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The Upper Gulf of California (UGC) is a Biosphere Reserve that despite its extreme environmental

conditions (macrotidal inverse estuary) houses a high fish species richness. An intensive sampling of

fish larvae and hydrography was carried out during June 2008 in the UGC. From 56 zooplankton

sampling stations with a maximum of three sampling strata (each 5 m deep, from 0 to 15 m), a total of

29,505 fish larvae were collected, included in 99 taxa and 32 families. The Bray–Curtis Index defined

three main larval fish habitats that varied in composition. (i) The ‘‘Mixed’’ larval habitat was mostly

defined in the vertically mixed western sector of the UGC; the coastal pelagic Anchoa spp. presented

high abundance in this habitat, associated with demersal species such as Gobulus crescentalis and

Scianidae type 1. The lowest diversity and abundance, and the highest salinity, temperature and

chlorophyll distinguished this larval habitat. (ii) The ‘‘Front’’ habitat was located mostly on the

physical–chemical frontal zone between the UGC and the Northern Gulf; it had the highest specific

richness and larval abundance. The dominant species were the coastal pelagics Anchoa spp. and

Opisthonema sp. 1; the latter was almost limited to the north by the frontal zone. (iii) The ‘‘Shelf’’

habitat, found over the shelf off the mainland, was the deepest and less salty, and was also dominated

by Opisthonema sp. 1, but included epipelagic species such as Scombridae (e.g., Scomber japonicus, Auxis

spp., Scomberomerus sierra), probably from the adjacent deeper zone. These larval fish habitats had

well-defined limits that coincided with marked environmental gradients, with the lowest larval

diversity in the saltiest environment; this suggests that the human-induced shift to hypersaline

conditions may have reduced the preferred larval habitat for some species. The habitats most likely

change with the seasons, with implications for the management of the reserve.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Management and conservation of ecosystems is a complex
task, since it involves defining and coupling physical and biolo-
gical interactions at multiple spatial and temporal scales, as well
as anthropogenic factors (Cudney-Bueno et al., 2009; Pollnac
et al., 2010). Although marine reserves are considered an impor-
tant tool for sustaining ocean ecosystems (Nowlis and
Friedlander, 2005), they are often established using a precau-
tionary approach, and without in-depth knowledge of the species
that inhabit them, their spawning strategies (e.g. areas, periods
and intensity) and their relationships with physical environmen-
tal processes (Borguez et al., 2009; Cudney-Bueno et al., 2009). In
this article we describe summer-time oceanographic conditions
ll rights reserved.

elasco).
and distinct fish larval communities in the Upper Gulf of Califor-
nia (UGC), and compare these bioregions to established conserva-
tion zoning.

The UGC (Fig. 1) was declared a Biosphere Reserve in 1993,
largely due to its importance for endemic fish species, such as
Totoaba (Totoaba macdonaldii), the Bigeye Croaker (Micropogonias

megalops), the curvina golfina (Cynoscion othonopterus) and the
endemic and critically endangered marine mammal Vaquita
(Phocoena sinus; Rojas-Bracho et al., 2006). To provide additional
protection for the Vaquita, in 2005 the Mexican Government
decreed a ‘‘Vaquita Refuge’’ in the central part of the species range
(e.g., Jaramillo-Legorreta et al., 1999,2005; Fig. 1).

The reserve is divided into two management areas: the ‘‘Buffer
Zone’’ and the ‘‘Core Area’’ (marked B and C, respectively, in
Fig. 1); the latter, located in the northwestern extreme of the UGC,
is vertically mixed and so shallow that it is accessible only by
small boats. The ‘‘Vaquita Refuge’’ (marked V in Fig. 1) is located
on the western side of the Buffer Zone, and it has a small section
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extending outside the UGC Reserve. The Reserve is supported by a
management program that is charged with promoting sustainable
activities and maintaining biodiversity. In the Core Zone all
fishing activities are banned, while in the Buffer Zone controlled
fishing activities, including shrimping (Litopenaeus stylirostris), are
allowed. In the Vaquita Refuge fishing activities have been
restricted and gillnets banned since 2005, but effective enforce-
ment did not begin until fall 2008 (Gerrodette and Rojas-Bracho,
2011).

From the physical oceanography perspective, the UGC is a
highly seasonal, shallow (o30 m deep) macrotidal inverse estu-
ary, with temperatures ranging from �14 1C in winter to over
32 1C in summer (Alvarez-Borrego and Galindo-Bect, 1974;
Alvarez-Borrego et al., 1975; Lavı́n et al., 1998). The inverse-
estuarine conditions that exist today, characterized by salinities
that increase from 35.4 in the open Northern Gulf to above 39 in
the shallowest areas of the UGC, are the consequence of the
damming and diversion of the entire Colorado River flow for
agricultural and domestic use, the almost null rainfall and the
high evaporation rate (�0.9 m year�1; Alvarez-Borrego et al.,
1975; Lavı́n and Organista, 1988; Lavı́n et al., 1998). Tidal range
is �6 m during spring tides, and strong tidal currents up to
1 m s�1 cause resuspensión of sediments and elevated turbidity
(Alvarez and Jones, 2002), in addition to a tidal-mixing front
separating the well-mixed UGC from the deeper and stratified
Northern Gulf (Argote et al., 1995).

Despite these extreme physical conditions, the UGC holds a
high diversity of fish species (260 species) representing 29% of the
Gulf’s total ichthyofauna (Hastings and Findley, 2007). High
diversity has also been recorded for other taxonomic groups in
the UGC (Felger and Broyles, 2007), such as birds (4350 species),
marine mammals (12 species regularly sighted, but up to 22 other
species occurring occasionally) and macroinvertebrates (�1045
species). In addition, Calderon-Aguilera et al. (2002) and Galindo-
Bect et al. (2010) reported that the preferred spawning zone of
the shrimp L. stylirostris in the Northern Gulf is in the eastern part
of the Reserve’s Buffer Zone, south of Punta El Borrascoso (Fig. 1).

The management zones in the UGC Reserve coincide approxi-
mately with areas with particular physical characteristics pre-
viously defined in hydrography and sediment studies. For
example, during summer the highest temperature and salinity
are found in the in the well-mixed NW side of the UGC, and the
lowest values in the deeper, stratified SE side; in winter the
thermal gradient reverses while that of salinity remains, as does
the tidal-mixing front between the stratified and the well-mixed
zones (Alvarez-Borrego and Galindo-Bect, 1974; Alvarez-Borrego
et al., 1975; Argote et al., 1995; Lavı́n et al., 1998). There is also a
sediment particle-size regionalization, with the largest particles
(sands) in the north and east areas of the UGC, and the smallest
(silts and clays) in the shallow western side (Carriquiry and
Sánchez, 1999).

In this context, the hypothesis in the present work was that
there should be at least two distinct larval fish habitats that
respond to the UGC extreme environmental gradients: mixed and
stratified. Based on observations carried out in the UGC in June
2008, this study aims to: (i) identify larval fish habitats indicated
by fish larvae composition and abundance and (ii) relate these
habitats to hydrographic characteristics or processes. The rela-
tionship between the larval habitats and the zonation of the
reserve will be discussed.
2. Methods

2.1. Study area

The UGC Reserve is located in the northern part of the Gulf of
California, Mexico (Fig. 1). It is triangular in shape, covering an
area of approximately 5000 km2. The southern limit is marked by
an imaginary line between the town of San Felipe on the Baja
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California Peninsula and Cerro Prieto, just north of Puerto Peñasco
on the mainland. The Reserve’s northern limit is the old mouth of
the Colorado River (Lavı́n et al., 1998).
2.2. Field methods

Physical, chemical and zooplankton data were obtained during
neap tides from the R/V Francisco de Ulloa, from 6 to 12 June 2008,
in the 56 stations shown in Fig. 1. Temperature and conductivity
profiles were obtained at each station with a SeaBird 911plus CTD
(conductivity, temperature and depth profiler), including recently
calibrated dissolved oxygen and fluorescence sensors. The fluor-
escence data were converted to chlorophyll values (mg/L) by the
sensor, and in this article we will refer to these data as ‘‘chlor-
ophyll’’. The methods used for processing these data were
documented by Garcı́a-Córdova et al. (2008).

Two sampling station transects (marked in blue in Fig. 1) were
selected from the grid of stations in order to describe the vertical
hydrographic structure of the water column and relate it to
biological data: (i) Line D (sampling stations from D01 to D06)
is transversal across the UGC, from San Felipe towards Punta El
Borrascoso and (ii) Line L (stations from F02 to Kb02) is an along-
gulf transect offshore the eastern coast from Adair Bay to San
Jorge Bay.

Sea surface temperature and surface chlorophyll Aqua/MODIS
images were obtained from http://oceancolor.gsfc.nasa.gov/cgi/
level3.pl.
2.3. Zooplankton methods

Oblique zooplankton hauls were made during day and night
hours at three depth strata (from 15 to 10 m, 10 to 5 m and 5 m to
surface), using opening–closing conical zooplankton nets with a
mouth diameter of 50 cm, 250 cm of net length and 505 mm mesh
size (http://www.generaloceanics.com/genocean/1000DT.htm).
The volume of filtered water was calculated using calibrated flow
meters placed at the mouth of each net. The closed net was
lowered to the bottom of the stratum to be sampled, and was
then opened with a manual brass messenger at the onset of the
haul. When the upper level of the sampling stratum was reached,
the net was closed with another messenger, and the haul was
terminated. This system effectively avoids entrance of organisms
from other strata. This closing system was very precise, since it
responded almost instantaneously for surface hauls (5 m–
surface), while the maximum delay was for the deepest hauls
(15–10 m). The depth for each stratum was calculated by the
cosine of the wire angle method, following the standard specifi-
cations of Smith and Richardson (1979). This stratified sampling
technique has been successfully used in previous studies (e.g.,
Espinosa-Fuentes and Flores-Coto, 2004; Danell-Jiménez et al.,
2009).

Samples were fixed with 5% formalin buffered with sodium
borate. Zooplankton biomass was estimated by displacement
volume (Beers, 1976), and standardized to mL/1000 m3. Fish
larvae were sorted out, removed from the samples and identified
to the lowest possible taxonomic level, mainly using Moser
(1996), and specific guides for certain families (e.g., Jiménez-
Rosenberg et al., 2006). Larval abundance was standardized to
number of larvae per 10 m2 for comparison with adjacent regions
(Smith and Richardson, 1979).

The non-parametric Kruskal–Wallis test (Sokal and Rohlf,
1985) was used to assess the statistical significance of differences
of the total larval abundance between day and night hours and
among the different depth strata.
To identify fish larval habitats (clusters of similar samples), a
matrix of fish larvae composition per stratum was used (only taxa
with frequency occurrence 45). The standardized data were
fourth-root transformed before applying the Bray–Curtis dissim-
ilarity index, a technique that is not affected by multiple absences
and gives more weight to abundant species than to rare ones
(Bray and Curtis, 1957; Field et al., 1982). A dendrogram was
made by the flexible agglomerative clustering method (Sokal and
Sneath, 1963). A nonparametric test that does not require
assumptions of normality of variance, the multi-response permu-
tation procedure (MRPP; McCune and Grace, 2002), was applied
for testing the hypothesis of no difference between habitat
groups, using PC-ORD version 6.0. The MRPP test statistic (T)
describes the separation between the groups (the stronger the
separations the more negative the value of T), and the chance-
corrected within-group agreement (A) describes the within-group
homogeneity, compared to the random expectation, using Sør-
ensen’s distance. The highest possible value for A is 1, and occurs
when all items are identical within groups. If heterogeneity
within groups equals expectation by chance, then A¼0. In com-
munity ecology, values of A are commonly below 0.1, an A40.3 is
fairly high (McCune and Grace, 2002).

The dominant fish species of each habitat were obtained in
accordance with the Olmstead–Tukey test (Sokal and Rohlf,
1985), which takes into account the abundance and relative
frequency of each species. The dominant species were considered
as the representative species of each planktonic habitat.

A canonical correspondence analysis (Ter Braak, 1986) was
applied to define the relation between the environmental vari-
ables and the larval habitats (clusters of strata abundance). Before
calculating the canonical correspondence analysis, the standar-
dized biological data and the matrix of environmental indicators
were root–root transformed, to reduce the weight of the most
abundant species (Field et al., 1982). The matrix of environmental
indicators contained the average values of station depth, tem-
perature (1C), salinity, chlorophyll (mg/L) and dissolved oxygen
(mL/L) in the water column. A Monte Carlo test of significance
was applied (McCune and Grace, 2002). The result is shown as
biplot (the two first ordination axes) with environmental indica-
tors as a vector and the sampling stations as symbols in the
ordination space (Ter Braak, 1986; De la Cruz-Agüero, 1994).
3. Results

3.1. Horizontal distribution of physical and chemical variables

For the description of the horizontal distribution of the physical
and chemical variables, averages over the upper 10 m were used.
Sea surface temperature (SST, Fig. 2a) ranged from o23 1C in the
southern, deeper (440 m) area of the study zone, to 425.5 1C at
the head of the gulf and in the coastal zones. As the SST satellite
image for June 8 shows (Fig. 3a) it is a locally enhanced thermal
gradient; this is a tidal-mixing frontal area, separating well-mixed
water in the shallow zone from stratified water in the deep zone
(Argote et al., 1995), as shown in Section 3.2. The surface salinity
values (Fig. 2b) were high in all the UGC, ranging from 35.4 in the
south to 36.6 in the NW, with a haline front with a difference of
1.0. The shape of the 35.6 isohaline south of Punta Borrascoso
suggests an intrusion of offshore water toward the coastal zone
(Fig. 2b), which is also apparent in the surface isotherms in that
area (Fig. 2a) and in the satellite images (Fig. 3).

Surface dissolved oxygen values were relativity high in all the
study area (Fig. 2c), ranging from 4.8 mL/L in the shallow NW side
of the UGC and in Adaı́r Bay to 6.2 mL/L in the deep sector; a
strong surface oxygen front separated these two extreme values.

http://oceancolor.gsfc.nasa.gov/cgi/level3.pl
http://oceancolor.gsfc.nasa.gov/cgi/level3.pl
http://www.generaloceanics.com/genocean/1000DT.htm
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The oxygen front also suggests intrusions of surface water from
the deep area: northward towards Punta Borrascoso and eastward
towards San Jorge Bay.
Surface chlorophyll ranged from 0.45 mg/L in a large portion of
the UGC to 0.1 mg/L in the SE part of the study area (Fig. 2d). A
strong chlorophyll front separated the high values in the UGC
from the low values in the deep area, a pattern also shown in the
satellite image (Fig. 3b), which shows a low-chlorophyll area in
most of the Northern Gulf. This front coincided with the dissolved
oxygen front (Fig. 2c), but while the latter continued eastward
toward Puerto Peñasco, the former was interrupted at Punta
Borrascoso. This interruption of the chlorophyll front appears to
be due to the northward intrusion mentioned above. An eastward
intrusion of low-chlorophyll water (o0.1 mg/L) was found in the
southeastern sector of the study area, which was also suggested
by the dissolved oxygen distribution (Fig. 2c), and the chlorophyll
satellite image (Fig. 3b) indicates that it is part of the large
offshore chlorophyll minimum zone.

3.2. Vertical distribution of physical and chemical variables

The vertical distributions of the physical and chemical vari-
ables on transects across and along the Gulf axis (Lines D and L,
marked blue in Fig. 1) help complete the hydrographic description
of the UGC.

In Line D, from San Felipe to Punta El Borrascoso, temperature,
salinity and dissolved oxygen (Fig. 4a–c) showed well-mixed
conditions in the shallow western side of the UGC (as a result of
strong tidal mixing) and slightly stratified conditions in the
deeper eastern side.

In the case of temperature (Fig. 4a), the 23.5 1C isotherm broke the
surface in the center of the section, forming a surface front on both
sides (contrast �0.5 1C). Temperature was vertically mixed in the
shallow western side and increased toward the mainland. The bottom
temperature front (where the thermocline touches the bottom) is
stronger than the surface front, with a contrast of �1 1C. Salinity was
almost vertically mixed, with values of 35.6 in the east increasing to
36.2 in the west; there was a haline front on the peninsula side. The
oxypleths (Fig. 4c) showed that the less shallow zone (between
stations D03 and D01) was the most oxygenated and was stratified
with the highest values (45.5 mL/L) in the surface layer, while the
shallow zone to the west was the least oxygenated (�4.9 mL/L) and
vertically mixed. There was a dissolved oxygen front at station D03,
very similar in shape and location to the temperature front (Fig. 4a).
The chlorophyll distribution (Fig. 4d) shows high values (40.5 mg/L)
in a core between D04 and D02, with maximum in D03 at �15 m
depth; it seems to be centered in the thermocline–oxycline in the
warm side of the temperature front.

In Line L, which is along-gulf close to the mainland coast (from
Adaı́r Bay to San Jorge Bay), the isotherms (Fig. 5a) are almost
horizontal in the deeper south sector, with a thermocline at
�20 m depth. The isotherms dive towards the bottom from
station H02 to F02 (depth o25 m) forming a strong bottom front.
Salinity shows an inversion, with a near-bottom maximum in F02
(35.8) and at mid-depth in G02 (35.7), which suggests (together
with the coincident oxygen inversion) a gravity current coming
out of Adaı́r Bay, similar to those reported by Lavı́n et al. (1998)
for the UGC. In the deep southern sector there is a subsurface
salinity minimum (35.4) at stations J02 and Kb02 at 10–20 m
depth, and a halocline below. The vertical oxygen distribution
(Fig. 5c) shows that the top 20 m were well oxygenated, with a
strong oxycline below, and intermediate values associated with
the gravity current. The chlorophyll distribution registers the
gravity current as a bottom maximum (0.5 mg/L), which suggests
that it may be due to sediment load rather than to phytoplankton
chlorophyll. The lowest chlorophyll (�0.1 mg/L) is found in a
15 m thick surface layer at stations J02 and Kb02; there is a
chlorophyll front starting north of station I02 and ending at
station H02, in agreement with Figs. 2d and 3b.
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3.3. Zooplankton biomass

Zooplankton biomass values ranged from 10 to 2000 mL/
1000 m3 (Fig. 6). The highest values of zooplankton biomass
(4650 mL/1000 m3) were found in the surface level, mainly in
the eastern coastal zone, from south of Golfo de Santa Clara to San
Jorge Bay. Biomass decreased with depth, with values between
100 and 350 mL/1000 m3 below 5 m depth. In the western shallow
plain, surface zooplankton biomass values tended to be low, and
ranged from 100 to 650 mL/1000 m3, and decreased with depth.
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3.4. Fish larvae composition

The mean proportion of fish larvae in relation to total abun-
dance of zooplankton was more than 50%, which is the highest
proportion of fish larvae observed in zooplankton samples in the
entire Gulf of California.

There were no statistically significant differences in the total
larval abundance between day and night hours in all cases
(P40.05). Total larval abundance was the highest in the surface
stratum and lowest in the deep stratum (see Sánchez-Velasco
et al., 2011); however, the differences among the four strata were
not statistically significant (P40.05).

A total of 29,505 fish larvae were collected with mean larval
abundance (per stratum) of 1253, which were included in 99 taxa
belonging to 32 families of demersal, coastal pelagic and epipelagic
fish. Of the 99 taxa, 43 were identified to species level, 16 to genus
and 40 to family and suborder levels. There were taxonomic
difficulties in identifying larvae, mostly due to: (i) the large number
of larvae (more than 85%) that were in preflexion stage and (ii) the
relatively few larvae (only �10%) of all the fish species that inhabit
the Gulf of California that have been described (see Moser, 1996).

The most abundant species were Anchoa spp. (52%), Opistho-

nema sp. 1 (27%) and Scianidae type 1 (4%), which comprise more
than 80% of the total larval abundance. These species were mostly
in the surface stratum (see Sánchez-Velasco et al., 2011).

3.5. Larval fish habitats

The Bray–Curtis dissimilarity index clearly defined four larval
fish habitats, with differences in composition and abundance at a
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level 441 (see dendrogram in Supplementary material 1). The
MRPP test showed that the four larval habitats were significantly
different (T¼�19.8613, A¼0.1080, Po0.0001). These larval
habitats, whose distribution is shown in Figs. 2 and 7, were
named as follows: (i) ‘‘Mixed’’, (ii) ‘‘Front’’, (iii) ‘‘Shelf’’ and (iv)
‘‘Delta’’. The habitats covered from 15 m depth to the surface, and
the largest abundance was found in the surface stratum (0–5 m).

The ‘‘Mixed’’ habitat, formed by 20 samples, was located in the
shallow (bottom depth o30 m) vertically mixed area to the
north, and included the Vaquita Refuge (Figs. 2 and 7) but
extended to the NE. The habitat was positioned over the weak
temperature and salinity gradients on the vertically mixed, warm,
salty side of the tidal-mixing front (Fig. 2a and b) and on the low
side of the oxygen front and high side of the chlorophyll front
(Fig. 2c and d). It had 36 taxa and a mean abundance of 554
larvae/10 m2 of sea surface, the lowest diversity of the study (not
counting the Delta habitat). The coastal pelagic Anchoa spp.
presented high abundance in this habitat, associated with demer-
sal species such as Gobulus crescentalis and Scianidae type 1
(Table 1).

The ‘‘Front’’ habitat, defined by 22 samples, was mostly located
on the central and eastern sectors of the Buffer Zone of the
Reserve (10–50 m depth) and extended to the southeast (�10 m
depth) parallel to the mainland coast (Figs. 2 and 7). This habitat
was located mostly in the cool side and close to the tidal-mixing
front, which is the fresh side of the haline front (Fig. 2a and b).
This habitat was located on the high-values side of the oxygen
front, and was completely excluded from the shallow UGC
(Fig. 2c). It was found in relatively low chlorophyll waters to
the south and on the strong chlorophyll front itself (Figs. 2d and
3b). It had the highest specific richness (85 taxa) and mean
abundance (1355 larvae/10 m2). Epipelagic species such as
Anchoa spp. and Opisthonema sp 1. dominated this habitat, and
their dominance was associated with larvae of demersal species
such as Anisotremus davidsoni and Eucinostomus dowii (Table 1).

The ‘‘Shelf’’ larval habitat (8 samples) was found only in the
southeastern sector of the study area, in bottom depths between
20 and 80 m (mostly �60 m; Figs. 2 and 7). Given its offshore
location, this habitat was characterized by cool fresher water
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Table 1
Dominant taxa per fish larval habitat in the Upper Gulf of California (June 2008).

Abundance is expressed as number of larvae per 10 m2 of sea surface. X: mean

abundance; %F: percentage of occurrence.

Taxa Mixed

habitat

Front

habitat

Shelf

habitat

Delta

habitat

X %F X %F X %F X %F

Opisthonema sp 1 35 70 258 98 180 91

Anchoa spp. 291 98 384 98 138 77 28 100

Synodus sp. 1 18 32

Serranus sp. 1 36 64

Diapterus peruvianus 39 23

Eucinostomus dowii 41 46

Anidotremus davidsoni 34 60

Xenistius californiensis 24 48

Sciaenidae type 1 30 77 40 67 22 67

Gobulus crescentalis 72 64

Auxis sp. 1a 4 14

Scomber japonicusa 7 55

Scomberomerus sierraa 9 9

Etropus crossotus

Total mean abundance 554 1355 640 85

Number of species 36 85 37 9

Number of stations 20 22 8 2

a Scombridae species that occurred in the region.
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(Fig. 2a and b). The distribution of this habitat in relation to
surface dissolved oxygen and chlorophyll (Fig. 2c and d) suggests
that it was located on the eastward intrusion of offshore water
mentioned before. This habitat was represented by 37 taxa and a
mean larval abundance of 640 larvae/10 m2 of sea surface. It was
dominated by Opisthonema sp 1. and demersal species such as
Synodus sp 1. and Serranus sp 1. Epipelagic species like the
Scombridae (e.g., Scomber japonicus, Auxis spp., Scomberomerus

sierra) were also recorded in this habitat (Table 1).
The ‘‘Delta’’ habitat consisted of only the two shallowest

sampling stations A01 (8 m depth) off the mainland coast and
A05 (10 m) off the peninsula coast (Fig. 6). Larval abundance
(�85 larvae/10 m2) and number of species (nine) were very low.
Since this habitat consisted of only two stations, one at each side
of the UGC, it is probably undersampled, and will not be
considered further.

3.6. Three-dimensional distribution of the larval fish habitats

The three-dimensional distribution of the larval habitats
obtained by the Bray–Curtis Index is presented overlaid on the
vertical distribution of physical and chemical variables across the
transversal transect (Line D) in Fig. 4. It is observed that the
‘‘Mixed’’ habitat (marked by white triangles) was found from
15 m depth to surface from station D06 in the west to station D03
at the center of the section. The latter station was located right at
the tidal-mixing front, so that the ‘‘Front’’ stations D02 and D01
were in the warm, less salty, well oxygenated surface layer on the
stratified side of the front.

The habitats present in Line L (Fig. 5) were ‘‘Front’’ in water
with bottom depths o30 m and ‘‘Shelf’’ in the deeper stations in
the south. The boundary between the two habitats was between
stations H02 and I02, where a weak front was found in most
physical–chemical variables, in agreement with Fig. 2.

3.7. Relations between larval fish habitats and environmental

variables

The larval fish habitats were also detected by the canonical
correspondence analysis (Fig. 8). The ‘‘Mixed’’ habitat was clearly
separated from the others, and correlated significantly with the
highest salinity, temperature and chlorophyll concentration, and
with the lowest dissolved oxygen. The ‘‘Front’’ and ‘‘Shelf’’
habitats showed a wide interval of environmental variables,
although the ‘‘Shelf’’ habitat was more associated with the highest
dissolved oxygen and depth.

Correlation among the environmental indicators showed them
to be virtually independent. Most of the variation was explained
by the first axis (Tables 2 and 3), although only 15.9% of the total



Fig. 8. Graphic of the canonical correspondence analysis in the Upper Gulf of

California (June 2008).

Table 2
Variance explained by depth and environmental indicators from the canonical

correspondence analysis in the Upper Gulf of California (June 2008).

Axis 1 Axis 2 Axis 3

Eigenvalue 0.216 0.070 0.026

Variance in species data

% of variance explained 11.0 3.6 1.3

Cumulative % explained 11.0 14.6 15.9

Pearson Correlation, Spp-Envt 0.765 0.612 0.431

Kendall (rank) Correlation, Spp-Envt 0.553 0.317 0.350

Table 3
Multiple regression results between depth and environmental indicators from the

canonical correspondence analysis in the Upper Gulf of California (June 2008).

Variable Correlations Biplot scores

Axis 1 Axis 2 Axis 3 Axis 1 Axis 2 Axis 3

Temperature 0.630 0.705 0.071 0.292 0.187 0.011

Salinity 0.935 0.087 �0.047 0.434 0.023 �0.007

D.O. �0.806 �0.290 0.071 �0.374 �0.077 0.011

Chlorophyll 0.810 �0.229 �0.074 0.376 �0.061 �0.012

Depth 0.677 �0.406 �0.577 �0.314 �0.108 �0.092

Table 4
Monte Carlo Test results from the canonical correspondence analysis in the Upper

Gulf of California (June 2008).

Real Data Randomized data p

Mean Minimum Maximum

Axis Eigenvalue

1 0.216 0.052 0.021 0.140 0.0100

2 0.070 0.028 0.013 0.048 0.0100

3 0.026 0.017 0.007 0.034 0.0400

Spp-Event Correlation

1 0.765 0.470 0.325 0.777 0.0300

2 0.612 0.399 0.250 0.549 0.0100

3 0.431 0.360 0.182 0.494 0.0800

L. Sánchez-Velasco et al. / Continental Shelf Research 33 (2012) 89–99 97
variance was explained; salinity was the most strongly related
environmental indicator with this axis, and temperature the least
related. The Monte Carlo Test results showed significant differ-
ence among the four habitats (Table 4). The eigenvalue for the
first axis is higher than the range expected by chance.
4. Discussion

The composition and abundance of fish larvae in the UGC are
reported for the first time, based on intensive horizontal and
vertical sampling carried out in June 2008. The high species
richness (99 taxa) and great larval abundance (mean of 1253 fish
larvae per 5-m stratum) recorded in this study (Table 1) indicate
that despite its human-induced change from brackish-water
estuary (Lavı́n and Sánchez, 1999) to hypersaline inverse estuary
(Alvarez-Borrego and Galindo-Bect 1974; Alvarez-Borrego et al.,
1975; Lavı́n et al., 1988; Figs. 2b, 4b and 5b), the UGC remains an
important fish spawning zone and nursery area.

The specific richness and larval abundance recorded in this
study is very high in relation to the fish larvae records for the
Northern Gulf of California for the same month, where Sánchez-
Velasco et al. (2009) found fish larvae of 29 taxa with mean larval
abundance o516 during June 2003. However, in August (high
summer), Sánchez-Velasco et al. (2009) recorded 52 taxa with
mean larval abundance 41260. This indicates that the highest
specific richness during the annual cycle occurs during high
summer in the Northern Gulf. Therefore, it is very likely that
specific richness and larval abundance in the UGC also increase in
high summer, which would add fish larvae to the seasonality of
the UGC, in addition to circulation and hydrography (Lavı́n et al.,
1998).

Although there is no record of what fish larvae species were
present in the former estuary, nor of the distribution of their
habitats, there is a growing body of evidence indicating that post-
dam conditions (extremely high salinity and turbidity) have
impacted some life history parameters of fish species. Slowed
growth of the endangered T. macdonaldii (Rowell et al., 2005),
reduction of nursery habitat for C. othonopterus (Rowell et al.,
2008) and drastic decline in abundance of the delta clam, Mulinea

coloradoensis (Rodriguez et al., 2001), have been associated with
increased salinity in the UGC. The striking coincidence found in
this study between hydrographic conditions and larval habitats
suggests that either seasonal or anthropogenic hydrographic
changes (pre- and post-dam) in the UGC would present distinct
larval habitats with variations in composition and abundance. We
detected that the ’’Mixed’’ larval habitat, which had the lowest
diversity in the study, was correlated with the hypersaline
conditions; this may indicate that the area of some species has
shrunk since river damming.

As expected, in view of the strong tidal mixing in the UGC
(Argote et al., 1995; Lavı́n et al., 1998), zooplankton biomass and
larval fish abundance were found to be vertically well mixed in
the first 15 m of the water column (differences among strata were
not statistically significant); however, in the deeper part, there
was a thermocline at 20 m depth, below which a different larval
habitat may be present. We found fish larvae habitats with well-
marked horizontal limits coinciding with physical–chemical
boundaries (salinity, temperature, chlorophyll, oxygen), as seen
in the horizontal distributions shown in Fig. 2. Environmental
limits for fish larvae habitats have been recorded in deeper
regions of the Gulf of California, where mesoscale hydrographic
structures such as fronts and eddies were found to function as
zooplankton boundaries (e.g., Sánchez-Velasco et al., 2009;
Danell-Jiménez et al., 2009; Inda-Dı́az et al., 2010). The definition
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of larval fish habitats in the UGC reveals a planktonic zonation in
the ecosystem, which must control the first level of the trophic
webs in the region.

The ‘‘Mixed’’ habitat, the least diverse and with the lowest
abundance of the UGC (Table 1), was dominated by Anchoa spp.
larvae, which presented high concentration in this habitat, asso-
ciated with larvae of demersal species like Scianidae type 1 and
G. crescentalis, the latter almost restricted to this habitat. The
larvae of these species, which correlated statistically with the
highest salinity, inhabit the saltiest water of the entire Gulf, and
they may be examples of those that adapted to the new inverse-
estuary conditions. In studies of the entire Gulf, Anchoa spp. were
recorded (Sánchez-Velasco et al., 2009) as dominant only in the
northern extreme of the mainland shelf of the Northern Gulf of
California during high summer (August 2003); however, its
frequency was much lower than that recorded here, which
suggests that the UGC is its preferred spawning ground in the
Gulf of California. This idea is congruent with the diet composi-
tion recorded for the Vaquita (Brownell, 1983), which includes
adult Anchoa spp. (Anchoa helleri, Anchoa ischana, Anchoa macro-

lepidota, Anchoa nasus) and some demersal fish (Scianidae such as
Bairdiella icistia, M. megalops, C. othonopterus) among others.

The summer ‘‘Mixed’’ habitat described here includes the
known distribution of Vaquita (Fig. 7) at the time the Refuge
was established (Rojas-Bracho et al., 2006). However, a fall 2008
visual and acoustic survey of the Vaquita population indicates
that 50% of the population occurs outside the Refuge (Gerrodette
and Rojas-Bracho, 2011). Understanding the seasonal changes in
larval habitat and distribution of the Vaquita’s prey may offer
insights on the Vaquita’s seasonal use of the UGC, with important
implications for management (Gerrodette et al., 2011).

The ‘‘Front’’ habitat (Fig. 7) had the highest specific richness,
larval abundance (Table 1) and zooplankton biomass values of the
sampled area. This is the habitat representative of the physical–
chemical frontal region between the UGC and the Northern Gulf
(Figs. 2 and 3); the position of the front is determined by the
balance between bottom mixing and irradiance-induced stratifi-
cation (Argote et al., 1995). Coastal pelagic species such as Anchoa

spp. and Opisthonema sp. 1 dominated the habitat but the
distribution of the latter was apparently limited by the frontal
zone (not shown; see Sánchez-Velasco et al., 2011). Since Opistho-

nema sp. 1 has been reported as abundant in the Northern Gulf of
California mainland shelf during summer (Moser et al., 1974;
Sánchez-Velasco et al., 2009), and since it was absent from the
‘‘Mixed’’ habitat, the front might represent the northernmost limit
of its distribution in the Gulf of California.

The ‘‘Front’’ habitat environmental conditions are highly favor-
able for the zooplanktonic community as evidenced by the
coincidence of the highest abundance of larvae of coastal pelagic
fish species in the UGC study area, the highest zooplankton
biomass, and the presence of the preferential spawning zone of
blue shrimp L. stylirostris (Calderón-Aguilera et al., 2002; Galindo-
Bect et al., 2010).

The ‘‘Shelf’’ larval habitat was less diverse and abundant than
the ‘‘Front’’ habitat, dominated by Opisthonema sp. 1 larvae, with
the presence of epipelagic species such as the Scombridae
S. japonicus, Auxis spp. and S. sierra, probably representing an
extension of their spawning area in deeper adjacent areas to the
south. In the Northern Gulf of California Moser et al. (1974) and
Sánchez-Velasco et al. (2009) also found larvae of Auxis spp. and
S. sierra in summer, and of S. japonicus in winter. Their presence
indicates the influence of Northern Gulf water on the eastern side
of the UGC. This is probably linked to the late spring–summer
cyclonic circulation proposed by Lavı́n and Marinone (2003),
which flows northward on the mainland shelf. Satellite images
also show the presence of eddies from the Northern Gulf affecting
the UGC (Lopez-Calderon et al., 2008), probably carrying plankton
organisms, including eggs of pelagic fishes.

More ecological studies are necessary in the UGC because it is
a complex ecosystem with extreme environmental conditions and
strong seasonality (Lavı́n et al., 1998; Sánchez-Velasco et al.,
2009), and its socio-economic importance offers many manage-
ment challenges. The ‘‘no net-fishing’’ policy in the Vaquita
Refuge (Gerrodette and Rojas-Bracho, 2011) is expected to have
a beneficial impact on Vaquita, on the ecosystem and on fisheries.
If the abundance of resident adults and spawning fish increases,
the availability of food for top predators (including the Vaquita)
will also increase in this zone. However with the lack of knowl-
edge about the temporal and spatial distribution of fish spawning
strategies (some may spawn all year with peaks of reproduction
in a particular area and/or season of year; others may restrict
spawning to an area and/or season) it is very difficult to predict
the possible impact of such management actions on the UGC
ecosystem. It is probable that the impact would be observed at
the species level, following connectivity routes (dispersion/reten-
tion) of the planktonic phases of the fish species that inhabit the
region, such as has been observed previously in the Northern Gulf
of California (Sánchez-Velasco et al., 2009; Peguero-Icaza et al.,
2011).
5. Conclusions

The UGC remains an important spawning area and nursery
ground despite the human-induced change from estuary to
inverse estuary; 29,505 fish larvae were collected, and classified
in 99 taxa.

Larval fish habitats with statically significant well-defined
limits that coincided with marked environmental gradients were
found, despite the large tidal excursions and strong tidal mixing
associated with the macrotidal character of the UGC.

The ’’Mixed’’ larval habitat, which included the Vaquita Refuge,
was the saltiest and the one with the lowest larval diversity,
which suggests that the human-induced shift to hypersaline
conditions may have reduced the area for some species, at least
during early summer.
Supplementary material 1

Dendrogram of groups of sampling strata, defined by the Bray–
Curtis dissimilarly index and the flexible agglomerative method,
from fish larvae data collected in the Upper Gulf of California
during June 2008.
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