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ABSTRACT
Although most streams in California are intermittent, bioassessment protocols are
designed for perennial streams, with sampling periods anytime between April and
June. Sampling intermittent streams during this period may not provide an accurate
assessment of stream health, because of the stream community dynamics related to
the predictable drying of intermittent streams in Mediterranean climates.
Furthermore, climate change may cause perennial streams to become intermittent and
intermittent streams to cease flow entirely. The objectives of this study were to assess
the recolonization process and community dynamics within and among three
intermittent streams each with a different hydrologic regime (dry, isolated pools, and
low flow in the summer/fall months) and to assess whether the current bioassessment
protocol sampling period appropriately accounts for differences in community
composition recovery of intermittent streams. Macroinvertebrates and environmental
information were collected at three intermittent streams from August 2013 to July
2014 near Sunol, CA. Sampling was conducted at frequent intervals (1, 8, 15, and 22
days) once stream flow resumed after the dry season; after 22 days, samples were
collected every three weeks until the streams dried. All streams exhibited rapid
recolonization (especially San Antonio Creek, which only flowed for five weeks)
once flow resumed, suggesting taxa were well adapted to the Mediterranean climate
and may have resistant/resilient life history traits to survive drying in the summer
months. Taxa richness was highest in isolated pool habitats (due to an increase in
ix

predatory and air breathing taxa), contradicting most findings that increased
connectivity is associated with higher taxa richness. Non Metric Multidimensional
Scaling was used to assess community composition within and among the three
streams. Communities became more similar during months of continuous flow
(February, March, and early April), suggesting that an earlier sampling window than
currently used would be useful for bioassessment. In conclusion, there is a need for
more studies regarding macroinvertebrate community dynamics in relation to
standard bioassessment sampling protocols and how the effects of floods, flow
permanence, and drought influence community dynamics in Mediterranean climate
intermittent streams.
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CHAPTER I
INTRODUCTION

Drought can be a predictable or unpredictable ecological disturbance event,
depending on the climatic and hydrologic regime of an ecosystem (Gasith and Resh
1999; Boulton 2003; Lake 2003). In stream ecosystems, drought can lead to the loss
of subsurface flow, which can eventually lead, to a cessation of stream flow. Boulton
(2003) describes drought in streams as an unpredictable low-ﬂow period that is
unusual in its duration, extent, severity, or intensity. In contrast, Lake (2003)
describes drought as a seasonal or supra-seasonal event. Seasonal drought is periodic
and predictable in some climate zones, such as in the summer dry season in
Mediterranean climates, while supra-seasonal drought (i.e. an entire year with well
below average precipitation) is irregular and unpredictable (Gasith and Resh 1999;
Lake 2003). In intermittent Mediterranean streams, drought is considered a ramp
disturbance, in which the effects of the disturbance increase gradually over time
(Lake 2000; Boulton 2003). However, a stepped response to disturbance can occur
when a critical threshold is crossed, for example when a qualitatively different habitat
is formed (e.g. isolated pools) or when complete cessation of flow occurs (Bonada et
al. 2006). For example, with the formation of pools, surface waters often become
anoxic favoring invertebrates using atmospheric oxygen (e.g. adult beetles) (Boulton
and Lake 1992; Stanley et al. 1994).
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Many aquatic biota in intermittent streams have developed adaptive life
histories, physiological mechanisms, and behaviors that enable them to survive the
critical changes in stream habitats that occur during dry periods (Wallace 1990;
Gasith and Resh 1999; Boulton 2003; Lake 2003). These adaptations may be
especially common in Mediterranean climate streams, which feature a predictable,
extended period of summer drought (Beche et al. 2006; Bonada et al. 2007; Bonada et
al. 2007). Life history adaptations of aquatic invertebrates may involve trait
differences in synchronization, reproduction, dispersal, and development (Beche et al.
2006; Verberk et al. 2008). For example, many benthic macroinvertebrates diapause
over summer to avoid the drying period (Beche et al. 2006). Macroinvertebrate
communities in non-perennial streams in the Mediterranean climate of California
have been shown to exhibit greater variation in biological traits compared to
communities in perennial streams, and contain distinct wet and dry season taxa
(Beche et al. 2006; Resh et al. 2012). Most studies have found broad overlap in
assemblages between perennial and non-perennial streams when upstream perennial
waters are available (Datry 2012; Wood et al. 2005). However, in non-perennial
streams that are isolated from perennial refuges, invertebrate taxa that are specialists
in temporary streams may dominate the community (Bogan et al. 2013).
The resistance and resilience of stream macroinvertebrates depends on the
availability of refugia (Robson et al. 2011). Resistance of macroinvertebrate
communities is characterized by the capacity to survive in less than favorable
conditions, and resilience is measured as the rate of recovery after a disturbance
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(Webster et al. 1975). Macroinvertebrates can take refuge in damp or dry sediments
(aestivation), crayfish burrows, the hyporheric zone, and perennial pools (Lake 2000;
Bonada et al. 2006; Lytle et al. 2008; Robson et al. 2011). For example, Lytle et al.
(2008) observed the long-toed water beetle Postelichus immsi (Coleoptera:
Dryopidae) crawling upstream towards perennial headwater reaches, while larvae of
the gray sanddragon Progomphus borealis (Odonata: Gomphidae) were found both
burrowing into the streambed and swimming upstream to reach perennial waters
before cessation of flow occurred. In a study in the Yolo Bypass, California, Cranston
et al. (2007) discovered a new species of midge (Hydrobaenus saetheri) that
aestivates over summer and continues development when winter rains return.
Recolonization studies of intermittent streams suggest that macroinvertebrates
with the appropriate adaptive life histories recover rapidly while other taxonomic
groups may take longer to recolonize depending on drought intensity (Brooks and
Boulton 1991; Stanley et al. 1994; Boulton 2003). Common recolonization pathways
of macroinvertebrates in drought affected streams or stream sections include
hyporheic refugia, hatching or reactivation of drought resistant stages, upstream
movement, drift, and aerial recolonization (Wallace 1990; Lake 2003; Bogan and
Boersma 2012). Rapid recovery in Mediterranean intermittent streams may be due to
the predictable annual drought and rainy season (Lake 2003). However, the effects of
global climate change are predicted to increase drought frequency and longevity,
especially in the mid-latitudes (Lake 2000; Boulton and Lake 2008).
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Despite the fact that non-perennial steams may comprise the majority of
streams in California, very few monitoring resources are invested in their assessment
(Dallas 2013). Macroinvertebrates are commonly used to assess the biological
condition of water bodies (i.e., bioassessment) because of their high density, varied
tolerance to pollution, and life history characteristics (Ball et al. 2012). When
performing bioassessment, it is important to have well defined reference conditions in
order to assess deviations in biological communities that are indicative of ecosystem
degradation (Collier and Hamer 2013). This can be especially difficult in intermittent
streams because of temporal (seasonal) and spatial variation in macroinvertebrate
communities. The current practice is to conduct bioassessment sampling in
Mediterranean-climate regions of California anytime between April and June
(Matthew Cover, personal communication). In intermittent streams, however,
decreasing water levels and changing environmental conditions may result in highly
variable stream communities during this time frame, potentially impacting the
environmental assessment.
I studied three streams in the Central California Coast Range that differ in
their hydrology: an intermittent stream with low flow in the upper reaches, a second
stream with isolated pools through the summer, and a third stream that was
completely dry through the summer season. Recolonization rates and pathways may
differ between these streams based on the hydrologic regime and availability of
refugia over the dry period, allowing different macroinvertebrate communities to
develop. For example, once flow resumes in the intermittent streams,
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macroinvertebrates with diapause stages or aestivation adaptations may rapidly
recolonize, while taxa that recolonize via aerial dispersal may take longer to reestablish. I hypothesize that benthic macroinvertebrate assemblages in the three
study streams will gradually become more similar with time during the winter
and spring seasons.
Even though California has a large amount of non-perennial streams, the
majority of bioassessment programs are designed for perennial streams and are
sampled anytime between April and June. Macroinvertebrates are sampled during this
time frame because their communities are believed to be relatively stable during these
months. However, intermittent streams may be subject to various stages of drying
during the April-June period, causing large shifts in the macroinvertebrate
community. Therefore, I hypothesize that the ideal sampling window for nonperennial streams will be earlier and shorter from the sampling time currently
used by bioassessment programs.
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CHAPTER II
METHODS
Study Area
This study was conducted on private land in the Upper Alameda Creek
Watershed near Sunol, CA, that is owned by the city of San Francisco. Access to the
watershed lands is limited to San Francisco Public Utility Commission (SFPUC)
employees, watershed keepers, private land owners, and ranchers. I selected sites on
three streams that drain into San Antonio Reservoir, which is used as a water source
for the city of San Francisco (Figure 1) based on lack of anthropogenic disturbance,
hydrologic regime, geographic location, and accessibility.
At my sampling location (37.564070°N, -121.799470°W), Indian Creek is a
second order intermittent stream with a drainage area of 17.6 square kilometers of
land and an elevation of 192 meters. There is no urbanized area or impermeable
surfaces in the watershed; 23% of the watershed is covered by forest, while the rest is
grassland (USGS Stream Stats). The bed morphology consists of cascades, step pool,
and riffle pool sequences (samples were taken from riffle-pool habitat). The
streambed consists of a mix of bedrock areas and alluvial sediments such as gravel,
cobbles, and boulders. In the summer months the creek contains isolated pools in the
upper reaches while downstream remains completely dry through the summer months
(Figure 2). Occasionally, Oncorhynchus mykiss (Rainbow Trout) become trapped in
isolated pools over the summer months until connectivity is re-established.
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Additionally, a large population of Taricha torosa (California Newt) occupies Indian
Creek during the winter mating season. Cows have access to the lower portion of the
study reach. Dominant riparian vegetation includes Toxicodendron diversilobum
(poison oak), Salix spp. (willow), Plantanus racemose (California sycamore), and
Baccharis salicifolia (mules fat).
La Costa Creek is a second order intermittent stream that is adjacent to Indian
Creek (Figure 3). At the sampling reach (37.5645°N, -121.7816°W; Figure 3), the
basin drains 15.0 square kilometers, contains 21.8 % forest cover, no impermeable
surfaces, and has an elevation of 227 meters. (USGS Stream Stats). Upper La Costa’s
bed morphology is made up of riffle-pool habitats. The stream bed consists of a mix
of bedrock areas and alluvial sediments such as gravel, cobbles, and boulders. Salix
spp. (willow), Plantanus racemose (California sycamore), Baccharis salicifolia
(mules fat) and bunch grasses dominate the riparian vegetation. Perennial flow is
present in the headwaters, while downstream reaches remain dry through the summer
months. Cows have access to the upper portion of La Costa Creek but a fence has
been installed to block cows from traveling further upstream.
San Antonio Creek is a second order stream that remains completely dry
through the summer months. The study reach ( 37.576149°N, -121.772611°W; Figure
4) drains 22.0 square kilometers, contains 23% forest cover, no impermeable
surfaces, and sits at an elevation of 185 meters. (USGS Stream Stats). Bed
morphology is made up of riffle-pool habitats and the stream bed consists of alluvial
sediments such as gravel, cobbles, and boulders. The creek has been impacted
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downstream from ranching activities (cattle) and current restoration projects are also
taking place further downstream. My site is located upstream of this area, in the
headwaters, and is far enough away to be unaffected. San Antonio Creek’s riparian
vegetation is characterized by Salix spp. (willow), Baccharis salicifolia (mules fat),
and Plantanus racemose (California sycamore). Downstream of my sampling site, La
Costa Creek flows into lower San Antonio Creek, leading to the reservoir.
My study was conducted in the third year of a severe drought which
drastically affected the hydrology of perennial and intermittent streams in California.
For example, Coyote Creek (a non-regulated intermittent stream in Santa Clara
County) experienced two floods in March and April but remained dry throughout the
rest of the 2014 water year. In the 2013 water year, flow lasted from December to the
beginning of July, rising above 10 cubic feet per second (cfs) in the months of
December and January. In the 2012 water year, flow began in the middle of January
and ended in July, reaching above 10cfs in the middle of January and in most of
March and April. Flow in Coyote Creek in non-drought years greatly differed than
those of drought years. For example, in the 2011 water year (a non-drought year),
flow was continuous from the beginning of December into the next water year, with
flows above 10cfs from December to June.
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Figure 1. Location of the three study sites. Indian Creek, La Costa Creek, and San
Antonio Creek drain into the San Antonio reservoir. Sampling was conducted in the
upper canyon reaches of all three streams to avoid any anthropogenic disturbances
from cattle.

Figure 2. Upper Indian Creek in pool stage. The aquatic habitat is comprised of large
to small boulders, woody debris, cobble, and dense canopy cover (August 2013).
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Figure 3. Upper La Costa Creek during low flow conditions. The creek is narrow,
with dense canopy cover, and decaying organic matter (November 2013).

Figure 4. Dry streambed of Upper San Antonio Creek. No trace of water in the upper
or lower reaches (August 2013).
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Temperature and Depth
Water temperature measurements were made every 15 minutes throughout the
study period (from 08/10/13 to 07/23/14) using Hobo Water Temp Pro v2 sensors.
Indian Creek and La Costa Creek temperature data was provided by the San
Francisco Public Utilities Commission (SFPUC). Both sensors were located in deep
pool habitats and were dry at the beginning of the study. I installed the same model
sensor in San Antonio Creek in what would be a shallow pool habitat once flow
resumed. Solinst Levelogger Gold (model 3001) sensors were used to record water
depth and Solinst Barologger (model 3001) sensors were used to measure barometric
pressure at each stream every 15 minutes throughout the entire study period.
Levelogger 3.4.0 software was used to correct water depth measurements based on
barometric pressure, and to convert to MS Excel files to obtain average daily, daily
minimum, and daily maximum values for temperature and depth.
Benthic Macroinvertebrates
I sampled macroinvertebrates in Indian Creek, La Costa Creek, and San
Antonio Creek during the 2014 water year. Sampling was conducted at frequent
intervals (1, 8, 15, and 22 days) once stream flow resumed after the dry season; after
22 days, samples were collected every three weeks until the steams dried. In each
creek, three .09 square meter samples were taken from riffle habitats within a 100 m
reach to represent the community at that given sampling period. Riffle selection was
randomized using a 6-sided fair die. To avoid sampling previously sampled habitat,
sampled riffles were marked with red flagging tape and the date that riffle was
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sampled. I avoided re-sampling areas for a two-month period after sampling. A Dframe net with a 500-micron mesh was used to collect macroinvertebrates that were
dislodged from the sampling area. The bulk sample (macroinvertebrates, detritus,
leaves, and sand) was preserved in 95% ethanol and brought back to the lab for
sorting.
An alternative sampling approach was used to sample isolated pools in Indian
Creek until flow was reestablished. I sampled the same five pools once a month by
repeatedly sweeping a sieve (mesh size 500 microns) through the pool for 2 minutes.
I turned over rocks, sampled the water column, and swept along the top of the
benthos. Captured macroinvertebrates were emptied into a white bucket for sorting
and put into a bottle with 95% ethanol.
After homogenizing and evenly distributing each bulk sample in a shallow
tray, I subsampled portions of the bulk sample until I had sorted at least 100
macroinvertebrates. Macroinvertebrates were sorted from the sample under 10X
magnification and identified to the family level. Once macroinvertebrates were
properly identified they were sorted into individual vials according to stream,
sampling date, and identification level, and deposited in the invertebrate wet
collection in Naraghi Hall at CSU Stanislaus.
Data Analysis
Differences in macroinvertebrate community structure were analyzed using
common metrics (including taxa richness; percent Ephemeroptera, Plecoptera, and
Trichoptera (EPT); and percent Odonata, Coleoptera, and Hemiptera (OCH) (Bonada
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et al. 2007)) within and among streams. Macroinvertebrate assemblage differences
among and within streams were also analyzed using multivariate ordination. I ran
Non-Metric Multidimensional Scaling (NMS) in PC-ORD on (log (x+1))
transformed, normalized abundance, and used the Sorenson distance measure of
assemblage dissimilarity. Macroinvertebrates that occurred less than twice throughout
the study period for La Costa Creek and Indian Creek were deleted from the dataset.
However, no macroinvertebrates were deleted from San Antonio due to the fact that it
only flowed for five weeks.
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CHAPTER III
RESULTS

Water Depth and Hydrologic Patterns
The depth and flow status of Indian Creek (Figure 5), La Costa Creek (Figure
6), and San Antonio Creek (Figure 7) can be categorized into four hydrologic
patterns: dry, isolated pools, low flow, and flow. Indian Creek had isolated pools in
its study reach from the beginning of the study until late January. During the same
time period La Costa Creek’s headwaters had very low flow and San Antonio Creek
remained completely dry. Riffles formed in La Costa Creek and Indian Creek around
the beginning of February. Flow increased drastically at all sites following two storm
events (the first in late February and the second in the beginning of March).
Following the storm event in March, flow in both La Costa Creek and Indian Creek
gradually decreased until it ceased in late June, causing the formation of isolated
pools. Unlike La Costa and Indian Creek, San Antonio Creek only had continuous
flow for 5 weeks (from the first storm event in late February to around the middle of
April).
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Figure 5. Water depth (m) of Indian Creek during the study period. The upper (green)
line represents the daily maxima; the middle (red) line represents the daily average;
the lower (blue) line represents the daily minima.

Figure 6. Water depth (m) of La Costa Creek during the study period. The upper
(green) line represents the daily maxima; the middle (red) line represents the daily
average; the lower (blue) line represents the daily minima.
15

Figure 7. Water depth (m) of San Antonio Creek during the study period. The upper
(green) line represents the daily maxima; the middle (red) line represents the daily
average; the lower (blue) line represents the daily minima.

Air and Water Temperature
In months of moderate flow, air temperatures at La Costa Creek and Indian
Creek fluctuated between 5 and 15 degrees Celsius. Air temperature reached its
lowest in the month of December and increased throughout the summer (Figures 8
and 9). La Costa Creek had a high temperature of 38.1°C and a low temperature of 2.7°C with an average of 14°C (Table 1). Indian Creek had a high of 37°C and a low
of -1.9°C with an average of 13.8°C. Daily average temperatures were similar at La
Costa Creek and Indian Creek, ranging from 14.2°C to 14.4°C. San Antonio did not
have an air temperature sensor.
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All streams had similar water temperature during months of continuous flow
La Costa Creek had an average temperature of 8.8 °C, Indian Creek 11.7 °C, and
San Antonio Creek 10.3 °C. La Costa Creek and Indian Creek had a maximum water
temperature of 16.3 °C, while San Antonio’s maximum was 11.3 °C (Table 2 and
Figures 10,11, and 12). The minimum daily ranges were similar for all three streams
and the daily average range was similar for La Costa and Indian Creek. However, the
maximum daily range for La Costa Creek was much higher (6.4 °C) than Indian
Creek (3.0 °C). San Antonio Creek had very low number recorded for its minimum
and average daily ranges with a 1.0 (°C) maximum daily range and a 0.7 (°C) daily
average.
40
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Figure 8. Air temperature (°C) at La Costa Creek during the study period. The upper
(blue) line represents the daily maxima; the middle (red) line represents the daily
average; the lower (green) line represents the daily minima.
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Figure 9. Air temperature (°C) at Indian Creek during the study period. The upper
(blue) line represents the daily maxima; the middle (red) line represents the daily
average; the lower (green) line represents the daily minima.
Table 1. Average, maximum, and minimum air temperatures at Indian Creek and La
Costa Creek. Air sensors were located within 30 feet of water temperature and depth
sensors. Data collected and provided by SFPUC.
Station

Air Temperature
Maximum Minimum

Average

Daily Range
Maximum Minimum

Average

TR-5

Creek
La
Costa

14.0

38.1

-2.7

11.2

22.1

1.7

TR-6

Indian

13.8

37.0

-1.9

9.6

21.7

1.4

Table 2. Average, maximum, and minimum water temperatures at Indian and La
Costa Creek.
Water Temperature

Daily Range

Creek

Average

Maximum

Minimum

Average

Maximum

Minimum

La Costa

8.8

16.3

5.0

1.9

6.4

0.4

Indian

11.7

16.3

6.9

1.7

3.0

0.5

San
Antonio

10.3

11.3

8.5

0.7

1.0

0.4
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Period of
Flow
DecemberMay
FebruaryMay
MarchApril

Figure 10. Water temperature (°C) at La Costa Creek during the study period. The
upper (green) line represents the daily maxima; the middle (red) line represents the
daily average; the lower (blue) line represents the daily minima.

Figure 11.Water temperature (°C) at Indian Creek during the study period. The upper
(green) line represents the daily maxima; the middle (red) line represents the daily
average; the lower (blue) line represents the daily minima.
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Figure 12. Water temperature (°C) at San Antonio Creek during the study period. The
upper (green) line represents the daily maxima; the middle (red) line represents the
daily average; the lower (blue) line represents the daily minima.

Invertebrate Taxonomic Richness
Overall taxonomic richness in the three streams was positively related to
length of hydroperiod. Indian Creek had the greatest length of hydroperiod and
hydrologic variation producing highest taxonomic richness, La Costa Creek had the
least amount hydrologic variation of all three streams but a similar length of
hyrdoperiod when compared to Indian Creek resulting in lower taxonomic richness,
and San Antonio Creek experienced the shortest hyrdroperiod resulting in the lowest
taxonomic richness. In total, I identified 46 taxa across 38 samples. Nearly all
observed taxa (42/46) were present at Indian Creek (18 samples), where isolated
pools were present at the beginning of the study, whereas 40 taxa were present at La
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Costa Creek (15 samples), which had low flow conditions at the beginning of the
study. Only 21 taxa were present at San Antonio Creek (5 samples), the stream with
the shortest hydroperiod. Although invertebrate taxa recolonized quickly during the 5
weeks of continuous flow, only half the taxa were found at San Antonio Creek
compared to Indian and La Costa Creeks.
Taxa richness was generally highest during the spring (late March-May),
when all three streams were flowing. Taxa richness in La Costa Creek began at 8 taxa
at the time of my first sample in November, fluctuated between 3 and 5 until late
February, peaked at 16 taxa in early March during high flow conditions, and then
fluctuated between 6 and 13 for the remainder of the study (Figure 13). The number
of taxa in Indian Creek fluctuated between 6 and 13 for the entire study, except for a
maximum value of 16 in late May, and did not exhibit any strong increasing or
decreasing trends. During the five weeks of continuous flow at San Antonio Creek,
taxa richness was lowest (7) on March 10th and highest (14) on March 24th. Taxa
richness was most similar among the three streams during March and mid- April,
when all streams were flowing consistently (Figure 13).
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Figure 13. Taxa Richness at Indian Creek, La Costa Creek, and San Antonio Creek
during the study period. Indian Creek is represented in (blue), La Costa Creek (red),
and San Antonio Creek (green).
Percent EPT and OCH
Percentage composition of EPT was highest in isolated pools and generally
low at all sites during the wet season (Figure 14). For example, %EPT was
consistently >50% in the isolated pools of Indian Creek from August through
January, and was comprised primarily of the mayfly (Ephemeroptera) families
Leptophlebidae and Baetidae. From February through May, however, %EPT was
consistently <40% in Indian Creek. In contrast, the EPT composition in La Costa
Creek (in months of continuous flow) was <10% from November 10th until March 4th,
and reached a maximum of 71% on May 27th, primarily as a result of high numbers of
Leptophlebidae. Within the 5 week sampling period, %EPT in San Antonio Creek
increased from 10% to 45%. EPT composition was similar among the three streams in
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the months with continuous flow and most similar on March 10, when values ranged
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Figure 14. Percent EPT at Indian Creek, La Costa Creek, and San Antonio Creek
during the study period. Indian Creek is represented in (blue), La Costa Creek (red),
and San Antonio Creek (green).
Percent OCH was highest in isolated pools and lowest during months of
continuous flow (Figure 15). OCH in Indian Creek gradually increased from August
(11%) to late December (50%), then decreased to <5% by February 11, where it
remained for the four month period with continuous flow (Figure 14). OCH
composition again increased in June and July when flow ceased, forming
disconnected pool habitats. In contrast, OCH in La Costa Creek never went above
5%. OCH composition of the first sample in San Antonio Creek was 32%, while
subsequent values were <3%.
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Figure 15. Percent OCH at Indian Creek, La Costa Creek, and San Antonio Creek
during the study period. Indian Creek is represented in (blue), La Costa Creek (red),
and San Antonio Creek (green).

Intra-site Variability of Macroinvertebrate Communities
Non-metric multidimensional scaling ordination of all samples from all
streams produced a significant two-dimensional solution (Figure 16; stress = 14.684,
P = 0.0040). Axis 1 (R2 = 0.76) and axis 2 (R2 = 0.12) explained 88 percent of the
total variation in the dataset. The dominant axis (axis 1) represents macroinvertebrate
communities in riffles (high Axis 1 values) versus pool habitats (low Axis 1 values)
(Figure 17). For example, taxa adapted to low flow conditions, such as Aeshnidae
(r=-0.767, flying adult stage), Culicidae (r=-0.705, adapted to low oxygen and
stagnant water), and adult Dytiscids (r=-0.717, predaceous diving beetle) had
negative correlated r-values, while taxa adapted to riffle habitats such as Elmidae
(r=0.202, riffle beetles) and Chlorperlidae (r=0.509) had positive correlated r-values
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(Table 3). Macroinvertebrate community composition was most similar among the
three sites in the late winter and early spring (February, March, and early April),
when all three sites had flowing water. Although the initial sample from San Antonio
Creek on March 4th (SNT3414, lower right in Figure 16) was fairly different from all
other samples, samples from the following 3 weeks were very similar to samples from
the same dates from Indian Creek and La Costa Creek, indicating that community
composition quickly mirrored longer established communities within 2 weeks of
when San Antonio Creek began flowing.
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Figure 16. Nonmetric multidimensional scaling ordination of benthic
macroinvertebrate communities for all sites. The NMS produced a two axis solution.
La Costa Creek (Site 1 red triangles), Indian Creek (Site 2 green circle), and San
Antonio Creek (Site 3 blue square). The percentages along each axis show the percent
of variance associated with that axis in multidimensional ordination space. Convex
hulls encompass all sites in ordination space based on individual stream.
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Figure 17. Nonmetric multidimensional scaling ordination of benthic
macroinvertebrate communities in relation to flow for all sites. NMS produced a two
axis solution. The red triangles represents no flow and the green circle represents
flow. The percentages along each axis show the percent of variance associated with
that axis in multidimensional ordination space. Convex hulls encompass all sites in
ordination space based on stream hydrology and sampling method.
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Table 3. Correlations (Pearson’s r-values) for NMS ordination between invertebrate
taxa and ordination axes for all sites.
Axis 1-r
Axis 2-r
Chironomidae
0.91
-0.013
Chloroperlidae
0.509
0.451
Simulidae
0.455
-0.131
Tipulidae
0.392
0.077
Leuctridae
0.331
0.34
Taeiopterygidae
0.308
0.375
Capniidae
0.298
0.615
Oligochaeta
0.242
-0.407
Corydalidae
0.223
-0.145
Amphipoda
0.216
-0.031
Elmidae (adult)
0.202
-0.18
Perlodid
0.148
0.259
Elmidae (larvae)
0.115
-0.504
Dixidae
0.026
0.215
Psephenidae
0.006
-0.507
Dryopidae
-0.206
-0.303
Perlidae
-0.214
-0.454
Leucrocuta
-0.222
-0.4
Hydracarina
-0.268
0.173
Gerridae
-0.341
-0.163
Salidae
-0.353
0.361
Veliidae
-0.41
0.129
Coenagrionidae
-0.56
0.261
Physidae
-0.588
-0.113
Lepidostomatidae
-0.643
0.248
Culicidae
-0.705
0.049
Baetidae
-0.712
0.354
Dytiscid (adult)
-0.717
0.191
Leptophlebiidae
-0.765
-0.297
Aeshnidae
-0.767
0.177
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Non-metric multidimensional scaling analyses for Indian Creek resulted in a
significant two-dimensional ordination (Figure 18; stress = 8.673, P = 0.0040). Axis 1
(R2 = 0.80) and axis 2 (R2 = 0.14) explained 94 percent of the total variation in the
dataset. The dominant axis (axis 1) clearly displays significant differences of
macroinvertebrate communities sampled throughout the wet and dry seasons.
Macroinvertebrate communities shifted greatly on January 19th and June 17th
suggesting major changes in the hydrology. Communities located on the left side of
the ordination comprise macroinvertebrates with biological traits that favor low flow
or pool habitats; while the right side of the ordination represent communities that
favor continuous flow. For example, Aeshnidae (r=-0.795, flying adult stage),
Culicidae (r=-0.701, adapted to low oxygen and stagnant water), and adult Dytiscidae
(r=-0.691, predaceous diving beetle) had negative correlated r-values while;
Chloroperlidae (r=0.814), and Capniidae (r=0.685) had positive correlated r-values
(Table 4).
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Figure 18. Nonmetric multidimensional scaling ordination at Indian Creek during the
study period. NMS produced a two axis solution. The percentages along each axis
show the percent of variance associated with that axis in multidimensional ordination
space. Successional vectors show the order in which samples were taken.
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Table 4. Correlations (Pearson’s r-values) for NMS ordination between invertebrate
taxa and ordination axes for Indian Creek.

Chironomidae
Chloroperlidae
Capniidae
Taeiopterygidae
Tipulidae
Leuctridae
Corydalidae
Simuliidae
Oligochaeta
Elmidae (adult)
Perlodid
Dixidae
Dytiscid (larvae)
Salidae
Psephenidae
Leurocuta
Gerridae
Veliidae
Physidae
Coenagrionidae
Lepidostomatidae
Dytiscid (adult)
Culicidae
Baetidae
Leptophlebiidae
Aeshnidae

Axis 1-r
0.942
0.814
0.685
0.591
0.578
0.541
0.376
0.362
0.311
0.305
0.302
0.165
0.145
-0.247
-0.257
-0.272
-0.364
-0.383
-0.559
-0.569
-0.629
-0.691
-0.701
-0.73
-0.79
-0.795

Axis 2-r
0.072
-0.192
-0.477
0.262
0.217
-0.277
0.147
0.273
-0.147
0.02
0.467
0.417
0.631
-0.575
0.598
0.615
0.128
-0.251
-0.183
-0.407
-0.535
-0.401
-0.168
-0.111
0.252
-0.264

Non-metric multidimensional scaling analyses for La Costa Creek resulted in
a significant two-dimensional ordination (Figure 19; stress = 10.585, P = 0.0040).
axis 1 (R2 = 0.48) and axis 2 (R2 = 0.39) explained 87 percent of the total variation in
the dataset. Axis 1 may represent seasonal changes in communities (winter samples
have low values; spring and summer samples have high values), while axis 2 may
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represent flow permanence (flowing riffles have low values; low flow and isolated
pools have high values). For example, Drunella (Ephemeroptera: Ephemerillidae)
mayfly nymphs, which are adapted for fast currents and were most abundant in
spring, had a strong negative correlation with axis 2 (r=-0.795) and a weak negative
correlation with Axis1 (r=-0.279) (Table 5).

Figure 19. Nonmetric multidimensional scaling ordination at La Costa Creek during
the study period. NMS produced a two axis solution. The percentages along each axis
show the percent of variance associated with that axis in multidimensional ordination
space. Successional vectors show the order in which samples were taken.
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Table 5. Correlations (Pearson’s r-values) for NMS ordination between invertebrate
taxa and ordination axes for La Costa Creek.

Chironomidae
Corydalidae
Tipulidae
Oligochaeta
Simuliidae
Elmidae (larva)
Perlodidae
Leuctridae
Psephenidae
Dytiscid (adult)
Chloroperlidae
Elmidae (larva)
Capniidae
Drunella
Philopot
Planorbidae
Dixidae
Ameletidae
Gerridae
Dytiscid (larva)
Physidae
Leurocuta
Baetidae
Leptophlebidae

Axis 1-r
0.852
0.537
0.404
0.259
0.226
-0.006
-0.099
-0.1
-0.101
-0.114
-0.135
-0.18
-0.248
-0.279
-0.334
-0.353
-0.377
-0.507
-0.512
-0.555
-0.591
-0.668
-0.726
-0.811

Axis 2-r
0.053
0.245
0.093
0.325
-0.656
0.448
-0.391
-0.419
-0.38
0.635
-0.779
-0.461
-0.567
-0.795
-0.556
0.527
-0.386
-0.713
0.305
0.061
0.597
-0.139
-0.391
0.398

Non-metric multidimensional scaling analyses for San Antonio Creek resulted
in a one dimension ordination (Figure 20; stress = 0.00, P = 0.0159). Axis 1 (R2 =
.69) explained 69 percent of the total variation in the dataset. Axis 1 is reflective of
hydrologic flow. Even though connectivity lasted only 5 weeks, macroinvertebrate
communities recolonized quickly. For example, Elmidae (r=-0.802, aquatic adults and
larvae) and Corydalidae (r=-0.953, require swift moving water habitat) had a strong
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negative correlation and were most abundant during the first sampling period
suggesting the progression of flow occurred rapidly (Table 6).

Figure 20. Nonmetric multidimensional scaling ordination at San Antonio Creek
during the study period. NMS produced a single axis solution. The percentages along
each axis show the percent of variance associated with that axis in multidimensional
ordination space.
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Table 6. Correlations (Pearson’s r-values) between invertebrate taxa and ordination
axes for San Antonio Creek.

Chironomidae
Leuctridae
Simuliidae
Curculionidae
Capniidae
Chloroperlidae
Taeiopterygidae
Baetidae
Perlodid
Cerotopo
Dixidae
Leurocuta
Leptophlebidae
Gerridae
Hydracarina
Ameletidae
Oligochaeta
Dryopidae
Elmidae (larva)
Elmidae (adult)
Psephenidae
Dytiscid (larva)
Corydalidae

Axis 1-r
0.979
0.863
0.818
0.535
0.451
0.438
0.327
0.185
-0.02
-0.134
-0.134
-0.134
-0.134
-0.134
-0.209
-0.636
-0.639
-0.802
-0.802
-0.802
-0.802
-0.929
-0.953
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CHAPTER IV
DISCUSSION

Macroinvertebrates in Mediterranean climate intermittent streams must adapt
to survive the changing seasonal hydrologic regime through mechanisms of
synchronization, reproduction, dispersal, and/or developmental strategies to avoid
desiccation during dry periods (Boulton and Lake 1992; Beche et al. 2006).
Consequently, aquatic communities in Mediterranean climate intermittent streams
exhibit distinct seasonal taxa with life history characteristics that aid in survival
during the wet and dry seasons. In my study, I found that wet and dry season
communities were clearly distinct, as evidenced by large shifts in ordinations of
taxonomic composition.
Indian Creek exhibited the greatest amount of seasonal variation. Taxa
collected from isolated pools (once cessation of flow occurred) included high
numbers of predatory and air breathing taxa such as Dytisicidae (predaceous diving
beetle, Coleoptera), and Coenagrionidae and Aeshnidae (predatory Odonata). Once
connectivity of riffles developed, taxa adapted to high oxygen levels and fast flowing
conditions recolonized quickly, producing a high species turnover rate. Beche et al.
(2006) also reported an increase in air breathing taxa during the dry season in
intermittent streams.
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Seasonal changes in macroinvertebrate assemblages in La Costa Creek was
also apparent, but of lower magnitude than in Indian Creek. This could be due to the
stability of habitat (continuous low flow) in La Costa Creek during the late fall and
early winter months. During these months La Costa Creek communities were
comprised almost entirely of Chironomidae, perhaps due to the large amount of
detritus and deteriorating water quality conditions. As flow increased and cleared the
detritus, the community changed gradually to include various other
macroinvertebrates. San Antonio Creek flowed for 5 weeks; species richness was
lowest of the three streams, but included a variety of taxa adapted to flowing and low
flow conditions. I did not observe strong seasonal changes in the community for San
Antonio Creek.
Community Composition
In support of my hypothesis, macroinvertebrate community composition was
more similar in late winter and spring (a period of continuous flow) than at the
beginning of the study, when habitat and refugia were highly variable among the sites
(San Antonio Creek had no water, La Costa Creek had low flow, and Indian Creek
had isolated pools). Once flow resumed in Indian Creek and La Costa Creek, some
taxa recolonized quickly while others appeared later. For example, Chloroperlidae
recolonized Indian Creek within the first week once flow had reestablished, while
Perlodidae numbers increased only following later storm events (Table 7). Despite
having no flow for most of the study, macroinvertebrate assemblages in San Antonio
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Creek quickly mirrored communities like La Costa Creek and Indian Creek after only
2 weeks of flow.
Rapid recolonization of macroinvertebrates in San Antonio Creek suggests
taxa may have developed specialized adaptive life history characteristics that coincide
with the predictability of the dry and wet seasons of the Mediterranean climate. Early
recolonizers (within 2 weeks) in San Antonio Creek included Chironomidae,
Simuliidae, Ephemeroptera (Ameletidae), and various Plecoptera families
(Chloroperlidae, Lectridae, and Taeiopterygidae). Within the last 3 weeks of
sampling, Megaloptera (Neohermes) and Ephemeroptera (Baetidae) appeared.
Because of the many species within each family, it is difficult to assess which life
history characteristics were most important for allowing species to avoid desiccation
during drought. For example, some Simuliidae (blackflies) have desiccation resistant
eggs and are typical early colonizers in non-perennial streams, while some species of
Ephemeroptera (mayflies) may burrow into the groundwater table, utilize pools, or
have desiccation resistant eggs (Boulton et al. 1992; Robson et al. 2011). In addition,
Megaloptera (Corydalidae), an early colonizer in San Antonio Creek, burrows into
the streambed in response to drying and emerges once rewetting occurs (Cover et al.
2015).
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Table 7. Taxa adapted to flow regimes and classified as rapid recolonizers. Taxa
adapted to flowing water (first column), isolated pool habitat (second column), and
taxa considered to be rapid recolonizers (third column) are specific to San Antonio
Creek.
Flowing Water

Isolated Pools

Rapid Recolonizers

Heptageniidae

Dytiscidae (Adults)

Corydalidae

Capniidae

Coenagrionidae

Simuliidae

Chloroperlidae

Aeshnidae

Chloroperlidae

Leuctridae

Leptophlebiidae

Ameletidae

Perlodidae

Baetidae

Chironomidae

Drunella

Culicidae

Baetidae

Baetidae

Salidae

Leuctridae

Corydalidae

Physidae

Taxa Richness
Most studies suggest differences in taxa richness, density, and diversity
between intermittent and perennial streams are associated with habitat stability and
seasonal change (Beche et al. 2006). Drought causes loss of connectivity, and low
connectivity is hypothesized to produce low richness. In my study, taxa richness was
most similar among streams during months of continuous flow (riffle habitat).
However, in the beginning of the study taxa richness was greater in the isolated pool
habitat (Indian Creek) than in the low flow habitat of (La Costa Creek). This
contradicts most studies and assumptions of taxa richness and habitat stability. High
taxa richness in Indian Creek was attributed to the increase in air breathing taxa,
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predator taxa, and Ephemeroptera (Baetidae and Leptophlebidea). Macroinvertebrates
collected from low flow habitat (at the beginning of the study) in La Costa Creek
consisted primarily of Chironomidae. However, at the end of the study La Costa
Creek was made up of isolated pools, causing the community to shift toward a
community more similar to Indian Creek. These findings suggest that intensity and
duration of hydroperiod greatly affect macroinvertebrate community composition.
The Future of Bioassessment
My study supported my hypothesis that macroinvertebrate communities were
most similar in the late winter and early spring (February-April) during months of
continuous flow, which is earlier the current suggested sampling period for
bioassessment in California (April-June). San Antonio Creek flowed for 5 weeks
(with comparable communities to La Costa and Indian Creek after 2 weeks) resulting
in an even smaller window (March and April) for sampling. The variation of
macroinvertebrate assemblages sampled among and within the three streams (during
the months leading up to and the end of continuous flow) suggests that
macroinvertebrates were well adapted to the wet and dry seasons of the
Mediterranean climate but were greatly affected by flow duration and intensity.
Even though California consists mostly of intermittent streams, current
protocols for bioassessment in California recommends sampling macroinvertebrates
in spring (April through June). This sampling period was primarily designed for
wadeable perennial streams with little account for the changing conditions of
intermittent streams. There have been various studies regarding community dynamics
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of macroinvertebrates in intermittent streams during the wet and dry seasons, but far
fewer numbers when compared to perennial stream studies. However, we cannot
make the mistake of grouping all Mediterranean intermittent streams together with
the assumption that they will have the same hydrological patterns of drying and
flooding or that biota will respond similarly to the changing hydrologic regime.
In the midst of climate change it is predicted that perennial streams may
become intermittent and intermittent streams may cease flow altogether. Taxa with
the appropriate life history characteristics may survive, however in some cases
climate change may result in extirpation of taxa with less desirable traits. In
conclusion, there is a need for more studies regarding macroinvertebrate community
dynamics in relation to standard bioassessment sampling protocol and how the effects
of intensity of flow, flow permanence, and drought influence community dynamics in
Mediterranean climate intermittent streams.
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