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AN ENERGY BUDGET FOR A POPULATION
OF THE LIMPET PATELLA VULGATA

J. R. W R I G H T * AND R. G. H A R T N O L L
Department of Marine Biology, University of Liverpool, Port Erin, Isle of Man

(Figs. 1-6)

An energy budget has been assembled for a population of the limpet Patella vulgata
inhabiting the mid-tide level of a moderately sheltered shore in the Isle of Man. The
average biomass during the two year study was 346 kj m"2, and the energy budget in
kj m~2 year^1:

1605 = 68 + 96 + 498 + 884 + 59
(C = Pg + Pr + R + F + U).

This budget is compared with those for other intertidal herbivorous gastropods. Notable
features include the high proportion of total production appearing as gametes, and the
low P/B ratio. However, the latter is not low in relation to similarly long-lived molluscs.

INTRODUCTION
Only a few energy budgets are available for rocky-shore herbivorous gastropods

(Table 7), and not many for intertidal molluscs in general. This is scarcely surprising.
It is difficult enough to derive a short-term energy budget for a single animal in the
laboratory, but vastly more complicated to produce an annual budget for a population in
the field. Nevertheless we felt that it was a worthwhile exercise, for some understanding
of the dynamics of energy flow is basic to an appreciation of the functioning of a rocky-
shore ecosystem. Patella vulgata L. was selected for study because it is the major grazer
in the mid-shore region, and a major influence on community composition due to its
restriction of algal growth (Jones, 1948; Lodge, 1948; Southward, 1964; Southward &
Southward, 1978). The study was conducted at mid-tide level on a moderately sheltered
shore, a situation in which the effects of Patella are marked. On practical grounds, the
abundance and relatively large size of Patella, together with its adoption of a fairly
constant home base (Hartnoll & Wright, 1977), greatly facilitated the design and execu-
tion of the programme.

The basic equation for the components of an energy budget is, according to IBP
terminology (Petrusewicz, 1967; Ricker, 1968), as follows:

C = Pg + Pr + R + F + U.

C is the energy content of the food consumed, Pg is the energy content of the tissue added
to the population by growth and recruitment, Pr is the energy content of the gametes
liberated during spawning, R is the energy lost as a result of respiration, F is the energy
content of the faeces, U is the energy lost as urine and other exudates, C — F — U is
the food assimilated (A), P is the total production, derived by adding Pg and Pr.

* Present address: St Mary's Sixth Form College, Middlesbrough.
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The aim of our investigation was to determine each component of the energy budget
for a defined population of Patella vulgata, so that the final balance of the equation would
indicate the accuracy of the work: most of the other studies in Table 7 lack this internal
check. The basic strategy involved selecting a fairly large region of apparently homo-
geneous composition (' the ledge'), and locating within this a fixed area of 5 m2 (' the
quadrats') containing the population under study. The limpets in the quadrats were
undisturbed, other than for monthly in situ measurements of shell length, and monitoring
of recruitment and mortality. Limpets were removed elsewhere from the ledge as
required for biometric analysis and laboratory experiment, in order to provide data for
the calculation of the energy budget components of the limpets in the quadrats. In this
way, energy budgets for the quadrats were compiled for the two twelve-month periods of
March 1974 to February 1975, and March 1975 to February 1976; these are preferable
to calendar years since the termination of the main breeding season in December to
January would complicate the assessment of a budget for a period ending in December.
However, the two periods will generally be referred to as ' 1974' and ' 1975' respectively.

METHODS
Details of the methods used for determining each component of the budget are presented in the

appropriate section, but several widely used procedures can conveniently be described here. Data
are generally presented in terms of dry weight, ash-free dry weight, or calorific content. Dry
weights were determined by drying at 80 °C in an oven to constant weight. Ash weights were
determined by heating in a muffle furnace at 500 °C for 4 h. Calorific content was determined with
a Phillipson oxygen micro-bomb calorimeter (Gentry Instruments) linked to a Unicam AR 35
potentiometer recorder: the procedure described by Phillipson (1964) was followed. The com-
ponents of the energy budget were determined for the 5 m2 quadrat area, but the final budget is
presented in kjm~2 year-1. The joule and kilojoule are used since they are the S.I. units for
energy. Previous studies have worked in calories, and so in Table 7 the energy budget for Patella
is presented in both kj and kcal, and those for other species in kcal.

Some terminology needs to be defined. Biomass is the weight of the whole animal. Shell weight
is the weight of the shell. Flesh weight is the weight of the animal without the shell. Somatic
weight is the weight of the flesh with the gonads removed. Gonad weight is the weight of the
gonads. Non-gonad biomass is the weight of the limpet without gonad, namely the sum of the
shell and somatic weights.

RESULTS
The population investigated

Previous investigations have shown that different populations of the same gastropod
species can have very different energy budget characteristics. Paine (1971) demonstrated
this for high and low shore populations of Tegula funebralis (Adams), and Hughes
(19716) for neighbouring populations of Nerita peloronta L. There is abundant evidence
that populations of Patella vulgata vary enormously in such features as growth rate, age
structure and size-frequency distribution (Jones, 1948; Lewis & Bowman, 1975;
Southward, 1953), a n d consequent energy budget differences must be anticipated. So
in order to place this study in its proper context, it is essential to define in some detail the
environment and population characteristics of the limpets investigated.
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The study was carried out at Derbyhaven, Isle of Man, on a moderately sheltered
shore which rated point five on the Ballantine scale (Ballantine, 1961). The limestone
rock has almost horizontal strata, so that the shore is composed of level platforms
separated by vertical steps. The platform at mean tide level, measuring 110 m long by
on average 65 m wide, was selected as the study ledge. It had a fairly evenly distributed

1974

Length (mm)

Fig. 1. Length-frequency histograms for the quadrat limpets in
October 1974 and October 1975 (1 mm length classes).

community, of which the prominent components were Fucus serratus L. and Fucus
vesiculosus L. in roughly equal amounts, the barnacle Balanus balanoides (L.), and the
gastropods Patella vulgata, Littorina littoralis (L.) and Nucella lapillus (L.). Total algal
cover was of the order of 25 %, and barnacle cover also about 25 %, with appreciable
amounts of bare rock. The quadrats were five contiguous 1 m2 quadrats running along-
shore near the middle of the ledge. During the study the quadrats contained between
130 and 232 limpets, the fluctuation being mainly due to recruitment, followed by the
subsequent early death of the young limpets.

The size-frequency distribution is one informative characteristic of a limpet popula-
tion. The length distribution of the limpets in the quadrats varied seasonally due to
recruitment, growth and mortality, and from year to year due to different levels of
recruitment. Histograms of length-frequency for October in 1974 and 1975 are presented
in Fig. 1, so that they can be compared with the distributions for the same time of year
given by Lewis & Bowman (1975, fig. 6). The size of the Derbyhaven limpets, of which a
large proportion exceeded 40 mm length, was greater than any of their East coast popula-
tions. However, the overall pattern of length-frequency is most like their site 9, 'mid-
level, bare rock and Fucus': this roughly describes the Derbyhaven habitat, so the
population structure seems typical for this type of environment. The distribution in
Fig. 1 also resembles that from the more sheltered site at Port St Mary in the Isle of Man
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described by Southward (1953). Very different length-frequency patterns are described
by both Southward (1953) a nd Lewis & Bowman (1975) from more exposed sites or from
different shore levels, implying very different energy budgets.

The second important population characteristic is growth rate, and the repeated
measurement of known individuals over a two-year period enabled a growth curve to be
constructed (Fig. 2). This is based on observation for the first six years of life - beyond
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Fig. 2. Growth curves for Patella vulgata, the solid portions observed, the broken portions
extrapolated, (A) The quadrat limpets of the present study (A> largest limpet in quadrats; Y,
largest limpet on ledge), (B) Lewis & Bowman (1975) site 9, 'mid shore bare rock and Fucus'.
(c) Lewis & Bowman (1975) site 2, 'high shore barnacles and mussels'.

that it is extrapolated. Growth is rapid during the first four years, but the rate declines
markedly with the onset of sexual maturity: however, some growth does continue
throughout life. The growth rate of the quadrat specimens is probably relatively rapid
for the species, since Lewis & Bowman (1975, fig. 7) have demonstrated that this is so for
'mid level bare rock and Fucus' populations. The curve indicates that the largest limpet
found in the quadrats was about thirteen years old, the largest limpet on the ledge about
seventeen. Fig. 1 shows that a large proportion of the population is between 40 and
50 mm in length, and Fig. 2 indicates that these limpets will be mature, slow growing,
and between five and ten years old.

Growth production - P(J

Growth production is the production of tissue other than gametes, and is made up of
two components.

Pa = AB + E,

where A B is the change in non-gonad biomass of the population and E is the balance
between the loss of non-gonad biomass by mortality and its addition by recruitment. In
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order to determine Pg, the length of each limpet in the quadrats was measured monthly,
and appropriate conversions (see below) used to calculate the calorific value of shell and
somatic tissue. The difference in the totals for two successive months gave AB for the
intervening period. Specimens lost by mortality and added by recruitment were identi-
fied and their non-gonadal calorific value determined in the same way to give E. If
recruitment exceeded mortality, then the difference was deducted from AB to give Pg.
If, as is more usual, mortality exceeded recruitment, then the difference was added to
AB. The values of Pa for the monthly or longer periods were summed to give a total for
the year.
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Fig. 3. Calorific content of the somatic tissue of a 40 mm-long limpet
calculated for each month of the study.

The maximum shell length of the limpets in the quadrats was measured in situ each
month with vernier calipers reading to 001 mm. Limpets were not marked, in case
marking might affect mortality. However, individuals returned to fixed home-sites very
consistently, and knowledge of the size and position of each limpet at the previous survey
enabled specimens to be identified. Consequently, the loss of specimens (by mortality or
emigration) and the gain of specimens (by recruitment or immigration) was detected.
Over the course of a year, immigration and emigration can be assumed to balance, and
hence ignored as factors in the determination of Pg.

In order to calculate calorific values for the quadrat limpets, a sample of limpets was
collected each month from the ledge, always avoiding the area adjacent to the quadrats.
The length of each limpet was measured, and the shell separated from the flesh. Dry
shell weight was determined. The gonads were dissected away from the somatic tissue,
and dry somatic weight determined. The calorific value of the somatic tissue was
determined each month. The relation between shell length and dry shell weight was
similar throughout the year, and is best expressed by the regression of log10 shell weight
(g) on log10 shell length (mm) with the parameters: correlation coefficient, 0994;
slope, 370; intercept, - 5-23. Dry shell weight was converted to calories using the value
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accepted by Paine (1971) for another herbivorous gastropod, 0263 kj g"1. The relation
between shell length and dry somatic weight varied appreciably from month to month,
and so a series of regressions of log dry somatic weight on log shell length were deter-
mined (Wright, 1977, table 4). The calorific value of the somatic tissue also varied
through the year, due to variation in the composition of the tissues (Wright, 1977,
table 6). Polysaccharide (mainly glycogen) is stored in the foot and hepatopancreas, and

Table 1. The number and biomass of the limpets in the 5 m2 quadrat area, and the components
and total of growth production. Also the gonad calorific content

Values are given for each month of the study. For each year mean numbers and biomass are given,
and total growth production.

Gonad
calorific

Month Number Biomass (kj) AB (kj) E (kj) P, (kj) content (kj)

1974
Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1975
Jan.
Feb.

168
172

171
177
189
232
232
213
214
178

177
161

Year 1974-1975: x = 190

Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1976
Jan.
Feb.
Mar.

160
160
160
174
175
176
166
154
156
149

142
136
130

Year 1975-1976 x = 159 x = 1763

1964
2332
- 8 4
257-1

-402-4
-338-3
-1721

599
— 1105

1867

172-1
- 5 6 1

£x = 176

5309

62-4

-43-1

-2198
— 290-6
- 3 6 7 2

1185

2127

Y.x = 38

1-3
184
540
1 8 0

431
6 1 1
41-0
1 1 3
9 8 0

8-8

239
1 1 7

= 2717

1 3 0

46-5

75-8

77'5
695
56-7

6 1 1

1 6 7

1976
2148

45-6
2391

-3592
-277-2
— 1310

486
- 1 2 6
1955

195-9
- 6 7 8

2x = 289

517-9

1089

331

-1424
— 2211
- 3 1 1 1

179-7

2294

423
511
58-2
58-2
695

272-1
2696
4605
4769
180-5

971
938

42-7
502
64-1
699
75-8

170-4
307-3
328-7
3580
500-3

2386
1235
42-7

= 3902 = 3940

in June/July its content rises to five times the winter level (Barry & Munday, 1959;
Blackmore, 1969). Lipid content rises to a peak in August (Blackmore, 1969). These
changes are due to the accumulation of reserves and their subsequent transfer to the
maturing gonads, for they are not seen in spat and second-year limpets, which are all
immature. The variation in calorific value will be caused predominantly by lipid content,
since lipid has a very high calorific value of 396 kj g-1. The cumulative effects of
changes in somatic weight and calorific value are seen in Fig. 3, which plots the change in
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ENERGY BUDGET FOR LIMPET POPULATION 633

somatic calorific content of a 40 mm-long limpet over the course of the study. The
increase during the first half of each year represents the accumulation of reserves, the
subsequent decline the transfer of reserves to the developing gonads.

The appropriate conversions were used to calculate the values of AB, E and Pg for the
quadrat limpets in each month of the study (Table 1). This also records the total number

40 r
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1 i 1 1 1 i 1 1 1 1 i 1 1 i 1 i 1 1 i 1 1 1 1
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M o n t h s o f t he s t u d y

Fig. 4. Gonad dry weight as a percentage of dry flesh weight for each month of the study
(A, third-year males; A> older males; # , females).

and biomass of the quadrat limpets each month. The fluctuations in number are mainly
due to recruitment of considerable numbers of spat followed by their subsequent rapid
mortality. In 1974, recruitment was high and numbers fluctuated between 161 and 232,
but in 1975 it was poor and the population ranged only between 136 and 176. Biomass
also changed considerably during each year due to the combined effects of recruitment,
gonad maturation and spawning, but over the year changes were small. The same
constancy is seen in the non-gonad biomass, with a AB of + 176kj for 1974, and
+ 377 W f°r *975- This is important, for a steady-state system from year to year is a
prerequisite for a meaningful energy budget analysis. The total Pg for the quadrat
limpets was 2893 kj f°r *974 a n d 394-o kj for 1975 •> i n e a c n Ye a rJm o s t growth production
occurred from December to June, since between July and November resources were
used for gonad maturation. Sea temperatures were higher in 1975 than in 1974, which
probably accounts for the higher Pg in the second year of the study.
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Reproductive production - Pr

Patella vulgata spawns once each year in winter. If the calorific value after spawning is
deducted from that before spawning, this gives the annual Pr for a limpet. This was done
for the quadrat limpets, and an allowance added for specimens which died during the
period of gonad maturation, to give the total annual Pr. The gonad calorific content of the
quadrat limpets was calculated from their shell length, using conversions derived from
the monthly samples from the ledge described in the preceding section.

Table 2. Calorific values of male and female gonads (kj g~* dry wt)

Standard error in brackets.

Spent/resting

Maturing

Spent/resting

Maturing

Males
Dec.
Jan-July
Aug.
Sept.
Oct.-Dec.

Females
Jan.
Feb./July
Aug.
Sept.
Oct.
Nov.
Dec.

1 9 2
19-0
19-6
1 9 7
1 9 8

2 2 7
187
198
25-0
2 5 3
2 5 3
2 5 2

(0-42)
(0-21)
(0-17)
(071)
(0-46)

(0-50)
(0-29)
(0-13)
(0-29)
(0-29)
(0-38)
(o-8o)

A complication is that Patella vulgata is a protandrous hermaphrodite, with no external
sexual characters. Examination of over 1000 specimens during the study showed that all
first- and second-year limpets were neuter. All third-year specimens, 9 2 5 % of fourth-
year specimens, and 58 % of those older than four years were male. After the fifth year
there was no further change in the sex ratio, so it is clear that some males change sex
whereas others remain male throughout life: this suggests that Patella vulgata could be
diandric, with two genetically different forms of male. Other studies have similarly
recorded appreciable proportions of males in the largest size groups (Ballantine, 1961;
Blackmore, 1969; Das & Seshappa, 1948; Lewis & Bowman, 1975).

The above sex ratios were used to estimate the proportions of males and females in
each year class of the quadrat limpets. The calorific content of the gonads was then
calculated using the appropriate conversions. The flesh weight was determined from the
monthly regression of log dry flesh weight on log shell length (Wright, 1977, t able 4)»
and the gonad weight determined as the specified percentage of the flesh weight (Fig. 4).
The calorific content was calculated using the calorific value of the gonad (Table 2).
Separate conversions were required for third-year males, older males, and for females.
Third-year males commence gonad maturation in August/September, and the testes
develop to a maximum of 19% of the flesh weight. Older males begin to mature earlier
in July, and the testes can reach 40 % of the flesh weight. All female year classes commence
maturing in July, and mature ovaries average up to 37 % of flesh weight. The calorific
value of the testes only increased slightly with maturation, from 19-05 to 19-8 kj g"1,
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whilst that of the ovaries did so markedly, from 18-9 to 25-3 kj g"1, no doubt due to
increased lipid content. The sexes spawn simultaneously, and this commenced early in
December in 1974, but in late December in 1975.

The total gonad calorific content for the quadrat limpets in each month is given in the
final column of Table 1. After spawning begins, the content falls rapidly over about two
months, which represents mainly loss of gametes. This is followed by a slow return to
the resting value due to resorption of the few remaining. The total Pr for each year is
calculated as follows:

1974 Gamete production at spawning 4769 - 97-1 =3798 kj
Gametes lost by mortality 95-8 kj
Total Pr 4756 kj

1975 Gamete production at spawning 500-3 — 123-5=376-8^
Gametes lost by mortality 102-6 kj
Total Pr 4794kj

The totals for the two years are interestingly very close, in contrast to the marked
difference in Pa. This suggests that if there is a scarcity of resources, then gamete
production has a higher priority than somatic growth.

Respiration - R
It is not practicable to measure energy output by direct calorimetry in poikilotherms,

and so it was determined indirectly by measuring the oxygen consumption during
respiration, and applying an oxycalorific coefficient. This was the general coefficient of
14-2 J mg"1 oxygen, or 20-2 J ml"1 oxygen at N.T.P. (Ivlev, 1935). In order to determine
R, limpets were collected from the ledge each month, and their rate of respiration in air
and water at ambient temperature determined in the laboratory. This information was
used to calculate the overall respiration of the quadrat limpets each month, since they
occur at M.T.L. and spend about half this time in air and half in water.

To measure aquatic respiration, limpets were collected from the ledge half an hour
before immersion by the tide, taken to the laboratory and placed in 500 ml respiratory
chambers: these were glass jars with airtight screw tops. The chambers were kept at the
ambient seawater temperature at Derbyhaven. At the time of immersion of the ledge, the
chambers were filled with sea water at ambient temperature and sealed for 6 h (the
duration of immersion of the ledge). The oxygen content of the water was determined by
the micro-Winkler technique, both before the experiment, and after the experiment in
the chamber and in a control. The difference between the chamber and the control was
the oxygen used by the experimental limpet.

To determine aerial respiration, limpets were collected from the ledge whilst immersed
and kept immersed during transport to the laboratory. At the time of emersion of the
ledge, they were transferred to constant-pressure respiratory chambers (Davies, 1966;
modification of Scholander, 1942, for medium-sized animals) at ambient field air
temperature. Oxygen uptake was recorded at half-hour intervals for 6 h. For both
aquatic and aerial respiration, about twelve animals were assessed on each occasion.

The methods described above measured respiration at the time of immersion or
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emersion in the field as appropriate, and for the full period of those conditions. This is
very important, for both our own observations and those of Gompel (1937), show that
the oxygen consumption rate of Patella vulgata varied with the tides. During emersion,
respiration falls to a minimum at the time of low water: the methods used could not
reveal variations in rate while immersed, but a similar rhythmicity must be anticipated.

Table 3. Monthly totals for the quadrat limpets in respect of
respiration and ammonia production

All figures in kj month1.

Month
1974

Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1975
Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1976
Jan.
Feb.

Aerial
oxygen

consumption

3 0 8
4 1 1
58-2
65-7
8 0 3
76-8
59'9
50-4
4 0 0

44-8

33-6
28-7
3 2 0
44-8
6 0 9

75-5
8 2 4
9 1 2
70-5
52-5
38-0
34-2

31-9
27-4

Aquatic oxygen
t

Uncorrected

72-6
88-7
995

1086
1401
140-6
121-4
1084
1043
77-0

694
57-i
6 3 0

9 3 4
1048
1258
1381
152-2
139-8
111-4

9 1 4
7 9 9

653
54-2

consumption

Corrected

1088
140-4
1659
1855
2333
2286
187-2
1581
1434
102-7

954
8o-8
94-5

1480
174-7
2148
230-2
247-4
227-1
162-4
125-7
1068

897
76-8

Ammonia
production

0 4 4

o-66
o-75
0-88
1 0 6
1 1 5
0-78
0-75
0 7 9
0 5 1

0 5 8
0 4 6
0 4 2
0 6 7

o-8i
0 9 9
1 2 4
1 2 5

1 1 4
0-88
0-68
0 5 8

0-47
0 3 9

Any methods which ignore these tidal rhythms must be suspect. It was also considered
important to carry out experiments during the first cycle of immersion or emersion after
collection, and at the appropriate ambient temperature. This minimized risks associated
with the development of arrhythmicity and the effects of acclimation.

The relation between oxygen consumption and flesh weight can be expressed as

0 2 = aWb (1)

or as log O2 = log a + b log W ( 2 )

Equation 2 gives a linear relation between log oxygen consumption and log weight, and
the parameters of this regression for each set of measurements of aquatic and aerial
respiration are given by Wright (1977, tables 26 and 27). There is considerable variation
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between months, basically as a function of temperature. Each month the quadrat limpets
were measured, and their dry flesh weights determined from the appropriate regressions
(Wright, 1977, table 4). From these weights, the total monthly aerial (Table 3) and
aquatic (Table 3) respiration for the quadrat limpets was calculated using the results of
the monthly respiration experiments. The major imponderable is the degree to which the
transfer from field to laboratory conditions affected activity, and in consequence respira-
tion rates. In the field, the population studied was active only when foraging whilst
immersed in daylight (Hartnoll & Wright, 1977). In the laboratory, there was little
movement at all whilst respiration was being determined. Thus the laboratory estimates
are probably realistic in respect of aerial respiration, and of nocturnal aquatic respiration.
The figure for daytime aquatic respiration was probably low, and to this an arbitrary
correction of x 2 was applied, as various others have done previously (Brody, Proctor &
Ashworth, 1934; Winberg, 1956; Odum, Connell & Davenport, 1962; Mann, 1964,
1965; Carefoot, 1967a; Trevallion, 1971). The uncorrected and corrected totals for
aquatic respiration each month are given in Table 3.

The total annual oxygen consumption of the quadrat limpets was (1974): 609-1 kj
(aerial) + 18301 kj (corr.aquatic) = 2439-2 kj; (1975): 641-3 kj (aerial) + 18981 kj
(corr.aquatic) = 25394 kj.

Consumption and faeces - C and F

These two components of the energy budget are best considered together, since faeces
energy content was not measured directly. Instead, the absorption efficiency was
determined, and faeces energy then derived from the energy content of the consumed
food. This was not ideal, but appeared unavoidable: it does of course reduce the rigour
of the internal check on the balance of the energy budget.

The population of limpets under study fed only during daytime immersion by the
tide (Hartnoll & Wright, 1977), with about 75 % of them feeding on any one day. The
pattern of foraging behaviour is different in other habitats in the Isle of Man (Hawkins,
1979), and in Patella vulgata elsewhere (see Hartnoll & Wright, 1977). The limpets
browsed on detritus and small algal growth on the rock surface, rasping the rock with the
radula and apparently unselectively ingesting any material there: Patella does not
normally browse upon large algae. It was not possible to measure the area of rock grazed
naturally by an in situ limpet during a tidal immersion, so artificial substrates were
provided. These were slates (50 by 25 cm), enclosed in wire cages to exclude or enclose
limpets as appropriate, and bolted to the ledge. They were left with limpets excluded
until covered by an obvious algal mat, and a limpet then placed on the slate. The area
grazed during a tidal cycle was quite obvious as a cleared track. The algal film remaining
on the slate was removed and its calorific content determined, which enabled the
calorific value of the area of food ingested to be calculated. Attempts to conduct these
feeding trials in the laboratory failed, because the limpets would not feed despite efforts
to reproduce natural conditions. Therefore they were all carried out in the field, and this
was only possible during the summer months: at other seasons, the slates were damaged
by storms before an adequate algal mat developed.

The results for the field observations are given in Table 4. Clearly ingestion increases
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with size, although ingestion per unit of size appears to decrease slightly. Ingestion is
related to dry flesh weight by the equation:

/ = aW

or log / = log a + b log W.

Table 4. The ingestion in one daylight tidal immersion by limpets on slates on the shore
during June, August and September

Month

June

Aug.

Sept.

Length
(mm)

51-33
5044
4568
4450
3596
2370
5361
51-41
46-04
4379
4062
3867
31-26
2152
5301
5009
45 92
4060
40-62
22-00

Dry flesh
weight

(g)

1-6784
17892
10053
11121
04389
0-0922

2-2981
19031
1-4532
12147
06499
0-6254
0-2431
00618

2-2268
1-7241
IO762
0-7342
O8357
OO624

Ingestion
(J)
800
687
519
557
176
59

1147
1017
469
431
373
364
155

25

955
691
414
264
394

29

Ingestion
(J g"1 dry flesh

weight)

477
381

515
502
402
620

498
536
332
356
574
586
628
414

427
402

385
360
473
498

Table 5. Parameters for the regression of log10 ingestion (Jd'1) on log10 dry flesh weight (g)
for observations in the month indicated and total ingestion (kj)/or the quadrat limpets in that
month based upon these regressions

Monthly ingestion

Month

June
Aug.
Sept.

Correlation
coefficient

0991
0979
0996

Intercept

2665
2-674
2-617

Slope

0905
0-974
0945

1974

1244
1328
1050

1975

1440
1464
1210

The data for June, August and September were used to calculate separate linear regres-
sions for log ingestion on log dry flesh weight (Table 5). The length of the quadrat
limpets was measured each month, and dry flesh weights calculated from the regressions
in Wright (1977, table 4). Then the total ingestion of the quadrat limpets was calculated
for each of the months during which ingestion measurements were made (Table 5). It had
to be assumed that ingestion on the natural rock was equivalent to that on the rather more
profusely covered protected slates, and that transfer to the slates did not inhibit the
limpets' feeding: hopefully these factors have introduced compensating bias.
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Since the observations of consumption were restricted to the summer, estimation of
the total annual consumption involved major assumptions. It was presumed that the
monthly consumption as a proportion of the annual consumption is in the same ratio as
that month's respiration is to the annual respiration. This is problematical, for many
factors in addition to general metabolic level might affect consumption: thus the demands
of gonad maturation might stimulate it, whilst the occupation of body space by the ripe
gonads could inhibit feeding. Nevertheless, in the absence of any better alternative, this
procedure was followed for the combined data for June, August and September of each
year.

1974
Respiration for these months 803-7 kj
Respiration for the whole year 24392 kj
Consumption for these months 3622 kj
Total annual consumption 3622 x 24392/8037 = 10993 kj

1975
Respiration for these months 926- 5 kj
Respiration for whole year 25394 kj
Consumption for these months 4114 kj
Total annual consumption 4114 x 2539-4/926-5 = 11276 kj

The ingestion index was also calculated, being the daily consumption (kj) divided by the
flesh tissue (kj) times 100. For 1974 the value was 1-75, and for 1975 1-77.

Faeces production could not be measured directly because it was impossible to collect
the entire faecal production of an individual in the field, and because the laboratory
feeding trials were unsuccessful. However, it was possible to obtain samples of faecal
pellets produced by limpets feeding on the slates, since the pellets are discrete cylindrical
bodies. The possession of faeces from an animal feeding upon a known diet enables the
percentage absorption to be calculated by the ash ratio method of Conover (1966).
Conover termed it 'percentage assimilation', but since assimilation (C — F — U) has a
different meaning in IBP terminology, absorption (C — F) will be used. This assumes
that digestion has significant effects only upon the organic components of the food, and
to calculate the absorption, one must know the fraction of organic matter (ash-free dry
weight/dry weight) in the food (F) and the faeces (E).

(F — E)
Absorption efficiency = ^ WTp x 1 0° -

The organic fraction of the algal mat was 0350, and that of the faeces 0-282, which gave
an absorption efficiency of 27-1 % by the above formula. This is in terms of weight of
organic material, but Patella clearly digests this food selectively, for the calorific value of
the algal mat was 185 kj g"1 ash-free dry weight, compared with 14-0 kj g'1 for the
faeces. Allowing for this, the percentage absorption in terms of energy content is 44-9 %.
Therefore the energy content of the faeces is calculated as 55-1 % of that of the consump-
tion: 1974,6057 kj; 1975,6213 kj.
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Urine - U
The main nitrogenous excretion of Patella is in the form of ammonia (Fretter &

Graham, 1962), and excretory loss as other forms of nitrogen was ignored. The produc-
tion of mucus was also ignored, and in retrospect this was perhaps a mistake. Paine (1971)
draws attention to several studies on molluscs where the mucus component is regarded as
significant, though it does not seem to have been accurately measured. In the opistho-
branch Navanax it was assumed to be 7% of the consumption (Paine, 1965), and in
three other opisthobranchs 15% of the assimilation (Carefoot, 19676).

Ammonia production was determined by keeping the animals in the same respiratory
chambers as were used for measuring aquatic oxygen consumption. Ammonia concentra-
tion was measured by the Berthelot procedure (Solorzano, 1969; Harwood & Huyser,
1970). Energy content was derived using the Brafield & Soloman (1972) coefficient of
288 kj mol"1.

The relationship between ammonia production (£/) and flesh weight (W) can be
represented by

U = aWb

or log U = log a + b log W.

Several series of ammonia production experiments were conducted at different seasons.
For each series, the parameters of the linear regression of log U on log W were calculated
(Wright, 1977, table 40). The regressions vary with temperature, and each month the
ammonia production was calculated using the regression for the temperature nearest to
the ambient sea temperature. The flesh weight of the quadrat limpets was derived from
their length using the regressions in Wright (1977, table 4), so that each month the total
ammonia production of the quadrat limpets was calculated (Table 3). This varied from
about 0-4 kj month"1 in winter to nearly 1-3 kj month"1 in midsummer. The annual
ammonia excretion was 881 kj for 1974 and 9-52 kj for 1975. These values are insignifi-
cant in relation to the other components of the energy budget, and ammonia excretion
could safely have been ignored as a significant element in the budget.

DISCUSSION
The components of the energy budget, as described in the introduction, are sum-

marized in Table 6. They are presented per square metre, to facilitate comparison with
other studies, and are given for 1974,1975, and for the two years combined. Two values
are given for consumption: Cm is the value calculated from the ingestion experiments,
Cs is the value obtained by summing the components on the other side of the equation.
The degree of correspondence between them provides some check on the accuracy of the
work, although it has already been pointed out that the rigour of this check is reduced by
the dependence of F on C. Considering the two years overall, Cs is smaller than Cm by
J5 %• There are few other molluscan energy budgets which provide any internal check
at all. One is that of Hughes (1970) on the deposit-feeding bivalve Scrobicularia plana
(da Costa), in which he found Cm smaller than Cs by 14 %. Paine (1965) in a short-term
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laboratory study of the carnivorous opisthobranch Navanax inermis (Cooper) found Cs.
smaller than Cm by 8%. This laboratory study naturally introduced fewer sources of
error than an annual field budget. Considering the many extrapolations and approxima-
tions necessarily involved in compiling an annual budget, discrepancies of the order of
15 % do not seem unreasonable.

Table 6. Components of the energy budget for the quadrat limpets

Biomass in kj m~2, energy components in kj m 2 year1 .

B C,,, C, P, P, R F U P A

1974 339 2199 1854 579 951 4878 1211 176 1530 6408
>975 352-5 2255 1927 788 959 5078 1243 190 1747 6825
1974/5 346 2227 1890 683 955 4978 1227 183 1638 6616

Fig. 5. Annual energy flow per square metre for the quadrat limpets. Budget components
expressed as percentage of consumption.

In the present study, the estimates of some components of the energy budget are more
reliable than others. Ptl and Pr are based on reliable data with no major assumptions. R is
based on comprehensive data, but includes the untested correction for activity. U is
negligible, but makes no allowance for mucus production: perhaps between 5 and 10%
of assimilated energy is lost in this way. C is based upon limited data and major assump-
tions, and is the least reliable. F depends upon C, though the value for the absorption
efficiency itself should be reasonably accurate. A balanced budget is necessary for
comparative purposes, and one was formulated making two assumptions. One is that
mucus production comprises 8 % of the energy absorbed from the food. The other is that
the absorption efficiency of 45 % is reliable. This budget for 1974 plus 1975, in terms of
kj m~2 year"1 is:

16053 = 68"3 + 955 + 497'8 + 884-3 + 59-4

(C = P(J + Pr + R + F + U).

The flow of energy is depicted in Fig. 5. The implication is that Cm was in practice a
considerable overestimate, probably because the tiles provided a markedly richer source
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of food than the natural rock surface. The fact that the rock surface in the quadrats is
kept clear of small algal growth indicates that the limpets are normally consuming all of
the available food, and that even this relatively quickly growing population is subsisting
appreciably below its potential level of food intake. Presumably at below its potential
growth rate too, for Southward & Southward (1978) noted that the few limpets which
survived the effects of the 'Torrey Canyon' oil spill grew in the unusually abundant food
supply at up to ten times their normal rate.

In Table 7, outlines are given of the energy budgets available for other intertidal
herbivorous gastropods, in order to compare them with that derived for Patella vulgata.
These species are not comparable in all respects: the Littorina species are relatively short
lived compared with Patella, whilst the studies on Nerita and Fissurella are tropical
rather than temperate. Tegulafunebralis is the only other long-lived temperate species for
which an energy budget is available, and its budget does have much in common with that
of Patella. It is not the absolute values of the budgets which are important for comparison,
but the relationships between their components.

One respect in which Patella differs from all the other examples is that Pr exceeds Pg,
so that 59 % of the total production is in the form of gametes. One consequence of this is
that Patella channels most of its production out of the intertidal benthic ecosystem into
the pelagic ecosystem. This emphasis upon reproduction is a consequence of the age
structure of the population studied, with limpets exceeding four years of age dominating
the biomass: in such limpets, Pr comprises 90% of P. Other populations of Patella have
a much higher proportion of younger individuals (Lewis & Bowman, 1975), and in those
PT will be less significant.

Patella respires 75 % of the energy which it assimilates, a fairly high figure, as might be
expected in a population dominated by older slow-growing individuals. The shorter-
lived Littorina littoralis respires only 68 % of its assimilation. In contrast, the species of
Nerita had values in the high eighties, possibly because the high temperatures of their
upper-shore tropical environment elevated the metabolic rate. Values recorded for
molluscs range from 58 to 88 % (Wright, 1977), so in this context, the value for Patella
appears fairly average.

The assimilation efficiency is the percentage of the food consumed which is assimilated,
and the value for Patella vulgata is 41 %. It feeds unselectively on a variety of diatoms,
sporelings and detritus, and it is only to be expected that a considerable proportion of this
food will be indigestible due to the lack of suitable enzymes. The keyhole limpet Fissurella
barbadensis feeds in a similar fashion and has an even lower efficiency of 34 %: it appears
that all the ingested material except the blue-green algae passes through the gut relatively
unchanged (Ward, 1966). Littorina littoralis feeds on a selected diet of fucoid fronds, and
has a high assimilation efficiency of 73 %. The assimilation efficiency will doubtless vary
with diet - in Aplysia punctata Cuvier, it ranged from 45 to 75 % depending on the food
species (Carefoot, 1967a). Values recorded for marine molluscs range from 34 to 87%
(Wright, 1977), and Patella vulgata is near the lower end of this range as are most of the
other intertidal herbivores featured in Table 7.

The net growth efficiency, gross growth efficiency and ecological efficiency are
various indices of the extent to which the energy intake of a species is converted into
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material avialable for higher trophic levels. Patella has net and gross growth efficiencies
broadly comparable to the other species in Table 7, but its ecological efficiency is low
since most of its production is as gametes rather than as somatic growth. Presumably
part of this Pr is incorporated into the pelagic food chain.

All except one of the intertidal herbivores in Table 7 have ecological efficiencies below,
often well below, 10%. Since herbivores will consume only part of the algal production
in rocky intertidal ecosystems, the transfer of energy from production at the producer
level to production at the primary consumer level within these ecosystems must be of the
order of only a few per cent.

003

001

0003

0001

00003
4 6 8 10

Life-span (years)
12 14

Fig. 6. Daily P/B ratio plotted against life-span for 22 species of mollusc (after Zaika, 1972).
The value for the Patella vulgata population investigated is inserted, based upon total P (*) and
upon P, alone (•*).

The P/B ratio and the ingestion index are both measures of the level of metabolic
activity, and whilst not closely correlated, they do tend to be similarly high or low in a
population. In Patella vulgata, both are low compared to the other species in Table 7,
and also compared to marine molluscs in general - 0-28 - 5-5 for the P/B ratio, 1-26 -
12-2 for the ingestion index (Wright, 1977). This is because most of the individuals were
old and slow growing in the population of Patella investigated. Zaika (1972) has com-
pared the specific production (i.e. the daily P/B ratio) for 22 species of mollusc by
plotting log specific production against life-span (Fig. 6). Patella vulgata has a specific
production of 0-0013 and a life span of about 14 years: when it is plotted, it is clear that
whilst the P/B ratio for Patella appears low, it is in fact relatively high compared with
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other molluscs of a similar life span. This is still true even if the P/B ratio is based only
on Pa, as is probably the case in most of Zaika's determinations.
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