1.2mm, which is faster than other published dragonfly larvae
burrowing speeds, the second fastest being Gomphus externus at 2 seconds (Huggins
and Dubois 1982).
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Figure 5.2. Burrowing speed (with standard errors) from time of initial
movement until coverage with substrate, for four groups of Progomphus borealis
(Anisoptera: Gomphidae) larvae. Black bars are from the first sampling date,
and gray bars are from the second sampling date.
A multifactorial fixed-effects ANOVA found a significant difference in
burrowing speed between groups of larvae (P=0.001) and sampling date (P<0.001),
but no significant interaction (P=0.11) (Fig. 5.2). Factors such as antecedent flow
conditions of the river, time of day, or weather could affect burrowing speed. Body
size had a strong effect on burrowing speed, with smaller instars generally burrowing
more quickly than larger instars. Larvae near emergence (group EF-0) had
significantly slower burrowing speeds than other groups including group F-0, even

162

though individuals in groups F-0 and EF-0 were the same size. While almost all larvae
in groups F-3 through F-0 began to burrow within several seconds of being placed on
the substrate, individuals of group EF-0 often took more than four seconds to begin.
Grevens (1979) noted that Cordulegaster boltoni larvae near ecdysis were relatively
inert. Larvae that are near to emergence may be expending more energy on changing
body parts than on movement and growth (G.L. Harp, personal communication), and
thus could be more vulnerable to predators.
Trail characteristics
We measured 30 trails created by P. borealis burrowing in sandbars in or near
the water. The average trail length was 1.81 m (n=49; ±1.21m). The longest trail was
6.1 m, made by a larva with a head width of 5 mm and a hind wingpad length of 6.9
mm. This is within the range observed by Kennedy (1917), who recorded P. borealis
tracks that reached lengths of 3 to 15 m. The trails found on sandbars did not appear to
be directional. Thirty-seven percent of the trails crossed themselves at least once. The
maximum number of times a trail crossed itself was 9, and that trail was 3.86m long.
The tracks ended at the edges of the sandbars, where larvae either had entered or left
the water. There could be various explanations for why P. borealis larvae leave
moving water and crawl through sandbars. Prey may be more abundant or easier to see
and catch in sandbars. While predation due to other fish and other aquatic insects may
be reduced by leaving the flowing water, the visibility of the tracks may make the
larvae more vulnerable to predators such as frogs or birds. Burrowing, under certain
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circumstances, could also be a disturbance-avoidance behavior. Lytle et al. (2008)
observed high densities of P. borealis larvae burrowing upstream to avoid a drying
reach of river.
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CHAPTER 6: GENERAL CONCLUSION
Flow is a major driver of ecosystem function in rivers, with floods being
distinct disturbance events of periods of exceedingly high flow. Floods affect riverine
organisms directly through injury, mortality, and displacement of individuals. Floods
also affect organism indirectly through changing habitat via scour and deposition, and
food-web alteration. In this dissertation, I aimed to characterize effects of floods on
aquatic organisms at the population and community levels. I approached this problem
with a variety of approaches: a quantitative review of the literature (Chapter 1), a
mathematical modeling exercise (Chapter 2), a multi-year flood experiment (Chapters
3 and 4), and investigation into taxon-specific behaviors that may be important to
recovery post-floods (Chapter 5; and see Lytle, Olden, and McMullen 2008).
I found that floods often reduce abundance of aquatic invertebrates by at least
half in the short-term (Chapter 1). Floods differentially affect populations and
communities of invertebrates among sites along rivers (Chapter 3), and among riverine
micro-habitats (Chapters 1 and 4). Vegetation and wood are important refugia for
invertebrates during flood events (Chapters 1 and 4). Aquatic invertebrate taxa also
have varied responses to flood events (Chapters 1 and 2, and Appendix 1) and some
may possess behaviors that are beneficial to persistence in disturbance prone systems
(Chapter 5).
Recovery of invertebrate populations after flood events may be due not only to
population growth, but also to “hidden resistance” of individuals who were displaced
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during flood events (Chapters 1 and 2). Invertebrate communities may rebound
towards their pre-flood state over time (Chapter 3), while this recovery may be
affected by seasonality or habitat alteration (Chapters 2 and 3).
As riverine flows are increasingly managed by humans, and as climate change
is predicted to cause an increase in flood frequency and magnitude in many locations,
it is important to gain a broad understanding of the complexity of riverine flood effects
on ecosystem function. I hope that this dissertation brings us closer to a general
theory of riverine disturbance ecology and to a better understanding of how to
effectively manage our rivers in a changing world.
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APPENDIX 1
We determined immediate flood effects on aquatic invertebrates after the 2007
and 2008 floods on the Bill Williams River, AZ (Chapter 3). First, we calculated the
average ratio of post-flood to pre-flood samples across all sites where each taxon was
present pre-flood. We did not include ratios for taxa that were found only at 1 site and
were completely eliminated, because they likely are rare taxa and may have not been
found post-flood due to sampling error. We considered these ratios to be a measure of
taxon resistance. Next, for each year we ranked the taxa according to their relative
ratios of abundance post- to pre-flood. The taxon reduced the least by the flood was
given the rank of ‘1’. We calculated the average rank for each taxon that was present
both years across 2007 and 2008 (after adjusting the median of ranks of the year with
fewer taxa to the median of that with the higher). Finally, we assigned categorical
“resistance traits” to all taxa present pre-flood both years. We assigned taxa to either
be “very low”, “low”, “moderate”, or “high” in resistance.
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Table A1.1. Flood resistance for invertebrate taxa that were present at at least
one site (of three) pre the 2007 and/ or 2008 flood on the Bill Williams River, AZ.
Average post/ pre ratio is the average ratio of post-flood to pre-flood abundance
across sites where the taxon was present pre-flood. The number of sites where
the taxon was found pre-flood is in parentheses. Rank of each taxon for each
year is the relative resistance to floods of that taxon to all other taxa present that
year. Average rank is the average of that taxon’s rank between 2007 and 2008
(where the ranks were first scaled by their median to be comparable) for taxa
found in both years. Resistance is a categorically assigned trait, with values of
“high”, “moderate”, “low”, and “very low”, for taxa found in both years.
Taxa

Avg. ratio 07

Avg. ratio 08

Rank 07

Rank 08

Collembola
Coleoptera larvae
Curculionidae
Dytiscidae
Agabus
Hydroporinae
Rhantus
Elmidae Microcyllopeus

1.78 (2)

0.83(3)

14

19

3 (1)
0.67 (1)

0.42 (1)

Haliplidae Peltodytes
Hydrophilidae
Chaetarithria
Hydrophilus
Laccobius

0.73 (1)

3.18 (1)

Tropisternus
Hydroscaphidae
Hydroscapha
Coleoptera adults
Curculionidae Lixus
Dryopidae Posthelichus
Dytiscidae
Agabus
Haliplidae
Hydrophilidae
Tropisternus
Hydroscaphidae
Hydroscapha
Diptera larvae
Ceratopogonidae
Chironomidae
Empididae
Psychodidae Pericoma
Simuliidae
Caloparyphus
Nemotelus
Tabanidae

Avg.
rank
18

Resistance

54
35

30

Low

9
29

32

32

Low

26

4

16.5

Moderate

0.3 (2)

0.25(1)
0 (2)
3 (1)

42

42
58
6

25.5

Low

1.92 (2)
2.37 (1)

0.23 (2)

13
10

43

28

Low

0.5 (1)
0.12 (2)

6.72 (2)

36
49

1

26.5

Low

9

9.5

High

15
49
47

12
35.5
31

Moderate
Very low
Low

27
46
14

15.5
32

Moderate
Low

2 (1)
7 (1)

11
0.09 (2)
0.37(2)

3

4.67 (1)
3.03 (1)
0.25 (2)
5.25 (2)

6.35 (2)
1.03 (3)
1.92 (2)
0.75 (1)
14.81 (3)
1.75 (1)

Moderate

2 (1)

0.88 (3)
0.16 (3)
0.20 (3)
0.49 (3)
0.22 (1)
1
(1)
2 (1)

3
5
45
7

6
19
12
25
1
15

9
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Thaumaleidae
Tipulidae
Cryptolabis
Diptera pupae
Ceratopogonidae
Chironomidae
Empididae
Psychodidae
Simuliidae
Tipulidae
Ephemeroptera
Baetidae
Acentrella
Baetis
Fallceon
Leptohyphidae
Homoleptohyphes
Trichorythodes
Hemiptera
Corixidae Graptocorixa
Veliidae
Microvelia
Rhagovelia
Lepidoptera
Crambidae
Nepticulidae
Pyralidae Petrophila
Odonata
Calopterygidae
Hetaerina
Coenagrionidae
Argia
Enellagma/ Coenagrion
Gomphidae
Erpetogomphus
Ophiogomphus
Progomphus
Libellulidae
Sympetrum
Trichoptera
Glossosomatidae
Culoptila
Helicopsychidae
Helicopsyche
Hydropsychidae
Smicridea
Hydroptilidae
Hydroptila
Metrichia
Ochotricha
Oxyethira
Leptoceridae

0.21 (2)
0.06 (1)

46
0.44 (2)

12.28(1)
0 (2)
0.5 (3)

0.85 (2)
0.16 (3)
0.50(2)
0.08(1)
0.53(3)
0.08(2)

0.52 (2)
0.52 (3)
0.35 (3)

50

31

42

Very low

40

Very low

2
52
35

17
50
25
56
24
55

30.5
39.5
46.5

Low
Very low
Very low

2.72 (2)
0.23 (3)
0.45 (3)

34
33
40

7
44
30

22
40
36.5

Moderate
Very low
Very low

0.62 (2)
0.66 (3)

0.68 (1)
0.14 (3)

31
30

21
51

27.5
42

Low
Very low

6.96(2)

2.00 (3)

4

8

7.5

High

1.49(3)
0.25 (2)

0.34 (2)
6.04(2)

18
44

37
2

29
24.5

Low
Low

0.73(3)

1 (1)

27

20

0.98 (2)

1.15(2)

21

13

18.5

Moderate

1.65(3)

0.29 (3)
1.25 (2)

16

39
11

29

Low

0.58 (2)
0.75 (1)
0.26(2)

0.85 (2)
0.87 (2)
1.21 (2)

32
24
43

18
16
12

26.5
21.5
29

Low
Moderate
Low

0.13 (2)

53

0.45(1)

0.57 (2)

39

22

32

Low

0.01 (2)

0.55 (2)

51

23

38.5

Very low

39
33.5
33.5

Very low
Low
Low

0.13 (1)

0.47 (3)
0.45 (3)
0.69(1)
0.33 (1)

0.33 (3)
0.50 (3)
0.35 (3)

52

37
38
28
41

38
26
36
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Nectopsyche
Oecetis
Amphipoda
Acari
Gastropoda
Gyraulus
Physa
Lymnaeidae
Hirudinea
Ostracoda (Podocopa)
Pelecypoda
Nematoda

0.20 (2)
1.6 (2)
6.54 (3)

0.83 (3)

0.95 (3)
0.18(2)
3.49 (2)

0.41 (2)
0.22 (2)
0.81 (3)
0.47 (3)
0.05 (2)
0.29 (3)
0.28 (2)
0 (2)
0.20 (3)
0.39 (2)
0.46 (3)

47
17
5

23

22
48
8

33
45
20
28
57
40
41
58
48
34
29

41.5

Very low

20
18

Moderate
Moderate

33

Low

36.5
42.5
20

Very low
Very low
Moderate
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