
ORIGINAL PAPER

Assimilation of water and dietary ions by the gastrointestinal tract
during digestion in seawater-acclimated rainbow trout

Carol Bucking • John L. Fitzpatrick •

Sunita R. Nadella • Iain J. McGaw •

Chris M. Wood

Received: 29 September 2010 / Revised: 31 December 2010 / Accepted: 2 January 2011 / Published online: 28 January 2011

� Springer-Verlag 2011

Abstract Recent studies focusing on the consequences of

feeding for ion and water balance in freshwater fish have

revealed the need for similar comparative studies in sea-

water fish. A detailed time course sampling of gastroin-

testinal (GI) tract contents following the ingestion of a

single meal of a commercial diet revealed the assimilation

of both water and dietary ions (Na?, Cl-, K?, Ca2?, Mg2?)

along the GI tract of seawater-acclimated rainbow trout

(Oncorhynchus mykiss) which had been fasted for 1 week.

Consumption of the meal did not change the drinking rate.

There was a large secretion of fluid into the anterior

intestine and caecae (presumably bile and/or pancreatic

secretions). As a result, net assimilation (63%) of the

ingested water along the GI tract was lower than generally

reported for fasted trout. Mg2? was neither secreted into

nor absorbed from the GI tract on a net basis. Only K?

(93% assimilated) and Ca2? (43% assimilated) were

absorbed in amounts in excess of those provided by

ingested seawater, suggesting that dietary sources of K?

and Ca2? may be important to seawater teleosts. The

oesophagus–stomach served as a major site of absorption

for Na?, Cl-, K?, Ca2?, and Mg2?, and the anterior

intestine and caecae as a major site of net secretion for all

of these ions, except Cl-. Despite large absorptive fluxes of

these ions, the ionic composition of the plasma was

maintained during the digestion of the meal. The results of

the present study were compared with previous work on

freshwater-acclimated rainbow trout, highlighting some

important differences, but also several similarities on the

assimilation of water and ions along the gastrointestinal

tract during digestion. This study highlights the compli-

cated array of ion and water transport that occurs in the

intestine during digestion while revealing the importance

of dietary K? and Ca2? to seawater-acclimated rainbow

trout. Additionally, this study reveals that digestion in

seawater-acclimated rainbow trout appears to compromise

intestinal water absorption.

Keywords Ionoregulation � Marine � Osmoregulation �
Prandial � Teleost

Introduction

Marine fish must drink seawater and subsequently absorb

water along the intestine in order to replace water that is

lost to the environment. While previous research has
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revealed much about these processes (e.g. Shehadeh and

Gordon 1969; Grosell et al. 2009a), the majority of the

studies examined unfed fish. However, the gastrointestinal

(GI) tract of marine teleosts is important not only for

osmoregulation, but also for feeding and digestion. The

advantages of studying fasting fish to reveal the basic

mechanisms of water and ion absorption are clear: com-

plicating processes associated with ingestion of a meal are

eliminated, such as large ion fluxes (Taylor and Grosell

2006) and acid–base disturbances (Bucking and Wood

2008). However, understanding gastrointestinal function

from the limited position of the fasting state alone is

unnatural and insufficient. For example, a number of

studies have shown that feeding results in altered mineral

and acid–base concentrations along the intestine of marine

fish when compared to unfed fish (Dabrowski et al. 1986;

Taylor and Grosell 2006; Taylor et al. 2007).

Feeding and digestion in seawater is likely to present the

GI tract with several challenges. The first is an ion load

associated with the feed. For example, a meal of sardines

presents a Ca2? load 40-fold higher than average seawater

levels (Taylor and Grosell 2006) and both squid and sar-

dine meals present a K? load five- to sevenfold above

seawater levels (Taylor and Grosell 2006), while seawater

invertebrates also present elevated dietary ion loads. A

typical commercial salmonid diet like the one used in the

present study has a low water content but Ca2?, K?, and

Mg2? concentrations which are 17-fold, 11-fold, and 2-fold

higher than in seawater, respectively. The second challenge

associated with ingestion of a meal involves water

absorption. The mechanisms of water processing leading to

absorption include desalination of the ingested water by the

oesophagus (e.g. Kirsch and Meister 1982; Ando et al.

2003), solute-linked water absorption in the intestine (e.g.

Loo et al. 1996; Naftalin 2008), and intestinal HCO3
-

secretion which functions to further drive intestinal water

absorption by reducing the osmolality of the intestinal fluid

though precipitation with calcium and conversion to CO2

(reviewed by Wilson et al. 2002; Grosell et al. 2009b). The

secretion of Na? rich fluids during digestion such as bile or

pancreatic fluids (or the ingestion of a particular diet high

in Na?), may present the intestine with increased solute

levels, further driving increased water absorption. In

addition, a high dietary Ca2? load may increase HCO3
-

secretion and hence water absorption (Wilson et al. 2002).

HCO3
- secretion via the Cl-/HCO3

- exchanger also

depends on pH and HCO3
- gradients (Wilson and Grosell

2003; Grosell et al. 2005), so if an increased gastric

secretion of HCl associated with a protein meal occurs,

then further water absorption by the intestine might be

favoured. Nevertheless, in freshwater rainbow trout,

digestion of commercial diets leads to a high intestinal

chyme osmolality. If this occurs for seawater acclimated

trout as well, it would have the potential to oppose the

aforementioned processes (Bucking and Wood 2006a).

Finally, the digestion of a meal has been shown to

increase the rate of intestinal Cl-/HCO3
- exchange both in

the flounder in vivo (Taylor and Grosell 2006) and in the

trout (Bucking et al. 2009) and the gulf toadfish in vitro

(Taylor and Grosell 2010), and may act as mechanism for

relieving the alkaline tide (an increase in plasma HCO3
-

concentrations associated with gastric acid secretion

(reviewed by Niv and Fraser 2002). The increase in the rate

of in vitro Cl-/HCO3
- exchange seen in rainbow trout

(Bucking et al. 2009) corresponded to an increase in fluid

transport rate as well, indicating that in relieving the

alkaline tide, the animals may be increasing their water

absorption (Bucking et al. 2009).

In the present study, the effects of feeding on fluid

balance and ionoregulation were investigated in seawater-

acclimated rainbow trout following the ingestion of a sin-

gle meal of commercial pellets. The effects of feeding on

drinking rate were measured and the gastrointestinal con-

tents and blood plasma were sampled to reveal transport of

ions and water across the GI tract epithelium during

digestion, and to investigate possible ionoregulatory dis-

turbances following the ingestion of a single meal. Water

and electrolyte absorption or secretion along the tract were

quantitatively determined by employing ballotini beads in

the meal as non-absorbable inert markers, in a similar

manner to our previous studies on freshwater-acclimated

rainbow trout (Bucking and Wood 2006a, b, 2007). The

fish had been fasted for 1 week prior to the meal, as in

these previous studies on freshwater trout. This therefore

allowed direct comparison of GI tract function in the same

species acclimated to seawater versus freshwater, and fed

under virtually identical conditions.

Our overall hypothesis was that feeding would alter the

regulation of salt and water balance in a marine teleost fish.

Specifically, we hypothesized that feeding would result in

an increase in water assimilation along the GI tract, while

the diet would provide additional K?, Ca2?, and Mg2? that

would be absorbed by the GI tract.

Materials and methods

Experimental animals and their maintenance

Rainbow trout of the steelhead strain (Oncorhynchus

mykiss) were obtained from the Robertson Creek Hatchery,

Port Alberni, BC, CA and were housed in outdoor tanks

(*200 l) at the Bamfield Marine Sciences Centre where

they were subjected to natural photoperiods (April–July).

The tanks were individually supplied with aeration and

both fresh- and seawater sources (*12�C). The animals
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(50–150 g body mass) were initially acclimated to fresh-

water (0 ppt, dechlorinated tap water). Through incre-

mental increases in the total salinity of the tank water

(*10% every 2 weeks), the trout were gradually accli-

mated to full strength seawater (31–32%, Bamfield Marine

Sciences Centre seawater; Na? = 489 ± 5; Cl- = 539 ±

8; K? = 9.4 ± 1.2; Ca2? = 10.8 ± 1.1; Mg2? = 52 ± 3

mmol l-1). With the exception of 3 days following each

salinity increase when feeding was suspended, the animals

were fed a 2% body weight ration of commercial fish

food (3 pt floating pellets, EWOS Pacific, Surrey, British

Columbia, Canada) every 48 h. The measured ionic com-

position of the food is reported below.

Experimental procedures

Series 1: Postprandial drinking

Once the animals were acclimated to full strength seawater,

they were placed on a month-long feeding schedule of a

2% body mass ration of repelleted commercial fish feed,

fed at the same time every 48 h. The commercial fish feed

was repelleted to mimic the feed that was used in

experimental series 2. Briefly, repelleting consisted of

placing commercial fish feed, which had been ground into

a fine powder using a Braun PowerMax Jug Blender

(Gillette Company, Boston, USA), into a commercial

pasta maker (Popeil Automatic Pasta Maker; Ronco

Inventions, Catsworth, USA) with double distilled water

at a ratio of 2:1 (feed:water). The mixture was mixed

evenly (*60 min), extruded and then shaped to approx-

imate three point-sized fish feed pellets. The repelleted

feed was then air-dried for 2 days and stored in a -20�C

freezer until use.

Following the 1 month feeding schedule, fish were not

fed for 1 week to clear the GI tract and then were either fed

to satiation with the repelleted fish fed (*5% body mass

meal) or sham fed (tank lid was opened but no food was

added; Table 1). This was referred to as time 0 h. At var-

ious time points before (-0.5 h) and after (2, 4, 8 h)

feeding or sham-feeding, water flow was suspended and

polyethylene glycol 4000 (PEG, Sigma; 1 mg ml-1) was

added to one of several tanks (Table 1). The PEG additions

were at various times following feeding (see above time-

line) so that the maximum exposure period was 4 h. This

inert drinking rate marker has been widely used in several

species of marine fish including trout (e.g. Webb and Wood

2000), and has been shown by terminal blood sampling not

to be absorbed across the gastro-intestinal tract of seawater

trout (Wilson et al. 1996). Subsequently, water samples

were taken every hour, and analyzed for the concentration

of PEG (mg ml-1) to ensure consistent concentrations

were maintained throughout the water column. Following

the spike of PEG into the water, individual fish (N = 7)

were removed from the tanks at 0, 2, 4, 8, and 12 h fol-

lowing feeding or sham-feeding (Table 1) and sacrificed by

cephalic concussion. MS-222 anesthesia was not employed

because preliminary experiments demonstrated that it

resulted in vomiting in recently fed fish. The entire GI tract

was then exposed through a mid-line incision from mouth

to anus. Each GI tract section was identified (oesophagus–

stomach, anterior intestine including pyloric caecae, mid

intestine and posterior intestine) and ligated at both ends

with surgical silk to prevent fluid and/or chyme movement

between the sections. Note that while the oesophagus

contained negligible fluid, its function is thought to be

absorptive in marine teleosts, and therefore its function

cannot be distinguished from that of the fluid-containing

stomach in the present experimental design. The contents

(chyme or fluid) of each section were removed, weighed,

and centrifuged (13,000g, 1 min.) before the supernatant

was decanted and analyzed for the appearance of PEG,

which was quantified by a colorimetric assay according to

Malawer and Powell (1967) and modified according to

Buxton et al. (1979). The remaining chyme was then oven-

dried (60�C for 48 h) to determine dry weight. Analysis of

Table 1 Density of fish, feeding and sampling schedule of series 1, and drinking rate (ml kg-1 h-1) of fed (F) and sham-fed (S) fish

Tank

A B C D E F G H

Number of fish in tank 20 20 20 20 20 20 20 20

Number of fish sampled 7 7 7 7 7 7 7 7

Time fed (F) or sham fed (S) 0 h(F) 0 h(F) 0 h(F) 0 h(F) 0 h(S) 0 h(S) 0 h(S) 0 h(S)

Time PEG added and water flow stopped (h) -0.5 2 4 8 -0.5 2 4 8

Time fish sampled (h) 2 4 8 12 2 4 8 12

Water [PEG] (mg ml-1) 1.0 ± 0.2 0.9 ± 0.2 1.1 ± 0.3 1.0 ± 0.1 0.9 ± 0.2 1.1 ± 0.1 1.1 ± 0.2 1.1 ± 0.2

Drinking rate (ml kg-1 h-1) 2.2 ± 1.2 2.1 ± 1.3 2.4 ± 1.2 2.4 ± 1.0 2.0 ± 0.8 2.3 ± 0.9 1.9 ± 0.8 2.2 ± 0.9

Times are in hours. Fish were fed (F) or sham fed (S) at 0 h. [PEG] in the water (mg ml-1) was measured each hour and averaged over the flux

period. N = 7 for each sample time (2, 4, 8, and 12 h following ‘‘feeding’’)
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contents of the three intestinal compartments revealed

negligible concentrations of PEG; all PEG was present in

the oesophagus–stomach. As a result drinking rates

(ml kg-1 h-1) for fed and unfed fish were calculated as the

ratio of PEG found in the oesophagus–stomach:PEG found

in the water, factored by the volume of water in the

oesophagus–stomach, fish mass, and time:

Drinking rate (DR) ¼
PEG½ �s
PEG½ �w

Vw

� �

MT
ð1Þ

where [PEG]s was the concentration of PEG in the

oesophagus–stomach (mg ml-1) and [PEG]w was the

concentration of PEG in the surrounding water (mg ml-1).

Vw was the volume of water found in the oesophagus–

stomach (ml) measured as total volume collected (unfed

fish) or as the difference between the wet weight of the

chyme and the dry weight of the chyme (fed fish). M was

the mass of the fish (kg) and T was the time period (h).

Although the entire GI tract was analyzed, only the

oesophagus–stomach contained measurable concentrations

of PEG. Additionally, the ratio of [PEG]s:[PEG]w was used

to estimate the net amount of water that was secreted or

absorbed by the oesophagus–stomach during digestion.

Series 2: net dietary handling of water and ions

during digestion

Concurrent to series 1, a separate group of animals were

also not fed for 1 week following the 1 month of scheduled

feeding. The trout were then fed to satiation (*5% body

mass) with an experimental diet reformulated as described

by Bucking and Wood (2006a, b, 2007), consisting of

repelleted commercial fish feed (as in series 1) with the

additional incorporation of leaded glass ballotini beads

(0.40–0.45 mm in diameter; 4% ratio of beads to dry food

weight; Jencons Scientific, Pennsylvania, USA). To quan-

tify the incorporation of ballotini beads into the feed,

random subsamples (of various dry weights) of the

experimental diet were X-rayed (LIXI PS500 OS X-ray

system; Huntley, IL, USA) and the images digitally

recorded using fluoroscopy processing software (Poynting

products, Oak Park, IL, USA). The number of beads

observed was then correlated with the dry weights of the

pellets to ensure a linear relationship (y = 0.0116x ? 1.2,

R2 = 0.931).

Sampling consisted of obtaining chyme samples from

trout before and after feeding, as previously described

(Bucking and Wood 2006a, b, 2007). Individual trout

(N = 7 per each time period) were removed from the

holding tanks and sampled immediately prior to feeding

(0 h), and at 2, 4, 8, 12, 24, 48 h following feeding. Fish

were sacrificed by cephalic concussion followed by blood

sampling via caudal puncture with an iced, heparinized

Hamilton syringe. The whole blood was immediately

centrifuged (13,000g; 30 s) to obtain plasma which was

then decanted, placed in liquid nitrogen and stored at

-80�C until analysis. The gastrointestinal tract was then

exposed and each region ligated as described above. The

entire GI tract was then removed via incisions at the

esophagus and the rectum and placed on ice. The GI tract

was subsequently X-rayed using a LIXI fluoroscope.

Technical specifications for X-ray were 35 kV tube volt-

age, 155 lA tube current with a 5 cm focal window. The

images were digitally recorded and the number of ballotini

beads in each gut section was quantified manually.

The contents of each gut section (chyme or fluid) were

then removed and the pH of the GI tract contents measured

by immersing a microelectrode set (consisting of an

esophageal pH electrode and a micro-reference electrode;

Microelectrode Inc., New Hampshire, USA) directly into

the chyme or endogenous fluids. The microelectrodes were

calibrated with precision buffers (Radiometer-Copenhagen,

Copenhagen, Denmark) thermostatted to the experimental

temperature (12�C), and connected to a Radiometer pHM

84 pH meter.

A subsample of the GI tract contents was taken and

centrifuged to obtain a fluid phase of the chyme, which was

placed in liquid nitrogen and subsequently stored at -80�C

for ionic content analysis. The remaining contents of each

gut section were weighed to obtain a wet chyme weight

(g) or fluid volume (ml). The wet chyme was then oven-

dried at 60�C to constant weight and the water content was

determined. The remaining dried chyme was then acid-

digested (5 volumes of 1 N HNO3 (Fisher, Pennsylvania,

USA, analytical grade); 60�C for 48 h), centrifuged

(13,000g, 60 s), and the supernatant analyzed for chyme

ion content.

Ion concentrations in the food, the chyme (both in

lmol g-1 wet weight) and blood plasma (lmol ml-1) were

determined by using a Varian 1275 Atomic Absorption

Spectrophotometer (Na?, K?, Ca2?, Mg2?), and a chlori-

dometer (CMT 10 Chloride Titrator, Radiometer, Copen-

hagen, Denmark; Cl-). As per standard methodology,

LaCl3 (1%) was added to all samples when measuring

Ca2? and Mg2?, while CsCl (0.1%) was added when

measuring K?.

The relative concentration of water (Rw; ml bead-1)

provided the relative amount of water found in the chyme

in relation to the inert marker (ballotini beads; Bucking and

Wood 2006a):

Relative water concentration (RwÞ ¼
ðWcMwÞ

Xs

ð2Þ

where ‘‘Wc’’ was the water content (ml g-1 wet mass)

found in a chyme or food sample, ‘‘Mw’’ was the wet mass
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of the chyme sample (g) and ‘‘Xs’’ was the bead number in

the chyme sample.

The total flux of water (Fw; ml kg-1) into each section

of the GI tract at each time point provided the amount of

water that was secreted or absorbed in each section when

compared to the preceding compartment of the GI tract

(Bucking and Wood 2006a):

Total water flux (Fw; ml kg�1Þ ¼ Rw1 � Rw2ð ÞXs1

M
ð3Þ

where ‘‘Rw1’’ was the relative concentration of water

(ml bead-1) in the GI tract section of interest and ‘‘Rw2’’

was the relative concentration of water (ml bead-1) in the

preceding section at the same time point, ‘‘Xs1’’ was the

total number of beads in the section of interest, and M was

the fish mass (kg). The ‘‘preceding compartment’’ for the

oesophagus–stomach at 2 h was the ingested food, and

thereafter the oesophagus–stomach itself at the previous

time point.

Net absorptive water fluxes (negative values) and net

secretory water fluxes (positive values) were summed

across all time points and in all the GI tract sections (signs

considered) and then factored by the total water ingested.

This provided the total water absorbed as a percentage of

water ingested, while taking into account water that was

secreted by the GI tract, i.e. net water assimilation.

The relative ion concentration in the chyme (or food; Rc;

lmol bead-1) provided the concentration of the ions in

relation to the inert non-absorbable marker (Bucking and

Wood 2006b, 2007):

Relative ion concentration (RcÞ ¼ Ic

Mw

Xs

� �
ð4Þ

where ‘‘Ic’’ was the ion concentration (lmol g-1 wet mass)

found in a chyme or food sample, ‘‘Mw’’ was the wet mass

of the chyme sample (g) and ‘‘Xs’’ was the bead number in

the chyme sample.

Subsequently, total ion fluxes (FIs; mmol kg-1) in the

oesophagus–stomach provided the amount of ion that was

secreted or absorbed in the oesophagus–stomach, while

taking into account the ions that were added by drinking

the surrounding medium:

Total ion flux (FIsÞ ¼
ðIs1 � ðIs2 þ IDÞÞ=1; 000Xs1½ �

M
ð5Þ

where ‘‘Is1’’ was the relative concentration of each ion

(lmol bead-1) in the oesophagus–stomach at the time

point of interest and ‘‘Is2’’ was the relative concentration of

each ion (lmol bead-1) in the oesophagus–stomach at the

previous time point. ‘‘ID’’ was the relative concentration of

each ion (lmol bead-1) added to the oesophagus–stomach

between the two time points based on drinking rates

described above and the known ionic composition of the

surrounding water. ‘‘Xs1’’ was the total number of beads in

the oesophagus and stomach at the time point of interest,

and M was the fish mass (kg). The ‘‘preceding time point’’

for the oesophagus–stomach at 2 h was the ingested food.

Total ion fluxes (mmol kg-1) along the intestinal tract

provided the amount of ion that was secreted or absorbed in

each GI tract section when compared spatially to the pre-

ceding compartment of the GI tract (Bucking and Wood

2006b, 2007):

Total ion flux (FIiÞ¼
Is1 � Is2ð Þ=1; 000Xs1½ �

M
ð6Þ

where ‘‘Is1’’ was the relative concentration of each ion

(lmol bead-1) in the GI tract section of interest and ‘‘Is2’’

was the relative concentration of each ion (lmol bead-1) in

the preceding section at the same time point, ‘‘Xs1’’ was the

total number of beads in the section of interest, and M was

the fish mass (kg).

Net ion assimilation provided the total percentage of the

ion absorbed by the animal when compared to the total

ingested. It was based on the difference between total net

absorptive fluxes and net secretory fluxes calculated in

Eq. 6 and factored by the total concentration of the ion

consumed (both imbibed with water and consumed in the

diet).

No significant difference was found in the ionic com-

positions of any diets [Na? = 243 ± 6; Cl- = 197 ± 4;

K?= 99.2 ± 3; Ca2?= 186 ± 6; Mg2? = 108 ± 5 lmol

g-1 wet weight (N = 21)] or in the water content [13.7 ±

1.6% (N = 21)].

It is also important to note that all flux calculations yield

absolute values—i.e. they were not factored by time.

Statistics

Data have been reported as means ± SEM (N = number

of fish), unless otherwise stated. All data passed normality

and homogeneity tests before statistical analyses were

performed using SigmaStat (version 3.1). The effect of

feeding on drinking rate during series 1 was examined

using a one-way ANOVA, followed by a HSD post-hoc test

(Tukey’s Honest Significant Difference). The effect of

location (i.e. gut section) on ion concentration during series

2 was tested using a one-way ANOVA with GI tract section

as the main variable examined at each time point, both in

the total chyme as well as the fluid phase. Within each GI

tract section, the effect of time on ion concentration as well

as the difference between total chyme and fluid phase ion

concentrations were tested using a two-way ANOVA with

time and total chyme versus fluid phase as the two vari-

ables. Temporal changes in plasma ionic composition and

GI tract pH were examined with a one-way ANOVA. The

ionic composition of each diet, the comparison of ion
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composition between chyme and seawater at each time

point, and comparing drinking rates between the experi-

mental series, were evaluated using paired and unpaired

t tests as appropriate. All of the statistical tests were fol-

lowed by a HSD post-hoc test (Tukey’s Honest Significant

Difference; ANOVA) or Bonferroni corrections (t tests) as

appropriate. Values were considered significantly different

at P \ 0.05.

Results

Drinking and water handling along the GI tract

The drinking rate of unfed seawater-acclimated rainbow

trout was maintained at a mean rate of 2.1 ±

0.4 ml kg-1 h-1 (N = 28; Table 1) and did not change

significantly during the experimental period. Following

feeding to satiation, fed fish ingested an average ration of

3.0 ± 0.4% body weight. The mean drinking rate of fed

fish (2.3 ± 0.6 ml kg-1 h-1; Table 1) which was not

significantly different from that of unfed fish, also

remained stable over time. Interestingly, the ratio of the

concentration of PEG (mg ml-1) found in the oesopha-

gus–stomach fluid of fed fish versus the concentration

of PEG (mg ml-1) found in the external water was

approximately 1 (0.98 ± 0.2, N = 28) suggesting that

there was little to no net secretion and/or absorption of

fluid by the lumen of the oesophagus–stomach, or that the

rates and/or magnitude of secretion and absorption were

closely matched.

Feeding to satiation resulted in an average ingested

ration of 3.41 ± 0.20 (21) % body weight, measured by the

summation of bead counts in the oesophagus, stomach, and

caeca up to 8 h in series 2 (i.e. in the absence of defeca-

tion). Water fluxes into the oesophagus–stomach showed

net addition of water at all time points (Fig. 1). Overall,

there was a net addition of *71 ml kg-1 into the

oesophagus–stomach of fed seawater fish over 48 h

(Fig. 1). Based on the assumption that endogenous net

water secretion was minimal (see above), a drinking rate of

1.5 ± 0.7 ml kg-1 h-1 (N = 48) was calculated. Although

this was lower than that measured in series 1, the differ-

ence proved to be statistically insignificant. As there was

no significant difference between the first and second

experimental series, an average fed drinking rate of

1.8 ± 0.7 ml kg-1 h-1 (an average of all drinking rates

measured and calculated from fed fish in both series) was

used to calculate all subsequent ion fluxes (Eq. 5).

Approximately 7 ml kg-1 of water was secreted into the

anterior intestine and caecae, cumulated over 48 h, adding

to the water load found in the GI tract (Fig. 1). In contrast,

the mid and posterior intestinal sections showed a net

absorptive flux of water at all time points (52 ml kg-1

combined over 48 h and between both GI tract sections;

Fig. 1). Overall, a net total of 78 ml kg-1 (4.4 ml kg-1

supplied by the diet itself) was ingested and/or secreted to

the GI tract during feeding and digestion, while only

52 ml kg-1 was absorbed. A net gastrointestinal absorption

of 45 ml kg-1 (after accounting for the anterior intestine

secretions) resulted in a net assimilation of *63% of the

water ingested.

Fig. 1 Flux of water (ml kg-1)

into each GI tract section over

various time intervals during the

digestion of a single meal by

seawater rainbow trout. Positive
values indicate secretion while

negative values indicate

absorption. Feeding occurred

immediately after 0 h. Note that

these are absolute fluxes over

the specified time intervals, so

individual statistical

comparisons are not appropriate

as intervals differ.

Mean ± 1 SEM (N = 7)
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Dietary ion handling along the GI tract

The ionic concentrations of the fluid phase (mmol l-1) of

the chyme as well as the total chyme (mmol kg-1) are

reported in Table 2, together with measured values for

seawater composition. In general, the concentration of all

ions in both the total chyme as well as the fluid phase

significantly decreased as digesta moved along the GI tract,

although this trend was much more variable for the divalent

cations (Table 2). Furthermore, for all ions, concentrations

in the fluid phase were generally lower than in the total

chyme; a trend significant at most time points, especially

along the intestine. When examining the total chyme found

in the oesophagus–stomach, the concentrations of K?,

Ca2?, and Mg2? were greater than or equal to those in

seawater, whereas those of Na? and Cl- were significantly

less than those in seawater (Table 2). In the fluid phase of

gastric chyme, the same was true for Na? and Cl-, but K?

concentrations were similar to seawater levels, whereas

Ca2? and Mg2? concentrations were initially lower than

seawater levels but rose to exceed them later in the 48 h

experimental period (Table 2).

There was a general trend of reduction in ion concen-

tration with time and with distance along the intestine for

all ions except Mg2? throughout the 48 h; however, there

were considerable quantitative and qualitative differences

among individual ions and phases (Table 2). However, as

both the solid and fluid components were modified in

volume as chyme moved along the tract, it is impossible to

interpret trends from changes in concentration alone.

Therefore, detailed quantitative examination of the changes

was undertaken with respect to an inert marker (ballotini

beads; see ‘‘Materials and methods’’) and summarized as

fluxes—i.e. net absorptive or secretory movements of each

ion over each time period in each section of the gastroin-

testinal tract (Fig. 2), as outlined below.

As the measured concentration of Na? found in the

prepared diet was 243 ± 6 (21) lmol g-1 original food

weight, an ingested meal of 3.4% corresponds to an aver-

age Na? intake of approximately 8.3 mmol kg-1 fish

weight. Imbibed water (based on an average drinking

rate of 1.8 ml kg-1 h-1 and a water composition of

489 lmol ml-1) provided an additional exogenous Na?

load of 42 mmol kg-1. The net flux of Na? in the

oesophagus–stomach was negative at all time points,

indicating continuous absorption during digestion

(35 mmol kg-1 total; Fig. 2a). In contrast, Na? was

secreted into the anterior intestine and caecae

(*5 mmol kg-1; Fig. 2a), while the mid and posterior

intestinal segments also absorbed Na? (11 mmol kg-1

total for both sections; Fig. 2a). Based on this, the total

addition of Na? to the GI tract was 56 mmol kg-1

(including secretions from the anterior intestine). The total

absorption by the GI tract was 47 mmol kg-1 (Fig. 2a),

while the total secretion was 5 mmol kg-1 resulting in

an average net absorption of 43 mmol kg-1 by the GI tract.

The total amount of Na? ingested was 50 mmol kg-1

resulting in an overall 86% net assimilation of Na?,

of which dietary Na? was a small fraction (8.3 vs.

42 mmol kg-1).

The flux of Cl- into the oesophagus–stomach was ini-

tially secretory (2 h following feeding), but Cl- was sub-

sequently absorbed from the oesophagus–stomach on a net

basis (Fig. 2b). Net assimilation of Cl- from the oesoph-

agus–stomach was slightly lower than that for Na?

(28 mmol kg-1; Fig. 2b), despite a similar dietary load

(6.6 mmol kg-1) and greater Cl- levels in the ingested

water. This likely reflected the secretion of Cl- in the form

of HCl in addition to the Cl- absorbed from the ingested

seawater. Net Cl- absorption occurred in the anterior

(21 mmol kg-1), mid (4 mmol kg-1) and posterior intes-

tinal sections (1 mmol kg-1) (Fig. 2b). Overall, 55 mmol

kg-1 Cl- was added to the GI tract (6.6 mmol kg-1 from

the diet, 46 mmol kg-1 from the ingested seawater,

1.9 mmol kg-1 total from the gastrointestinal tract).

Approximately 54 mmol kg-1 was absorbed by the GI tract

resulting in an average net Cl- absorption of 52 mmol kg-1.

Combined with a total ingestion of *53 mmol kg-1, Cl-

underwent a net assimilation of 98% (Fig. 2b), again the

diet forming a small fraction.

K? underwent net absorption in all GI tract sections

with the exception of a slight secretion into the anterior

intestine and caecae at 4 and 8 h following feeding

(Fig. 2c). The diet provided 3.4 mmol K? kg-1, while the

ingested water provided 0.8 mmol K? kg-1. Additionally,

a further 1.6 mmol K? kg-1 was secreted by the anterior

intestine and caecae providing additional K? for absorp-

tion. The mid intestine absorbed 1.4 mmol kg-1 while the

posterior intestine absorbed 0.1 mmol kg-1 (Fig. 2c). On a

net basis, 3.9 mmol kg-1 of K? was absorbed by the GI

tract (5.5 mmol kg-1 total absorption, 1.6 mmol kg-1 total

secretion, Fig. 2c), indicating a net assimilation of *93%

of the total K? consumed (4.2 mmol kg-1), a majority of

which was supplied by the diet (3.4 vs. 0.8 mmol kg-1).

The handling of Ca2? by the oesophagus–stomach and

anterior intestine and caecae was similar to that of K?

(Fig. 3a). However, the total amount of Ca2? absorbed in

mid intestine was twofold lower and more variable when

compared to K?, and the posterior intestinal tract did not

appear to exhibit net absorption or secretion of Ca2?

(Fig. 3a). Overall, the diet provided 6.3 mmol kg-1 of

Ca2?, and the ingested water provided 0.9 mmol kg-1.

Secretion by the intestine comprised 1.4 mmol kg-1, cre-

ating a total addition of Ca2? to the GI tract amounting

to 8.6 mmol kg-1. In general, 4.5 mmol kg-1 of Ca2? was

absorbed, mostly by the oesophagus–stomach. This
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combined with the secretion noted above resulted in a net

assimilation of 3.1 mmol kg-1 or 43% of consumed Ca2?

(Fig. 3a). A large portion of both K? and Ca2? absorbed

were therefore supplied by the diet rather than by imbibed

seawater, in contrast to Na? and Cl-.

The handling of Mg2? appeared qualitatively similar to

that of Ca2?, although the total secretion of Mg2? into the

anterior intestine and caecae was approximately four-fold

greater than that of Ca2? (Fig. 3b). Overall, 3.6 mmol Mg2?

kg-1 was ingested through the diet, while 4.5 mmol kg-1

was ingested via the water, and 5.8 mmol kg-1 was secreted

by the intestine, mostly the anterior section (Fig. 3b). This

created a Mg2? load in the intestine of approximately

14 mmol kg-1. The intestinal secretions of Mg2? combined

with a total absorption of *5.3 mmol kg-1, resulted in an

overall net loss of Mg2? to the environment of

0.5 mmol kg-1 representing a minimal amount (*3% of the

ingested load).

Feeding had no effect on the ionic composition of the

plasma at any of the sampling times (Table 2). Overall,

average values were: Na? = 147.5 ± 3.2; Cl- = 121.4 ±

2.9; K?= 3.1 ± 0.14; Ca2?= 2.4 ± 0.15; Mg2? = 1.1 ±

0.10 lmol ml-1 (N = 49; Table 2). Comparison of these

values with corresponding ion concentrations in the fluid

phase of the chyme (Table 2) reveals that Na? and Cl-

absorption occurred (Fig. 2a, b) despite increasingly steep

concentration gradients opposing absorption of these ions,

moving from the oesophagus–stomach to the posterior

section of the tract, gradients which also tended to become

greater with time after feeding. In contrast, concentration

Fig. 2 Flux of (a) Na? (mmol kg-1), (b) Cl- (mmol kg-1), and

(c) K? (mmol kg-1) into each GI tract section over time during the

digestion of a single meal by seawater rainbow trout. Positive values
indicate secretion while negative values indicate absorption. Feeding

occurred immediately after 0 h. Note that these are absolute fluxes

over the specified time intervals, so individual statistical comparisons

are not appropriate as intervals differ. Mean ± 1 SEM (N = 7)
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gradients from chyme fluid to plasma were initially in favour

of K? absorption (Fig. 2c), but declined with both time and

distance along the tract until approximate equilibrium was

established (Table 2). For Ca2?, concentration gradients were

only strongly in favour of absorption (Fig. 3a) in the gastric

fluids during the second 24 h after ingestion of the meal; at

other times and in all other sections of the tract, Ca2? con-

centrations in chyme fluid were comparable to or below

plasma concentrations (Table 2). For Mg2?, negligible net

absorption occurred (Fig. 3b), despite concentration gradients

favouring absorption at virtually all time points in all sections

of the tract (Table 2).

The pH of the stomach chyme decreased during the 48 h

digestive period, falling from an initial, unfed value of

6.58 ± 0.12 (N = 7) to a final value of 3.19 ± 0.22

(N = 7) by 48 h following the ingestion of a meal (Fig. 4).

In contrast, there was no significant effect of feeding or

time on intestinal pH within each section (Fig. 4), although

pH did increase along the intestinal sections. Mean values

were 7.69 ± 0.2 (N = 49), 8.14 ± 02 (N = 49), and

8.52 ± 0.14 (N = 49) for the anterior, mid and posterior

intestine, respectively.

Discussion

In contrast to previous studies wherein drinking rates

increased following feeding (seawater Atlantic salmon;

Fig. 3 Flux of (a) Ca2?

(mmol kg-1) and (b) Mg2?

(mmol kg-1) into each GI tract

section over time during the

digestion of a single meal by

seawater rainbow trout. Positive
values indicate secretion while

negative values indicate

absorption. Feeding occurred

immediately after 0 h. Note that

these are absolute fluxes over

the specified time intervals, so

individual statistical

comparisons are not appropriate

as intervals differ.

Mean ± 1 SEM (N = 7)
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Usher et al. 1988; freshwater rainbow trout; Tytler et al.

1990; Kristiansen and Rankin 2001), feeding had no effect

on the measured drinking rates in the current study.

Additionally, feeding did not appear to result in a signifi-

cant net secretion of endogenous water into the oesopha-

gus–stomach during the secretion of HCl as the ratio of the

concentration of PEG found in the stomach fluid of fed fish

versus the concentration of PEG found in the external

water was approximately 1 (0.98 ± 0.20, N = 28), sug-

gesting that there was little to no net secretion and/or

absorption of endogenous fluid into the oesophagus–

stomach lumen, or that the rates and/or magnitude of

secretion and absorption were closely matched. Quite

possibly, fluid absorption in the oesophagus and gastric

HCl secretion in the stomach were of generally similar

magnitude, cancelling each other on a net basis, although

the oesophagus is known to have low water permeability

(Nagashima and Ando 1994). Hirano (1974) actually

inhibited drinking in the seawater eel by distending the

stomach with isotonic solutions of mannitol. Perhaps the

size of the meal ingested can affect the drinking rate, with

smaller meals increasing the amount of water imbibed,

while larger meals reduce it. This hypothesis is supported

by the slightly lower drinking rates reported in series 2,

where there was a slightly higher ration size as well.

While the drinking rates in the present study may appear

low compared to previously published rates for unfed

seawater trout (e.g. Wilson et al. 1996; Shehadeh and

Gordon 1969) and may relate to methodological differ-

ences, similar drinking rates have been observed in sev-

eral other studies on fasted seawater-adapted rainbow

trout (Perrott et al. 1992; Wilson et al. 1996; Webb and

Wood 2000).

Although we hypothesized that feeding would result in

greater net water assimilation along the GI tract, the results

suggest the opposite. The net assimilation of water along

the GI tract during feeding was only approximately 63%

(Fig. 1) which is lower than the net assimilation of water

reported in several other studies of unfed rainbow trout in

seawater (Shehadeh and Gordon 1969, 80%; Kristens and

Skadhauge 1974, 85% (theoretical); Wilson et al. 1996,

85%). The secretion of fluid into the anterior intestine and

caecae (*7 ml kg-1 over 48 h) was an important com-

ponent reducing the net absorption of water. Very proba-

bly, this fluid was mainly accounted for by bile secretions

which could account for up to *87% of the fluid secreted,

based on the most comprehensive data set available (Gro-

sell et al. 2000). However, a note of caution is that these

data were for freshwater trout. The remainder of fluid

secreted may have been pancreatic secretions associated

with digestion, however unlike in mammals, pancreatic

tissue in teleosts is diffuse (Fange and Grove 1979) and

determining the volume of fluid secreted by these cells

would be difficult. Regardless, if these secretions are

removed from the overall net balance, the assimilation of

water along the GI tract is still at the low end of water

assimilation values (*67 vs. 80–95% in unfed fish). This

combined with a stable drinking rate during feeding, sug-

gests that digestion of a commercial pellet meal may create

an osmotic challenge during feeding by reducing the

amount of water assimilation by the intestine and by

inducing endogenous water loss through biliary and pan-

creatic secretions. Chyme osmolality was not measured in

the present study; however, Bucking and Wood (2006a)

reported that when a feed of similar composition was

ingested by freshwater rainbow trout, the osmolality of the

Fig. 4 The pH profile along the

GI tract of seawater-acclimated

rainbow trout in the stomach,

anterior intestine and caecae,

mid intestine, and posterior

intestine. Arrows indicate time

of arrival of chyme in each

section. For both the posterior

and mid intestine, this occurred

at 8 h. The vertical line
indicates time of feeding. Time

points that share letters are not

significantly different

(P [ 0.05). There were no

significant effects of time on the

pH of the intestinal samples.

Mean ± 1 SEM (N = 7)
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fluid phase of the chyme was initially three times that of

plasma levels, and remained significantly higher than

plasma osmolality in all sections of the gut during the

entire 48 h post-feeding period. This effect was not com-

pletely accounted for by measured inorganic ions in the

chyme fluid (Bucking and Wood 2006b, 2007) and likely

reflected an important contribution from organic osmolytes

mobilized during digestion of this ‘‘dry’’ diet. Similarly, in

the seawater gulf toadfish fed two natural diets, chyme

osmolality consistently exceeded plasma osmolality, a

difference which again was only partially explained by

measured inorganic electrolyte concentrations (Taylor and

Grosell 2006).

Another factor reducing water absorption in fed trout

may be the presence of soluble fibers incorporated into the

feed mixtures which are believed to increase the water

holding capacity of the chyme (Choct and Annison 1990),

thereby reducing that amount of water available for

absorption. Mucus, produced mainly by goblet cells

releasing glycoproteins (mucins) has significant effects on

water diffusion which are correlated with the concentration

of mucins within the mucus itself (Shephard 1981, 1994).

If feeding were to increase the amount of mucus produced,

or the amount of mucins within the mucus, this could be

another factor reducing water absorption.

Another possibility to explain the decrease in water

assimilation along the GI tract of fed fish is that the

absorption of nutrients may result in a decreased amount of

H? available for the conversion of HCO3
- into CO2 in the

intestinal lumen. This conversion of HCO3
- into CO2 in

the intestinal lumen is important to drive intestinal water

uptake (reviewed by Grosell et al. 2009b) and a reduction

in luminal protons may decrease water uptake. For exam-

ple, the absorption of di- and tri-peptides via a H? co-

transporter (PEPT1; reviewed by Daniel 2004; Meredith

2009) found along the piscine intestine (Amberg et al.

2008; Verri et al. 2003; Terova et al. 2009) may sequester

H? away from the mechanisms of water transport. Clearly,

multiple complicated processes may be at work here and

require additional investigation.

Interestingly, the net assimilation of Na?, Cl- and K? in

seawater (86–98%; Fig. 2) was similar to assimilation

efficiencies in unfed rainbow trout (90–95%; Shehadeh and

Gordon 1969; Kristens and Skadhauge 1974; Dabrowski

et al. 1986). As net water movement is believed to be

linked to monovalent ion movement, the decreased water

assimilation was apparently not caused by a decrease in ion

assimilation. When the net absorbed fluid (45 ml kg-1) and

the net absorbed ions (Na?= 43; Cl- = 52; K?= 3.9;

Ca2? = 3.1 mmol kg-1, there is no net Mg2? absorption)

are used to calculate the ion concentrations in the

absorbed fluid, the results are surprisingly hypertonic rel-

ative to the plasma (Na? = 956; Cl- = 1156; K?=87;

Ca2?= 69 mmol l-1). This finding supports the demon-

stration that marine teleosts absorb a hypertonic solution on

a net basis across their intestine (Grosell 2006; Grosell and

Taylor 2007). Furthermore, by comparison to the calcu-

lated absorbate concentrations for fasted fish (Grosell

2006), the current study suggests that the absorbate con-

centrations may be even more elevated when teleosts are

absorbing a meal. However, it is important to note that the

current experimental design reveals the net movement of

water and ions at each time point, but is unable to distin-

guish between the individual contributions of absorption

and secretion.

While 86–98% of the ingested Na? and Cl- ions were

absorbed by the gastrointestinal tract, the majority of these

ions were sequestered from the imbibed seawater and the

diet provided only 15–20% of the total ions ingested. In

contrast, and as predicted, K? and Ca2? were assimilated

above levels that could have been provided by imbibed

seawater alone (Figs. 2c, 3a), suggesting that seawater

rainbow trout may utilize the diet for K? and Ca2?.

Interestingly, the net absorption of ingested Ca2? (43% net

assimilation) in the current study was quantitatively similar

to previous studies on unfed marine fish (e.g. 35% net

assimilation in unfed trout, Shehadeh and Gordon 1969;

31% in unfed cod, Fletcher 1978), despite the ingestion of

considerably larger Ca2? loads in the meal. Absorption of

Ca2? from the diet is surprising as seawater trout face an

excess of Ca2? in the water compared to bodily concen-

trations. Mg2? is also in great excess in seawater relative to

teleost body fluids. In contrast to Ca2?, the negligible

(slightly negative) net Mg2? absorption efficiency was

lower than reported in fasted seawater trout (41–48%;

Shehadeh and Gordon 1969; Wilson et al. 1996), and in

fasted seawater flounder (16%; Hickman 1968), so it is

possible that feeding actually inhibits Mg2? absorption.

Perhaps the increased HCO3
- secretion (Bucking et al.

2009) increases magnesium carbonate precipitation in the

tract, although only a minor fraction of intestinal magne-

sium is found as a precipitate.

Quantitative comparisons of ion transport and assimi-

lation from the diet are difficult to make with other feeding

studies, due to methodological differences (i.e. a lack of an

inert marker for examining net transport of ions in all

previous studies). However qualitative observations can be

made. Generally, monovalent ions are absorbed along the

GI tract in postprandial marine fish (dogfish shark; Wood

et al. 2007a, b; gulf toadfish, Taylor and Grosell 2006).

Additionally, Mg2? is excluded from absorption along the

intestinal tract, as is Ca2? to a lesser extent. The oesoph-

agus–stomach however, has shown to be an impressive site

of absorption for both Ca2? and Mg2?.

The diet fed in this study was a commercial fish feed

consisting of ground fish meal and various other fillers
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(salts, ash, carbohydrates, etc.) and contained K? levels

(99 lmol g-1 wet weight) slightly above those found in

pure fish meal diets (e.g. sardines = 70 lmol g-1 wet

weight; squid = 60 lmol g-1 wet weight; Taylor and

Grosell 2006). In contrast, Ca2? levels were 186 lmol g-1

wet weight versus sardines = 400 lmol g-1, squid =

2 lmol g-1 (Taylor and Grosell 2006). Clearly, food

ingested in the wild will vary in terms of overall ionic

content, however for the majority of fish that consume

piscivorous diets, the diet will act as a source of K? and

Ca2? above that which is absorbed through ingested sea-

water. Interestingly, the protein and carbohydrate compo-

sition of the diet can also alter the bioavailability of

minerals, in addition to that of water, through increased

electrostatic binding or trapping of minerals to newly

revealed free anionic binding sites as protein and carbo-

hydrate digestion proceeds (James et al. 1978; Singh and

Krikorian 1982; Liener 1994).

No disturbances in plasma ion composition were

observed throughout the present experiment. In fact plasma

ion concentrations appear to be tightly regulated after

feeding in both seawater (present study, Taylor and Grosell

2006) and freshwater fish, where only brief transient

changes occurred in plasma Na?, Ca2? and Mg2? con-

centrations (Bucking and Wood 2006b, 2007) despite large

scale absorption of the majority of ions. Therefore, gill and

renal effluxes of Na?, Cl-, Ca2?, and K? should increase

in seawater fish following feeding, however to our

knowledge this phenomenon has only been observed in

freshwater fish (Smith et al. 1995).

Comparisons with freshwater rainbow trout

While this study is one of only a handful to address the role

of feeding in ionoregulation in seawater fish, recent efforts

have promoted our understanding of the consequences of

feeding in freshwater fish. Therefore it is of interest to

compare the present results on seawater-acclimated rain-

bow trout to those obtained from freshwater-acclimated

rainbow trout under similar experimental conditions

(Bucking and Wood 2006a, b, 2007, 2009). There were

substantial differences in the initial pH of the stomach

fluids prior to feeding (freshwater fish gastric pH 2.7,

Bucking and Wood 2009; seawater fish gastric pH 6.6,

present study); the higher gastric pH in unfed seawater

trout presumably reflecting the buffering action of the

seawater ingested in drinking. Following feeding there

were surprisingly small differences in pH profiles in the

stomach and in the various intestinal sections, despite the

higher intestinal HCO3
- secretion rates reported in sea-

water trout (Bucking et al. 2009). Feeding and digestion

were associated with significant water losses to the GI tract

in freshwater rainbow trout (Bucking and Wood 2006a); a

total of approximately 17 ml kg-1 was lost to the GI tract,

*9 ml kg-1 of which was thought to be bile and pancre-

atic secretions. In freshwater this would help to balance the

diffusive water influx to which these fish are continually

subjected. A similar water loss via bile and pancreatic

secretions to the anterior intestine and caecae in seawater

fish was observed (Fig. 1; *7 ml-1 kg-1 secreted into the

intestine). After incorporating these secretions into net

intestinal water balance, the fluid loss at the intestine of fed

seawater-acclimated trout amounts to an approximate ‘‘rectal

fluid’’ loss of approximately 0.6 ml kg-1 h-1, whereas unfed

seawater-acclimated rainbow trout exhibit a measured rectal

fluid loss of approximately 0.48 ml kg-1 h-1 (Wilson et al.

1996).

In freshwater trout, feeding has been associated with the

absorption of significant and beneficial quantities of dietary

ions (Fig. 5), which would help animals to maintain body

Fig. 5 The net assimilation (%)

of dietary ions in freshwater and

seawater. Freshwater values

were assembled from Bucking

and Wood (2006b, 2007).

Positive values indicate net

assimilation, while negative
values indicate net loss of ions

to the environment
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salt levels in the face of diffusive loss (Bucking and Wood

2006b, 2007). The only exception is Na? which was lost to the

environment on a net basis (Fig. 5; Bucking and Wood

2006b). Therefore, due to low drinking rates and even lower

ion concentrations in the surrounding water, the diet provides

almost all of the enterically absorbed ions in freshwater trout.

These results reflect the beneficial consequences of feeding

and digestion in fresh water which tend to counteract the

osmotic gain and ion loss faced in hyposmotic environments.

In seawater-acclimated trout the majority of the sequestered

K? and Ca2? were taken up from the diet (Fig. 5), while Na?

and Cl- in the feed provided only 15–20% of the ingested

ions, and Mg2? was not taken up on a net basis from either the

food or seawater. While the resultant net intestinal loss of Na?

was a challenge facing freshwater-acclimated trout, the

secretion of these ions into the anterior intestine and caecae

and their subsequent loss to the feces (as well as their loss in

the formation of new bile and pancreatic fluids), may reflect an

ionoregulatory benefit to digestion in seawater-acclimated

trout.

When comparing the ionic regulatory ability of specific

sections of the tract (Fig. 6), with the exception of Cl-

Fig. 6 Comparison of total water (ml kg-1) and ion transport

(mmol kg-1) during digestion in each gut compartment [(a) oesoph-

agus–stomach, (b) Anterior intestine and caecae, (c) mid intestine,

(d) posterior intestine] of freshwater rainbow trout (white bars, data

from Bucking and Wood 2006a, b, 2007) and seawater rainbow trout

(black bars). Positive values indicate total secretory fluxes, negative
values indicate total absorptive fluxes. Hatched bars indicate net

fluxes (difference between secretory and absorptive fluxes)
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regulation, the stomach handled water and ions in a fairly

similar manner in both freshwater and seawater in terms of

the directionality of net fluxes. In freshwater-acclimated

fish there was a noticeable secretion of Cl- into the gastric

lumen presumably in the form of HCl for the purposes of

digestion, whereas secretion of HCl was masked in the

seawater-acclimated trout by the addition of external Cl-

during drinking events. However, the secretion of HCl was

evident by the decreasing pH of the gastric lumen. Addi-

tionally, the magnitudes of the Na? and water fluxes were

much greater for seawater fish than for freshwater fish; note

in particular the much higher Na? and water absorption in

the mid and posterior intestines of seawater trout

(approximately 5–25 times larger). In the anterior intestine

and caecae the net absorption of Cl- and secretion of Mg2?

was much larger in seawater trout as well. In contrast, K?

was absorbed on a net overall basis by the anterior intestine

and caecae by fish acclimated to freshwater, while in sea-

water it was secreted.

Summary

The digestion of a commercial meal by seawater-accli-

mated rainbow trout resulted in decreased water assimila-

tion by the intestine when compared to previously

published values for unfed trout. The complicated milieu of

the intestine during digestion along with the many physi-

ological processes that occur create many potential avenues

to explore for determining the cause of this reduction in

water assimilation. The diet also provided significant

amounts of K? and Ca2? that were assimilated during

digestion, despite seawater-acclimated trout facing a high

level of Ca2? in the water. Na?, Cl-, and Mg2? in the food

(also in excess in seawater) were either swamped out by

imbibed seawater concentrations (Na? and Cl-) or negli-

gibly handled by the GI tract (Mg2?). This study highlights

the need for further investigation into the effect of feeding

and digestion on intestinal function in fish.
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