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Abstract This article reviews the mechanical processes

associated with digestion in decapod crustaceans. The

decapod crustacean gut is essentially an internal tube that is

divided into three functional areas, the foregut, midgut, and

hindgut. The foregut houses the gastric mill apparatus

which functions in mastication (cutting and grinding) of the

ingested food. The processed food passes into the pyloric

region of the foregut which controls movement of digesta

into the midgut region and hepatopancreas where intra-

cellular digestion takes place. The movements of the

foregut muscles and gastric mill are controlled via nerves

from the stomatogastric ganglion. Contraction rates of the

gastric mill and foregut muscles can be influenced by

environmental factors such as salinity, temperature, and

oxygen levels. Gut contraction rates depend on the mag-

nitude of the environmental perturbation and the physio-

logical ability of each species. The subsequent transit of the

digesta from the foregut into the midgut and through the

hindgut has been followed in a wide variety of crustaceans.

Transit rates are commonly used as a measure of food

processing rates and are keys in understanding strategies of

adaptation to trophic conditions. Transit times vary from as

little as 30 min in small copepods to over 150 h in larger

lobsters. Transit times can be influenced by the size and the

type of the meal, the size and activity level of an animal

and changes in environmental temperature, salinity and

oxygen tension. Ultimately, changes in transit times influ-

ence digestive efficiency (the amount of nutrients absorbed

across the gut wall). Digestive efficiencies tend to be high

for carnivorous crustaceans, but somewhat lower for those

that consume plant material. A slowing of the transit rate

allows more time for nutrient absorption but this may be

confounded by changes in the environment, which may

reduce the energy available for active transport processes.

Given the large number of articles already published on the

stomatogastric ganglion and its control mechanisms, this

area will continue to be of interest to scientists. There is

also a push towards studying animals in a more natural

environment or even in the field and investigation of the

energetic costs of the components of digestion under

varying biotic and environmental conditions will

undoubtedly be an area that expands in the future.

Keywords Crustacean � Digestion � Foregut � Gastric �
Stomatogastric � Transit rate

Introduction

The digestive system of crustaceans has been the focus of

studies for over 150 years. Earlier works concentrated on

the comparative anatomical and morphological features of

the gut (e.g. Huxley 1880; Mocquard 1883; Pearson 1908;

Calman 1909; Balss 1944). In the past four decades,

physiological processes such as enzyme activity, the

transport and fate of nutrients, and neural and hormonal
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control mechanisms have received more attention (e.g.

Barker and Gibson 1977, 1978; Lovett and Felder 1989;

Christie et al. 1995, 2010; Mente 2003; Johnston and

Freeman 2005; Marder and Bucher 2007; Linton and

Greenaway 2007; Linton et al. 2009; Stein 2009).

The decapod crustacean digestive system is essentially

an internal tube that is divided into three functional areas,

the foregut, midgut, and hindgut. The foregut is a highly

specialized structure that functions in both mechanical and

extracellular digestion. The midgut regulates movement of

digesta into the hepatopancreas where intracellular

digestion takes place, while rhythmic peristaltic move-

ments of the hindgut expel the peritrophic membrane

containing the feces (Dall and Moriarty 1983; Icely and

Nott 1992; Conklin 1995; Factor 1995). The muscles of

the foregut and gastric mill apparatus are innervated by

the stomatogastric nervous system (STNS). The fact that

the large, readily identifiable neurons of the STNS can be

easily removed and studied in vitro, means that it has

become a model system for investigating the functioning

of central pattern generators in both invertebrates and

vertebrates. Studies of the crustacean STNS have resulted

in over 1,000 papers as well as several excellent review

articles (Selverston et al. 1976; Selverston and Moulins

1987; Hartline et al. 1988; Harris-Warrick and Marder

1991; Harris-Warrick et al. 1992; Marder and Bucher

2007; Stein 2009). In addition to the nervous control of

digestion, there are a number of papers and book chapters

that provide an excellent overview of nutrition and

digestion in crustaceans (Dall and Moriarty 1983; Icely

and Nott 1992; Conklin 1995; Factor 1995; Ceccaldi

1997; Johnston 2007; Saborowski 2013). Rather than

reproducing these works here, the goal of this review is to

provide a basic overview of the structure and function of

the gut to aid in understanding the mechanical mecha-

nisms of gastric processing.

This review focuses on crustaceans from the order

Decapoda, but relevant examples from other crustacean

groups are also discussed. Two main areas are addressed:

first, the mechanical processing of food in the foregut is

reviewed. This area focuses on the contraction rates and

patterns of gastric mill activity as well as regulation of

movement of digesta (pyloric sac activity) into the midgut

region. The second area covers the transit/clearance rates

of digesta from the system and digestive efficiencies. Gut

transit rates are a useful tool for assessing food consump-

tion, allowing the estimation of feeding rates and food

conversion (Loya-Javellana et al. 1995). The different

methodologies for determining transit rates and the

movements of digesta between the three functional areas

are reviewed. Finally, the modulatory effects of changes in

the physicochemical and biotic environment on the diges-

tive physiology of crustaceans are discussed.

The functional anatomy of the decapod crustacean gut

The crustacean gut is essentially an internal tube opening at

the esophagus and ending as the anus in the telson of the

abdomen. It is divided into the foregut, midgut, and hind-

gut (Fig. 1a, b). The mouth opens into a short esophagus,

the walls of which are lined with tegumental glands. These

glands secrete mucus that lubricates the food as muscular

waves propel it towards the foregut. The foregut is lined

with cuticle and separated into an anterior cardiac chamber,

with a smaller pyloric chamber lying posteriorly (Barker

and Gibson 1977, 1978; Icely and Nott 1992; Heeren and

Mitchell 1997). The cardiac chamber is a large distensible

sac that functions as an area for storage and processing of

food. The internal structure of the cardiac chamber varies

between species. In most decapods, it is lined with

numerous calcified ossicles which function in mechanical

digestion. Filtration grooves in the walls of the cardiac

chamber channel the food towards the posterior of the

chamber which contains the gastric mill apparatus (Fel-

genhauer and Abele 1983, 1989). The gastric mill is

composed of large ossified teeth which masticate the food

(Maynard and Dando 1974). Not all decapod crustaceans

possess these highly calcified teeth, they may totally absent

in some of the lower decapods and replaced by folds with

uncalcified ossicles (Felgenhauer and Abele 1983, 1989;

Brosing 2010). In these species, the mouthparts tend be

more complex and take over the job of the gastric mill

(Icely and Nott 1992; Allardyce and Linton 2010).

Depending on the species and arrangement of the teeth, the

gastric mill cuts, crushes, and/or mixes the food with

digestive enzymes. The processed food is then pushed

posteriorly towards to the pyloric chamber by rhythmic

contraction of the muscles of the foregut (Heinzel 1988).

At the junction of the two chambers, cardiopyloric setae in

conjunction with the cardiopyloric valve regulate move-

ment of digesta between the cardiac and pyloric chambers.

Any coarse unprocessed material captured by the cardio-

pyloric setae is pushed back into the cardiac chamber and

gastric mill for further mechanical digestion. The smaller

pyloric chamber is situated posteriorly and ventrally to the

cardiac chamber (Fig. 1a, b). Its primary function is sorting

of food for subsequent transport into the midgut region

(Heinzel 1988; Heinzel et al. 1993). Gland filters in the

pyloric region filter out particulate matter, so that only the

liquid form of digesta reaches the hepatopancreas. The

rhythmic pumping of the pyloric sac also functions in

propelling food along the midgut region (Hopkin and Nott

1980; Icely and Nott 1992).

The midgut starts at the junction with the pyloric sac and

ends in a coiled tube, the posterior midgut caecum at the

junction between the carapace and abdomen (Fig. 1a,b;

Smith 1978). Unlike the foregut and hindgut which are
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lined with cuticle, the walls of the midgut are lined with

glandular columnar epithelium (Icely and Nott 1992;

Johnston 2007). The midgut varies in length depending on

species: it tends to be short in some species of crayfish, but

extends into the abdomen in the brachyuran crustaceans

(Smith 1978; Lovett and Felder 1989). Ducts arise at the

junction of the midgut and pyloric sac and branch exten-

sively as blind-ending tubules within the digestive gland or

hepatopancreas (Factor 1995). The hepatopancreas (also

known as the digestive gland) is a large organ occupying

most of the dorsal region of the cepaholathorax and may

extend backwards into the abdomen (Gibson and Barker

1979). It is here that enzymatic digestion continues and

absorption of food occurs (Hopkin and Nott 1980). The

hepatopancreatic ducts contain musculature suggesting that

their contraction aids in movement of the digesta through

the hepatopancreas (Dall 1967; Johnston et al. 1998). Inert

particles are filtered out at the entrance of the ducts and

only liquid and particles less than 100 nm in diameter enter

the hepatopancreas (Smith 1978; Hopkin and Nott 1980).

The hepatopancreas has a number of specialized cells

(B, E, F and R cells) within the walls of the tubules

(Momin and Rangneker 1974). These are involved with

enzyme production and recycling, and absorption of nutri-

ents and water. It is here that intracellular digestion and

protein synthesis begin and can continue for up to 2–3 days

(Houlihan et al. 1990; Mente 2003; Mente et al. 2003). Most

nutrients are absorbed across the tubules of the hepatopan-

creas, although some may be absorbed directly across the

midgut wall. In some crustaceans, blind ending extensions

of the midgut, the anterior and posterior midgut caeca are

evident (Smith 1978). Their small size suggests that they

only play a minor role in digestion, possibly activation or

production of some enzymes, maintenance of pH balance or

accommodation of volume changes as the foregut contracts

(Holliday et al. 1980). They may also play a role in ion and

water regulation (Lovett and Felder 1990).

The hindgut arises behind the posterior midgut caecum

and runs the length of the abdomen to the anus (Maynard

and Dando 1974). It is usually a simple cuticle lined tube,

surrounded by outer layers of longitudinal and circular

striated muscle (Barker and Gibson 1977, 1978; Johnston

and Alexander 1999). It functions in expelling the muco-

peritrophic membrane and its contents by rhythmic
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Fig. 1 a Anatomy of the

digestive system of a decapod

crustacean, showing the foregut,

midgut, and hindgut regions

(modified from Wallace and

Taylor 1992). b Schematic

diagram of digestive processes

occurring in the decapod

crustacean gut (modified with

permission from Conklin 1995:

In The Lobster Homarus

americanus. Ed. J. Factor)
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contractions along its length (Dall and Moriarty 1983).

Tegumental glands along the length of the hindgut secrete

mucus to lubricate the walls (Gibson 1983). Some digesta

may remain in the hindgut and is not voided until a sub-

sequent meal is ingested (Hopkin and Nott 1980). As with

other arthropods, the hindgut may also be involved in

active ion uptake and transport (Mykles 1979; Factor

1995).

Mechanical processing in the foregut

The muscles and gastric mill apparatus of the foregut are

innervated by the stomatogastric nervous system (STNS).

The nerves of the STNS synapse on over 40 different

skeletal muscles that control the movements of the

esophagus (peristalsis), cardiac sac (storage), gastric mill

(cutting/grinding), and pyloric sac (filtration of digesta)

(Stein 2009; Fig. 2). The STNS consists of four connected

ganglia. The prominent stomatogastric ganglion (STG) is

located inside the anterior aorta on the dorsal surface of the

cardiac stomach. In addition to the STG, there is an

esophageal ganglion and the paired commissural ganglia.

The muscles surrounding the gastric mill and pyloric sac

are innervated by the STG, while the cardiac sac and

esophageal pattern generators are located in the commis-

sural ganglia and the esophageal ganglion, respectively

(Bucher et al. 2006; Marder and Bucher 2007; Fig. 2).

Although the anatomy and morphology of the stomach

and gastric mill varies somewhat between species (Ngoc-

Ho 1984; Allardyce and Linton 2010), common neural

networks are evident (Marder and Bucher 2007). However,

the interactions, in particular those between the gastric mill

and pyloric circuit pattern generators, vary between species

(Kilman and Marder 1996; Bucher et al. 2006). All the

STG neurons possess multiple receptors and their rhythms

are controlled by a variety of pericardial or sinus gland

neurohormones and/or STG neurotransmitters (Marder

1976; Marder and Eisen 1984; Weimann et al. 1991;

Marder and Weimann 1992; Rezer and Moulins 1992;

Weimann 1992; Christie et al. 1995, 2010; Marder et al.

2005; Stein 2009; Christie 2011). The pyloric rhythm is

almost continuously expressed in the animal, with a burst

frequency of around 1–2 s, although this varies depending

on the species and environment (Rezer and Moulins 1983,

1992; Clemens et al. 1998a). In contrast, the gastric mill

rhythms are slower and more sporadic (typically 8–20 s)

compared with those of the pyloric sac, and become acti-

vated in response to feeding (Clemens et al. 1998b, c). The

pyloric and gastric rhythms are not controlled separately;

instead, there is significant interaction between the two

groups of neurons. There can be switching between the

neurons that control the two rhythms such that they reset

the underlying frequency of either the gastric or pyloric

contractions (Weimann et al. 1991; Weimann and Marder

1994; Thuma et al. 2003).

Electromyographic recordings have shown how the

neural patterns generated in the STNS manifest themselves

on the foregut muscles (e.g. Hartline and Maynard 1975;

Hermann and Dando 1977; Rezer and Moulins 1983;

Rivera and Marder 1996; Clemens et al. 1998a, b; Stein

et al. 2006). However, these articles did not investigate the

Mouth

Midgut

Stomatogastric
ganglion

Commissural
ganglion

Esophageal
ganglion

Pyloric muscles

Gastric muscles

Cardiac
sac

Pyloric 
sac

CNS

Gastric 
mill

Fig. 2 Diagram of the decapod

foregut showing the major

muscles involved in moving the

gastric mill and the pyloric sac.

The main neurons and ganglia

of the stomatogastric nervous

system (STNS) are also shown

(redrawn from Bucher et al.

2006)
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actual movements of the gastric teeth, but rather relied on

the contractions of the muscles themselves to interpret how

food was processed in the foregut. To date, there is still

very little information how the pattern generators corre-

spond to the actual movements of the gastric mill apparatus

in the intact animal.

Heinzel (1988) used an endoscope to study the func-

tioning of the foregut, in vivo, in the lobster, Panulirus

interruptus. Two distinct contractions of the gastric mill

apparatus are described with intervals of activity ranging

between 4 and 70 s. The first ‘‘squeezing’’ motion occurs

when the two lateral teeth move towards the midline to

contact the medial tooth that is retracting. The lateral teeth

do not meet completely and do not contact the rasped

surface of the medial tooth, instead only the cusps of each

tooth touch (Fig. 3a, b). This movement, which is fairly

rapid, squeezes the fluid out of the food and may break

hard items such as shell and bone (Heinzel 1988). The

second ‘‘cutting and grinding’’ action is more complex

(Fig. 3a, c). An inwards movement of the lateral teeth

occurs, so that the serrated edges eventually contact one

another, performing a cutting motion. During this phase,

the medial tooth remains retracted. The lateral teeth then

move backwards along the medial tooth. At the same time,

the rasped surface of medial tooth moves forwards over the

entire surface of the lateral teeth; this action grinds the food

(Fig. 3a, c; Heinzel 1988; Heinzel et al. 1993). The cutting

and grinding actions are characterized by a longer con-

traction period than the squeezing movement. The grinding

action eventually breaks the food down into a liquid phase

which is then passed back across the setal filters into the

pyloric region of the foregut (Heinzel et al. 1993).

Despite the success of the endoscopic method for

determining the links between neural pathways and actual

gastric mill movements, it was suggested that insertion of

the endoscope into the foregut could potentially disrupt

some of the activity patterns of the gastric mill (Heinzel

1988; Heinzel et al. 1993). Our lab developed a fluoros-

copy method allowing observation of gut contractions in

unrestrained crustaceans, in vivo (McGaw 2006). This

method substantiates the fact that contractions of the car-

diac region of the gut are sporadic across a variety of

decapod species (Morris and Maynard 1970; Powers 1973;

Heinzel 1988; Heinzel et al. 1993; Clemens et al. 1998a;

McGaw 2006, 2007a, 2008, Curtis and McGaw 2010).

However, these observations tended to be conducted over

fairly short time periods or on unfed animals which may

have accounted for the lack of discernible patterns of car-

diac stomach activity. If digestion is followed from

ingestion of food until the cardiac stomach is emptied

(18–24 h), an activity pattern emerges (Fig. 4; McGaw

Unpublished data). A pulsating-type movement is observed

in the center of the gastric mill (recorded as gastric activity

rate) which is overlaid by larger, less frequent contractions

of the entire cardiac sac (Fig. 4). The pulsating movement

likely represents the small amplitude in and out movement

of the accessory teeth, which are controlled by the inferior

cardiac and ventricular dilator neurons (Heinzel et al.

1993). These accessory teeth are mechanically coupled

with the cardiopyloric valve, which regulates movement of

digesta into the pyloric sac (Heinzel et al. 1993). The actual

contraction phase of the gastric mill is characterized by a

pumping type action, followed by the prolonged contrac-

tion of the entire foregut. This pre-pumping, described as

an incomplete closure, is termed ‘‘pyloric timed pumping

of the lateral teeth’’, and is controlled by the pyloric pattern

generators in the lateral and medial gastric neurons

(Heinzel et al. 1993). Foregut contractions increase

immediately after feeding, then decrease in frequency over

the following 3–6 h (Fig. 4). During this time (3–6 h), the

contractions of the cardiac sac occur approximately every

70–100 s and typically last for 1–3 s. As the time since

ingestion of the meal increases (12–24 h), these contrac-

tions of the cardiac stomach become more frequent and of

longer duration. Towards the end of the digestion phase,

when the cardiac sac is nearly empty, contractions occur

every 15–20 s and the contraction phase lasts between 3

and 10 s. Although the graphs suggest that the pulsatile

movement of the accessory teeth decreases with time, this

is an artifact due to the decreased time interval between

each cardiac stomach contraction; the accessory teeth

contractions actually remain fairly steady at about

30–50 min-1 (Fig. 4). The observed changes in gastric

activity following feeding are reflected by an increased

discharge rate of the neurons supplying the foregut muscles

of the gastric mill (Clemens et al. 1998c). Although there is

a strong interaction between the gastric and pyloric gen-

erator rhythms in unfed animals, these two pattern gener-

ators separate following feeding and do not interact again

for 24–48 h, which corresponds with the emptying time of

the foregut (Clemens et al. 1998b). This allows separation

of regional roles of the cardiac and pyloric sac in pro-

cessing of the food (Clemens et al. 1998a, b).

Contractions of the pyloric sac regulate movement of

food into the midgut (Icely and Nott 1992) and are more

stable and rapid compared with those of the cardiac region

(Heinzel 1988; Clemens et al. 1998a, b). In the fluoroscope

preparations, the pyloric contractions appear as small

amplitude ‘‘pumping’’ type movements. Contraction rates

of 40–80 min-1 agree with burst frequency of the pyloric

muscle neurons in a number of decapods (Morris and

Maynard 1970; Powers 1973; Heinzel 1988; Heinzel et al.

1993; McGaw 2006, 2007a, 2008; Curtis and McGaw

2010). Pyloric contractions are elevated immediately fol-

lowing the consumption of a meal, but decrease signifi-

cantly within 1–4 h, stabilizing thereafter (Morris and
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Maynard 1970; Rezer and Moulins 1983; McGaw 2006,

2007a, 2008; Curtis and McGaw 2010). Activity in the

pyloric sac does not cease completely and it continues to

contract, albeit at a lower rate, even when the stomach is

empty (Clemens et al. 1998a, b). While a suite of neuro-

modulators is known to affect the STNS (and thus the

contraction of the gut), the effect of exogenous sources on

the STNS is less well documented. These can include the

presence of food material (Powers 1973; Rezer and Mou-

lins 1983; Clemens et al. 1998b) and changes in internal

oxygen levels (Massabuau and Meyrand 1996; Clemens

et al. 1998b). In addition, the fluoroscopy method has

shown that several environmental parameters can modulate

the pyloric sac rhythm in intact decapod crustaceans, often

in a dose-dependent manner.

The STG lies inside the anterior aorta where it is directly

bathed in arterial hemolymph, and changes in internal

oxygen levels have been implicated in controlling the

STNS. Hemolymph PO2 appears to act in a neuromodu-

latory fashion and the increase in PO2 associated with

feeding causes an acceleration of both gastric and pyloric

networks, while the interprandial decreases may allow the

system to recover (Massabuau and Meyrand 1996;

Clemens et al. 1998b). The Dungeness crab, Cancer

magister, is very tolerant of hypoxia (Airriess and

McMahon 1994; McGaw 2005). Nevertheless, when the

external oxygen tension drops below 5 kPa (25 % O2 sat-

uration), they are unlikely to be able to meet the increased

metabolic demands associated with digestion (McGaw

2005). This results in a drop of pyloric contraction rates by

about 25 % and a subsequent slowing of the passage of

digesta through the gut (McGaw 2008; Fig. 5a). Interest-

ingly, the range of oxygen tensions where a significant

decrease in pyloric contraction is observed corresponds

closely with their Pcrit level (McGaw 2008). A similar

pattern occurs during short-term emersion in the red rock

crab, Cancer productus. During a 6 h period of aerial

exposure, the hemolymph PO2 falls from approximately 9

to 2 kPa (McGaw et al. 2009) and pyloric contractions drop

from 55–65 min-1 to about 10–15 min-1 (McGaw 2007a).

Although the pyloric sac continues to contract slowly, the

transit of food through the midgut and hindgut is essen-

tially halted (McGaw 2007a). A higher mortality rate

occurs in these postprandial C. productus (compared with

unfed animals) due to a decrease in hemolymph pH and

PO2 and a rapid build-up of ammonia (McGaw et al. 2009).

MTRL LL

RL LL

MT

a

b

c

Squeeze

Cut and grind

Posterior

Anterior

Posterior

Anterior

Fig. 3 a Photo of the decapod crustacean gastric mill apparatus

showing the left (LL) and right lateral teeth (RL) and the single

medial tooth (MT) (reproduced with permission from Marder and

Bucher 2007). b Schematic diagram depicting the squeezing motion

of the gastric teeth. The cusps of the lateral teeth move inwards to

contact the cusp of the medial tooth; at the end of the cycle the lateral

teeth move outwards and the medial tooth moves downwards

(redrawn from Heinzel 1988). c Schematic diagram showing the cut

and grind motion of the gastric mill. The teeth start closer together

compared with the squeezing motion. The two lateral teeth move

inwards so that the serrated edges contact one another, cutting the

food. The lateral teeth remain closed and move backwards over the

rasped surface of the medial tooth, at the same time the medial tooth

moves forwards, this action grinds the food. The medial tooth retracts

and the lateral teeth open at the end of the cycle (redrawn from

Heinzel 1988)
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Consequently, when C. productus is exposed to air, it often

regurgitates the contents of the foregut (McGaw 2007a).

Rapid waves of contraction start in the posterior region of

the cardiac sac forcing food upwards, while simultaneous

opening of the esophagus allows expulsion of the food

(Fig. 6). This pattern of regurgitation has also been

observed in Cancer gracilis exposed to low salinities

(McGaw 2006). It is hypothesized that this may be a

protective mechanism, removing food that would otherwise

be destined for digestion which would put an added

physiological stress on the animal (McGaw 2006, 2007a).

Temperature is one of the most important environmental

factors influencing metabolism and would therefore also be

expected to influence gastric processing (Robertson et al.

2002; Willmer et al. 2005). In Carcinus maenas acclimated

to 10 or 20 �C, pyloric contraction rates are 56–59 and

Fig. 4 Patterns of accessory

teeth and cardiac stomach

contraction in an individual

graceful crab, Cancer gracilis,

and an individual Dungeness

crab, Cancer magister measured

using a Lixi� fluoroscope.

Foregut activity was assessed

(for 300 s) in each species

immediately following feeding

and at regular intervals until

digesta was cleared. The

number of accessory teeth

movements (defined in text as

‘‘pulsatile’’ movements) are

shown over the time interval

they were counted. Accessory

teeth movements were

interrupted by sporadic

contractions of the entire

cardiac sac which are shown as

zero values over the time period

that the gut was contracting

(McGaw unpublished data). For

example, on the first graph, the

labelled accessory teeth

movements are 52 contractions

over a 65 s period, the entire

cardiac sac contracts for 2 s

(0 value), before the accessory

teeth contractions resume again
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71–74 min-1, respectively, representing a Q10 of approxi-

mately 1.3. When the crabs are subsequently transferred to

either, 5, 15, or 25 �C, the change in rate corresponds

directly with the direction and magnitude of the tempera-

ture change (Fig. 5b; McGaw and Whiteley 2012). Acute

temperature experience, rather than the acclimation

temperature, appears to have a more pronounced effect on

gastric processing in this species (McGaw and Whiteley

2012).

Low salinity can also modulate gastric activity, and the

effects appear to be directly related to the osmoregulatory

ability of an animal: the poorer the osmoregulatory ability,

the greater the effect on pyloric contraction and thus transit

rates. In an efficient osmoregulator such as the blue crab,

Callinectes sapidus, pyloric contraction rates are typically

55–65 min-1 and there is no significant change in these

rates when animals are transferred to 100, 50, or 25 %

seawater (SW) (Curtis and McGaw 2010). In contrast, the

Dungeness crab, C. magister, which is classified as a weak

regulator (Hunter and Rudy 1975), exhibits a slowing of

pyloric contraction rates in salinities below 75 % SW, and

it will not feed in salinities below 40 % SW (Curtis and

McGaw 2010; Curtis et al. 2010). The graceful crab,

C. gracilis, is an osmoconformer and cannot survive in

salinities below 55 % SW (Curtis et al. 2007). It exhibits a

step-wise decrease in pyloric contraction rates as the

salinity decreases, with rates in 60 % SW dropping to

about a third of the levels measured in 100 % SW (Fig. 5c;

McGaw 2006). It in unclear whether these changes in

environmental parameters directly influence the STNS, or

whether the changes in gastric processing are the result of

the animal being unable to balance the metabolic demands

of several physiological processes operating simulta-

neously (McGaw 2006, 2007b; Curtis and McGaw 2010).

In addition to the contraction of the pyloric sac, peri-

staltic contractions of the muscles of the midgut and

hindgut aid movement of digesta through the intestines

(Winlow and Laverack 1972a). However, much less is

known about the control mechanisms of the midgut and

hindgut compared with the foregut. Coordinated peristaltic

contractions of the hindgut are controlled by the central

nervous system via nerves originating in the 6th and 7th

abdominal segment ganglia (Winlow and Laverack 1972a,

Fig. 5 Changes in pyloric sac contraction rates (min-1) in three crab

species; data represent the means ±SE of 7–10 individuals in each

treatment. a Dungeness crabs, Cancer magister were maintained in

water of 12 �C and an oxygen tension of 18–21 kPa (85–100 %

oxygen saturation), following feeding oxygen tension was dropped to

5 kPa (25 % oxygen saturation) or 1.5 kPa (7.5 % oxygen saturation)

and gut parameters followed for a further 20 h (McGaw 2008).

b Green crabs, Carcinus maenas, were acclimated to a temperature of

20 �C and fed a radio labeled meal. The temperature was then

changed (over 1 h) to either 5, 15 or 25 �C and changes in pyloric

contraction rates followed until the foregut was cleared (McGaw and

Whiteley 2012). c Graceful crabs, Cancer gracilis, were fed in 100 %

seawater (SW), following which the water was changed to 100, 80 or

60 % SW, by the addition of freshwater of ambient temperature.

Pyloric contraction rates were followed for a total period of 18 h

(McGaw 2006). Letters denote significant differences, like letters are

not significantly different from one another (P [ 0.05)

b
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b, c). The nerves are not essential for contraction, but rather

are used for modulation, as the hindgut also has myogenic

pacemaker cells which exhibit spontaneous contractions

in vitro (Ebara 1969; Winlow and Laverack 1972a; Bren-

ner and Wilkens 2001). A variety of neurotransmitters and

neuropeptides originating in the hindgut can influence the

rate and amplitude of contraction of the hindgut (Florey

1961; Jones 1962; Mercier et al. 1997; Mercier and Lee

2002; Wrong et al. 2003; Musolf et al. 2009). The longi-

tudinal muscles primarily influence the rate and amplitude

of contraction, while longer sustained contractions are

controlled by the circular muscles. The slower tonic-type

contractions last for 30–60 s (Wrong et al. 2003). This

sustained slow contraction is ideal for movement of wastes

along the hindgut and expulsion of feces (Brenner and

Wilkens 2001; Wrong et al. 2003). Distinct physiological

regions of the hindgut are evident that respond in different

ways to neuromodulators (Musolf et al. 2009). For exam-

ple, the posterior portion of the hindgut acts not only to

expel feces but also functions in ion and water uptake

(Mykles 1979; Factor 1995) and this region of the gut can

undergo forward or reverse peristalsis depending on the

animal’s needs (Ebara 1969; Mercier and Lee 2002).

Small-scale contractions of the midgut have been observed

in vivo, but it is unclear whether or not these are simply

vibrations from the upstream contraction of the pyloric sac

or actual peristaltic contractions of the midgut (McGaw

2006). Occasional large scale contractions of the whole

midgut occur, although these tend to be infrequent, with no

discernible pattern (1–2 h-1) (McGaw 2006, 2007a, b,

2008).

Methodology used to monitor gastric processes

A variety of methods have been employed to measure the

amount and type of food consumed and its subsequent

passage through the digestive system. In herbivorous

copepods, a fluorescence method was devised, whereby the

decline of chlorophyll a and phaeophyta pigments in the

gut are measured (Mackas and Bohrer 1976). Briefly,

copepods that have been fed phytoplankton are removed at

set intervals (usually in groups), washed, and homogenized

with acetone. The filtrate is collected and read on a fluo-

rometer equipped for chlorophyll detection, applying a

correction factor for background fluorescence from unfed

animals (Ellis and Small 1989; Tirelli and Mayzaud 2005).

The decline in pigment levels corresponds to the evacua-

tion of the phytoplankton meal from the gut. Although this

method has been applied in numerous studies on zoo-

plankton feeding and egestion rates (e.g. Mackas and

Bohrer 1976; Baars and Oosterhuis 1984; Kiorboe et al.

1985; Dagg and Walser 1987; Dam and Peterson 1988;

Ellis and Small 1989; Pasternak 1994; Perissinotto and

Pakhomov 1996; Tirelli and Mayzaud 2005), it has met

with some criticism. Transit and clearance rates may be

under-estimated in some cases because the pigments may

be degraded, rather than cleared from the gut, and this rate

may vary with the type or concentration of the food

material and the temperature (Baars and Oosterhuis 1984;

Dagg and Walser 1987; Pasternak 1994). The fluorescence

method has been validated somewhat by carrying out

experiments in conjunction with other methods such as the

addition of charcoal tracer particles, enzyme activity, and

radioactive (Germanium68) decay rates (Ellis and Small

1989; Peterson et al. 1990; Perissinotto and Pakhomov

1996).

Fig. 6 Fluoroscope images (dorsal view) of the foregut of a red rock

crab, Cancer productus, showing regurgitation of food during aerial

exposure. The process starts with vigorous contraction of the foregut

muscles squeezing digesta inwards and upwards (arrows). The

esophagus (ES) then opens, followed by waves of contraction that

force the digesta into the esophagus and out of the mouth

(CS = cardiac stomach, PS = pyloric sac) (from McGaw 2007a)
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In small, transparent decapod crustaceans, the transit of

food through the gut and production rate of feces can be

measured by visual observation. In the shrimps, Palae-

monetes pugio, Farfantepenaeus aztecus, Litopenaeus

setiferus and Macrobrachium borellii, the passage of the

meal can be viewed directly through the translucent body

(Hoyt et al. 2000; Beseres et al. 2005, 2006; Carvalho et al.

2011). Visualization is often enhanced with some type of

marker in the food, such as inert latex fluorescent beads of

2–5 lm (Hoyt et al. 2000; Beseres et al. 2005, 2006),

fluorescent dye (Serrano 2012), or bright red copepod prey

items (Murtaugh 1984). This method not only allows total

gut passage time (first production of feces) to be deter-

mined but also transit time through regions of the gut to be

calculated as the markers are readily visible in the gut

without having to resort to extensive disturbance to, or

dissection of the animals (Beseres et al. 2005, 2006).

In larger decapod crustaceans, the thickened carapace

does not allow direct observation of the gut. Gastric

clearance rates have been measured with a radioactive

marker (CO57). Small spheres (15 lm diameter) of the

marker are suspended in solution and introduced into the

crab’s stomach just before feeding. The resultant feces are

collected and transit times calculated by measuring the

excretion of radioactive material (0.5–99.5 %) in the feces

(Greenaway and Linton 1995; Greenaway and Raghaven

1998). However, this method only gives a time for clear-

ance of the entire gut system. Dall (1967) used radioactive

silver (Ag110) particles of 1–5 lm which were ground up

with food to form pellets. The radioactivity levels in the

animal were then measured with a scintillation counter.

The animal was placed over the counter, a small hole was

drilled in a lead brick and the animal maneuvered over the

hole. This allowed the passage of the radioactive material

to be followed through different regions of the gut. How-

ever, the primary method that has been used for deter-

mining the passage of food in larger decapod crustaceans

involves sacrificing the animal with the subsequent

removal of the gut and examination of the contents.

Originally, this method was used to determine the type and

quantity of prey items in the diet of animals collected in the

field (Hill 1976; Williams 1981; Choy 1986; Cockcroft and

McLachlan 1986; Maynou and Cartes 1998; Cristo 2001).

It has subsequently been modified in the lab; here, a serial

slaughter technique is used to determine how rapidly cer-

tain food items are degraded in the gut. Groups of animals

are fed and digestion is then stopped at set intervals by

chilling the animals in iced seawater (Hill 1976; Wassen-

berg and Hill 1987, 1993; Loya-Javellana et al. 1995;

Nunes and Parsons 2000; Soares et al. 2005; Waddington

2008), by separation of abdomen and thorax (Joll 1982), or

immersing the animals in 10 % formalin (Cristo 2001). The

gut is then dissected out from the animal and gut fullness is

estimated visually using a stomach repletion (percent

fullness) index (Reymond and Lagardtre 1990; Nunes et al.

1997) or by weighing the contents (Hill 1976; Wolcott and

Wolcott 1984, 1987; Sarda and Valladares 1990). The

actual evacuation rate of the stomach can be calculated

using an exponential equation derived by Sarda and Val-

ladares (1990) and modified by Waddington (2008).

Wt ¼ WOeRt

where Wt is the mass of stomach contents at time t, WO is

the mass of the food ingested, R is the evacuation rate and

t is the time in hours.

Although serial slaughter has been used extensively, it

involves sacrificing the animals and only gives a ‘‘snap-

shot’’ of what is happening at a set time. An X-ray method,

originally used for fish (Talbot and Higgins 1983; Carter

et al. 1995; Jobling et al. 1995), has been modified for use

with crustaceans (McGaw and Reiber 2000; Thomas et al.

2002; Ahvenharju and Ruohonen 2005; McGaw 2006).

Here, a contrast medium (barium sulfate, electrolytic iron

powder, Ballatoni lead glass beads) is added to the food.

The amount of food eaten and the passage of the marker

can then be traced over time. Unlike fish which consume

whole food items, decapod crustaceans are messy feeders

that tear the food apart before ingestion (Barker and Gibson

1977; Ahvenharju and Ruohonen 2005). Therefore, the

contrast medium and prey items have to be mixed together

with a binding agent such as gelatin or agar. The animals

consume this meal and pass it through the entire gastric

system (Thomas et al. 2002; Ahvenharju and Ruohonen

2005; McGaw 2006, 2008). The contrast markers are small

enough that they are not sorted out by the pyloric setal

filter, and if used in low enough concentration (\15 % by

mass), the marker appears to have no effect on the gastric

transit rates (McGaw and Reiber 2000). The animals can

either be sacrificed and a still image taken using standard

X-ray machine (Bayer et al. 1979; McGaw and Reiber

2000) or the meal can be traced in real time using a fluo-

roscope (Thomas et al. 2002; Ahvenharju and Ruohonen

2005; McGaw 2006). The use of a fluoroscope allows the

meal to be followed through entire gut system of individ-

ual, undisturbed animals. In addition to transit of the

digesta, contractions of the gut can also be measured

(Bayer et al. 1979; McGaw 2006, 2007a, b, 2008; Curtis

and McGaw 2010; McGaw and Whiteley 2012).

While the above methods are useful for determining

food intake and transit and evacuation rates, they are lim-

ited in that they only follow the solid phase of digestion

through the gut. In crustaceans, the final stages of extra-

cellular and intracellular digestion take place in the hepa-

topancreas and only the liquid phase of digesta and

particles smaller than 100 nm pass into the hepatopancreas

(Bayer et al. 1979; Hopkin and Nott 1980). In order to
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follow the time course of digestive processes within the

hepatopancreas, Hopkin and Nott (1980) used colloidal

particles of gold (5–30 nm) and thorium oxide (10–20 nm).

The feed was mixed with a solution of colloidal gold or

thorium oxide and left for 2 days to allow the label to

permeate the food, before being fed to the animals. The

gold and thorium particles are taken up into the tubules of

the hepatopancreas. The crabs are sacrificed by injection of

a fixative and the samples are then examined using an

X-ray microanalyzer under a transmission electron micro-

scope (Hopkin and Nott 1980). This allows the timing of

food processing in the hepatopancreas and the subsequent

removal of waste from the hepatic tubules, back into the

midgut and hindgut to be measured.

Transit and evacuation rates

The terms gastric or gut evacuation, emptying, residence,

retention, passage, transit, and clearance times have been

used interchangeably to describe the rate of processing and

movement of ingested food through the stomach or gut

(Loya-Javellana et al. 1995). For crustaceans, clearance of

food from the stomach and/or clearance times of the entire

system have typically been quantified. Gastric transit and

evacuation rates have been used extensively for assessing

food consumption, and calculating feeding and food con-

version rates (Loya-Javellana et al. 1995). Penry and

Jumars (1986, 1987) modeled copepod guts as chemical

reactors and indicated that gut transit time is one of the key

processes to study in order to understand strategies of

adaptation to trophic conditions. These measures are also

important indicators of absorption and assimilation rates.

Animals may be able to alter transit rates, slowing the

passage of food to extract nutrients or speeding up transit

rates if a meal is nutrient poor (Mitra and Flynn 2007).

Thus, changes in gut transit times maximize energy uptake

and growth rate (Taghon 1981; Ahrens et al. 2001).

Environmental factors, animal size, meal size, amount or

quality of prey, and the activity levels of the crustaceans

can all influence these processes (Loya-Javellana et al.

1995).

There is a large variance in stomach clearance times

between species and even within a species (Table 1),

ranging from as little as 30 min in copepods to over 120 h

in lobsters (Dam and Peterson 1988; Tirelli and Mayzaud

2005; McGaw and Curtis, in preparation). Undoubtedly,

the type of meal plays a large part in determining transit

times (Joll 1982; Choy 1986; Sarda and Valladares 1990;

Greenaway and Raghaven 1998; Beseres et al. 2005;

Simon and Jeffs 2008; Waddington 2008; Carvalho et al.

2011). The softer parts of prey items such as muscle tissue

are cleared at a faster rate, while harder parts take longer

to digest and may be present in the stomach for 2–5 days

after feeding (Hill 1976; Choy 1986, Sarda and Valladares

1990; Waddington 2008). In some cases, materials such as

shell and bone fragments are eventually regurgitated,

rather than being passed through the system (Hill 1976;

Choy 1986). The size of the meal will also affect relative

transit times, and for crustaceans, the general trend is that

the larger the meal, the faster it moves through the gut

system (Murtaugh 1984; Dagg and Walser 1987; Haddon

and Wear 1987; Tirelli and Mayzaud 2005). There does

not appear to be a common pattern of meal transit times

in relation to animal size. Gut transit times are faster in

smaller euphausiids, Meganyctiphanes norvegica (Hey-

raud 1979) and in the crabs Ucides cordatus (Nordhaus

et al. 2006) and Ovalipes catharus (Haddon and Wear

1987), whereas transit times are longer in large spiny

lobsters, Jasus edwardsii (Simon and Jeffs 2008) and in

larger juvenile Homarus gammarus (Kurmaly et al. 1990).

In crayfish, Cherax quadricarinatus (Loya-Javellana et al.

1995), prawn, Penaeus subtilis (Nunes and Parsons 2000)

and the shrimps Farfantepenaeus paulensis and Farfan-

tepenaeus aztecus (Soares et al. 2005; Beseres et al.

2006), no difference in transit rate as a function of body

size is evident.

Many decapod crustaceans develop through a series of

planktonic larval stages before settling on the benthos; the

different feeding strategies and nutrient requirements of

these larval stages also influence transit times. The general

trend is that herbivorous larvae clear the gut at a signifi-

cantly faster rate than carnivorous species (Jones et al.

1997; LeVay et al. 2001; Serrano 2012). In herbivorous

species, high ingestion rates, coupled with a greater pro-

duction of enzymes and a fast turnover of food, maximize

the energy extraction from the substrate poor meal (LeVay

et al. 2001). For carnivorous species where the prey is more

limiting, slower transit rates maximize assimilation of the

high quality meal (Jones et al. 1997; LeVay et al. 2001).

Differences in transit rates also occur within a species: the

zoeal stages of the mud crab, Scylla serrata, have a lower

retention time of 80 min compared with 120–135 min

measured for the megalopa and first crab instar (Genodepa

et al. 2006; Serrano 2012). Serrano (2012) suggested that

since each of the larval stages of S. serrata were consuming

similar meals that a genetically determined component

influences transit times during development.

Transit times may also be influenced by the experi-

mental set-up and methodology used to record the transit

time (Wolcott and Wolcott 1984, 1987), sex-related dif-

ferences (McGaw and Reiber 2000; Curtis and McGaw

2010), starvation (Kurmaly et al. 1990), or differing

activity levels (McGaw 2007b). During increased activity,

resources are diverted away from the gastric organs and

towards the muscles (DeWachter and McMahon 1996).
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Table 1 Gastric clearance rates (foregut emptying) in a variety of species of crustacean

Species Meal Conditions Retention time (h) Reference

Callinectes sapidus Ground fish in gelatin 20 �C, SW 8–10 McGaw and Reiber (2000)

20 �C, SW 15.8 ± 2.6 Curtis and McGaw (2010)

Carcinus maenas Mussel 15 �C, SW 12 Hopkin and Nott (1980)

Ground fish in gelatin 15.5 ± 1.8 McGaw and Whiteley (2012)

Cancer gracilis Ground fish in gelatin 11 �C, SW 16.4 ± 2.4 McGaw (2006)

Cancer magister Ground fish in gelatin 11 �C, SW 15.5 ± 1.7 McGaw (2008)

10 �C, SW 20.9 ± 2.7 Curtis and McGaw (2010)

Cancer productus Ground fish in gelatin 11–12 �C, SW 24–36 McGaw (2007a)

Cherax quadricarinatus Commercial pellet 26 �C, FW 9–10 Loya-Javellana et al. (1995)

Crangon septemspinosa Fish and clam in agar 20 �C, SW 6–12 Wilcox and Jeffries (1974)

Euphausia superba Phytoplankton 4–12 �C, SW 7.9 ± 2 Perissinotto and Pakhomov (1996)

Farfantepenaeus duorarem Shrimp 29 �C, SW 1.3 ± 0.5 Schwamborn and Criales (2000)

Farfantepenaeus paulensis Commercial pellet 25 �C, SW 4 Soares et al. (2005)

Hemigrapsus nudus Ground shrimp in gelatin 14 �C, SW 8.8 ± 0.7 McGaw and Curtis (in preparation)

Homarus americanus Ground shrimp in gelatin 13 �C, SW 134.4 ± 14.3a McGaw and Curtis (in preparation)

Jasus edwardsii Mussel 18 �C, SW 10–14 Simon and Jeffs (2008)

Liocarcinus puber Molluscs, crustaceans 13 �C, SW 20–24b Choy (1986)

Brown algae 72

Macrobrachium borellii Cladoceran 21 �C, FW 8 Carvalho et al. (2011)

Dipterans 10

Oligochaetes [10

Macropetama africanus Diatoms SW 2–6 Cockcroft and McLachlan (1986)

Fish 4–6

Mussel 5–6

Metapenaeus bennettae Liver and cereal 20 �C, SW 6–12 Dall (1967)

Neomysis mercedis Cladoceran 10 �C, FW 69 Murtaugh (1984)

Nephrops norvegicus Polychaetes 14 �C, SW 12 Sarda and Valladares (1990)

Shrimp, fish [12

Fish, shrimp, pellets 14 �C, SW [7 Cristo (2001)

Ovalipes catharus Shrimp 15.5 �C, SW 7 Haddon and Wear (1987)

Panulirus cygnus Coralline algae, molluscs 25 �C, SW 4–6 Joll (1982)

Coralline algae 16 �C, SW 6 Waddington (2008)

Crab 38

Pilchard [60

Penaeus merguiensis Prawn 24.5 �C, SW 1.6 Wassenberg and Hill (1993)

Penaeus semisulcatus Prawn 24–25 �C, SW 4 Al-Mohanna (1983)

Penaeus subtilis Pellets 20 �C, SW 2–3 Nunes and Parsons (2000)

Penaeus monodon Prawn 25–28 �C, SW 4 Marte (1980)

Portunus pelagicus Fish muscle 19–27 �C, SW 6–12 Wassenberg and Hill (1987)

Fish with bone 24

Pugettia producta Ground fish in gelatin 11 �C, SW 30 ± 4.1 McGaw and Curtis (in preparation)

Procambarus clarki Ground shrimp in gelatin 20 �C, FW 27 ± 5.3 McGaw and Curtis (in preparation)

Scylla serrata Prawn, fish bivalves 18–24 �C, SW 12c Hill (1976)

The meal type, experimental conditions and times of food retention in the foregut are listed for each citation. Reporting format for each retention times

varies with citation and are listed as mean times ±SEM, a range of times or a single value. The salinity of seawater (SW) varies depending on location, any

salinity in the 28–37 ppt range was considered as SW, while freshwater (FW) was reported as 0–1 ppt. Data reported as a fixed value, range of times or

mean value ±SEM. In these cases, the times pertain to clearance of the foregut region only
a This time may be an over-estimation due to possible retention of X-ray marker in foregut
b Inorganic shell fragments took over 36 h to be cleared
c Fish bone still present after 48–72 h, mollusc shell fragments still present after 96–120 h
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This results in a doubling in gut clearance times for active

versus inactive crabs (McGaw 2007b).

In addition to internal biotic factors, environmental

changes have a noticeable effect on gut transit rates.

Temperature is one of the most important factors governing

both metabolic reactions and animal distribution (Willmer

et al. 2005), and is probably the most important external

factor influencing transit rates (Tables 1, 2). A direct

relationship exists between the temperature and transit

rates, with meals evacuated at a faster rate at higher tem-

peratures (Table 2). In O. catharus, an 11 �C increase in

temperature results in a 3–6 fold increase in foregut

clearance times (Haddon and Wear 1987; Table 2), while

for C. maenas, gut clearance rates are 6–7 times faster after

a 15 �C rise in temperature (McGaw and Whiteley 2012;

Table 2). A partial metabolic compensation occurs in a

number of different taxa during acclimation to cooler

temperatures: metabolic enzymes are up-regulated, this

results in a higher metabolic rate when the animal subse-

quently experiences an acute temperature increase

(Hochachka and Somero 2002; Gamperl 2011). C. maenas

is no exception, and metabolic rates of 10 �C acclimated

crabs are higher than 20 �C acclimated crabs when

transferred to water of 15 or 25 �C (McGaw and Whiteley

2012). Even though temperature acclimation has a large

effect on the metabolism of Carcinus maenas, it does not

appear to affect clearance rates in the gut (McGaw and

Whiteley 2012; Table 2). This may be explained by the

fact that although the activities of digestive enzymes are

temperature dependent, they are regulated via different

pathways than metabolic enzymes (Somero 1978; Dittrich

1992). Intracellular enzymes regulating metabolic rates

may be incorporated into multiple pathways or physio-

logical systems, and will therefore be highly sensitive to

temperature acclimation. However, the digestive enzymes

are somewhat different. They do not function in regulated,

multi-enzyme pathways, rather digestive enzymes are

released in a pulse shortly after ingestion of food. Unlike

intracellular metabolic enzymes which function over

prolonged periods and have their activity altered in

response to changing metabolic demands, digestive

enzymes are activated when needed and must achieve

their maximal catabolic properties very rapidly in

response to changing temperature conditions. Thus, the

need for breakdown of food rather than regulatory activity

may lead to different selective pressures on digestive

versus regulatory metabolic enzymes (Somero 1978;

McGaw and Whiteley 2012).

Crustaceans inhabiting shallow coastal zones are likely

to experience hyposaline exposure from either freshwater

run-off or within an estuarine environment. The effects of

low salinity on transit rates are interesting because they

depend not only on the actual level of salinity experienced

but also on the osmoregulatory ability of the species

(Table 2; Fig. 8). The graceful crab, Cancer gracilis is

classified as an osmoconformer and cannot survive in

salinities below about 60 % SW (Curtis et al. 2007). In

100 % SW, the gastric system is cleared within 40 h

(Figs. 7, 8a). When the salinity is reduced slightly to 80 %

SW, the passage of digesta into the midgut and hindgut

regions is slowed (Fig. 7), resulting in a doubling of gut

clearance times (Fig. 8a). During exposure to 60 % SW,

although some food may be regurgitated (Fig. 7; 60 %

SW), there is a considerable slowing of the passage of

digesta, with crabs taking over 96 h to clear the gut

(Fig. 8a). The Dungeness crab, C. magister is classified as

a weak osmoregulator; it can survive short-term exposure

to salinities as low as 25 % SW (Hunter and Rudy 1975;

McGaw et al. 1999), but will not feed in salinities below

40 % SW (Curtis et al. 2010; Curtis and McGaw 2011).

Clearance rates of the fore, mid, and hindgut regions are

quite rapid in 100 and 75 % SW, but gut contractions and

thus clearance rates are 2.5 times longer in 50 % SW

(Fig. 8b). Although increased temperature has a pervasive

effect on transit rates (Table 2), when an increased tem-

perature is combined with low salinity exposure, the low

salinity, not the temperature is more important in deter-

mining the gut clearance rates in C. magister (Table 2;

Curtis 2009). In contrast to the two Cancer species, the

blue crab, C. sapidus, is a very efficient osmoregulator

inhabiting estuaries where it can spend extended periods in

full freshwater (Mangum and Amende 1967; McGaw et al.

1999). In order to feed and digest efficiently, it would be

expected that low salinity should have a minimal impact on

nutrient uptake. This is the case, and contraction rates of

the gut, clearance of digesta and digestive efficiency are

unaltered during hyposaline exposure (Fig. 8c; Curtis

2009; Curtis and McGaw 2010).

Hypoxia is also prevalent in aquatic environments (Diaz

and Rosenburg 1995). Changes in arterial oxygen levels act

in a neuromodulatory fashion on the STNS of the lobster,

Homarus americanus, leading to a slowing and uncoupling

of the pyloric and gastric pattern generator rhythms

(Massabuau and Meyrand 1996; Clemens et al. 1998b).

Although the Dungeness crab, C. magister, is very tolerant

of low oxygen, when oxygen levels fall below its Pcrit

level, there is a decrease in contraction of the foregut

(Fig. 5a), leading to a substantial increase in clearance time

of the gut (McGaw 2008; Table 2). Likewise, when the red

rock crab, C. productus is aerially exposed, a rapid drop in

hemolymph PO2 ensues (McGaw et al. 2009) and the

passage of digesta through the gut is essentially halted

(McGaw 2007a). This suggests that maintenance of an

optimal hemolymph PO2 level is required for efficient

contraction of the gut and subsequent absorption of

nutrients.
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Table 2 Retention times of the digesta in the foregut and clearance times of the entire digestive system in a variety of species of decapods in

relation to different environmental perturbations

Species Meal Temperature

(�C)

Conditions Foregut retention

(h)

Gut cleared

(h)

Reference

Carcinus
maenas

Ground shrimp in

gelatin

10 10 �C acclimated 32 ppt,

18–20 kPa

36.6 ± 4.3 114 ± 6 McGaw and Whiteley

(2012)15 15.5 ± 1.8 31.1 ± 2.9

25 8.8 ± 1.3 16.3 ± 1.4

10 20 �C acclimated 32 ppt,

18–20 kPa

25.4 ± 3.9 117 ± 3 McGaw and Whiteley

(2012)15 17.5 ± 2.5 40 ± 4.3

25 8.9 ± 1 19.3 ± 1.5

Ovalipes
catharus

Shrimp fish, bivalve 9 34 ppt, 21 kPa 18? N/A Haddon and Wear (1987)

11 11 N/A

15.5 7 N/A

17 9 N/A

20 3–6 N/A

Species Meal Salinity (%SW) Conditions Foregut retention (h) Gut cleared (h) Reference

Callinectes sapidus Ground shrimp in gelatin 100 18 �C, 21 kPa 15.9 ± 2.9 24.8 ± 2.3 Curtis and McGaw (2010)

50 15.7 ± 2.3 23.1 ± 0.9

25 19.1 ± 1.8 25.7 ± 1.7

Cancer gracilis Ground fish in gelatin 100 11 �C, 21 kPa 9.4 ± 0.7 49.2 ± 2.8 McGaw (2006)

80 23.0 ± 3.7 84.1 ± 5.3

60 47.9 ± 7.7 95.3 ± 3.6

Cancer magister Ground fish in gelatin 100 10 �C, 21 kPa 20.9 ± 2.7 33.4 ± 4.1 Curtis and McGaw (2010)

75 15.5 ± 2.2 25.6 ± 1.6

50 49.3 ± 6.1 56.0 ± 4.7

Cancer magister Ground fish in gelatin 100 20 �C, 21 kPa 16.5 ± 3.5 25.8 ± 3.2 Curtis (2009)

75 14.4 ± 3.2 20.4 ± 1.8

50 52.6 ± 9.1 59.1 ± 6.9

Species Meal Oxygen tension (kPa) Conditions Foregut retention (h) Gut cleared (h) Reference

Cancer magister Ground fish in gelatin 21 11 �C, 32 ppt 15.5 ± 1.7 28.5 ± 7.7 McGaw (2008)

15.8 17.7 ± 1.3 31.1 ± 9.3

10.5 20.4 ± 2.1 41.3 ± 14.8

5.3 28.7 ± 3.1 52.0 ± 13.1

1.7 39.3 ± 4.1 68.0 ± 17.0

Species Meal Water/Air Conditions Foregut retention (h) Gut cleared (h) Reference

Cancer productus Ground fish in gelatin 11–12 �C, SW 32 ppt, 18–20 kPa 24–36 36–48 McGaw (2007a)

10–14 �C, air 24 h in air [36 [36

Terrestrial crabs

Species Meal Conditions Gut cleared (h) Reference

Birgus latro Flour/rice/seeds 25 �C, 80 % RH air 27.2 Wilde et al. (2004)

Discoplax hirtipes Fig leaves (brown) 25 �C, humid air 72.5 ± 3.5 Greenaway and Raghaven (1998)

Fig leaves (green) 68.5 ± 3.5

Cardisoma guanhumi Grass Humid air 3.5–9.4 Wolcott and Wolcott (1987)

Gecarcinus lateralis Grass Humid air 12 Wolcott and Wolcott (1984)

Gecarcoidea natalis Leaves 25 �C, air 91 ± 10.1 Greenaway and Linton (1995)

The meal type and environmental conditions are listed for each citation. Times are reported as mean times ± SEM
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Digestive efficiency

Changes in transit rates of digesta will ultimately affect the

digestive or assimilation efficiency of the food, a measure

of how much of the nutrients have been absorbed across the

gut wall; in many crustaceans, there is a strong correlation

between the transit time and digestive efficiency (LeVay

et al. 2001; Serrano 2012). It is often referred to as apparent

digestive efficiency because there are some endogenous

sources of nutrients such as the peritrophic membranes and

degraded enzymes that may lead to the underestimation of

digestion (Leavitt 1985). Digestive efficiencies can be

measured gravimetrically (total collection) or by use of an

inert marker in the food (Leavitt 1985). Both require col-

lection of food and feces and subsequent measurement of

Fig. 8 Clearance times of digesta from the foregut, midgut and

hindgut regions of a Cancer gracilis, an osmoconformer b Cancer
magister, a weak osmoregulator and c Callinectes sapidus, an

efficient osmoregulator, exposed to different salinity regimes. Data

shown are mean values (±SE) of 7–10 animals. Different letters
indicate significant differences at the P \ 0.05 level. Data were

adapted from McGaw (2006) and Curtis and McGaw (2010)

100%SW 80%SW 60%SW

1h

3h

6h

9h

12h

24h

Fig. 7 Fluoroscope images showing the transit of a radio-labeled

meal through the digestive system of the graceful crab, Cancer
gracilis, in 100 % seawater (SW), and in reduced salinities of 80 and

60 % SW. Following feeding (1 h), the foregut appears as a large

heart shaped mass in the anterior area of each image. Food enters the

midgut region after 3 h in 100 and 80 % SW, and is visible in

the hindgut as a coiled tube thereafter (100 % SW at 9 h). In the

individual crab in 60 % SW digesta does not appear to enter the

midgut or hindgut, yet the contents of the foregut are significantly

reduced at 9 h. This is due to regurgitation of foregut contents in this

individual crab (McGaw 2006)
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their components. For the gravimetric method, the intake

rate of food and total output of feces are measured. A

sample of the food and the feces are dried and total energy

content is determined using a bomb calorimeter (Romero

et al. 2006). The digestive efficiency (total energy) is

expressed as a percentage and calculated as:

Digestive efficiency % ¼ I � gið Þ � F � gfð Þ= I � gið Þ½ �
� 100

where I is the caloric content of ingested food, gi is the dry

mass of the food consumed, F is the caloric content of the

feces, and gf is the dry mass of all feces produced (Romero

et al. 2006).

Using the gravimetric method can be problematic if only

a small amount of feces is produced or if the feces disin-

tegrates in water; in such cases the use of a marker is more

appropriate (Smith and Tabrett 2004). Inert substances

such as chromic oxide, ytterbium oxide, or dry ash are

typically used as markers in the feed. While each marker

has its caveats, an ideal marker cannot be absorbed across

the gut and must have an homogenous distribution in the

digesta and feces (Newman et al. 1982, Leavitt 1985; Jones

and De Silva 1997, 1998; Smith and Tabrett 2004; Simon

and Jeffs 2008; Cox et al. 2009). Since the concentration of

marker in the food, not the total amount eaten is measured,

and it is assumed that the marker is passed through and out

of the gut at a constant rate, only a sample of food and

feces needs to be collected (Jones and De Silva 1998). The

concentration of the CrO3 and YbO3 markers in the food

and feces are determined spectrophotometrically or, if dry

ash is analyzed, the amount is determined after combustion

at 550 �C in a muffle furnace (Newman et al. 1982; Leavitt

1985; Jones and De Silva 1997, 1998; Smith and Tabrett

2004; Simon and Jeffs 2008; Cox et al. 2009) The fol-

lowing equation is an example of those used to determine

assimilation rates when using markers:

Digestive efficiency % ¼ 100

� 1� MFI � AF=MF � AFIð Þ½ �

where MFI and MF are the concentration of marker in the

food and feces, respectively, and AFI and AF are the con-

centration of the nutrient (or analyte) in the food and feces,

respectively (Smith and Tabrett 2004).

There are a large number of articles on nutrient assim-

ilation in commercial species of crustaceans: these con-

centrate on the assimilation of both natural and artificial

feeds with respect to survival and growth rates. Here, not

only the overall digestive (energy) efficiency is measured

but also the assimilation of proteins, lipids, carbohydrates,

dry matter and individual amino acids is quantified (e.g.

Landry et al. 1984; Kurmaly et al. 1990; Brunson et al.

1997; Kumlu 1999; Ward et al. 2003; Cruz-Suárez et al.

2009). Discussion of this area of aquaculture production is

beyond the scope of the present review; here, we concen-

trate on digestive efficiency pertaining to total energy

assimilation only, and how this relates to transit rates.

Digestive efficiencies tend to be relatively high for crus-

taceans (Romero et al. 2006); meals of animal material

are assimilated at levels of approximately 75 % or higher

(Table 3). Although the amount of energy absorbed is

influenced by the intake rate (how much is eaten), the

actual components of the food are more important.

Assimilation tends to decrease as the content of ash and

fiber increase and with an increase in the C/N ratio (low

protein levels), thus digestive efficiency tends to be con-

siderably lower for herbivorous decapods (Wolcott and

Wolcott 1984; 1987; Dye and Lasiak 1987; Kwok and

Lee 1995; Nordhaus and Wolff 2007; Table 3). Protein

digestion is usually high and in general the higher the

protein content the higher the digestive efficiency (Brun-

son et al. 1997). However, the efficiency of protein

digestion depends on its quality and the amount of non-

protein energy available (protein/energy content) such as

the levels of lipids and to a lesser degree the levels of

carbohydrates in the meal (Bautista 1986; Hewitt and

Irving 1990; Ward et al. 2003). These substances have a

sparing effect and the proteins do not have to be catab-

olized as an energy source.

The slowing of the passage of a meal through the gut

allows more time for absorption of nutrients and it is

expected that digestive efficiency will be higher for an

animal with slower transit rates (Kurmaly et al. 1990;

LeVay et al. 2001; Mitra and Flynn 2007). In C. maenas,

the slowing of food passage at lower temperatures does

allow for more nutrient extraction, and digestive efficiency

is higher at lower temperatures (McGaw and Whiteley

2012; Table 3). In contrast, Newman et al. (1982) found no

effect of a temperature range of 22–34 �C on digestive

efficiency in the prawn, Macrobrachium rosenbergii.

These authors suggest that the enzymes in this species

function equally well over this temperature range, never-

theless the digestive efficiencies may have been con-

founded somewhat by differences in the amount of food

ingested at the different temperature regimes (Newman

et al. 1982). A slowing of transit rates also occurs in the

Dungeness crab, C. magister, when exposed to 50 % SW,

resulting in a slight increase in digestive efficiency (Curtis

2009; Curtis and McGaw 2010). However, the correlation

between transit rates and digestive efficiency does not hold

true for all cases. During exposure to severe hypoxia

(\5 kPa oxygen), C. magister exhibits a twofold increase

in transit time, which is associated with a decrease rather

than an increase in digestive efficiency (McGaw 2008). In

this case, although transit rates are slowed, the delivery of

oxygen to the tissues may not be sufficient enough to
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Table 3 Digestive efficiencies for a variety of decapod species

Species Meal Conditions Digestive

efficiency (%)

Reference

Callinectes sapidus Fish 20 �C, 100 %SW 95.9–98.3 Curtis (2009)

20 �C, 25 %SW 98.8–99.2

Cancer magister Fish 11 �C, SW,

21 kPa O2

98.1–98.7 McGaw (2008)

11 �C, SW,

1.6 kPa O2

93.7–96.7

Fish 12 �C, 100 %SW 98.8–99.2 Curtis (2009)

12 �C, 50 %SW 99.3–99.5

Carcinus maenas Fish 5 �C, SW 98.6–99.2 McGaw and Whiteley

(2012)

15 �C, SW 93.7–98.3

25 �C, SW 95.2–96.9

Chionoecetes bardii Shrimp, fish 4–7 �C, SW 89 Paul and Fuji (1989)

Chiromanthes biden Brown leaves 20 �C, estuary

water

31–32.2 Kwok and Lee (1995)

Homarus americanus (larva and

juveniles)

Artemia 20 �C, SW 81 Logan and Epifanio

(1978)

Homarus gammarus (larval

stages)

Mysids 25 �C, SW 87–97 Kurmaly et al. (1990)

Jasus edwardsii (Juveniles) Formulated diet of mussel and fish 18 �C, SW 76.9–78.5 Ward et al. (2003)

Libinia emarginata Fish, algae and mussel 20–22 �C, SW 95–99.3 Aldrich (1974)

Litopenaeus vannamei Prepared animal and plant protein

meals

26–29 �C 41.8–58.4 Smith et al. (1985)

26–35 ppt

Soybean (full fat) meal 29–30.5 �C 88.1 Cruz-Suárez et al.

(2009)Soybean protein isolate 25–27 ppt 98.2

Macrobrachium rosenbergii Commercial marine formula 22–34 �C, SW 75–79.6 Newman et al. (1982)

Mennipe mercenaria (Megalopa) Artemia 25 �C, SW 85.4 Mootz and Epifanio

(1974)

Metapenaeus bennettae Bacteria 25 �C, 20 ppt 80–98 Moriarty (1976)

Blue-green algae 48–87

Munida gregaria Isopods, algae and fish food 7–9 �C, SW 90–98 Romero et al. (2006)

Mysis relicta Daphnia 10 �C, FW 81.5–87.7 Lasenby and Langford

(1973)

Pandalus platyceros Fish meal 15 �C, SW 75–97 Forster and Gabbott

(1971)

Palaemon serratus Fish meal with binder N/A 70.2–84.3 Forster (1972)

Fish and meat meal 20 �C, SW 80–98 Forster and Gabbott

(1971)

Parasesarma plicata Yellow leaves 20 �C, estuary

water

9.2–13 Kwok and Lee (1995)

Penaeus setiferus Prepared wheat, soy, crab, shrimp,

squid meals

25–29.5 �C,

16–18 ppt

44–100 Brunson et al. (1997)

Uca polita Bacteria 23 �C, 65 %RH

air

98 Dye and Lasiak (1987)

Algae 31–41

Ucides cordatus Leaves Estuary water 30.9–38.6 Nordhaus and Wolff

(2007)

The species, food type, environmental conditions and digestive efficiency are given for each citation. For consistency the digestive efficiencies

are reported for ranges and were calculated from mean values and their standard errors when a range was not cited. The digestive efficiency

pertains to the total energetic value

J Comp Physiol B (2013) 183:443–465 459

123



support the increased energy demand needed for active

transport of nutrients across the gut wall (McGaw 2008).

The age and size of an animal can also influence the

absorption of nutrients. Digestive efficiencies increase

during larval development of the lobster, Homarus

gammarus, the crab, Mennipe mercenaria (Mootz and

Epifanio 1974; Kurmaly et al. 1990), and through the

juvenile stages (V-XII) of H. americanus (Logan and

Epifanio 1978). In the shrimp, Penaeus stylirostris, the

smaller size shrimps also have lower digestive efficiencies

(Fenucci et al. 1982). In contrast, small Litopenaeus van-

namei tend to process proteins more efficiently and grow

faster than their medium or large counterparts (Smith et al.

1985). Differences in digestive efficiency related to sex

have also been noted; female galatheid crabs, Munida

gregaria, are more efficient at processing nutrients. This is

possibly related to the extra nutrients required for egg

production and maintenance (Romero et al. 2006).

Conclusions and future directions

Judging by the large number of articles already generated,

and the continued interest in the STNS and foregut control

mechanisms as a model system, this area of research will

undoubtedly continue to expand and develop over the

coming years. In particular, determining interactions

between hormonal and neural control pathways will con-

tinue to be important (Marder and Bucher 2007; Christie

et al. 2010, 2011). Data on cardiac and pyloric contraction

rates obtained in vivo by fluoroscopy would suggest that

the STNS of different species may have different thresh-

olds or different responses to environmental change which

is dependent on the physiological ability of the species.

Nevertheless, the articles on the STNS are restricted to

comparatively few species, and only a handful of articles

have investigated the effects of environmental change on

the central pattern generators (e.g. Massabuau and Mey-

rand 1996; Clemens et al. 1998b) or functioning of the

gastric mill in situ (Heinzel 1988; Heinzel et al. 1993).

Thus, studies with a wider array of species in differing

environmental conditions will be important. This area

could expand as we devise new ways to investigate func-

tioning of the nervous system in vivo. In conjunction with

studies on the STNS, development of new remote sensing

methods and miniaturization of equipment could be used

for investigation of animal feeding and digestion in a more

natural environment, or even in the field (Costa and Si-

nervo 2004; Goldstein and Pinshow 2006; Grans et al.

2009; Mykles et al. 2010).

The ingestion and subsequent processing of food is

associated with a general increase in metabolism, usually

measured as an increase in oxygen uptake. This is termed

the specific dynamic action of food or SDA (Secor 2009).

In crustaceans, this results in a 2–4 fold increase in oxygen

uptake that can remain elevated for over 3 days (Houlihan

et al. 1990; McGaw and Reiber 2000; Whiteley et al. 2001;

Robertson et al. 2002; Romero et al. 2006; Curtis and

McGaw 2010; McGaw and Whiteley 2012). These

increases in metabolism are connected with the increased

activity associated with feeding, the mechanical cost of

processing the meal, up-regulation and release of enzymes,

nutrient transport and absorption, and the subsequent

intracellular protein synthesis (Carefoot 1990; Houlihan

et al. 1990; Mente et al. 2003). Although protein synthesis

is thought to account for the bulk of the increase in oxygen

uptake (Houlihan et al. 1990; Mente et al. 2003; Whiteley

and Faulkner 2005), to date, the energetic cost of the

individual components has not been fully worked out for

any species (Secor 2009). Thus, calculation of how the

metabolic costs associated with mechanical breakdown,

nutrient absorption, and transport, and the subsequent

intracellular digestion that are allocated under varying

biological and environmental conditions represents a

pressing issue for digestive physiologists.
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