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Dichromate oxidation is a simple technique that is often
used to estimate the energy content o] eggs in studies of
marine invertebrate 1(1'1' histories (I). We used this method
to mea sure the energy cont ents of the egg s (~I' 12 species 01'
marin e aunelids . liz comb ination witli measures (~j' egg ash­
Fee dry weight (AFDW). these data yielded est imat es 01'
AFDW-specUic energy density that were mostly lower than
the average weight-specific energy density of carbohy­
drate s. This seem ed unlikely 10 he correct, as invertebrate
eggs tvpi callv contain littl e carbohydrate and instead are
composed primarily 01' ene rgy -dense protein and lipid
(1. 2). Al ter validati ng our methods (by using Th em to
estimate energy conten t and AFDW o] the eggs of a previ­
ously studied echinoderm) and reexamining published data
Oil tlu: en ergy COI Un U.I· oj' echinode rm eggs. }1'(1 conchule

that dichromate oxidation often underestimates the energy
cont ents ofsmall eggs of marine invert ebrutes. 711is system­
mil' 1'1'1'01', which is likely related 10 the tendency of the
assay to incompl etely oxidize proteins. a l// only be cor­
reeled with substantial independent data lin egg biochemi­
cal composition. We thus suggest that dichromate oxidation
should not be used for routine mea surement o] the tiltal
energy content o] marine invertebrate eggs.

Mat ernal investment of en ergy per offspring is a variable
of fundamental imp ortance in models of the evolution of life
histories (3 , 4). It is rel ativel y easy to quanti fy in free­

spawning marin e invertebrates, where maternal investment
is primarily limit ed to the organic mat erial provided in the

egg . Among ech inoderms. egg energy and organic content
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(as AFDW) are both positively correlated with egg volume
in interspecific comparisons (I, 5). Few data on relation­
ships between egg size and organic or energy con tent arc
available fur members of othe r phyla uf invertebrates ( I. 6,
7). We me asured the se va riables in 12 spec ies of marine
annelids, with the aim of testing hypotheses on differences
between annelids and echinoderms in relationships between

maternal investment and larval nutritional mode. We used
the technique of dichromate oxidation to estimate egg en­
ergy content (8, 9). Though it is prone to sev eral problems
( 10. II , 12). previous analyses have sugges ted thai dichro­
mate oxidation es rimares agree well with tho se made by
other techniques ( I, 13), and it is freque ntly used to measure
egg energy content (re viewed in ref. I) . Studied annelid
eggs rang ed in diameter from 44 to 352 J.Lm (Table IJ, and
in egg volume from 4 X 10 .. < to 2 X 10 2 J.LI, a range 01'2.7

orders of magnitude (calculated as in 14). Both AFDW and
energy content were positively corre lated with egg vo lume
in interspecific co mparisons (by ordinar y least squares
[OLS J regression : In[AFDW ] on In[volume], 1'2 = 0.99;
In[en erg y] on lnlvolume]. J;l. = 0.99).

Ho wever, calculation of AFDW-speeific energy densities
(Table I) revealed surprisingly low values: the mean
AFDW -spec ific en ergy density for eggs of the 12 species
was 15.2 m]/JLg (range 10.3-22.5), low er than the average
wei ght-speci fic energy den sity of carbohydrates ( J7.5
m] /J.Lg [15]). This result might be correct if annel id eggs
were composed pr imarily of ca rbohydra tes . How ev er, all
invertebrate eggs whose composition has been studied (pri­
marily those of echinoderms and cru stacean arthropods)
contain little carbohydrate (les s than 5% by weight: I , 2, 6)
and a grea t deal of relati vel y energy -dense protein and lipid.
Thus, we focu sed on two other possible explanations for ou r
low estimate s of AFDW-specific energy den sit y in annelid
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Table 1

Egg si;«. dshJree dry H'dglrf (AFD\V), cnergy content, and \-\'ciglu-sl'£'c(fic energy drnsitv for 12 species (~r murine annelids

Note tbat we believe our reported energ)' contents (and energy densities) are significant underestimates of trne values; see text for discussion

Taxoll

Chuetoptcridae

C!w(,/o/)/l'rIIS sp. (FL. plk)

Hcsionidac
Ophi"'/I"O'"I1S I",gel/ellsis (W A. plk)

Maldunidac
;\ .rio /hel/ II IIIl1eOSII (FL, lee)

Ncrcididac
Platvnerei: bicunaliculata (WA, Icc)

Onuphidae

Kinbcrgonuphis simoni (FL. Icc)

Pcctinuriidac
Pcrtinuriu [{ouleli (FL. plk)

Subellariidae
/Jhrogm{/f0!J0/JUl lapidosu (FL, plk )
5;(/helll1riu ccmcnturiusn (\VA, 1"11-.:)

Sabcllid.»:
Schirobranchia insignis (\VA, icc)

Scrpulidac

Hvdroidcs sanctaecrucis IFL, plk)

l'rotu!o sp. (FL, lee)

SCiI'll/a columbiano (WA. plk)

II

.,

·1

2

4
3

3
2
4

Diameter (J.l.1ll1 Volume (J.l.I)

94.7 (0.7) 0.00045

85.1 (.>.1) 0,(10032

212.413.2) 0.005

149.0 0.002

351.9 (7.5) 0.023

43.7(1./1 0.00004

H4.6 (2.9) 0.00032

68.8 (3.4) IU)OOI7

155.5 (2.7) IU)02

52.2 (0.5) 0.00007

86.3 (1.1) 0.00034

6').1 (3.6) 0.00017

MDW (J.l.g)

0.152 (0.tll7)

0.096 (015)

1.670 (0.275)

0.fS2

10.306 (O.738!

0.120 (O.1J33)

O.O!>7 (0.010)

0.895 (0.025)

0.027 ((l.0031
O.13S ((l.()04)

O.0!>3 (0.00'))

Energy (m.l]

2.19 (O.2S)

1.0110.22)

33.95 (0.02)

9.5

231.60120.23 )

0.16 (D.OO)

1.l)O 10.31)

0.7410.(3)

15.64 (1.78)

0.4010.04)

2.0710.14)

O.!>5 (0.03)

Energy density

(mJ/J.l.g)

14.4

10.5

20.3

14.6

22.5

15.8

11.0

17.5

14.8

15.0
10..'

Values 'Ire means (one standard deviation) of measurements from each of 11 females. "FL" and "WA" refer to the collection location (Florida or

Washingt()\]); "plk" ami "Icc" refer to larval nutritional mode t planktotrophic or lecithotrophici.

Collectio), o!IlIII1!/.,· tnul {'gg.,. Adults were obtained from around the Smithsonian Marine Station. Fort Pierce. Florida. and the Friday Harbor Marine

Laboratories. Friday Harbor. Washington. Dewils of collection sites arc available from the first author. Eggs were obtained from pcctinnriids, sabcllariids, and

serpulids by removing thcm from their lubes. alter which they spawned. Ncreidids and hesionids were captured as cpitokes which spawned in the laboratory utter

capture. Sabell ids spawned after warming of the seawater to room temperature. Muldunids deposited embryos in gelatinous masses attached to parental tubes:

recently deposited masses « 12 h old) were obtained by frequent visitation to a marked patch of adults in the held, and embryos were removed from masses by

dissection. The onuphids were intratubular brooders, and embryos were obtained by searching through parental tubes. Recently tcrtilizcd, single-celled zygote"

were uxcrl for measurements in all cases except (he maldanids and onuphids, where carly cleavage slilge embryos were used. For simplicity, we hereafter call all

these slages "eggs.'" eggs were cleaned by passing them through a Nitex sieve with a mesh size sligluly larger than the egg diameter to remove any large debris,

and collecting them on a sieve with a mesh size smaller than [he egg diameter to remove smaller debris, They were rinsed twice and resuspended in filtered seawater

(0.4,) -f-un mesh size. rS\v). Concentrations of l~ggS ill the final suspension \V~I\~ estimated hy counts of eggs or cmbrvo- in replicated (4 --(}X) subsamplcx 01"known

volumes taken with calibrated micropipeuors. The large eggs or maldanids and onuphids were counted directly using a dissecting microscope,

J:.:,~g volume. Linear dimensions were estimated by measuring eggs with a compound microscope.' and ocular micrometer (fina) magnification usually

~()OX). In many cases, unfertilized eggs were not spherical at spawning, hut became spherical soon after tertifiznrion. A single axis (diameter) was measured

for spherical eggs. Egg.s (If the muldanid were prolate spheroids (oblong-shaped). and two axes were measured. For each female. means of the linear
dimensions of 20 eggs were calculated: reported diameters arc arnong-Icmalc means of these values for spherical L~ggS, or the diameters of spheres of

equivalent volumes for the maldanid.
/vsh-fn»: dry weigh!. Known numbers of eggs were transferred (0 1.5-1111 rnicrotuge tubes, with three replicate tubes Coreach female. Tubes were celllrifugcd

briefly and the supcrnutant FSW removed. To remove residual seawater. eggs were resuspended in milli-Q filtered HoO (mqH,O), immcduucly centrifuged again.

and the supernatant decanted. This rinsing process was repeated once more. Samples were stored at - 80 "C for up to a month before further processing. Samples

were eventually trunslcrrcd 10 prc-ashed roil pans and dried to consuuu weight al05-7~ "C (6 -14 days). Dried samples were weighed wi th a Calm clcctrobulancc,

then ashed for 5 hat 5(K) "c. Ashed samples Were \\eighed ilnd AFDW was estimated hy subtraction . Per-egg AFDW was obtained by division. Egg AFDW tor

each female \\'a~ taken as the mC(JIl of three separate mCi.lSUrCIll\~IHS: reported values arc among-female means . For Ario/hella and Phrugnunopoma. AFD\V

measurements were made on eggs from only three females. Insufficient tissue was available tu measure AFD\oV of eggs of Pectinaria.
Energy content, Known numbers 01" eggs were transferred to 1.5-1111 microluge Luhcs. with three replicate tubes for each female. and rinsed in mqH20 as

described above. Rinsed eggs were transferred to pre-ashed glass test tubes, where they were stored at - KO (,C for up to a month before energy assays were

conducted. Energy assays were carried out by dichromate oxidation lotlowing McEdward and Coulter (9). except that xamplcs and standards were lyophilized prior

to a:->says (preliminary experiments showed that lyophilization had no effect on energy content). For each sample, organic matter was estimated against glucose

standard« (0-857 p.g) as the weight of glucose (j..tg) yielding equivalent reduction in dichromate. Division of this value by 2.5 gave sample content in equivalents

of organic carbon (p..g) in glucose, and this WLlS converted to energy con rent using rhe relariollship 1 J.Lg C = .1lJ 1111. Per-egg energy content was ohtained hy

divi,'iion. [t:g Clh?rgy for each f...mlalc wa~ [;Jkcll as tile mean of three mcaSUrl~lllCnts; reponed value..... arc Lllllong-fcmaic means.

Note that cg);S fur AFD\V and L'lh,.:rgy content lIle<lSUflTnCIlb for L'ach female were drawn from the -.;alllc container 01" ~ggs oj" known L"OJlCl'Jllralion. and

eggs destined for hoth assays wen.:" rinsed in mqH 20 lIsing the same methods. Errors associaleu with estimating egg concentration or with rinsing eggs

,hDlJld lhus he of the same magnilllde and direction for hOlh assays for each female. and should cancel in eqimales of energy density.
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tent with those made by di rect ca lorimetry ( 18). suggesting
that we did not se rious ly overes tima te egg AFOW.

We hyp othesized that this possible systematic underesti­
mati on of energy con le nt by d ichromate ox ida tion might be
appa re nt in publi shed data on egg size and energy content in
echinoderms. a phylum in which both dichromate oxidation
and biochemical component analyses have been used to
estimate egg en er gy co ntents. To test thi s hypoth esis , we
ex amined data co mp iled by McEdward and M organ (5) on
the energy contents of eggs of 4 7 ech inod erm spec ies.
Because A FD W is rar ely measured in dichromate oxidation

stud ies of egg energy content, we we re unabl e to co mpare

relation sh ips between energy content and AFDW for the

two methods; instead, we used egg vo lume as a measure of
egg s ize. Eggs in thi s sample fall into two gro ups: 24 species
with planktotroph ic lar val de velopment and relati vely small
eggs (75- 274 /-L1ll di ameter ), and 23 species with lec itho­
trophic de velopment and large eggs (496-2799 /-Lm diam­
eter) . Inspecti on of the se data (F ig. I) sugges ts that for the

small eggs of planktotrophic spec ies . ene rgy co ntent est i­
mates made by dichromate oxidation are often lower than

tho se made by bio chemical compon ent analys is. For the

larger egg s of lec ith ot rophs, the two methods yie ld s imilar
es tima tes . Compariso ns of egg vo lume-spec ific energy den ­
sities support these impressions . Within the planktotrophs,
mean vo lume -spec ific en ergy density was significa ntly
lower in spec ies wh ose cgg en er gy content s we re est ima ted
by d ichromate ox idation (mean = 45 66.1 mJ1/-L1, SO

Figun' J. Relation shi ps o f egg energy conte nt (esti mated by dichro­

male ox idation [+ l or biochemical component anal ysis [0 )) III eg g volume

in 47 species of echinoderms . Datu were take n from Mc lidward and

Morgan I)) . with thre e changes: we replaced their value for the energy

content of eggs of C(\11('(/SIl'r rnsaceus with the high er value recently

reported by Min er ~{ Il l . (25): We excl uded NO{II.I!t' r ;<I.I urmutu from our

ana lysis . as Mclidward and Morgan (5) concluded thar it was an ex treme

(1l1I/ier in their da taset: and we exclu ded Pcrknuster [uscus from our

analysis . since pub lished es timates of l.'gg ene rgy cont cm lor this xpccic»

vary con s iderab ly (26. 27) . None of these modificat ions significuntly af fect

our co nc lus ions.

eggs- tha t we had systema tica lly underestimated egg en­
ergy cont ent o r overes t ima ted egg AFD W. To di stingu ish

between these possibilities. we estimated the en ergy content

and AFD W of eggs of the sea urchin Strongylocentrotus
droebachiensis from San Ju an Is land , W ashington . usin g
the same techn ique s we had used for ann el id eggs. Eggs of
S. droeb achi ensis had previously been studi ed by other
invest igators usin g severa l differ ent methods ( 16 . 17, 18),
and their data pro vid ed a useful ch eck on our methods. The
eggs we obta ined were 152.25 /-Lm in me an di ameter (SO =
I. 77 , II = 4 fem ale s), slightly smalle r than those studied by

these other workers (i 57 . 156 . and 157 /-Lm in refs. 16- 18.

respecti vely). O ur es timate o f eg g en e rgy content in S.
droebach iensi s (m ean == 8 .16 mJ, SO = 0 .66 . II = 4

fem ales) was simi lar to the publ ished value o bta ined by
d ichro mate oxidati on (7.02 rnl. calc ulated from dat a in 16),

and our es timat e o f egg AFOW (m ean = 0.494 /-Lg , SO =
0.074 . II = 4 females) was similar to the sale published
va lue (0 .53 1 /-Lg, ca lculated fro m data in 17). Aga in, how­
ev er, our data yielde d a very low AFD W-s pec ilic energy

den sity, 16.5 mJI/-Lg. Our estimate o f the energy content of

eggs of S. droebach iensis is und oubtedly incorrect, as eggs

of this species co ntai n subs tantial protein and lipid but littl e
car bohyd rate (17 , 19) . Indeed . an energy content es tima te
for eg gs of S. droebachiensis made by sum ming the ener­
ge tic values of me asured bio ch em ical compone nts and the
rem aind er fracti on wa s 12.18 ml, 1.5 times greater than the
estimate yield ed by dichromate oxidation (17). Thi s higher
estimate of energy co ntent y ie lded a mo re realistic AFOW­

spec ific energy den sity o f ab out 23 ml/ug, which is ve ry

similar 10 the we ig ht-speci fic energy densit y of eggs of S.
droehach iensi s me asured by another technique, di rect cal­

orimetry (22 .5 mJ//-Lg dry weight [ IS]: note that these au ­
thors report dry weig ht-specifi c en ergy density. which we
expect to be a slig ht underestimate of AFD W-speci lic en­
er gy den sit y) . The str iking differen ce in energy conte nt and
den sit y es timates made by dichrom ate oxidat ion . on the on e
hand , and biochemical co m pone nt analyses and direc t ca l­
orimetry. on the other. led us to su spect that we had con­
s iste ntly und er estimated ene rgy contents of our sa mples du e
to an er ror ass ociated wi th the dichrom ate oxid ation tech ­

nique itsel f.
It is also po ssible that we (and oth er workers : 17. 18) had

co nsis te ntly overes timated egg AFDW. perhaps because
wate r associated with intracellul ar sa lts wa s not rem oved by
drying at 65-75 °C . but wa s removed w hen samples were
as hed at 500 °C (20) . However, eggs of marine invertebrates
contain only sma ll amounts of sa lts (2, 2 1), and even if all

o f these are hydrated . thi s potential erro r canno t acc ount lor

the larg e und erestimates of AFOW-spec ilic energy density

we obse rved (Table f ). Further, o ur AFOW measurem ent s

yie ld rea listic es tima tes of Af'D'W- sp eci fic en erg y den sit y
wh en combined wi th energy content es tima tes made by
biochemical compon ent analys is (17), and thes e are cousis-
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== 234 K 5. 1/ == I J) than in those wh ose egg energy contents
were es timated by biochemical com po ne nt anal ysis

(mean == 7100 .5 rn.l/u.l, SD == 2214.9. /I == 14; Student's I

test, P == n.DI I ). This di ffere nce was not evident in the
lec itho trop hs, whe re mean vo lume-s pec ific en e rgy dens ity

was simi lar in both gro ups (d ichro mate ox idati o n mean ==
11655.2 mJ/ILI, SD == 1303.2, 1/ == 9; biochemical compo­

nent mean == 12893.5 mJ/ILI, SD == 3434.8, /I == 13; f test,

P ==D.31 8).
We ca n think of two explanations for this result. First .

man y of the data o n e nergy co nte nts of small eggs o f

ec hinode rms are der ived fro m stud ies by o nly two groups of

investi gators : Strathmann and Vedder ( 16), who used d i­
chromate oxidation, and Turner and Lawrence (17) , who

used biochemical co mp one nt a nalys is . It is poss ible that

errors associ ated wi th either gro up, not w ith the techniqu es

used . produced the appa re nt d ifferences in egg e ne rgy con­

tent . Howe ver , S tra thma nn a nd Vedder' s ( 16) resu lts agree

we ll with ours for eggs o f a sea urchin and two annelids

tSabeltari« ccmen tarium and Se rp ula co lumbiana [as S.
vennicularisu : thi s co nsiste ncy sugges ts that the dich ro­

mat e ox idation res ults are co rrect , at least within the limits
o f the meth od . And because Turner a nd Lawren ce' s ( )7 )

data yield reali stic estimates of AFDW-sp ecific e ne rgy den­

si ty that are con sistent with results from direct calorime try

( )8). we do not doubt that they are accurate. Instead, we

s uggest that dichromate ox idation systematically und eresti­

mate s the ene rgy co ntent of s ma ll eg gs . Our reasoning is as

follows. Though dichromate o xidatio n pe rforms well in

ox idizing carboh ydrates a nd lipids, it is known to incom­

pletely ox idize proteins . a nd thu s to underestimate energy
co ntribu ted by pro teins ( 10, 11, 12). In ec hinode rms, al

least , prot ein co nce ntra tion varies with egg size. with the
smalle r eggs of planktotrophs co ntai n ing prop ortionall y
more protein than the larger eggs of lecithotrophs (I). Un­
deresti matex of ene rgy content attributed to inc omplete ox ­

idat ion of protein by d ich romate oxid ation sho uld thu s be

more severe for smalle r egg s , co ns is tent with the patt ern

that we hav e observe d in pre viou sl y published data for

echinode rms (Fig. I) and in our data on annelids (Table I).

Note that eggs of II of the 12 species of annelids we studied
fall in the ran ge of s izes of planktotrophic ech inoderm eg gs

show n in Figure I . Further, even in th e lim ited size ran ge of

annel id eggs we stu d ied, there is a significant pos itive

re lat ions hip bet ween AFDW-s peci tic e nergy den sity and

egg size (by OLS regression, lnl Al-Dw-spccific en ergy

density] on In]vo lume ]. ,;2 == 0.60), co ns iste nt with the

hypoth es is that underest im ates of energy co nte nt associ ated

with the techniq ue of dichromate ox ida tio n are more severe

for sma ller eggs . We believe that the dat a that we ha ve

reported here on egg volume and AFDW in ann elids (Table

I ) are acc ur ate. but we have no co nfide nce in the accuracy

o f our e ne rgy co ntent or e nergy den sit y estimates and report

them o nly to illu strate thi s s ystematic probl em w ith dich ro­
mate oxidation.

These results lead us to sugges t that dichromate oxidation
sho uld not be used to estimate total egg energy content in
marine inve rtebrates . One problem, illu st rated for echino­
derms in Figure 1. is that the ma gnitude of the erro r asso­
cia ted with incomplete o xidation of protein may vary with
egg size . One ca n try to correct thi s potential error by
independently measuring egg protein content and then ap­

plying a co rrec tion factor to account for inco mplete ox ida­
tion of that mat erial, as s ugges ted by several authors (11,
12). How ev er, a second problem may co mplicate thi s co r­

rec tio n- that is. different prot eins appear to be incom­
pletely ox idized to different degrees by dichromate oxid a­
lion (/2). Thus there is potenti al error associated not only
with var iati on in protein co ncen tratio n in eggs, but a lso with

va riation in the typ es o f proteins present. Eggs o f different
species ma y vary in both typ es and qu antity of prot ein

present (22 . 23) . These issu es, as well as others suc h as the
se nsitivity of dichromate oxidation to residual chl oride in
sa mples ( 2 ) . sugges t thai whe n es tima tes of the e ne rgy
co ntents o f eggs or other protein-r ich tissue s are desired,
o ther techniques will generall y be preferab le to dichromate
o xida tion. If only relat ive es timates of egg energy co nte nt
arc required for a particul ar study (e.g., do eggs o f species
A contain more or les s ene rgy than those of spec ies 8 '1).

then , because ene rgy co nte nt ge ne rally appears to be corre­
lated with eg g size ( I, 6, 7), s imp le es tima tes of egg vo lume

ma y well be suffic ient. If ab solute me asures are required

(e.g ., for studies of the scaling of energy co nte nt with egg
size) , on e ca n usc direct calorimetry (10 ) or elementa l
ana lys is (24 ), or o ne ca n ind ep endently measure car bo hy­
drate , prot ein , and lipid fra cti on s and sum their e ne rge tic

co ntribut ions . Th e latter technique . in pa rticular, is sui table
for anal yzing the relati vel y sm all amounts of tissue o fte n
available in studies of marine inve rtebrate eggs. Further,

tho ugh it is more lab orious than dichromate ox ida tion and is
subject to its o wn potential problems (i n parti cular, how 10

de al with the "rem ainder" frac tion of egg A FDW that is
o fte n una ccounted for by the separate compon ent assa ys : I .
9), biochemical component analysis has the pleasing prop­
erty of y ie ld ing pl ausible data on energy co ntent fo r eggs of
all size s .
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