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ABSTRACT OF THE DISSERTATION
The Conservation and Ecology of Cryptobenthic Fsstre Rocky Reefs in the Gulf of
California, Mexico
by
Grantly Russell Galland
Doctor of Philosophy in Marine Biology
University of California, San Diego, 2013

Professor Philip Hastings, Chair

Cryptobenthic fishes are small-bodied, short-ligpdcies that live in near
constant contact with the reef surface and geryeraly on crypsis as their main
means of escaping predation. They constitute goitant part of the reef fish
community that is often not well understood. Huos twork, | investigated
cryptobenthic fishes in the Gulf of California, Mea, a basin noted for high
productivity, high diversity of fishes, and heteeogity of local environments.
Specifically, | present the results of several msidlesigned to better understand the
role of cryptobenthic fishes in the rocky reef fdmmunity.

In Chapter 1, | place all subsequent resultslotal, environmental context by
guantifying the temperature variability at sevesiggs across the Gulf. Chapter 2
concentrates on the biogeography of these fisheéslarails a quantitative analysis of

the community dynamics of this group. In Chapterdefine the contribution of

XVii



cryptobenthic fishes to the wider fish community.Chapter 4, | use historical
samples to examine possible differences betweeoaitmenunity structure of these
fishes in 2010 and in the 1970s. Finally, in thgpAndix, | report several novel
natural history observations that | documented evbdnducting the research reported
here. Each of these chapters builds toward a cwrplete understanding of
cryptobenthic fish community ecology, in the Guidan general, than has previously
been documented.

My results indicate that cryptobenthic fishes argtal component of the reef
fish community and may account for as much as 50#beototal energy requirements
of and total species richness of reef fishes as sit the Gulf. Furthermore, | confirm
that the Gulf is, biogeographically, a particulartyportant region to new world
cryptobenthic lineages and that endemism is higbranecryptobenthic communities
there. Finally, | quantitatively demonstrate, gs@anonical Analysis of Principal
Coordinates, that this component of the reef fmmmunity was different in 2010
than in the 1970s, in both total and relative alaunceé, with some species represented
by more than a 90% reduction in numbers, while gthecreased significantly. Prior
to this work, the long-term stability of cryptobhi@ communities had not been tested.
The research presented here provides several naveels to a growing field and may

contribute to the understanding of marine commuehjtyamics.
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CHAPTER 1

The Shallow-reef Temperature Variability on RockseRs in the Gulf of California,
Mexico



Abstract

As part of a broad scale study to investigatestt@ogy and biogeography of
rocky reef fishes and invertebrates, we quantiffedtemperature conditions of
shallow reefs in the Gulf of California (GOC). Weesent the data from 43 situ
temperature loggers, across more than 5.5 degféastade and 690 km, throughout
the GOC. One third of the loggers were deployegparoximately 5 m depth at sites
across the GOC, and the remaining instruments installed at multiple depths at 10
sites around Espiritu Santo Island in the soutBDC off of La Paz Bay.
Throughout our study region, the summer and thegatieg period of steady increase
in average water temperature were the seasondigtiest daily temperature
variability, and the winter and the preceding pemd steady cooling were more
stable. Summer maximum temperatures were sinmdan horth to south, but winter
minima were more variable and accounted for mogt@differences in annual range
among sites. High frequency variability differed@ng sites, and in the case of
Espiritu Santo Island varied between the east asl sides of that island. Variability
increased with depth at all sites around Espirént& Island, and throughout our data
set, there are examples where small depth chamgdsi@e latitudinal changes
yielded similar magnitude temperature changes. diimamic oceanography in the
GOC creates fast return times for extreme tempera&vents, and at three of our sites,
reef organisms can be expected to experience 6fdGrater anomalies, multiple
times per month. Species living on shallow GOGgeaust be tolerant of high

frequency temperature variability, at scales nporeed in other basins around the



world. Quantifying the temperature environment baran important tool when

studying the ecology and status of reef ecosystems.

Introduction

An organism’s fundamental niche is the produdtofolerance to physical
variables, while its realized niche is impactecdeloglogical relationships (e.g.,
competition, predation) and is more restricted (Hutson 1957). Generally speaking,
fundamental niches are temporally constant (iratheence of evolution or epigenetic
changes to gene expression), while realized nichasge based on the relative
successes of other community members with ovemgpgistributions. A species’
geographic range can fluctuate both as a functiais ecological interactions and its
physiological tolerance (reviewed in Brown et &96; Gaston and Blackburn 2000;
Gaston 2009), especially in climatologically or acegraphically dynamic
environments (Somero 2012). Therefore, measumnigton in the physical
environment is an important tool for studying egyl@nd biogeography by
guantifying the aspects of the physical environntkat set the context for ecological
interactions.

In the marine environment, most species are ctaraed by an ability to
move great distances, either as larvae, adultsothr (Nybakken 2001). The
magnitude and temporal scales of environmentabldity at any particular location
may influence whether or not a species can immegtatre, establish an ephemeral

population, or expand its range to include that teation. Similarly, increased



variability or environmental change within a spsti@ange may lead to loss of
populations at some sites, causing the range twamir{Somero 2012). Observing
these expansions and contractions of species’ sasgespecially relevant in shallow
water marine ecosystems, which can be highly dyoavith respect to physical
environmental variables such as temperature, sglamd environmental energy
(Walther et al. 2002; Belanger et al. 2012). THeeaitats are dominated by
ectothermic animals with little or no ability togudate their internal body
temperatures (Somero 2012), and consistent lomg-tbanges to water temperature
have been shown to correlate with shifts in spetigtsibution, both geographically
(Perry et al. 2005; Zeidberg and Robison 2007)iamtgpth (Dulvy et al. 2008).
Furthermore, seasonal, decadal, and longer-termgelsain temperature may facilitate
expansion in range of human-transported invasieeisp (Peterson 2003), such as the
Red Lionfish in the western Atlantic Ocean (Kimbetllal. 2004), in addition to those
expanding from their native ranges along a contisyzath, like the Jumbo Squid in
the eastern Pacific Ocean (Zeidberg and Robisoid)200

Marine fishes experience physiological limits asated with minimum and
maximum temperature thresholds, and these thresleald change on evolutionary
timescales, with some pairs of sister species @xigltolerance to substantially
different temperature ranges (Graham 1971). Ldbopraecorded thresholds may not
be the best measure of temperature tolerance, levynaevtemperature is known to
affect fish behavior, well within the tolerable ggn(Biro et al. 2010). These changes

are not always consistent and can lead to behavmeesonality” changes — when the



magnitude of an individual’'s behavioral responsdififerent, relative to other
individuals in a group (Biro et al. 2010). As iwidiuals become more or less active,
more or less aggressive, and bolder or less saentally at different rates of change
— their relative ability to capture prey, avoid gagon, and dominate conspecifics can
change, all as complex functions of environmergalgerature (Biro et al. 2010).
These behavioral and personality changes may #dweairvival of individuals who
find themselves outside of the narrower temperatmge that is most characteristic
of their natural environment (Figueira et al. 2009)milarly, inter-specific
differences in behavioral change may be particylanportant with respect to prey
capture and predator avoidance. As poleward shiftisstribution are often
mentioned as a means for species living near tipger physiological temperature
threshold to adapt to ocean warming, it is impdrtarconsider how oceanographic
variability may lead to sporadic (or regular) loswiperatures that alter the behavior,
personality, or survivability of species with agrcal affinity.

These issues are especially relevant near transibetween tropical and
temperate areas such as the Gulf of California (;®@xico. The GOC is located at
the intersection of tropical and temperate zoogsalyc provinces in the eastern
Pacific (Walker 1960, Rosenblatt 1967) and is al$nghly dynamic ocean basin
known for its seasonal and higher frequency chamg#sw (e.g., currents, eddies,
etc.), productivity, and temperature (Alvarez-Bgwe&010). These characteristics,
along with its narrow shape and semi-enclosed eatmake the GOC an ideal place to

study the effect of the thermal environment on manrganisms. Here, we present a



shapshot data set from a large-scale study ussiagu temperature loggers to describe
the seasonal and daily temperature variabilitytaallew rocky reefs throughout the
GOC, and we calculate the return time for extremdemperature values that may
affect the reef community. The spatial scale «f udy, 16 sites across more than
5.5 degrees of latitude and 10 additional sitesradfmne island, is larger than

previously attempted in the GOC or elsewhere.

Methods
Study Site

The GOC (Fig. 1.1a) is a long (~1100 km), narrows@-km), semi-enclosed
basin characterized by dynamic oceanography raguitom its shape, location, and
geology (reviewed in Alvarez-Borrego 2010). ThetdAmerican monsoon blows
along the GOC'’s long axis from the southeast dutiegsummer and from the
northwest during the winter (Paden et al. 1991his Bwitch produces different
upwelling patterns for opposing coasts and lead@stannual reversal in the direction
of the overall average circulation (Paden et 801)9 The GOC's narrow shape,
however, allows for upwelled water masses at omastdo advect to the other coast
before undergoing significant change at the sur(Beglan-Dangon et al. 1985; Pegau
et al. 2002). The entire GOC is recognized fghhi dynamic oceanography, and
internal waves have been studied there since stt 1889, using boti situ
instrumentation and remote sensing (e.g., Munk 1BdJland Holt 1984, Badan-

Dangon et al. 1991, Filonov and Lavin 2003, et&{rong internal waves are



generated near the GOC mouth, through interactiatiisthe open Pacific Ocean
(Munk 1941), and near the Midriff Islands, as autesf the strong tidal wave
interacting with shallow sills between islands th@fu and Holt 1984, Badan-Dangon
et al. 1991, Filonov and Lavin 2003). Internal esare known to affect the ecology
of reefs in other systems (Leichter et al. 199®8)9and shallow water organisms in
the GOC may experience very different physical emrments, depending on their
location and the complex interactions between lapatelling, distant upwelling,

surface flow from the Pacific, and solar heating.

Observations

As part of a large study to characterize GOC raelefs, we conductad situ
temperature studies, at two spatial scales, fro@9-2ZD11. In order to characterize
the temperature variability on shallow rocky retsiughout the GOC, we installed
Hobo Pro v2 Water Temperature Data Loggers (0.2Aracy, 0.02° resolution, 5
minute response time) on 16 reef sites over ansretching from Puerto Refugio at
the northern tip of Angel de la Guarda Island ia Khidriff Islands to Cerralvo Island
south of La Paz Bay (Fig. 1.1a). Sites were chbsesed on previously conducted
faunal surveys or ongoing semi-regular communityitooing (Table 1.1). At each
site, two loggers were installed directly to thekypreef surface via stainless steel
eyebolts. Installation depth was typically 5-6bmat reef bathymetry and proximity to
survey areas required us to install some loggesBgititly shallower sites (Table 1.1).

The data loggers recorded temperature at 20-mintgevals, from July 2009 to July



2010.

To measure differences in water temperature grafisantly smaller scale,
we installed a second set of data loggers at &2 aitound Espiritu Santo Island (and
its associated islets) at the mouth of the La Raz(Big. 1.1b). While the study sites
for the broader GOC study stretched across 690ridrbe degrees of latitude, the
sites around Espiritu Santo Island stretched aenolys24 km and included locations
along the bay side of the island, as well as ttie spen to the wider GOC (Fig. 1.1b).
Furthermore, in order to quantify the effect of thepn temperature at this island, we
installed loggers at multiple depths at each sis.in the broader GOC study, we
bolted loggers directly to the reef surface, buhatEspiritu Santo Island sites, we
installed one logger at each of 5, 10, 15, and 2{&pths, where possible. The rocky
reef at some of these sites ends before 20 m deptting the number of installations
(Table 1.2). We also recorded distance from shbeach deployment in order to
calculate a simple measure of reef slope at eaeh il data loggers around Espiritu
Santo Island recorded temperature at 20-minuteviale from November 2009 to

May 2011.

Analysis

For each site where two data loggers were recdyéme series were very
similar (identical at most time points). In orderobtain a single time series for those
locations, we used the mean value at each time fwithe two loggers. At some

sites, only one of two loggers was recovered oy onk logger was installed, and the



time series from that logger is considered reprasee of the site.

Descriptive Statistics:For each temperature series (both spatial scalesy e
site, every depth), we calculated the daily minimamaximum, and mean
temperatures and used those values to calculatketiwegiptive statistics (mean,
standard deviation, range, minimum, maximum) inydealues for the full time series.
In order to remove high frequency variability frahe raw data, we also calculated a
31-day centered moving average. Based on a ssuedy of the raw data and the
moving average that revealed different variabil@dgimes with respect to season, we
recalculated several statistics for two seasony-®etober (“summer season”) and
November-April (“winter season”). We used theskiga to compare within-island,
among-island, and among-depth variability througtet

For five sites around Espiritu Santo Island withders installed at 5, 10, and
15 m depth (sites D, F, H, J, and K), we calculateatification as the difference in
the 31-day centered moving average divided by iffierence in depth between
loggers. In order to determine which parts ofupper water column experience the
greatest temperature change with depth, we caémithis value separately for each
five meters (5-10 m, 10-15 m, and 15-20 m, whessiinde).

Time Series Analysisin order to compare the frequency of temperature
variability among sites, we transformed data, u$asfj Fourier transformation (FFT),
and calculated a power spectrum for each timeseifie produce smooth spectra, we
used Welch’s method of averaging replicate speaiteulated from a series of non-

overlapping 14-day (1009-data point) sections eftthnsformed data using the
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computer program Matlab 7.1. In addition to commpathe peak heights at the
diurnal (S1 = solar tide) and approximately senmaili (12.4 hour — M2 = lunar tide)
frequencies among sites, we compared the area thelpower spectrum curves
within two frequency bands around the S1 (1/18/83 tycles per hour) and M2 (1/11
to 1/14 cycles per hour) peaks, after Lerczak 208ka was calculated by integrating
the power spectral density function across thesgesof frequencies and is the
frequency-specific estimate of variance. The sgueaot of this value is the root mean
square (rms) temperature amplitude in degrees.alédéecalculated the rms amplitude
for the entire time series by integrating the posgctral density function across the
full range of frequencies (1/14 cycles per day/égDlycles per minute).

Temperature Anomalies and Return Times:For each day in each
temperature record, we calculated the minimum teatpee anomaly as the difference
between that day’s minimum temperature and thee&8leeéntered moving average.
These values were then used to calculate the @stimaedian return time for a given
extreme event and the estimated magnitude of thst extreme event in a given time
period using the methods of Gumbel (1958), JacaokisKneile (1975), and
Galambos (1987). These methods, applied to eaa@bdata by Denny and Gaines
(1990) and Gaines and Denny (1993) and to a teryserame series by Leichter and
Miller (1999), involve a four step process to detere the probability that an extreme

value,x;, in a single time interval will be less than ouebto a given valuex:

P(x) = Probg; < X). (Equation 1.1)
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To estimate the probability functioR(x), we: 1) divided the data into a series
of equal length intervals (1 day); 2) recordeddgRtzeme value in each interval; 3)
ranked extreme values by magnitude; and 4) fitrdicoous probability function to
their cumulative distribution (reviewed in Dennyda@aines 2000). When anomalies

are equally distributed, this probability functiapproaches an asymptotic form:

P(x) = exp —[6-px)/(a-Be)] P, (Equation 1.2)

with the following qualifications:

if B >0,P=1forx>alp,

if B <0,P=0forx<alp.

Estimates ofx (the rate of increase &f(x) with the natural logarithm of time),
B (which, when divided inta., estimates the maximum achievable extreme value),
ande (the mode value) were found using maximum likedithononlinear curve fitting
in the computer program Matlab 7.1 and used toede{x). The estimated return time
(median number of days between successive extremgrencesx), t(x), is equal to

the inverse of R(x).
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(X) = 1/(1P(x)). (Equation 1.3)

Results
Seasonal and Spatial Patterns

An example of the raw data is plotted in Fig. lakang with the 31-day
centered moving average. This series (site A)ledbnger than most other series, is
representative of the seasonal patterns we obsaoreds the GOC. The warmer
summer period, along with the preceding periodesfegal increase in average
temperature, is characterized by a high level abbdlity around the mean (Fig. 1.2b).
By comparison, there is a striking lack of variabibround the mean during the
period of general decrease in average temperdtigel(.2c), and the cooler winter
months represent a transition between these twodser While Fig. 1.2 is
representative of the seasonal patterns observad ather shallow rocky reef sites,
the difference in temperature variability betwelea two seasons is not particularly
strong at this southern site. Most of our sitesdraracterized by an even greater
seasonal difference, seen clearly in Fig. 1.3, e/iiee mean within-day range at site 1
(= the first 12 months of site A; Fig. 1.2a) is maimilar for the winter and summer
seasons than at other sites. That figure also slagwiot of maximum within-day
range and the annual range of the full time serfds3 of 16 sites, more than 40% of
the total annual temperature range was observedgiaisingle day, at least once.
More than 50% of the total range was observed duaisingle day at two sites (sites 1

and 15).
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A plot of 31-day running means for all of our sitcross the GOC shows
seasonal patterns on a wide spatial scale (Fij. Eden while temporal variability in
temperature during the summer is significantly bigthan during the winter at any
given site, winter is the more variable time, witemparing among sites. The largest
difference in mean temperature among sites ocauteglthe winter. General
differences in average temperature among sites seemdriven by the faster rate of
change, during both periods of general decreasénanehse, observed at cooler
(usually more northern) sites (Fig. 1.4). Diffeces in the unfiltered data, among
sites, are also seasonal: the maximum recordedet@tope for each site falls in a
narrow window of 29°-31° C, while the minimum reded temperatures fall between
14° and 21° C. These findings corroborate our agi®n that the cooler sites are
those with the largest annual range (Fig. 1.3).

An examination of 31-day mean temperatures fotiplaldepths at several
sites around Espiritu Santo Island reveals a pattespatial variability and
stratification during the summer season, with gneabmogeneity during the winter
season (Fig. 1.5). Observable stratification ohm&mperatures at any given site
during the summer, but not during the winter, fakoa similar pattern to the
variability for any individual time series, des@tabove. However, spread among
sites around the island exhibits the opposite pattean the one we observed for the
wider GOC. Spatial differences among sites (fqothle of 5, 10, and 15 m) are

greatest during the summer season and nearly athseng) the winter season.
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Calculations of stratification at five sites arduiBspiritu Santo Island confirm
that the water column over shallow reefs (to 2dsmglatively well mixed during the
winter season and more stratified during the sunseason (Fig. 1.6). In general,
temperature decreases 0.15 — 0.30° C per metemdihe summer months and is
constant with depth during the winter months. Atstrsites, the temperature
stratification is stronger within the deeper bih6-15 m and 15-20 m) than in the

shallower bin (5-10 m), though site H seems tmislan opposite pattern (Fig. 1.6a).

Time Series Analysis

Figure 1.7a depicts a power spectrum for the rai& dhown in Fig. 1.2. Note
the two strong peaks located at frequencies ofcgale per day and approximately
two cycles per day, demonstrating that much oténgperature variability within that
data set is concentrated at the S1 and M2 freqegnéteaks to the right of these daily
and semidiurnal peaks may represent harmonicsetpeaks or they may represent
some unidentified internal wave activity.

To contrast with the southern site displayed o Ei7a, in panels b and ¢, we
display a power spectrum from our most northem (Site 16) and one from a site in
the Midriff Islands (site 11). Differences in pelagight and width and in overall area
under the curve reflect differences in variabiétyong sites. Figure 1.7c, in
particular, represents a site that is charactetizeal strong semidiurnal peak, an
example of a site where tidal influence on tempeeavariability is strong. Figure

1.7d provides the power spectra from four depttmnatsite from Espiritu Santo
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Island (site F). Analysis of data from this siepresentative of other sites at that
island, shows the increasing contribution of bbih daily and semidiurnal peaks to
overall temperature variability with increasing tlepThere is also a relative increase
of the semidiurnal peak, compared to the daily patleeper depths. Finally, it is
interesting to note that the spectrum in panel m @ata) more closely aligns with the
spectrum in panel d for the 10 m data than foiSthe data, implying a more variable
environment at shallower depths at that site. Tighout our data set, there are several
examples of similar instances where small changésa depth dimension and large
changes in the spatial dimension yield similar niagie changes in variability.

In Fig. 1.7a, the portions of the spectrum insitetwo sets of vertical bars,
labeled S1 and M2, represent the part of the cumtegrated to calculate the variance
associated with the daily and approximately semi@ilpeaks, respectively. The rms
values for both peaks and for the whole curve hosva in Fig. 1.8a for all sites
across the GOC. Values for the total area, thba®t, and the M2 band for sites at
Espiritu Santo Island are plotted in panels b-thoAg 24 sites with temperature
records from approximately 5 m depth (wider GOEssjtlus Espiritu Santo sites), all
but three are characterized by a higher rms tertyperamplitude around the S1 peak
than around the M2 peak. The three sites wherentieamplitude is higher for the
M2 peak are all located in the Midriff Islands regi as is the site with the highest rms
amplitude for the total spectrum.

Reviewing only the sites around Espiritu Santandl(Fig. 1.8b-d), total, S1,

and M2 rms amplitude increases with depth at tdksi There are no exceptions in our
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data set. A Mann-Whitney-U Test of rms amplituééneen sides of the island - the
west side faces the La Paz Bay (sites A-G) ane@daiséside faces the wider GOC
(sites H-L) - reveals significant differences italcand S1 values at 5, 10, and 15 m
between sides and a significant difference in MResiat 5 m (P < 0.01 in all tests).
In all of these cases, the value is higher forehst side of the island. While we only
have 20 m depth data from two sites, the valuethf®site on the east side are higher
than those from the west side for total, S1, andriM amplitudes. These differences
are not a result of different reef slopes, as aéafthitney-U Test confirms that the
slopes at the east sites are not significantledgffit from the slopes at the west sites
(P > 0.05; east sites median = 3.1 m from shorepercrease in depth; west sites

median = 3.5 m from shore per m increase in depth).

Return Time

Figure 1.9 displays minimum daily anomaly datarfriovo representative sites
(Fig. 1.9a-b), with fitted curves of the form of #&gion 2. The graphs in Fig. 1.9¢-d
are plots of Equation 3, used to estimate retunedifor anomalies of any magnitude
or to estimate the maximum anomaly for any givaretperiod. Using this method,
we calculated return times for temperature anomalfe€2-5 degrees for each site
across the GOC (Table 1.3) and for every site apdhdaround Espiritu Santo Island
(Table 1.4). The whole-GOC values are given fonser period data only, as
summer is the more variable season (discussed paongdhe most active time for

spawning and recruitment of reef organisms. Reiuras calculated from winter data
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for those sites were all greater than 1000 dayariomalies two degrees, except two
sites that had return times of 13 (site 11) and& (site 14) for a two-degree
anomaly. These winter findings are consistent withother observations that the
winter period is characterized by minimal high freqcy variability.

The Espiritu Santo Island values (Table 1.4) eported by depth and are not
divided by season. While the summer is again tbeertemporally variable season,
the summer data for the 10, 15, and 20 m datadset®t adhere to the assumption of
stationarity. The ranked and sorted anomaliesdtdollow the form of Equation 2
and were therefore not properly fitted by that equea  We suspect that, with more
summer data, the ranked and sorted anomalies vbegjid to take that form. Ranked
and sorted anomaly data for the full time serieseved the expected form. Estimated
return times of extreme events decrease with d@f@ble 1.4). In other words, cold
anomalies of 2-5 degrees are expected to occur frexpeently on deeper reefs.

Furthermore, similar to the time series analysiscdbed above, sites along the east
side of Espiritu Santo Island are more variabléh whorter return times expected for
extreme events than for sites along the west.

The values of, B, ande estimated using Equation 2 and the observed data f
all time series are reported in Tables 1.3 and With these coefficients, estimated
return time for anomalies of any magnitude andestied maximum anomaly for any

time period can be calculated for all of our siiegg Equation 2.

Discussion
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Our study indicates that well-documented ocearpigcaeatures in the GOC,
such as tidal upwelling, coastal upwelling, andyefidmation, translate into
extraordinarily high temperature variability on tigallow rocky reefs along the Baja
Peninsula and the islands throughout the wester@.GUhrough our observation of
daily ranges and calculation of estimated returres for extreme events, we found
this variability, along with stratification of trehallow water column, to be seasonal,
with the summer period generally more variable ttienwinter period. This seasonal
pattern coincides with the northeastward directibthe average GOC winds during
the summer months (Paden et al. 1991) that pronkdtesmn transport away from the
Baja Peninsula and coastal upwelling along the GQ&stern boundary (Talley et al.
2011). If coastal upwelling and other higher frexey wind-driven processes are
predominately responsible for temperature varigbduring the summer, we would
expect variability to diminish beginning in Novennlvéhen the winds begin to subside
(Alvarez-Borrego 2010), followed by a steady desesia average temperature
associated with surface cooling. We see this gépattern for all of our sites.

Future research may reveal an opposite pattermg dleneastern boundary, where
coastal upwelling is expected in the winter peri@sulting from the southeastward
average wind direction during that time (Paden.e1@91). Local oceanographic
features and local winds are certain to influemesée patterns as well.

This observation of a seasonal pattern to temper&ariability on shallow
reefs is not unique to the GOC and has been olitatseveral sites around the

tropical western Atlantic Ocean (Leichter et al0Og)) at Diego Garcia Atoll in the
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central Indian Ocean (Sheppard 2009), along sosti#asstralia (Malcolm et al.
2011), off of central Chile (Kaplan et al. 2003)dan Moorea, French Polynesia
(Leichter et al. 2012), among other places. Asunstudy area, sites around the
tropical western Atlantic, in southeast Austratiff,of Chile, and around Moorea have
the highest temporal variability in temperatureidgithe warming months and are
more stable during the cooling months. Sites agbBiGarcia Atoll show the opposite
pattern; the cooling period is the more variabieetiSheppard 2009), implying the
presence of a well-mixed water column during aqekdf steady warming and a
stratified water column during a period of steadglng. The causes of those
opposite observations at Diego Garcia Atoll arenown.

Summer maximum temperatures are similar acrosstady sites, while
winter minimums are quite different. Again, thegical western Atlantic shows a
similar pattern, with winter minimum temperaturesponsible for most of the
differences in annual range among sites (Leiclitat. 006). In both basins, shallow
waters seem to have some maximum temperature be®leand 32° C that most sites
approach, regardless of latitude. Minimum shalleater temperatures, on the other
hand, are affected by both latitude and local oogeaphic processes. Interestingly,
Barnes et al. (2006) found an opposite patterpdder waters north of Antarctica.
There, winter minimum temperatures are similar sg€iseveral sites, but summer
maximums are higher with decreasing latitude (Bagteal. 2006); summer
temperatures drive variability in annual range.cémbination with the differences in

magnitude of average temperatures in these regidffex,ences in seasonal
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temperature variability may influence physiologyoofianisms living at these very
different latitudes.

The GOC is a dynamic ocean basin. While tempezatariability in the GOC
shows similar patterns to other basins, such asapéal western Atlantic, the
magnitude of the variability is greater and thelilkood of extreme events is higher in
the GOC. The rms temperature amplitude is highaH af our sites across the wider
GOC (3-5 m depth) than all the tropical westerraAtic sites where Leichter et al.
(2006) analyzed time series from 10 m depth. Sirtyil though return time for
extreme events varies across the GOC, some oftearteve shorter expected
summer return times for 5° C anomalies at approtain® m depth than expected for
2° anomalies in the Florida Keys (Leichter and &4ilL999), one of the most variable
parts of the tropical western Atlantic (Leichteaét2006). Furthermore, for larger
anomalies (4-5° C), three GOC sites at 5 m deptk bhorter expected return times
than a 30 m depth site in Florida (Leichter andéil999). In some parts of the
GOC, very shallow rocky reef organisms experieeceperature variability akin to
that at 30 m in one of the most dynamic parts efttbpical western Atlantic. Reefs
in the GOC experience highly dynamic subtidal thedroonditions.

Among our sites, San Pedro Martir (site 11) hasstiortest return times for
the most extreme cold water anomalies (Table h8)has the highest rms amplitude
for the full time series and the S1 and M2 bandbefpower spectrum (Fig. 1.7). San
Pedro Martir has the most dynamic temperature ¢mmdi at 5 m depth in our study

region. That island lies in the east-west centéhe® GOC and is very close to the



21

latitudinal center as well (Fig. 1.1a). It is atke southernmost island in the Midriff
Islands. As a result of its location, San Pedrativienay experience different
oceanographic features from either coast and flenother Midriff Islands. The only
three sites where the M2 tide had a higher rms iamdel than the S1 daily variability
(Fig. 1.7) are also located in the Midriff Islan@sg. 1.1a). The Midriffs are
recognized as having nearly constant upwelling éabangon et al. 1985) and
strong internal wave activity (Fu and Holt 1984dBa-Dangon et al. 1991, Filonov
and Lavin 2003), both associated with the tidalevdnat strikes a series of shallow
sills in that area, driving vertical mixing down360 m or more (reviewed in Alvarez-
Borrego 2010). Given the particularly dynamic matof internal waves and the
magnitude of vertical movement of water massekan iegion, it is not surprising that
shallow sites there are some of the most dynantiearGOC. This consistent daily
and tidal mixing does not always coincide with shortest estimated return times of
cold water events, however, as two sites furthatrs(sites 8 and 9) join San Pedro
Martir as the sites with highest frequency of cextremes (relative to their monthly
average; Table 1.3).

Spatial differences in frequency of extreme eveotsot follow a simple
geographic pattern, and it is important to consiblerlocal processes that interact with
GOC-wide features to shape reef-scale oceanography Espiritu Santo Island sites
provide an interesting example of measurable diffees on either side of a single
island. These observations are not caused byelites in reef slope but may be the

result of proximity to deep water or could hintla presence of higher amplitude
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internal waves on the east side of the islandnfattie wider GOC, than on the west
side of the island, facing La Paz Bay. If strongginal waves are associated with
summer wind patterns, then they may explain theaspm mean temperature among
sites during the summer at Espiritu Santo Islaotinbt during the winter when the
winds show different patterns (Fig. 1.5). Regasdlef the underlying cause, the
physical environment of the organisms living onstheeefs is variable in both time
and space, and these meso-scale processes lilety their biology, as well as the
physics that we observe there. For example, sdibterences in variability from one
side of an island to the other may lead to diffeemnin the reef community across
very short distances, even when the average steditin appears similar.

While there are spatial differences in temperatargability among sites
across the GOC and within sites at Espiritu Sasitmdl, the biggest increase in
variability is associated with increased depth. bNeorganisms living at 5 m
(“shallow”) at a relatively stable site in the G@tay experience “shallow” Midriff
Island-like temperature variability when movingdepths of only 10 m. The same
would be true for species that are immobile astadwlt that settle at different depths
after a larval stage. Small depth differencesyaldl changes of a similar magnitude
to very large horizontal, spatial differences. Hwoer, many reef communities are
known to exhibit depth zonation with shallow spsaacluded from deeper reefs (e.g.
Lindquist 1985), so successful changes in deptimdiyiduals or by species in
systems where depth zonation affects community mycemay not happen

frequently.
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High-frequency variability in temperature on roaleefs of the GOC must
have implications for the organisms that live thef&ese implications likely differ
for species with centers of distribution inside @@C and those with a more tropical
affinity. For example, during a long series oktigool collections in the northern
GOC, Thomson and Lehner (1976) demonstrated thdiveater events generally
favored endemic fishes, at the expense of someesp@th a more tropical affinity.
The tropical species suffered high mortality, sigantly decreasing their relative
abundance during especially cold periods. Thag®dal species thrived in, and often
dominated, the area during much of the study pebatthe most extreme cold
temperatures reduced their levels of numericalessg¢Thomson and Lehner 1976).
Similar examples may be expected for GOC invertebra

A high frequency of cold-water events may alsgease the likelihood that
fishes undergo behavioral changes associated entbdrature. In controlled
laboratory experiments, Biro et al. (2009) observeldavior and personality changes
in juveniles of an Australian damselfish with oaly®-3° C change in temperature.
There are few places in our study area where neetyed, juveniles wouldot
experience 2-3° degree anomalies, multiple timé@kjmtheir first month post-
settlement, with expected 5° anomalies occurrintgan time at three sites (Table 1.3).
These anomalies may affect juvenile behavior (¢hgough reduced activity),
influencing their ability to capture food and eseqpedation. Settlers of species near
the edge of their range, without a long evolutigrtastory in GOC-like variability,

may be unable to survive such frequent changesmipérature, even before
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physiological thresholds are reached. Transitintesor out of the GOC may involve
crossing thresholds in environmental variabilitgtthould make dispersal difficult.
Even as tropical species experience more frequanhwater events in their native
ranges that are physiologically limiting, interraitt cold-water events may prove to
be too extreme to facilitate establishment of papohs. Here, we show that the
GOQC, in particular, is a place where cold-watemgsy®ccur frequently and are
particularly strong.

The high frequency and large magnitude of tempegdtuctuations we
observed have potentially significant implicatidosthe survival of reef organisms in
the GOC. They imply that the probability of suiwf recently-settled reef
organisms may differ between islands, around desistand, and across depths in the
GOC. Similarly, established adults may experienackcal departures from
temperature norms at some sites, especially dtimmgummer months. Given this
environmental mosaic, successful GOC species neulighly tolerant of temperature
variability or face strong and perhaps somewhateudiptable selective pressures.
Local selection could account in part for the strgenetic structure observed in
marine species with dispersive larvae (Marshadll.€2010), including some in the
GOC (e.g., Riginos and Nachman 2001; Riginos 20Qbbet al. 2009).

Quantifying fine-scale spatial and temporal terapge variability can provide
an important tool for studying reef faunas. Thealyic nature of systems like the
GOC is evidently not captured by measurementsataeace temperature alone. In

addition,in situtime series provide the potential to documentidbal temperature
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regime for the entire lifetimes of relatively shovted, immobile species. For longer-
lived species, temperature time series provideyaipal data set to complement
surveys, faunal collections, and other biologicatmes. Wider incorporation of
detailed data on environmental variability promiseseased insights into our
understanding of the factors controlling the ficade distribution and abundance of

marine species.
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Table 1.1. Meta data for sites across the bro@défrof California

Sampling Mean
Code Site Latitude (°N)  Longitude (°W)Depth (m) Temperature (°C)
1 Gallina 24.4575 110.3833 5 24.66
2 El Embudo 24.5803 110.4000 5 24.36
3 Cerralvo 24.3263 109.9369 5 25.21
4 San Francisquito 24.8207 110.5773 6 24.67
5 Santa Cruz 25.2608 110.7273 5 24.78
6 Monserrate 25.7101 111.0331 5 25.23
7 Carmen 26.0165 111.1686 5 24.46
8 Coronado 26.1174 111.2865 5 23.95
9 San Marcos 27.2563 112.0948 3 23
10 Santa Inez 27.0594 111.9090 3 23.77
11 San Pedro Martir 28.3857 112.3133 5 21.96
12 Las Animas 28.7053 112.9338 5 20.75
13 Partida 28.8867 113.0470 3 21
14 Punta Quemada 28.9504 113.4251 5 20.63
15 Alcatraz 29.1663 113.6068 5 20.4
16 Puerto Refugio 29.5502 113.5474 5 2151
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Table 1.2. Meta data for sites around Espiritu&é&stand outside La Paz Bay.

*Mean temperatures reflect the time series from &epth

Mean

Sampling Temperature

Code Site Latitude (°N)  Longitude (°W) Depth (m) (°C)*

A Gallina 24.4650 110.3900 5 23.43
B El Embudo 24.5801 110.3999 5 23.09
C ES Southwest 24.4477 110.3840 5,10 23.37
D Ballena 24.4793 110.4090 5, 10, 15 23.36
E ES West 24.5476 110.4150 5,15 23.39
F La Tijareta 24,5712 110.4151 5, 10, 15, 20 23.25
G Los Islotes West 24.5969 110.4020 10 n/a
H Los Islotes East 24.5985 110.3900 5,10,15,20 3.3&

I ES Northeast 24.5620 110.3670 10, 15 n/a
J ES Pillar 24.5042 110.3056 5, 10, 15 23.46
K ES Southeast 24.4650 110.2980 5,10, 15 23.47
L Suanee Reef 24.3869 110.3158 7 n/a
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Table 1.3. Estimated median, summer return timexftreme temperature anomalies
for sites across the Gulf of Californf&ite codes reflect those assigned in Table 1.1.
* indicates return times > 1000 days

Site 2°C 3°C 4°C 5°C Coefficient Values
Codé Return Times (days) a b e

1 * * * * 0.8773 0.5652  0.2896

2 5 11 25 53 0.8467 -0.1072 0.5349
3 11 30 74 163 0.5877 -0.1504 0.2363
4 8 37 247 * 0.8781  0.1011  0.5086
5 9 27 81 239 0.7741 -0.0331  0.2940
6 6 13 25 47 0.8876  -0.1554  0.1797
7 5 10 17 27 1.1289 -0.1902 -0.0738
8 5 9 14 21 0.6963 -0.4274 0.2141
9 4 10 21 43 0.8506 -0.1119 0.6779
10 6 11 20 34 0.9553 -0.1803 0.1582
11 2 4 8 18 1.6726 0.1249  1.4260
12 8 245 * * 1.0005 0.2778 0.8301
13 8 105 * * 1.0765 0.2747 0.6224
14 4 14 88 * 1.3773 0.2386  0.6276
15 3 8 24 101 1.4871 0.1787  0.7453
16 8 23 65 174 0.7503 -0.0582 0.3615
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Table 1.4. Estimated median return time for exeedemperature anomalies for all
depths at sites around Espiritu Santo Isla8ie codes reflect those assigned in Table
1.2.

* indicates return times > 1000 days

Site Depth 20C 3°C 4°C 5°C Coefficient Values

Codé  (m) Return Times (days) a b e

A 5 79 338 * * 0.2725 -0.1654 0.1268
5 10 18 29 42 0.3267 -0.4950 0.2305
5 28 83 196 400 0.2938 -0.2469 0.2203
10 17 37 67 108 0.2834 -0.3978 0.1752
5 33 99 239 494 0.3003 -0.2387 0.1657
10 13 27 45 69 0.2994 -0.4528 0.1758
15 6 9 13 16 0.3390 -0.7436 0.2409
5 27 79 182 362 0.3068 -0.2546 0.1803
15 7 12 17 24 0.3819 -0.6027 0.2143
5 18 42 81 139 0.3271 -0.3378 0.1615

10 9 15 23 33 0.3465 -0.5523 0.1981
15 6 10 14 19 0.3784 -0.6387 0.2757
20 5 8 12 17 05142 -0.5718 0.4202
10 8 14 21 30 0.3043 -0.5608 0.2860
5 8 14 23 33 0.3280 -0.5203 0.2954
10 6 10 14 19 0.3089 -0.6484 0.3569
15 5 7 10 13 03534 -0.7105 0.4178
20 4 6 9 13 0.4925 -0.5718 0.5267
10 5 11 15 0.3599 -0.6828 0.3662
15 4 6 8 11  0.4034 -0.7235 0.4655
5 9 20 39 68  0.4548 -0.2998 0.3252
10 6 11 18 26 04247 -0.4773 0.3646
15 5 8 13 18 0.4643 -0.5312 0.4145
5 12 27 52 91 0.3958 -0.3113 0.2733
10 7 14 22 34 04150 -0.4417 0.3240

15 5 9 14 20 04521 -0.5298 0.3712
7 41 82 146 0.3349 -0.3093 0.2215
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Abstract

We report the results of a series of quantitdisie collections from shallow
rocky reefs in the Gulf of California (GOC). Usitite ichthyocide rotenone and a
square barrier net, we collected all cryptobentfistves from a 10 fmarea at 17 sites in
July 2010. Of approximately 104 species of cryptuhic fishes (blennies, gobies,
clingfishes, etc.) known to inhabit rocky reefdhie GOC, our samples include 39
species, 26 of which have their centers of distrdou(CODSs) inside the GOC and 13
that have more tropical CODs. Triplefin blennies #tnhe most abundant family of
fishes in our samples, followed by tube blenniabrisomid blennies, gobies, and
others. Density (66 - 446 individuals per 16) mnd species richness (12 to 21
species) vary among sites. Species with CODsertsid GOC tend to be more
abundant than species with CODs farther south.bétlthree of the species in our
collections have the northern limit of their geqar ranges in the GOC. Therefore,
distance to COD and latitudinal range are highlyedated, with species that have
small latitudinal ranges living near their COD. rQesults support the idea that the
GOC is an important biogeographic region for shehefs in the neotropics and a

transition zone between tropical and temperatedaun

Introduction
Defining the factors that control the distributiand abundance of organisms is
a fundamental goal of ecology (Andrewartha andBir854; MacArthur 1972;

Brown 1981). Questions on the relationships betweaage size or center of
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distribution and local relative abundance or dgnsaintribute significantly to the
fields of macroecology and biogeography (Brown 198&ston and Blackburn 2000;
Gaston 2009; Lomolino et al. 2010). Studying egmal communities with
overlapping species of very different range sizay provide insights into such
guestions. In the marine environment, “cryptoberitiishes are a good model
system for studying biogeography as they are ckeriaed by having similarly sized
individual home ranges as adults but widely difigrepecies ranges.

Cryptobenthic fishes are those that live in camsta near-constant contact
with the benthos, rely on crypsis as their primamgans of predator avoidance, and are
generally small-bodied (Miller 1979). Many maritaenilies include lineages that fit
this general description, including scorpionfisf®sorpaenidae), frogfishes
(Antennariidae), flatfishes (Pleuronectiformes)lceels and relatives
(Ophidiiformes), gobies (Gobiidae), blennies (Blemhei), and clingfishes
(Gobiesocidae), among others. Cryptobenthic figlieften abundant but generally
poorly studied. As a result of their small sizé difficulty in field detection and
identification, cryptobenthic fishes on shallowfseare often overlooked by
community ecologists or left out of reef assessg)auen as studies have revealed the
importance of this group in trophic dynamics (Kotral and Thomson 1986;
Depczynski and Bellwood 2003), production, and ditg (Allen et al. 1992; Smith-
Vaniz et al. 2006). Furthermore, cryptobenthibdis may be a good model system for
studying community structure. They are characterizy variable distributions

(among closely related species), their small simktarritorial nature often lead to
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little or no movement as adults, and they may Ipe@ally susceptible to fine-scale
environmental variability, particularly over shtirhe spans.

We studied the cryptobenthic fishes in the Gul€afifornia (GOC). The
GOC is along (~1,000 km), narrow (~150 km), semikesed basin characterized by
dynamic oceanography resulting from its shape tiooaand geology (Alvarez-
Borrego 2010). It is a marine biodiversity hots(et, Roberts et al. 2002) and is an
enormously productive region with a diversity obhats for fishes and other marine
life (Brusca et al. 2005; Hastings et al. 2010)nedwork of shallow, fringing, rocky
reefs characterizes much of the near shore envigahim the central and southern
GOC, specifically along the Baja Peninsula andntia@y islands throughout
(Thomson et al. 2000). The community structureashmercially important and
conspicuous fishes is relatively well known on mahyhese reefs (e.g., Aburto-
Oropeza and Balart 2001; Sala et al. 2002, 2004yt&bOropeza et al. 2011), but like
most places around the world, the cryptobenthitigmoiof the reef fish community in
the GOC is underrepresented in recent surveys.sy$tematics of GOC
cryptobenthic fishes is well known (e.g., Hubbs 2;98riggs 1955; Springer 1958;
Rosenblatt 1959; Stephens 1963; Thomson et al.)2800 the ecology of several
GOC cryptobenthic species has been examined imtrdeeades (e.g., Lindquist
1985; Kotrschal and Lindquist 1986; Kotrschal 1988astings 1986, 1991, 1992;
Hastings and Galland 2010), but the community stirecof this group is less well
known. An exception is Thomson and Gilligan (2Q@2)o tested island

biogeography theory on these fishes in the GOGerlB70s.
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On rocky reefs of the GOC, the cryptobenthic ismmunity is dominated by
gobies, combtooth blennies (Blenniidae), labrisobiehnies (Labrisomidae), tube
blennies (Chaenopsidae), triplefin blennies (Trygeédae), brotulas (Bythitidae),
scorpionfishes (Scorpaenidae), and clingfishes (€olcidae; Thomson and Gilligan
2002). The cryptobenthic fishes in this regionsrall (generally less than 6 cm,
with a few species reaching ~20 cm) and probablytdived (Miller 1979; Munday
and Jones 1998). Like most reef fishes, GOC cbgithic fishes generally have a
larval stage (though not always; see RosenblatfTaytbr 1971; Moller et al. 2005)
that leaves the reef and enters the planktonia@mwient before returning as a fully
developed juvenile (Riginos and Victor 2001; Wat2009). Some species exhibit a
second recruitment step, from juvenile to adultrohabitats (e.g., Hastings and
Galland 2010), and generally after reaching adolth¢he territorial nature of these
fishes leads to very little (if any) movement asl&gl(e.g., Goncalves and Faria 2009).

Gulf of California cryptobenthic fishes vary grgan their geographic range
sizes. The GOC fish community as a whole is apprately 10% endemic (Hastings
et al. 2010), and this percentage may be signifigdimgher among cryptobenthic
species (e.g., 28% of the blennioid species foartde GOC are endemic; Hastings
2009). The remaining species have ranges thah@xto southern Mexico or farther
into Central America or in a few cases northwaskgda southern California. Though
many fishes have even wider distributions, theeenar GOC cryptobenthic fishes with
ranges that also include the Caribbean or the weBtcific Ocean. At any site in the

GOC, the cryptobenthic fish community typically qemses both GOC endemics and
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closely related but more widely distributed spedils interactions among which are
likely governed by complex ecology.

Here, we present results from a series of quangtéish collections and
describe the cryptobenthic fish community on shvalfocky reefs across more than
5.5 degrees of latitude in the GOC. We specifycatidress the relative abundance of
species with centers of distribution (COD) inside GOC and those that are more

widely distributed along the eastern Pacific.

Methods

From 2009 to 2011, we participated in several r@tistory expeditions and
shorter geographically-focused trips as part ofcaber project to study rocky reef
fish and invertebrate communities in the GOC anobti@ain a snapshot of the current
status of its reef ecosystems. During a cruiskiiy 2010, we visited numerous sites
throughout the GOC, observing and collecting crigptahic fishes across a wide
latitudinal range, stretching from the Midriff Islds to south of La Paz Bay (Fig. 2.1).

The data presented here are the result of a seriesquantitative, SCUBA
diver-based collections made during the July 204f@dition. Quantitative
collections not only allow us to calculate specmansities but also allow for a more
accurate calculation of their relative abundanad&seach collection site, we set up a
10 nf barrier net — 0.32 cm mesh net, 1.2 m high, weiglatt the bottom with heavy
gauge chain and suspended at the top by sevenrgs b@eneral collection areas were

chosen based on other complementary researchpaniis sites were chosen based
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on good cryptobenthic fish habitat (= small to &bkgpulders, medium environmental
energy, some vegetation, in 1-3 m depth). Aftemaeing highly mobile fishes from
the area, we dispersed approximately one litenaththyocide consisting of a
mixture of rotenone, liquid dish soap (an emulsifyagent), and seawater. Rotenone
is a natural chemical produced by some legumintargpand is a very effective fish
poison, widely considered the most important ichthge in marine research
(Robertson and Smith-Vaniz 2008).

After dispersing the rotenone mixture, we spert twvfour hours collecting all
fishes inside the 10 harea. Generally, one diver patrolled the bottdre net along
the outside to prevent surge or currents from aagrgway specimens and to keep
away opportunistic predators. The other team merdliected all fishes inside the
area, actively searching under rocks and withirstifestrate and vegetation until all
fishes were captured.

Specimens were either fixed in 10% formalin orspreed in 95% ethanol.
Fixed specimens were later transferred to 50% cgugorol. All specimens, except
Ogilbia spp., were identified to species. Due to diffiguh identification of juveniles
and small adults, all specimens@gilbia were only identified to genus. Collections
are archived at the Scripps Institution of Oceaaphy Marine Vertebrate Collection
in collection numbers SIO 11-85 to SIO 11-102.

For the purposes of this study, we limited ouryses to the cryptobenthic
species that are primarily rocky reef residentsd@fmed by Thomson et al. 2000) and

avoided including species that live exclusivelyonearby sandy areas. We did,
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however, include those that inhabit the reef-saeriace and that can be routinely
observed maintaining territories on hard reef galst(e.g., Redlight Goby —
Coryphopterus urospilys In Table 2.1, we present a complete list of GOEky reef
cryptobenthic fishes from published checklists, ghenary taxonomic literature, and
museum records.

Latitudinal ranges and COD for the species cadécturing this study were
determined from confirmed museum records and frabligphed ranges (e.g., Love et
al. 2005). COD was calculated using the midpoiathad and represents the middle
latitude between the northern and southern rangerags. Species with CODs
between 21 and 31 degrees N were considered GO€redr(“G-C”), while values
less than 21 degrees represent species with agootieern affinity (“southern”).
Latitudinal range was calculated to distinguishnesn species with small ranges
confined to the GOC and those with wider rangesedent review oOgilbia
distribution confirms that all species known fronr gtudy region are endemic to the
GOC and have similar ranges and CODs, so consgldrat group by genus rather
than species does not affect the biogeographiysesMoller et al. 2005).

For each species at each site, the relationskeipgelen geographic range and
abundance were measured by calculating the distar€®D (= the absolute
difference between the latitude at the collectitg @nd the latitude at the COD).
These values were examined as individual record$amed by species in order to
guantify the relationships between biogeographyderssity among GOC

cryptobenthic fishes.
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Linear regression and tests of homogeneity ofaggons were utilized to
identify possible relationships between specidsngss and abundance, between
abundance and site latitude, and between G-C feheésouthern fishes with respect

to site latitude.

Results

During our 2010 collecting efforts, we obtainednqtitative collections for 17
locations throughout the islands and peninsulaoregf the GOC (Fig. 2.1). These
locations stretch over approximately 5.5 degredatitide and cover a large part of
the wider GOC. Of 104 species of cryptobenthibdsknown to occur on GOC
rocky reefs (Table 2.1), we collected 39 speciéghat have CODs inside the GOC
and 13 with more southerly distributions. Poolethmary statistics for all sites (e.g.,
frequency of observation, average abundance, aveedafive abundance) for each
collected species are reported in Table 2.2, agdZ2a depicts a rank order of
abundance of the 39 captured species. The ramk mrdharacterized by clear
logarithmic decay, with a few species representeseveral individuals and several
species represented by few individuals. A vierefuency of observation of those
same species (Fig. 2.2b) indicates that specien (@e most frequently observed)
were not equally distributed among sites and tiantost abundant species did not
necessarily have the widest distribution acrosssaas (i.e., the rank order changes).
The histogram of number of sites where each spaasscollected has a peak for

those species encountered infrequently in our cibdles and a peak for species
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encountered approximately one third of the timg.(Bi3a). Like in most studies of
abundance and distribution (reviewed in Borregaad Rahbek 2010), we found a
positive relationship between number of sites wispexies were collected and mean
abundance (Fig. 2.3b;?R 0.52, P < 0.0001, least squares linear regnessio

Among the pooled data, the triplefin blennies weemost common family of
cryptobenthic fishes (36% of total collected indivals and three of the top four
species by abundance), followed by tube blenni@%oj2labrisomid blennies (18%),
gobies (16%), brotulas (4%), combtooth blennies)(Zorpionfishes (2%), and
clingfishes (<2%). At the site level, the relataleundance of these families varies
widely around the mean: triplefin blennies, 37%{#rcentage points); tube
blennies, 16% (+13 pp); labrisomid blennies, 17%6(pp); gobies, 16% (14 pp);
brotulas, 5% (£5 pp); combtooth blennies, 2% (% pporpionfishes, 4% (x4 pp);
and clingfishes, 3% (=7 pp). The high variabiiyrelative abundance of each family
can be explainedoth by variability in true abundance of that faqahd by
differences in the overall community size (Tabl2)2.For example, among the
triplefin blennies, 83 individuals constituted 1@#the community at Gallina, while
approximately the same number (85 individuals) ttuted 65% of the community at
Santa Cruz (Table 2.3). The same was true amanigsls abundant families (e.g., the
brotulids). Variability in density among sitesthé species level was even wider, as a
result of heterogeneity in species’ distributionl mmerical abundance (Table 2.2).

As mentioned above, two thirds (26 of 39) of theaes collected during our

surveys have CODs inside the GOC and one thirdi{a2¢ CODs farther south. We
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collected three species that extend northward ttham Baja California and southern
California, but none of these species’ distribusitiave centers north of the GOC.
The Bay Blenny’sKlypsoblennius gentiljgange is centered on the GOC, and the
ranges of the broadly distributed Rainbow ScorpginScorpaenodes xydisnd
Bluebanded GobyL{thrypnus dallj are centered south of the GOC. Among the 39
species we collected, all but these three havadh®ern limit of their ranges inside
the GOC, but eight have southern limits south eféfuator. Latitudinal range size
varies widely among the species in our samples) fipproximately five degrees for
the Cortez Barnacle Blennp¢anthemblemaria hastinggp at least 48 degrees for
the Rainbow Scorpionfish. Each family with moraritone collected species has
representative species with distributions restdi¢tethe GOC and representatives
with relatively larger ranges.

While the ratio of diversity of G-C species to mrn species in our samples
is 2:1, the total abundance among pooled data re than 4:1, indicating a
disproportionately high abundance of G-C specidss fact is shown clearly in Fig.
2.2a, where most of the highest-ranking species ID inside the GOC and many
of the lowest ranking species are more widely ithigted.

While pooling data by species provides an effeciummary of the results, a
comparison of sites may reveal differences in tigptobenthic fish community
among several locations throughout the GOC (Taldg By pooling the community
at each site, total abundance ranged from 66 tarttgiduals per site (= per 109)n

and species richness ranged from 12 to 21 speeresitp (Fig. 2.4). Linear
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regression revealed a significant positive relaiop between species richness and
abundance, with richer sites supporting higher idiesof cryptobenthic fishes (or
denser sites supporting higher numbers of speRfes;0.57, P = 0.0005). There was
not, howevera significant linear relationship between latitiael abundance or
species richness, implying that cryptobenthic @ishsity and diversity are not
strongly affected by latitude within the GOC orttbther factors confound its effect.
The relationship between collecting latitude anthtabundance and species
richness of G-C cryptobenthic fishes was not sigaift, but latitude was significantly
negatively correlated with both abundancé /.25, P = 0.0396) and species
richness (R=0.42, P = 0.0047) of southern species, implyirag this group is more
abundant and diverse closer to the southern etltedd8OC. A test of homogeneity of
regressions of the two groups, however, showedlhigategative regression between
latitude and southern species abundance couldendistinguished from the lack of
relationship with G-C species abundance at an apb05 (t =-1.9482, df =30, P =
0.0608) and that the two groups are best explaseatsingle data set. Within-group
abundance does not account for potential influen€esher environmental factors on
maximum density at our sites, however, and wherd#te were normalized by the
total abundance at each site, a positive relatiprsttween relative abundance of G-C
species and latitude and a negative relationsHipdsn relative abundance of
southern species and latitude were both signifig@ht 0.64; P < 0.0001), had
opposite slopes, and were significantly different (7.6991, df = 30, P < 0.001).

These data are shown graphically in Fig. 2.5aesA of homogeneity of regressions
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for species richness confirmed a significant défere between the two groups of
species, with sites throughout our study area citeniaed by statistically similar
numbers of G-C species, and southern sites chaesrtdy higher numbers of
southern species than northern sites (t = -4.7d84,30, P < 0.0001).

Consideration of results by family (Fig. 2.5bXhex than geographic
distribution, also revealed some interesting tremils latitude. Combtooth blennies
(R*=0.27, P = 0.0333, linear regression), labrisobghnies (R= 0.4, P = 0.0062,
linear regression), and clingfishes’@®0.26, P = 0.0365, linear regression) all showed
significant positive relationships between latit@he total abundance. These three
groups were more common farther into the GOC, whideother families showed no
significant relationship between abundance antuldi The positive relationships
between these three families and latitude seema #result of strong positive
relationships of only a few species. Within thenbdooth blennies, the Bay Blenny
increased significantly with latitude, while thénet two species that we collected did
not. The relationship between latitude and lalnisbblenny abundance was
influenced disproportionately by the appearancerafadive abundance of the
Redrump BlennyXenomedea rhodopyjyahe Redside Blennyalacoctenus
hubbs), and the Largemouth Blennlgbrisomus xanjiat higher latitudes. Among
clingfishes, the Tadpole Clingfisks0biesox pinniggrwas the only species captured
at more than two sites, so its presence at théewricollecting sites drove the familial

relationship with latitude. The most common fanafycryptobenthic fishes on GOC
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rocky reefs, the triplefin blennies, showed no gigant relationship between latitude
and abundance in our samples.

Finally, plots of abundance against distance t®(Eg. 2.6a-c) and
latitudinal range (Fig. 2.6d-f) revealed that speaiear their COD could be highly
abundant and that species far from their centérstfibution were never very
abundant. We had only one record (of Redhead GdHgcatinus puncticulatys
where a species that was more than 10 degreestB@®D reached at least 20
individuals at a site (only 0.6% of records of &stfarther than 10 degrees from their
COD or 2.3% of nonzero records), and there werg seNen records of a species
reaching 20 individuals at a site that was more fha degrees from its COD
(2.7%/11.3%). These additional six records alt@spnted the same species (the
Carmine Triplefin -Axoclinus storeyge On the other hand, there were 45 records
(representing 14 species and six families) wheumdance reached at least 20
individuals for species that were less than fivgrdes from their COD
(11.1%/23.9%). Species near their COD were noagdnabundant, however, and
records where a species was not collected at argitspread across the entire range of
distances to COD (Fig. 2.6a). 74.3% of recordsaggnting species more than 10
degrees from their COD, 76.1% of records represgrdpecies more than 5 degrees
from their COD, and 53.6% of records representperees less than 5 degrees from
their COD are equal to zero. In other words, 40663 total records (61.1%) indicate

sites where a species was not collected.
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In our data set, mean distance to COD and latinidange are highly
correlated (R= 0.94, P < 0.0001, linear regression), so wessagar patterns when

reviewing abundance against latitudinal range (Ei@).

Discussion

For over 50 years, the GOC has been known to b portant biogeographic
region for shorefishes in the neotropics, partidulbecause it provides increased
subtropical habitat in the otherwise linear trop&astern Pacific and provides
increased area that is not influenced by the calterg of the California Current
(Walker 1960; Rosenblatt 1967; Robertson and Cr&0@®). Its regional importance
is particularly evident for the cryptobenthic fishat inhabit rocky reefs (Hastings
2000, 2009). Among the known species of rocky cegbtobenthic fishes in the
GOC, at least 40% are endemic (Table 2.1) compaitkadonly approximately 10% of
the more than 900 fish species known to occurenGRC in total (Hastings et al.
2010). Given the linear nature of the tropicateasPacific coastline, it is likely that
the existence of the GOC supports a substantiegase in shorefish diversity over
what would otherwise occur in this part of the wloparticularly among the
cryptobenthic fishes.

Our samples support the hypothesis that the G@fesents a distinctive
faunal region between tropical provinces to thetlsamd temperate provinces to the
north. Of the 39 species that we collected, dlltbree have the northern extent of

their geographic range inside the GOC. The comshatiow cryptobenthic fishes
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that live in the GOC rarely live north of it, andsome cases they may reach the land
barrier of the northern GOC before experiencingspgbiggical limits to their survival.
This is also often the case for larger, conspicueatfishes, and Rosenblatt (1967)
noted that in general, the northern limit of tr@bishorefishes in the GOC is as much
as five degrees farther north inside the GOC thhamgathe outside of the Baja
Peninsula. Therefore, within our results, latinadirange and distance to COD are
highly correlated. Species with CODs inside theG>#e generally restricted to the
GOC or a few degrees north or south of it, whilecggs with CODs farther south have
necessarily larger latitudinal ranges, resultirgrfrtheir northern limits falling inside
the GOC.

Among the 104 species of cryptobenthic fishes kmtminhabit rocky reefs in
the GOC, we collected only 39. Even by quantigdgisampling a total of 170m
across 5.5 degrees of latitude, on several islandsat sites along the Baja Peninsula,
we collected less than 40% of the known diversitthiese groups. Several factors
may help to explain this finding. Some specieska@vn only from a few specimens
and may be extremely rare or have limited geogragarges (e.g., Hubbs 1954,
Rosenblatt and Taylor 1971), and other speciesiogrthave ranges restricted to the
most southern parts of the GOC, where we did nitiectqe.g., Briggs 1960,
Rosenblatt and Parr 1969, Rosenblatt and Taylot )1 9Furthermore, cryptobenthic
fishes can exhibit depth zonation, and thoughstdrady been quantified in a few
genera in the GOC (Lindquist 1985, Rosenblatt aard £969), it is likely to apply to

other groups as well. All of our collections weestricted to depths less than five
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meters. Finally, our study area overlaps withrdneges of four species Ofgilbia, so
our collections may reflect more than one specidglat genus.

Species richness in general decreases from souibrth in the GOC
(Hastings et al. 2010), but our results for shajloeef fishes reveal a decrease only in
numbers of southern species and not in the whglgaoenthic community. This is
not surprising, as the more frequently observed; f&shes that we collected often
occur throughout the GOC, while the southern sggeaiten reach the limits of their
distribution in the central GOC (Walker 1960). Trwrthern limits of southern
species may be a function of the physical enviramntnfeg., cooler temperatures at
higher latitudes), habitat (e.g., presence/absehbenthic algae and encrusting
invertebrates with southern affinities), distanaaf COD, or some combination of
these and other factors.

Latitudinal variation in the abundance of cryptotiec families inside the
GOC may be influenced by wider biogeographic pagerAmong GOC fishes, there
are several species that are restricted to théeroriGOC but that also live in
temperate southern California (Walker 1960; Bernardl. 2003). These so-called
“northern disjunct” fishes are represented by amlg species, the Bay Blenny, in our
collections. That species is also the only onéweacaught with a COD inside of the
GOC that also reaches the outer coast of northaja &d southern California. As
described above, the appearance and numerical abcmof the Bay Blenny at our

northern sites drives a relationship between la¢itand abundance for the Blenniidae.
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The other combtooth blennies that we collected batre CODs far south of the
GOC.

Ecology may also influence latitudinal variatidrttze family level,
particularly among cryptobenthic fishes, which aften microhabitat specialists.
Many cryptobenthic fishes rely on specific or eugique resources in order to
persist. Unlike food specialists (e.g., corallmas butterflyfishes; Berumen and
Pratchet 2008), cryptobenthic fishes are often igisé microcarnivores or
detritivores (Fitzhugh and Fleeger 1985; Kotrsaral Thomson 1986; Gee 1989;
Depczynski and Bellwood 2003), and their speciaiimainvolves their reliance on
different microhabitats (Patzner 1999; Depczynski Bellwood 2004; La Mesa et al.
2006; Goncalves and Faria 2009; Hastings and GhR840, Lin and Hastings 2011).
Microhabitat specialization reflects, in part, thdishes’ reliance on benthic, male-
guarded nesting sites for reproduction (Miller 198dresher 1984; Hastings 1992;
Hastings and Petersen 2010), unlike many largerebodhobile, reef-associated
fishes, which are often broadcast spawners (Thred81) and are less likely to be
restricted to specific microhabitats. Among crygenthic fishes, the presence of their
preferred microhabitats, even under somewhat abala@nvironmental conditions,
can support apparently viable populations (Gall2@tl1).

To illustrate this point, consider two more blesidifamilies. Several species
of GOC labrisomids are habitat specialists thatgpr@eedy macroalgae for cover
(e.g, Rosenblatt and Taylor 1971; Thomson et &02Gonclaves and Faria 2009),

while triplefins prefer bare surfaces or patchestadrt turf algae on large boulders
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and rely on short, quick movements to the dark tside of these large boulders to
escape predation (pers. obs.). Within the Labridas) three species are very
common at northern sites and are uncommon or ungdsat southern sites. Though
data are not presented here, during general suofeys sites, we noted that fleshy
macroalgaeRadinaspp.,Sargassunspp., etc) were a more frequent component of the
benthic reef structure at sites in the north. fétative success of labrisomid blennies
in that region (Fig. 2.5) may be a result of hatatzailability. Triplefins, on the other
hand, do not exhibit a linear relationship betwkeitude and abundance within our
collections. This finding may reflect the relati'@mmonness of large boulders and
turf algae throughout our study region and the G®@eneral. Temperature
anomalies may also play a role in structuring avppnthic fish communities
throughout the GOC (Thomson and Lehner 1976), éslhewith respect to the
variability in the frequency and magnitude of thesgents among sites (Chapter 1, this
volume).

Some of our study sites support higher densitiesypobenthic fishes than
others (Fig 2.3a), and some support higher speciaesess than others (Fig. 2.3b).
These differences do not seem to be regional mreatvith each part of the GOC in
our study area including a wide range of densdies species richness. Nutrient
availability (=productivity), past and present hunagtivity, and presence of intact
trophic structure within the wider reef communite all known to impact

conspicuous fishes in the GOC (Aburto-Oropeza.2@l3) and may also affect the
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cryptobenthic fish density at our sites. Differesadn species richness among sites
could be a result of inter-species interactionsfanicrohabitat availability.

The distributions of cryptobenthic fishes in thepical eastern Pacific support
recognition of three faunal provinces: the Cortdexican, and Panamic provinces
(sensuHastings 2000, 2009). Robertson and Cramer (20@®ever, report that the
recognition of these three provinces may be lessr@mong larger, conspicuous
fishes. The latitudinal ranges of GOC cryptobemflahes generally fall into three
groups: 1) those that are restricted to the Cantexince (range size < 10 degrees); 2)
those that are restricted to the Cortez and Mexicaminces (range size < 15
degrees); and 3) those that live in all three proes (range size > 20 degrees). These
three groups appear in plots of abundance versitgdiaal range of the fishes in our
samples (Fig. 2.6). The three provinces are stgghley gaps in the rocky reef
environment in Sinaloa, Mexico and in Central AroarjHastings 2000, 2009). The
relative ability to disperse across these barngag determine whether or not a
species inhabits multiple provinces and whetheratPanamic fishes extend north
into the GOC. Dispersal ability may reflect brewgstrategy, with benthic, nest-
guarding species restricted to smaller rangemait also reflect larval behavior
(Brogan 1994). However, among the cryptobenthécEs we collected, range size is
not tightly correlated with the phylogeny. Seveagahera include overlapping species,
some with restricted ranges and some with muchmwatgges (e.gAxoclinus

EnneanecteHypsoblenniusElacatinus Tomicodo), even when these species have
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similar life history and reproductive strategidsremains unclear how these
differences in range size have arisen.

Our results imply that species near their CODlmambundant or quite rare,
while species far from their COD are never veryradant (Fig. 2.6). It would be
interesting to determine if the southern speciesvare abundant nearer their CODs
in southern Mexico and Central America than in@@C or if species restricted to
those provinces play a role similar to G-C fishepassibly restricting their numbers.
In other words, are the southern species relatiesly abundant because they are near
the edge of their ranges or because of other igity characters/ecology? Only
through similar quantitative collections in the 8@rn faunal provinces could we
begin to find an answer. Itis interesting to ndi@wever, that the outlier southern
species (i.e., the two most abundant southern espedhe Redhead Goby and the
Carmine Triplefin) are more abundant in our samfias their congeners that have
CODs inside the GOC.

Finally, of the 18 species that we collected withges extending south of the
GOC, five have CODs inside the GOC and 13 have Cfaidiser south, implying that
it may be easier to disperse into the GOC than ®be seasonal nature of GOC
oceanography (reviewed in Alvarez-Borrego 2010) imalp to explain this
observation. During the late spring and summeemwieef fishes are spawning in the
GOC, the average direction of the prevailing cusetong the Mexican mainland is

from south to north (Alvarez-Borrego 2010). Theaaents could weaken the passive
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dispersal of larvae out of the GOC during that temed promote passive dispersal in,
though larval dispersal models have not been aactstl for that region.

As marine ecosystems continue to change with orggouman activity, it is
important to study overlapping species with différecological and evolutionary
histories. The GOC offers a unique opportunitgtiedy marine species living near
the northern limits of their geographic rangesnlivnear a break between faunal
provinces, and moving into and out of a semi-ereddsasin. Cryptobenthic fishes,
often characterized by smaller range size and higlexalence of microhabitat
specialization than larger-bodied, more active gggconstitute a particularly
intriguing system for observing the interactionsA®en species with different range
sizes and for studying reef community dynamics.nil@uestions remain: how do
overlapping, ecologically similar congeners deveadogstically different range sizes;
how does the semi-enclosed nature of the GOC pmorgbrohibit dispersal into and
out of that basin; how do our observations of arenthic fishes compare to those of
larger-bodied, more active fishes and other mawnganisms; and how do the
abundances of species with wider ranges differsactioeir ranges? The answers to
these and more questions will further our undestenof the community dynamics
on shallow reefs in the GOC and allow us to applyresults to other systems around

the world, particularly in the context of a chargywcean.
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BYTHITIDAE
Grammonus diagrammus
Ogilbia davidsmitHi
Ogilbia nigromarginatd
Ogilbia nudicep$

Ogilbia robertsont
Ogilbia sedora

Ogilbia ventralis

Ogilbia species

OPHIDIIDAE
Petrotyx hopkinsi

BLENNIIDAE
Entomacrodus chiostictus
Hypsoblennius brevipinnis
Hypsoblennius gentilis
Hypsoblennius jenkinsi
Ophioblennius steindachneri

TRIPTERYGIIDAE
Axoclinus nigricaudus
Axoclinus storeyae
Crocodilichthys gracilis
Enneanectes carminalis
Enneanectesreticulatus
Enneanectespecies A
Enneanectespecies &

LABRISOMIDAE
Cryptotrema seftoni
Dialommus macrocephalus
Exerpes asper
Labrisomus multiporosus
Labrisomus striatus
Labrisomus xanti
Malacoctenus ebisui
Malacoctenus gigas
Malacoctenus hubbsi
Malacoctenus mexicanus
Malacoctenus polyporosts
Malacoctenus tetranemus
Malacoctenus zacae
Malacoctenus zonifer
Paraclinus altivelis
Paraclinus beebei
Paraclinus ditrichué
Paraclinus mexicanus
Paraclinus sini

Paraclinus stephenfi
Paraclinus tanygnathus
Starksia cremnobates

Starksia grammilaga
Starksia hoesei
Starksia lepidogastér
Starksia spinipenis
Xenomedea rhodopyga

CHAENOPSIDAE
Acanthemblemaria balanorum
Acanthemblemaria crockeri
Acanthemblemaria hastingsi’
Acanthemblemaria macrospilus
Chaenopsis alepidota
Chaenopsis coheni
Cirriemblemaria lucasana
Coralliozetus angelicus
Coralliozetus boehlkei
Coralliozetus micropes
Coralliozetus rosenblatti
Ekemblemaria myersi
Emblemaria hypacanthus
Emblemaria piraticé
Emblemaria walkeri
Protemblemaria bicirris
Stathmonotus lugubris
Stathmonotus sinuscalifornici

GOBIIDAE

Aruma histrio
Barbulifer mexicanus
Barbulifer pantherinus
Bathygobius ramosus
Chriolepis cuneata
Chriolepis minutillus
Chriolepis zebra
Chriolepisspecies A
Chriolepisspecies
Coryphopterus urospilus
Elacatinus digueti
Elacatinus limbaughi"
Elacatinus puncticulatus
Enypnias seminudus
Gillichthys seta
Gobiosoma chiquita
Gobiosoma nudum
Gobiosoma paradoxum
Gobiosomaspecies B
Gobulus crescentalis
Gobulus hancocki
Gymneleotris seminudus
Lythrypnus dalli
Lythrypnus pulchellus
Pycnomma semisquamatum
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GOBIESOCIDAE Tomicodon eos
Arcos erythrops Tomicodon humeralis
Gobiesox adustus Tomicodon myersi
Gobiesox marijeanae Tomicodon petersii
Gobiesox papillifer Tomicodon zebra
Gobiesox pinniger

Gobiesox schultzi SCORPAENIDAE
Pherallodiscus funebris Scorpaenodes xyris
Tomicodon boehlkei

Notes

*After Thomson et al. 2000. Species added baseatier relevant references includiloller et al.

2005;"Robertson 201ZHastings and Springer 200osenblatt and Parr 196Rosenblatt and
Taylor 1971/Lin and Galland 201(Erisman et al. 201THoese and Reader 200Rriggs 1960).
Species irbold were collected during this study.



Table 2.2. Descriptive statistics for 39 captuspdcies during quantitative cryptobenthic fishedilbns

Mean abundance Maximum  Mean relative Latitudinal Center of
FoB (individuals per  abundance abundance Range Distribution
Species (%) site; std. dev.) (individuals} (%; std. dev.) (degrees) (degrees N)
Tripterygiida® 100 78.8 (47) 184 37.4 (20.2) n/a n/a
Axoclinus nigricaudus 52.9 4.9 (9.4) 39 2.1(4.0) 7.54 26.65
Axoclinus storeyae 52.9 19.6 (25) 74 7.9 (9.3) 21.48 17.96
Crocodilichthys gracilis 64.7 20.1 (27.4) 93 10.4 (15.5) 8.24 27
Enneanectes carminalis 5.9 0.2 (0.7) 3 0.1 (0.3) 20.98 17.71
Enneanectes reticulatus 88.2 34.1(27.6) 94 16.9 (13.3) 7.54 26.65
Blenniidae 70.6 5.1 (8.5) 27 2.2 (3.7) n/a n/a
Hypsoblennius brevipinnis 5.9 0.3(1.2) 5 0.1 (0.3) 40.04 7.93
Hypsoblennius gentilis 35.3 3.8(8.6) 27 1.7 (3.7) 13.88 29.81
Ophioblennius steindachneri  41.2 1.0 (1.6) 5 0.4 (0.7) 37.23 11.69
Chaenopsidae 94.1 43.4 (54.8) 178 15.0 (12.2) n/a /a n
Acanthemblemaria crockeri 82.4 13.1 (24.1) 103 4.3 (5.4) 8.15 26.96
Acanthemblemaria hastingsi 17.6 3.3 (10.6) 45 0.9 (2.5) 5.09 25.42
Cirriemblemaria lucasana 59 0.1 (0.2) 1 0.0 (0.2) 6.00 23.63
Coralliozetus angelicus 11.8 0.9 (3.5) 15 0.2 (0.8) 11.42 22.56
Coralliozetus micropes 41.2 3.6 (5.8) 19 1.7 (2.9) 8.16 26.95
Coralliozetus rosenblatti 17.6 0.5(1.4) 6 0.5(1.4) 6.69 26.22
Protemblemaria bicirris 23.5 0.6 (1.3) 4 0.3 (0.8) 45.37 8.43
Stathmonotus sinuscalifornici~ 70.6 21.4 (38.4) 149 7.0 (9.7) 7.43 26.59
Labrisomidae 100 41.0 (51.2) 197 17.3(16.2) n/a a n/
Labrisomus striatus 11.8 0.2 (0.5) 2 0.1(0.1) 11.18 22.44
Labrisomus xanti 47.1 2.5(4.3) 14 1.3 (2.3) 12.07 25.32
Malacoctenus hubbs 52.9 11.6 (13.2) 35 6.5 (7.8) 8.48 27.11
Paraclinus sini 94.1 13.1 (21.7) 90 4.9 (5.4) 8.48 27.11
Starksia spinipenis 17.6 0.5(1.3) 4 0.2 (0.5) 14.26 23.98
Xenomedea rhodopyga 47.1 13.1 (33.2) 138 4.5 (9.4) 8.24 27
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Table 2.2. Continued

Mean abundance Maximum Mean relative Latitudinal Center of

FoB (individuals per  abundance abundance Range Distribution
Species (%) site; std. dev.) (individuals} (%; std. dev.) (degrees) (degrees N)
Gobiidae 94.1 36.3 (43.7) 152 16.5 (14.1) n/a n/a
Aruma histrio 41.2 2.7 (4.6) 18 1.7 (3.2) 8.32 27.16
Barbulifer pantherinus 47.1 6.6 (11.8) 43 2.3(3.5) 7.40 26.60
Chriolepis zebra 58.8 5.5(7.7) 27 2.8(3.2) 6.60 26.20
Coryphopterus urospilus 35.3 1.3(2.2) 8 0.9 (1.4) 31.12 15.56
Elacatinus limbaughi 35.3 0.5(0.7) 2 0.3 (0.6) 6.45 23.83
Elacatinus puncticulatus 35.3 10.6 (28.8) 123 3.0 (6.7) 32.50 13.25
Gobulus hancocki 5.9 0.2 (0.9) 4 0.1 (0.2) 25.30 15.62
Gymneleotris seminudus 11.8 0.2 (0.5) 2 0.1 (0.3) 31.27 12.64
Lythrypnus dalli 41.2 3.1(4.5) 13 2.2(4.1) 42.40 14.20
Lythrypnus pulchellus 17.6 1.3 (3.6) 15 1.1(3.1) 21.50 18.75
Pycnomma semisquamatum 47.1 4.3 (8.5) 35 2.1(3.3) 5.36 26.82
Gobiesocidae 52.9 4.0 (7.4) 25 2.9 (6.6) n/a n/a
Arcos erythrops 59 0.1 (0.2) 1 0.0 (0.2) 12.12 21.91
Gobiesox pinniger 35.3 3.5(7.2) 25 2.8 (6.4) 8.24 27.00
Tomicodon boehlkei 11.8 0.2 (0.5) 2 0.1 (0.3) 8.44 27.10
Tomicodon myersi 5.9 0.2 (0.9) 4 0.1 (0.2) 25.12 15.53
Bythitida€e' 88.2 7.8 (5.8) 20 4.9 (5.2) n/a n/a
Ogilbia sp.© 88.2 7.8 (5.8) 20 4.9 (5.2) 7.00 25.50
Scorpaenidde 82.4 4.7 (4.0) 13 3.7 (4.2) n/a n/a
Scorpaenodes xyris 82.4 4.7 (4.0) 13 3.7 (4.2) 48.00 10.00

Notes:

2At the species level, maximum abundance also tsfremge as each species was absent from at leastte. "Family results are based on summed
abundances at each sif@ue to difficulty in identification of small indiduals, all individuals of th®&gilbia are considered togetheivalues for the
Bythitidae and the Scorpaenidae reflect the valoethe individual species-line results for thoaenflies. Species ihold have GOC-like centers of
distribution.
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Table 2.3. Sites where 18muantitative collections were completed. S = sgreci
richness at site. n = number of individuals a sit

Code Site Latitude (°N) Longitude (°W) S n

1 Gallina 24.457 110.3841 445 21
2 Espiritu Santo 24.5806 110.3996 132 16
3 San Francisquito 24.8198 110.5769 101 14
4 Santa Cruz 25.2588 110.7271 130 13
5 Monserrate 25.7101 111.0331 234 12
6 Danzante 25.8104 111.2612 299 20
7 Carmen 26.0168 111.168 361 21
8 Coronado 26.1174 110.2865 66 13
9 Tortuga 27.4517 111.8988 228 12
10 San Marcos 27.2563 112.0952 436 18
11 San Pedro Martir 28.3863 112.3134 201 11
12 San Esteban 28.7202 112.6119 114 13
13 Las Animas 28.7055 112.9337 165 13
14 Salsipuedes 28.7219 112.9515 151 13
15 Partida 28.887 113.0473 187 14
16 Punta Quemada 28.9503 113.4254 112 13
17 Puerto Refugio 29.5436 113.5575 396 17
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Rank order and frequency of observation of cryptobenthic fishes
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Cryptobenthic fishes by site
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Abstract

We report the results of a large-scale, quantgagiudy of the rocky reef fish
community in the Gulf of California (GOC), Mexicdn July 2010, we visited 17 sites
in the GOC where we collected small fishes andaligisurveyed conspicuous fishes
in order to calculate densities representativéefwthole fish community on GOC
reefs. We counted or collected 28,880 individuadpresenting 107 species in 36
families. Small, cryptic (cryptobenthic) fishescaanted for one third of the total
species richness and were not observed duringhssmeeys. Those species also
accounted for more than 95% of the total fish alauce and as much as 40% of sub-
region-scale metabolic requirements of the fish mamity. At one site, more than
50% of the community metabolism resulted from thespnce of a dense
cryptobenthic fish assemblage. Density-body stationships of the complete fish
community were negatively linear (in log-log spaseth small individuals/species
exponentially more abundant than larger individisplscies, but the slopes of these
relationships were lower than predicted by the rgagc equivalence rule.” We found
no statistical relationship between abundanceanhbss of cryptobenthic and

conspicuous fishes.

Introduction
Quantitative studies of ecological communitiesafandamental means for
understanding the relationships among individuatsamong species (Hayek and

Buzas 1997). Many quantitative studies of natowelve species that are sessile (or
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nearly sessile) as adults, and these studies lwntehuted significantly to population
and community ecology of tropical forests (e.gnz#&m 1970; Greig-Smith 1983;
Dallmeier et al. 1991), grasslands (e.g., CrockerBver 1948; Tilman 1987; Gibson
2009), marsh grasses (e.g., Nixon and Oviatt 19%®ver et al. 1976), intertidal
invertebrate communities (e.g., Connell 1961; Day671), sea grasses (Hemminga
and Duarte 2000; Short et al. 2001), and otherystesis. However, obtaining
guantitative numbers of mobile species is morediiff, though methods have been
derived to somewhat accurately estimate densifiagimals in many of those same
systems.

In the marine environment, quantitative samplesbies play an important
role in fisheries management, conservation, antbggo Unlike soft bottom (otter
trawls) and mid-water systems (Isaacs-Kidd mid-watewvls or Oozeki trawls), it is
difficult or nearly impossible to quantify rockycoral-, or algal-reef fishes using net
sampling. Researchers in these systems ofteronafpn-extractive, SCUBA-based
surveys to obtain fish densities (e.g., Harmelinid et al. 1985; Bohnsack and
Bannerot 1986; Lang 2003), and these methods haueed well in describing many
interesting features of reef fish dynamics and eoretion (e.g., Sala et al. 2002;
Sandin et al. 2008). SCUBA surveys of fish deasijthowever, typically require
divers to swim along a predetermined distance duaipredefined time, counting,
identifying, and estimating the size of all fishpresent along a transect. This method
underestimates the densities of small, crypticediipred (“cryptobenthic”) species.

Cryptobenthic fishes are often overlooked and coumsetly undervalued in these
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analyses. Depending on the ecological metric tefr@st, this undervaluation may be a
significant oversight, as cryptobenthic fishesaandant (Ackerman and Bellwood
2000; Thomson and Gilligan 2002; Chapter 2, thisw), diverse (Allen et al. 1991,
Smith-Vaniz et al. 2006), and may represent a Baamt portion of reef
trophodynamics (Kotrschal 1989; Depzcynski andwbBedid 2003; Ackerman and
Bellwood 2003; Ackerman et al. 2004).

In order to study the cryptobenthic species livamgreefs, extractive collecting
is often employed, and rotenone is widely considi¢ihe most important ichthyocide
in marine fish research (Robertson and Smith-vVans8). While historical rotenone
stations were often qualitative, in recent yeatcs]agists have begun quantitatively
collecting small fishes at rotenone stations, \thih help of barrier nets enclosing
known areas (e.g., Ackerman and Bellwood 2000; Tdwmmand Gilligan 2002; Willis
2001; Smith-Vaniz et al. 2006; Chapter 2, this vod). However, though rotenone is
not strongly selective among marine fishes, madplecies can often avoid the
chemical or avoid capture, and rotenone stationsssarily cover small areas. For
these reasons, rotenone samples are selectivesalgage fishes, diminishing our
ability to make generalizations about reef-scasy €cology from these alone.

Surprisingly, few studies have considered a coatmn of visually-derived
densities and quantitative rotenone stations tystommunity ecology of both
conspicuous and cryptobenthic fishes togethersgkea A primary exception is a
series of papers written based on visual surveglg@enone collections at Orpheus

Island, Great Barrier Reef (Ackerman and Belwood®@003; Ackerman et al.
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2004). Ackerman and colleagues studied the comtynenology of the entire reef
fish assemblage there (Ackerman and Bellwood 2868@)specifically examined
density-body size relationships among reef fishexrder to test Damuth’s (1981)
hypothesis that individuals (or species) in smak €lasses are exponentially more
abundant than those in larger size classes anefdinerthat the two groups utilize a
similar amount of the reef’s total energy (Ackernaand Bellwood 2003; Ackerman et
al. 2004). Those authors had mixed results, visties binned by species showing a
negative relationship between log density and logiass that had lower slope than
predicted (Ackerman and Bellwood 2003), while indials binned by size class,
regardless of species, showed a negative relafpokiser to predictions when all but
the smallest size classes were considered (Ackeetnaln 2004). For reef fishes, the
Orpheus Island collections/surveys represent ortleeomost complete data sets of
guantitative fish densities and sizes, and to dagegenerality of the findings of
Ackerman and his colleagues have not been testetthé@n locations or on algal or
rocky reefs.

Here, we report the results of a combination @rgtiative rotenone
collections and visual surveys for 16 islands anel peninsular site, stretching across
more than 5.5 degrees of latitude in the Gulf dif@aia (GOC), Mexico. Surveys
and collections were completed concurrently duangxpedition in July 2010 and
represent a snapshot of the complete reef fish aomtynat those sites. In addition to
reviewing any GOC patterns in diversity, biomass] metabolism through a

guantitative study of the whole fish community foe first time, we repeat some of
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Ackerman and colleagues’ analyses for a distinahdan a rocky reef system and
speculate on the role of local oceanography in ohipg reef metabolism and energy

use.

Methods
Study Site

In order to characterize the rocky reef commuattiocations throughout the
GOC, we embarked on an expedition to 17 islandpgmihsular sites (Fig. 3.1). The
GOC is along (~1,000 km), narrow (~150 km), semikesed basin, along a
northwest-southeast axis between the Baja Peniasal@ontinental Mexico. This
region is highly productive, particularly importaotMexican fisheries in a national
context (Cisneros-Mata 2010), and is a biodiversdispot (Roberts et al. 2002)
known for numerous species of megafauna. The GO&8atively rich in
ichthyofauna (Hastings et al. 2010) and is chareete by rocky, rather than coral
reefs (Thomson et al. 2000), though at least 18isp®f hermatypic corals have
geographic ranges that include the GOC (BruscaHmmdirickx 2010). At least 104
species of crytobenthic fishes are known to inhtil@trocky reefs of the GOC, but no
more than 25 to 30 are typically observed at otee(Sihapter 2, this volume).

In order to examine diversity, abundance, biomasd,metabolism of reef
fishes in the GOC, we binned sites into three |giens based on biogeographic
patterns of the fauna. The northern sites in tuaysregion are known to include

several disjunct populations of temperate fishemfCalifornia, USA that are not
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present in the southern GOC (Walker 1960; Bernatrdi. 2003). Our southern sites
include species from southern Mexico and CentrakAca that do not reach our
northern sites (Walker 1960; Chapter 2, this volunttes in the central GOC have
some species from each of these groups and seeprasent a transition zone (Sala
et al. 2002; Chapter 2, this volume). Therefore ,bined sites into subdivisions,
hereafter referred to as “south,” “central,” an@fth” (Fig. 3.1). Our central and

south sub-regions are both included in the ce@@C by Walker (1960).

Field Observations

To quantitatively describe the complete reef iemmunity, we utilized a
combination of area-based visual surveys and dgiaéimg rotenone collections at each
site. Visual surveys followed the methods of Abe@ropeza et al. (2011) and
involved SCUBA divers swimming multiple passes al&® m transects, identifying,
counting, and estimating the size of all individuabserved within a five meter wide
area (250 rhtotal area per transect). Different behavioralgs were counted during
each pass, with larger, highly mobile species cadiduring the first pass and smaller,
demersal species counted during subsequent padsasd-Oropeza et al. 2011).
This methodology prevented individuals from beingmted multiple times. At all

sites but one, we completed four transects.

Collections
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The methods used to obtain quantitative rotenotieations are described in
Chapter 2 (this volume). A team of divers erectdzhrrier net around a 10°rarea
and released a slurry of powdered rotenone, segveaie liquid dish soap in order to
collect every cryptobenthic fish at the site. Ratee samples were collected at depths
of one to five meters. Comparing the effectiveredssxtractive collections and visual
surveys was not a goal of our study, and divelisegtchased away conspicuous
fishes before releasing the rotenone mixture. Kanger, mobile fishes that were
captured were not included in the analyses.

In order to reduce sampling biases, a team ofdiwers conducted all visual

surveys, while a second team obtained all rotelsangples.

Analysis

For our purposes, we defined cryptobenthic fiskeeany species of goby
(Gobiidae), blenny (Blennioidei), clingfish (Goboesdae), scorpionfish
(Scorpaenidae), or cusk eel (Ophidiiformes) andswared only species from those
groups, with the addition of cardinalfishes (Apogla®), in analyses of the rotenone
collections. Juveniles or adults of conspicuolecss captured in rotenone
collections were not considered in analyses. @ityil cryptobenthic fishes were not
included in analyses of visual surveys. Furtheemiris difficult to quantify eels
(Anguilliformes) or nocturnal fishes (e.g., Holotetae) with either visual surveys or
rotenone collections, but we included visual resarticonspicuous individuals in

these groups with the caveat that they may underat density.
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Individual collected fishes were weighed to 0.Qhmd weights were summed
by site. Where specimens weighed less than 0.8ogor more individuals of the
same species (of equal length) were weighed togethehis manner, precise
biomass was calculated for each site and convestgchms per unit area. Biomass of
visually surveyed individuals was calculated ugimg estimated lengths recorded by
surveyors in the field and length-weight relatidpstof the form W = af, where W is
equal to biomass in grams, L is equal to lengtbeintimeters, and ‘a’ and ‘b’ are
constants reported for each species in Fishbaseg€rand Pauly 2012). Weights of
all individuals were summed by transect and comeketd grams per unit area. Values
from the two survey techniques were compared totifyethe relative contribution of
the cryptobenthic and conspicuous fish communibesverall biomass and summed
to obtain the total fish biomass per unit areaaahesite.

Metabolism, following Gillooly et al. 2001 and Daen et al. 2013, was

assumed to be a function of biomass (W) and terntyorerér),

Routine Metabolic Rate (J/min) = EX®¢ W®">* EXP(100@/(273.15 + T)),

wherea is a mass independent constant equal to 14.4¢ snal constant associated
with the activation energy, equal to -5.020. Adabelism scales with a fractional
power of biomass, it is higher (per unit mass)nral individuals and was calculated
separately for each individual fish using the abmeasured or derived biomass and

summed by site to obtain whole-community, fish rohetsm per unit area.
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Temperatures used were means of the 30 days promilecting/surveying at each site
and were calculated using data reported Chaptinisiolume). At the time of
collection, average temperatures were similar acatistudy sites (26 to 30 degrees
C; Chapter 1, this volume).

To identify any potential linear relationshipsweeéen cryptobenthic fishes and
conspicuous fishes, we calculated a simple leastreg regression between the
biomass/abundance of the cryptobenthic group amddhspicuous group.

Following Ackerman and Bellwood (2003) and Ackemed al. (2004), we
plotted log mean density by log mean biomass feryspecies in each sub-region
and log mean density for all individuals binnedietght log biomass groups in order
to test for density-body size relationships. Lesgtares regression lines were used to
determine whether or not there is a linear relatom between these two parameters
(in log-log space).

Finally, we compared sites using a “healthinessest calculated by Aburto-
Oropeza et al. (2013) for each island or peninssitarin our study area. Scores were
calculated using visual surveys of the reef faurstas across the GOC (including the
17 reported here) from 2009 (Aburto-Oropeza e2@13). As the scores included 51
parameters based on visual transects of conspidishes and invertebrates, we avoid
autocorrelation by only examining potential relasbips between these scores and

cryptobenthic fishes.

Results
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Across our 17 sites, we collected or surveyeda tf 20,880 reef fishes
comprising 107 species from 36 families. Fourhaf $pecies (three families) were
rays or skates, and the remaining 103 speciesaf@8iés) were bony fishes. We did
not observe or collect any sharks. Thirty-five@ps represent families defined above
as cryptobenthic and 72 species are included irconspicuous group. Results vary
by sub-region, with the south (8 sites) represehtefl2 species, while the
approximately equally surveyed north (7 sites)udeld only 69 species. The central
sub-region (two sites) was under-surveyed relaowhe north and south, and species
richness (48 species) is consequently lower. Eméral sub-region was defined to
remove a transition zone between north and sowthaallow the approximately
equal effort undertaken in the north and southetedmpared more directly. Only one
species (2.1% of the richness) was collected oervies only in the central GOC.
Conversely, 27 species (29%) occurred only in thels and 14 species (20.3%)
occurred only in the north. In both our northemd @outhern sub-regions, the
cryptobenthic fishes comprised approximately 35%heftotal species richness.

We captured or observed six temperate Califorpexies previously
determined to have disjunct populations in thehmrt GOC (Table 3.1). Not
surprisingly, all six species were observed inmanthern sub-region. Interestingly,
however, one species was also collected at a tsitraand another species (the
Bluebanded Goby kythrypnus dallj was collected at several sites in the south.

Abundance, biomass, and metabolism were all catiedlper unit area and can

be compared by sub-region. The south and cen®& Gere characterized by higher
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biomass and metabolism than the north, and theatesites had much higher
densities of fishes than the rest of our study,gemarily as a result of the dense
cryptobenthic fish community at the two sites th@rable 3.2). The contribution of
cryptobenthic fishes to these community metricsegaby sub-region (Fig. 3.2) and
by site (Fig. 3.3), with percent total abundanceegally > percent total species
richness > percent total metabolism > percent totahass at most sites. Figure 3.3
highlights, in particular, the overwhelmingly higbundance of cryptobenthic fishes
(relative to conspicuous species) on GOC rockysteef

In plots of mean log density by mean log biomdssagh species, all sub-
regions had the expected negative relationshipdestvgize and density, with small
species being exponentially denser than largenespé€ig. 3.4). We found similar
results when comparing densities of individualskeoh by log biomass, independent
of species (Fig. 3.5). These negative relatiorsshie linear and significant (Table
3.3).

The cryptobenthic fish group and the conspicu@isdroup do not covary in
space at our sites. We found no statistical alahip between the abundance or
biomass of these two groups*(R0.11 in both cases, P > 0.05). Similarly, our
analyses of cryptobenthic abundance and biomass al&o unrelated to the
healthiness scores reported by Aburto-Oropeza €2@13; R < 0.22 in both cases; P

> 0.05).

Discussion
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General patterns of GOC reef fish abundance and distribution

Our data set is derived from the most completantjtative survey of GOC
reef fishes available to date. Our results quatnigly confirm that shallow rocky
reefs in the lower GOC are characterized by higpecies richness than those in the
upper GOC, following the same general pattern fdendhe more than 900 total fish
species observed in the GOC (Sala et al. 2002jidmseét al. 2010). Sites in the
north, however, may experience more seasonal terrmmong the shallow water reef
fishes as a result of seasonal changes to the enamvironment there (Thomson and
Lehner 1976). There are at least 19 species gddeate, California fishes with
populations in the northern GOC (Present 1987; &eliret al. 2003). During July
2010, we observed six of them. It is possible #hatlow reefs may have fish
communities characterized by more species and hathndances of these temperate
fishes in the cooler months and a higher prevaleféishes with a tropical affinity in
the warmer months. We do not expect a similarawenin the community for our
more oceanographically stable (Chapter 1, thismely southern sites. Quantitative
surveys of reef fishes in our study area duringcth@er period are not currently
available.

We did not observe any sharks during our studyis & notable, as several of
the most intact reef-fish communities around theldvare characterized by relatively
large numbers of (and in some cases dominancerbgtaiory sharks, affecting the
relative distribution of biomass and other commyeitology metrics within the food

web (e.g., Sandin et al. 2008; Friedlander et@122. Our surveys were conducted at
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depths of only five meters, so large numbers ofkshmay not be expected at even the
relatively undisturbed sites, but our lack of aggenindividual during our surveys and
unpublished surveys at 20 m depth indicate thdh few spatial exceptions, sharks
are now extremely rare per unit area in the GOlkedy consequence of overfishing
(Applegate et al. 1993). This apparently missiagnponent of the reef fish
community may affect our conclusions, by signifitameducing the biomass,
metabolism, etc. in the largest size classes.

During the 2010 expedition and similar expeditiome surveyed fishes at 20
m depth in addition to the surveys and collectieorted here. We do not report the
results of those efforts because we do not havelnentary quantitative
cryptobenthic fish collections. While we know tladtundance and biomass of
conspicuous fishes generally increase from fiveQtan depth (unpublished data), we
cannot be sure if the cryptobenthic group changessimilar or opposite manner or
does not change at all. Furthermore, while thezdew differences in the
conspicuous species pool at those two depths (lished data), most cryptobenthic
species are microhabitat specialists and someeateated to the uppermost depth
zones on GOC reefs (e.qg., Briggs 1955; LindquiSlIhomson et al. 2000; Galland
2011). Therefore, reefs at 20 m depth may haveryadifferent pool of cryptobenthic

species than at five meters, precluding furthecslagion.

Density-body size relationships
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As in the reef fish community at Orpheus Islanced® Barrier Reef
(Ackerman and Bellwood 2002), our analysis of digrend biomass of GOC reef
fishes revealed a negative, linear relationshith wmall species denser than large
species in each sub-region (Fig. 3.4; Table 3T3)e slopes of the regression lines are
steeper than that reported for Orpheus Island ¢stofD.45 +/-0.10, R= 0.28),
indicating a greater difference between densitiesyall and large species in the GOC
than there.

Binning individuals into eight size classes, inglegent of species, revealed a
similar negative relationship between density aiodnass (Fig. 3.5; Table 3.3). Our
analysis for GOC fishes differs from a similar ays&8 of Orpheus Island fishes
(Ackerman et al. 2004) in two primary ways. Fitegre is a significant, linear
relationship between density and biomass acrossrttiee reef fish community in all
three sub-regions of the GOC. At Orpheus Islarazkefman et al. (2004) did not find
a linear relationship between these two metricsntthey included the smallest fishes.
Only after removing size classes smaller than tbdenwas the relationship linear.
They hypothesized that the smallest individualshenreef there may not have access
to the same energetic resources as the largeclagses or that physiological (e.qg.,
body size:gonad size ratios) or ecological (ergeractions with invertebrates of
similar body size) limitations may cap densitiesled smallest fishes (Ackerman et al.
2004). Following that discussion, our results iyghlat small reef fishes in the GOC
do not experience (or somehow overcome) the saergetic, physiological, or

ecological limitations to abundance.
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The second difference between the Orpheus IsladdG®C reef fish
communities is the slope of the regression linemthe smallest size classes are
removed. Following Ackerman et al. (2004), we edaeated relationships between
biomass and density after removing all size classedler than the mode (Fig. 3.5;
Table 3.3). In doing so, the linear relationsh&gdmes steeper and tighter in all sub-
regions. However, even these modified slopes arassteep as that reported for
Orpheus Island (-0.77 +/- 0.28). The slope for @uzhisland fishes of intermediate to
large sizes is not statistically different than shepe predicted by the ‘energy
equivalence rule’ (-0.75; Ackerman et al. 2004hatflrule states that when the slope
of the regression between log biomass and log t§eissi0.75, each size class
removes the same amount of energy from the envieohiiibecause metabolism
increases with biomass to a power of 0.75; Dam@81l Ackerman et al. (2004)
showed that to be true for Orpheus Island fishestermediate to large size classes.
We cannot make a similar claim for GOC fishesthin GOC, the midsized fishes
(those near the mode) are relatively less densegtredicted by Damuth (1981) and

shown by Ackerman et al. (2004) for Orpheus Islasites.

Metabolism

In recent years, metabolism has been proposednagsias of quantifying flow
of energy and materials through ecosystems anthtirécology at multiple scales -
from individuals to landscapes (Gillooly et al. 20@Brown et al. 2004). As fish

metabolism is generally assumed to increase wahmass to a power of 0.75
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(Gillooly et al. 2001), small fishes use more taaérgy per unit biomass than large
fishes. Inthe GOC, cryptobenthic fishes are mmoie abundant and much smaller
than more conspicuous species, so even givenrtiatively small contribution to
total reef fish biomass, their metabolism can higechigh (Fig. 3.2). This is
especially evident in the northern sub-region, wlbe cryptobenthic fishes account
for fully 40% of the energy intake by reef fisheBhis is a significant amount of
energy for a portion of the community that is rgielcluded in reef surveys and, for
that matter, rarely observed. At the site leve,faund the cryptobenthic fishes to
account for more than half of the total fish metedoo at one site. Furthermore, total
reef fish production may be even more highly infloed by the cryptobenthic group
because our calculation of reef fish metabolisia $mapshot and does not account for
growth and turnover rates. As many of these speie short-lived (Miller 1979),
with several living no more than one or two ye#ns, turnover in the cryptobenthic
fish community may be high and account for mork fisoduction than slower
growing, large species. This assumption has yeetsted in cryptobenthic fishes,
however, and may be complicated by the dispropaatiely high percentage of growth
that many cryptobenthic species undergo while ¢§\as planktonic larvae (Stephens
et al. 1970). Furthermore, the quantity of crygtatinic fish production that is
available to species in the conspicuous fish groghuding commercially important
species, is unknown, as the role of cryptobenibltes in GOC food webs is poorly

understood.
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Fish metabolism is not simply a function of biomasut it is also a function of
temperature (Gillooly et al. 2001). While examopimetabolism at one time point for
several sites/sub-regions is interesting in thptavides a means to compare locations,
it is important to remember that even if biomass ia steady state (however
improbable), metabolism in the marine environmemt loe expected to change with
the local oceanography. At our study sites, teatpee is known to vary widely, both
temporally and spatially (Chapter 1, this volumBuring the summer, mean
temperatures are similar from site to site, butt@ritemperatures can be very different
depending on location in the GOC. During wintenditions, fishes at warm sites in
the south utilize more energy per unit biomass ttaoler sites in the north, or put
another way, given a fixed amount of available ssmmental energy, cooler sites
could maintain higher stocks of standing biomdductivity and temperature are
often inversely related as a result of upwellindvgkez-Borrego 2010) and could
align to promote much higher biomass at cold, pctide sites. Interestingly, the
biomass per unit area in the northern sub-regitos ¢polest and most productive part
of the GOC) is much lower than in the central amatisern GOC (Table 3.2). This
finding may reflect potential differences in fisgipressure among sub-regions.

To demonstrate potential differences in the meatabolism resulting from
temperature change across our study area, we @fiare series of metabolism for
the year preceding fieldwork at sites in each ofsub-regions (Fig. 3.6). In order to
derive these curves, we assumed that biomassisteady state and that our snapshot

is representative of the biomass at any time gadiour sites and utilized 31-day,
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centered moving average temperatures reportedapt€hl (this volume) to calculate
metabolism for each day. Throughout the year, bodtem per unit biomass may
change sharply, and at different rates and magestutepending on location in the
GOC, as aresult of the local oceanography. Thesgtites with widely different
community metabolism per unit area during one seasay have similar energy
requirements during another season (Fig. 3.6).kMoev, however, that densities of
short-lived cryptobenthic fishes fluctuate throughthe year (e.g., Thomson and
Lehner 1976; Hastings and Galland 2010), so bionsgzobably not in a steady
state, and the relative contribution of cryptobenipecies to community metabolism

is likely to change, seasonally.

Studying disturbed systems

We found no statistical relationship between Ineadtss scores (determined, in
part, from conspicuous fish abundance/biomass; #bOropeza et al. 2013) and the
biomass or abundance of the cryptobenthic spectegg This finding may be a
result of the uniformly low scores that were cadtetl for our sites. According to
those authors, all of the sites researched forstidy are at the lower end of the
spectrum for GOC reef health (Aburto-Oropeza e2@13). The ‘healthiest’ sites in
the GOC are found inside strictly-protected margserves where we did not
guantitatively collect small fishes. We know tkta@ community structure of
conspicuous fishes and invertebrates is quitereiffieat those highest scoring sites

(Aburto-Oropeza et al. 2011, 2013), and it wouldriteresting to know if there are
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similar or opposite differences in the cryptobentioup there. The lack of a clear
relationship between cryptobenthic fishes and #adthiness scores at our 17 sites
may be a result of the fact that all of our sitessamong the lowest scoring in the
GOC.

Much of our understanding of reef fish ecologhased on the careful study of
disturbed ecosystems, and this situation may leagcomplete findings and
misconceptions about community structure in natl@ny of the places around the
world that are generally accepted as having the mtact reef fish communities (e.qg.,
Northern Line Islands, Sandin et al. 2008; CabaorPulGOC, Aburto-Oropeza et al.
2011; Cocos Island, Friedlander et al. 2012) haenlmuantitatively studied only for
conspicuous fishes. For example, a quantitativeysof cryptobenthic fishes (in
addition to visual surveys) in the Northern Linkaigls, across the gradient of human
impacts reported by Sandin et al. (2008), woulditaly important to our
understanding of interactions among cryptobentét fishes under different degrees
of human influence. Quantitative sampling at the predator-dominated, unfished
reefs of the outer islands there would allow foamination of community
metabolism, production, and density-size relatigggshmong nearly pristine
communities. We suspect that metrics of commuettlogy would differ across the
gradient and could bring into question the applicabf rules, such as the ‘energy
equivalence rule,’ to disturbed systems like thesamined here. Correcting for
disturbance may also clarify differences betweenresults and those for Orpheus

Island discussed above. In general, results dieswndertaken in disturbed
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ecosystems may not accurately reflect communityoggoof pristine systems.
Preserving places where ecologists can study intanmunities is one more
advantage of establishing marine reserves. IIGDE, that place is Cabo Pulmo

National Park (Aburto-Oropeza et al. 2011; Gallahdl. 2011).

Conclusions

This is one of the few studies to quantitativelyasure the contribution of
cryptobenthic fishes to the reef fish community sign species richness, biomass, and
metabolism and the only such study for the GOCr r@sults demonstrate the
importance of whole-community assessments anddbd to consider all size
categories in evaluations of community ecology agnm@rine vertebrates. By
continuing reef surveys of this nature, in the G&fd elsewhere, we can continue
testing macroecological rules with marine fished mvestigate seasonal, spatial, and

anthropogenic differences in reef ecosystems.
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Table 3.1. Temperate California species with pagais in the northern Gulf of
California that we quantitatively observed in thhegent study

Species Sub-region observed Method of observation
Hypsoblennius gentilis north/central guantitative collection
Lythrypnus dalli north/south guantitative collection
Anisotremus davidsonii north visual survey
Halichoeres semicinctus north visual survey

Hermosilla azurea north visual survey

Paralabrax maculatofasciatus north visual survey
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Table 3.2. Mean density, biomass, and metabolisraas fishes in the Gulf of
California

Density (ind/m) Biomass (g/M) Metabolism (J/min/rf)
Sub-region Crypto Conspicuous Crypto Conspicuous Crypto Canspis
South 22.7 1.2 6.6 169.5 0.6 3.7
Central 37.0 1.4 18.3 163.5 1.3 3.3

North 20.1 0.6 15.7 94.1 1.2 1.8
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Table 3.3.Least-squares regression between log mean biomdde@mean density
of individuals binned by species or into size a&ss

All data
Slope (+/- 95% R’ P
By Species Cl)
South -0.58 (+/- 0.1) 0.62 < 0.0001
Central -0.56 (+/- 0.15) 0.57 <0.0001
North -0.80 (+/-0.2) 0.47 <0.0001
All data Excluding size classes smaller than mode
Slope (+/- 95% R’ P Slope (+/- 95% R? P
By Size Cl) Cl)
South -0.36 (+/-0.16) 0.83 0.0017 -0.45 (+/-0.15)  .920 0.0006
Central -0.41 (+/-0.16) 0.86 0.0008 -0.57 (+/-0.14) 0.97 0.0003
North -0.32 (+/-0.29) 0.55 0.0363 -0.63(+/-0.17) 9@. 0.0005
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Abstract

We report the results of a study designed to wstded the environmental
parameters that regulate cryptobenthic fish comtrasin the Gulf of California,
Mexico and to examine potential differences incbenmunity in the 1970s and in
2010. Using several data sets published througihditolume and elsewhere, we
built a correlation matrix, in order to identifynaaneters predictive of numerical
success in cryptobenthic families living on rockefs. In general, northern sites, with
higher benthic algal cover and colder temperatw@sport higher densities of
labrisomid blennies, combtooth blennies, and cigigfs than southern sites that are
warmer and have lower benthic algal cover. Thosgh&rn sites support higher
densities of tube blennies and gobies. Densitgrgier, conspicuous fishes generally
did not correlate with cryptobenthic density. BilD, we quantitatively re-sampled
several sites that were previously sampled in 84 and dramatic differences in
total and relative abundances of cryptobenthiceishetween these two samples. The
overall community in 2010 exhibited densities apprately half as high as in the
1970s, on average, with some families representexs liittle as 11% of the densities
previously recorded. Some taxa, however, increastmtal abundance.
Environmental or anthropogenic changes that mag ke to the differences in

cryptobenthic fish densities in these two data astexplored.

Introduction
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Humanity’s longest and closest relationship wité marine environment is
that of exploitation. People have physically reedwmarine organisms from the
ocean since long before the advent of agricultiEreafidson and Fitzpatrick 2006),
and the prehistoric colonization of entire contitsgmerhaps followed the coast and the
ample coastal resources available to early huotegatherers (Erlandson et al. 2007).
Throughout this long history, there are countlesamles of instances when people
overharvested these living marine resources, atobiay’s ocean, fishing constitutes a
major exertion of ecological and evolutionary pteeson fish communities, either
through direct exploitation (reviewed in Helfmar0Z) or through incidental bycatch
of non-target species (see Crowder and Murawsk8)1L99

Even given the seemingly ubiquitous nature ofifighn the marine
environment, there are many marine fish specidsatiganot targeted or captured as
bycatch in any fishery. Unfished species, howewey still be affected by fishing,
for example through trophic cascades - alteratadrieod webs resulting from
removal of one or more species (Helfman 2007) -raapbr trophic cascades have
been observed in the north Atlantic (e.g., SteretcK. 2004), the Chesapeake Bay
(Myers et al. 2007), the northeast Pacific (e.gtek et al. 2004), and the Black Sea
(Daskalov et al. 2007), among other basins. Howeliere are likely examples of
species that do not experience direct or indirtfetts of fishing. These species offer
marine ecologists an opportunity to study commuaitgl population ecology in

assemblages or communities that are somewhat bdffesm the effects of fishing.
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Some marine fish populations are heavily affetigdatural climatic or
seasonal cycles (e.g., sardine-anchovy cyclesiiCtiifornia Current; Chavez et al.
2003), or from local resource availability (e.gunmber of suitable breeding sites;
Hastings and Galland 2010), or both (e.g., whearaitycles influence availability
of suitable recruitment habitat; Aburto-OropezaleR007). Parsing out the relative
influence of natural and anthropogenic pressuremarine fish populations can be
difficult, especially in cases where anthropogemssures are indirect (e.g., in the
case of a trophic cascade). ldentifying and stuglyinfished assemblages is
important to our understanding of community dynamicmarine ecosystems. Here,
we present the results of an analysis of the uafigfortion of the fish community on
rocky reefs in the Gulf of California (GOC), Mexicd@ o begin to understand the
oceanographic and ecological factors that shapsashed marine assemblage, we
compared the densities of 45 species at 17 sitesaithe GOC and tested the absolute
densities and relative abundances of these spag#esst a variety of physical and
biological parameters. We also utilized naturatdny collections to place our
findings in a historical perspective by comparimgsities of the same unfished

species in 2010 and at the same sites 35 yearsrearl

Methods
Study Site
The GOC is a long, narrow ocean basin located dmtvthe Baja Peninsula

and continental Mexico in the tropical, easternifta®©cean. Two notable
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geographic features of the GOC are its narrow shagdts approximately north-
south orientation (Fig. 4.1). These features tedtie obvious observation that
distance to the GOC mouth and latitude occur agamgiar axes and also allow for
oceanographic features along the GOC'’s easterndaoymo affect sites at the western
boundary and vice versa (Badan-Dangon et al. 1B8§au et al. 2002). Throughout
the central and southern GOC, the shoreline isacherized by fringing, rocky reefs
(Thomson et al. 2000) that provide habitat for\eedse community and high
abundance of fishes. The GOC is a very produttasen (reviewed in Alvarez-
Borrego 2010) and accounts for half of Mexico’'saatdisheries production (Cisneros-
Mata 2010). Many reefs in the GOC have been fisteaily for at least the last 40
years, with a significant increase in fishing aityiwccurring in the 1980s (Sala et al.
2004).

Reefs in the GOC also support a diverse and almimdanmunity of
cryptobenthic fishes, numerically dominated byl&fim blennies, tube blennies, other
blennies, gobies, clingfishes, cusk eels, and smofishes (Thomson and Gilligan
2002; Chapter 2, this volume). The species indlygeups are generally small
(weighing less than a few grams; Chapter 3, thisnae) and are not targeted by
fishers. Furthermore, the benthic geology of GOEKy reefs prevents trawling, and
the primary capture methods utilized by fisherssprearfishing (often supported by
surface supplied air) and hook and line fishingy tmethods with little to no bycatch

of small, cryptic species.
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Finally, cryptic fishes in the GOC are not targefer the live-fish, aquarium
trade (Aburto-Oropeza and Sanchez 2000). Forf dtlese reasons, we confidently
assume that few to no small, cryptic fishes areatly removed from rocky reefs in

the GOC by humans.

Oceanography, Ecology, and Cryptobenthic Fishes

In order to identify factors that may play a roe@egulating the cryptobenthic
fish community in the GOC, we reanalyzed previouslfyorted densities of
cryptobenthic fishes (binned by family) at 17 islarand peninsular sites (Chapter 2,
this volume) with several additional data sets tlesicribe either the physical
environment or ecological relationships of othesemsblages within the rocky reef
ecosystem. Cryptobenthic fishes were quantitatigellected from an area of 10°m
at each site, with the aid of a block net, usirgitdhthyocide rotenone (Chapter 2, this
volume). The additional data sets are the resfiggeviously published work (Table
4.1), with the exception of percent algal coverichhs reported for the first time
here.

We were particularly interested in measuring bierdlgal cover because many
cryptobenthic fishes are microhabitat specialiBstZner 1999; La Mesa et al. 2006;
Goncalves and Faria 2009; Lin and Hastings 201 kased on our and others’
observations, we suspected that some GOC fishesifigally labrisomid blennies
and the Gulf Worm Blennystathmonotus sinuscaliforn)gpecialize on macroalgae

(Thomson et al. 2000), while other groups (e.ldfin blennies and tube blennies)
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do not. The Gulf Worm Blenny is a non-tube-dwelisiennioid with unclear
taxonomic relationships (Hastings and Springer 128%12010) and is considered
individually, here. Percent algal cover was estaddrom photoquadrats. At each
site, we set up a 10%mlot to quantitatively collect cryptobenthic fishand to study
the benthos. Using a pvc camera frame, we phqtbghthe benthos at nine equally
spaced locations within the study plot. Quadratsev®.35 i Images were later
analyzed in the computer program PhotoGrid 1.0 revtiee substrate was described at
50 stratified random points per image. For thepses of this study, each point was
assigned to one of three categories: fleshy mégaeabranching coralline algae, or
other. Percent cover was calculated as the pegemf points assigned to each
category.

To test for statistical relationships among thggital and ecological
parameters reported in Table 4.1, we constructaohgle correlation matrix in the
computer program Matlab 7.1. We calculated theaBpan’s rank correlation
coefficient for each pair of variables, and theulsg matrix highlights areas with
evidence of correlation (at = 0.05) within the cryptobenthic fish assemblagé a
between that assemblage and our environmental péeesrat 17 sites across the

central and southern GOC.

A Historical Perspective on Cryptobenthic Fishes
Using samples archived in natural history collats, it is possible to obtain an

additional time point of densities and relative mdbances of cryptobenthic fishes in
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the GOC. Twelve of the 17 sites introduced abogesvgelected to match sites that
were quantitatively sampled in the 1970s for a taaid-island biogeography study
(Thomson and Gilligan 2002). After communicatinghathe authors of that study,
and with the help of their original field notes, veturned to 12 of their sites and
resampled the cryptic fish community (Chapter & ttolume). In most cases, we are
confident that our sites were within tens of metarkess from the original collecting
sites, with the caveat that we qualitatively chpleees in the immediate area with
high relief and some algal cover, in order to abthe densest, most speciose
collections. To ensure comparability, we utilizeahilar collecting methods and
specifically obtained permission to use the sanlleciong agent (rotenone), which
had been prohibited in Mexico between the two sygveSpecimens from these
studies are archived at the Scripps Institutio@oéanography Marine Vertebrate
Collection and the University of Arizona Fish Calien.

We compared the cryptobenthic fish assemblagtseaé two time points by
binning across all sites to examine GOC-wide déifees and by comparing relative
abundances of families at each site in order teréaia what, if any, families are more
or less abundant in each data set. Based on itiat @xamination of the two data
sets, we also conducted a multivariate analysexpdore whether or not the two time
points differ, statistically, in community compasit and to explore whether or not the
combined data set exhibits regionalization witlie GOC, independent of time. In
order to do so, we used several tools availablathom Toolbox (Jones 2012) for the

computer program Matlab. We started by applyisg@are root transformation to the
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raw densities of all 45 species in the combined dat, in order to diminish the
statistical influence of the largest events (améwenumber of individuals of one
species at one site). We then did a pairwise casmaof the 24 combined sites by
Bray-Curtis dissimilarity (Bray and Curtis 1957)dautilized the resulting
dissimilarity matrix to conduct a Canonical Analysif Principal Coordinates (CAP;
Anderson and Willis 2003). CAP allowed us to regltlee number of dimensions
from 45 (= the number of species in the combinead dats) ton number of principal
coordinate axes, reducing the likelihood that thalysis is overparameterized (i.e.,
that the explanatory variables outnumber the olagemns). The optimah was
chosen by running the analysis multiple times, danb adding a principal coordinate
axis, and choosing the valuernafthat returns the highest percentage of site
assignments to the correct group of interest (he. 1970s vs. 2010 or north vs.
central vs. south; Anderson and Willis 2003). A#Healysis, leave-one-out cross
validation was incorporated to check the abilitytteg CAP to correctly identify the
proper group. Four principal coordinate axes dtuist the optimam in both
analyses, as these axes explained 68.5% of thegtiearin the Bray-Curtis
dissimilarity matrix for each analysis and led torect group assignment for 91.67%

(by time) and 87.5% (by sub-region) of the sites.

Results
Oceanography, Ecology, and Cryptobenthic Fishes

Our correlation analysis revealed several sigaificcorrelations between
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oceanographic and ecological parameters on GOG/ meelts (Table 4.2). The
approximately north-south orientation of the GOGwerd that latitude was a
significant correlate with both physical and bidkeg parameters (Fig. 4.1), including
average annual temperature (-), percent macroebyalr (+), percent branching
coralline algal cover (+), density (-) and speciebness (-) of conspicuous fishes,
densities of labrisomid blennies (+), tube blenriigsand clingfishes (+), relative
endemism of cryptobenthic fishes (+), and oceargigcagproductivity (not tested
here). Though the relationship across all sites med significant, our northern sites
were also the most variable with respect to tentpeggChapter 1, this volume). Itis
difficult to determine which of these parametersehtne most effect (if any) on the
density of the cryptobenthic fish community as alelor divided by family.
However, northern, cooler sites with high macrobdgaer supported larger densities
of labrisomid blennies, combtooth blennies, andgfishes than southern, warmer,
low macroalgal cover sites, which had more tuberiks. Triplefin blennies, gobies,
brotulas, and scorpionfishes did not significacthyrelate with latitude or any of these
covarying parameters (Table 4.2).

Focusing on cryptobenthic fishes and benthic cdleshy macroalgal cover
was positively correlated with density of labrisdnbiennies and with density of
combtooth blennies, which include the few cryptdhanfishes that are herbivorous.
Branching coralline algae was positively correlateth density of both labrisomid
blennies and clingfishes. The other cryptoberiklt families were not correlated

with algal cover of either type. This is partialyanotable for the Gulf Worm Blenny,
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which we hypothesized would have a positive retetiop with branching coralline
algae based on our field observations. The ladootlation among our 17 sites fails
to reject a null hypothesis of no relationship.

High density and biomass of conspicuous fishesetaied negatively with
clingfish density but did not have a statisticdhtienship with the other groups of
cryptobenthic fishes. Similarly, correlation arayof cryptobenthic fish densities
with the “healthiness scores,” calculated, in p@oim surveys of conspicuous fishes at
these sites (Aburto-Oropeza et al. 2013), did ee¢al a statistical relationship with
any cryptobenthic family.

Finally, the only negative, statistically signdiat correlations among
cryptobenthic families all included associationshvacorpionfishes (here represented
by one specieScorpaenodes xyj)is That species was negatively correlated with
triplefin blenny, Gulf Worm Blenny, labrisomid bley, and clingfish densities (Table
4.2), implying that there may be differences innoi@bitat requirements or agonistic

relationships between scorpionfishes and these gtbeps.

A Historical Perspective on Cryptobenthic Fishes

Twelve sites sampled in 2010 were selected tanpkasites originally studied
in the 1970s, and there were several differenctgdan these two data sets. The
most obvious difference was the total abundanceedividuals collected. When
binning all sites, there were 56.2% fewer fishethan2010 collections than in the

1970s collections. Eleven of the twelve sites teakr fishes in 2010, ranging from a
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decrease of 93.4% to 6.5%, and one site had 6.2fé fishes. The mean percent
difference was -47.4% (standard deviation = 32r8gr@age points). The difference
between the two time points was not consistentsscatl families, with clingfishes
(-89.6%), combtooth blennies (-74.3%), labrisomehbies (-72.3%), scorpionfishes
(-58.3%), triplefin blennies (-58%), and tube blm®n(-44.6%) all decreasing
substantially, while brotulas (+8.4%) gobies (+86)3and the Gulf Worm Blenny
(+500%) increased in total (and relative) abundaremong the pooled data, a list of
the 15 most abundant species also differed sulstgriietween the two time points,
as did their densities (Table 4.3). Relative alaumog of cryptobenthic families also
varied among sites and between time points at iddal sites. The general trend of
elevated relative abundance of the Gulf Worm Blemopies, and brotulas observed
in the pooled data was somewhat consistent atitdhéesel as well (Table 4.4).

The multivariate CAP analysis of the dissimilamtyatrix constructed for the
combined 24 sites (representing twelve 1970s aitestwelve 2010 sites) supported
the hypothesis that the two time points represetissically distinct groups (Fig. 4.2).
The analysis yielded a single canonical axis witlgjaared canonical correlation of
0.73 and a significant test statistic (P = 0.0Q1tle trace statistic with 999
permutations). Leave-one-out cross validation icordd that the canonical axis could
reliably identify the decade of collection 91.67%lee time. The analysis also
identified the 11 species that most strongly pudiieels one way or the other along the
canonical axis (Fig. 4.2). As expected based arobservations of differences in

relative abundance above, four gobies and the ®Walim Blenny (along with a tube
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blenny) pulled sites toward the 2010 group, whidirgfish, a triplefin blenny, two
tube blennies, and a labrisomid blenny pulled st@srd the 1970s group (Fig. 4.2).
CAP analysis of geographic sub-regions (southtraerand north),
independent of collection year, supported a hymshihat there are geographic
differences in the cryptobenthic fish communitythe GOC (Fig. 4.3). The analysis
yielded two canonical axes with squared correlatioin0.73 and 0.59 and significant
test statistics (P = 0.001 for the trace statestid P = 0.003 for the greatest root
statistic with 999 permutations). Leave-one-oossrvalidation confirmed that the
canonical axis could reliably identify the regidncollection 87.5% of the time.
Again, the species that most strongly pull sitegat@ one group or another were

identified and plotted in the canonical space (Eig).

Discussion

Our results reveal several interesting correlatiogtween environmental
parameters and cryptobenthic fish densities. CGroa analysis alone does not allow
us to predict the community composition of cryptaihéc fishes on GOC rocky reefs
but instead reveals possible univariate relatiggsshetween individual environmental
factors and the abundance of cryptobenthic familRased on a survey of these
univariate relationships, it seems likely that paegers varying with latitude (e.g.,
mean annual temperature, benthic algal cover,mtistanto the GOC) may be good
predictors of success for some groups of cryptdbefishes, including labrisomid

blennies, combtooth blennies, and clingfishes (@dh2). Conversely, none of the
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environmental parameters tested (Table 4.1) sdeaty lio successfully predict the
population size of the other cryptobenthic groupsluding the most abundant family
on GOC rocky reefs, the triplefin blennies (chajethis volume). We believe that
the preferred habitat (bare boulders or turf algdeiplefin blennies is common to all
sites (pers. obs.) and is not strongly influencgdabitude or its covarying parameters.
The same may be true for brotulas and scorpiordisis®me gobies (see Thomson et
al. 2000) and all tube blennies (e.g., Hastings@altind; Lin and Hastings 2011),
however, are certainly microhabitat specialistgl imnthese cases, they specialize on
biogenic microhabitats, such as urchin holes, \&tatorm tubes, or dead barnacles.
In some places, these specialists are known torhiedl by shelter density (i.e., the
density of their hosts’ tests; Hastings and Galladti0) and can maintain viable
populations under abnormal conditions when thetfgsred microhabitat is available
(e.q., at greater than normal depths; Galland 208pgcies in these groups specialize
on different microhabitats, and we did not testdorrelations between individual
species abundance and relevant environmental pseesi{e.g., presence of their
preferred shelters), so the underlying causeseofdatk of correlation between latitude
and family-level density of these specialists remaiclear.

Our results also show dramatic, statistically sigant differences between the
cryptobenthic fish community in 2010 (Chapter 2s ttolume) and in the 1970s
(Thomson and Gilligan 2002). These differencesea€lily apparent with a cursory
survey of the data — there are half as many indal&lat each site, on average, and the

relative abundances of the cryptobenthic familresreticeably different in the two
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data sets. CAP analysis revealed that the abuedart composition of the
community differ significantly between the two tirpeints (Fig. 4.2) and lead to
correct group (i.e., sample decade) identificatiba site more than 90% of the time.
That analysis also confirmed that species in thalf@as with higher relative
abundances in 2010 are those that pull sites tothar@010 group along the canonical
axis (Fig. 4.2). Reanalysis by sub-region, indeleen of time, revealed some
geographic structure among sites. Given the statisignificance of correlation
coefficients between latitude and densities afahaly level (discussed above), some
regionalization was expected.

What environmental factors underlie these diffeesnin community structure?
Because only two quantitative time points were labée, we do not suggest that
differences between the 1970s and 2010 data g@tsent a trend. The simplest
explanation for differences in total abundance asfference in collecting effort or
season. However, both studies occurred in JuBgiipally attempted to achieve
quantitative samples of cryptobenthic fishes frddmf, and included individuals of
extremely small size (down to less than 10 mm lamd weighing less than 0.01 g). If
densities were in fact consistent at each site2@i® samples would have had to
erroneously cover half the area, on average, o1 #7@s sites and in one case, one
tenth the area (i.e. 90% fewer fishes were coltecte2010). Furthermore, the
differences in densities are not consistent amaxa, twith several families
represented by far fewer individuals in 2010 and groups represented by far more

individuals in 2010. In the case of the Gulf WdBhenny, there were six times as
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many individuals in the 2010 collections. In faadter examination of regional natural
history collections, we are confident that the 28&fhples included the three largest
collections of that endemic GOC species in any mseegardless of sampling area
size (Hastings and Springer 1994). While coller®ffort may impact reported
densities, it is unlikely to account for all of td#ferences between the 1970s and
2010 samples. Furthermore, given the short ganaramme of cryptobenthic fishes
(one to two years; Miller 1979), there should bampact of the 1970s collections on
the 2010 samples.

It is possible that small-scale, spatial differenicehabitat sampled led to both
differences in total and relative abundance of wiypnthic fishes between the two
study periods. In 2010, we returned to the sames sampled in the 1970s, but it is
unlikely that we sampled the exact same fpand small spatial differences may have
resulted in significant differences in microhabii&(y., differences in number of
boulders or algal cover). A recent multivariat@lgsis of the cryptobenthic fish
assemblage at several sites around an island @ahbbean concluded that different
habitats, from the shoreline to the fore-reef,deel different assemblages (Harborne
et al. 2012). However, in both the 1970s and 20X studies, samples were
obtained from rocky reefs, adjacent to the shoeglim less than three meters depth
and are more similar than the different habitatsgad by Harborne et al. (2012).

We do not have detailed habitat data to accompangriginal samples, but
we may be able to use our spatial correlations gn2610 sites as a proxy. Consider

GOC labrisomid blennies, most of which are macraalgpecialists (Thomson et al.
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2000), and which were positively correlated withbfteshy macroalgal cover and
branching coralline algal cover in 2010 (Fig. 4Laple 4.2). Total abundance of this
family was 72.3% lower in the pooled 2010 samphesitin the pooled 1970s samples.
If the majority of this loss occurred at southeteswhere macroalgal cover was
minimal or absent, then that lack of macroalgae beg contributing reason. In fact,
52% of the total reduction in labrisomid blenny atance occurred at 5 (of 12 total)
sites with less than 20% total macroalgal covdratigroup of sites included one site
with an increase in labrisomid density. If we ddes only fleshy macroalgae, 60% of
the reduction from the 1970s to 2010 occurredsate® with less than 20% cover in
2010 (including the only two sites with an increas&brisomid density). Macroalgal
cover, while positively correlated with labrisonddnsity in 2010, may not provide
insight into the observed overall lower densitieshie 2010 as compared to the 1970s
samples.

Human activity may also affect relative and ta@talindances of cryptobenthic
fishes. Fishing pressure has increased dramgtgialte the 1970s, with more fishers,
fishing more reefs, with more gear (Sala et al.40and currently, approximately
50,000 artisanal fishers work from 25,000 smalke¢sin GOC waters (many
concentrating on reefs; Cisneros-Mata 2010). Whéeare confident that these
fisheries do not directly remove cryptobenthic éshit is likely that removing much
of the top predator biomass (Sala et al. 2004)dcobdnge the GOC ecology in such a
way that the cryptobenthic fishes are affectedndDarently, the number of

permanent, human residents in the GOC watershed@ndstic and international
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visitors to the GOC, along with a variety of asst@d environmental pressures, has
increased significantly (Carvahal et al. 2004) rtikermore, the GOC is not immune
to the anthropogenic changes to the global ocegn (e temperature, pH, nutrients)
experienced during the last several decades. Athese human-induced regional
and global changes to marine ecosystems may dffecrryptobenthic fish
community.

Populations of marine fishes fluctuate over sealstandecadal (or longer) time
scales and are affected by oceanographic varighoital resource availability, and
human activity. These changes can be expectee paticularly strong for short-
lived, microhabitat specialists. With only two qigative time points, we do not have
the data to fully evaluate the underlying causebefifferences that we observed
during this study. However, these differences @dwoapresent inter-annual variability
or points along a moderate to long-term trajectand they may be driven by inherent
environmental variation or may result, in partotatal, from human-induced changes
in GOC ecosystems.

In recent years, there has been increased intarést study of community
ecology of cryptobenthic fishes (Allen et al. 1998)nday and Jones 1998; Ackerman
and Bellwood 2000, 2003; Thomson and Gilligan 2080&erman et al. 2004;
Harborne et al. 2012; chapters 2 and 3, this voJulng most studies have not
considered long-term stability of the ecologicdatienships within this component of
the fish community. Our results from this and tedastudies (other chapters in this

volume) show high variation among cryptobenthibdis in the GOC, in both space
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and time. This variability is particularly intete®y, precisely because this portion of
the rocky reef community is not fished, purposealynaidentally. Our observations
are intriguing, whether they imply that this asséagb experiences a 50% difference
in total abundance and dramatic changes in relatiwedance naturally or that these
differences reflect true changes within a heavilpacted basin. By broadening our
results to include qualitative time points, we nbayable to separate inherent

environmental variability from anthropogenic impatt this semi-enclosed basin.
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Table 4.1. Parameters identified as potentialedsiof cryptobenthic (CB) fish
community structure and utilized in the correlatamalysis, with abbreviations and

data sources

Parameter Category Parameter Abbreviation  DatacBour
Geographic Latitude Lat
Cryptobenthic CB fish abundance n Chapter 2, tbiame
Cryptobenthic CB fish species richness S Chapt#ri volume
Percent endemic (by
Cryptobenthic abundance) of CB fishes End Chapter 2, this volume
Percent widely dispersed (by
Cryptobenthic abundance) of CB Wide Chapter 2, this volume
Cryptobenthic Triplefin blenny density Trip Chapgerthis volume
Cryptobenthic Tube blenny density Tube Chaptéhig,volume
Cryptobenthic Gulf Worm Blenny density wB Chapter 2, this volume
Cryptobenthic Labrisomid blenny density Lab Chatethis volume
Cryptobenthic Combtooth blenny density Comb Chaptehis volume
Cryptobenthic Goby density Gob Chapter 2, this nwdu
Cryptobenthic Brotula density (Bythitidae) Brot @ter 2, this volume
Cryptobenthic Scorpionfish density Scorp Chaptehi3, volume
Cryptobenthic Clingfish density Cling Chapter dsthiolume
Conspicuous Conspicuous fish biomass Consp b Qh3ptieis volume
Conspicuous Conspicuous fish density Consp n Ch8ptais volume
Conspicuous fish species
Conspicuous richness Consp S Chapter 3, this volume
Habitat Percent fleshy macroalgal cover Macro preseidy
Percent branching coralline
Habitat algal cover Cor present study
Mean temperature (for 30 days
Physical prior to sampling) T-30 Chapter 1, this volume
Physical Mean temperature (annual) T-365 Chapttrid yolume
Return time (days) for 2°
Physical temperature anomaly 2° Chapter 1, this volume
Return time (days) for 3°
Physical temperature anomaly 3° Chapter 1, this volume
Return time (days) for 4°
Physical temperature anomaly 4° Chapter 1, this volume
Return time (days) for 5°
Physical temperature anomaly 5° Chapter 1, this volume
Health Score “Healthiness” score Health Aburto-@zpet al. 2013




Table 4.2. Matrix of Spearman’s rank correlatioefficients between parameters listed in Table 4.1

Lat n S End WideTrip Tube WB Lab Gob Brot CombScorp Cling Consp bConsp n Consp SMacro Cor
Lat 1.00 - - - - - - - - - - - - - - - - - -
n -0.071.00 - - - - - - - - - - - - - - - - -
S -0.220.51 1.00 - - - - - - - - - - - - - - - -
End 0.80 0.06 -0.12 1.00 - - - - - - - - - - - - - - -
Wide -0.80-0.06 0.12 -1.00 1.00 - - - - - - - - - - - - - -
Trip -0.26 0.69 0.05 -0.01 0.01 1.00 - - - - - - - - - - - - -
Tube 1 -0.50 0.54 0.58 -0.21 0.21 0.33 1.00 - - - - - - - - - - - -
Stath  0.000.52 0.40 -0.06 0.06 0.37 0.29 1.00 - - - - - - - - - - -
Lab 0.66 0.47 0.16 0.69 -0.69 0.22 -0.07 0.38 1.00 - - - - - - - - - -
Gob -0.230.31 0.80 -0.32 0.32 -0.21 0.43 0.15 -0.18.00 - - - - - - - - -
Brot -0.20-0.06 0.12 -0.13 0.13 -0.05 -0.15 -0.38 -0.30.27 1.00 - - - - - - - -
Comb 0.450.43 0.16 0.43 -0.43-0.01 -0.02 0.12 0.62-0.050.10 1.00 - - - - - - -
Scorp  -0.20-0.68 -0.05 -0.38 0.38 -0.56 -0.34 -0.58 -0.550.24 0.29 -0.58 1.00 - - - - - -
Cling 0.68 0.04 0.04 0.47 -0.47-0.39 -0.33 -0.03 0.410.02-0.03 0.59 -0.16 1.00 - - - - -
Consp b-0.39 0.12 -0.05 -0.47 0.47 0.24 0.23 0.32 -0.3.17 0.30 -0.21 -0.09 -0.44 1.00 - - - -
Consp n-0.50 0.26 0.07 -0.52 0.52 0.32 0.35 0.40 -0.3®.27 0.28 -0.25 -0.13 -0.52 0.96 1.00 - - -
Consp S0.62-0.24 -0.18 -0.64 0.64 -0.07 0.22 -0.19-0.740.07 0.34 -0.36 0.24 -0.55 0.58 0.60 1.00 - -
Macro 0.59 -0.01 -0.18 0.58 -0.58-0.14 -0.09 -0.10 0.68-0.43-0.42 0.59 -0.31 0.38 -0.44 -057 -046 1.00 -
Cor 0.73 0.30 0.03 0.59 -0.59 0.20 -0.38 0.35 0.73-0.19-0.29 0.37 -0.40 0.54 -047 -0.48 -0.76 0.36 1.00
T-30 -0.100.34 -0.13 0.04 -0.04 0.48 0.17 0.17 0.190.05-0.02-0.03 -0.33 -0.46 0.40 0.45 0.18 -0.11 -0.07
T-365 -0.84 0.04 -0.01 -0.69 0.69 0.34 0.47 -0.05-0.620.17-0.11-0.65 0.20 -0.68 0.38 0.53 0.64 -0.75-0.76
2° -0.310.09 0.26 -0.07 0.07 0.00 0.39 0.05 -0.22.13-0.02 0.11 -0.28 0.16 -0.41  -0.29 0.10 -0.23 -0.13
3° -0.09 0.07 0.26 0.15 -0.15-0.09 0.27 -0.03 0.000.040.05 0.36 -0.33 0.51 -0.57 -0.54 -0.18 0.06 0.11
4° 0.00-0.02 0.21 0.21 -0.21-0.20 0.15 -0.06 0.030.100.08 0.42 -0.29 0.60 -0.56 -0.59 -0.24 0.16 0.16
5° 0.02-0.14 0.17 0.18 -0.18-0.31 0.07 -0.13 0.0%0.080.12 0.40 -0.16 0.61 -051 -0.59 -0.23 0.19 0.12
Health 0.350.03 -0.09 0.47 -0.47-0.03 -0.08 -0.44 0.18.03 0.02 -0.07 0.04 0.17 -0.40 -0.39 -0.14  0.09 0.30

Notes

Abbreviations after Table 4.1. Correlation coeaéfits inbold show evidence of correlationat= 0.05.

6€T
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Table 4.3. The 15 most common species (familyebation) and their mean number
per site for the 1970s data set and for the 2014 skt

1970s Collections 2010 Collections
Species Mean No./Site  Species Mean No./Site
Axoclinus nigricaudugT) 91 Enneanectes reticulat€¥) 41
Stathmonotus
Acanthemblemaria crockefCC) 68 sinuscalifornici(WB) 32
Malacoctenus hubbgL) 56 Axoclinus storeya€r) 24
Enneanectes reticulat€$) 53 Crocodilichthys graciligT) 17
Acanthemblemaria crockery
Tomicodon boehlkd(Cl) 43 © 16
Xenomedea rhodopyda) 43 Paraclinus sini(L) 16
Crocodilichthys graciligT) 40 Elacatinus puncticulatugG) 13
Coralliozetus micropeéC) 26 Malacoctenus hubbgl) 12
Axoclinus storeya€T) 24 Ogilbia spp. (B) 9
Paraclinus sini(L) 18 Xenomedea rhodopydh) 7
Labrisomus xant{L) 16 Chriolepis zebrd G) 6
Ophioblennius steindachngiiBl) 15 Barbulifer pantherinugG) 6
Scorpaenodes xyri§) 9 Axoclinus nigricaudu$T) 6
Pycnomma semisquamatum
Ogilbia spp. (B) 8 (G) 5
Acanthemblemaria hastingsi
Aruma histrio(G) 8 (©) 4

Notes

Family abbreviations: T = triplefin blenny; C = tublenny; L = labrisomid blenny; CI
= clingfish; B = brotula; Bl = combooth blenny; Ggeby; S = scorpionfish; WB =
Worm Blenny



Table 4.4. Density (ind./10nof cryptobenthic fish families in the 1970s ar@d@ data sets. Each row represents a site
Trip Tube Stath Lab Comb Gob Brot Scorp Cling
1970s 2010 1970s 2010 1970s 2010 1970s 2010 1970%0 21970s 2010 1970s 2010 1970s 2010 1970s 2010

154 83 104 179 0 177 61 2 8 6 43 152 1 15 0 3 49 4
316 184 139 41 0 40 463 1 73 0 22 2 5 4 2 1 103 0
325 109 255 73 0 35 132 38 8 1 8 80 5 14 3 1 9 0
117 101 113 97 2 17 51 80 1 0 81 120 2 7 0 6 18 0
443 8 303 10 0 4 111 6 30 0 10 27 31 10 2 10 72 0
135 133 37 84 8 0 68 84 25 5 16 0 7 4 8 0 17 1
135 137 50 163 19 13 203 150 56 5 23 21 12 7 31 1 61
277 96 79 5 2 5 130 0 7 4 12 1 5 7 46 4 5 0
175 34 41 4 10 3 71 1 2 0 2 20 8 2 0 7 178 20
142 38 27 30 4 9 28 21 2 27 3 7 3 3 1 0 87 8
88 6 11 2 0 2 293 0 4 6 14 18 0 20 0 7 0 25
200 124 43 8 10 7 80 1 6 3 7 1 16 10 10 3 34 1
Notes

Abbreviations after Table 4.1.

vl
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Fig. 4.1. The Gulf of California. Dots represstudy sites. Boxes represent
environmental parameters that are significantlyedated with latitude
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Introduction

The study of conservation and ecology of any estesy or group of species
often involves a deep understanding of the behawaad life history traits of the
component species. With this understanding ankl thé hours of observing nature
inherent in ecological study, it is possible tontiy quirks or abnormalities in an
organism’s behavior, in community structure, oegosystem function. Reporting
these observations is relevant to several fieldguady, including behavioral ecology,

conservation biology, biogeography, etc.

Al - Irregular schooling behavior and abandonment 6mimicry by the
Sabertooth Blenny (Blenniidae) in Cabo Pulmo Natioal Park, Gulf of California,
Mexico

Plagiotremus azaleughe Sabertooth Blenny; Fig. A.1a) is an obligatale-
eating blenny (Hobson 1968) endemic to and widespie the Tropical Eastern
Pacific. Like many members of Tribe Nemophini (Bieédae),P. azaleugypically
relies on mimicry to gain access to potential giglyes (Smith-Vaniz 1976).
Throughout its range, the model of this aggressiumic is the initial phase of the
Thalassoma lucasanu(the Cortez Rainbow Wrasse). At several sitesuiihout the
Gulf of California, we have observéd azaleusn its typical mimic capacity,
resembling its model in both appearance and beha®@a these reef§,. azaleuss
significantly outnumbered bY. lucasanamwith an average of more than 160 wrasses

per blenny (2009 belt transect survey data). Bgstishing between the two is not
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difficult, as the blennies are more slender anlizatanguilliform rather than labriform
swimming, as in the wrasses. This typical diff@em densities is not surprising
given the necessary prevalence of the model andigcaf the mimic in
evolutionarily stable aggressive mimicry systems.

In summer 2010 at reef sites in Cabo Pulmo NatiBag (CPNP), we
observed several aggregationd?ofazaleugsanging in number from 10-20 individuals
and one group of well over 100 blennies (Fig. A.1llm) contrast to our observations
elsewhere, these blennies greatly outnumbé&rédcasanumdid not school with it,
and did not display the dark coloration typicalrafividuals engaged in mimicry (Fig.
A.1). Instead, blennies from these groups aggrelysattacked large fishes, including
Mycteroperca rosaceg@.eopard Grouper) andutjanus novemfaciaty®og
Snappers) in such large numbers and with suchifgribat they affected the
behaviors and movements of these much larger fisiigsacing them from the area.

How a species that typically relies on mimicry caaintain such high local
abundances without resembling its model is paradbxiCPNP has been closed to
fishing for 15 years and has some of the highessitdes of reef fishes in the tropical
eastern Pacific (2009 belt transect data). Pertiggs® local abundances of potential
prey allow for the large numbers Bf azaleughat we observed, even when they

seemingly no longer utiliza mimicry to gain accas$ood resources.

A2 — A Benthic Diatom Bloom in the Gulf of California, Mexico

| ntroduction
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Benthic invertebrate and algal blooms, often #sult of a biological invasion,
can be harmful to the shallow marine environmet @fiten involve a single species
spatially dominating an ecosystem (e.qg., Griffihsl. 1991; Meineset al. 1993;
Watson and Estes 2011). In some cases, these dloayrepresent an alternate
stable state, reaching levels that are detriméotabmpetitors or to associated species
that rely on the characteristics of the naturaliremmental state. In the shallow,
coastal marine environment, invertebrate and dpams are often a result of
accidental human transport of exotic species (@al996; Ruiz et al. 1997; Ruiz et
al. 2000) and can be costly and very difficulteéwerse (though reversal is possible in
some cases; e.g., Anderson 2005). Furthermorgg eineents occur most frequently in
areas of high human population, travel, or commgRreez et al. 1997), ecosystems
that are already highly impacted by human pres@nmze et al. 2006).

In the summers of 2009 and 2010, during expeditamound the Gulf of
California (GOC), Mexico to systematically surveytiv conspicuous and cryptic reef
fishes and invertebrates (Fig. A.2; Aburto-Oropetzal. 2001), we observed a benthic
algal bloom, seemingly invasive in nature, at #latively remote (though fished) Isla
San Esteban, in the Midriff Islands, Central GQdere we report on those

observations and the results of our preliminargytof the alga.

Study Site and Context
The GOC is a semi-enclosed basin, located betiveeBaja California

peninsula and the Mexican mainland, approximat830lkm long by 100-150 km
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wide (Fig. A.2). The Midriff Islands are locatedthe central GOC, between 28
degrees and 30 degrees N and constitute one afdhe productive marine
ecosystems in the world (Brusca 2010). That regamaracterized by consistent
tidal (Paderet al. 1991) and coastal (Badan-Dangaziral. 1985) upwelling that
support high surface productivity and large comrtiesiof seabirds, marine
mammals, pelagic and reef fishes, and artisantatifss Isla San Esteban is nearly
equidistant to the Baja Peninsula and the Mexicamland (Fig. A.2) and is
approximately 40-70 km from the nearest permanettiesnents. However, even
given its relative remoteness, Isla San Estebfished by communities in Bahia de
Kino on the Mexican mainland and Bahia de San ksgoito and El Barril on the
Baja Peninsula (Moreno-Baet al.2010).

During expeditions in July 2009 and July 2010,wis#ted 28 sites at islands
throughout the central and southern GOC and alemgpte areas of the Baja
Peninsula, including ten sites in the Midriff IstEregion. Sites stretched from the
Midriff Islands to Cabo Pulmo National Park neag tip of the Baja Peninsula and

covered more than six degrees of latitude (Fig).A.2

Methods

At each island/peninsular area, we set up a48rem to study the benthos and
the benthic fish community. Sites were chosendbaseappropriate benthic fish
habitat, were consistent (3-5 m deep, rocky remfjidated by boulders of all sizes)

across the GOC, and were representative of the neefach area. Using a pvc camera
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frame and SCUBA gear, we photographed the benthaosanonrandom locations
within the study area (three regularly spaced rofathree regularly spaced photos).
Photoquadrats from the 2009 expedition are 0.2%md those from 2010 are 0.35.m

In the lab, all images were analyzed in PhotoGrdj where the substrate was
described at fifty stratified random points per gea For the purposes of this study,
each point was given a value of 1 (= diatom maf) ¢+ no diatom mat), and percent
cover was calculated for all images.

After the opportunistic discovery of the algal dmo at Isla San Esteban in both
2009 and 2010, we collected samples that were wexsén the field in 10% formalin
or 90% ethanol and others that were returned téath&ithout preservation (in
seawater). In the lab, flamentous material amuesuatant (viscous liquid secreted by
the filamentous material) were extracted from tbe-preserved (seawater) sample
and prepared for further analysis. The materia washed once with tap water to
remove excess salt, plated on a microscope slndkyi@wed using scanning electron
microscopy (SEM). Preserved samples are stor8drgips Institution of

Oceanography, La Jolla, CA, USA.

Results and Discussion

Analysis of samples via SEM confirmed that theobhng species is a diatom,
Biddulphia biddulphiandJ.E. Smith) Boyer, 1900 (Fig. A.3). This centiatom
forms chains that may attach to benthic substeatess also often found in the

phytoplankton (Roundt al. 1990). As with many coastal species that havekpenic
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stages (and can be easily transported by the sigppadustry), it is difficult to know
the natural home range Bf biddulphianahowever, algal checklists from North and
South America and from Western Europe include geeies, implying a wide current
distribution (see Guiry and Guiry 2012). In thiekdepth study of the planktonic
diatoms of the GOC, Morerat al. (1996) report its presence at some locationsan th
GOC, but to date there have been no similarly syatie surveys of benthic diatoms
in that region. Our observationsB®f biddulphianaat Isla San Esteban seemingly
constitute a first report of a benthic bloom ofthature in the GOC.

In 2009, we observed the bentBicbiddulphianabloom only on the rocky
reefs of Isla San Esteban (Fig. A.2). Accordingto PhotoGrid 1.0 analysis, it
covered an average of 31% of the area of each ghativat at that times(g.,Fig.

A.4) and was attached to all substrates, includidgmonstrated ability to overgrow
colonies ofPorites californicaVerrill, 1868, one of the few species of stonyatsr

that survives in that regioe.Q.,Fig. A.4 inset). It was not observed at any af ou
other sites that year. In 2010, we measured asigmficant increase in average
percent cover at Isla San Esteban (37%; Man-WhiB¥.05) and observed the same
diatom on the shallow rocky reefs of two nearbgnsls in the Midriff Islands group:
Isla Salsipuedes and Isla Las Animas (Fig. A.B)thht year at Isla Salsipued8s,
biddulphianacovered an average of 11% of the photoquadratisataislia Las

Animas, it was not observed inside any quadratag noted during a general survey

of the area.



156

SEM analysis revealed several individuals of msiwialler diatom species
living on B. biddulphianacells (Fig. A.3). This relationship betweBnbiddulphiana
and smaller epiphytic diatoms has been previoussgdbed by Tiffany and Lange
(2002) in San Diego, CA, USA. Those authors dbescritheir San Diego site at 20-24
m depth as containing “vast carpets of diatomsherseafloor” and identified several
species attached B biddulphianacells (Tiffany and Lange 2002). The high
densities that we observed are analogous to thst tampets” reported there. The
potential advantages or costs to the host cellgl@gossible facilitation of a carpet-
forming, benthic lifestyle by this symbiosis shoblel explored in greater detail.

This study is the first to describe a dense berildom ofB. biddulphianan
the GOC. Its ability to attach to most surfaced avergrow other benthic species,
including stony corals, along with the apparenmdref increased density of coverage
at Isla San Esteban, was noticeably affecting #imtat and could be affecting the
survival of other sessile benthic organisms andhzenassociated fishes and
invertebrates. For example, we observed sevailaliduals of tube-dwelling fishes
struggling to feed and court females through padieheB. biddulphianacarpet.
Furthermore, if Isla San Esteban was ground zarthfs bloom, the fact that our 2010
surveys revealed new patcheBobiddulphianaat two of the nearest islands may
indicate its ability to spread or a wider expanbthe environmental conditions that
favor its growth.

Notably, in July 2011, we received informationrfra credible source that the

B. biddulphianabloom is gone (T.A. Pfister pers. comm.). Durangesearch
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expedition in June 2011 to the Midriff Islands, Biobiddulphiangpatches were
observed at any of the sites that we discuss Haftale that expedition did not include
guantitative, photographic surveys of the benthmm@nment, we received no reports
of opportunistic observations of the diatom. Farthore, the 2011 expedition
included one researcher (T.A. Pfister) who alsdigipated in our 2009 expedition,
when the bloom was first discovered, and who hage2Bs of experience diving in the
Midriff Islands without ever observing a bloom likee one in 2009-2010.

Unlike in the case of benthic blooms of undoubtexdotic species, we were
unable to determine the cause of the bloom andesuiesit bust oB. biddulphianaat
these sites. The environmental factors that clmad to these observations should be
investigated further. The high productivity andhhbceanographic variability
characteristic of the Midriff Islands could playae, but the specific variables that led
to this phenomenon are unknown. Consistent mong@and experimental study of
the interactions among the species in the bentnmneunity there could help reveal
these variables and allow researchers and mantgersdict/prevent future blooms

that potentially negatively affect the benthic festd invertebrate communities.

A3 - Comments on Microhabitat Specialization and &epth Range Extension for
a Chaenopsid Tube Blenny in the Gulf of CaliforniaMexico

Acanthemblemaria balanoruBrock (Clubhead Blenny; Fig. A.5) is a
chaenopsid tube blenny endemic to the Tropicaldeaftacific. Adults of this

species, as all members of the Chaenopsidae, inkedated invertebrate tubes or
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tests (Stephens 1963; Lindquist 1985). In the o&ge balanorumthe shelter of
choice is the vacated testMEgabalanudHoek barnacles, a genus characterized in the
tropical eastern Pacific by a complex of speciesniiy and McClaughlin 1986) that
typically live in the upper 10 m on shallow roclgefs (Brusca and Hendrickx 2008).
In the Gulf of California (GOC), Mexicd. balanorumoverlaps in distribution with
two congenersA. crockeriBeebe and Tee-Van aid hastingsLin and Galland, and
these species are known to exhibit depth partitignivith A. balanorumnhabiting
relatively shallower depthg,. crockeriinhabiting relatively deeper depths, ahd
hastingsioverlapping near the edges of the depth rangtseadfther two species at
intermediate depths (Lindquist 1985). A detailadlyg of the relationships among
these three congeners in the southern GOC (Lintd§j@8&5) reported thak.
balanoruminhabits shelters (=barnacles) down to approxiimaten depth. Guides to
the fishes of the region (e.g., Allen and Roberts8®4; Humann and DeLoach 2004)
report a similar depth range.

In November 2010, | observed and collected sewvedaliduals ofA.
balanorumat a depth of 21 m at the base of a pinnaclehefsbuth end of Maria
Cleofas, the southernmost point in the Islas Maarakipelago, southern GOC. These
individuals, like all individuals of this specidsat | have observed, inhabited vacant
barnaclesNlegabalanus This observation represents a significant degiige
extension for this normally shallow subtidal figin{l may also represent an extension
for the barnacle; Brusca and Hendrickx 2008). Hhidity of a microhabitat specialist

to colonize abnormal macrohabitats (in this casemueeper than normal waters)
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when its microhabitat (=barnacles) is availablepsuifs a hypothesis that these
specialists are resource (=shelter) limited. Zinmshelter limitation has already been
experimentally demonstrated in the GOC congefdecrockerj which increases in
average density with shelter addition (Hastings @atdand 2010).

| observed additional evidence ti#atbalanorumis a shelter-limited
microhabitat specialist in July 2009 at Las Animeasmall island and a series of small
pinnacles in the central GOC. That site proveldegadealA. balanorumhabitat, with
several large boulders completely covered by bread; densédvlegabalanugields
down to 5 m depth. Within these barnacle fieldshserved large numbers Af
balanorum more densely distributed than any other chaedqgpgpulation reported to
date (e.g. in Lindquist 1985; Clarke 1996; Thomand Gilligan 2002; P.A. Hastings,
pers. comm.). During an opportunistic survey @fdnea, | placed a 0.25 muadrat
on five randomly selected areas on the top ofgeldiat boulder at 5 m depth in order
to survey chaenopsids and ascertain densities. betsfA. balanorunranged
(mean +/- SD) from 8 — 28 (20.4 +/- 8.6) individsigler 0.25 rh These high
densities may reflect the very high barnacle desssét this site, though it is difficult
to quantify available shelters, as it is not imnag¢ely obvious what a chaenopsid
considers to be a sufficient shelter.

To date, no experiments have been designed tondieewhat a second
limiting factor is for these or similar shelter-diirgy microhabitat specialists, but it is
quite possibly an issue of territory size. Malésocanthemblemariand several other

chaeonpsid genera actively court females, whichnughoosing a suitable male, enter
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the male’s shelter and deposit eggs (Hastings 198stings 1988; Hastings and
Peterson 2011). The males guard the eggs andimaitaneously protect clutches
from multiple females (Hastings 1986; Hastings 1988stings and Peterson 2011).
Under these conditions, males compete for femadecetand for the most desirable
shelters (Hastings 1988; Hastings 1992). The Heagisities ofA. balanorunobserved
at Las Animas could lead to agonistic interactittrag secondarily limit the population
size (or density) of this species.

In order to begin quantifying the distance betweecupied barnacle shelters
at the densely populated Las Animas site, | rangiamnbdse an individuah.
balanorumand measured the distance to its nearest neighltoen measured the
distance to that individual’s nearest neighbor @pkated the process until | reached
ten total individuals. On average (SD), theserneividuals were only 4.4 cm (1.6)
from their nearest neighbor. Upon collecting thecsmens, | obtained sex and
standard length (SL) for each individual and deteeu that they were, on average
(SD), 28.9 mm SL (3.8) and were all sexually matadalts. In fact, to the best of my
knowledge, juvenile habitat preference in this gt unknown. The male to female
sex ratio was 7:3, indicating the ability of seVe@ult males to live in close
proximity to one another and to mature femalesctwivere somewhat evenly
dispersed among the males, within this set ofndividuals (numbers one, three, and
eight out of ten; 5, 2.5, and 5 cm from their neaireighbors, respectively). The
presence of some shelters inhabited by less cotveeathaenopsid species,

Coralliozetus angelicuBohlke and Meade) arferotemblemaria bicirrus
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(Hildebrand), increases the overall chaenopsiditermsd the availability of some
uninhabited shelters perhaps implies that the confiyat that site is approaching
some maximum. It is difficult, however, to deten@iwhether or not empty barnacles
represent a choice to avoid high densities, a prete for other more highly desirable
shelters, or some additional factor.

While the preliminary evidence presented here sup@ohypothesis that these
microhabitat specialists are first limited by thregence of their preferred shelter and
then by some other factor (possibly territorialityat prevents higher densities, even
with greater shelter availability, it is necesstrglesign and implement experiments
to test this and similar hypotheses empiricallpe@es likeA. balanorunmthat rely on
biologically derived microhabitats may be able ttize a wider range of
macrohabitats as their “hosts” move to new ardéiashe case of the depth range
extension at Maria Cleofas, the abilityMe&gabalanusarnacles to survive down to at
least 21 m at this site allows a species that apees on its empty tests to do the
same, and this ability is not uniqueAobalanorum A blenniid Hypsoblennius
brevipinnisGunther) and another chaenop#d ihacrospiludrock) were observed
and collected at the Maria Cleofas site, inhabibaghacle testsHypsoblennius
brevipinnisis also a microhabitat specialist, its preferreelter is alsdMegabalanus
and it is typically confined to the upper 3-4 ntlo¢ subtidal zone (Allen and
Robertson 1994; Humann and DeLoach 2004; thougiayt be known from as deep
as 10 m; De la Cruz Aguero et al. 1997). Likdirbalanorumthis observation

represents a significant depth range extensiothfsrspecialist and an interesting
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finding for the Blenniidae, which are characteribgtfew species reaching depths
greater than approximately 25 m (Springer and Siighiz 1970).
Acanthemblemaria macrospilusister to the more northefn hastingsdiscussed
above (see Lin and Galland 2010), shares its abdittilize multiple microhabitat
shelters (Lindquist 1985) and typically lives tpthes of 15-18 m (Allen and
Robertson 1994). Observation of individuals aeptd of 21 m may represent a
minor change in depth range, but its flexibilitysihelter choice probably allows it to
occupy a greater diversity of habitats tarbalanorum Further research into the
intra- and inter-specific relationships within tigioup of species that utilize (and
potentially compete for) similar microhabitats wilveal more of the processes at play
in determining the makeup of this assemblage andpr@vide further insight into the
relative advantages and disadvantages of micradtagpecialization.

All specimens of all species discussed here welieated using quinaldine
and are archived at the Scripps Institution of @ogaaphy Marine Vertebrate
Collection (Las Animas collection number = SIO @t2Maria Cleofas collection

number = SIO 10-132).
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Fig. A.1. Plagiotremus azaleus) in a vacated invertebrate tube and b) schgahn
an aggregation of over 100 individuals. Note thgatlicoloration atypical of
individuals of this species engaged in mimicry. 8saourtesy of O. Aburto-Oropeza
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Fig. A.2. Map of sites surveyed in 2009-2010. x marks &da Esteban, “ground
zero” for the diatom bloom; dots represent sitesesyed in 2009-2010 that did not
have evidence of the diatom’s presence. El B&ah Francisquito, and Kino Bay are
communities with fishers who exploit the reefstod Midriff Islands
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Fig. A.3. Scanning Electron Microscope image8ioidulphia biddulphianaollected
from the bloom at Isla San Esteban and used fattiiteation. A) shows several cells
of the chain-forming diatom, and B)-D) show clogeshots of individual cells with
associated, epiphytic diatoms attached at sevaratibns along the cells’ tests
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Fig. A.4. Photograph of thgiddulphia biddulphiandloom at Isla San Esteban.
Inset shows overgrowth of the stony cdpafkites californica Photos courtesy of J.
Lund
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Fig. A.5. Acanthemblemaria balanorum shelter at Las Animas in the central Gulf
of California, Mexico. Photo taken in July 200%at depth during nearest neighbor
surveys. Photo courtesy of J. Lund
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