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Benthic microalgae serve as the major food resource for
porcelain crabs (Petrolisthes spp.) in oyster reefs: gut content
and pigment evidence!

Paul V. ZimbaZ, Erin M. Hill, and Kim Withers
Center for Coastal Studies, Texas A&M University Corpus Christi, 6300 Ocean Drive, Unit 5866,
Corpus Christi, TX 78412

Abstract

Suspension-feeding porcelain crabs (Petrolisthes spp.) are often the most abundant decapod
crustaceans in oyster reef habitat. Analysis of water column and subtidal algal biomass from three
Texas estuaries suggests that planktonic food resources are insufficient for porcelain crab growth.
Pigment composition of porcelain crab muscle and digestive track contents included the diatom
pigment fucoxanthin and cyanobacterial pigment canthaxanthin with digestive track samples
containing attached (adnate) benthic diatoms as well as benthic cyanobacteria not found in the
water column. Feeding appendages on porcelain crabs include numerous cirri with serrated edges
as well as fewer more brush-like longer units. Benthic food resources are in sufficient supply to
support porcelain crab biomass.
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1. Introduction

The socioeconomic importance of oyster reefs is well-established, as oysters provide
ecosystem services as a keystone species (Paine 1966) and as ecosystem engineers (Jones et
al. 1994). Porcelain crabs (Petrolisthes galathinus Bosc) are suspension feeding decapods
that are found, often in great abundance, in oyster reef habitat throughout the Gulf of
Mexico. Felder et al. (2009) list 21 species of porcelain crabs, including 8 in the genus
Petrolisthes. While Petrolisthes armatus and P, galathinus range throughout the Gulf of
Mexico whereas the remainder of the species are generally restricted to the more tropical
areas of the southern Gulf. These crabs are eaten by consumers such as crested gobies
(Lophogobius cyprinoides) and are thought to represent an additional trophic pathway
because they seem to have a diet that differs from the bivalves (e.g., eastern oyster
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Crassostrea virginica) that are the foundation of the reef (Yeager and Layman 2011).
Johnson and Freeman (2005) assessed digestive capacity and gut contents in six crab
species, with porcelain crabs (Petrolisthes elongatus) exhibiting herbivorous enzyme
activity, as previously suggested from gut content analyses (Kropp 1981). Caine (1975)
reported porcelain crabs scraping oyster shell using the ventral margin of their chilipeds to
loosen and resuspend attached algae algae/detritus and maxillipeds for suspension feeding.
Achituv and Pedrotti (1999) determined that active feeding on phytoplankton under differing
flow conditions enhanced energy acquired by porcelain crabs. Interpretation of feeding
selectivity is difficult in laboratory studies, since animals are limited to food provided in
terms of type, quality, and quantity (McGlaun and Withers 2012). While Johnson and
Freeman (2005) suggest that 2. elongatus has too little chitinase available to digest
zooplankters, P. galathinus ate Artemia spp. nauplii enthusiastically in laboratory
experiments (McGlaun and Withers 2012). Crabs fed an animal-only diet exhibited
metabolic rates that were orders of magnitude higher than crabs fed phytoplankton or mixed
microalgae. Despite their enthusiasm for the animal diet, the ratio of zooplankton biomass to
phytoplankton biomass in natural systems is very low (e.g., Havens et al. 2009), thus the
availability of zooplankters for ingestion is likely rare, or at best, episodic. Porcelain crabs
are almost exclusively fed A. salina in laboratory studies (Hartman and Hartman 1977,
Whitman et al. 2001), perhaps because of the difficulty maintaining algal cultures in
exponential phase for optimal animal health.

Plant resources available for use by higher trophic levels include storage molecules, such as
lipids/fatty acids, as well as photo-protective compounds such as carotenoids and
mycosporine-like amino acids (Bandaranayake 1998). Algal pigments can provide a unique
tracer for monitoring food preferences of organisms, particularly carotenoid markers specific
to algal classes (Jeffrey et al. 2001). Carotenoid accumulation in fishes is well documented
(Lietal. 2007, Grether et al. 1999) with retention of carotenoids for weeks to months (Li et
al. 2011), potentially providing antioxidant/immuno-protective ability (Kolluru et al. 2006).
These tracers are similar to other chemical methods (stable isotopes for example) in
integrating long-term food sources within consumer biomass.

Numerous methods have been used to elucidate food web relationships including single and
multiple stable isotopes (Bouillon et al. 2014, Johnson and Freeman 2005, Cocheret de la
Moriniére et al. 2003, Sullivan and Moncreiff 1990), gut content analysis (Ranvestel et al.
2004, Cocheret de la Moriniére et al. 2003, Schmid-Araya and Schmid 2000), lipid/fatty
acid or other biomarkers (Thurber 2015, Li et al. 2007, Grether et al. 1999), or
immunological approaches (Feller et al. 1979). Often the result of these single analysis
methods can be difficult to interpret when confounding issues co-occur such as shifting
source material quality and quantity, omnivory, and age-dependent food selection changes
(Thurber 2015, Matthews and Mazumder 2004, Riera et al. 1999). Because many of these
methods rely on a single sampling event, it is critical that variation is established for food
resources to differentiate trophic dietary variation versus trophic level variation (Mathews
and Mazumder 2004, Bolnick et al. 2003) or that multiple approaches are used to confirm
interpretation. Additionally, the method of analyses, such as examining gut contents with
stereo microscopes (~60x magnification) or using a single producer sample for isotopic
signature, can bias interpretation.
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Considering the typical density of phytoplankton in meso-eutrophic coastal systems (Table
1), there often may be insufficient food available for efficient porcelain crab grazing on
planktonic algae in microtidal systems. Typical phytoplankton mean chlorophyll a
concentrations are <50 mg m~2 in water columns of 1-15 m deep (Fulford et al. 2007),
whereas sediment pigment concentrations are up to 50 times higher and consolidated in a
layer less than 1 cm thick. Assuming modest success with maxillipeds sweeping planktonic
organisms, the amount of food successfully consumed from planktonic harvesting must be
extremely low and could account for the inability of the larvae of Pagurus longicarpus Say,
another anomuran crab, to metamorphose (Roberts 1971).

Food sources of porcelain crab collected from three different south Texas estuaries were
evaluated using digestive track content analysis and pigment profiles of muscle. Available
food resources were evaluated using phytoplankton net tows, sampling attached algae, crab
gut contents, and crab muscle tissue pigment content. We hypothesized that benthic forms
such as diatoms and cyanobacteria were a major portion of porcelain crab diet and that
combined taxonomic and chemical analyses would provide insights about food preferences.

2. Methods

Field sampling for porcelain crabs occurred during October-November 2015. Sterile, aged
oyster shells were placed in Copano Bay, TX (28° 06" 57.89”N, 97° 02" 55.31”W) for 14 d
to recruit porcelain crabs from nearby commercially harvested oyster reefs, and transported
in ambient water back to the laboratory. Field samples from remnant oyster reefs were
obtained from Nueces (27° 52" 09.45”N, 97° 29" 58.99”W) and Aransas Bays (28° 7’
32.63”N, 96° 58’51.26”W). Phytoplankton and sediment samples were preserved with
Lugols iodine (Throndsen 1978).

In the laboratory, plankton samples were examined using the Uterméhl sedimentation
method and inverted microscopy (Hasle 1978). Water samples were examined at 400x
magnification using =10 random fields and a minimum count of 200 cells, with a 100x scan
of the settling chamber for rarer large forms and zooplankton (Zimba et al. 2002). Algal
biomass was estimated using the Utermdhl sedimentation method as described by Venrick
(1978). Conversion of cell numbers to biovolume was used to normalize for the 2 orders of
magnitude difference in cell size (Hildebrand et al. 1999).

Benthic algae were brushed from oyster shells into 0.2 um filtered seawater and subsamples
were preserved for taxonomic analysis and HPLC algal pigment analyses. Benthic material
was examined using inverted microscopy as described for water samples. One porcelain crab
was preserved from each site in 10% formalin to qualitatively evaluate all algae in the
digestive track. The remaining porcelain crabs were rinsed with fresh water and immediately
frozen at —80 °C. Crabs were thawed, and the digestive track was dissected from muscle
tissue. The digestive track and muscle tissue were then freeze dried.

Pigment composition of crab muscle and digestive track was determined after acetone
extraction, as previously described by Li et al. (2007). Briefly, crabs were partially thawed
and digestive track and muscle samples were dissected, sonicated after acetone addition,
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then extracted in the dark for 4 hrs, clarified, and the supernatant ampulated in HPLC vials.
Samples were analyzed on a HP1100 high performance HPLC equipped with DAD detector;
authentic standards were used for identification and quantitation (Zimba et al. 1999).

Digestive track samples extracted for HPLC analyses were prepared for diatom
identification by boiling material in nitric acid, rinsing sedimented frustules with deionized
water until neutral pH was obtained, and examined using SEM and light microscopy.
Additional frozen material was examined for identification of non-diatom taxa. Data from
cell counts were normalized to biovolume equivalents (Strathmann 1967, Hillebrand et al.
1999) to compare historic pigment concentrations to cell biovolume/carbon equivalents.
Historic data was retrieved from the TCEQ database (http://www80.tceq.texas.gov/
SwamisWeb/public/crpweb.faces#).

Porcelain crabs were collected during Spring 2016 from Copano Bay and preserved in 10%
isopropanol. Maxillipeds and outer mouthparts were removed, dehydrated in ethanol,
sputter-coated using gold-palladium, and viewed using a Joel JCM-500 scanning electron
microscope. Distance between cirri was measured to evaluate capture efficiency.

Bay

Pigment content of crab digestive track samples and muscle tissue (n=20) contained large
concentrations of fucoxanthin, a carotenoid biomarker of brown plant line algae, particularly
diatoms (Figure 1). Other ubiquitous pigments included chlorophyll aand beta-carotene.
Over 90% of diatom frustules identified in porcelain crab digestive track samples were either
fresh-brackish water Planothidium delicatulum (K(tzing) Round and Bukhtiyarova or the
brackish-water taxa Cocconeis disculus (Schuman) Cl. No recognizable centric diatoms
(e.g., spines from Chaetoceros, or valves/girdle bands) were identified in digestive track
samples.

Phytoplankton samples in Copano Bay were dominated by centric diatoms, particularly
Chaetoceros spp. (notably C. compressus Lauder, and C. socialis Lauder) and Aulucoseira
mobilensis (Bailey) Grunow, the dinoflagellates Prorocentrum compressum (Bailey) Abé ex
Dodge and Pyrodinium bahamense Plate (Figure 2). Sediment algae were exclusively
dominated by pennate diatoms, including Navicula phyllepta Kutzing, Planothidium
delicatulum (K(itzing) Round and Bukhtiyarova, N. sydowii Cholnoky, Nitzschia amphibia
Grunow, Gyrosigma spp., Cocconeis disculus (Schuman) Cl., Achnanthes hauckiana
Kltzing) Round and Bukhtiyarova, and Amphora spp. (including A. wisei [Salah]
Simonsen). Both motile (Navicula, Nitzschia) and adnate taxa (Amphora, Cocconeis,
Achnanthes) were only found in sediment samples. Cyanobacteria in the water column
(filamentous forms specifically) were different genera from those found in the sediments.

3.2. Aransas Bay

Pigment content of digestive track samples (n=8) contained large concentrations of
canthaxanthin (exclusive to cyanobacteria) and fucoxanthin (brown plant line pigment—
primarily diatoms). Concentrations of fucoxanthin in muscle tissue were larger than

J Exp Mar Bio Ecol. Author manuscript; available in PMC 2019 March 13.


http://www80.tceq.texas.gov/SwqmisWeb/public/crpweb.faces#
http://www80.tceq.texas.gov/SwqmisWeb/public/crpweb.faces#

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zimba et al. Page 5

concentrations in the digestive track whereas concentrations of the cyanobacterial pigment
canthaxanthin were larger in the digestive tract (Figure 2).

Phytoplankton samples in Aransas Bay were dominated by centric diatoms, particularly
Chaetoceros spp. (notably C. compressus Lauder) and Cyclotella spp., with large amounts of
spherical ultraphytoplankton <1.0 pm in diameter. Sediment algae were dominated by
pennate diatoms and the filamentous cyanobacterium Phormidium sp. Benthic diatoms
included Navicula phyllepta Kutzing, N. sydowii Cholnoky, Nitzschia amphibia Grunow,
Gyrosigma spp., Cocconeis disculus (Schuman) Cl., Planothidium delicatulum, and
Amphora spp. (including A. wisei [Salah] Simonsen) and two larger taxa). Both motile
(Navicula, Nitzschid) and adnate taxa (Amphora, Cocconeis, Achnanthes) were only found
in sediment samples. In Aransas Bay, digestive track samples contained cyanobacteria
(predominately Phormidium sp.) and multiple adnate diatom taxa dominated by Fallacia
pgymae (Ktz.) Stickle & Mann and Navicymbula pusilla Krammer.

3.3. Nueces Bay

Crab digestive track samples (n=6) contained large amounts of fucoxanthin and the
cyanobacterial carotenoid canthaxanthin. Muscle tissue contained slightly greater
concentrations of fucoxanthin than in the digestive track, whereas canthaxanthin
concentrations were slightly less in the muscle tissue.

Water column samples in Nueces Bay contained large amounts of organic debris which
confounded identification. Large abundances of flagellates, spherical cyanobacteria, and
smaller amounts of centric diatoms were identified in water column samples. Benthic
samples were dominated by a diverse diatom flora and the cyanobacteria Phormidium sp.
The benthic cyanobacterium Phormidium sp. and a lineolate Navicula were most abundant
in Nueces Bay porcelain crab digestive tracks.

3.4. Copano Bay Crab SEM

Structure of the outer (3%) maxilliped (Figure 3), which is used to sweep the water during
suspension feeding, includes a dense aggregation of both frond-like (upper right) and more
abundant shorter serrated-forms of cirri (lower left). Distance between cirri averaged 17 um
in the longer frond and 5 pm in the shorter serrated cirri. The inner mouth (24 maxilliped)
has smooth cirri (Figure 3a). Overall length of the serrated cirri averaged 1.4 mm and 1.9
mm for frond-like cirri.

4. Discussion

Oyster reefs have two diverse functionalities: one based on the oyster as the terminal end
member of the food web, and the other involving trophic passage from crabs to fish (Yeager
and Layman 2011). Because porcelain and other crabs use crevices in the reef as refugia,
competition for planktonic food could limit prey access. Pseudofeces from oyster feeding
could provide additional food resources for benthic animals.

Simultaneous analysis of planktonic and benthic algae, coupled with muscle and digestive
track analyses, identified benthis algae as the major food resource for porcelain crabs.
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Centric diatoms in planktonic microalgae were not found in digestive samples, whereas
benthic forms were. Porcelain crab populations are unlikely to be sustained by
phytoplankton in any of the three Texas bay systems surveyed because: 1) plankton algal
community composition is dominated by cyanobacteria of low nutritional value; and 2) algal
cell sizes tended to be small; and the specific algae identified by pigment and taxonomic
analyses with the digestive and muscles of the crabs are rare or nonexistent in the water
column. Although slight differences in cell count and pigment data were evident
(particularly dinoflagellate abundance/peridinen pigment absence in Copano Bay), overall
both methods provided complementary data. Pigment profiles and digestive track analyses
both corroborated the use of non-planktonic food resources by porcelain crabs in the bays
we sampled. Only slightly motile/adnate benthic diatoms were found in porcelain crab
digestive tracks from all bays and no planktonic diatom species were present. Cyanobacteria,
when present, were also benthic filamentous forms. This is in contrast with Johnston and
Freeman (2005) who found only brown and green algae in the stomachs of Petrolisthes
elongatus.

Available phytoplankton chlorophyll concentrations for two annual cycles from Texas CEQ
samples within the three bays averaged <10 ug C L™1. Converting cell count data to carbon
equivalents (Strathmann et al. 1967) and assuming a carbon:chlorophyll ratio of 45,
sediment carbon equaled over 1 gcm-2 whereas water column concentrations of carbon from
phytoplankton equaled <10 mg C L™, similar to other estuaries (see Table 1). Assuming
zooplankton densities in these three Texas estuaries are similar to densities summarized from
the literature by Rios-Jara (1988) and Buskey (1993), typical copepod densities are ~20—
8100 individuals L™1. The feeding area of a 1 cm porcelain crab would occupy is <2.54 cm3,
requiring 155 animals to clear one liter of water (assuming 100% efficiency of mixing the
water column and particle capture), providing < 0.14-52 zooplankters per crab. Average
density of porcelain crabs in nearby St Charles Bay Texas averaged 288 porcelain crabs m=2
(George et al. 2015) suggesting that if these animals were feeding from a well-mixed water
column they could clear 3.204-6.5 L/day individually or 923-1850 L/day assuming active
feeding from 12-24 hrs daily. For these reasons there is insufficient plankton to sustain
porcelain crabs populations from these resources.

Techniques for evaluating food webs can be considered short, medium, or long-term—this
depends on the sampling frequency relative to the organism’s lifetime. For instance,
phytoplankton with a doubling rate of ~1/day can be characterized with a single daily
sample (short), whereas copepods with a 14 day egg-adult cycle might be considered
medium term, and porcelain crabs, with a two-year life expectancy, might be considered
long term. The collection of single food source samples (as is done for stable isotope
analyses for example) may not provide an accurate longer-term perspective of food sources
unless you consider the lifespan of the organisms at each trophic level. The use of carotenoid
biomarkers derived from specific classes of algae/cyanobacteria can provide insights with
regard to food preferences (Grether et al. 1999) and also provides normalization on medium
to long time scales. Cyanobacterial biomarkers such as aphanaxanthin and myxoxanthin can
be used to subset filamentous versus coccoid cyanobacteria (Zimba and Grimm 2003),
whereas canthaxanthin is formed from B-carotene through echinenone by ketolasis (Takaichi
2011) and in our experience is found in late exponential phase cyanobacterial populations.
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Pigment survival through gut/digestive track passage is well documented in fish species
(Grether et al. 1999). Li et al. (2011) reported retention of the carotenoids zeaxanthin and
lutein from catfish fed a pigmented diet of 8-12 weeks. Increased use of carotenoid
pigments in consumer muscle tissue may provide an additional tool to average food resource
utilization.

Recognition of specific algal assemblages in field and digestive track samples, coupled with
monitoring pigment assimilation, provides several lines of evidence to evaluate importance
of phytoplankton or benthic attached diatoms as a food resource for porcelain crabs.
Analysis of maxilliped cirral spacing in porcelain crabs (Petrolisthes spp.) collected from
Texas suggests that particles between 5-15 micrometers would be retained by the cirri
(Figure 3) and that actual ingestion rates would depend on efficiency of transfer from the
longer cirri to the shorter forms and passage into the mouth. The relatively length of these
cirri (< 1.4 mm) as well as the rapidity of sweeping would also limit the rate at which
particles could be captured and removed from the water column. Scraping and resuspending
benthic microalgae/cyanobacteria using these structures may be much more efficient in
terms of energetic expenditures vs energy concentration and capture. Nicol’s (1932)
description of both feeding structures and behaviors of Porcellana (=Pisidia) longicornis is
similar to descriptions of other porcellanids such as Petrolisthes armatus (Caine 1975), A
cinctipes (Wicksten 1973), P, cabrilloi (Kropp 1981), P, alobatus (Laurie 1926), or Polyonyx
gibbesi (Caine 1975).

These somewhat conflicting observations suggest that porcelain crab diets may vary in time
and space, and may depend greatly on the availability of algal food resources. It does seem
clear however, that the porcelain crabs we sampled are not using plankton as the major food
resource and, like Petrolisthes armatus in subtropical oyster reefs, are unlikely to compete
for food resources with oysters from plankton. In the porcelain crabs we sampled,
fucoxanthin was abundant in their muscle tissue, providing evidence of long-term use of
non-planktonic food resources. Benthic diatom densities in hard bottom, three-dimensional
habitat are very large compared to densities of benthic diatoms in the water column (Figure
1). It is likely that porcelain crabs disrupt sediment diatom communities, and consume this
food resource as previously suggested by Caines (1975). The use of multiple indices of diet
seems to provide greater insight than single measurement methods and is recommended to
investigate food webs.

Acknowledgments

We thank CCS students for assistance with porcelain crab collection. Support for this research includes USEPA
MX00D19214-02014-2016 and NSF/NIH 1 R01 ES21968-1 awarded the first author.

6. Literature Cited

Achituv Y, Pedrotti ML. 1999; Costs and gains of porcelain crab suspension feeding in different flow
conditions. Mar Ecol Prog Ser. 184:161-169.

Bandaranayake WM. 1998; Mycosporines: are they nature’s sunscreens? Natural Product Reports.
1998:159-171.

Bolnick D, Yang L, Fordce J, Davis J, Hulsey C, Forister C. 2003; The ecology of individuals:
incidence and implications of individual speciation. Am Nat. 161:1-28. [PubMed: 12650459]

J Exp Mar Bio Ecol. Author manuscript; available in PMC 2019 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zimba et al.

Page 8

Bouillon S, Koedam N, Raman AV, Dehairs F. 2014; Primary producers sustaining macro-invertebrate
communities in intertidal mangrove forests. Oecologia. 130:441-448.

Buskey EJ. 1993; Annual pattern of micro- and mesozooplankton abundance and biomass in a
subtropical estuary. Journal of Plankton Research. 15(8):907-924.

Caine EA. 1975; Feeding and masticatory structure of selected Anomura (Crustacea). J Mar Biol Ecol.
18:277-301.

Cocheret de la Moriniére E, Pollux BJA, Nagelkerken I, Hemminga MA, Huiskes AHL, van der Velde
G. 2003; Ontogenetic dietary changes of coral reef fishes in the mangrove-seagrass-reef continuum:
stable isotopes and gut-content analyses. Mar Ecol Prog Ser. 246:279-289.

Dix N, Phlips E, Suscy P. 2013; Factors controlling phytoplankton biomass in a subtropical coastal
lagoon: relative scales of influence. Estuaries and Coasts. 36:981-996.

Feller RJ, Taghon GL, Gallagher ED, Kenny GE, Jumars PA. 1979; Immunological methods for food
web analysis in a soft-bottom benthic community. Mar Biol. 54:61-74.

Fujita Y, Shokita S, Osawa M. 2002; Complete larval development of Petrolisthes unilobatus reared
under laboratory conditions (Decapoda: Anomura: Porcellanidae). Journal of Crustacean Biology.
22:567-580.

Fulford RS, Breitburg DL, Newell RIE, Kemp WM, Luckenbach M. 2007; Effects of oyster population
restoration strategies on phytoplankton biomass in Chesapeake Bay: a flexible modeling approach.
Mar Ecol Prog Ser. 336:43-61.

George LM, De Santiago K, Palmer TA, Pollack JB. 2015; Oyster reef restoration: effect of alternative
substrates on oyster recruitment and nekton habitat use. J Coast Cons. 19:13-22.

Grether GF, Hudon J, Millie DF. 1999; Carotenoid limitation of sexual coloration along an
environmental gradient in guppies. Proceedings of the Royal Society of London Series B.
266:1317-1322.

Hartman BH, Hartman MS. 1977; The stimulation of filter feeding in the porcelain crab Petrolisthes
cinctipes Randall by amino acids and sugars. Comp Biochem Physiol. 56:19-22.

Hasle, GR. Using the inverted microscope. In: Sournia, A, editor. Phytoplankton Manual. UNESCO,
Page Brothers; Norwich England: 1978. 191-197.

Havens KE, Elia AC, Taticchi MA, Fulton RS 111. 2009; Zooplankton-phytoplankton relationships in
shallow subtropical vs temperate lakes Apopka (Florida, USA) and Trasimeno (Umbria, Italy).
Hydrobiologia. 628:165-175.

Hildebrand H, Durlesen CD, Kirshtel D, Pollingher U, Zohary T. 1999; Biovolume calculation for
pelagic and benthic microalgae. J Phycol. 35:403-424.

Jeffrey, SW, Mantoura, RFC, Wright, SW. Phytoplankton pigments in oceanography: guidelines to
modern methods. UNESO Publishing; 1997.

Jones CG, Lawton JH, Shacak M. 1994; Organisms as ecosystem engineers. Oikos. 69:373-386.

Johnson D, Freeman J. 2005; Dietary preference and digestive enzyme activities as indicators of
trophic resource utilization by six species of crab. Biol Bull. 208:36-46. [PubMed: 15713811]

Kolluru G, Grether G, South S, Dunlop A, Cardinali L, Liu L, Carapiet A. 2006; The effects of
carotenoid and food availability on resistance to a naturally occurring parasite (Gyrodactylus
turnbulli) in guppies (Poecilia reticulate) Bull. J Linnean Soc. 89:301-3009.

Kropp RK. 1981; Additional porcelain crab feeding methods (Decapoda, Porcellanidae). Crustaceaena.
40:307-3009.

Laurie RD. 1926; Anomura collected by Mr. Stanley Gardiner in the West Indian Ocean Transactions
of the Linnaean Society, London. 19:121-167.

Li MH, Robinson EH, Oberle DF, Zimba PV. 2007; Effects of various dietary carotenoid pigments on
fillet appearance and pigment absorption in channel catfish /ctalarus punctatus. J World
Aquaculture Soc. 38:557-563.

Li MH, Robinson EH, Oberle DF, Lucas PM, Peterson BC, Bates TD. 2011; Clearance of yellow
pigments lutein and zeathanxin in channel catfish, /ctalurus punctatus, reared at different water
temperatures. J World Aquaculture Soc. 42:105-110.

J Exp Mar Bio Ecol. Author manuscript; available in PMC 2019 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zimba et al.

Page 9

Malone TC, Kemp WM, Ducklow HW, Boynton WR, Tuttle JH, Jonas RB. 1986; Lateral variation in
the production and fate of phytoplankton in a partially stratified estuary. Marine Ecology Progress
Series. 32:149-160.

Mathews B, Mazumber A. 2004; A critical evaluation of intrapopulation variation of 813C and isotopic
evidence for individual specialization. Oecologia. 140:361-371. [PubMed: 15118902]

McGlaun KA, Withers K. 2012; Metabolism, consumption rates, and scope for growth of porcelain
crab (Petrolisthes galathinus). Gulf of Mexico Science. 1:1-6.

Moll RA. 1977; Phytoplankton in a temperate-zone salt marsh: net production and exchanges with
coastal water. Mar Biol. 42:109-118.

Monbet Y. 1992; Control of phytoplankton biomass in estuaries: a comparative analysis of microtidal
and macrotidal estuaries. Estuaries. 15:563-574.

Mortavazi B, Iverson RL, Landing WM, Lewis FG, Huang W. 2000; Control of phytoplankton
production and biomass in a river-dominated estuary: Apalachicola Bay, Florida, USA. Mar Ecol
Prog Ser. 198:10-31.

Nicol EAT. 1932; The feeding habits of the Galatheidea. Journal of the Marine Biology Association,
UK. 18:87-106.

Paines RT. 1966; Food web complexity and species diversity. The American Naturalist. 100:65-75.

Quigg, A, Litherland, S; Phillips, JA; Kevekordes, K. Phytoplankton productivity across Moreton Bay,
Australia: the impact of water quality, light and nutrients on spatial patterns. Memoirs of the
Queensland Museum - Nature; Proceedings of the Thirteenth International Marine Biological
Workshop, The Marine Fauna and Flora of Moreton Bay; Queensland. 2010. 355-372.

Ranvestel AV, Lips KR, Pringle CM, Whiles MR, Bixby RJ. 2004; Neotropical tadpoles influence
stream benthos: evidence for the ecological consequences of decline in amphibian populations.
Freshwater Biology. 49:274-285.

Riera P, Stal LJ, Nieuwenhuize J, Richard P, Blanchard G, Gentil F. 1999; Determination of food
resources for benthic invertebrates in a salt marsh (Aiguillon Bay, France) by carbon and nitrogen
isotopes: importance of locally produced sources. Mar Ecol Prog Ser. 187:301-307.

Rio-Jara E. 1998; Spatial and temporal variations in the zooplankton community of Phosphorescent
Bay, Puerto Rico. Est Coast Shelf Sci. 46:797-807.

Roberts MH Jr. 1971; Larval development of Pagurus longicarpus Say reared in the laboratory. 1V
Aspects of the ecology of the megalopa. Biol Bul. 141:162-166.

Schmid-Araya JM, Schmid PE. 2000; Trophic relationships: integrating meiofauna into a realistic food
web. Freshwater Biology. 44:149-163.

Strathman RR. 1967; Estimating the organic carbon content phytoplankton from cell volume or plasma
volume. Limnol Oceanogr. 12:411-418.

Sullivan MJ, Moncreiff CA. 1990; Edaphic algae are an important component of salt-marsh food webs:
evidence from multiple stable isotope analyses. Mar Ecol Prog Ser. 62:149-159.

Takaichi S. 2011; Carotenoids in algae: distributions, biosynthesis, and functions. Mar Drugs. 9:1101—
1118. [PubMed: 21747749]

Throndsen, J. Preservation and storage. In: Sournia, A, editor. Phytoplankton Manual. UNESCO, Page
Brothers; Norwich England: 1978. 191-197.

Thurber AR. 2015; Diet-dependent incorporation of biomarkers: implications for food-web studies
using stable isotopes and fatty acid analyses with special reference to chemosynthetic
environments. Mar Ecol. 36(supple. 1):1-17.

Venrick, EL. How many cells to count?. In: Sournia, A, editor. Phytoplankton Manual. UNESCO, Page
Brothers; Norwich England: 1978. 78-83.

Whitman KL, McDermott JL, Oehrlein MS. 2001; Laboratory studies on suspension feeding in the
hermit crab Pagurus longicarpus (Decapoda: Anomura: Paguridae). J Crustac Biol. 21:582-592.

Wicksten MK. 1972; Feeding of the porcelain crab, Petrolisthes cinctipes (Randall) (Anomura:
Porcellanidae). Bulletin of the Southern California Academy of Sciences. 72:161-163.

Yeager LA, Layman CA. 2011; Energy flow to two abundant consumers in a subtropical oyster reef
food web. Aquatic Ecology. 45:267-277.

J Exp Mar Bio Ecol. Author manuscript; available in PMC 2019 March 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zimba et al. Page 10

Zimba PV, Dionigi CP, Millie DF. 1999; Evaluating the relationship between photopigment synthesis
and 2-methylisoborneol accumulation in cyanobacteria. J Phycol. 35:1422-1429.

Zimba PV, Tucker CS, Mischke CC, Grimm CC. 2002; Short-term effect of diuron on catfish
production pond ecology. North American Journal of Aquaculture. 64:16-23.

Zimba PV, Grimm CC. 2003; A synoptic survey of musty/muddy odor metabolites and microcystin
toxin occurrence and concentration in southeastern USA channel catfish (/ctalurus punctatus
Ralfinesque) production ponds. Aquaculture. 218:81-87.

J Exp Mar Bio Ecol. Author manuscript; available in PMC 2019 March 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zimba et al.

Page 11

Highlights

Porcelain crab digestive and muscle pigment content suggests that benthic
algae serve as a major food resource.

Digestive tract content consists of benthic algae not phytoplankton.
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Figure 1.
Digestive track (D.T.) and muscle content of lipophilic pigments in porcelain crabs from

Copano Bay (n=20), Aransas Bay (n=8), and Nueces Bay (n=6), Texas, USA. Error bars are
standard deviations.
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Biovolume equivalents of water column and subtidal sediment sample algae collected
concurrently with porcelain crab harvests in Aransas, Copano, and Nueces bays, Texas,
USA. Cell number of algae were converted to biovolume using appropriate formula for
water column and algae on the sediment surface.
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Figure 3.
Porcelain crab feeding structures associated with third maxilliped. A: Entire third maxilliped

from porcelain crab. B: Double-edged shorter cirri located on the external side of A. C:
Bristle-like longer cirri the the internal side of A. D: Internal mouth section (second
maxilliped) from porcelain crab with smooth cirri.
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Table 1

Comparative standing stock biomass (as chlorophyll g) of water column and subtidal microalgae in estuarine
habitats. Units are mg m~2 for water column and mg m~=2 for sediments.

Location Phytoplankton  Subtidal Algae  Reference

Flax Pond, NY 6.5 — Moll 1977

Buzzards Bay, MA 25 50 Roman and Tenore 1978
Chesapeake Bay, MD 55 245-389 Malone 1985
Apalachicola Bay, FL 12.5 — Mortazavi et al. 2000
Fort Matanzas, FL 47 — Dix et al. 2013

Moreton Bay, Australia 5.5-9.0 — Quigg et al. 2010
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