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California Fish and Game 101(2):86; 2015
Notes from the Editor

Wow... it’s not yet the end of May, and the spring issue of California Fish and
Game has hit the streets. This issue, 101(2), of the journal has been in the making for
nearly a year, but production of the four special issues celebrating the 100th anniversary
of the founding of California’s longest-running, continuously published scientific journal
took an inordinate amount of time and effort to produce. Fortunately, the Associate Editors,
Corresponding Editors, reviewers, and Debra Hamilton, who handles the production and
layout of the journal, were able to work both on the special issues as well as papers scheduled
to appear in 101(1) and 101(2) simultaneously. Without that ability to multitask, we would
be months behind in our publication schedule. Thank you to everyone that has worked so
hard over the last 18 months to keep us on track.

I am an avid collector of California Fish and Game, and have accumulated
individual copies of every issue published to date, with one exception. Although I do have
a copy of issue 20(2), it is bound into a former library volume. It has taken >40 years to
acquire this collection and, in the process of trying to complete it, | have also accumulated
multiple copies of numerous issues. If there are serious collectors among the readership,
feel free to let me know of issues that you might need for your collection, and I’ll try to help
you out. And, if you happen to have a copy of 20(2), published in 1934, please consider
me to be a willing recipient should you choose to help me complete my quest.

The current issue of California Fish and Game, now in your hands, covers numerous
topics. Papers addressing distributional records, physiological responses of fish to crowding
during transport, the genetics of wild pigs and their history in California, and predation are
included in this issue, illustrating the wide range of topics appropriate to be considered for
publication in this journal. Also included is a review of a short book that I suspect many
authors will find helpful in their future endeavors. Please note the words of, the late, Kate
Wolf that introduce the review. Wordiness is the bane of many editors, and this one is no
exception. Additionally, the author of that book, Dr. Bill Dunn, emphasizes the necessity
of being “on message” with your audience. Individuals that choose to read this book will
very likely become better writers or speakers, or both, as a result of doing so.

Finally, this issue contains a tribute to Regional Manager Kimberly Nicol, who
spent her entire career in what is now Region 6. Kim passed away in January of this year
following a long and courageous battle with cancer. She began her career as a fisheries
biologist, and had a strong interest in reptiles and amphibians, as well as in desert fishes.
Those of us that worked with her for many years came to know her as a concerned and
effective leader. The critters inhabiting the deserts of southeastern California are better off
for Kim’s efforts, and she and her work on behalf of those creatures and their habitats will
be missed.

Vernon C. Bleich, Ph.D.
Editor-in-Chief
California Fish and Game
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Experimental enhancement of pickleweed, Suisun Bay,
California
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As mitigation for habitat impacted by the expansion of a pier on Suisun
Bay, California, two vehicle parking lots (0.36 ha and 0.13 ha) were
restored by being excavated, graded, and contoured using dredged
sediments to the topography or elevation of nearby wetlands. We asked
if pickleweed (Sarcocornia pacifica L, [Amaranthaceae]) colonization
could be enhanced by experimental manipulation on these new wetlands.
Pickleweed dominates ecologically important communities at adjacent
San Francisco Bay, but is not typically dominant at Suisun Bay probably
because of widely fluctuating water salinity and is outcompeted by other
brackish water plants. Experimental treatments (1.0-m? plots) included
mulching with pickleweed cuttings in either the fall or the spring, tilling
in the fall, or applying organic enrichments in the fall. Control plots
received no treatment. Pickleweed colonization was most enhanced at
treatment plots that were mulched with pickleweed in the fall. Since exotic
vegetation can colonize bare sites within the early phases of restoration
and reduce habitat quality, we concluded that mulching was most effective
in the fall by reducing invasive plant cover while facilitating native plant
colonization.

Key Words: experimental wetlands, pickleweed, restoration, San
Francisco Bay, Sarcocornia pacifica
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The loss of wetlands worldwide from ca. 1900 to present is roughly estimated at
about 50% (Fraser and Keddy 2009). In the conterminous United States (U.S.) wetlands
are estimated at about 47% of historical area, with the greatest loss reported for the state of
California (91%; Goals Project 1999). Events that have affected wetlands at San Francisco
Bay, California, exemplify causes and extent of loss that have plagued wetlands globally. The
natural shoreline of San Francisco Bay has been developed for mostly urban or agriculture
land use over the past 200 years, where tidal marshes alone have declined nearly 80% from
about 77,000 to 16,000 ha (Goals Project 1999).

In the past decade, the second largest wetland restoration in the U.S. has been
underway at San Francisco Bay. Certain decommissioned agriculture (mainly commercial
salt-production ponds) and military lands have been identified for restoration to tidal marshes
to offset historical declines. Thus, effective methods for successful wetland restoration are
crucial. Methodologies for restoring west coast salt marshes have improved, but instituted
guidelines have outpaced the science necessary for success (Zedler 2000).

In 1996, a shipping pier was expanded on Suisun Bay at the Military Ocean Terminal
Concord (MOTCO), Concord, California, and in compliance with California state law
(California McAteer-Petris Act of 1965 and amended in 1969) tidal marsh restoration was
required as mitigation for the pier expansion project. With larger-scaled wetland restoration
projects planned for the San Francisco Bay region, we concluded that the mitigation sites
identified were ideal for experimentation of wetland recruitment and succession; such studies
have been recommended before large-scale restoration projects are instituted (Callaway et
al. 1997).

Suisun Bay forms a complex, hydrological interface between the delta of the
Sacramento and San Joaquin rivers (hereafter known as “Delta”) and San Francisco Bay.
Wetlands in Suisun Bay comprise more than 34,000 ha of tidal marsh, managed wetlands,
and waterways in the San Francisco Bay Delta region (BCDC 1976). These wetlands are
among the largest remaining contiguous wetlands in that region and include more than 12%
of California’s remaining natural wetlands (California Department of Water Resources 1995).
Suisun Bay wetlands support a diversity of plant, fish, and wildlife, including several rare
and endangered species, and provide critically important wintering or breeding habitat for
migratory waterbirds and fishes.

Brackish water wetlands exemplify the complexity of biotic and abiotic factors
that can affect plant community structure (Callaway and Walker 1997). Elevation, salinity,
nutrients, and competition are among factors commonly studied that affect species
distribution in such habitats (Traut 2005, Morzaria-Luna and Zedler 2014). Suisun Bay
represents a region where tidal salt and fresh water mixing is exacerbated by diversion or
controlled release of freshwater inflow, and can be challenging in determining those factors
most influential in structuring wetland plant assemblages. Drought, climate change, and
ensuing sea level rise will only add to the complexity in this region (Callaway et al. 2007,
Watson and Byrne 2009).

Pickleweed (Sarcocornia pacifica L,[|Amaranthaceae]) dominates vegetation
expanses of mid-upper tidal elevations in salt marshes along the Pacific coast of North
America and the Mediterranean coasts, as well as the main stem of San Francisco Bay
(Josselyn 1983). This perennial succulent grows as a low scrub and thrives under saline
conditions. In California, pickleweed is essential habitat for species listed as threatened
or endangered under state or federal laws, among which are Reithrodontomys raviventris
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(salt marsh harvest mouse), Rallus longirostris obsoletus (Ridgway’s rail), and Chloropyron
molle ssp. molle (soft bird’s beak), a hemiparasitic plant. Loss of habitat is probably the most
serious threat to these species (Foin et al.1997, Bias and Morrison 1999). These species were
observed and recorded at MOTCO, and their conservation and enhancement were deemed
important natural resource management strategies by the U.S. Navy.

Despite the importance of pickleweed to sensitive species, little study has been
conducted on factors affecting pickleweed establishment, probably because it is a hardy
species (Zedler 1982) that can tolerate a range of salinities but may be more sensitive to
increases in inundation (Woo and Takekawa 2012). However, Pennings and Callaway (1992)
suggested that pickleweed can occur in higher densities in the lower marsh zone because
of higher tolerance to tidal inundation than some marsh plants. Pickleweed seems to thrive
at higher salinities (28%o) but can survive at lower salinities (3%0) (Watsonand Byrne
2009). Although it is widespread in salt marsh habitats in San Francisco Bay, pickleweed
is not dominant at Suisun Bay possibly because of increased competition in low salinity
sites. At MOTCO (Figure 1), vegetation is dominated by a seeming monoculture of sedges
(Cyperaceae; mostly Schoenoplectus spp. or Bolboschoenus spp. [formerly Scirpus spp.]),
with very limited open areas for scrub vegetation such as pickleweed.
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Ficure 1.—Location of wetlands in Suisun and San Pablo bays (a.k.a., north San Francisco Bay) used in the study
for experimental manipulation, California. (Source: San Francisco Estuary EcoAtlas version 1.50b4, San Francisco
Estuary Institute, Oakland, California).




90 CALIFORNIA FISH AND GAME Vol. 101, No. 2

Pickleweed apparently can compete with other structurally dominant marsh
plants under certain conditions. For example, gaps created in structurally dominant marsh
plant patches can facilitate pickleweed colonization (Boyer and Fong 2005). Restoration
methods to facilitate pickleweed establishment have not been studied. While unlikely an
issue in habitats dominated by pickleweed, physically marginal habitats or physically
disturbed habitats prime for colonization by exotic species like hybrid cordgrass (Spartina
alterniflora x Spartina foliosa) or perennial pepperweed (Lepidium latifolium), are such
that a diverse native plant community may benefit from assisted recruitment following
restoration actions. Pickleweed was not the overall dominant vegetation, but pickleweed
patches were not uncommon in the vicinity of the Suisun Bay restoration sites.

Pickleweed colonizes or spreads both by seed and rooting of decumbent or broken
stems (Josselyn and Perez 1981). Pickleweed produces a high volume of seeds often
considered adequate for recruitment. However, seeding to establish pickleweed may be less
effective at the point of restoration because seeds disperse by floating. Some factors that
affect pickleweed establishment are soil moisture, soil nitrogen, tidal influences, parasitism,
and soil salinity (Covin and Zedler 1988, Osborne 1994, Pennings and Callaway 1996,
Callaway et al. 1997). Pickleweed dominates San Francisco Bay marshes in soils that contain
20 to 25% organic material, more than was found in most other plant habitats in the area
except those dominated by alkali bulrush (Bulboschoenus robustus) or cattails (Typha spp.).
Soil organic matter might enhance pickleweed growth through increased nitrogen fixation
(Covin and Zedler 1988).

We built upon a previous greenhouse study (M. Disney, unpublished data) to apply
treatments that might enhance pickleweed colonization in an experimental field study. We
included study of seasonality because the timing of restoration efforts may affect the rate
and, therefore, success of colonization or recruitment. For example, seeding by pickleweed
mostly occurs in fall but germination and vegetative expansion peak in early spring (Josselyn
1983). The objectives of this study were to determine if specific treatments might enhance
change of severely disturbed areas to pickleweed habitat, and to document early succession
of vegetation at MOTCO,; hereafter, the Suisun restoration or Suisun sites. We hypothesized
that enriching plots on restored sites with compost, mulching with pickleweed, or seasonal
application of pickleweed mulch to increase organic content of the soils or recruitment
structure (e.g., seeds, plant cuttings), would enhance rapid colonization or recruitment by
pickleweed compared to control plots in areas with low soil salinity or dominance by other
marsh plants.

We replicated the two MOTCO sites at Suisun Bay at a third site excavated at the
south end of Mare Island (hereafter the San Pablo Bay site), about 10 km west of the Suisun
Bay sites. Because these three restoration sites were severely perturbed in their history of
use as well as by mechanical excavation, we monitored plots on two reference sites, one
each in Suisun and San Pablo bays, to document vegetative structure and temporal change
on plots at nearby existing marshes. These reference sites were not compared statistically
to the experimental sites; rather, they were used to document biotic and physical patterns
on adjacent areas of similar topography in order to understand expected mature succession
at the restoration sites. Such information facilitated our understanding of development on
the restoration sites relative to existing marsh plant structure.
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MATERIALS AND METHODS

Study area.—The study was conducted at MOTCO, Suisun Bay, and at Mare
Island at the far eastern edge of San Pablo Bay (hereafter San Pablo Bay sites; Figure 1).
The Suisun restoration area (approximately 38° 03’ N, 122° 00’ W) was located along the
southern shore of Suisun Bay between the cities of Martinez and Pittsburgh. Suisun Bay
water salinities range from 0.0 to 11.0%o. during periods of high runoff from the Delta, and
from 2.0 to 15.0%o0 during the dry season. Tidal amplitude averages 1.63 m, compared to
1.78 m at the mouth of San Francisco Bay.

At Suisun Bay, the two restoration sites were former parking lots. The asphalt layer
and base material were excavated, the sites were graded and contoured to the topography
or elevation of nearby wetlands, and then both sites were covered with fine-textured dredge
material to a depth of about 20 cm by fall 1998. Dredge material was obtained from the
Port Sonoma Marina on San Pablo Bay. As required for restoration purposes, this material
was tested for inorganic contaminants and levels were determined to be acceptable by the
San Francisco Bay Regional Water Quality Control Board prior to use. Resulting elevations
(ranging from 0.21 to 0.13 m below mean high-high water [MHHW]) and were similar to
that of nearby pickleweed habitat. The sites were approximately 0.36 ha and 0.13 ha. Roads
or levees and a slough bordered both sites.

The San Pablo Bay restoration site at the southwest end of Mare Island (38° 04’ N,
122° 16” W) was part of a former dredge spoils disposal area that also included unexploded
ordnance and some contaminated soil. These materials were excavated in 1997 and the
area was contoured into a combination of shallow ponds, levees, and gently sloped areas
by summer 1998. Additional dredge material was not applied at the San Pablo Bay site
because existing sandy soils were not as extensively excavated as at the Suisun sites, and
had similar elevations to nearby upland soils. San Pablo Bay salinities near Mare Island
range from 0.0 to 18.0%. during periods of runoff, and from 12.0 to 25.0%. during the dry
season. Tidal amplitude averages 1.75 m. The San Pablo Bay site was approximately 0.15
ha, and elevations ranged from approximately 0.49 to 0.44 m below MHHW, similar to
nearby pickleweed habitat.

Plot treatments.—Thirty, 1.0-m? plots were established at each of the three
restoration sites, 15 plots at lower and 15 at higher tidal elevations. The lower elevation
plots were 0.20 to 0.18 m (below MHHW) at the Suisun and San Pablo restoration sites; the
higher elevation plots were 0.15 to 0.13 m at the Suisun sites and 0.44 m (below MHHW) at
the San Pablo site. At the San Pablo site and at one of the Suisun sites, some lower-elevation
plots were commonly inundated except at extreme low tides. In fall 1998, three replicate
plots of each of four treatments and a control were randomly assigned to each of the lower
and higher tidal elevations at the three restoration sites. Control plots received no treatment
following initial site-wide preparation. The treatments were: (1) mulching with pickleweed
in the fall (hereafter fall mulch); (2) mulching with pickleweed in the spring (spring mulch);
(3) soil enriched with compost in the fall (enriched); and (4) soil tilled in the fall without
adding compost (tilled).

Each 1.0-m? mulched plot received about 2.4 kg fresh-weight of pickleweed, which
had been obtained from a managed wetland at Mare Island. Entire plants were cut into pieces
about 20 cm long, applied by hand onto the selected plots, and then covered with jute mesh
that was anchored in place. Enriched plots received enough compost to augment soil organic
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material content by an estimated 8%. This was calculated to be an application of about 12.0
kg (dry weight) compost applied per m2. Compost, produced by a local municipality from
green waste, was cultivated into the soil to a depth of about 15 cm using a gasoline-powered
rototiller. Fall-mulched, enriched, and tilled-only plots were established in November 1998
and spring mulched plots in May 1999.

We estimated percent cover on each plot using a 1.0-m? sampling frame divided
into grids by crossing monofilament lines placed at 10, 30, 50, 70, and 90 cm. The sampling
frame was aligned on each plot at each sampling interval. Species, duff (dead or decaying
material), or bare soil were tallied under the 25 monofilament crosshairs on the frame.
Standing water or other materials also were noted. Percent cover per plot was calculated
by multiplying the tally for each species or category by four for a total of 100% cover; if,
for example, duff and pickleweed occurred under the same crosshair, only pickleweed was
recorded but duff was noted. Any live plant species in the plot not recorded by this procedure
were noted as trace. Percent cover per plot was collected seasonally beginning in winter
(sampling initiated 21 December 1998) 1999 through spring (May) 2000. Overall sampling
of both locations could take up to 60 days to complete; therefore, plots were sampled in the
same order each season.

In order to compare soil characteristics on the treatment and control plots, two soil
cores (2.5 cm diameter x 15.0 cm deep) or samples were extracted from each plot in spring
and summer 1999 and winter and spring 2000. Soil samples were homogenized, weighed,
air dried, and reweighed, and then sub-sampled for analyses. Organic matter (OM), nitrogen
as ammonia (NH,-N), and nitrate (NO,-N) were analyzed by the Division of Agriculture
and Natural Resources at the University of California, Davis. Approximate salinity and pH
of soils was estimated by mixing fixed weight dried soil and volume distilled water and
measuring the slurry with a water quality meter.

We monitored two reference sites of about 0.25 ha in size at existing marshes
near the restoration sites. Percent cover on fifteen, 1.0-m? plots at each reference site was
estimated as described above.

Statistical analyses.—Total cover of pickleweed, marsh native, exotic, and total
plants on experimental sites were analyzed for differences related to treatment (four
treatments vs. control) and elevation (placement in high vs. low tidal range). Total cover of
plots observed at the end of the study in spring 2000 were log-transformed and analyzed
using mixed factors ANOVA (PROC MIXED; SAS Institute Inc., Cary, NC). We used this
model to test the fixed factors (elevation, treatment, and elevation by treatment interactions),
while controlling for variation due to the random factor (site). We graphed the means of
total cover versus time to interpret patterns of vegetation succession and soil parameters
on the treatment and control plots during the study.

REsuLTS

Total vegetation cover at both Suisun and San Pablo Bay restoration sites was
greater on fall mulched and enriched plots compared to control plots by the end of the study
(spring 2000; Table 1); percent cover of exotic plants was greater on enriched or tilled plots
compared to the control. Total native cover, largely pickleweed at both Suisun and San Pablo
Bay plots, was greater on the fall-mulched treatment plots than all other plots. Native plants
(including pickleweed) apparently colonized or thrived better on the higher than lower
elevation plots, but exotic plant cover did not appear to be influenced by elevation (Table 1).
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TasLe 1.—Differences in vegetation percent cover by treatments and elevation, at end of study (spring 2000).
Includes all Suisun and San Pablo Bay plots. Treatments: fall (FM) and spring mulched (SM), tilled (T), enriched
(E), and control (C); High (H) and low (L) tidal elevation.

Cover Treatment Elevation Treatment Means Elevation Means
Total Fs,77=3.94;P=0.006 F;,77=011;P=0745 FM>E>T>SM>C -

Exotic Fs77=271;P=0.036 F1,77=3.92;P=0051 E>T>FM>SM>C -

Native Fs,77=3.87;P=0.007 F1,77=9.89;P=0002 FM>C>SM>T>E H>L"
Pickleweed F4,77=7.02; P=0.0001 F;,77=25.4;P=0.0001 FM>SM>C>E>T H>L"

T Means of treatment that share line did not differ at the 0.05 level of significance.

? Interaction of elevation and treatment: Fs,7; = 3.18; P = 0.01; i.e., treatment differences for H: FM > C > SM > T > E were different from
those for L: FM > E > T > SM > C; similarly for treatments FM & C: H>L; SM&T:H>L; E:L>H

% Interaction of elevation and treatment: Fs,7; = 2.54; P = 0.05; i.e., treatment differences for H: FM > C > SM > T > E were different from
those for L: FM > E > SM > T > C; similarly for treatments FM, SM, & C: H>L; T&E:H>L

Colonization of total or exotic plants on plots initiated in fall 1998 was substantial
by spring 1999 at the Suisun sites (Figures 2a, 2b). Fall pickleweed-mulched, enriched, and
tilled plots achieved >70% total cover, whereas total cover on the control (untreated) plots
was about 50%. Total and exotic cover on plots treated with pickleweed mulch in spring
(1999) was lower than that on control plots until spring 2000. Rabbitsfoot grass (Polypogon
monspeliensis), brass buttons (Cotula coronopifolia), and other grasses were the most
common exotic species (Table 2). Brass buttons were purposely planted in the Suisun Bay

TaBLe 2.—Percent cover of common (>1% cover) native and exotic plants on treatment and reference plots,
averaged across Suisun and San Pablo Bay restoration and reference sites at final (Spring 2000) sampling interval.
Totals sum to ~100 % cover due to rounding.

Treatments
Fall Spring Ref-

Scientific name Common name Mulch  Mulch Enrich  Tilled Control erence
Native taxa

Sarcocornia pacifica Pickleweed 20.4 8.7 4.2 3.4 85 216
Distichlis spicata Saltgrass -- -- -- -- -- 436
Triglochin maritima Arrowgrass -- -- -- -- -- 53
Scirpus spp. Tule -- 0.4 -- 0.6 - 71
Typha spp. Bulrush 0.2 -- 0.4 1.1 -- 0.2
Spergularia macrotheca ~ Sand spurry -- -- -- 1.5 6.5 -
Phragmites australis Common reed 0.8 13 0.6 0.4 0.5 -
Other native' 0.7 0.7 0.1 0.4 03 02
Total Native 22.1 11.1 5.3 7.2 158 78.0
Exotic taxa

Cotula coronopifolia Brass buttons 175 16.4 335 29.5 16.9 --
Polypogon monspeliensis  Rabbitsfoot grass 14.9 13.3 114 6.9 1.6 --
Asclepias sp.? Milkweed - 0.7 1.1 -- - 02
Other exotic® 1.1 8.9 0.8 - - -
Total Exotic 335 39.3 46.7 36.4 18.5 0.2
Total Unknown* 15.2 5.3 17.7 20.6 17.3  20.0
Total Abiotic® 29.1 431 293 354 484 04

TCommon (recorded at least two seasons) native species at < 1 average percent cover on some treatment or reference plots: Atriplex
Erostrate, Epilobium ciliatum, Cuscuta salina, Juncus balticus, and Grindelia stricta.

Some species of these genera are native in California but were rare in the study sites and not identified to species.
3 Common exotic species with < 1 average percent cover on some treatment or reference plots: Lepidium latifolium, Lolium multiflorum,
Bromus madritensis, Bassia sp., and Lythrum sp.
“Unidentifiable species (e.g., early plant development) or apparent dormant but unidentifiable plant tissue.
® Abiotic includes dead plant tissue, water, bare soil, rock, driftwood, jute, and wrack.
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region as forage to support waterfowl. Exotic plants were mainly weedy, r-selected (quick
growing, high recruitment) species that might competitively exclude native vegetation.
However, these plants were uncommon at reference site plots and also at most San Pablo
Bay plots, and probably were not dominant to pickleweed or later successional vegetation.
For the course of this study, exotic cover remained dominant on treatment plots, but was
notably lower on the fall-mulched plots than the enriched or tilled plots.

Colonization by native plants was lower than that by exotic plants on the Suisun
restoration sites throughout the study, comprising an average of 15-20% cover on the fall-
mulched, tilled, and control plots, and <10% cover on the enriched and spring-mulched plots
(Figure 2c). Pickleweed dominated early native cover on fall-mulched plots, whereas fat
hen (Atriplex prostrata) and sand spurrey (Spergularia macrotheca) dominated tilled and
control plots. Pickleweed cover was notably higher on the fall-mulched than the reference
site plots (Figure 2d). Native plants formed nearly 100% cover on the reference plots, and
were dominated by saltgrass (Distichlis spicata) (Figure 2c¢). Control and spring-mulched
plots had pickleweed cover similar to that on reference plots by spring 2000 (Figure 2d);
tilled and enriched only plots had little established pickleweed cover by that time. Notable
on the easternmost restoration site at Suisun Bay during the study was colonization by
Chloropyron molle ssp. molle, which is federally listed as endangered and state listed as rare.

—a— Fall Mulch
—o— Spring Mulch|
—=—Enriched
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Atthe San Pablo Bay site, total cover was substantially reduced compared to Suisun

Bay sites, mainly because of low colonization by exatic species (Figures 3a, 3b). Pickleweed
was the dominant cover on all plots, regardless of treatment or control. Pickleweed cover
was highest on the fall-mulched plots in fall 1999 and spring 2000, but was comparable to
the other plots at other observed seasons.
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Levels and changes in soil characteristics generally were similar on all treatment
or control plots at both the Suisun and San Pablo Bay restoration sites (Figures 4a-4f). Soil
levels for NH,-N were notably higher at Suisun sites (where dredge-spoil sediments were
used) than those at the San Pablo site. Seasonal patterns of change in OM and NH,-N were
similar at both Suisun and San Pablo Bay restoration sites; the exception was that OM on
tilled plots was notably greater than that on all other plots at Suisun Bay sites. Nitrogen as
NO,-N was similar in concentration at the Suisun and San Pablo Bay sites, but spiked at
different seasons. Approximate soil salinity and pH were similar between treatment and
control plots at both Suisun and San Pablo Bay sites; salinity was notably higher at the San
Pablo Bay site than the Suisun Bay sites (Figure 4g-4j).



96 CALIFORNIA FISH AND GAME Vol. 101, No. 2

—a— Fall Mulch
4a. Suisun Bay sites 4b. San Pablo —6— Spring Mulch
30 Organic Matter 30 4 Bay site —a— Enriched
Organic Matter i
25 25 | 9 —e—Tilled
—e— Control
20 20 q —%— Reference
5
8 15 S 15
o @
a a
10 10 4
’ °] Nﬁ
0+ T T T ) 0 T T T
Spring  Summer  Winter Spring Spring  Summer  Winter Spring
1999 1999 2000 2000 1999 1999 2000 2000
4c. Suisun Bay sites 4d. San Pablo Bay site
20 NH-N 201 NH-N

15 15

10

ppm

pm
X

10 4
a

1 0 T T T 1

Spring Summer  Winter  Spring Spring  Summer  Winter Spring
1999 1999 2000 2000 1999 1999 2000 2000
4e. Suisun Bay sites 4f. San Pablo Bay site
4 NO-N 41 NO:-N

ppm
= N

ppm
= N
L L

X
0 1 0 T T T 1
Spring  Summer  Winter Spring Spring  Summer  Winter  Spring
1999 1999 2000 2000 1999 1999 2000 2000

Ficure 4.—Percent of organic matter and concentrations of nitrogen (ppm) as ammonia
(NH,-N) and nitrate (NO,-N), and salinity (ppt) and pH on treatment, control, and reference
plots sampled seasonally from spring 1999 to spring 2000.

DiscussioN

We demonstrated that pickleweed colonization was enhanced through mechanical
manipulation, and that application of pickleweed mulch in the fall season was influential
in expediting colonization. In a subsequent study, we observed a similarly greater cover of
pickleweed on fall-mulched plots (approximately 2 m x 10 m) compared to control plots
on a small, restored wetland west of Mare Island at Skaggs Island (Miles 2005). Seeding by
pickleweed that was applied in fall probably contributed to the gain witnessed in pickleweed
colonization in fall compared with spring treatment. Soil chemistry and structure on most
treatment and control plots were similar and probably were not influential in the outcome
of vegetative cover on these plots.

Composition of dominant plants on the experimental plots differed from that
observed on reference plots, indicating that eventually ground cover on the restoration sites
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could be dominated by saltgrass, and that succession was still in an early state. Subsequent
observations (December 2003) at the Suisun Bay sites indicated recruitment of saltgrass
on these sites and further colonization by reedy vegetation (e.g., Typha, Phragmites,
Schoenoplectus, or Bolboschoenus). Surveys of wetlands at the Suisun Bay study area
indicated that reed-like vegetation is dominant, with interspersed patches of saltgrass or
pickleweed ranging from <1 to about 25 ha based on qualitative surveys we conducted of
these wetlands for the U.S. Navy (Miles and Tsao-Melcer 2005). Persistence of patches of
plants of lower profile, such as pickleweed and saltgrass, within the higher stature reedy
vegetation is probably influenced by the periodic droughts that affect the hydrology of
Suisun Bay (Calloway et al. 2007). The resulting higher soil and water salinity at Suisun Bay
probably facilitate maintenance of pickleweed and saltgrass, whereas extended occurrence
and inundation by freshwater facilitates these reedy species.

Several factors might explain greater colonization or recruitment of exotic
vegetation at Suisun Bay restoration sites than at the San Pablo Bay site. The Suisun sites
were augmented and graded with dredge-spoil sediments from the Port Sonoma Marina
in north San Francisco Bay, whereas the San Pablo Bay site was not augmented. During
on-land storage, the dredged sediments may have been inoculated with seeds from plants
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in the Port Sonoma area. The dredge-spoil was richer in organic matter than the silt-sand
sediments observed at Mare Island, although organic matter was not notably greater on plots
at Suisun than San Pablo. Exotic plant colonization was greater at Suisun than San Pablo,
but pickleweed cover was comparable at both areas. Colonization by early succession,
exotic plants probably did not affect that of native plants via competitive exclusion, or by
depletion (e.g., N) or enhancement (e.g., OM) of nutrients.

The Wetland Regional Monitoring Program’s EcoAtlas (California Wetlands
Monitoring Workgroup [2014]) shows ~400 planned, active, or completed wetland restoration
efforts in the San Francisco Bay Delta region. Yet, very few studies in this region have
published goals desired, procedures followed, milestones established, or have pre-established
success criteria for those restoration efforts (e.g., Marcus 2000). In contrast, there have been
a number of published studies of restoration efforts in southern California (e.g., Callaway et
al. 1997, Zedler and Callaway 1999, Zedler et al. 2003), where remnant tidal marshes occur
in small fragments. While many of the methods suggested from southern California may be
applicable to San Francisco Bay, unique habitat qualities such as fluctuating salinities due to
estuarine mixing and freshwater flows to Suisun Bay are complex, and require investigation
and reporting. Furthermore, as Zedler and Callaway (1999) suggested, restoration efforts
rarely follow desired trajectories.

Manipulation of wetland restoration lands in late summer and early fall after the
reproductive period probably would be least disruptive to plant and wildlife species in the
vicinity of restoration. At sites that may require extensive rehabilitation or excavation,
such as former dumps or superfund sites, large-scale tilling of pickleweed mulch would
be feasible during contouring to establish proper elevation. For example, in San Pablo
Bay the Bell Marin Keys Unit 5 (a former military airfield) and Sonoma Baylands were
extensively manipulated (San Francisco Bay Area Wetland Regional Monitoring Program
2014), and excavation and contouring apparently were common practices at southern
California coastal restoration or wetland mitigation sites (e.g., Callaway et al. 1997). For
this study, pickleweed mulch was obtained from wetlands on Mare Island that were disked
in late summer by the U.S. Navy to form a buffer around potentially contaminated sites to
discourage colonization by endangered salt marsh harvest mice. Annual execution of this
practice indicated that patchwork disking above the root system to obtain mulch probably
would not impact the survival of donor pickleweed populations. Mulching with pickleweed
may be an economically viable method to enhance establishment of pickleweed in areas
where it is not typically dominant.

Morzaria-Luna and Zedler (2014) emphasized that experimental manipulations
improve our understanding of ecosystem interactions in novel wetland environments.
Ultimately, sea level rise and drought and subsequent increased salinity may accomplish
the same results witnessed in experimental manipulation at the Suisun Bay restoration sites
(Callaway et al. 2007, Watson and Byrne 2009). Colonization at Suisun Bay could more
closely resemble changes observed at the San Pablo Bay restoration site, where pickleweed
cover on fall mulch plots and control plots was more similar by the end of the study.
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California’s coastline continues to accumulate species introduced from all over
the world. In San Diego County’s estuarine and marine waters, the number of reported
non-native species now stands at around 100 (Crooks 1998, unpublished data, Preisler et al.
2009). Among the many different taxa of invaders in this region, bivalve molluscs are of
particular interest given their potential ecological and economic impacts and the relatively
well-documented history of changes in bivalve assemblages over time (Crooks 2001).
Bivalves in general are a relatively conspicuous group, their representation in the fossil
record and in archeological sites make the deeper history of these organisms accessible,
and local molluscan assemblages have also been focal organisms for study by scientists for
150 years. Some of the non-native molluscs reported in the San Diego area include the bay
mussel (Mytilus galloprovincialis), the Japanese mussel (Musculista senhousia), and the
Manila clam (Ruditapes philippinarum). These are in addition to freshwater invaders of
the county, including the Asian clam (Corbicula fluminea) and the notorious quagga mussel
(Dreissena rostriformis bugensis). Despite repeated intentional introductions in San Diego,
and California in general, one notable absence in the list of established mollusk invaders
has been oysters. Herein we review isolated reports of introduced oysters into San Diego
County and nearby areas in the 19th and 20th centuries, and then note what appears to be
a successful establishment of the Pacific oyster (Crassostrea gigas) that began around the
turn of the 21st century.

Movement of several species of non-native oysters into California began in the mid-
1800s, driven by a desire to augment the declining fishery of the smaller native oyster, Ostrea
lurida (Carlton 1979, Kirby 2004). Intentional introduction of Virginia oysters (Crassostrea
virginica) from the U.S. east coast into California waters (San Francisco Bay) began in the
1860s, and by the 1880s Virginia oysters were planted on trial bases in Alamitos, Newport,
and San Diego bays in southern California (Ingersoll 1881, Williamson 1894, Barrett 1963,
Carlton 1979). There were some reports of what appears to be short-lived establishment
of this species. In Alamitos Bay, Williamson (1894) noted an account that the Virginia
oyster ground “embraces the whole of Alamitos and Anaheim Bays,” and Townsend (1893)
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indicated that “eastern oysters are reported as propagating in San Diego Bay.” There was
also interest in moving oysters from the lower Sea of Cortez into California, particularly the
translocation of Striostrea prismatica (= Crassostrea iridescens) into the relatively warm
waters of San Diego Bay (Gilbert 1891, Rathbun 1894, Moore 1897). As with the Virginia
oyster, it appears that there were temporary populations of Mexican oysters to be found in
the bay. Ingersoll (1881) highlighted a newspaper article from 1875 that stated that “the
raccoon oyster, which is the native Lower California oyster, a bivalve of no mean merit,
is found in great abundance in San Diego bay,” and Townsend (1893) reported claims of
survivors of an “accidental planting” of oysters from Guaymas, Mexico, being occasionally
encountered. Itisworth noting that the Mexican oyster “closely resembles the Atlantic coast
species of the United States” (Rathbun 1894), so it is possible that there was confusion about
the identity of the oysters being reported. Nonetheless, it does appear that non-indigenous
oysters were temporarily present in San Diego in the late 1800s.

Movement of the Pacific oyster (also known as the giant or Japanese oyster,
Crassostrea gigas) included introductions to the Pacific Northwest around the turn of the
20th century and to northern California starting in the 1920s (Carlton 1979). Intentional
plantings into southern California included imports into Newport Bay in the 1930s, the
inland Salton Sea in the 1950s, and San Diego Bay and Catalina in the 1960s (Barrett 1963,
Carlton 1979). Small Pacific oysters were also temporarily transplanted as bioindicators
in San Diego Bay and other California systems in the 1980s (Smith et al. 1987). Pacific
oysters have also been introduced in Baja California, including limited introductions into
Estero de Punta Banda near Ensenada (Carlton 1979), and a still-operational Pacific oyster
grow-out operation in Bahia San Quintin that began in the 1970s (Islas-Olivares 1975).

Even with this widespread import, persistent populations of Pacific oysters were
not reported in California throughout the 19th and 20th centuries, although many oyster
associates did successfully invade (Carlton 1979, Grosholz et al. 2012). Occasional instances
of wild Pacific oysters were reported, including one specimen found in Mission Bay, San
Diego (as Ostrea laperousi, noted as “introduced - large 4 to 5 inch specimen” [Wilson
1943]) and a small number in Newport Bay in the 1940s (Carlton 1979). Starting in the
year 2000, new incidences of Pacific oysters in southern California began to be reported.
Cohen et al. (2005) found Pacific oysters in Los Angeles Harbor in 2000, and LaGrange
(2002) reported them from San Diego Bay soon thereafter. This was coupled with other
reliable sightings from San Diego Bay and Mission Bay in the early 2000s (C. Gramlich,
San Diego State University, personal communication, 2006).

In 2005, we noted the presence of Pacific oysters within Mission Bay, the Tijuana
River Estuary, and Oceanside Harbor (Figure 1). Since that time, we have found non-native
Pacific oysters in virtually every suitable system in San Diego County, including Oceanside
Harbor; Agua Hedionda, Batiquitos, San Elijo, San Dieguito, and Los Pefiasquitos lagoons;
Mission Bay; the San Diego River flood control channel; San Diego Bay; and the Tijuana
River Estuary (Figure 1, Figure 2). Individuals range in size from recruits to specimens
reaching 300 mm in length, with instances of multiple year classes present at a given time.
Although it can be difficult to distinguish similarly-sized non-native and native Olympia
(O. lurida) oysters, Pacific oysters can rapidly attain much larger sizes than the natives.
Also, limited genetic work on oyster specimens from both Mission Bay and San Pedro (near
the Port of Los Angeles) indicates matches with C. gigas (Grosholz et al. 2012; J. Asif,
California State University Los Angeles, personal communication, 2006). Similar genetic
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Ficure 1.—Estuaries with observed occurrences of the non-native Pacific oyster (Crassostrea gigas) in San Diego
County, California, 2005-2014.

Ficure 2.—Photographs of
the non-native Pacific oyster
(Crassostrea gigas) in coastal
San Diego County, California.
(A) approximately100-mm
oysters from Mission Bay,
2006; (B) 300-mm oyster from
San Diego River Channel,
2011; (C) oysters on Los
Penasquitos Lagoon shoreline,
2014; (D) 230-mm oyster from
Tijuana Estuary, 2007; (E)
abundant oysters on rip-rap
in Tuna Harbor, San Diego
Bay, 2014.
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confirmation was also found for putative Pacific oysters found in San Francisco Bay within
the same time frame (Cohen and Weinstein 2008). From these observations and other reports
(Tuskes 2012; D. Zacherl, California State University Fullerton, personal communication,
2010; H. Carson, Washington Department of Fish and Wildlife, personal communication,
2014), the Pacific oyster now appears to be established in southern California.

It is probable that the southern California invasion began in the late 1990s, given
the conspicuous nature of the Pacific oyster and the fact that work on invasive bivalves in
San Diego from the mid-1990s did not detect this species (Crooks 1998). Although ship
ballast and fouling are possible invasion vectors, with potential source regions of its native
Asia or other areas where established (e.g., the Pacific Northwest), it is likely that aquaculture
played arole in this invasion. Aquaculture is an important economic activity in California’s
coastal waters, and the Pacific oyster is approved for propagation by registered aquaculturists
(Grosholz etal. 2012). There is a report of Pacific oyster culture and harvest in San Diego in
1988 (Shaw 1997), but that appears to have been short-lived. Renewed attempts at Pacific
oyster culture in Agua Hedionda Lagoon began in the 1990s, and that effort continues today
(Conte and Moore 2001, Moore and Moore 2010, Grosholz et al. 2012).

In general, the Pacific oyster is one of the most widely translocated of marine
organisms, and it has successfully invaded North America, Europe, South America, Africa,
Australasia, and Hawaii (Ruesink et al. 2005, Carlton and Eldredge 2009). Part of what
makes the Pacific oyster a successful aquaculture species (and invader) is its relatively
broad environmental tolerances (Padilla 2010), including its ability to live within a broad
temperature range (Rico-Vila et al. 2009). Within its native Asia, it is found where summer
temperatures range from approximately 14° to 29°C and winter temperatures range from
-1.9° to 20°C (Carrasco and Baron 2010). Temperatures within San Diego estuaries fall
within this range, with summer highs occasionally reaching 28°C and winter lows reaching
6°C (NERRS 2014).

It remains unclear why there should be a successful invasion now, given the failure
of previous attempts to deliberately introduce the species both locally and throughout
California. Such lags in establishment are not uncommon, however, and invaders are known
for their ability to cause “ecological surprises” (Crooks 2011). Also, it is difficult to know
the invasion trajectory into the future, as this invasion is still in its early phases. Itis possible
that the invasion will ultimately fail, but the presence of Pacific oysters across multiple years
and multiple systems makes that less likely. If populations in southern California waters
do continue to expand and grow, as they have in other areas where they have invaded (e.g.,
Troost 2010), it will undoubtedly bring changes to the way our estuarine intertidal habitats
function as well as in the way we must manage them. Oysters are ecosystem engineers
that can alter systems by creating dense biogenic structure and filtering the water column
(Ruesink et al. 2005, Crooks 2009, Padilla 2010). The Pacific oyster’s potential ability to
create “living shorelines” actually exceeds that of the smaller, native O. lurida, and this
needs to be considered in efforts to restore native oyster habitat in San Diego Bay and
elsewhere in southern California. Because Pacific oysters rapidly reach large sizes they
could pose problems related to fouling of maritime equipment, infrastructure, and vessels.
Finally, Pacific oysters represent an edible and sought-after species, and could be the basis
of expanded harvesting activities. However, the lack of recent history of a substantial
shellfish harvest in places such as upper San Diego Bay would likely necessitate management
approaches that address possible public health risks, such as contamination and disease (e.qg.,
Kaysner et al. 1987, Pauley et al. 1988).
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Pacific oysters stand out as one of the most transformative invaders of marine
ecosystems. Better understanding the role of the Pacific oyster, and how to manage it, will
necessitate research on this species in its new setting, including studies of both the oyster
population and its interaction with both biotic and abiotic elements of local ecosystems.
The Pacific oyster also could advance opportunities for education and public involvement,
which are important components of marine management efforts (e.g., West Coast WISE
Program 2014). Because Pacific oysters are now becoming one of the most conspicuous
biota in our local estuaries, they provide an opportunity to highlight often-hidden changes
occurring in the sea.
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Truck transportation from the Bureau of Reclamation’s Tracy Fish
Collection Facility in California’s Sacramento-San Joaquin Delta is
the final phase of a multi-component process that results in the capture
and release of >50 fish species, thereby preventing entrainment at a
downstream water pumping facility. Fish-transport tables (termed Bates
Tables) developed in 1955 do not take into consideration the fish loading
process, commonly transported sensitive species, or physiological effects
of elevated densities. To investigate suitability of the Bates Tables,
effects of loading and transport at recommended and twice-recommended
transport densities on physiological stress and survival of threadfin shad
(Dorosoma petenense), Chinook salmon (Oncorhynchus mykiss), and
striped bass (Morone saxatilis) were tested. Density did not have a
significant effect on fish survival or physiological stress, as indicated by
blood plasma constituent levels. At both densities, mean post-transport
(168 hour) survival of all species was high (>98%), and ammonia and
carbon dioxide levels increased in transport water as a result of fish
metabolism, but levels remained below lethal levels. Among all species
tested blood cortisol, glucose, and lactate levels followed a predictive
adaptive response, with levels tending to peak immediately following
transport and returning to basal levels within 24 hours.

Key words: blood plasma constituents, water quality, adaptive stress
response, metabolic rate

The truck transportation and release of multiple species and life-stages of fish is
the ultimate operation at the Bureau of Reclamation’s (BOR) Tracy Fish Collection Facility
(TFCF; Byron, CA) necessary to return fish to their natal Sacramento-San Joaquin Delta and
prevent entrainment into the Delta-Mendota Canal. Fish transport from the TFCF consists
of hauling fish in a cylindrical tank (1.2-m deep, 4.4-m long, mean volume post-transport =
6,455 ) provided continuous pure oxygen via pressurized cylinder and diffusing airstones,
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over a maximum distance of 49.9 km (Sutphin and Wu 2008). There is temporal variation
in the species of fish transported, water quality during transport, and density of fish salvaged
and transported from the TFCF (Sutphin and Wu 2008, CDFG 2013). There are >50 species
of fish historically salvaged at the TFCF, and temperatures can approach species-specific
lethal levels (Brett 1952, Olson and Foster 1957). Mean transport duration is 59.4 minutes
(Craft et al. 2008, Sutphin and Wu 2008). Design, operation, and continued research at the
multi-component TFCF is intended to maximize fish salvage while minimizing fish mortality
(BOR 2013). However, operations at the TFCF result in the salvage of a constant influx
of fish, and there is currently no efficient method to control the amount of fish entering the
facility. As a result, elevated densities of fish may sometimes be transported.

To maintain fish health and maximize long-term survival, stressors common during
loading and transport operations including handling, confinement, unfavorably high densities,
and degraded water quality conditions must be considered (Piper et al. 1982, Berka 1986,
Sutphin and Wu 2008). Fish loading and transportation, particularly at high densities, can
result in mechanical abrasion, poor water quality conditions, and physiological stress, which
can contribute to reduced survivability (Ross and Ross 1999, Urbinati et al. 2004, Carneiro
etal. 2009). Exposure to stress elicits a general adaptive physiological and behavioral stress
response in most fishes (Pickering 1981), consisting of primary and secondary levels and, if
the stressor persists, a tertiary level (Schreck 1981, Bonga 1997, Barton et al. 2002). The
primary stress response, as a result of capture, loading, and transport, is generally exhibited
as the release of circulating catecholamines and corticosteroids (i.e., cortisol) by activation
of the hypothalamus-pituitary-interrenal axis (Barton et al. 2003, Urbinati et al. 2004).
As a result, cortisol is commonly measured as an indicator of fish primary stress response
(Bonga 1997). The secondary stress response, among other physiological processes, can
result in increased blood glucose and lactate, as well as increased heart rate, blood flow, and
metabolic rate (Barton and lwama 1991, Mommsen et al. 1999, Barton et al. 2002), making
blood glucose and lactate, as well as measures of metabolism (oxygen consumption (MO,)
and ammonia production (M, ,,) common means to measure the secondary stress response in
fish (Barton and Schreck 1987, Barton et al. 2002). The secondary stress response elicited in
fish during fish-loading and transport, and glucose production in particular, is a response to
fish energetic requirements, but can coincide with elevated MO,, carbon dioxide production
(MCO,), and M_, rates, accelerating the rate of water quality decline (Bonga 1997, Barton
etal. 2002). In truck transport systems, accumulated fish metabolic and excretory byproducts
can result in toxic levels of CO,, total ammonia nitrogen (TAN), and unionized ammonia
(NH,), which can impair performance, health, and survival of fish (Meade 1985, Russo and
Thurston 1991). Similarly, elevated MO, can result in low O, levels, leading to a hypoxic
state, which can also contribute to deteriorating health and mortality (Wedemeyer 1996).
As a result, maintenance of appropriate water quality is often a limiting factor during fish
transport, and is generally considered when developing fish transportation tables (Berka
1986, Emata 2000).

During the initial phases of TFCF development, fish transportation tables, termed
Bates Tables, were designed based on simple unreplicated experiments during which the
number of juvenile striped bass (Morone saxatilis) that can be maintained in stagnant
water provided compressed air was estimated (BOR 1955). The activity report provided
by BOR (1955) provides minimal experimental detail, but apparently doesn’t consider
stressors associated with actual transport, only considers the response of one species and,
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presumably, doesn’t incorporate the additional stressor of fish loading. Because multiple
acute disturbances (i.e., capture, loading, transport, and release) tend to result in a cumulative
stress response (Barton et al. 1986, Mesa 1994), and the survival of millions of fish annually
transported from the TFCF is based on transport tables designed with simple, unreplicated,
and vaguely described experiments on a single species, the primary research objective was
to quantify effects of loading and transporting fish at recommended Bates Table levels
on transport water quality, physiological stress, and post-transport (168 hour) survival of
striped bass, Chinook salmon (Oncorhynchus tshawytscha), and threadfin shad (Dorosoma
petenense). To determine if higher fish densities could be transported when deemed necessary
by TFCF management, the secondary objective was to evaluate the effects of fish transport
at densities twice the level recommended by the Bates Tables on the same parameters.

MATERIALS AND METHODS

Selection of test species.—The species tested represent a phylogenetically diverse
group with distinct life histories, and all have incurred precipitous declines in population
abundance in recent decades (Yoshiyama et al. 1998, Moyle 2002, Feyrer et al. 2007).
Threadfin shad were selected for testing because they are a Pelagic Organism Decline (POD)
species (Sommer et al. 2007), have historically been the most abundant fish in the TFCF
salvage, and, because they are a shoaling species, are often salvaged in high densities (CDFG
2013). Striped bass are also defined as a POD and are frequently salvaged at the TFCF,
but were also selected because the Bates Tables were developed based on data collected
with striped bass (BOR 1955). Of the four distinct populations of Central Valley Chinook
salmon, winter-run are classified and protected as endangered and spring-run are classified
as threatened under the Endangered Species Act (NMFS 1997). Their current listing status,
as well as their use as a key species when considering initial design and development of the
TFCF, warranted their use as a species during testing (Bates and Visonhaler 1957). Though
all runs of Chinook salmon are salvaged at the TFCF, Fall- and Spring-run are generally
the most abundant (Aasen 2011, 2012, 2013). Therefore, fall-run were selected for testing,
and were intended as a representative surrogate for all salmon runs.

Fish source and care.—Juvenile Chinook salmon (Central Valley Fall-run) were
acquired from the Mokelumne River Fish Hatchery (California Department of Fish and
Wildlife, Clements, California), juvenile striped bass were acquired from Keo Fish Farm,
Inc. (Keo, Arkansas), and adult threadfin shad were obtained from Hermann’s Fish Farm
(Robstown, Texas) for testing. All test species were truck-transported in 550-1 tanks to BOR’s
Technical Service Center (TSC; Denver, CO), where they were maintained in two to three
continuously aerated 870-1 circular tanks. Following arrival at the TSC, fish were maintained
at transport water temperatures and provided a daily 2-3 hour prophylactic salinity (NaCl
at 6-8 g/l) and paracide green/formalin (22.5 ml) bath for four days to minimize likelihood
of pathogenic infection and promote internal osmotic balance that can be compromised
as a result of handling and transport procedures (Piper et al. 1982, Wedemeyer 1996).
Approximately 7 days following arrival, fish were exposed to gradual changes in temperature,
not exceeding 1.0°C/day, until target test temperatures were achieved. Fish were maintained
under a natural photoperiod (37° 44’ 23" N) with a combination of natural and halogen light
sources. Chinook salmon were fed slow sinking pellets (1.5 mm, Bio Oregon®, Longview,
Washington), striped bass were fed floating pellets (1.5 mm, Skretting USA, Tooele, Utah),
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and threadfin shad were fed a mixture of crumbled dry feed (Skretting USA, Tooele, Utah)
and Hikari® dry plankton feed (0.4-0.6 mm, Kyorin Co., Ltd., Japan). Threadfin shad were
provided supplemental feedings of live brine shrimp (INVE Aquaculture, Inc., Salt Lake
City, Utah). All species were fed at 2-3% body weight per day.

Density level and thermal regime.—Species-specific transport densities and thermal
regime used during testing were selected to represent the worst-case-scenario for fish
transport operations as currently outlined in the Bates Tables. This was ultimately selected
as the highest water temperature each species would likely be exposed to during TFCF fish-
transport, based on historic TFCF fish salvage data (1992-2009), and the corresponding
maximum allowable transport density as defined by the Bates Tables (Craft et al. 2008).
Elevated water temperatures were assumed to contribute to the worst-case-scenario during fish
transport because elevated temperatures, particularly those approaching lethal levels, result
in decreased gas solubility (i.e., lower dissolved oxygen levels), increased metabolic rates
(i.e., increased dissolved oxygen intake and ammonia excretion), and immunosuppression
(Wedemeyer et al. 1976, Colt 1984). Also, basal conditions, and magnitude and duration of
stress response can be affected by thermal regime, often increasing at extremes (Wydoski
et al. 1976, Barton and Schreck 1987, Davis and Parker 1990). Therefore, test temperature
ranges selected for Chinook salmon, striped bass, and threadfin shad were 20 to 21°C, 26
to 27°C, and 23 to 24°C, respectively.

The Bates Tables isolate species into two categories, Chinook salmon and “other”,
and do not recommend specific transport densities (i.e., g fish/l), but indicate the percent
of a load (up to 100%) as a total number of salvaged fish within a particular size class
represents. For example, full loads (100%) of Chinook salmon >7.6 cm transported at
20-21°C, threadfin shad 6.4 to 11.4 cm transported at 26—27°C, and striped bass >11.4 cm
transported at 23—-24°C, are approximately 9,000 fish, 4,500 fish, and 3,500 fish, respectively,
in a 3,785-1 truck (original TFCF truck volume). To convert number of fish per unit volume
to density (g/1), length-to-weight regression relationships developed from fish captured at the
TFCF, were used to estimate weights of Chinook salmon (y = 0.0074 x3*2), threadfin shad
(y = 0.000004 x3?7), and striped bass (y = 0.0092 x3°%) at 80, 100, and 150 mm fork length,
respectively. Calculated Chinook salmon (11.33 g), threadfin (6.82 @), and striped bass
(31.85 g) weights were multiplied by total number of fish, based on a full load (100%) as
indicated by the Bates Tables, then divided by the volume (3,785 1) of the TFCF fish-transport
truck, to calculate the following recommended maximum densities targeted during testing
(Bates) for Chinook salmon, threadfin shad, and striped bass: 26.9, 8.1, and 29.5 g/l. These
experimental densities were intended to determine if the maximum densities recommended
by the Bates Tables are suitable. Double the recommended maximum densities were also
tested to determine if higher transport densities could be used, as deemed necessary or
appropriate by facility managers (Batesx2).

Fish marking and pre-treatment holding.—Prior to testing, fish were marked using
a fluorescent microsphere solution (New West Technologies, Santa Rosa, California) and
isolated as a function of treatment condition (species x density level) into individual 190-
conical holding tanks (76 cm diameter x 61 cm high), intended to simulate the TFCF fish
haul-out bucket. Twenty fish of each species were also marked and transferred to 340-1
post-transport survival-tanks to serve as a control. Marking fish prior to testing permitted
an accurate estimate of transport density, and allowed consolidation of treatment and control
fish during post-transport survival assessment. This marking method was deemed minimally
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invasive compared to other external marking techniques and, coupled with a 7 days post
marking holding period, presumably did not affect test fish stress response (Sharpe et al.
1998, Hayes et al. 2000). Species-specific feeding regime before experimentation and
7 days following marking was the same as outlined during fish holding. Test fish were
not provided food for ~12 hours prior to experimentation. Water temperature (°C), pH
(standard units), total ammonia nitrogen (TAN, mg/l), and dissolved oxygen (DO; mg/l)
were measured daily using a YSI Pro-Plus multi-parameter instrument (YSI Inc., Yellow
Springs, Ohio), and CO, (mg/l) was measured daily using a Oxyguard Carbon Dioxide
Analyzer (Water Management Tech, Baton Rouge, Louisiana). The YSI Pro-Plus TAN
electrode was calibrated daily during testing. All other probes were calibrated once at the
initiation of each experimental period.

Experimental methodology.—To initiate fish loading from a 190-1 fish holding
tank into a fish transport container, water was drained from an external side 3.8-cm valve
until ~30 1 water and fish remained in the holding tank. During this process, two 1,000
mL-graduated beakers were partially filled and pre-transport water °C, DO, salinity (NaCl,
g/l), pH, TAN, and CO, were measured. A fish transport container (30.5 cm long x 25.4
cm diameter, 15.1 1), sealed on the ends with 25.4 cm rubber cap and containing an internal
microbubble oxygen diffuser (Point 4 System Inc., Coquitlam, British Columbia, Canada),
was oriented below the conical holding tank, filled with tank water (permitting flushed fish to
transfer directly to water and not an empty transport tank), and a 7.6-cm valve was opened,
permitting remaining water and all fish to pass through a 7.6-cm rubber tube into the fish
transport container. Drop height of water and fish from the holding tank to the transport
container, was 24.1 cm. One hundred ten grams of non-iodized salt (North American Salt
Co., Overland Park, Kansas) was added to each container to achieve salinities near 8 g/l,
a value targeted during transport of fish from the TFCF. A 7.6-cm plug was immediately
inserted to restrict water and fish spillage, and the transport container was transferred to an
enclosed rear-section of a vehicle where the internal microbubbler diffuser was immediately
supplied pure oxygen via a pressurized cylinder. Minimal fluctuation in temperatures occur
within the transport tanks of trucks at the TFCF (Sutphin and Wu 2008); during testing,
atmospheric temperature inside the vehicle was monitored and adjusted in an effort to
maintain temperature similar to targeted test temperature. During transport, a 1.9-cm valve
was partially opened to permit degassing, a similar practice used during truck transport of
fish from the TFCF. Target transport duration was 60 minutes, similar to those recorded
during fish transport at the TFCF (Sutphin and Wu 2008).

Following experimental transport, two fish from each replicate treatment were
removed from their respective transport container. One fish was immediately immobilized
and sampled for blood, and one was transferred to a 9.5-1 black bucket, containing ~4.7 |
water at the same temperature as pre-transport holding, provided continuous aeration via
an air pump, and covered with a black lid. Fish were maintained in quiescent conditions
for 1 hour, post transport, to determine if a short-duration holding period would allow fish
time to recover from loading and transport stress. Post-transport water quality was also
measured. Pre- and post-transport water quality conditions permitted the calculation of
species- and density-dependent static M., and M, indicators of fish metabolic rate and
response to stress (Alsop et al. 1999, Randall and Tsui 2002), as well as A°C, ApH, maximum
TAN (NH,) and CO, levels, and verification of transport NaCl levels. Unionized ammonia
levels (NH,) were calculated based on the NH, fraction of TAN (Francis-Floyd et al. 2012).
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The remaining fish in each transport container were transferred (water to water)
to a 340.7 | survival tank, with each survival tank housing a replicate for Bates, Batesx2,
and control. Each survival tank was covered with shade cloth to promote quiescent
conditions, and was only partially opened during blood sampling, feeding, and water quality
measurements. Fish were removed from survival tanks (two/treatment) using a fine-mesh
dip-net, at 24 and 168 hours for blood sampling. Water quality measurements and feeding
regime through 168 hours post-transport were the same used during pre-treatment holding.
Following 168 hour post-transport survival assessment, all fish were euthanized with a lethal
dose of tricaine methanesulfonate (MS-222, Argent Chemical Laboratories, Inc., Redmond,
Washington; 200 mg/l) weighed (£0.01 g) and measured for standard and total length (1
mm) using an electronic balance and measuring board.

Due to the difficulty in capturing a known number of fish during fish loading (e.g.,
draining from conical tanks into fish transport containers) without causing additional harm or
stress to other test fish, effects of the fish flushing process on blood plasma constituents (not
metabolic rates or survival) were evaluated independently 7 days following the completion
of the previously described treatment conditions for each species tested. To assess effects of
flushing, fish were marked and provided the same conditions and care during pre-treatment
holding described for subsequent treatment conditions. Following flushing from the holding
tank (Flush), two fish were immediately captured, sampled for blood, and processed (weighed
and measured) using the same methods described for previous treatments. These fish were
sampled to assess if the fish loading or flushing process contributed to elevated stress,
allowing the differentiation between effects of fish loading and fish transport on stress.
However, it is important to note when interpreting flush data that flushed fish were tested
independently and after all other treatment conditions.

To sample blood following loading (Flush), transport (1 hour), 1 hour post transport
(2 hour), 24 hours, and 168 hours post transport, captured fish were quickly transferred
to a water bath containing a lethal dose of MS-222 (200 mg/I), which resulted in rapid
immobilization (<20 sec). Elevated MS-222 dose, coupled with sampling fish within 2
minutes following capture, likely inhibited stress-related increases in plasma cortisol, and
ensured measured cortisol levels were a result of treatment conditions and not an artifact of
handling and sampling techniques (Barton et al. 1986; Barton 2000, 2002). Immobilized fish
were wrapped in Kimwipes® to ensure residual water did not contaminate blood samples, and
the caudal peduncle was immediately severed with a scalpel. Heparinized microhematocrit
capillary tubes (40-ul) were used to collect blood from the caudal vein and artery, and were
immediately centrifuged using a microhematocrit centrifuge (Clay-Adams Autocrit Ultra
3, Franklin Lakes, New Jersey) for five minutes at 12,000 rpm to separate plasma and
packed red blood cells. Packed red blood cell volume (Hematocrit, Hct) was measured
immediately following centrifuging. The volume of red blood cells was discarded, and the
remaining blood plasma was transferred into plastic cryogenic freezing vials and stored in
a-80°C freezer. Weights (£0.01 g) and lengths (SL, TL +1 mm) of each fish were obtained
following sampling. Cryogenic vials were later thawed for plasma glucose, lactate, and
cortisol measurements. Glucose and plasma were measured using a polarographic analyzer
(YSI 2700 Select, YSI Inc., Yellow Springs, Ohio), plasma cortisol levels were measured
at Mapes Veterinary Endocrinology Laboratory (University of California, Davis) using a
modified enzyme immunoassay. Small volumes of blood recovered from threadfin shad
precluded cortisol measurement.
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Statistical analyses.—The majority of data did not meet the assumptions of
parametric statistics; therefore Two-Way ANOVA on ranks was used to test species and
treatment (density, time post transport) differences between morphometrics (weight, length),
transport conditions (duration, density, water quality post-transport), metabolism (M.,

M_.,), blood plasma constituents (Hct, cortisol, glucose, and lactate), and 168 hour post-
transport survival. Tukey’s Test was employed for all pairwise comparisons. All statistical
analyses were conducted using SigmaStat 3.5 software (Systat Software Inc., Richmond,
California); the significance level (a) for all analyses was set at 0.05.

REsuLTS
Wet weights of test fish were significantly different, for all treatment conditions,
across species tested (Table 1; F, = 337.81, P < 0.001). Threadfin shad and striped bass

weights were not different across treatment conditions (Tukey’s Test, P > 0.05). However,

TasLE 1.—Fish lengths, weights, sample size, and number of fish used per replicate during testing. Lengths and
weights are reported as means + 1 standard deviation.

. Sample Size #fish/ Standard Total Length .
Species Treatment ") replicate Length (mm) (mm) Wet Weight (g)
Control 12 20-21 12384137  1416+152 25.5+9.3
Chinook Salmon Flush 12 2 1149+124  131.6+13.6 18.11+6.3
Bates 12 13-21 1193+133  136.7+148 21.9+7.8
Bates x 2 12 22 - 40 12434138  142.2+15.4 25.6+9.2
Control 12 20 97.3+4.8 115.8+5.3 17527
Striped Bass Flush 12 2 100.1 + 4.6 118.6 £4.7 185+22
Bates 12 24-37 98.0 5.4 116.5 + 6.6 18.1+3.6
Bates x 2 12 50-68 97.3+5.8 115.6 + 6.9 17.8 37
Control 8 20-21 72.3+14.7 89.7 +18.1 72+49
Threadfin Shad Flush 8 2 83.6+12.5 102.6 + 15.8 10.1+4.6
Bates 8 14-16 77.3+125 94.9+15.3 84+42
Bates x 2 8 31-38 72.8+115 89.3+14.1 7.2+37

Chinook salmon Batesx2 and control treatments, though not different in weight from
each other, were significantly heavier than the other treatment conditions (Tukey’s Test,
P < 0.001). Pre-treatment (168 hour acclimation) and post-treatment (168 hour survival
assessment) water quality conditions are reported in Table 2. Transport duration was not
different, as a function of treatment, within species tested (F, ,= 1.7, P =0.20). However,
mean transport durations of threadfin shad (Bates=58.8 mmutes Batesx2=59.8 minutes)

were significantly shorter than Chinook salmon (Bates = 60.5, Batesx2 = 60.8 minutes)
and striped bass (Bates = 60.2, Batesx2 = 60.2 minutes; F, ,= 11.2, P < 0.001; Table 3).
Transport °C (F,,= 1.1, P =0.305), DO (F,,=0.11, P= O 738) and TAN (F ,=2.0, P
=0.162) levels were unaffected by fish den51ty level (Table 3). However, ﬁnal transport
CO, levels increased with increasing density for all species tested (Table 3; F ,= 73.9,
P< O 001). As designed (see Methods) transport densities (F,,= 596.9, P < 0. 001) and
temperatures (F,,= 130.9, P < 0.001) were different across spemes, and typically within
the predetermined target range (Table 3). Interestingly, NaCl levels were different across
species during testing (F,,=38.8, P <0.001), but differences in means (Table 3) were small
enough that they likely Were not biologically relevant.
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TasLE 2.—Pre-treatment water quality conditions, as measured in 190-1 conical tanks (treatment) and 870-I tanks
(control) 1-7 days before fish transport, and post-transport water quality conditions as measured in 340-1 holding
tanks during 168 hour survival assessment. Temperature is reported as °C, dissolved oxygen (DO), salinity (NaCl),
and total ammonia nitrogen (TAN) are reported as mg/l, and pH is reported in standard units. Values are reported
as means *1 standard deviation.

Pre-Treatment Conditions Post-Transport (168 hours) Conditions

Species Treatment °C DO NaCl pH TAN °C DO pH TAN

Control 20.0+13 68+03 02+00 76+03 04x02
Chinook Salmon Bates 201+13 68+04 02+00 7.6+04 04+02 214£07 63+02 78+03 03+01

Batesx2  201+13 66+04 02+00 7.6+03 0402
Control 227+13 62+04 04+03 75+02 0704
Striped Bass Bates 228+1.1 63+03 02+01 77+02 04+02 233%05 61+03 77+02 04%02

Batesx2  208+11 6103 0201 7.7+02 0402

Control  268+06 56+03 0200 7.9:01 0704
Threadfin Shad Bates 271+03 59+01 02+00 80+02 06+03 267+07 56+02 79+02 02+00

Batesx2 272402 58+01 0.2+00 80%01 0100

TaBLE 3.—Target and actual densities during fish transport, transport duration, and water quality conditions
(temperature = °C, dissolved oxygen = DO (mg/l), salinity = NaCl (mg/l), total ammonia nitrogen = TAN (mg/l),
unionized ammonia = NH, (mg/l), carbon dioxide = CO, (mg/l)) in transport containers at the end of transport
during testing.

Target Actual  Transport Max Max

Species Treatment Density ~ Density ~ Duration °C DO NaCl pH TAN NH Max CO,
i 3
(a/l) (arl) (minutes)
Bates 26.9 245+15 605+09 205+1.2 240+43 85+0.2 6.8x03 58+13 0.01 7.0+2.0

Chinook Salmon
BatesX2 533  488+16 60.8+08 205+12 241+25 88%02 69%03 6011 002 121%43

Bates 295 347+39 602+06 23.0+10 21.4+62 84+01 68+01 48+08 001 83%25
Bates x 2 59 68.4+57 60.2+03 23.0+10 235+14 86+02 68+00 5109 001 13.7+41

Striped Bass

- Bates 8.1 85+02 588+09 258+09 19.0+34 82+01 71+01 46+02 0.04 46+0.9
Threadfin Shad

Batesx2 167  165+04 59.8+08 268+02 165+21 83%02 7.1+00 4801 003 11.6+09

Survival for all species tested, through 168 hours following transport, was >98%,
not affected by density level, and not different compared to survival of control fish (Table 4;
Two-Way ANOVA on Ranks, F, , = 2.5, P = 0.09). Ammonia production rates (M. ) were

TAN

TaBLE 4—Mean (£ 1 standard deviation) percent survival (168 hour post transport), change in temperature (A°C),
and ammonia (M., ) and carbon dioxide (M__,) fish production rates measured during testing.

TAN: CO2-
. Density Density S o Mran Mcoz
Species Category /) Survival (%) Acc (mglg/h) (mglg/h)
) Bates 245+15 98.7+4.4 03406 023£006  0.27+0.08
Chinook Salmon Bates x 2 488+ 16 993+ 16 0.4+06 012+ 002  0.24+0.10
Control NA 100.0 £0.0
Bates 34.7+39 100.0 +0.0 05+ 08 013£002  022+0.08
Striped Bass
Bates x 2 68.4+5.7 100.0 +0.0 03+ 1.0 007+ 001  0.19+0.06
Control NA 100.0 £0.0
] Bates 85+02 99.0+2.7 09%10 054005  054%0.10
Threadfin Shad Bates x 2 16.5+0.4 99.2+14 02+04 028001  070+0.06

Control NA 100.0 £ 0.0
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significantly different across all species tested (F,,=184.4, P <0.001), and decreased with
increasing density level (Table 4; F, ,=130.6, P <0.001). Threadfin shad M_, levels were
significantly greater at an elevated density (Batesx2) during transport (Tukey’s Test, P <
0.001), but transport density did not affect M., levels for Chinook salmon (Tukey’s Test,
P = 0.25) and striped bass (Table 4; Tukey’s Test, P = 0.32). Threadfin shad M_, levels,
at both transport density levels, were significantly greater than those for Chinook salmon
and striped bass (Table 4; F, ,= 148.6, P < 0.001).

Chinook salmon, striped bass, and threadfin shad mean Hct levels ranged from 37.4
to 42.1, 28.6 to 37.5, and 38.4 to 49.0% packed cell volume, respectively, and species (F,
=92.81, P <0.001) and treatment (F, ;= 14.74, P < 0.001) specific differences are reported
in Figure 1. Chinook salmon, striped bass, and threadfin shad basal Hct levels were
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Ficure 1.—Mean (+2 SE) blood hematocrit levels (% packed cell volume) of Chinook salmon (black), striped
bass (horizontal stripes), and threadfin shad (grey) before (control, flush) and after transport at two different
density levels (Bates, Batesx2). Different letters (Chinook salmon = A,B; threadfin shad = X,Y,Z) and numbers
(striped bass = 1,2) above error bars indicates significant differences across treatment, but within each species
only (Two-way ANOVA on Ranks, Tukey’s Test). Different colored circles (black, grey, white) below graphs and
above treatment titles indicate significant differences across species, but within each treatment condition (Two-
way ANOVA on Ranks, Tukey’s Test).

indicative of healthy levels as reported for salmon (Mazur and Iwama 1993, Martinelli et al.
1998), as well as other freshwater species (Davis and Parker 1990, Wedemeyer et al. 1990),
suggesting fish had not been exposed to chronic stress, and were healthy during testing.
Transport density had no effect on Chinook salmon or striped bass blood cortisol level at
any sampling period following transport (Figure 2; F, ;= 17.48, P <0.001). Chinook salmon
and striped bass cortisol levels (ng/ml) were significantly higher immediately following
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Ficure 2.—Mean (1 SE) blood cortisol levels (ng/ml) for Chinook salmon and striped bass before (control)
and after transport at two different density levels (Bates, Batesx2). Mean (+1 SD) Bates (Chinook salmon = grey,
striped bass = horizontal bars) and Batesx2 (Chinook salmon = black, striped bass = perpindicular bars) densities
during transport for Chinook salmon and striped bass were 24.5 + 1.5 and 48.8 + 1.6, and 34.7 + 3.9 and 68.4 +
5.7, respectively. Mean (£1 SD) water temperatures during transport for Chinook salmon and striped bass were
20.5+ 1.2 and 23.0 + 1.0°C, respectively. Different letters (Chinook salmon) and numbers (striped bass) above
error bars indicates significant differences across treatment, but within each species (Two-way ANOVA on Ranks,
Tukey’s Test).

transport, peaked one hour post-transport, but returned to basal (control) levels within 24
hours post-transport (Figure 2; Tukey’s Test, P < 0.05). Striped bass cortisol levels were
significantly higher than Chinook salmon levels at all sample periods except 168 hours
post-transport (Figure 2; Tukey’s Test, P = 0.80).

In general, transport density had no effect on species-specific blood-glucose level
as a function of sampling period before or after transport. The exception: glucose levels of
threadfin shad 1 hour post transport, exposed to Batesx2 density levels were significantly
greater than threadfin shad at the same time period following transport and exposed to
Bates density (Figure 3; F, ,=2.87, P <0.001). Atboth transport density categories, peak
measured blood-glucose levels occurred at 0 (immediately following transport) to 1 hour
following transport for all species, and returned to, or below, basal levels within 24 hours
post transport (Figure 3). Basal glucose levels were significantly different across all species
(Tukey’s Test, P < 0.02), and striped bass glucose level, transported at Bates density level
at 1 hour post transport, were greater than other species tested (Tukey’s Test, P < 0.03).
When transported at Batesx2 density levels and measured at 1 hour post transport, striped
bass and threadfin shad glucose levels, though not different from each other, were greater
than Chinook salmon levels (Tukey’s Test, P < 0.02). Striped bass glucose levels at both
transport densities and 168 hours post transport were greater than Chinook salmon and
threadfin shad levels (Tukey’s Test, P < 0.03).
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Ficure 3.—Mean blood glucose levels (+ 2 SE) for Chinook salmon (CS, black), striped bass (SB, horizontal bars),
and threadfin shad (TFS, grey) before (control, flush) and after transport at two different density levels (Bates,
Batesx2). Mean (+1 SD) Bates and Batesx2 densities during transport for Chinook salmon, striped bass, and
threadfin shad were 24.5+ 1.5and 48.8 £1.6,34.7 + 3.9 and 68.4 £ 5.7, and 8.5 £ 0.2 and 16.5 + 0.4, respectively.
Different letters (CS = A,B,C; TFS = W,X,Y,Z) and numbers (SB = 1,2,3,4) above error bars indicates significant
differences across treatment, but within each species only (Two-way ANOVA on Ranks, Tukey’s Test).

140

¥
ncs b
120 ose
mTFS 3
E
100 - D
=k
o E
2ol c
8
m
E v
-§ 60 4 Y x
p B
E x c 2 % 2
2 i
40 g 2 1
B 1 Al [ :
A
A & 1
" E g = E
Control Flush Bates Bates Bates Bates Batesx2 Batesx2 Batesx2 Batesx2
1h 24h 168h 1h 24h 168h

Ficure 4.—Mean blood lactate levels (+2 SE) for Chinook salmon (CS, black), striped bass (SB, horizontal bars),
and threadfin shad (TFS, grey) before (control, flush) and after transport at two different density levels (Bates,
Batesx2). Mean (+1 SD) Bates and Batesx2 densities during transport for Chinook salmon, striped bass, and
threadfin shad were 24.5+1.5and 48.8 £1.6,34.7+3.9and 68.4 +5.7, and 8.5+ 0.2 and 16.5 + 0.4, respectively.
Different letters (Chinook salmon = A,B,C,D,E; threadfin shad = X,Y) and numbers (striped bass = 1,2,3) above
error bars indicates significant differences across treatment, but within each species only (Two-way ANOVA on
Ranks, Tukey’s Test).
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Similar to what was observed for species-specific cortisol and glucose levels,
transport density had no effect on blood lactate levels for any of the species tested, across
any sample period, following transport (Figure 4; F .= 29.50, P <0.001). For all species,
and across both density categories evaluated, measured lactate levels were greater than basal
levels and peaked at 1 hour post transport, then returned to basal levels by 24 hours post
transport (Tukey’s Test, P < 0.05). Basal lactate levels of threadfin shad were greater than
those measured for Chinook salmon and striped bass (Tukey’s Test, P < 0.001), which were
not significantly different from each other (Tukey’s Test, P = 0.98). At measured peak levels
(1 hour post transport), and across both density categories tested, there was no difference
in species-specific lactate level. However, at 168 hours following transport and at both
density categories, threadfin shad and striped bass lactate levels were not different (Tukey’s
Test, P > 0.08), but were both greater than Chinook salmon levels (Tukey’s Test, P < 0.03).

DiscussioN

Basal blood hematrocit levels for all species tested were within reported normal
levels for fish, suggesting test fish were not likely anemic or diseased prior to testing (Barton
et al. 2002). Similarly, basal cortisol levels for Chinook salmon were similar to those
generally reported for salmonids (Barton and Iwama 1991). However, striped bass basal
cortisol levels were >3x greater than what has been reported for the species (Davis et al.
1982, Davis and Parker 1986). Though basal glucose levels for striped bass were greater
than those for Chinook salmon and threadfin shad, all species basal glucose levels were
near the typical range reported for fish (Barton et al. 2002). While it is difficult to ascertain
the cause of elevated basal cortisol levels in striped bass, normal basal glucose levels and
a nearly identical pre-treatment holding environment across tested species would suggest
the elevated levels are perhaps a species specific sensitivity to a stressor not perceived by
the other species tested or simply elevated basal cortisol levels common in striped bass.

Immediate post-transport and 168 hours post-transport survival of Chinook
salmon, striped bass, and threadfin shad exposed to recommended Bates Table, and twice
recommended density levels were high (>98%). In general, reported immediate or en
route survival of transported fish is high (>90%; Johnson and Metcalf 1982), even at
elevated densities (Staurnes et al. 1994 [560 g/I], Hasan and Bart 2007 [400 g/I]) or for
longer durations (Carmichael 1984 [30 hours]). However, long-term survival (>96 hours)
of transported fish varies greatly, and is reportedly dependent on a multitude of parameters
including, but not limited to, species, capture or loading technique, transport water quality,
and duration. Mazik et al. (1991) reported high (100%) survival of striped bass transported
5 hours in freshwater at a density of 180 g/l, then maintained in 1% NaCl solution for four
weeks. Carmichael (1984) also reported elevated survival through 168 hours (>85%) when
transporting largemouth bass (Micropterus salmoides) at a density of 180 g/l with various
combinations of pre-, during, and post-treatments, including NaCl concentration near plasma
level. However, in the absence of treatments, and transporting bass at the same density in
well water, survival was <20%. When transported in well water, with no additives (e.g., no
NaCl), at a density of 200, 300, and 400 g/I for 3 hours, rohu (Labeo rohita) experienced
28, 35, and 41% mortality through two weeks post transport, respectively (Hasan and
Bart 2007). These results support those reported by others, as well as those of the current
study, that suggest use of NaCl, at levels between 0.5 and 8%, placate fish stress response
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and contribute to increased survivability (Johnson and Metcalf 1982, Mazik et al. 1991,
Swanson et al. 1996) of fish during, or immediately following, handling and transport
operations. In response to stress, permeability of fish gills generally increase, resulting in
osmoregulatory imbalances (Mazeaud et al. 1977). The addition of NaCl to water during
stressful situations (i.e., handling, loading, transport) near the internal plasma concentration
of fish minimizes the energetic requirements of osmoregulation (Redding and Schreck
1983). However, the use of NaCl as an additive to improve survival of fish during transport
is apparently species specific (Gomes et al. 2003, 2006). For example, juvenile matrinxa
(Brycon cephalus) can tolerate (100% survival) transport for 4 hours at densities between
83 and 206 g/l without the apparent addition of NaCl or other treatments (Urbinati et al.
2004, Abreu et al. 2008). Therefore, care should be taken to consider species-specific needs,
and other practices, particularly pre-transport capture and handling, that may limit survival
of fish during transport.

In the current study, fish were transferred from holding tank to transport container by
water-to-water. As a result, fish were not exposed to physical damage and additional stress,
often associated with netting and physical-handling, which could have compromised survival
(Barthel et al. 2003). For example, freshwater drum (Aplodinorus grunniens) transported
at densities of 60 and 120 g/I for 6 hours experienced 70 and 96% mortality, even with the
addition of 5% NaCl, through two weeks following transport (Johnson and Metcalf 1982).
Ultimately, Johnson and Metcalf (1982) suggested capture and handling (shore seining and
hand counting) contributed most significantly to elevated post-transport mortality. Though
post-transport survival of fish in the current study was high, it is important to note transport
and post-transport water in the current study is different from SSJD water. Sacramento-San
Joaquin Delta water reportedly contains elevated levels of pesticides and heavy metals, as
well as pathogens and parasites (Lee and Lee 2004). Stress incurred during fish loading and
transport can lead to immunodeficiency, and contribute to increased bacterial (Pickering and
Pottinger 1989; lwama et al. 1997) and parasitic (Woo et al. 1987) infection.

Increasing transport densities, from recommended Bates Table density levels to
twice the recommended levels, had no effect on Chinook salmon, striped bass, or threadfin
shad survival (immediate or long-term) or measured blood plasma constituents in general
(hematocrit, cortisol, lactate, or glucose). There is variability in reported species-specific
effects of density during fish transport on long-term survivability and physiological stress
response. Abreau et al. (2008) reported survival and cortisol response during 4-hour transport
of juvenile matrinxa (Brycon cephalus) was not density dependent, and survival of walleye
(Sander vitreus) fry during 4-hour transport is also reportedly not density dependent (Peterson
and Carline 1996). Similarly, only at the highest transport density (350 g/l) was there an
increase in mortality, cortisol, and glucose concentrations following 4-hour transport of
juvenile jundia (Rhamdia quelen), but at lower densities (75, 150, and 250 g/lI) there was
no effect (Carneiro et al. 2009). However, both Hasan and Bart (2007) and Gomes et al.
(2006) indicated long-term survival and cortisol response of rohu and matrinxa, respectively,
were density dependent. When studying the same species as Gomes et al. (2006), Urbinati
et al. (2004) reported an inverse relationship between transport density and matrinxa
cortisol response, but no density-dependent effect on long-term survival. Apparently,
the physiological response of fish to density during transport isn’t ubiquitous, and other
environmental factors, such as life-stage or development (Pottinger et al. 1995), rearing
environment (Woodward and Strange 1987, Jentoft et al. 2005), evolutionary history (Barton
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etal. 2000), schooling nature (Parker, 1973, Iguchi et al. 2002), and water quality (Pickering
and Pottinger 1987), amongst other factors (Barton 1988), may ultimately supersede or
confound the response to elevated density during transport. This further exacerbates the
need to understand species, and life-stage, specific needs during transport.

In general, the duration of stress response, as represented by peaking cortisol levels
shortly (0.5 to 1 hour) post-transport and returning to basal levels within 24 hours, is typical
across most freshwater teleosts exposed to handling, loading, or short-duration transport
operations, then returned to a placid environment (Barton and Iwama 1991, Barton 2000,
Barton 2002). Glucose and lactate levels for tested species followed a similar temporal
trend, which is also a common glucose (Robertson et al. 1987, Barton 2000, Abreu et al.
2008, Carneiro et al. 2009) and lactate (Pickering et al. 1982, Pottinger 1998, Davis and
Schreck 1997) response across fish exposed to similar stressors. Duration of response to
fish-loading and transport stress can have important management-level implications. The
inability of fish to fully recover from loading and transport-related stress within a very short
duration (<1 hr) would likely preclude the necessity of a short-duration holding period for
fish prior to release following large-scale transport operations.

The magnitude of cortisol increase, from basal to peak levels, for Chinook salmon
(3.8x) and striped bass (4.1x) are similar to what is reported for other fish following
transportation (Davis and Parker 1986, Maule et al. 1988). Elevated release of cortisol in
response to loading and transport stress is a neuroendocrine response; stress functions to
stimulate the hypothalamic-pituitary-interrenal axis, leading to the circulatory release of
cortisol and other corticosteroid hormones (Randall and Perry 1992, Bonga 1997). Maximum
post-stress glucose and lactate levels for all species tested were within the general range
reported for other species (Barton et al. 2002). When subjected to a stressor, it is generally
accepted that elevated glucose levels, or hyperglycemia, is a physiological response to meet
energetic demands to respond to the stressor (Mazeaud and Mazeaud 1981), and blood lactate
build-up is a result of increased muscular activity, generally associated with heightened
activity or swimming (Driedzic and Hochachka 1978). In general, the severity of a stressor
is represented by magnitude of a fish’s stress response (Barton et al. 1980, Barton and
Iwama 1991). The reported experimental results suggest loading and transporting Chinook
salmon, striped bass, and threadfin shad at recommended or twice recommended Bates Table
densities results in a stress-response similar to other fish-handling and transport operations.

Species-specific differences in the magnitude of physiological response to loading
and transport stress are common (Davis and Parker 1986; Barton and Grosh, as reported
in Barton and Iwama 1991). Across most sampling periods during testing, striped bass
cortisol levels were greater than levels for Chinook salmon. Similarly, basal glucose level of
striped bass, as well as the level 1 hour following transport at the recommended Bates Table
density, was greater than levels for other species tested. Threadfin shad basal, immediately
post-transport, and 24 hours post-transport lactate levels, as well as en route M, and M,
levels, were greater than those for Chinook salmon and striped bass. As designed, there
were distinct differences in test temperatures across species. Water temperature, particularly
those outside a preferred range, appear to contribute to elevated cortisol and glucose levels
in some fish (Strange 1980, Davis et al. 1984, Barton and Schreck 1987). So, it is possible
environmental conditions may have influenced results. However, the two species that
exhibited elevated cortisol, glucose, and lactate levels during testing (striped bass and
threadfin shad), were likely within or close to their preferred temperature range (Coutant et
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al. 1984). Therefore, we ultimately attribute species-specific differences in physiological
stress response to genetic differences, as is supported by Davis and Parker (1986), Barton
and Iwama (1991), and Barton et al. (2002).

Ammonia and carbon dioxide production rates of fish, though indicators of
metabolic rate and response to stress (Alsop et al. 1999, Randall and Tsui 2002), were
important measured variables to determine what density levels of fish could be transported
over short duration without reaching harmful and acutely lethal levels of TAN, NH,, and
CO,. Elevated NH, and CO, can be toxic to fish, and are of particular importance during
fish transport operations because stress and increased activity during transport can contribute
to increased ammonia and carbon dioxide production rates (Wedemeyer 1996, Alsop et al.
1999, Randal and Tsui 2002). Also, stressors and elevated CO,, often encountered during
transport, can increase fish sensitivity to ammonia (Randall and Tsui 2002). Excessive CO,
results in a reduction of CO, gill excretion, leading to hypercapnia and respiratory acidosis.
Elevated NH, can result in gill corrosion and nerve damage, impairing osmoregulation and
central nervous system functionality (Wedemeyer 1996, Portz et al. 2006).

Ammonia production rates of fish following transport in the current study were
greater than rates reported for fasted (Altinok and Grizzle 2004) and recently fed fish
(Brett and Zala 1975, Jarboe 1995), as well as those for swimming fish (Sukumaran and
Kutty 1977). Results of the current study are supported by Randall and Tsui (2002), who
suggested M, of fish increased in response to stress and activity. Ammonia production
rates of all species tested tended to have an inverse relationship with density, similar to
what was observed during the transportation of juvenile matrinxa (Urbinati et al. 2004,
Abreu et al. 2008). Results from Fromm and Gillette (1968) and Fromm (1970) suggested
ammonia excretion rates decline with exposure to increasing ammonia levels. It is likely
higher densities of fish during transport result in rapid increases in ammonia, and elevated
levels earlier during the transport process. Once ammonia levels reach a critical level, it is
possible reduction in ammonia production in fish is a physiological response to minimize
likelihood of exposure to lethal levels (Randall and Tsui 2002).

Recommended maximum CO, levels for short-term holding or transport and fish
culture operations are reportedly 15-60 mg/l and <5-10 mg/l, respectively (Wedemeyer
1996, Timmons et al. 2002, Portz et al. 2006). Short duration exposure to levels >200 mg/I
are often used as a fish anesthetic (Sommerfelt and Smith 1990, Ackerman et al. 2005) and,
though dependent on the buffering capacity of transport water (i.e., alkalinity level), exposure
to CO, levels >85 mg/l may affect survival of fish during transport operations (Amend et
al. 1982, Grottum and Sigholt 1996). Recommended maximum NH, levels for fish culture
operations are reportedly 0.01-0.02 mg/l (Westers 1981, Meade 1985, Wedemeyer 1996),
whereas acutely toxic NH, levels for freshwater fish, Chinook salmon included, range from
0.32-3.10 mg/1 (Ruffier et al. 1981, Thurston and Meyn 1984). Results of the current study
indicate transport of fish at recommended, and twice recommended, Bates Table densities
should permit transport at or below recommended CO, and NH, levels, and likely not expose
fish to acutely lethal CO, or NH, levels.

Results of the current study support those reported in the scientific literature
indicating, when sufficient means are taken to maintain appropriate water quality conditions
(e.g., increase NaCl and dissolved oxygen levels) and transport densities, stress incurred as
a result of loading and transport is adaptive and functions to reestablish homeostasis and
promote survival. In a review of fish transportation operations conducted by federal, state,
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tribal, and private entities, Carmichael and Tomasso (1988) indicated transport densities
typically range from 24 to 431 g/l. Therefore, maximum Bates Table densities are on the
lower end of the spectrum compared to most other fish transportation operations. Moderate
transport densities, paired with elevated NaCl levels during transport, likely result in
minimal transport induced mortality of fish from the TFCF. Though evaluating the fish
loading process was not a project objective, study results compared to those reported in the
published literature suggest water-to-water transfer of fish (i.e., draining water and fish from
a bucket to a transport tank) results in high survival, and is therefore a technique that is not
only efficient, but one that should be explored during other fish transference operations.
Tracy Fish Collection Facility standard operating procedures for fish transportation (TFCF
SOP#41) require fish be transported, at a minimum, every 12 hours, and every eight hours
when delta smelt (Hypomesus transpacificus) are present at the facility. Also, there are
multiple fish holding tanks that can be employed at the TFCF in an attempt to regulate the
density of fish transported. As a result, transportation of exceedingly high densities of fish
(i.e., >Bates Table levels) is infrequent. However, pulses of high densities of fish do occur
at the TFCF, and that is why the Bates Tables were developed, and the current study was
undertaken. When such conditions arise, or if there are upward shifting trends in populations
of fish in the SSJD, results of the current study allow TFCF management to permit transport
of fish at up to twice the recommended TFCF densities with the confidence that survival of
fish will not be compromised.

All three species evaluated during testing are commonly produced during hatchery
or private commercial operations. Chinook salmon and striped bass are produced in
hatcheries throughout the coastal western and eastern United States, respectively, for artificial
propagation, sport fishing, and research activities (Geiger and Parker 1985, Hilborn 1992).
Threadfin shad are often produced and stocked in lentic systems as a supplemental prey item
(DeVriesetal. 1991). Therefore, results of this study expand beyond operations at SSJD state
and federal fish collection facilities, and add to the existing knowledge of species-specific
fish handling, loading, and transport requirements. Reported survival data can be used to
develop or verify species specific fish transport standard operating procedures. However,
the current report extends beyond simply evaluating effects of loading and transport on
stress and survival, and details effects on metabolic rate (M,, M., M_,,). Since reduced
oxygen levels, and elevated ammonia and carbon dioxide levels can impair chronic health
and survival of fish, data from the current study can be used to ascertain adequate densities
levels required to maintain adequate water quality conditions during fish holding necessary
to support long-term health and survival of fish.
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Domestic pigs were first introduced to California by Spanish explorers and
missionaries in the 1700s and were soon established as feral populations in
coastal regions. Feral pigs are currently abundant in mainland California
where their presence in 56 of the state’s 58 counties is ecologically
problematic. We used molecular techniques to inform on an incomplete
record of human introductions associated with escape or purposed release
of domestic and European-type wild swine in California, and to provide
insight on the mechanisms that produced an accelerated expansion
dynamic in the state after the 1970s. We developed mtDNA sequence data
for 151 tissue or blood samples from wild pigs spanning their distribution
in California, and a 550 base pair segment of the control region was used
in phylogenetic analysis. Phylogenetic analyses included our data and
904 published sequences for wild and domestic swine from elsewhere
in the U.S. and around the world. Gene flow indicative of natural spread
in California was assessed from population-level mtDNA sequence
relationships for five population groupings, and we assessed mtDNA
haplotypes associated with different periods of invasion by partitioning
samples originating from “Historic” occupied counties (before 1968), and
“Recent” occupied counties. Nine mtDNA haplotypes were identified
among wild pigs California, including three that were unique to California,
three that were common elsewhere in the United States, two that were
known from Hawaii or other Pacific Islands, and one that was known only
from Kentucky, USA. Apparent gene flow between Recent and Historic
ranges indicated that pigs dispersed at the regional level, and we identified
evidence for expansion by anthropogenic and natural processes from
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presence of several haplotypes only in Recent range. MtDNA sequence
data provided new insight on wild pig expansion in California, including
evidence that contemporary translocations promoted hybridization and
subsequent spread by natural population growth. Considered together,
information on the distribution of common and unique haplotypes and
gene flow suggests that range expansion by wild pigs in California
is progressing by natural and human-facilitated dispersal, and new
introductions from outside of the state. We advocate against additional
anthropogenic movement of wild pigs within the state or from other U. S.
states because these animals are known to be detrimental to native plants
and animals in California ecosystems.

Key words: genetics, mtDNA, haplotypes, sequence, feral pigs, translocation,
expansion, invasion, native ecosystems

Domesticated swine (Sus scrofa) were first introduced to North America during the
1500s, and feral pigs were present in wildlands shortly thereafter. Feral pigs had spread into
at least 13 southern tier U.S. states by the late 1800s (Mayer and Brisbin 1991), when interest
in hunting in the 1900s led to the importation and anthropogenic dispersal of Eurasian wild
boar from Europe, which hybridized with existing feral pigs in many parts of the country
(Mayer and Brishin 1991). The consequence was the expansion of European wild pig hybrids
and feral-domestic swine from 17 to 44 U.S. states within the last 35 years (Gipson et al.
1998, McCann et al. 2014). Swine is a generic term for all types of pigs, but terms used by
resource managers, hunters and the public to refer to feral pigs, European wild boar, and
wild pig hybrids vary locally and regionally in the U.S. For clarity, we provide a narrative
overview of relevant terminology for domestic, feral, and European wild swine (Appendix I).

The story of wild pigs in mainland California parallels their continental history.
Some domestic pigs that were initially introduced by Spanish explorers and missionaries
in coastal regions in the 1500s became feral when they were allowed to forage in the oak
woodlands (Barrett and Pine 1980). Subsequent additional releases and escape of domestic
pigs from livestock pens led to feral populations in other mainland locations by the early
1900s (Pine and Gerdes 1973). Then, in 1925, Eurasian wild boar hybrids (h =12) from
Hooper Bald, North Carolina, were released in Monterey County (Pine and Gerdes 1973).
These hybrids dispersed and bred with feral pigs, whose progeny were later translocated to
other counties in California (Mayer and Brisbin 1991).

Domestic swine were also brought to the Channel Islands by the Spanish in the
1600s, initially on Santa Cruz Island in association with a Spanish penal colony (Sweitzer
1998). Spanish settlement may have also been the source for feral pigs on nearby Santa
Rosa Island (Collins 1981). Reliable records document that a small number of feral pigs
were translocated from Santa Rosa Island to Santa Catalina Island in the 1930s (Schuyler
et al. 2002). At one time feral pigs occurred on five of California’s Channel Islands, but
all have since been eradicated (Long 1993, Lombardo and Faulkner 2000, Schuyler et al.
2002, Ramsey et al. 2009).

The anthropogenic dispersal of Eurasian wild pig hybrids likely explains recent
range expansion in mainland California based on the hypotheses that hybrids may be more
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invasive than feral-domestic pigs, and also because ranch owners with managed hunting
preferentially selected pigs with wild boar characteristics for translocation to their properties
(Barrett 1977). Wild-living pigs (hereafter wild pigs) were designated game mammals in
California in 1957, after which many private landowners introduced wild pigs to their
properties for the purpose of fee hunting (Fitzhugh and Loomis 1993). The popularity of
wild pigs as a game species increased in the 1970s and 1980s (Barrett 1993), coincident with
concern over increasing ecological and agricultural impacts as they became more widespread.
In response, in 1992 the California legislature required hunters to purchase wild pig tags to
hunt the species, and a portion of the funds that were generated was directed to research on
wild pig biology and their ecological impacts (Waithman et al. 1999, Sweitzer et al. 2000,
Sweitzer and Van Vuren 2002).

The combination of wild pigs being included in the Annual Hunter Game Take
Survey and records from tag returns revealed that wild pigs expanded in range from nine
counties in the 1960s to nearly the entire state by 2006 (Loggins 2007). It remains unclear
to what extent natural dispersal, anthropogenic transfer, and the types of breeds of domestic
or Eurasian wild pig hybrids that were introduced shaped the expansion and current
distribution of wild pigs in California. In the absence of complete records, and considering the
clandestine nature of many introductions, molecular techniques provide the best opportunity
for examining these factors (Spencer and Hampton 2005).

Mitochondrial DNA (mtDNA) has been used successfully for a number of
phylogeographic studies of pigs. Previous work has evaluated the adaptive radiation of suids
across Eurasia and identified centers of domestication (Giuffra et al. 2000, Luetkemeier et
al. 2010). Published mtDNA sequences have become a valuable resource for global analysis
of pig ancestry and dispersal patterns (McCann et al 2014), and several prior investigators
used mtDNA to identify ancient anthropogenic dispersal of Eurasian wild boar and domestic
swine (Fang and Andersson 2006, Vigne et al. 2009, Scandura et al. 2011). There are
known intrinsic limitations of mtDNA sequence data regarding stochastic variation and
nuclear pseudogenes (Parr et al. 2006), but these factors do not seem to impact overarching
phylogenetic relationships of introduced suids (McCann et al. 2014).

In an analysis of mtDNA from 81 wild pigs collected in 30 U.S. states, McCann
(2012) clearly identified the translocation of Eurasian wild pigs from Hooper Bald, North
Carolinato California. We therefore considered that a regional analysis of mtDNA sequences
within California could provide important perspective on the role of Eurasian wild pigs
in recent range expansions within California. Here, we (1) evaluate mtDNA variation in
Californiawild pigs; (2) identify mtDNA haplotypes associated with historic and recent (post
1960s) pig expansion; and (3) evaluate likely mechanisms associated with recent invasion.

MATERIALS AND METHODS

We obtained tissue samples from 151 wild pigs in 23 California counties from
1996 to 2010, spanning recent and historic distribution of the species in the state (Figure 1).
We also obtained published mtDNA sequences of wild and domestic swine from 29 other
U.S. states, and four other continents (Figure 1). Wild pig tissue samples from throughout
California were obtained from USDA Wildlife Services, National Park Service, California
Department of Fish and Game, and private organizations involved in sanctioned pig control
or eradication programs. For each animal, field personnel collected blood or other somatic
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Figure 1.—Distribution of 158 wild pig samples from 23 counties in California, USA, collected from 1996 to
2010 and spanning historic and current invasive range of the species (SCWDS 2010). World geographic location
of samples reported among published sequences (n = 904) is represented by country (shaded) in inset, including
Western Eurasian (WEST) and Eastern Eurasian (EAST) phylogeographic split, and Island Southeast Asia (ISEA)
phylogeography denoted for some wild S. scrofa and other Sus species (n = 5). Note: Australia, Hawaii, Iceland,
and some Pacific Islands are not shown. United States geography for other published wild pig samples is included.

tissue, recorded pelage characteristics, date, and geographic coordinates for each sample.
Blood was transferred to FTA cards (Whatman Inc., Florham Park, NJ, USA), air dried,
and stored at room temperature, whereas somatic tissue was frozen and stored at -20°C.
We processed sample specimens using standard protocols as previously described
by McCann et al. (2014). We used forward primer PigF (5’-ACTCTGGTCTTGTAAACC-3’)
and reverse primer PigR (5" ~-TAAGGGGAAAG ACTGGGC-3’) to amplify and sequence
an =550 base pair segment of the mtDNA control region (Okumura et al. 1996, Loggins
2007). We then submitted sequences to online holdings at NCBI Genbank (http://www.
ncbi.nlm. nih.gov/). Accession numbers are as follows: AY96871-AY968729, AY968731-
AY968742, AY968744-AY 968763, AY968765-AY 968806, AY 973042, JF702003-JF702008,
JF702013-JF702016, JF702018- JF702022, JF702038-JF702039, JF702041-JF702048,
JF702050-JF702053, JF702055, JF702079-JF702080, JF702082-JF702104, and JQ792040.
We manually aligned and trimmed sequences for wild pigs from California to
match a 403 base pair matrix of 81 mtDNA haplotypes identified for Sus scrofa sampled
from 30 U.S. states and 904 published sequences for wild and domestic swine from around
the world, including Eurasia and Island Southeast Asia (Figure 1; McCann et al. 2014).
We included sequences for five other species of Sus (n =13) in the alignment to serve as
outgroups. We collapsed sequences to haplotype using TCS 1.21 with gaps set as fifth
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character state (Clement et al. 2000). We used JMODELTEST to determine the most
appropriate evolutionary model for phylogenetic analysis (GTR+I+G; Guindon and Gascuel
2003, Posada 2008). We then constructed phylogenies in MRBAYES 3.1.2 (Ronquist
and Huelsenbeck 2003) with 10,000,000 Markov Chain Monte Carlo (MCMC) sampling
generations and retained consensus tree structure with >75% posterior probabilities. To
determine if observed mtDNA variation increases with additional regional sampling in
California, we compared the number of observed haplotypes for the 151 newly evaluated
individual pigs to those previously identified for seven pigs from California (McCann et al.
2014). We then combined all California samples, resulting in 158 individual specimens for
analysis of mtDNA relationships.

We identified mtDNA haplotypes associated with different stages of invasion by
comparing their geographic distributions to written histories of introduction (summarized
by Mayer and Brishin 1991) and with other evidence for wild pig mtDNA relationships
elsewhere in the U.S. (McCann et al. 2014). To facilitate interpretation of molecular data we
grouped the 158 California wild pigs into four discrete clusters of geographic importance:
(1) Santa Catalina Island (n = 6); (2) Santa Cruz Island (n = 11); (3) historic mainland (n
= 77); and (4) recent mainland (n = 64). We divided mainland samples by “Historic” and
“Recent” distributions, and designated Historic as those samples obtained from nine coastal
counties occupied by pigs as of 1967 (Waithman et al. 1999). Recent included animals from
all other mainland locations in California (Figure 1).

We assessed gene flow among wild pig clusters in California by analyzing
population-level mtDNA sequence relationships in ARLEQUIN 3.5 (Excoffier et al. 2005).
We compared five population groupings: the four California populations described above,
and an arbitrarily assigned population of wild pigs (n = 74) sampled from 29 other U.S. states
(29US). We performed a standard analysis of molecular variance (AMOVA) on pair-wise
differences with 1,023 permutations to estimate significance. We conducted an exact test
of population differentiation with 100,000 MCMC steps based on haplotype frequencies.
We then calculated pair-wise F. and Nm (gene flow) among groups and evaluated results
in context of haplotype distributions in California and other states.

REsuLTS

We identified 151 haplotypes among all mtDNA sequences, including nine among
wild living pigs in California. Phylogenetic analyses revealed three major clades among
the 151 mtDNA haplotypes that were associated with geography: Eastern Eurasia (EAST),
Western Eurasia (WEST), and Island Southeast Asia (ISEA) (Figure 2). Geography agreed
with phylogeny for some groupings, and most haplotypes observed in California were
globally distributed and associated with unresolved assemblages in WEST and EAST (M1
and M2, respectively), representing a mixture of domestic swine and Eurasian wild pig
hybrids (Figure 2). Three of the nine haplotypes identified for California wild pigs were
exclusive to that state (149, h150, h151), two (h84 and h13) were also found among wild
pigs in Hawaii or Pacific Islands, one (h38) matched other continental U.S. wild pigs found
only in Kentucky (Table 1), and the other three (h17, h19, h37) were common across the
continental U.S. with wide distributions (Table 1). Haplotypes h37, h84, h149, and h151 were
confined to single population groupings, and h150 was the only haplotype shared between
island and mainland locations (Figure 3, Table 1). Four California haplotypes (h17, h19, h37,
h38) were associated with the M1 “mixed” assemblage of wild boar and domestic breeds in
WEST, one haplotype (h13) was associated with the M2 mixed assemblage in EAST, and
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Figure 2.—Cladogram of 151 Sus scrofa mtDNA haplotypes constructed for 158 individual pigs from 23
California counties, 74 individuals from 29 other U.S. states, 904 published sequences for Sus scrofa from
around the world, and 13 sequences from five other Sus species for an outgroup. Shaded regions of tree denote
overarching phylogeographic associations of mtDNA matching descriptions at left. Current distribution of
the haplotypes is denoted by bracketed descriptions at right. Phylogenetic assemblages in tree are described
by pig type within EAST and WEST in tree; W (Eurasian Wild Boar), D (domestic), M (mixed, shared
between domestic pigs and Eurasian Wild Boar), and F (feral). The five other Sus species are abbreviated;
sb (S. barbatus), sc (S. celibensis), sch (S. cebifrons), sp (S. philippensis), and sv (Sus verrucosus). Groups
containing haplotypes found in California are in bold. Dotted lines in the tree indicate polytomies from
unresolved phylogenetic assemblages; number of lines is proportional by an approximate factor of ten to the
count of haplotypes in each branch. Numbers at nodes indicate mean posterior probabilities (>75% shown) and
numerals in parentheses indicate number of haplotypes and number of individual sequences, from left to right.

one (h84) was linked to the monophyletic F1 group that includes feral pigs observed only
in ISEA and on Pacific Islands (Table 1, Figure 2).

In California, WEST mtDNA was more common than EAST (Table 1). Two WEST
haplotypes in particular, h17 (n = 59 individuals) and h19 (n = 68 individuals), had wide
distributions spanning both Historic and Recent pig range (Figure 3). WEST h150 was found
on both Santa Cruz Island and Santa Catalina Island (representing Historic range on the
Channel Islands), as well as in Recent range in mainland California (Figure 3). WEST h37
was found in Historic range only, whereas EAST h13 was in Recent range only (Figure 3).
Haplotypes h149, h150, and h151 grouped with WEST, but were found only in California.
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Table 1.—California geography and breed details for nine mitochondrial DNA haplotypes identified among 158
wild pigs sampled in California from 1996 to 2010. Phylogeographic “Origin” descriptors EAST, WEST and
ISEA correspond to a division of mtDNA lineages in Eurasia and elsewhere identified through analysis of a ~400
base pair region of the mtDNA control region. Descriptors M1 and M2 represent unresolved assemblages of
mixed domestic and Eurasian wild boar with WEST or EAST phylogenies, and F1 represents feral type pigs from
a single ISEA haplotype found only on Santa Catalina Island, Hawaii, and South Pacific Islands. More details
are provided by McCann et al. (2014).

Haplotype Phylogenetic ~ No. pigs in In other US
(Origin)* California region  group California states? Breed information for haplotype
h13 (EAST) Recent M2 8 Yes, Hl only ~16 Asian and European domestic breeds
Linked to Hooper Bald Eurasian wild pig
h17 (WEST)  Historic, Recent ~ M1 59 Yes, six hybrids, and 12 European domestic breeds
h19 (WEST)  Historic, Recent ~ M1 68 Yes, sixteen >20 European domestic breeds
h37 (WEST)  Historic M1 1 Yes, ten 12 European domestic breeds, 1 Asian wild
h38 (WEST)  Historic, Recent ~ M1 2 Yes, KY only 9 European domestic breeds
h84 (ISEA) S. Catalina Island  F1 3 Yes, Hl only Feral pigs only
h149 (WEST) Historic M1 1 No Unique to California
S. Catalina and S.
Cruz Islands,
h150 (WEST) Recent M1 15 No Unique to California
h151 (WEST) Historic M1 1 No Unique to California

Th13 was also in China, Korea, Germany, Spain, Japan, Hawaii, Australia, Thailand, Italy and the United Kingdom; h17 was also in Belgium, Germany, Iberian
Peninsula, Iceland, Italy, Macedonia, Norway, Spain, and the United Kingdom; h19 was also in Corsica, Finland, France, Germany, Hungary, Holland, Iberian
Peninsula, Italy, Portugal, Sweden, and the United Kingdom; h37 was also in Austria, Bulgaria, Germany, Hungary, Iberian Peninsula, Indonesia, Italy, Korea,
Morocco, Poland, Portugal, Spain, and the United Kingdom; h38 was also in Austria, Corsica, Denmark, France, Germany, Hungary, Iberian Peninsula, Italy,
Portugal, Sardinia, and the United Kingdom; h84 was also in Papua-New Guinea and Vanuatu.

2 h17 was also among pigs in AR, MS, NC, ND, NV, and TN; h19 was also among pigs in AL, AR, CO, FL, GA, HI, KY, LA, MI, ND, OH, OK, TN, TX, WI,
and WV; h37 was also among pigs in AZ, KS, LA, ND, NJ, NE, NM, OK, PA, TX, and VA.
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e Legend
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Figure 3.—Distributions of nine mtDNA haplotypes identified among 158 wild pigs sampled in mainland and
island locations from 23 counties in California from 1996 to 2010. Haplotypes h17 and h19 were common and
widespread with estimated ranges outlined in panel a. Haplotypes that were uncommon with limited distributions
(panel b) are the numbers in open (WEST origin) or black circles (EAST origin, except h84 with an ISEA origin).
Historic range (nine counties) is shaded gray, and Recent range is shaded light blue.
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Population-level mtDNA variation between the five population groupings was
significant (AMOVA, ,,.; P < 0.001). Exact tests of population differentiation were
highly significant (¢<0.001) for all but Historic-Recent (P = 0.002, SE +0 .001) and Santa
Catalina Island-Santa Cruz Island (P = 0.030, SE + 0.001). All population F . measures
were significant except Recent and 29US, for which numbers of migrants were estimated
as exceptionally high when compared to other populations within the state (Table 2).

Table 2.—Population genetic measures of F; (bottom half matrix) and Nm (top half matrix) for five populations
assigned by geography and history of invasion: wild pigs from 29 U.S. states (29US; n = 74), historic mainland
(Historic; pigs from mainland sites within nine counties of historical occurrence in California; n = 77), SCI
(Santa Cruz Island California; n = 11), SCAT (Santa Catalina Island; n = 6), and recent mainland (Recent;
pigs from mainland California sites other than the nine historical counties of occurrence; n = 64). Significance
of F statistics between populations is denoted in the lower half of the matrix as follows: *P<0.05, **P<0.01,
***P<0.0000.

29US Historic SCI SCAT Recent
29US 0 4.72864 2.03882 1.71671 98.47133
Historic 0.09563*** 0 1.01018 0.33321 8.44260
SCI 0.19695* 0.33109*** 0 0.44595 2.65806
SCAT 0.22556* 0.60009*** 0.52857* 0 1.07818
Recent 0.00505 0.05591*** 0.15833*  0.31682*** 0
Discussion

Our phylogeographic result of EAST, WEST, and ISEA groupings agrees with
results of other investigators evaluating the mtDNA control region in pigs (Alves et al.
2003, Gongora et al. 2004, Larson et al. 2005), which increases confidence in the accuracy
of our dendrogram of sequence relationships associated with wild pigs in California (Figure
2). The unresolved nature of M1 and M2 haplotypes within respective WEST and EAST
branches of the phylogeny likely represents an increased rate of nonsynonymous changes
in the mtDNA genome resulting from domestication, as described for dogs (Bjornerfeldt et
al. 2006). Humans have impacted both the genetic composition and geographic distribution
of pigs globally, resulting in a lack of phylogenetic resolution for some mtDNA lineages
(McCann et al. 2014). Representatives of M1 and M2 groups with domestic and Eurasian
wild pig associations have achieved extensive geographic distributions in North America
through anthropogenic dispersal (McCann et al. 2014), and are also prevalent among wild
pigs in California (Table 1, Figure 3).

The WEST phylogeographic association for most of the haplotypes (seven of nine)
identified in California was not surprising given the major European influence on early
settlement of the state. Also, 93% of the 158 wild pigs sampled were linked to a WEST
phylogeographic group, including 17 of the 20 feral pig samples from the two islands (Table
1). Geographic distribution of EAST haplotypes was restricted to one island and two spatially
separated mainland locations (Figure 3). Both WEST and EAST haplotypes in California
were associated with multiple domestic swine breeds, feral pigs, or wild boar from Europe
or Asia (Table 1; McCann 2012), but only four of the nine haplotypes were found elsewhere
in the continental United States (Table 1). The presence of haplotypes in California from
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the EAST+ISEA region (Figure 1) indicates anthropogenic transfer of pigs independent
of Spanish settlement of California. This result was consistent with an historical account
indicating that domestic pigs from the EAST+ISEA region were commonly onboard trade
ships that visited coastal regions of California in the mid-1800s (Dana 1840), and sailors
likely traded some of those pigs for local supplies prior to return voyages.

Evidence for historic introductions and range expansion.—Although it is not
possible to develop a definitive timeline of Historic invasion based upon mtDNA lineages,
insights can be gained from assessment of molecular relationships in light of phylogeny and
introduction histories. Haplotypes h19, h37, and h38 are associated with a variety of modern
domestic breeds (Table 1), which suggests a recent domestic source for these wild pigs in
California (Table 1). The lack of current breed references for unique haplotypes h149, h150,
and h151 suggests they may represent ancestors of livestock from the Spanish settlement
period, and that those mitochondrial lineages are now absent in modern domestic swine.
This hypothesis is supported by the distribution of h149, h150, and h151 primarily within
the Historic range of pigs in mainland and island locations (Figure 3). Also, the sharing of
h150 between Santa Catalina Island and Santa Cruz Island corroborates a common origin
for populations on the Channel Islands resulting from introductions by the Spanish (Mayer
and Brisbin 1991, McCann 2012).

Spanish settlement likely also explains the occurrence of h150 on the California
mainland because there is no record of anthropogenic transfer between island and mainland
sources. Notably, h150 was found among wild pigs sampled from the Sutter Buttes in Sutter
County, an area identified as Recent expansion range based on the lack of Annual Hunter
Game Take survey records before 1967 (Waithman et al. 1999). Of relevance is that the
Sutter Buttes region had been privately owned with no public access and no hunting until
after 2003 (Sutter Buttes Regional Land Trust 2015), and it is likely that feral pigs were
present in Sutter County but not harvested by hunters prior to 1967.

Haplotypes h17 and h19 were the two most common in both Historic and Recent
range in California, and their current distributions likely represent a history of human transfer
followed by local population growth and expansion (Pine and Gerdes 1973, Waithman
et al. 1999). Haplotype h17 was previously linked to Eurasian wild pig hybrid stock
translocated to California from Hooper Bald, North Carolina in 1925 (McCann 2012). The
geographic distribution of h17 in California is consistent with the known and documented
anthropogenic dispersal of Eurasian wild pig hybrid animals within the state to the north
and east of the original introduction site in Monterey County (Figure 3; Mayer and Brisbhin
1991). Nevertheless, h17 was also found further to the north, east, and south of areas of
known anthropogenic transfer, and it is apparent that once Eurasian wild pig hybrids were
translocated outside of Monterey and Tehama counties, they then expanded their distribution
into new areas of the state as populations increased (Figure 3).

Haplotype h19 was the most common among the 158 pigs sampled (Table 1), with
an expansive coastal and inland distribution from central California to northern California
(Figure 3). Haplotype h19 is also widely distributed in 16 other U.S. states with a genetic
linkage to >20 different breeds of domestic swine (Table 1; McCann et al. 2014). We therefore
conclude that the distribution of feral-domestic pigs with the h19 haplotype in California is
indicative of anthropogenic transfer, followed by local expansion resulting from population
growth and dispersal. Further we have photographic evidence (pelage characteristics;
McCann et al. 2003) that feral-domestic pigs (h19) are interbreeding with Eurasian hybrids
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(h17) within their broad zone of overlap (Figure 3). This is important because, based on our
research here, we now know that wild pigs of all types in California are of mixed heritage
(M1 hybrids; Figure 2), and fully capable of invasion and range expansion resulting from
vigorous population growth.

Haplotypes h13 and h38 were uncommon in the state and their role in range
expansion is less clear. Feral-domestic h13 was the only EAST mtDNA lineage in California,
suggesting that it does not link to livestock associated with Spanish settlement (Table 1).
Further, h13 was found exclusively within Recent range (Figure 3). Feral-domestic h38 was
identified in both Historic and Recent range (Figure 3), and h38 was the only haplotype
among wild pigs in a population that was recently established in southern California (Figure
3; detailed by Loggins 2007). These observations indicate that feral-domestic pigs with h13
and h38 Eastern Eurasian heritage were recently introduced to California, either by escape
from livestock pens, or purposed anthropogenic transfer from out of state (Table 1). The
spatial separation between wild pig sample locations for both h13 and h38 suggests that
anthropogenic transfer was the more likely source (Figure 3).

Assessment of population relatedness revealed lack of differentiation for wild pigs
in Historic vs. Recent range, coupled with high levels of gene flow between the ranges (=8
migrants/generation; Table 2). In contrast, there was genetic differentiation and very low
gene flow between Santa Cruz Island and Santa Catalina Island (Table 2), consistent with
no records of anthropogenic transfer of wild pigs after the 1930s. It is not always possible to
separate natural dispersal from anthropogenic dispersal based solely on molecular evidence,
but human facilitated gene flow (= anthropogenic transfer) was obvious for haplotypes
h13 and h38 based on distance and presence of geographic barriers to animal movement
between the sampling locations (Figure 3). Wild pigs also naturally disperse on their own
(Waithman et al. 1999), accounting for animals with haplotypes h17 and h19 occurring in
proximity within regions (Figure 3).

An important observation for future consideration is that Loggins (2007) surveyed
fewer samples for mtDNA analyses, and additional sampling by our work identified presence
of several additional mtDNA haplotypes in California. It is therefore possible that expanded
sampling in Humboldt County (historically invaded; Waithman et al. 1999) and along the
eastern margin of the San Joaquin Valley (Sierra Nevada foothills) would identify presence
of previously unknown haplotypes.

Haplotype patterns among feral pigs on the Channel Islands.—We interpret the
low mtDNA diversity observed on Santa Catalina Island (two haplotypes) and Santa Cruz
Island (one haplotype) as due to genetic drift associated with isolation or bottlenecks from
culling and mast failures (Baber and Coblentz 1986). Both populations endured periodic
reduction from the 1940s onward, prior to eventual eradication in the early 2000s (Schuyler
et al. 2002, Ramsey et al. 2009). The low mtDNA variability on the islands coupled with
presence of abundant feral pigs prior to eradication suggests that wild pigs are resilient
even at low genetic diversity.

The discovery of h84 on Santa Catalina Island is interesting, as this haplotype has
been observed nowhere else except islands elsewhere in the Pacific Ocean (Figure 2; Larson
etal. 2005, Loggins 2007). A possible pathway for introduction of h84 to California was
the third voyage of Captain Cook from 1776 to 1779 (Cook 1968, Loggins 2007). Cook
transferred livestock between many islands in the southern Pacific Ocean and also visited
the Oregon coast, although we could find no records of visits to mainland California or the
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Channel Islands. Due to the apparent absence of this haplotype on Santa Cruz Island and
the lack of samples for Santa Rosa Island (the source of pigs for Santa Catalina Island), the
origin of h84 in California remains unclear.

Importance for management and conservation.—Sequence variation in mtDNA
among wild pigs provided valuable insights on the introduction history and on the subsequent,
but undocumented, translocation and liberation of wild and domestic pigs that occurred
after the 1950s (Waithman et al. 1999). Considered together, information on the distribution
of haplotypes and gene flow suggests that range expansion by wild pigs in California is
progressing on multiple fronts through population growth coupled with natural dispersal,
anthropogenic dispersal, and new introductions from outside of the state (McCann 2012).
Natural expansion was not limited to Eurasian wild pig hybrids, however. We found
strong indications that feral-domestic wild pigs have moved into new areas independent of
anthropogenic transfer.

Identification of new mtDNA lineages among wild pigs in California also suggests
that public interest in hunting wild pigs continues to shape the molecular profile of California’s
wild pigs (McCann et al 2014). California state officials suspect recent importation and
release of wild pigs from elsewhere in North America (B. Gonzales, California Department
of Fish and Wildlife, personal communication), and our results indicate that this very likely
has occurred. Considering the pervasive spread of wild pigs already in progress, additional
introductions will be detrimental and should be vigorously discouraged to limit the spread of
livestock and zoonotic diseases (Benfield et al. 1999, Jay et al. 2007), and to prevent further
damage to native plants and animals, which has been focused in California oak woodland
ecosystems (Sweitzer and Van Vuren 2002, Cushman et al. 2004, Grinde 2006, Loggins
2007, Wilcox and Van Vuren 2009).
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APPENDIX I: TERMINOLOGY COMMONLY USED FOR WILD AND DOMESTIC SWINE

Swine is a generic term commonly used by livestock producers and many state
and federal resource managers for all types of domestic, feral and wild pigs. Eurasian or
European wild boar refers to all wild, non-domesticated pigs, which are the ancestors of
most domestic breeds of pigs. Domestic pigs are swine that are penned and associated with
active animal husbandry. Feral pigs are domestic pigs that have escaped captivity in the
recent or distant past, are no longer associated with active husbandry, and are descended
from domesticated individuals. Feral pigs are also commonly referred to as feral hogs or
feral swine, particularly in the southeastern U.S. and Texas. The terms razorback and wild
hog are American colloquialisms, loosely applied to any type of feral pig, wild boar or wild
pig hybrid (Wikipedia 2015).

European wild boar are sometimes called Russian wild boar, but the species occurs
throughout Europe, and European wild boar is more appropriate. European wild boar freely
interbreed with feral pigs wherever populations came into contact, leading to European
hybrid wild pigs with a range of intermediate phenotypic characteristics (Mayer and Brishin
1991). Phenotypic characteristics do not reliably identify ancestry, however (Mayer and
Brisbin 1991), and genetic analysis is the most reliable method for verifying presence of
European wild boar hybrids within feral pig populations (McCann et al. 2014). In areas
where there is a known history of introduction and interbreeding of Eurasian wild boar with
feral pigs, hybrid wild pigs are often referred to as wild boar, which is technically incorrect
from a genetic perspective.

California is one of the regions in the U.S. where wild pigs from North Carolina that
were thought to be pure or near pure European wild boar were translocated in the 1920s
(McCann et al. 2014), pen reared, and then released into the wild for hunting. Once in the
wild, the North Carolina-origin wild pigs interbred with feral pigs where feral pigs were
already present (Waithman et al. 1999). Feral and European wild pig hybrids have been
managed as a big game mammals in California since 1957 (Sweitzer et al. 1999), and are
officially referred to as wild pigs by the California Department of Fish and Wildlife. Most
hunters, landowners, and the general public also use wild pigs when referring to feral pigs
and European hybrid wild pigs in the state. Because free ranging swine in California include
a diversity of feral and wild type ancestors, wild pigs is an appropriate term for them.
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During a study of long-term cycles in deep benthic communities, the remotely
operated vehicle (ROV) Doc Ricketts photographed a large deep-sea shrimp (Figure 1) west
of Morro Bay (35° 10’ N, 122°59’ W, 3,949 m, Monterey Bay Aquarium Research Institute
(MBARI) station M, 24 May 2011). Further details of the study location, methods, and

FiGure 1.—Penaeoid shrimp swimming across the sea floor at 3,949 m, 35°10" N, 122°59° W, on 24
May 2011 at Monterey Bay Aquarium Research Institute (MBARI) station M. Scale (distance between
laser dots) = 29 cm, from which we estimated the total length of the shrimp to be 15 cm. Photograph
by ROV Doc Ricketts, courtesy of Ken Smith, MBARI.
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results are available in Kuhnz et al. (2014). Laser dots on the photograph are 29 cm apart,

from which the total length of the shrimp can be estimated at 15 cm. During 2007-2012,
this shrimp was seen in eight quantitative video transects but in low abundance—no more
than one shrimp per 100 m?, and was not collected.

The shrimp is shown swimming above the surface of the sediment by means
of laterally extended pleopods, characteristic of a penaeoid shrimp (order Decapoda,
superfamily Penaeoidea; see Pequegnat 1983, plates XXXIVA and LD for photographs of
similarly swimming penaeoid shrimps). The few other shrimp-shaped crustaceans that live at
comparable depths in the northeastern Pacific (Superfamily Sergestoidea, four superfamilies
within infraorder Caridea and order Lophogastrida) swim either by moving their pleopods
up and down along the ventral surface of the abdomen, or hop for short distances by jerking
the abdomen. Members of these taxa differ from the shrimp in the photograph by size, ridges
on the carapace, color marks, or spinules. Midwater sergestoids or carideans are unlikely to
swim close to the sea floor.

Although the photograph is blurred, the individual photographed is most likely
Plesiopenaeus armatus (Bate, 1881; family Aristeidae). This deep-sea shrimp can be
recognized by its large size, red color, reflective corneae of the eyes, dorsal carinae on
the abdominal somites, and the characteristic laterally spread pleopods. In the Gulf of
Mexico, P. armatus, matched to specimens, was photographed by ROV as it paddled with
its pleopods in similar fashion to the shrimp in the photograph (M. Wicksten, unpublished
data). Bracken-Grissom et al. (2012) noted that the larval stage known as Cerataspis
monstrosa has taxonomic priority over the adult P. armatus, but applied to the International
Commission on Zoological Nomenclature to use its plenary action to suppress Cerataspis
in favor of Plesiopenaeus.

Plesiopenaeus armatus is among the largest deep-sea shrimps, reaching a total
length of at least 22.5 cm (Texas A&M University Biodiversity and Research Collection
catalog number 2-6444). The only other penaeoids known to live at a similar depth in
the northeastern Pacific are benthic species of Benthesicymus (family Benthesicymidae),
considerably smaller than the shrimp in the photograph and having extremely slender legs
and a short rostrum. Definitive identification of the shrimp in the photograph would require
a specimen and examination of the characteristic copulatory organs (Perez Farfante and
Kensley 1997:figure 20).

Perez Farfante and Kensley (1997) provided records of P. armatus at 2,562-4,300
m from the North and South Atlantic, Gulf of Mexico, Indian Ocean, and Pacific Ocean
from off the Philippines and Japan to the central North Pacific and Hawaii, as well as “off
the north-west coast of U.S.A. [sic]” but did not provide a citation for the latter record.
Pequegnat (1983) reported the shrimp at 1,800-3,740 m and included it in lists of shrimps
from the upper to lower abyssal zones of the Gulf of Mexico. There are insufficient records
to determine if the species occurs deeper in certain geographic locations than others. This
species was not reported from the northeastern Pacific by McLaughlin and Camp (2005),
and Wicksten (2012) did not include it in her recent monograph. Investigators working on
the biota of the lower continental slope should look for this shrimp.
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The San Francisco Bay is the largest along the Pacific coast of the United States
(Conomos et al 1985). With deepwater channels, shallow mudfiats, and marsh sloughs
and channels, it supports a variety of elasmobranchs including leopard shark (Triakis
semifasciata), brown smoothhound (Mustelus henlei), spiny dogfish (Squalus suckleyi),
soupfin shark (Galeorhinus galeus), sevengill shark (Notorynchus cepedianus), bat ray
(Myliobatis californicus) and big skate (Raja binoculata).

Little detailed information has been published on the predation or mortality of
leopard sharks, especially newborn and young-of-the-year (YOY) in San Francisco Bay
(Russo and Herald 1968, Ebert 1986, 1991). Preliminary surveys indicate that marsh sloughs
and channels are primary nursery grounds for leopard sharks, while brown smoothhounds
generally use near-shore eelgrass beds (R. Russo, East Bay Regional Park District,
unpublished data). As observations made incidentally during these surveys, predation on
leopard sharks and brown smoothhounds by other sharks and piscivorous birds in the area
is first reported here. Bycatch of leopard sharks in the commercial shrimp fishery and other
observations of leopard shark kills are also reported as potential impacts to the leopard shark
population.

Between 1970 and 2001, fishing trips were conducted monthly at various locations,
primarily between coordinates 37° 48’ N, 122° 22’ W, the San Francisco Bay Bridge, and 37°
27" N, 122° 01’ W at the entrance of Alviso Slough at the south end of San Francisco Bay
(Figure 1). All specimens captured were identified, sexed, and measured in centimeters total
length (cm TL) in a natural position. Newborn leopard sharks were defined as specimens
showing unhealed and visible natal scars between the pectoral fins and measuring from 17
to <25cm TL; YOY up to 50 cm TL with healed or absent natal scars; juveniles as 51-<100
cm TL; and sexually mature adults as >105 cm TL (Ebert 2005).

Sampling methods included rod-and-reel (3-5 h), long-lining (45-90 min), and otter
trawl (7-15 min). Long-lines were two 6-mm thick, 152-m long nylon lines rigged with 5/0
hooks baited with squid every meter and capturing juvenile and adult sizes. Smaller size
specimens were captured with a 1.3 cm mesh, 4.8-m otter trawl.
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Ficure 1.—Map of San Francisco Bay, California, indicating key locations mentioned in the text. Map courtesy
of East Bay Regional Park District, Oakland, California.

Between 1970 and 1996 all of the methods described above were used to capture
3,790 elasmobranchs (Russo 2013). From 1997 to 2001 rod-and-reel was used to catch an
additional 331 elasmobranchs for a combined total of 4,121 specimens. Of this total 2,478
(60.1%) were leopard sharks and 842 (20.4%) were brown smoothhounds ranging from
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newborns to sexually mature adults. Long-lines captured 1,782 YQY, juvenile, and adult
leopard sharks, but no newborns. Otter trawls captured 245 newborn and YOY leopard
sharks, but often resulted in the fatality of the newborns. Rod-and-reel captured 451 newborn
and YOY leopard sharks. Narrow, shallow Mowry and Newark sloughs and similar habitats
were avoided by choice, and use of otter trawl and rod-and-reel methods was restricted to
the larger Guadalupe and Alviso sloughs, as well as open water.

Leopard sharks and other elasmobranchs were attacked while caught on long-lines
during 12.8% of the sets. Since no sixgill shark (Hexanchus griseus) were caught south of
the San Francisco Bay Bridge and none on long-lines, the observed sevengill sharks were
assumed to be the predators. Predation on long-line sets was limited to a few sharks per
line, and occasionally the attacking sharks became hooked. On 16 June 1975, for example, a
male sevengill shark 190.5 cm TL was caught on a long-line <1.8 km southeast of Hunter’s
Point with the caudal fin and posterior 1/3 of the body of a male leopard shark hanging out
of its mouth.

On other occasions, however, retrieved long-lines contained mostly bodiless heads.
On 12 October 1975, a long-line was retrieved following a 1.5-h set approximately 4 km
west of the San Leandro Marina in South San Francisco Bay in 6.7 m of water with leopard
sharks on 34 consecutive hooks and only four whole bodies remaining, similar to Ebert
(1991). The rest of the hooks had the heads of leopard sharks severed over the gill slits or
just caudal of the first dorsal fin (Figure 2). Two juvenile sevengill sharks measuring 113

Ficure 2.—Severed heads of three sharks, as removed from a long-line in South San Francisco Bay, California.
The head at the left is that of a spiny dogfish shark, while the two heads at right are those of leopard sharks. Photo
by author.

and 128 cm TL were caught on this same line with large portions of leopard sharks in their
stomachs. On 28 June 1976, another long-line set 2 km off Hunter’s Point was retrieved
with 28 leopard sharks, 26 of which had been severed behind the head. A sevengill shark
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measuring 185.4 cm TL became entangled in the line and hooks as it attempted to swallow
and an entire leopard shark measuring 71.1 cm TL subsequently was removed from the
sevengill shark’s mouth and stomach.

On several occasions newborn and juvenile sevengill sharks were either captured in
inshore nursery areas or observed preying on newborn or YOY leopard sharks. On 15 May
1980, for example, a female sevengill shark measuring 101.6 cm TL was caught inshore by
rod-and-reel in 2.2 m of water among eelgrass, where we had been catching newborn and
YOY leopard sharks, just west of the San Leandro Marina. This sevengill shark contained
three newborn brown smoothhounds and a newborn leopard shark its stomach. On 18
August 1996, five young sevengill sharks (49-61 cm TL) were caught by rod-and-reel in
1.8 m of water approximately 0.5 km west of the entrance to the San Leandro Marina within
a span of 35 minutes, suggesting that a loose group of those predators was patrolling the
mudflats and eelgrass beds. On 30 July 2000, a YOY leopard shark (40 cm TL) was caught
by rod-and-reel in less than 2 m of water 0.75 km west of the San Leandro Marina. As the
leopard shark was brought to the surface, | noticed a churning action in the water within
10 cm of its tail, which continued all the way to the side of the boat. Once the leopard
shark was within reach, | observed multiple bite attempts by a young sevengill shark that
I had watched pursue the leopard shark for at least 5 m at the surface. Once alongside the
boat, the sevengill shark was netted and brought aboard for examination, along with the
small leopard shark. The sevengill shark measured 46 cm TL and still showed the natal
scar between its pectoral fins which, combined with its length, indicated it was a newborn
(Ebert 1989).

On 4 July 2001, a 112 cm TL sevengill shark was caught by rod-and-reel in 1.6
m of water at the entrance to San Leandro Bay (Arrowhead Marsh and Airport Channel,
just east of the Oakland Airport) that had swallowed a juvenile male leopard shark (51 cm
TL) whole. Similar observations were made involving both leopard sharks and brown
smoothhounds (hewborns, YOY, and juveniles) in inshore eelgrass beds or near the entrances
to salt marshes along the eastern shoreline of South San Francisco Bay.

On 20 April 2000, I visited a Caspian tern (Hydroprogne caspia) nesting colony on
Brooks Island Shoreline Preserve near the Richmond Harbor and observed a tern returning
to the colony with a newborn leopard shark estimated to be 19 cm TL in its beak (Figure
3). Keith Larsen (Department of Fisheries and Wildlife, Oregon State University) and other
researchers were conducting a study of the nesting and food habits of Caspian terns at Brooks
Island and Eden Landing, just south of the east end of the San Mateo Bridge. Based on
time away from the colony, researchers thought that terns were utilizing local mudflat and
marsh environments for food (Roby et al. 2009). Larsen reported that on several occasions
he witnessed Caspian terns returning to the breeding grounds of the island with what he
thought were young leopard sharks. Based on 35 mm slides he showed me of terns with
prey items in their beaks, I confirmed the identifications of both newborn leopard sharks
and brown smoothhounds.

On 3 February 2009, Gail West (G. West, photographer, 6 April 2009, personal
communication) observed a great blue heron (Ardea herodias) attacking a young leopard
shark (Figure 4) at the shoreline near Damon Slough, San Leandro Bay. The attack occurred
over a period of 18 minutes, with the heron jabbing the shark with its beak multiple times
about the head and gill areas before swallowing it. The leopard shark appeared to be
approximately 53 cm TL, as estimated by using the beak-length formula for herons (Bayer
1985) and several of West’s photographs.
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FIGURE 3. —A Caspiantern Wlth a deceased newborn Ieopard shark in |ts beak. Photo courtesy
of Bird Research Northwest.

Ficure 4.—Frontal view of a great
blue heron with a young-of-the-year
leopard shark in its beak. Photo
courtesy of G. West.
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On 23 May 1979 while aboard a commercial shrimp trawler operated by Captain
Tom Laine in the lower reaches of Alviso Slough, as well as the open waters just north of
the entrance to the slough and south of Calaveras Point in the southernmost end of San
Francisco Bay, | observed six consecutive trawls. Each trawl set caught 136-181 kg of bay
shrimp (Crangon spp.) along with 40-60 newborn leopard sharks (17-21 cm TL), resulting
in 328 newborns for the day’s total bycatch; neither YOY leopard sharks nor newborns of
other elasmobranch species were caught. The mass and weight of shrimps captured in each
trawl likely contributed to the near 100% mortality of these newborns upon dumping the
net. The few newborns still showing signs of life were relocated to laboratory aquaria the
same day in aerated buckets of seawater, but all died within 24-36 h after capture.
Following the initial report of dead and dying sharks along the East Bay shoreline
(Russo and Herald 1968) and the preliminary chemical findings of leopard sharks (Russo
1975), | continued to collect data on the annual kill of elasmobranchs until the mid-1980s.
While the numbers of dead or distressed sharks on East Bay beaches never approached
those observed in 1967 (1,000 specimens in one month at Alameda), a few to several
dozen dead sharks and rays were often discovered on intertidal mudflats at low tide. For
example, between 28 May and 5 September 1982, 80 sharks and rays were collected from
a 1-km stretch of shoreline at Alameda’s Robert Crown Memorial State Beach. Affected
elasmobranchs included 33 (41.2%) brown smoothhounds, 29 (36.2%) leopard sharks, 11
(13.8%) bat rays, five (6.3%) spiny dogfish, and two (2.5%) sevengill sharks. Most of these
sharks and rays were already dead when found on the beach, but five (6.3%) were still alive.
These individuals were taken out into 1 m of water and released, but all returned to the
beach within 15 minutes after release. Additionally, on 2 August 1982, | found 29 leopard
sharks ranging in size from 50 to 119.4 cm TL (x=104.3 cm) that had been shot or stabbed
multiple times. All were found close together at low tide on the shoreline of Hayward.
While these results confirm earlier work identifying sevengill sharks as apex
predators (Ebert 1986), new information is provided that shows sevengill sharks preying
on leopard sharks and brown smoothhounds in their nursery areas. Although the predation
of long-line caught sharks was generally limited to just a few individuals on some lines, the
loss of 88-93% (30/34, 26/28) of long-line caught specimens during two sets suggests that
aggregations of sevengill sharks, or “packs” as described by Ebert (1991), were involved in
such predation events. Further research is needed to determine the extent to which newborn
and YOY sevengill sharks enter smaller sloughs and channels to hunt for leopard sharks.
Quantitative results of research at Eden Landing near Hayward revealed that leopard
shark newborns comprised 11.9% (n=72) of the total number of fish (n=604) brought in to
the Caspian tern nesting colony there, but comprised 92.3% of the 78 sharks identified at this
site; brown smoothhound newborns comprised 7.7% (Roby et al. 2003). In 2009, the number
of leopard shark newborns taken by Caspian terns at this breeding colony comprised only
4.6% (n=81) of the totals number of fish taken (n=1,770), but accounted for 56.3% (n=81)
of the total number of sharks taken (n=144) with brown smoothhound newborns comprising
34.0% (n=49) and unidentified shark newborns comprising 9.7% (n=14); | suspect these
unidentified individuals were brown smoothhounds because, aside from leopard sharks, no
other newborn elasmobranchs were ever captured during our study (Roby et al. 2009, Collis
et al. 2012). It is possible that leopard shark newborns, being in shallow marsh channels
and sloughs near nesting colonies, especially at low tide, are more vulnerable to Caspian
tern predation than brown smoothhound newborns that tend to occupy eelgrass beds where
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smoothhounds possibly benefit from their coloration and the protective cover of eelgrass
blades and may be more difficult for terns to see.

The observation of a great blue heron capturing and eating a leopard shark YOY
presents two new biological elements in the life history of leopard sharks: (1) great blue
herons are predators of leopard shark newborn and YOY in their marsh shallows, the extent
of which is unknown at this time; and (2) given the estimated size of the leopard shark (53
cm TL) captured at this event, newborn and YOY leopard sharks can remain in, or at least
re-visit, the shallow sloughs and channels of salt marshes for several months following
parturition, feeding on small invertebrates including worms, small shrimps and crabs, and
marine pill bugs (Russo 1975). This observation raises questions concerning the extent of
newborn and YOY loss to this predator, and whether or not other avian marsh predators such
as great egrets (Ardea alba) or snowy egrets (Egretta thula) engage in similar predation.

Given a single day event involving 328 newborn leopard sharks caught in a
commercial trawl, the overall impact of this kind of bycatch loss to recruitment for this
species in the South Bay is largely unknown, as no attempts were made to analyze the
annual catch loss due to the unknown number of commercial operators and the length of
time this fishery has existed. While the South Bay commercial shrimp fishery appears to
have ceased in recent years, a North Bay shrimp fishery near marshlands still exists (R.
Bartling, California Department of Fish and Wildlife, personal communication, 1 February
2012); I suggest this fishery should be monitored carefully for impacts to leopard sharks.

The cause of dead, disabled, or disoriented sharks along the beaches and shorelines
areas of San Francisco Bay remains a mystery and has resulted in considerable public concern
with numerous articles continuing to appear in local newspapers. While some research on
this problem involving domoic acid has been done (Schaffer et al. 2006), the cause remains
unknown. Future investigations should consider the possible role of heavy metals, chlorinated
hydrocarbons (Russo 1975), and rodenticides, as well as meningoencephalitis associated with
Carnobacterium sp., which is known to cause similar symptoms (Schaffer et al. 2013; M.
Okihiro, California Department of Fish and Wildlife, personal communication, 19 January
2015) in the stranding deaths of San Francisco Bay elasmobranchs and the disorientation
and beaching of live leopard sharks and brown smoothhounds (Russo and Herald 1968).

Previous suggestions that nursery areas in shallow coastal waters provide critically
important habitat, food, shelter, and opportunities to evade predators for several species
of elasmobranchs (Springer 1967, Medved and Marshall 1981, Snelson et al. 1984, Talent
1985, Branstetter 1990) may be applicable to certain regions of the United States, but not
to the West Coast. Newborns <55 cm TL may indeed escape predation in Gulf of Mexico
and East Coast shark nurseries (McCandless et al. 2007), but leopard sharks and brown
smoothhounds <55 cm TL in San Francisco Bay nurseries clearly are vulnerable to attack
as evidenced by events described here.

The abundance of small prey items for newborn leopard sharks inhabiting marsh
sloughs and channels, as well as near-shore eelgrass beds, may simply outweigh the risk
of predation for this species. In view of the documented predation on newborn and YOY
leopard sharks by avian predators in salt marshes, and by sevengill sharks in near-shore
eelgrass beds, neither environment is predation-free as once presumed. The use of leopard
shark and brown smoothhound nursery areas by sevengill sharks, Caspian terns, and great
blue herons in capturing newborns, combined with take from the commercial shrimp
fishery, as well as annual shark kills add several elements to the overall complex biology
of all species mentioned and the ecology of marsh sloughs and channels. As reported here
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for the first time, newborn and YOY leopard sharks are key elements in the diets of several
predators, as well as being vulnerable to exploitation, and these factors must be considered
in any management plan developed for this species.
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Kimberly A. Nicol, 1956-2015

Long time Department family member and Regional
Manager, Kim Nicol passed away on 20 January 2015 following
an extended and courageous battle with cancer. Kim worked in
Region 6 for more than 25 years, and became the manager of
the Inland Deserts Region in July 2010. In that capacity, Kim
employed a firm leadership style that quickly earned her the
respect and admiration of many Regional Staff and Department
Administrators.

Kim was born and raised in Richmond, California and graduated from Richmond
High School. Following graduation from California State University, Sacramento, she began
her life-long career with the California Department of Fish and Game (later to become the
California Department of Fish and Wildlife) as a fishery biologist. She also had special
interests and expertise in the biology and conservation of amphibians and reptiles; she
put that interest to good use, and became a respected authority and advocate for reptiles,
placing a strong emphasis on the conservation of desert tortoise. As a biologist, she also
contributed in many meaningful ways to the conservation of desert fishes, especially the
desert pupfish and Mojave chub.

As her career progressed, Kim worked upward through the biologist and
environmental scientist series, gaining insight and experience that provided her the
background to effectively handle the many aspects of regional management. Kim also
served as Acting Branch Chief for the Habitat Conservation Planning Branch for an interim
period, further demonstrating her commitment to the Department and its critically important
mission. As Regional Manager, Kim’s demonstrated leadership and her commitment to,
and understanding of, the biological resources in the mountains and deserts of southeastern
California were valuable contributions to the conservation and management of California’s
fish and wildlife, albeit in a politically challenging and ecologically diverse part of the
state. Kim was also fun to be around, and evenings filled with good food and wine will be
remembered by those of us fortunate enough to have worked closely with her for many years.

Kim actively participated in an effort to re-structure the Department’s employee
recognition program to better reflect the core values of the Department. She worked closely
with numerous others to create the current Employee Excellence Awards Program, which
embodies the commitments and values exemplified by Kim and many other Department
employees. In recognition of her dedication, actions, and commitment, the California
Department of Fish and Wildlife Employee Excellence in Leadership Award will be re-
named in her honor.—Friends and Colleagues of Kimberly A. Nicol
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Book REVIEW

Becoming a compelling communicator for conservation: the essential
reference for everyone who desires to make a difference.

William C. Dunn. 2014. On-Demand Publishing, Scotts Valley, California, USA. 69 pages
(Soft cover). $9.95. ISBN 14948858832

*“...Grandpa was a man of few words. He had a way
of not wanting to say any more than he thought would
be heard...”

Kate Wolf, 1981
Eyes of a Painter

Bill Dunn, a friend and colleague for more than three decades, claims that the
inspiration for this book originated during the first national meeting of The Wildlife Society
in Albuquerque, New Mexico, back in 1994. Indeed, we sat through 45 minutes of a mostly
droll and boring presentation one evening, following which we questioned the speaker’s
ability to convey a meaningful message, and wondered why we had wasted our time listening
to him.

Although this book came to fruition many years later, it is the result of continuing
frustrations with speakers and writers that “waste so much time” trying to get their messages
across. As Kate Wolf implied long before that meeting in Albuquerque, saying more than
will be heard wastes time for many people, including the speaker (or author) and audience
(or readership). Itis my hope that the guidance and admonitions included in this short book
will result in vastly improved oral presentations in the future. As an editor, | also hope that
authors will take advantage of Bill’s suggestions, and present only necessary information
and not include every possible detail in their contributions.

This little book consists of six chapters, each of which is devoted to enhancing one
or more aspects of communications skills and making the speaker (or writer) more effective
at delivering his or her message. As noted in the introduction, the book is not an exhaustive
treatise but, instead, is a concise compilation of the essential lessons of communication,
and written with the intent that the end result would be an enhanced ability to accomplish
conservation. Chapter 2, Laying the Foundation, emphasizes the need to ensure that the
message is clear, concise, and complete. In this chapter, Bill emphasizes that it is imperative
that individuals be well prepared to deliver a message; if nothing else, he notes that audiences
will appreciate the fact that you, as a speaker, value their time!

Chapter 3, The Written Word, contains sage advice that will help an author organize,
analyze, and present scientific data with clarity and directness. Bill believes that students of
natural science should prepare all papers assigned in their core courses using the framework
of peer-reviewed articles, with the intended result that scientific writing would be second
nature by the time those students become professionals. During graduate school, | received
similar advice from the professor under whom I studied ornithology, advanced ornithology,
and field research methods: write every paper you produce, whether a class assignment or
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an original piece reporting results of your research, as if it is going to be submitted for peer
review. That advice has served me well, and the advice conveyed by Bill in Chapter 3 will
serve the readership well.

In Chapter 4, The Spoken Word, Dr. Dunn emphasizes that oral presentations must
be informative, creative, compelling, and thought provoking. In this chapter, he addresses
ways to structure an effective presentation, create clear and informative visual graphics,
and how to speak so the message will be well received.

In Chapter 5, Special Situations, recommendations for addressing decision makers,
and others for addressing public audiences are provided. The message delivered is that
being succinct with the written word is the most productive strategy: it is better that an
administrator asks for additional information than for less. With respect to public meetings,
strong emphasis is placed on time management, completeness, and follow-up. The advice
included in this chapter will make the communicator more effective, even if the subject at
hand is not appreciated by the audience.

In the final chapter, Dr. Dunn concludes that the speaker or author has control over
how the message is presented, and that doing it well at every opportunity—whether spoken
or written—will benefit conservation. He ends with the hope that the lessons included
will help increase support for nature and move conservation forward. | suspect that he is
correct; | encourage those that have not given much thought to what they present and how
they go about doing so to take advantage of Bill’s more than thirty years of experience, and
the advice presented. | wish this book had been written years ago!

VERNON C. BrEicH, California Department of Fish and Wildlife, Office of Communications,
Education and Outreach, 1416 9th Street, Sacramento, CA 95814, USA
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Books Received and Available for Review

Copies of the following books have been received and are available for review by
interested parties. Individuals interested in preparing a formal review that will be published
in California Fish and Game should contact the editor (Vern.Bleich@wildlife.ca.gov) with
a request to do so.

Antypowich, L. 2012. A hunting we did go. True mountain adventures. Xlibris LLC,
Bloomington, Indiana, USA. 213 pages. $19.95 (soft cover).

Gotshall, D. W. 2012. Pacific Coast inshore fishes. Fifth edition. Sea Challengers, Monterey,
California, USA. 363 pages. $9.99 (E-book).

Jorgensen, M. C. 2015. Desert bighorn sheep: wilderness icon. Sunbelt Publications, San
Diego, California, USA. 143 pages. $29.95 (soft cover).

Kirkwood, S., and E. Meyers. 2012. America’s national parks: an insider’s guide to
unforgettable places and experiences. Time Home Entertainment, Inc., New York,
New York, USA. 208 pages. $24.95 (hard cover).

Love, M. S. 2011. Certainly more than you want to know about the fishes of the Pacific
coast: a postmodern experience. Really Big Press, Santa Barbara, California, USA.
650 pages. $29.95 (soft cover).

Sjaastad, E., and K. E. Svensson. 2015. Small ambassadeurs: the legendary light-line
fishing reels. Schiffer Publishing, Atlen, Pennsylvania, USA. 256 pages $45.00
(hard cover).



Releasing salmon into the San Joaquin River. DWR photo by John Chacon
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INFORMATION FOR CONTRIBUTORS

California Fish and Game is a peer-reviewed, scientific journal focused on the
biology, ecology, and conservation of the flora and fauna of California or the surrounding
area, and the northeastern Pacific Ocean. Authors may submit papers for consideration as an
article, note, review, or comment. The most recent instructions for authors are published in
Volume 97(1) of this journal (Bleich et al. 2011), and are accessible through the California
Department of Fish and Wildlife web site (www.dfg.ca.gov/publications).

Planning is in progress to provide an avenue for authors to submit manuscripts directly
through the web site, and to enable restricted and confidential access for reviewers. In the
meantime, manuscripts should be submitted by e-mail following directions provided by
Bleich etal. (2011). The journal standard for style is consistent with the Council of Science
Editors (CSE) Style Manual (CSE 2006). Instructions in Bleich et al. (2011) supersede the
CSE Style Manual where differences exist between formats.

Authors of manuscripts that are accepted for publication will be invoiced for charges
at the rate of $50 per printed page at the time page proofs are distributed. Authors should
state acceptance of page charges in their submittal letters. The corresponding author will
receive a PDF file of his or her publication without additional fees, and may distribute those
copies without restriction. Plans are underway to make the complete series of California
Fish and Game available as PDF documents on the California Department of Fish and
Wildlife web site.
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