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Applications of stable isotope techniques in aquatic ecological studies
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Abstract: Stable isotopes have been used in many research areas as natural labels and are becom ing an mportant tool in aquatic
eoological research The theoretical basis and gpplication of stable isotope analysis in aguatic ecology asw ell as itsprinciple and
method are reviav ed in thispaper. A n organisn’s stable isotope ratios (§™N and 6°C etc ) are an integration of the istopic
signatures of prey itan s that have been assim ilated through time, theorganisn will come into isotopic equilibrium w ith its diet
w ith the time to equilibrium depending on grow th and tissue turnover rates Stable nitrogen isotope ratios increasew ith trophic
level by approximately 3%o to 4%o; this provides a pow erful analytical tool to quantify relative trophic position In contrast,
stable carbon isotope ratio changes very littlew ith trophic level (0 to 1%. enrichment per trophic level). Instead, stable carbon
istope values of organisn s reflect the average 6°C of their diets W hen an organisn moves to a different habitat, its stable
iootope ratiosw ill change From the stable ratiosof the different habitatsand the organisn, w e can judge them igration routine
of theorganisn. Stable imtopesareoften used to quantify the contributionsof multiple sources to an organisn. In general, the
proportional contributionsof n+ 1 different sources can be uniquely detemined by the use of n isotope groupsw ith linear
mixing models based on mass balance equations W hen there are n itope groups and > n+ 1 surces, all possible
combinations of each surces contribution can be obtained by a computer progran (lsoSource), but the proportional
contributions aren’t unique The above wo casespresume that the proportional contribution of a source to an organisn is the
sane for all itope elenents, while not all cases are . A n itope elenent concentration-w eighted linear mixing model w as

developed, whose quantified results aremore reasonable, but only detem ined the proportional contributionsof n+ 1 sources
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with n isotope groups Prey sources, trophic level and prey proportional contributions etc are basic information needed to
construct agquatic ecosystan food web patterns and functions and material and energy flows, which are fundamental to

understand the dynam ic of ecosystam sand effectsof enviromrment to the ecosystens Theprogect of such studies in China and
ome existing problem s are alo discussed

Key words stable isotope isotope trophic fractionation; foodw eb; feeding habits habitat
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Table1 M ean(+ SE) estimates of isotope fractionation for C, N and S (after M cCutchan et al. 2003)
AS®C AS™ AS¥s
Consumer Isntope trophic ! Itope trophic Isotope trophic t
fractionation test fractionation ttest fractionation ttest
A ll animals + 0.5+ 0.13(102) + 2.3+ 0.18(73) + 0.5+ 0.56(12)
D iet type
Slants Vascular + 0.4 0.28(34) = 0.39  + 2.4% 0.42(19) t=0.34 - 0.9+ 0.61(6) t= 3.83
A Il other diets + 0.5t 0.14(68) p=0.70 + 2.2+ 0.20(54) p=0.73 + 1.9+ 0.42(6) p= 0.003"
Protein
content
High + 0.6+ 0.16(44) t= 1. 10 + 2.4+ 0.22(38) t= 0.61 + 1.9+ 0.51(5) t= 2.80
Low + 0.5+ 0.19(58) p=0.27  +2.2+ 0.30(35)  p=0.54 - 0.5+ 0.65(7) p= 0.019°
M etabolisn
Poikilothem s + 0.4+ 0.14(91) t= 1.13 + 2.3% 0.2(65) t= 0.45 + 0.5+ 0.56(12)
Homeothem s + 0.9+ 0.37(11) p=0.26 + 2.0+ 0.38(8) p= 0.66
N itrogenousw aste
Ammonia + 0.4+ 0.18(49) t=0.71 + 2.3t 0.28(32) t=0.14 + 1.9+ 0.51(5) t= 2.80
i U rea/uric + 0.5 0.19(53) p= 0.48  + 2.3% 0.24(41) p=0.89 - 0.5% 0.65(7) p= 0.019°
Environment
A quatic + 0.4+ 0.17(50) t= 0. 58 + 2.3+ 0.28(33) t= 0.12 + 1.9+ 0.51(5) t= 2.80
Terrestrial + 0.5+ 0.19(52) p= 0.56 + 2.3+ 0.24(40) p= 0.90 - 0.5+ 0.65(7) p= 0.019"
A nalysis
W hole
organisn + 0.3+ 0.14(84) t= 2.93 + 2.1+ 0.21(58) t= 1.92 - 0.5+ 0.65(7) t= 2.8
M uscle + 1.3+ 0.30(18) p=0.004" + 2.9+ 0.32(15) p= 0.090 + 1.9+ 0.51(5) p= 0.019"
( )
L ipid removal (muscle)
L ipid removal + 1.8% 0.29(5) t= 1.17 + 3.2+ 0.43(3) t= 0.46
No treatment + 1.1+ 0.35(13) p=0.26 + 2.8+ 0.40(12) p= 0.65 + 1.9+ 0.51(5)
( )
A cidification (w hole)
No treatment + 0.5+ 0.17(62) t=2.11 + 2.4+ 0.24(36) t= 2.82 - 0.8+ 0.81(5) t= 0.64
A cidified - 0.2+ 0.21(22) p=0.038" + 1.1+ 0.29(15) p=_0.007 + 0.2+ 1.25(2) p= 0.55
, it ,p< 0.05 H igh-protein diets include animal and microbial

diets low-protein diets include plant and algal diets, Student’s t-test, statistically significant differences p< 0. 05 are indicated by *

, , + 3%l
[71

1.2



11

3055

[31]

58cs - 8% + ASSC

K earbon = 1-

0%Ca - 67Cs
, K carton A , 0%, 6%Cs A B ,AS®C
y 613Cmnsmer K nitron, K ulfer K carbon
Fry!® 6%c (Pannaeus aztezus)
Carlos [ 6%c (Characinus gibbosusL innaeus) , C4
5%o
2, 3 3 , (6D 8% 6™ 6% 6¥s 6%sr )
(n >+ 1 ) (n n+ 1 ) Harrigan 1 8% 6™
(L utjanus griseusL innaeus) W hitledge!™®!
, , (O rconectes luteus) 5% 11%,
, 23% 42%
[15]
3 (35 38
o Dx)
0, =
%X in diet DA'+DB’+DCJX 100
. 16X
0, = -
%X in diet 1 1/DA'+1/DB'+1/DCJXlOO
. 16X
0, =
%X in diet 1/DA’+lADB’+1/fDCJX1OO
W X A B C,DX DA'DB' DC',DA' DB' DC' A B C
BenDavid ¥ Szepanski [ ,
[40].
Ao = fadla+ fedls + fcdc
Kp = fadKa+ fadKs + fcKc
1= fa+ feg+ fc
, A 0K L ABCD  f ,
Phillipg™ 4 ,
, Phillipg!! 3 ,
3 3 95%
(n >+ 1 ) Phillip s ISource , N

n+ 1 , ,



3056

25

Phillip*!
X Y Z M
,Cx N x
Pillipg*®
(1) ,
[41]
2
(3 ,
[30,50]
1.3
, 8

[51, 35]

’

n+ 1

>n+ 1

[23].

[ (8%ck - &%) [Cx](88Cy - 8%cw)[Cy](8%Cy - &%Cu)[Cz]
(O™ % - O™NM)[Nx](O™N Y- S™NM)[Nv](O™NY- MNw)[Nz]l = A
L 1 1 1
fxes 0
fve| = F O =8B AF=B
Lfz
3 , fxe X ,513C'>< OMN &
CN X s
’ [44].
[46]
‘ (itopic routing)” e,
(471
[48, 49]
V ender Zanden  [*Y 36 342
TL = (615N onamer - 615N baseline)/AélsN + 2
TL = (613Cmnsmer' (SlSCbasline)/AéBC"' 2
) , baseline

y 51%\1 oonamer 613Cmn&mer

Connolly

[54]

1

,A8C

6% O™ 6% 6*s

Hemw ig

(52]



11 : 3057

1.4
) ) ) , DNA ,
(32, 55] Fry[sz]
5c (P enaeus aztecus) 5c 5c Killingley™
gley
o) (Eschrichtius gibbosus Erxleben) , Killingley™! 6% &%c

& (Caretta caretta) '

, [%8] (salvelinus f ontinalisM itchill) 1 (puff inus griseus Gmelin)
[%8] (S ciaenop s ocellatusL innaeus) Person!®! (Rutilus rutilusL innaeus) (Perca f luviatilus
L innaeus) (B rama brama Bonnaterre) ,
1.5

V ander Zanden '®Y ,

(M icrop terus dolam ieui L acepede)

, Johnston  [®
, (O ncorhynchus mykissW albaum) Gaines [*
(L imulus polyphenus) Stephen  [®4
# (Ictalurus furcatus) (A losa aestivalis) (A. sapidissima)
(A. pseudoharengus) &*Ss 8%C
, Hobon [
1.6
: (PCBS) ©DT) (CHL)
Hg Cd Zn ,
2
{661
; o8 18 /e 1992 1995
5 )
¢ /12C [69] [70]
13C/J.2C ,

[71]

(L ateolabrax japonicus Cuvier)



3058

25

[72] «

”

“ " ECOPATH ( ) ECOSM (
) ECOSPACE( (Particle-Size Spectra)
) CO:
(D) , ,
; (2) Phillips IoSource
, ISource , ,
; (3)
; (4) , : (5) (
50 41 42 )™ ,
; (6) ,
References

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

[9]
[10]

[11]
[12]

[13]
[14]
[15]

[16]

[17]

Nier A O. A mass gpectrometer for isotope and gas analysis Rev Sci Instr, 1947,18: 398 411

Urey H C. The themodynam ic properties of isotope substance Chem Soc, 1947, Pt, 1: 562 581

M ckinney C R, M creaJM , Epstein S, et al mprovenents in mass gectrometers for the measurenent of snall differences in isotope

abundance ratio Rev Sci Instr, 1950, 21: 724 730

DeNiroM J, Epstein S M echanisn of carbon isotope fractionation associated w ith lipid synthesis Science, 1978, 197: 261 263

Haines E B, M ontague C L. Food sources of estuarine invertebrates analyzed using 3C/*’C ratios Ecology, 1979, 60(1): 48 56

M cConnaughey T, M croy C P. Foodw eb structure and the fraction of carbon isotope in theBering Sea M arineB iology, 1979, 53(2): 257
262

M inagavaM , W ada E Stepw ise enrichment of 15N along food chains further evidence and the relation between 5™ and animal age

Geochim Cosnochim A cta, 1984, 48(5): 1135 114Q

DeNiroM J, Epstein S Influence of diet on the distribution of nitrogen isotopes in animals Geochim Cosnochim A cta, 1981, 45(3): 341
351

PeteroonB, FryB. Stable itopes in ecosysten studies A nnu Rev Ecol Syst, 1987, 18: 293 32Q

Hesslein R H, CagpelM D, Fox D E, etal Stable isotopeof Sulfur carbon and nitrogen as indicators of trophic level and fish migration

in the low er M ackenzie River Base CanJ Fish A quat Sci, 1992, 48: 2258 2265

EstepM F, Dabrow skiH. Tracing food w ebsw ith stable hydrogen isotopes Science, 1980, 209: 1537 1538

Macko SA, Esteo M L F, LeeW Y. Stable hydrogen isotope analysis of food webs on laboratory and field populations of marine

anphipods Exp M ar Biol Ecol, 1983, 72(3): 243 249

Hobson K A, Wassenaar L. L inking breeding and w intering grounds of neotropical migrant songbirds using stable hydrogen isotopic

analysis of feathers Oecologia, 1997, 109(1): 142 148

Peterson B, and Howarth R W. Surfer, carbon and nitrogen isotopes used to trace organic matter flow in the salt-marsh estuaries of

Sepelo Island Georgia L imnol Oceanogar, 1987, 32: 1195 1213

PhillipsD L. M ixing models in analyses of diet using multiple stable isotope a critique Oecologia, 2001, 127(2): 166 17Q

TieszenL L, Fagre T. Effect of diet quality and composition on the isotopic composition of repiratory CO2, bone collagen, biogpatite,

and ft tissues In: L anbert JB, Grupe G, eds Prehistoric human bone archaeology at themolecular level. Springer, Berlin Heidelberg

Nev York, 1993 121 155

Angradi T R Trophic linkages in the low er Colorado River: multitude stable isotope evidence N orth Am B enthol Soc, 1994, 13(4): 479
495



11

3059

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]
[46]
[48]

[47]

[49]

Cabana G, Rasnussen J B. M odelling food chain structure and contaminant bioaccumulation using stable nitrogen isotopes N ature

(Lond), 1994, 372(6503): 255 275

GuB, SchellD M, Alexander V. Stable carbon and nitrogen isotope analysis of the plankton food web in a subarctic lake CanJ Fish

A quat Sci, 1994, 51: 1338 1344

Rau GH, TheyssieR E, Kaplan IR, etal 3C/2C and N /N variations anong size-fractionated marine particles mplications for

their origin and trophic relationships M ar Ecol Prog Ser, 1990, 59: 33 38

V an Donk Defenses in phytoplankton against grazing induced by nutrient Iimitation UV B stress and infochenicals A quat Ecol, 1997,

31(1): 53 58

DeNiroM J, Epstein S Influence of diet on the distribution of carbon isotopes in animals Geochim Cosnochim A cta, 1978, 42(5): 495

506

Cabana G, Ragnussen JB. Comparing aquatic food chains nitrogen isotopes ProcN atl A cad SciU. S. A, 1996, 93(20): 10844 10847,

V ender ZandenM J, JosgphB RV ariation in the 6N and §*°C trophic fractionation: mplications for aquatic foodw eb studies L imnol

Oceanogr, 2001, 46(8): 2061 2066

Rau GH, AJM earns, DR Young, etal Animal 3C/2C correlateswith trophic level in pelagic foodwebs Ecology, 1983, 64(5): 1314
1318

Bunn SE, LomeraganN R, KenpsterM A. Effectsof acid washing on stable isotope ratiosof C andN in penaeid shrimp and seagrass

mplications for food-w eb studies using multiple stable isotopes L imnol Oceanogr, 1995, 40(3): 622 625

Goering JV , A lexxander, Haubenstock N. Seasonal variability of organisn in aNorth Pacific bay. EstuarineCoastal Shelf Sci, 1990, 30

(3):239 260

KeithL B, SamcW. Effectsof preservatives and acidification on the stable isotope ratios of wo secies of marine animals CanJ Fish

A quat Sci, 1999, 56(11): 2181 2185

Thomas SA, RobertW A. The effect of dietary nitrogen on trophic level 13N enrichment L imnol Oceanogr, 2000, 45(3): 601 607.

M cCutchan JrJ H, LenvisV M, Kendall C, et al V ariation in trophic shift for stable isotope ratios of carbon, nitrogen, and sulfur.

OIK 1S, 2003, 102(2): 378 390

FryB, Sherr EB. 6%C measurements as indictorsof carbon flow in marine and freshw ater ecosystens ContribM ar Sci, 1984, 27(1): 15
47

Fry B. Natural stable carbon isotope tag traces Texas shrimp migrations FishBull US, 1981, 79(2): 337 345

CarlosA RM A, BruceR F, Reynaloo V, etal Energy sources for Detritivorous Fishes in theAmazon Science, 1986, 234(4781) 1256
1258

Harrigan PH, Zieman J C, M acko SA. The base of nutrition support for the gray snapper: an evaluation based on a combined stomach

content and stable isotope analysis B ulletin M arine Science, 1989, 44(1): 65 77.

W hitledge GW, Rabeni C F. Energy sources and ecological role of crayfishes in an Ozark stream: insights from stable isotopes and gut

analysis CanJ Fish A quat Sci, 1997, 54(11): 2555 2563

Kline T C Jr, Goering JJ, M athisen OA, et al. Recycling of elanents trangorted upstrean by runs of Pacific samon 1. 8N and

O%3C evidence in the Kvichak River watershed, Bristol Bay, southwesternA lask. CanJ Fish A quat Sci, 1993, 50(11): 2350 2365

BenDavid M, Flynn R W, Schell D M. Annual and seasonal changes in diets of martens evidence from stable isotope analysis

Oecologia, 1997,111(2): 280 291

BenDavidM , Hanley T A, KleinD R, etal Seasonal changes in dietsof coastal and riverinemink: the role of pav ning Pacific saimon

CanJ Zool, 1997,75(5): 800 -811

SzepanskiM M, BenDavidM , VanB V. A ssessnent of anadromous salmon resources in the diet of the A lexander A rchipelago wolf

using stable isotope analysis Oecologia, 1999, 120(3): 327 335

SchwarczH P. Some theoretical agects of isotope paleodiet studies A rchaeol Sci, 1991, 18(3): 261 275

PhillipsD L, JillianW Gregg U ncertainty in source partitioning using stable isotopes Oecologia, 2001, 127(2): 171 179

PhillipsD L, JillianW Gregg Source partitioning using stable isotopes coping w ith too many sources Oecologia, 2003, 136(2): 261

269

PhillipsD L, PaulL Koch Incorporating concentration degpendence in stable isotopemixing models Oecologia, 2002, 130(1): 114 125

Rubenstein D R, Hobson K A. From birds to butterflies A nimal movanent patterns and stable isotopes T rends Ecol Evol, 2004, 19

(5): 256 263

Schoeller DA. Isotope fractionation: W hy aren’t wew hat we eat? J A rchaeol Sci, 1999, 26(6): 667 673

SchwarczH P. Some theoretical agects of isotope paleodiet studies J A rchaeol Sci, 1991, 18(3): 261 275

GannesL Z, M artinez del Rio C, Koch P. N atural abundance variations in stable isotopes and their potential uses in animal physiological

eoology. Canp B iochem Physiol, 1998, 119A (3): 725 737

TieszenL L, Boutton TW, Tesdahl K G, et al Fractionation and turnover of stable carbon isotopes in animal tissues mplications for

d 13C analysisof diet Oecologia, 1983,57(1):32 37

Bearhop S, W aldron S, Votier SC, etal Factorsthat influence assmilation rates and fractionation of nitrogen and carbon stable isotopes

in avian blood and feathers Physiol B iochen Zool, 2002, 75(5): 451 458



3060 25

[50] WassenaarL |, Hobson K A. A stable-isotope gpproach to delineate geographical catchment areas of avian migration monitoring stations

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

inNorth America Environ Sci Technol, 2001, 35(9): 1845 1850
V ender ZandenM J, Gilbert Cabana, Joseph B Rasnussen Comparing trophic position of freshw ater fish calculated using stable nitrogen
isotope ratios and literature dietary data CanJ Fish A quat Sci, 1996, 54(5): 1142 1158

Fry B. Foodweb structure on GeorgesBank from stable C,N, and S isotopic compositions L imnol Oceanogr, 1988, 33(5): 1182 1190
HewigB R, HewigD A, Soluk JM D, et al Trophic structure and energy flow in backw ater lakes of two large floodplain rivers
assessed using stable isotopes Can J Fish A quat Sci, 2003, 61(1): 12 22

Connolly Rod M. Differences in trophodynamics of commercially important fish between artificial wateways and natural coastal
wetlands Estuarine Coastal and Shelf Science, 2003,58(4): 929 936

Sharon Z H, John G, Holt Change in iotopic composition of red drum larvae in regponse to dietary shifts potential applications to
settlanent studies CanJ Fish A quat Sci, 2000, 57(1): 137 147

Killingley J S M igrations of California gray w hales tracked by oxygen-18 variations in heir epizoic barnacles Science, 1980, 207 (438):
759 76Q

Killingley J S, L utcavageM. Loggerhead turtle movements reconstructed 60 and 6 3C profiles from commensal barnacle shells
Estuarine Coastal Shelf Sci, 1983, 16(3): 345 349

Richard R D, Wi illian H, Geoff P Identification of anadromous and nonanadromous adult brook trout and their progeny in the
Tabusinatac River, Nev Brunawick, by meansof multiple-stable-isotope analysis T ransactions o theAmerican Fisheries Society, 1999,
122(2): 278 288
M inamiH, M inagavaM Ogi H. Changes in stable carbon and nitrogen isotope ratios in sooty and short-tailed sheaw aters during their
northw ard migration Condor, 1995, 97(2): 565 574

PersonA, LarsAndersH. Diet shift in follow ing competitive release CanJ Fish A quat Sci, 1998,56(1): 70 78
V ender ZandenM J, M enno H, M ark SR, et al Application of stable isotope techniques to trophic studies of age-0 snalimouth bass
T ransactions d theAmerican Fisheries Society, 1998, 127(5): 729 739

JohnstonN T, StanfordM D, A shley KL, etal Responsesof rainbow n trout and their prey to inorganic fertilization of and oligotrophic
montane CanJ Fish A quat Sci, 1999, 56(6): 1011 1025

GainesE F G, RuthH C, SaraP G, et al Stable isotopic evidence for changing nutrition sourcesof juvenile horseshoe crabs B iol Bull,
2002, 203(2): 228 230

Stephen EM , StephenA M, GregC G Isotope turnover in aguatic predators quantifying the exploitation of migratory prey. CanJ Fish
A quat Sci, 2000, 58(5): 923 932

Hobson KA, AmbroseW G Jr, Renaud P E Sourcesof primary production, benthic-pelagic coupling and trophic relationshipsw ithin the
Northeast W ater Polynya Insights from 0°C and analysis M ar Ecol Prog Ser, 1995, 128(1-3):1 1Q

HongA SH, LiW Q, WangM L. Application of N stable isotope technique in marine culture researches A cta Oceanologica Sinica,
1994, 16(4): 73 81

CaiDL,Ma X H, Han Y B. Application of 3C/*2C ratios to studies of trophic relation in amarine ecosystan-preliminary inquiry into
isotope compositions of marine plant and their influence factors Oceanologia et L imnologia Sinica, 1999, 30(3): 306 314
CaiDL,MengF, Han Y B, etal Studieson °C/**C ratios as a trace for foodw eb in amarine ecosystem-the trophic relations in pelagic
food webs in L aoshan Bay. Oceanologia etL imnologia Sinica, 1999, 30(6): 671 678

CaiDL,WangR, BiH S Trophic relation ships in theBohai ecosystem: preliminary investigation from §*3C analysis A cta Ecologia
Sinica, 2001, 21(8): 1354 1359

Chen SY, ZhouW H, WU Y H, etal The distribution of stable isotope §°C in the coral ecosystem in the district of N ansha Islands,
South China Sea M arine Sciences, 2001, 25(6): 4 7.

CaiD L, Zhang SF, TangQ S, et al. Stable Carbon and N itrogen Isotope Fractionation in M etabolic Process of W eever (L ateolabrax
japonicus). A dvances inM arine Science, 2003, 21(3): 308 317

TangQ S, SuJL. M arine ecosysten dynamics study in China [. Beijing: Science Press, 200Q

, , . N . , 1994,16(4): 73 81

. , . Bc/c -

,1999, 306 314

. . , . Bc/c - . , 1999,
30(6): 671 678

, , . : . , 2001,21(8): 1354 1359

, , .o 6%c . ,2001,25(6): 4 7.

, , . . , 2003,21(3): 308 316

, . I. : , 2000



