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ABSTRACT: A reduc t i on in dissolved oxygen concentrat ion is one of the most important direct effects of nutrient

over-enrichment of coastal waters on fishes. Because hypoxia can cause nlortality~ reduced growth rates, and altered

distributions and behaviors of fishes, as wel l as changes in the relative importance of organisms andpathways of carbon

flow within food webs, hypoxia and anoxia can lead to large reduct ions in the abundance, diversity, and harvest of fishes

within affected waters. Nutrient enrichment , however, typically increases prey abundance in more highly oxygenated

surface waters and beyond the boundaries of the hypoxic zone. Because of this mosaic of high and low oxygen areas

within a system~ not only the actual oxygen concentrat ion of bottom waters, but the spatial arrangement , predictability,

and pers is tence of highly oxygenated~ high productivity habitats~ and the ability of fishes to locate and use those favorable

habitats~ will determine the ultimate effect of low oxygen on fish populat ions . Negative effects of hypoxia on fish,

habitat, and food webs potential ly nlake both fish populat iolts and entire systenls more susceptible to additional anthro-

pogenic and natural stmssors .

Introduction

The effec ts of nu t r i e n t e n r i c hme n t of coastal wa-

ters on fish popu l a t i o n s an d fisher ies harve s t s pre -

sen t a co n t r a d i c t o r y pic tu r e . On one han d , fish

kills affec t ing thou san d s to mi l l ion s of fish have

b e e n assoc ia ted with nu t r i e n t - r e l a t e d low oxygen

even ts in coastal areas on each of the wo r ld ' s con -

t inen ts , exc e p t An tarc t ica . On the o the r hand , a


c ompa r i s o n of systems r an g i n g fr om coral reefs to

severe ly eu t r o phi c t empe r a t e es tuar ie s ind ica te s

tha t the r e is a posi t ive re la t i o n ship be tween n i t ro -

gen lo ad in g an d fisher ies yie lds in coastal wate r s

(N ixon et al. 1986). I n c l u d e d in the analysis by

N ixo n et al. a r e estuar ie s an d o the r semi -en c lo sed

seas tha t are cha r ac t e r i z ed by seasona l oxygen de-

p le t ion . C ompa r i s o n of 14 E u r o p e a n estuar ie s an d

o the r semi -en c lo sed E u r o p e a n seas fo u n d highe r

land ings of bo t h p lankt i vo r o u s an d d eme r sa l fishes

in eu t r o phi c systems cha r ac t e r i z ed by seasona l hyp-

oxia than in o l i go t r o phi c systems (de Le iva More -

no et al. 2000). I exp lo r e the reason s fo r this seem-

ing con t r ad i c t i o n by asking what are the p r e d om -

in an t effects of hypox i a on es tu a r in e fishes in nu -

t r i e n t - e n r i c he d  sys t ems , how an d whe r e  d o e s

hypox i a negat ive ly affec t fish popu l a t i o n s and fish-

er ies harves ts , and why are effec ts of hypox i a dif-

ficu lt to de t e c t on a system-wide basis. A l tho u gh

eco logica l func t i o n s and fisher ies harves t s can be

severe ly d i s r u p t e d within hypox i c waters, in c r ease s

in finfish a b u n d a n c e on la rge r spat ia l scales re-
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su l t ing fr om the high produc t iv i ty in nu t r i e n t - e n -

r i ched systems are oft en g r e a t e r than losses due to

oxygen deple t i o n . I will focus pr imar i ly on estuar-

ies and o the r semi -en c lo sed seas, the ma r i n e sys-

t ems mo s t severe ly affec t ed by nu t r i e n t over-en-

r i c hme n t an d re su l t an t oxygen dep le t i o n , and on

finfish r a the r than c ru s t a c e an or mo l lu sc an fish-

er ies species. T hr o u g ho u t  this pape r , I use a mu c h

highe r thr e sho ld for hypox i a than the 9 mg 1-1 ( -

24% sa tu r a t i o n at 20~ and 15 psu) or 2 ml 1-1 ( -

34% sa tu r a t i o n at 20~ and 15 psu) c ommo n in

the scien t ific l i t e ra tu re . In s t e ad , wate r s with dis-

so lved oxygen co n c e n t r a t i o n s < 50% sa tu r a t i o n

will be con s i d e r e d hypoxic becau se , as discussed

be low, sen s i t i v e fish show avo i d a n c e ,  r e d u c e d

growth, and o the r signs of physio logica l stress at

o r n e a r such levels.

The Relationships among Nutrient Enrichment,

Physical Features and Hypoxia

Hypo x i a or an o x i a occu r s t hr o u gho u t the wor ld

in coastal wate rs that rece ive high load ings of nu -

t r ien ts fr om an t hr o p o g e n i c sou rc e s (Diaz and Ro-

s e n be r g 1995). In add i t i o n to high nu t r i e n t load -

ings, systems mo s t su scep t ib le to oxygen dep le t i o n

are typically cha r ac t e r i z ed by st rong densi ty strati-

fica t ion du r i n g the season in which low oxygen is

severe , long re s i d en c e times, low tidal energy, an d

a high wate r shed a r e a to es tu a ry vo lume rat io (Nix-

on 1988; Caddy 199S; C lo e r n 2001). The mo s t se-

ve r e oxygen dep le t i o n occu r s in subpycno c l i n e wa-

ters, which are iso la ted fr om mix in g that r e a e r a t e s

su r face wate rs with a tmo sphe r i c oxygen . Wind and
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t i d a l fo r c i n g can p e r i o d i c a l l y ad ve c t b o t t om wa t e r s

i n t o sha l lowe r , n e a r s ho r e  hab i t a t s (Lo e s c h 1960;

S c hr o e d e r  a n d  W i s em a n 1988; B r e i t b u r g 1990;

S a n fo r d  e t a l .  1990) . S om e sys tems, su ch as the

Ka t t e g a t a n d Waq u i o t  Bay, also e x p e r i e n c e  n e a r -

sho r e , su r fa c e - l a y e r o xyg e n d e p l e t i o n  typ i c a l ly as-

s o c i a t e d wi th hi gh ma c r o a l g a l b i om a s s a n d p e r i o d s

o f c a lm we a t he r  wi th l i t t l e win d m i x i n g o f the wa t e r

c o l umn an d c l o u d cove r (D 'A van zo a n d K r em e r

1994; P ihl e t a l .  1998) . I n mo s t  e s t u a r i e s , hy p o x i a

is a s e a s o n a l phe n om e n o n ,  c o i n c i d i n g wi th hi gh

su r fa c e t emp e r a t u r e s a n d  s t r o n g d en s i t y s t r a t i fi c a -

t i on .

A view o f low oxyge n as a fa c t o r tha t a d d s phys-

ica l s t r u c t u r e a n d b o t h spa t i a l a n d  t empo r a l he t -

e r o g e n e i t y to the wa t e r c o l umn is e spe c i a l l y im-

p o r t a n t  to u n d e r s t a n d i n g the effec t s o f hyp o x i a on

fishes. A l t ho u gh e x t r em e even t s c an occu r , n o

co as t a l sys t em is c ha r a c t e r i z e d  by c o n t i n u o u s ,  sur-

face to b o t t om u n i fo rm low oxyge n c o n c e n t r a -

t ions . Even sys t ems c ha r a c t e r i z e d  by seve r e b o t t om

laye r o xyg e n d e p l e t i o n  tha t wou ld e l im i n a t e  l a r g e

e x p a n s e s o f the b o t t om wa t e r laye r a n d b e n t hi c

ha b i t a t  fr om use by fish have a r e a s wi thi n the sur-

face layer , a n d at le a s t p o r t i o n s o f sha l l ow b e n t hi c

hab i t a t , tha t r e t a i n  o xyg e n c o n c e n t r a t i o n s abo v e

50% sa t u r a t i o n . B e c a u s e o f thi s mo s a i c o f hi gh a n d

low oxyge n a r e a s wi thi n a sys t em, n o t  on ly the ac-

tu a l o xyg e n c o n c e n t r a t i o n  o f b o t t om wate r s , bu t

the spa t i a l a r r a n g em e n t ,  p r e d i c t a b i l i t y , a n d  pe r s i s -

t e n c e o f hi ghl y o x y g e n a t e d  a r e a s , a n d the ab i l i t y

o f fi shes to lo c a t e a n d use tho s e hi ghl y o xy g e n a t e d

a r e as , will d e t e rm i n e  the u l t im a t e  effe c t o f low ox-

yg e n on fish p o p u l a t i o n s (Fig. 1).

Loca l Ef f e c t s o f Hypox i a

FISH KILLS AND OTHER DIRECT MORTALITY

Fish kills , in whi c h la r g e n umb e r s o f d e a d  a n d

dy i n g fish flo a t to the su r fa c e o r wash o n t o sho r e ,

a r e p r o b a b l y the mo s t d r am a t i c  a n d  pu b l i c l y vi s ib le

m a n i fe s t a t i o n  of hyp o x i a a n d  n u t r i e n t  o ve r - e n r i c h-

m e n t  o f coas t a l wate r s . I n a d d i t i o n  to mas s mo r -

t a l i t i e s tha t a r e easi ly o b s e r v e d , hi gh mo r t a l i t y o f

d em e r s a l  fi shes l a c ki n g a swim b l a d d e r  can o c c u r

l e av i n g l i t t l e o r n o vi s ib le e v i d e n c e o f fish at the

su r fa c e o r l i t t e r i n g b e a c he s (e .g . , B r e i t b u r g 1992) .

Mo r t a l i t y o f adu l t s , even whe n la r g e in ab s o l u t e

n umb e r s ,  typ i c a l ly affec t s on ly a sma l l fr a c t i o n o f

the to t a l p o p u l a t i o n  wi thi n a wa t e r body . Ha b i t a t

loss (d i s c u s s e d be low) a n d mo r t a l i t y o f ea r ly life

s t age s a r e mo r e  l ike ly to c o n t r i b u t e  to lo c a l r e d u c -

t i o n s o f fish p o p u l a t i o n s t ha n is d i r e c t mo r t a l i t y o f

a d u l t s a n d o l d e r  j u v e n i l e  fishes.

Low oxyge n fish ki l ls mo s t  o ft e n o c c u r whe n dis-

s o l v e d  o x y g e n  c o n c e n t r a t i o n s c ha n g e r a p i d l y ,

whe n fish a r e c o n c e n t r a t e d  in emb a ym e n t s ,  o r
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Fig. 1. Examples of spatialstructure  and temporal variability

created by low dissolved oxygen in a temperate estuary, a) Ver-

ticalspatial  structure and resultantspatial variation in  directand

indirect effects of oxygen depletion. The figure shows the effect

of oxygen concentration on various aspects of predator-preyin-

teractions and abundances in different portions of a stratified

water column with bottom-layer hypoxia, b) Variation in day-

tsne bottom layer dissolved oxygen at a mesohaline site in the

Pamxent River. Data show-dissolvedoxygen concentrations mid-

channel near Broomes Island, Maryland. Variation around the

fitted trend line (4th order polynomial, r2 = 0.87) represent

both within and among year variability in the 15-yr data set.


Bottom dissolved oxygen concentrations can change rapidly as

sn-atification is disrupted by storm-associatedwind mixing. Data

are from the Chesapeake Bay Program monitoring program

(www.dlesapeake.net).

whe n o t he r  c o n d i t i o n s o c c u r tha t l im i t o r co n fu s e

a p p r o p r i a t e  e s c a p e behav i o r . Fo r e x amp l e ,  l a r g e

n umb e r s o f fish an d c r abs c an d i e whe n seve r e ly

hypo x i c (e .g . , < 0.5 mg 1 1) b o t t om wa t e r is r a p i d l y

a d v e c t e d t owa r d s sho r e by a c omb i n a t i o n  o f win d

fo r c i n g a n d i n t e r n a l l a t e r a l t i d e s (B r e i t b u r g 1992) .

D ive r o b s e r v a t i o n s t owa r d s the e n d o f an 18-h

even t at an oys t e r r e e f a l o n g the we s t e r n sho r e o f

a Che s a p e a ke Bay r e e f r e v e a l e d a b o t t om l i t t e r e d

wi th d e a d fish ( e spe c i a l l y b e n t hi c  oys t e r r e e f fi shes

su ch as go b i e s a n d  b l e n n i e s ) a n d  crabs . D u r i n g a


s im i l a r e ve n t in 1987, ave r a g e d e n s i t i e s o f a d u l t

a n d j u v e n i l e  n a ke d  go b i e s (Gobiosomabosc) i n d e e p

a n d m i d - d e p t h a r e a s o f the oys t e r r e e f d r o p p e d

fr om 40 i n d m e to n e a r  ze r o . H i ghe s t  mo r t a l i t y o f

http://www.dlesapeake.net)


n aked gobie s was of newly se t t led juven i le s ; in-

c reased densi t ie s in less severe ly affec t ed shal low

r e e f sites ind i c a t ed tha t o ld e r juven i l e s an d adu l t s

likely had highe r rates of successfu l sho r eward em-

igra t ion . Calcu la t ion s of swimming speeds , stage-

spec ific le tha l oxygen con c en t r a t i o n s , an d the pre -

d ic tabi li ty of oxygen dec l ines r e a chi n g le thal levels,

i n d ic a t e tha t the e n v i r o nm e n t may be less pred ic t -

able to small, slower swimming fish. In a hab i t a t

with flu c tu a t i ng oxygen con c en t r a t i o n s , such indi-

viduals are less able to in i t ia te a successfu l escape

r e spo n se wi thou t unnece ssa r i ly expo s i n g them-

selves to p r e d a t i o n risk at t imes when oxygen con -

c en t r a t i o n s r ema i n above le tha l levels.

Die-offs of extensive algal b l o oms can also rap-

idly dep le t e disso lved oxygen . Du r i n g ex t r eme

events, oxygen d ep l e t i o n can affec t the en t i r e wa-

te r co lumn , re su l t ing in an exc ep t i o n to the mo r e

typical pa t t e r n in these an d o the r systems in which

su r face wate r se rves as a re fuge fr om pe r s i s t e n t

bo t t om- laye r hypoxia . T he co llapse of a massive

Pr~roce,zt,r'urn mi,6rnum (dinoflagellate)  b lo om , an d

warm , calm cond i t i o n s that had al r eady led to se-

ve r e oxygen dep le t i o n ex t e n d i n g in to shallow wa-

ters, rap id ly led to an o x i a t hr o u gho u t the wate r

c o l umn of the Mar i age r Fjo rd in n o r t he r n  Den -

ma r k du r i n g 1997 (Fallesen et al. 2000). Extens ive

mo r t a l i t y of bo th fish an d inve r t e b r a t e s o c c u r r e d

as the I n n e r  Fjo rd be c ame anox i c and su lphid ic to

the su r face over a 25 km long a r e a for 2 wk.

T he severi ty an d du r a t i o n of low oxygen con c en -

t ra t ions, as well as wate r t empe r a t u r e s , s t rongly af-

fec t the l ike l ihood of mor ta l i t y when avo id an c e is

ineffec t ive . Oxygen co n c e n t r a t i o n s be low those

that resu l t in the s t an d a r d ca lcu la ted 50% mor t a l -

i t ' / i n 24-h to 96-h expo su r e tests can lead to mo r -

tality in m in u t e s to a few hours . As expo su r e t ime

inc reases , the oxygen sa tu r a t i o n that causes d e a th

a pp r o a c he s the sa tu r a t i o n level tha t resu l ts in re-

d u c e d re sp i r a t i o n , typically a sa tu r a t i o n level 2 to

3 t imes highe r than fo u n d to be le thal in 24-h tests

(Magnu sso n et al. 1998).

T emp e r a t u r e  is oft en an impo r t a n t co -fac to r de-

t e rm i n i n g when le thal cond i t i o n s are r e a ched , be-

cause high t empe r a t u r e s dec rease am o u n t  of oxy-

gen tha t can dissolve in wate r an d can in c r e ase the

me t abo l i c r e q u i r em e n t s of fish. 50% mor t a l i t y of

80-200 g Atlan t ic cod (Gad'us merhua) was r e a che d

at 5, 11, 14, 15.5, 16.5, an d 29% oxygen sa tu ra t ion ,

o r 0.5, 1.0, 1.3, 1.4, 1.4, an d 2.3 mg 1 1 dissolved

oxygen at 5, 9, 10, 11, 15, and 17~ respect ive ly,

in labo r a t o r y e xp e r im e n t s with gradua l ly dec l in ing

oxygen sa tu r a t i o n s ( S c hu rm an n and S te ffen sen

1992). Similarly, ju ven i l e At lan t ic s t u r g e o n (A@en

set oxyri,~chus) he ld fo r 10 d at 3 mg 1-1 expe r i -

e n c e d 92% mor t a l i t y at 26~ bu t only 22% mo r -

tality at 19~ (Seco r and G u n d e r s o n 1998). The
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effec ts of expo su r e du r a t i o n and t empe r a t u r e are

the r e fo r e ve ry impo r t a n t to con s i d e r in se t t ing wa-

te r quali ty s t an d a r d s fo r dissolved oxygen con c en -

t ra t ions, highl i ght i n g the n e e d to set abso lu t e min -

ima, ins tead of t ime -ave r aged min ima , and the

n e e d to con s id e r ge o g r aphi c var i a t i o n in maxi -

m um wate r t empe r a t u r e s .

T axo n om i c , behav io r a l , an d an a t om i c a l charac -

ter ist ics of spec ies also a pp e a r  to affec t the likeli-

ho o d of mor t a l i t y fr om expo su r e to low oxygen in

the field. A l tho u gh they tend to to le ra te lower ox-

ygen co n c e n t r a t i o n s than man y spec ies that active-

ly swim thr o u gho u t the wate r co lumn , ben thi c spe-

cies such as flatfish an d gob i e s tha t lack a func-

t ional swim b lad d e r c an n o t easily use the uppe r ,

o xygen a t e d po r t i o n s of the wate r c o l umn and have

l imi ted swimming spe ed s an d ranges . Because of

these const ra in t s , they may be am o n g the mo s t sus-

cep t ib le fishes when oxygen co n c e n t r a t i o n s rapid ly

dec l ine .

Fish eggs an d larvae may be par t i cu la r ly vu lne r -

able to low oxygen becau se of l imi ta t ion s in be-

havio ra l avo id an c e and , in some cases, highe r ox-

ygen r e q u i r em e n t s than adults . Mor ta l i ty of these

early life stages is no t typically co n s i d e r e d in fish

kills. Adu l t s are un l ike ly to depo s i t eggs in areas

tha t are at le tha l or highly stressfu l disso lved oxy-

gen co n c e n t r a t i o n s at the t ime of spawn ing . Nev-

e r the less , extens ive mo r t a l i t y of ben thi c fish eggs

can resu l t fr om expo su r e to low disso lved oxygen

c o n c e n t r a t i o n s du r i n g mo v em e n t  of a hypox i c wa-

te r mass and du r i n g calm pe r i o d s in areas with

high mac r o phy t e or mac r o a lga l p r o d u c t i o n . In

some areas of Che sape ake Bay, ben thi c eggs of oys-

te r r e e f fishes, in c lu d ing gobies , b lenn i e s , an d

clingfish, pe r iod ica l ly suffe r substan t ia l mo r t a l i t y in

shal low wate rs bec au se of d i r ec t expo su r e to low

d i s so lved o xyg e n c o n c e n t r a t i o n s a n d b e c a u s e

ma le s a b a n d o n the nests they are gu a r d i n g (Breit-

bu r g 1992). A b a n d o n e d  nests are expo se d to pre -

d a t i o n as bo th highe r oxygen co n c e n t r a t i o n s an d

p r e d a t o r s r e t u r n , an d do no t rece ive the pa r e n t a l

care r e qu i r e d for emb r yo d e v e l o pme n t and hatch-

ing. In the Balt ic -Kat tegat system, he r r i n g r ep r o -

duce a lo ng the coasts an d spawn on li t to ra l vege-

tat ion . Low oxygen co n c e n t r a t i o n s may deve lop for

sho r t pe r i o d s of t ime , espec ially du r i n g n ight in

areas with den se vege t a t i o n . Low oxygen to ge the r

with exud a t e s re le ased fr om the algae , dec r ease s

survival of he r r i n g eggs in these areas (Anee r 1987;

La r so n 1997).

P lankton i c eggs can sink in to hypox i c or anox i c

b o t t om layers even if spawned in highly oxygena t -

ed su r face waters. Spawn ing loca t ion s as well as

charac te r i s t i c s of the eggs such as oxygen toler-

ance , sinking rate , an d t ime to hatch, st rongly in-

flu en c e the ex t e n t of mortali ty . Con s i d e r ab l e at ten -



770 D. Breitburg


Lion has be en focu sed on the issue of eggs sinking

in to hypoxic bo t t om water in the Balt ic-Kattegat

system becau se of the par t i cu la r vu lnerabi l i ty and

fisheries impo r t a n c e of Baltic cod. The ver t ical

r ange of habi ta t suitable for d e ve l o pmen t of cod

eggs in the Baltic Sea is limited , and bo u n d e d  on

the top by low salinity and on the bo t t om by low

oxygen . Cod eggs are neu t ra l ly buoyan t at salinit ies

tha t occu r only in the deepe s t basins of the Baltic

be low the haloc l in e (50-80 m; Nissling et al. 1994;

Nissling and Vallin 1996). The strat ified n a t u r e of

the Baltic Sea is such that these deep basins ex-

pe r i e n c e extensive areas of low oxygen that are un-

suitable for egg survival and deve lopmen t . Oxygen

dep le t i o n , and physical and bio logical fac to rs that

i n flu en c e the sinking of eggs in to wate r layers with

le thal oxygen con c en t r a t i o n s du r i n g the i r approx-

imate ly 12-14 d deve lo pmen t , may be some of the

most impo r t a n t fac to rs limit ing r ep r o d u c t i ve suc-

cess and in flu en c ing var ia t ion in year-class s t r eng th

of Baltic cod in the cen t ra l Baltic (Wie land and

Zuzar te 1991; Plikshs et al. 1993; Wie land et al.

1994). Field surveys of the Baltic fr om 1987 to

1990 ind ica ted that 50-95% of the Baltic cod eggs

were be low the lower oxygen limit r equ i r e d for em-

bryo survival and successful ha t ching (Ohld ag et

al. 1991; Wie land et al. 1994). The p r o po r t i o n of

eggs sinking in to hypoxic layers will d e p e n d on var-

ia t ion amo n g ind ividuals and clu tches in cho r i o n

thickness, yo lk osmolality, ind ividual female , ba tch

numbe r , egg quality, and egg size, as well as geo-

graphic and in t e r an n u a l variabili ty in salinity (Nis-

sling et al. 1994; Nissling and Valin 1996).

Data on the ver t ical d is t r ibu t ions of bay anchovy

(Anchoa rnitchilli) eggs in Chesapeake Bay and one

of its ma jo r tr ibu tar ies, the Pa tu xen t River, illus-

t rate the po ten t i a l for st rong geog r aphi c var ia t ion

in mor ta l i ty caused by plankton i c eggs sinking in to

hypoxic or anoxic bo t t om waters. Areas with the

most severe and pers i s t en t levels of oxygen deple-

t ion are no t necessar i ly those in which d i r ec t mor-

tality will be the highest . Bay anchovy eggs suffe r

app rox ima t e ly 50% mor ta l i ty du r i n g 12-h expo-

sures to dissolved oxygen con c en t r a t i o n s of 2.8 mg

1-2 (Chesney and Ho u d e 1989). Because densi ty

st ra t ificat ion in the mesoha l i n e Pa tu xen t wate r col-

umn is relatively weak (gene ra l ly on ly 1-2~ and

1-2 psu d i ffe r en c e be tween su rface and bo t t om

waters du r i n g summe r when oxygen dep le t i o n oc-

curs) , and eggs are d is t r ibu ted thr o u gho u t the wa-

ter co lumn regard less of bo t t om oxygen concen -

t ra t ions (Keiste r et al. 2000; B re i tbu rg unpub l i shed

data) substan t ia l n umbe r s of deve lop ing embryo s

probab ly die as a resu lt of d i r e c t expo su r e to low

oxygen . Add i t iona l mor ta l i ty may resu l t if eggs that

ha t ch in severely hypoxic bo t t om waters resu l t in

yolk-sac larvae that are weaken ed and unab le to

swim up in to the oxygena ted su rface layer. In the

Mary land po r t i o n of the main s t em Chesapeake

Bay, salinity strat ificat ion is substan t ially st ronger ,

the su rface layer is thicker , and eggs are re t a i n ed

in the su rface and pycno c l i n e layers whe re oxygen

con c en t r a t i o n s are suffic ien t and typically at or

above 50% satu ra t ion (No r th 2001; B re i tbu rg un-

publ i shed data) . A l though oxygen dep le t i o n in the

Mary land ma in s t em Chesapeake is mo r e severe , it

is less likely to cause extensive mor ta l i ty of bay an-

chovy eggs than is the weaker oxygen dep le t i o n of

the tr ibu tar ies.

Ju s t as the r e is likely to be var ia t ion amon g sites

(even within a system), the effec ts of any given

comb in a t i o n of oxygen dep le t i o n and strat ificat ion

in tensi ty vary among po ten t ia l ly expo sed species.

Un l ike bay anchovy eggs, sc iaen id eggs in the me-

sohal ine ma in s t em Chesapeake are mostly fo u n d

in the bo t t om layer (No r th 2001; B re i tbu rg unpub -

lished data) whe re oxygen con c en t r a t i o n s of a few

ten ths of a mg 1 1 or less are likely to cause n e a r

to tal mortali ty. Cod and sprat (Spratt'us spratt'us) egg

mor ta l i t i e s d iffe r within a single locat ion : in the

d eep B o r n hom Basin of the Baltic whe r e high cod

egg mor ta l i ty is found , sprat eggs are pr imar i ly

fo u n d in the su rface layer at dissolved oxygen con-

cen t r a t i o n s > 5.7 mg 1-2 (Wie land and Zuzar te

1991).

Ce r t a in key on to gen e t i c transi t ions may requ i r e

high oxygen con c en t r a t i o n s relat ive to that simply

r e qu i r e d for survival of e i the r embryo s o r larvae.

In tests of seven species of mar i n e fish larvae ,

B rownell (1980) fo u n d that in i t ia t ion of first feed-

ing r equ i r e d oxygen con c en t r a t i o n s 1.7 times high-

er than those r e qu i r e d fo r survival (mean of LCs0/

EC~0 for seven species, whe r e EC~0 is the oxygen

co n c e n t r a t i o n r equ i r e d fo r 50% of larvae , n o rm e d

for con t ro ls , to in i t ia te first feed ing) . Serigstad

(1987) fo u n d that re sp i r a t ion of Baltic cod larvae

also peaked at 6-8 d pos tha t ch, at abo u t the time

the larvae r equ i r e exo ge n o u s prey.

HABITAT L o s s  AND AVOIDANCE OF L o w

OXYGEN WATERS


The majo r effec t of low oxygen in coastal waters

and semi-enc lo sed seas is a loss of habi ta t that

wou ld o the rwise be used by fishes for activities

such as feed ing , r e p r o d u c t i o n , and she l te r from

preda to r s . The ex t en t of habi ta t loss will d e p e n d

on ba thyme t r y of the system, the severi ty of oxygen

dep le t i o n , and the physio logical to le r an ce s and be-

haviors of affec ted fish species. Field stud ies have

r epea t ed ly shown that as oxygen con c en t r a t i o n s

dec l ine , the abu n d a n c e and diversity of demersa l

fishes dec rease (Fig. 2; e.g., Baden and Pihl 1996;

Howell and S impson 1994; B re i tbu rg et al. 2001;

Eby 2001). Bo t t om waters be low approx ima t e ly 2
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Fig. 2. Ave rage n u m b e r  o f spec ie s p e r  trawl a t a r a n g e o f

d isso lved oxygen c o n c e n t r a t i o n s A ) a lo n g the wes t e r n sho r e o f

Che sap e ake Bay nero- the Calve r t Cliffs N u c le a r Power P lan t

(B r e i t b u rg e t al. 2001), B) L o n g I s la n d S o u n d  ( r e d r awn fr om

Howe l l a n d  S im pso n 1994), a n d C) the Kat tega t (B ad en e t al.


1990b; B ad en a n d  P ihl 1996; r e d r awn fr om  B re i t b u r g e t al.

2001). D a ta are ave raged in app r o x im a t e l y 0.5 nag 1-1 in te rva ls

a n d  fo r all da ta > 5 m g 1 1. N o te var ia t io n in scale o f the ver t ica l

axes. T he n u m b e r  o f spec ie s co l le c t e d p e r trawl i n c r e a s e d with

in c r e a s i n g d isso lved oxygen in all thr e e stud ie s .
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mg 1-1 have ex t r eme ly d epau pe r a t e fish popu la -

tions. Some ind ividual species appe a r to have

thr e sho ld concen t r a t i o n s , be low which the i r den -

sities dec l ine prec ip i tou s ly (Baden and Pihl 1994;

Howell and S impson 1994; Eby 2001). Because fish

species vary in bo th physio logical to le r an ce and be-

havior, however , total fish abu n d an c e and fish spe-

cies r ichness tend to dec l ine gradual ly with declin-

ing oxygen concen t r a t i o n s .

T he initial re spon se of fishes to low oxygen is

typically an inc rease in ven t i la to ry rate . This be-

havio r inc reases ene rgy con sumpt i o n , however ,

n a r r owing the scope for o the r re spon se s to hyp-

oxia and o the r activities (Kramer 1987; Dalla Via

et al. 1994). Some degr e e of acc l imat ion to low

oxygen may be achieved thr o u gh inc reased he-

mog lo b i n con c en t r a t i o n (Pe te r sen and Pe t e r sen

1990), a l t e r ed oxygen affin i ty of hemog lo b i n , in-

c reased red cell pH, or r e d u c e d ce llu lar ATP or

GTP (Jen sen et al. 1993). Such physio logical ad-

ap ta t ion s vary widely amon g fish species (Jen sen

et al. 1993). Dalla Via et al. (1994) suggest that

me tabo l i c depre ss ion is a mo r e effec t ive survival

st rategy fo r fishes exposed to low dissolved oxygen

than is the indu c t i o n of anae r ob i c metabo l i sm. De-

c reased activity levels and dec r e ased fe ed in g re-

duce oxygen r e q u i r emen t s and may allow fish to

avoid d e p e n d e n c e on anae r ob i c me tabo l i sm (Cha-

bo t and Dutil 1999), bu t also r e d u c e growth and

po ten t ia l ly inc rease size-re lated mortali ty.

Lo n ge r du r a t i o n expo su r e s to low oxygen and

mo r e severe hypox ia lead to avo idance of and em-

igra t ion from affec ted habi ta t . All larval, juven i le ,

an d adu l t fishes that have be e n tested r e spo n d to

oxygen grad ien t s by moving upwards or laterally

away from waters with physio logically stressful or

po ten t i a l ly le thal dissolved oxygen towards highe r

oxygen con c en t r a t i o n s (e.g., Deub le r and Po sn e r

1963; Sto t t and guckley 1979; g r e i t bu r g 1994;

Wann amake r and Rice 2000). Mor ta l i ty fr om d i r ec t

expo su r e to hypoxic and anoxic cond i t i o n s is less

than might o the rwise occu r because of this po ten -

tial capac i ty for behavio ra l avo idance .

Hab i t a t loss due to hypox ia in coastal waters is

far gr e a t e r than would be calcu la ted based on the

spatial ex t e n t of le thal cond i t i o n s because most

fish avoid no t on ly le thal oxygen concen t r a t i o n s ,

bu t also those that would r e d u c e growth and re-

qu i r e great ly in c r eased en e rgy expen d i t u r e s for

ven t i la t ion . Field sampling and labo r a t o r y exper i -

men t s ind ica te that oxygen con c en t r a t i o n s tha t are

avo ided tend to be 2-3 times highe r than those

that lead to 50% mor ta l i ty in 24-h to 96-h expo -

sures, and approx ima t e ly equal to con c en t r a t i o n s

that have be en shown to r e d u c e growth rates in

labo r a t o r y expe r imen t s (Fig. g).

T he n e t resu lt of emigr a t i o n and mor ta l i ty is re-
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Fig. 3. Relationship between lethal dissolved oxygen concen-

trations and those resulting in reduced growth and behavioral

avoidance of affected habitat. Top) LC~0versus avoidance be-

havior, middle) LC~0 versus growth reduction , and bottom)

growth versus avoidance behavior. Two identical poin ts in bot-

tom pane l are ind icatedby  the numbe r2 next  to the data poin t.

Data sources are as follows.Avoidance versus mortality: Burton

et al. 1980; Coutan t 1985; Petersen and Petersen 1990; Pihl et

al. 1991a,b; Scholz and Waller 1992; Schurman and Steffensen


1992; Howell and Simpson 1994; Petersen and Pihl 1995; Wan-

namaker and Rice2000; U.S. Environmental Protection Agency


d u c e d  d ive r s i ty , a b u n d a n c e ,  a n d  p r o d u c t i o n  o f

fi she s wi t hi n  t he  p o r t i o n  o f the wa t e r  c o l u m n  af-

fe c t e d  by low d i s s o lv e d o x y g e n  c o n c e n t r a t i o n s .  Var-

i a t i o n  a m o n g  sy s t em s i n  o x y g e n  c o n c e n t r a t i o n s  a t

whi c h a b u n d a n c e s  a n d  d iv e r s i t y o f fi she s d e c l i n e ,

l i ke ly r e fl e c t s b o t h the m e t ho d s  u s e d  fo r fi e l d  sam -

p l i n g  ( e s p e c i a l l y how sp e c i fi c a l l y the i s s u e o f low

o x y g e n  e ffe c t s was t a r g e t e d  i n  the s t u d y d e s i g n ) ,  as

we l l as v a r i a t i o n  i n  the s e n s i t i v i t y o f r e s i d e n t  spe -

c ies. A n  an a ly s i s o f b o t t o m  t r awl d a t a  by C r a i g e t

al. (2001) i n d i c a t e d  t ha t  d e m e r s a l  sp e c i e s i n  the

G u l f o f M e x i c o  m o v e  fi-om hy p o x i c  a r e a s wi th d is-

s o lv e d o x y g e n  c o n c e n t r a t i o n s  < 2 m g  1-1 to ad j a -

c e n t  a r e a s wi th s o m ewha t  hi g he r  o x y g e n  c o n c e n -

t r a t i o n s i n  the r a n g e  o f 2- 5  m g  1 1 G r a y (1992)

s u g g e s t e d  e m i g r a t i o n  by s e n s i t i v e  d e m e r s a l s  s u c h

as c o d a n d  whi t i n g  a t 25 - 4 0%  s a t u r a t i o n ,  a n d  by

b e n t h i c  fl a t fi s he s s u c h as d a b  a n d  fl o u n d e r  a t 15%

s a t u r a t i o n .  E m i g r a t i o n  l e a d i n g  to r e d u c e d  d e n s i -

t i e s o f fi she s e v e n  a t o x y g e n  c o n c e n t r a t i o n s  ap -

p r o a c h i n g  4 0- 5 0%  s a t u r a t i o n  ( 3- 4  m g 1 1) is su p -

p o r t e d  by t he  p a t t e r n  o f i n c r e a s i n g  n u m b e r  o f spe -

c ie s i n  t r awl s am p l e s  wi th i n c r e a s i n g  d i s s o lv e d ox-

y g e n  c o n c e n t r a t i o n s  i n  L o n g  I s l a n d  S o u n d  (H owe l l

a n d  S i m p s o n  1994 ) a n d  C he s a p e a ke  B ay (B r e i t -

b u r g  e t al. 2001; Fig . 2) , a n d  the i n c r e a s i n g  n u m -

b e r  o f fi n fi s h i n d i v i d u a l s  c a u g ht  p e r  t r awl ho u r

wi th i n c r e a s i n g  b o t t o m  d i s s o l v e d  o x y g e n  o ff the

L o u i s i a n a  C o a s t i n  the G u l f o f M e x i c o  (D ia z a n d

S o l ow 1999) . T he  m e a n  n u m b e r  o f fi n fi sh, s q u i d ,

a n d  l o b s t e r s n o r t h o f H e m p s t e a d  H a r b o r ,  L o n g  Is-

l a n d  S o u n d ,  p r e d i c t e d  by c o r r e l a t i o n s  o f c a t c h a n d

b o t t o m  d i s s o lv e d o x y g e n  was a p p r o x i m a t e l y  400

i n d  tow-1 a t 4 m g 1-1, gO i n d  tow-1 a t 2 m g 1-1, a n d

5 i n d  tow 1 at 0.5 m g 1 1 d u r i n g  1988 t hr o u g h 1990

( e s t i m a t e d  fr o m  Fig . 4 i n  H owe l l a n d  S i m p s o n

1994 ) .

S ho r e wa r d  m i g r a t i o n  o f fi n fi s h a n d  d e c a p o d

c r u s t a c e a n s  as a r e s p o n s e  to low d i s s o lv e d o x y g e n

ha s l o n g  b e e n  r e c o g n i z e d .  L o e s c h (1960) d e -

s c r i b e d  how wi n d  fr o m  the  n o r t h o r e a s t c a u s e s

u pwe l l i n g  o f o x y g e n - d e p l e t e d  b o t t o m  wa t e r s i n

M o b i l e  Bay, a n d  t he  r e s u l t a n t  j u b i l e e s  i n  whi c h

<----

2000; Eby 2001; Miller et al. 2002. Growth versus mortality:


Bin-tonet  al. 1980; Petersen and Petersen 1990;P i t t  et al. 1991;


Scholz and Waller 1992; Schurman and Steffensen 1992; Peter-

sen and Pihl 1995; Plante et al. 1998; Chabot and Dutil 1999;


U.S. Environmental Protection Agency 2000; McNatt 2002.


Avoidance versus growth: Coutan t 1985;P i t t  e t al. 1991b;Schok

and Waller 1992; Howell and Simpson 1994; Petersen and Pihl


1995; U.S. Environmental Protection Agency 2000; Eby 2001;


McNatt 2002; Miller et al. 2002. Only studies using a range of

dissolved oxygen concentrations are inc luded in figures. Data


from multiple studies on the same species were averaged9 If

responses were tested at several temperatures, the temperature

with the most dissolved oxygen effects tested was selected.
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Fig. 4. Con t r as t i ng zones of posit ive an d negat ive effects of

n u t r i e n t e n r i c hme n t on fish growth an d abu n d an c e . The top-

down view of the es tuary depic ts bo t t om disso lved oxygen con-

cen t ra t ions; the cross-sec t ion ind icates the vert ical d is t r ibu t ion

of nu t r i e n t an d hypoxia effects within an es tu a ry se gmen t with

severely hypoxic bo t t om water. The relative impo r t a n c e of in-

c r eased prey produc t i o n , habi t a t avo idance , al te red predato r -

prey in te rac t ions , an d mor ta l i ty vary bo th vertically and hori-

zon tal ly wi thin affec ted water bod ies .

crabs, shr imp , an d d eme r s a l fishes aggr ega t e at the

wa t e r ' s edge . The se ju b i l e e s have be e n r e c o r d e d in

local pape r s n e a r Mobi le Bay since 1867 (Schroe-

d e r an d Wi seman 1988). Similar even ts have be e n

r e c o r d e d in areas such as the Br i t t any Coast (Ros-

signo l-S tr ick 1985) an d Che s ap e ake Bay (Offi c e r e t

al. 1984). In add i t i o n to mov i n g toward s the air-

wa t e r in t e r fac e at the sho re l in e , fish are often ob-

se rved at the su r face o f the wate r emp lo y i n g aquat -

ic su r face re sp i r a t i o n when oxygen co n c e n t r a t i o n s

wi thin the wate r c o l umn dec l in e (K r ame r 1987;

Gee an d Gee 1995). Thi s behav i o r is ene rge t i c a l ly

costly, espec ia l ly fo r be n thi c fishes lacking a func -

t iona l swim bladde r , an d can expo se fish to in-

c r e a sed p r e d a t i o n by bi rd s (Pou l in et al. 1987; Ker-

s ten et al. 1991).

T he oxygen co n c e n t r a t i o n s at which fish will ini-

t ia te an escape r e spo n s e o r avo id affe c t ed habi ta t ,

re la t ive to oxygen co n c e n t r a t i o n s tha t are le thal ,

will likely be i n fl u e n c e d by the en e rge t i c cost o f

such respon se s , an d tradeoft~ be tween risk of mo r -

tality du e to low oxygen , risk o f mo r t a l i t y du e to

p r e d a t i o n , and loss o f r e p r o d u c t i v e o r fe e d i n g op-

po r tun i t i e s . Fish may also use wate r s with lower ox-

ygen co n c e n t r a t i o n s as the pe r c e n t o f the hab i t a t

a ffe c t ed by low oxygen inc rease s (Eby 2001). Ox-

yg e n c o n c e n t r a t i o n s avo i d e d va r y c o n s i d e r a b l y

am o n g spec ies an d life stages, r e fle c t i n g the wide

r a n ge of to le r an c e s to low oxygen am o n g ma r i n e

a n d es tu a r i n e fishes.

Oxyge n co n c e n t r a t i o n s at which si te -a t tached

fishes will a b a n d o n nes t sites o r at which small

c rypt i c spec ies will a b a n d o n she l t e r fr om p r e d a t o r s

may be lower, an d c lo se r to le tha l con c en t r a t i o n s ,

t han levels at which mo r e  highly mob i l e spec ies

avo id o r move ou t o f hypox i c habi ta t . In l abo r a t o r y

H y pox i a  Ef f e c ts on  F i sh e s 773

tests, ma l e n ake d gobie s gu a r d i n g e i the r c lu tches

o f eggs a t t a ched to the inside o f nes t i ng tubes or

n e s t i ng tubes wi thou t eggs, a b a n d o n e d  the ne s t i n g

tubes at on ly 0.1 mg 1 1 above the 0.25 mg 1 1 dis-

so lved oxygen co n c e n t r a t i o n fo u n d to be le tha l

d u r i n g sho r t - t e rm expo su r e s to dec l i n ing disso lved

oxygen levels (B re i t bu rg 1992). In the field , n ake d

gobie s a b a n d o n e d  nests an d she l te r s at sites whe r e

oxygen co n c e n t r a t i o n s d r o p p e d  to le tha l levels,

bu t dens i t i e s o f adu l ts an d juven i le s ac tual ly in-

c r e ased (p r e sumab ly fr om em ig r a t i o n fr om mo r e

severe ly affe c t ed dep ths ) , an d no egg c lu tches were

a b a n d o n e d  at a slightly shal lower site whe r e oxy-

gen co n c e n t r a t i o n s r em a i n e d  on ly a few ten ths of

a mg 1 1 higher . Adu l t to adfi sh (Opsanus tau) re-

m a i n e d at the i r bu r r ows even at d e p ths at which

oxygen co n c e n t r a t i o n s had d r o p p e d  to on ly 0.2 mg

1 1, a l t ho u gh they were le tha rg i c an d mo s t were

par t ia l ly ou t s id e o f the i r bu r rows. In con t r a s t to the

behav i o r o f these cryptic , si t e -a t tached ben thi c spe-

cies, l a bo r a t o r y an d fie ld stud ies ind i c a t e avoid-

ance , an d likely a b a n d o nm e n t  o f hab i t a t by mo r e

wide ly r a n g i n g d eme r sa l an d wate r c o l umn spec ies

at disso lved oxygen co n c e n t r a t i o n s at which growth

is r e d u c e d , r a t he r than those tha t are le tha l (Fig.

3). Fo r spec ies tha t re ly on crypt ic behav i o r to

avo id p r e d a t i o n , in i t i a t ing e sc ape behav i o r car r ie s

with it the po t e n t i a l fo r in c r e a se d risk of pr e d a t i o n .

GROWTH, DEVELOPMENT,AND


REPRODUCTIVE BEHAVIOR


Ex t e n d e d o r r e p e a t e d expo su r e to suble tha l hyp-

oxia in l a bo r a t o r y e xp e r im e n t s resu l ts in r e d u c e d

growth o r d e v e l o pme n t ra te s o f all life stages of

fishes ( summa r i z e d in Magnu s so n e t al. 1998; U.S.

E n v i r o nmen t a l P ro t e c t i o n Agen cy 2000; B re i t bu r g

e t al. 2001). Cag ing e xp e r im e n t s an d compa r i s o n s

am o n g years with vary ing n umb e r s o f hypox i c days

in the Neu se River also ind i c a t e the po t e n t i a l fo r

e xpo su r e to low oxygen co n c e n t r a t i o n s to r e d u c e

fish growth in the fie ld (Eby 2001). R e d u c e d

growth ra te s o f juven i l e fishes occu r s at approx i -

ma t e ly 2.2 t imes the oxygen c o n c e n t r a t i o n fo u n d

fo r 50% mo r t a l i t y d u r i n g 24-h to 96-h expo su r e s

(Fig. 3). Howe l l an d S impso n (1994) sugges t tha t

the smal le r ave rage size o f win t e r fl o u n d e r at hyp-

oxic sites than at sites wi th highe r oxygen con c en -

t r a t ion s may have re su l t e d fr om expo su r e to low

oxyge n . A sse s s i n g the l i ke l i ho o d  o f r e d u c e d

growth in the field, ou t s id e o f e xpe r im e n t a l enc lo -

sures, is c omp l i c a t e d by the mobi l i ty o f fishes an d

the possibi l i ty o f d iffe r en t i a l avo id an c e behav i o r of

smaller , slower growing ind ividua ls an d la rge r or

fas te r growing ind ividua ls wi thin a po pu l a t i o n or

age class. Fie ld es t imate s o f effec ts are still impo r -

t an t be c au se l abo r a t o r y e xp e r im e n t s c o n d u c t e d

u n d e r  cond i t i o n s tha t r e qu i r e m in ima l en e r gy ex-
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pe n d i t u r e s to find and cap tu r e food an d e l im in a t e

en e rgy r e q u i r em e n t s of avo id ing p r e d a t o r s and

swimming aga in s t cu r r e n t s likely u n d e r e s t ima t e

the effec t of low oxygen on growth of fishes in the

field.

Fo r spec ies tha t prov id e pa r e n t a l care , hypox i a

can also inc r ease the ene rge t i c cost of r e p r o d u c -

t ion pe r offspr ing du r i n g the egg depo s i t i o n

t hr o u gh ha t ch stage becau se of in c r e ased fan n i n g

r e qu i r e d to supply oxygen to d eme r sa l eggs ( Jo n e s

and Reyno ld s 1999), and in c r e a sed emb r yo n i c de-

v e l o pm e n t t ime (B re i tbu rg 1992; Jo n e s and Reyn-

olds 1999). I n c r e a s e d we ight loss assoc ia ted with

t e n d i n g of eggs u n d e r  hypox i c cond i t i o n s may lead

to in c r e ased a b a n d o nm e n t  of successive c lu tches

even when the survival ra te wi thin t e n d e d c lu tches

is no t affec t ed by the level of hypox i a lead ing to

nest a b a n d o nm e n t  ( Jo n e s an d Reyno ld s 1999).

Altered Food Webs and Trophic Interactions

The n e t resu l t of a l t e r ed behav io r s and distri-

bu t i o n s of an imals , an d the spat ial s t r u c t u r e im-

po sed on strat ified wate r bod i e s by low disso lved

oxygen , in c lude s ma jo r change s in the overall food

web and in t r o phi c in t e r ac t i o n s amo n g species. Be-

cause behav io r a l avo id an c e of low dissolved oxygen

alte rs densi t i e s bo th within an d su r r o u n d i n g wate r s

with low oxygen con c en t r a t i o n s , the spat ial scale of

low oxygen effec ts can ex t e n d con s id e r ab ly beyo n d

the bo r d e r s of the hypox i a and in to highly oxygen -

a ted su r face an d su r r o u n d i n g waters. Evid ence

fr om bo th the Che sape ake and ga l t i c -Ka t t ega t sys-

t ems also highl ight s the impo r t a n c e of var i a t i o n

am o n g spec ies in behav io r a l r e spon se s and physi-

o logica l to le r an c e s in shap in g the u l t ima t e effec ts

o f low oxygen .

Low disso lved oxygen co n c e n t r a t i o n s po ten t i a l ly

a l te r all aspec ts of p r e d a t o r - p r e y in t e r ac t i o n s in-

c lud ing e n c o u n t e r rates, a t tack rates, an d cap tu r e

success (K r ame r 1987; Rahe l an d N u t zm a n 1994;

B r e i t bu rg et al. 1997). The ne t ba lan c e of change s

can lead to s t r o ng effec ts of bo t t om- laye r oxygen

d ep l e t i o n on p r e d a t i o n mo r t a l i t y of early life stages

o f fishes t hr o u gho u t the wate r c o l umn and no t

o n ly wi thi n the o x y g e n - d e p l e t e d  b o t t o m laye r

(B r e i t bu rg et al. 1999). P r e d a t i o n mo r t a l i t y o f eggs

and la rvae can e i the r in c r ease or dec r e ase d epe n d -

ing on whe the r bo t t om oxygen co n c e n t r a t i o n s are

suffic ien t ly severe to c omp r e s s p r e d a t o r - p r e y en-

c o u n t e r s in to the oxygen a t e d pycno c l i n e an d sur-

face layers, o r are mi ld (re lat ive to egg and larval

to le r ances) and can serve as a re fuge fr om highly

sensit ive pr ed a to r s . In some systems, hypox i a may

favor highly to le r an t ge la t i n ou s zo o p l a n kt o n such

as s c yphomed u s a e an d c t e n o pho r e s , re la t ive to

p lankt ivo ro u s fishes, be c au se they can use hypoxic

wate r s an d have high cap t u r e ra te s of hypoxia-

st ressed p r e y (B re i tbu rg et al. 1997, 1999; Purce l l

e t al. 2001). The ne t re su l t can be change s in the

re lat ive impo r t a n c e of var iou s t r o phi c pathways

within coastal systems (B re i tbu rg et al. 1999).

B o t t om fe ed i n g fishes tha t br iefly en t e r hypoxic

layers or r e t u r n to sites du r i n g rising oxygen con-

c en t r a t i o n s can cap tu r e st ressed ben thi c inve r te -

bra te s tha t lie expo sed on the su rface or have com-

p r om i s e d escape behav io r s (Pihl et al. 1991a).

Such oppo r t u n i s t i c fe ed i n g can inc r ease c o n sump -

t ion , and al te r bo th t axo n om i c and size compos i -

t ion of p r e y as spec ies no rma l ly bu r i e d d e ep in the

s e d imen t b e c om e available . Re l iance on small,

shor t - l ived ben thi c inve r t eb r a t e s may inc r ease in

areas st ressed by hypox i a whe r e larger , longer - l ived

spec ies are e l im in a t e d (Pihl 1994). In add i t i o n to

change s in the re la t ive impo r t a n c e of al t e rn a t ive

t r o phic pathways, to tal b iomass of p r e y avai lable

fo r fishes may be lower than in highly oxygen a t e d

env i r o nmen t s . Eby (2001) has sugge s t ed thr e e in-

d i rec t me chan i sm s by which low oxygen can affec t

growth of juven i l e fishes: re s t r i c t ing fe ed i n g to ar-

eas with low pr ey abu n d a n c e , in c r e a s i n g c rowd ing

and d en s i t y - d e pe n d e n t effec ts on growth within ar-

eas with su i table oxygen con c en t r a t i o n s , and re-

du c ing pr ey a b u n d a n c e in areas in t e rm i t t e n t ly af-

fec ted by low dissolved oxygen . The spat ial pa tch-

work of e n r i c hm e n t an d dep le t i o n c r e a t ed by the

d i rec t an d ind i r e c t effec ts of high nu t r i e n t load-

ings can al te r ma j o r fea tu r e s of ecosys tems such as

the rat io of pe lagic to d eme r s a l b iomass (Caddy

2000; de Le iva Mo r e n o et al. 2000).

Larger Spatial Scales and Broader Perspectives

Given the long list of nega t ive effec ts of low ox-

ygen de sc r i bed above , it is app r o p r i a t e to ask

whe the r an d u n d e r  what c i r c ums t an c e s hypox i a

leads to d e c r e a s e d harve s t s of fish, an d dec r e a sed

abu n d a n c e s tha t ex t e n d beyo n d the immed i a t e vol-

ume of hypox i c water. As discussed in the r ema i n -

d e r of the pape r , the answer d e pe n d s on whe the r

we try to iso late hypox i a fr om its n u t r i e n t over-en-

r i c hme n t cause , whe the r the que s t i o n is asked

fr om a con se r va t i o n or fisher ies harve s t pe r spe c -

tive, an d the spat ial scale of con c e r n . The answer

also d e p e n d s on whe the r hypox i a an d n u t r i e n t

o ve r - e n r i c hmen t o ccu r in iso la t ion fr om o the r an-

t hr o po ge n i c stresso rs of fish popu l a t i o n s in c lu d ing

ove rfi shing an d hab i t a t d eg r ad a t i o n .

WHEN ARE FISH POPULATIONS AND FISHERIES


HARVESTS MOST SEVERELYAND DIRECTLY AFFECTED


BY Low OXYOEN?


Hypo x i a and anox i a st rongly affec t fi she ry land -

ings and fishing prac t i c e s on a local scale , i.e., with-

in oxygen -d ep le t e d wate r s du r i n g seasons in which

severe oxygen dep le t i o n occurs. Seve re dec l in e s in



H y pox i a  Ef f e c ts on Fish es 775

harve s t s are some t ime s br iefly p r e c e d e d by in-

c reased ca tches as an ima ls in i t ia te behav io r a l re-

spon se s to dec r e a s i n g dissolved oxygen , bu t on c e

severe hypox i a or an ox i a b e c om e establ i shed , fish

yie lds and abu n d a n c e s p l umme t . Several days of

unu sua l ly large catches of sole p r e c e d e d a pe r i o d

of ze ro ca tches as severe hypox i a d eve lo pe d on the

B r i t tany coast be tween the Vila ine and Lo i r e estu-

ar ies fo llowing re lease of fre shwate r fr om the Arzal

D am (Rossigno l-S tr ick 1985).

Even when local in spat ia l exten t , d i sp l a c emen t

of fishing effo r ts po ten t i a l ly leads to impo r t a n t eco-

n om i c an d social costs. I t is no t in the e c o n om i c

in t e r e s t of fishers to pers is t in behav io r s that lead

to ex t r eme ly low or no catch when al t e rn a t ive fish-

ing loca t ion s or ta rge t spec ies are available . On c e

local cond i t i o n s resu l t in severe ly dec r e a sed catch-

es or emp ty nets , local fishing effo r ts dec line . I t is

n o t su rpr i s ing tha t fishers do n o t co n d u c t bo t t om

trawling fo r ep iben thi c fish an d c ru s tacean s , o r set

t raps, in the bo t t om layer of the Baltic , the sub-

pycno c l i n e me soha l i n e Che sape ake Bay, or the

d e ad zon e in the Gu lf of Mexico du r i n g pe r i o d s

of the mo s t severe oxygen dep le t i o n . Fishers may

n e e d to travel fa r the r fr om the i r hom e po r t to

r e a ch pro du c t i ve fishing ground s . In c r e a se d travel

d is tance po ten t i a l ly inc reases bo th costs (thus re-

d u c i n g profi ts) an d risk of fishing effor ts, and com-

p r om i se s bo th local e c o n om i e s and hum a n  hea l th.

D i sp l a c emen t an d r ed u c t i o n s in r e c r e a t i o n a l fish-

ing activity can also lead to r e d u c e d r even u e s of

businesses tha t prov id e re la t e d e q u i pm e n t or ser-

vices, o r that rely on tou r ism.

Low disso lved oxygen appe a r s to have be e n an

impo r t a n t fac to r d irec t ly in flu en c i n g large-scale

(i.e., ex t e n d i n g beyond the bo r d e r s of the hypox i c

vo l ume of wate r ) po pu l a t i o n dec l in es or in t e r an -

nua l var i a t i o n in po pu l a t i o n levels of a small n um -

be r of impo r t a n t fisher ies stocks in spi te of the po -

ten t ia l fo r mi t iga t i n g behav io r s an d the po t en t i a l

i n c r ease in pr ey a b u n d a n c e for fish. S ome of the

s t r o nge s t ev id en ce for effec ts that ex t e n d beyo n d

the ac tua l hypox i c vo l ume inc lude Baltic cod in

the Balt ic -Kat tegat system (Plikshs et al. 1998; Mac-

kenz ie et al. 1996) and smel t (Osrnerus qOertar~us)


in the Elbe es tu a ry (reviewed in Thie l et al. 1995).

I n bo th cases, hypox i a has be e n sugge s t ed to have

led to dec r e a sed r e c r u i tmen t .

T he sever i ty of the effec ts of low oxygen on pop -

u la t i o n size of fishes appe a r s to d e p e n d on the con-

v e r g e n c e of a n um b e r  of fac to rs , in c lud ing life his-

to ry charac te r i s t ic s , hab i t a t use, an d physical char-

ac te r is t ics of the system that pu t some spec ies at

pa r t i cu la r ly high risk. Espec ia l ly impo r t a n t is the

p r e s e n c e of ear ly life stages at t imes an d in place s

with seve re oxygen d ep l e t i o n and b lo cked migr a -

t ion rou tes . The po t en t i a l fo r mor ta l i t y of Baltic

cod eggs sinking in to hypox ic bo t t om wate r s to

lead to mea su r ab l e popu la t i o n - leve l effec ts is sup-

po r t e d by the posi t ive co r r e l a t i o n be tween the

thickness of the wate r c o l umn with salin ity > 11


psu , dissolved oxygen > 9 ml 1-1, an d t empe r a t u r e

> 1.5~ and the es t ima ted n um b e r  of 1 and 2 yea r

old Balt ic cod 1 and 2 year s later , respec t ive ly (Bag-

ge 1998). H i gh mor t a l i t y of sme l t larvae un ab le to

escape areas in which low dissolved oxygen devel-

ops is tho u ght to have re su l t ed in high mor t a l i t y

of larvae an d r e c r u i tm e n t fai lu re in some year s in

the Elbe es tuary (Thie l et al. 1995). Chi t t e n d e n

(1974) and Weisbe rg et al. (1996) also sugge s t ed

tha t low oxygen in De laware Bay blo cked spawn ing

m ig r a t i o n s an d seaward mo v em e n t  of a n a d r am o u s

fishes, co n t r i bu t i n g to the dec l in e of Ame r i c a n

shad (Atosa sapidissirna) in the Delaware basin .

MULTIPLESTRESSORS


The br i e f list of fisher ies an d fish popu l a t i o n s

with clear ev id ence fo r large-scale dec l in e s due to

hypox i a is, in par t , a re fle c t i o n of the difficulty of

d i sen t ang l i ng low oxygen effec ts fr om effec ts of ad-

d i t iona l a n t hr o p o g e n i c st resso rs in human - i n flu -

e n c e d systems an d the po t en t i a l fo r o the r st resso rs

to exac e r ba t e the effec ts of low oxygen (B re i t bu rg

et al. 1998; B re i t bu rg and R iede l in press) . Low

disso lved oxygen does no t o ccu r in iso la t ion fr om

o the r hum a n  in flu en c e s and na tu r a l fea tu r e s of

the ma r i n e e n v i r o nme n t tha t have po t en t i a l neg-

ative effec ts o n fish a b u n d a n c e an d harvests . H i gh

n u t r i e n t lo ad ings are assoc ia ted with loss of aqua t i c

vege t a t i o n , d e c r e a sed wate r clarity, change s in the

z o o p l a n kt o n assemblage tho u ght to e n c o u r a g e ge-

la t in ou s p r e d a t o r s and compe t i t o r s of ear ly life

stages of fishes, and ha rmfu l algal b l o oms (re-

viewed in N ixon 1988; C lo e r n 2001). Wate r s n e a r

c en t e r s of den se hum a n  hab i t a t i o n are often sub-

j e c t e d to in t r o d u c t i o n s of exo t ic spec ies in c lud ing

p a t ho g e n s (Ruiz et al. 9000), in t en se fishing pres-

su re , in c r e a sed se d ime n t loads, an d a l t e r ed hyd ro -

dynamic reg imes . I n c r e a s e d t empe r a t u r e s due to

hum a n  i n fl u e n c e  (N a t i o n a l R e s e a r c h C o u n c i l

9000) will po ten t i a l ly exac e r ba t e the effec ts an d ex-

t en t of oxygen dep le t i o n . As the n um b e r  and se-

ver i ty of stresso rs inc rease , the po t e n t i a l fo r se r ious

cumu la t ive and in te rac t ive effec ts also increases.

H igh nu t r i e n t load ings can be assoc ia ted with

an d con t r i bu t e to the fo rma t i o n of ha rm fu l algal

b l o oms as well as hypox i a (Paer l et al. 1998). Some

of these b l o om - fo rm i n g spec ies are toxic to fishes,

a n d the po t en t i a l fo r in t e r ac t i n g effec ts o fhy p o x i a

an d ha rm fu l algal b l o oms can inc r ease the risk to

fish popu l a t i o n s as well as make it difficu lt to de-

fin it ively iden t ify causat ive agen t s of fish kills. Oth-

er cases in which e i the r mu l t i p le effec ts of n u t r i e n t

o ve r - e n r i c hmen t or o the r c omb i n a t i o n s of mult i -
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pie stresso rs make it difficu lt to d e t e rm i n e the ro le

hypox i a plays in fish dec l ines are c ommo n . Bo th

pla ice harves t s an d bo t t om disso lved oxygen have

dec l in ed in the so u t he r n Kat tega t du r i n g the past

two de c ad e s (Chr i s t e n sen et al, 1998), A system-

"v~de nega t ive effec t of hypox i a on bo t t om fish

abu n d a n c e s se ems un like ly since ca tches of dab

have in c r e a sed ove r the same t ime pe r iod , The r e

appe a r s in s t e ad to be a sign ifican t in t e r a c t i o n be-

tween exud a t e s of the g r e e n alga Enteror~orpha and

low dissolved oxygen (bo th of which have in-

c reased with eu t r o phi c a t i o n ) that in c r ease s mo r -

tality of pla ice la rvae using shallow wate r hab i t a t

(La r son 1997).

S umme r  su rface t empe r a t u r e s in some estuar ie s

are above op t ima l levels fo r growth, H igh t empe r -

a tu r e s can resu l t fr om na tu r a l fea tu r e s of estuar ie s

an d the i r wate r sheds , as well as fr om an t hr o p o g e n -

ic activi t ies tha t in flu en c e fre shwate r inflow and

global climate . Whe t he r na tu r a l or an thr o po ge n i c ,

high su rface t empe r a t u r e s in t e r a c t with low dis-

solved oxygen in two ways: by c rea t i ng a " t empe r -

a t u r e -oxygen squ e e z e " which r e d u c e s hab i t a t suit-

able fo r growth mo r e than wou ld e i the r st re sso r

a lo n e (sensu Cou t a n t 1985; Co u t a n t an d Ben so n

1990) and by le ad ing to highe r oxygen requ i r e -

men t s fo r growth in wa rm e r r a the r than coo le r wa-

ters. T he po t e n t i a l fo r the c omb i n e d effec ts of

wa rm su rface wate rs and coo le r bu t hypoxic bo t -

t om wate r s to great ly r e d u c e s umm e r  hab i t a t avail-

abili ty and suitabi li ty to cu r r en t ly or previously im-

po r t a n t fisher ies spec ies has be e n sugges t ed to

have n e g a t i v e l y a ffe c t e d  p o p u l a t i o n s o f b o t h

st r iped bass (Moror~esaxatilis; Cou t a n t 1985; Cou-

ran t an d Ben so n 1990) and two s t u r ge o n spec ies

(Atlan t ic s tu rgeon , Aciperzsero~yrirzchus, and sho r t -

no se s tu rgeon , A@e,zser brevirost,r~um; Nikl i t schek

2001) in Che sape ake Bay. Yet all of these fishes are ,

o r have be en , the ta rge t of in t en se fishing pres-

sure , an d a mo r a t o r i um on st r iped bass harve s t s

d u r i n g the late 1980s-ear ly 1990s was fo l lowed by

a r e su r g e n c e of the Che s ap e ake popu l a t i o n of this

species. We do no t know how mu ch highe r fishing

p r e s s u r e  s t r i p e d bass o r s t u r g e o n  p o p u l a t i o n s

wou ld have be e n able to wi ths tand in the absen c e

of hypox i a or the magn i t u d e of the co n t r i bu t i o n

tha t hi gh b o t t o m - l a y e r  o xyg e n c o n c e n t r a t i o n s

cou ld make to effo r ts to r e s t o r e Che sape ake s tm-

ge o n popu la t i o n s . Ha rve s t limits tha t are sustain-

able in the absen c e of hypox i a may lead to popu -

la t ion dec l in e s in its pr e sen c e . The effec ts of over-

fishing an d eu t r o phi c a t i o n on fish harves t s and to-

tal fish b i om a s s a r e p a r t i c u l a r l y d i ffi c u l t to

d i sen t ang le be c au se they bo th tend to resu l t in in-

c reased rat ios of p lankt i vo r e : d eme r sa l fish b iomass

(Caddy 2000).

Low dissolved oxygen also has the po t en t i a l to

in c r ease the suscept ibi l i ty of finfish to fishing effo r t

be c au se of a l t e r ed behavio r . T he mo s t clear -cu t ex-

amp l e c ome s fr om a c ru s t a c e an fishery. Catch pe r

un i t effo r t of No rway lobs t e r mo r e than do u b l e d

in the so u t he r n Kat t ega t when oxygen con c en t r a -

t ions dec l i n ed to 40% sa tu r a t i o n (Bagge and

Mun ch-P e t e r s e n 1979 ci ted in Bad en et al. 1990a).

Lobs t e r s eme r g e fr om the i r bu r r ows at low oxygen

con c en t r a t i o n s , maki n g them mo r e su scep t ib le to

fishing gea r (Baden et al. 1990a). Shifts in distri-

bu t i o n s in r e spo n s e to hypox i a can also inc r ease

the a b u n d a n c e of non - t a r g e t e d spec ies in byca tch

by inc r eas ing the i r spat ia l ove r lap with spec ies tar-

ge t ed by fisher ies (Cra ig et al. 2001).

H i gh fishing pr e s su r e can exac e r ba t e effec ts of

low disso lved oxygen in a n o t he r  way: by r emov i n g

s t ru c tu r a l spec ies that prov id e shal low wate r ref-

uges du r i n g pe r i o d s of low oxygen . S tud ies in bo th

the Che s ap e ake Bay (B re i tbu rg 1992) an d Neu se

River (Len ihan et al. 2001) have found that oyste r

reefs that ex t e n d ver t ically or sho r eward in to shal-

low wate r prov id e an impo r t a n t r e fuge fo r fishes

and c ru s t ac e an s when bo t t om wate rs are hypoxic .

Loss of oyster r e e f hab i t a t due to des t ru c t ive fish-

ing prac t i c e s an d disease can r e d u c e or e l im in a t e

this re fuge , po ten t i a l ly in c r eas ing mo r t a l i t y fr om

expo su r e to le thal oxygen co n c e n t r a t i o n s (Len i-

han et al. 2001).

E xpo su r e to low disso lved oxygen con c en t r a -

t ions also appe a r s to have an immu n e  supp r e s s i o n

effect. T he in c i d en c e of diseases such as lympho -

cystis, e p i d e rma l hype rplas ias , an d pap i l l omas in

dab (Lima,~da lima,~da) in the eas t e r n N o r t h Sea

and so u t he r n Kat t ega t in c r e ased in the yea r follow-

ing hypox i a an d r ema i n e d e levated for S -4 yr at

s ta t ions expe r i e n c i n g oxygen co n c e n t r a t i o n s < S


mg 1-1 (Me l le r gaa rd and N ie lsen 1987).

CONSIDERING LARGER SPATIAL SCALES


The brevi ty of the list of clear e xamp l e s of large-

scale, hypox i a - i n d u c e d po pu l a t i o n dec l in e s likely

also reflec ts the confl i c t ing effec ts of dec r e a sed

hab i t a t ex t e n t an d suitability, and in c r e ased pr ey

p r o d u c t i o n , ev id en t at e xp a n d e d spat ial scales tha t

in c lude bo th the vo lume of hypox ic wate r an d the

vo lume of en r i ched bu t suffic ien t ly oxygen a t e d

hab i t a t (Fig. 4). The su rface layer, shal low ben thi c

hab i t a t wi thin su rface layer depths , an d areas ad-

j a c e n t to those affec t ed by oxygen dep le t i o n bu t

fa r the r fr om the sou r c e of nu t r i e n t s are typically

high in oxygen even in highly en r i ched coastal sys-

t ems and semi -en c lo sed seas with oxygen -d ep le t e d

bo t t om waters.

Whe t he r  the p r e s e n c e of bo t t om- laye r hypox i a

resu lts in dec l in e s in overall fish p r o d u c t i o n de-

pe n d s on the ba lan c e be tween posi t ive and nega -

tive effects of n u t r i e n t e n r i c hme n t in the full r an ge



o f hab i t a t s wi t hi n a sys tem. On the n ega t i v e s i d e

a r e lo s t d em e r s a l  a n d b e n t hi c  p r o d u c t i o n  in sub-

p y c n o c l i n e  wa t e r s d u r i n g a ffe c t e d se a so n s d u e to

em i g r a t i o n ,  mo r t a l i t y , a n d r e d u c e d  g r owth, as wel l

as a l t e r e d  a b u n d a n c e s a n d t r o phi c  i n t e r a c t i o n s

o u t s i d e the hypo x i c v o l um e tha t may i n c r e a s e p r e -

d a t i o n  mo r t a l i t y . C o u n t e r i n g the s e n e g a t i v e effec t s

a r e fac t o r s tha t can i n c r e a s e fi she r i e s p r o d u c t i o n

su ch as an i n c r e a s e in p r e y in a b o v e - p y c n o c l i n e

a n d  a d j a c e n t  wa t e r s t hr o u gho u t  the year , as wel l as

p o t e n t i a l l y i n c r e a s e d  p r o d u c t i o n  in b o t t om wa t e r s

in se a so n s wi t ho u t  hypo x i a . Thu s , n u t r i e n t  e n r i c h-

m e n t  c an l e a d to i n c r e a s e d  fi she r i e s y i e ld s (N i x o n

et al. 1986; C a d d y 2000; G r im e s 2001) even whi le

c au s i n g o xyg e n d e p l e t i o n  in s om e po r t i o n s o f a


sys tem.

G r owth r a t e s as wel l as a b u n d a n c e  of fi shes can

be i n c r e a s e d  in p o r t i o n s o f sys tems e x p e r i e n c i n g

po s i t i ve effec t s o f n u t r i e n t  e n r i c hm e n t  wi t ho u t the

n e ga t i v e effec t s o f hypo x i a . B o d d e ke a n d Ha g e l

(1991) su gge s t i n c r e a s e s fo l l owed by d e c r e a s e s in

the size o f 4-yr o ld so le a n d  p l a i c e d u r i n g 1946-

1990 may have b e e n  r e l a t e d to c ha n g e s in pho s -

p ha t e  l o a d i n g ,  s ome of whi c h is s u p p l i e d  t hr o u gh

u p s t r e am bo d i e s o f wa t e r c ha r a c t e r i z e d  by low dis-

so lve d oxygen . Thi s p a t t e r n  c o n t r a s t s sha r p l y wi th

d e c r e a s e d  g r owth a n d a b u n d a n c e  of d a b a n d

p l a i c e wi thi n A r hu s Bay, a n d  d e c r e a s e d  g r owth of

d ab in the Ka t t e g a t as hyp o x i a has wo r s e n e d  wi thi n

the s e sys t ems (B agge a n d N i e l s e n  1989; Bagge et

al. 1994) .

A n i n t e r e s t i n g ana lys i s by de Le iva Mo r e n o  e t al.

(2000) sugge s t s a 30-fo ld i n c r e a s e in l a n d i n g s of

p e l a g i c  p l a n kt i v o r o u s fi shes as o n e move s fr om ol-

i g o t r o phi c  to me s o t r o phi c  to e u t r o phi c  sem i - e n -

c l o s e d seas in E u r o p e ,  b u t  on ly a 2-fo ld i n c r e a s e in

d em e r s a l  l a n d i n g s p e r  u n i t  a r e a . T he i n c r e a s e in

p l a n kt i v o r e s r e fl e c t s the g e n e r a l  i n c r e a s e in p r o -

d u c t i o n  in su r fa c e wa t e r s a c c omp a n y i n g hi gh nu -

t r i e n t lo ad i n g s . T he mo r e  mo d e s t  i n c r e a s e in de -

me r s a l p r o d u c t i o n  l ike ly r e fl e c t s the b a l a n c e  be -

twe e n ha b i t a t  loss in d e e p wa t e r s a ffe c t e d by hyp-

o x i a a n d i n c r e a s e d  p r o d u c t i o n  in sha l l ow b e n t hi c

hab i t a t s a n d  hi ghly o xy g e n a t e d  d e e p hab i t a t s . Re-

p l o t t i n g d a t a fo r d em e r s a l  fi shes fr om 14 sem i - e n -

c l o s e d E u r o p e a n  seas ( ICES 1996; d e Le iva Mo r e -

n o e t al. 2000; d a t a p r o v i d e d  by d e Le iva Mo r e n o )

a g a i n s t a hypo x i c  i n d e x , whi c h r a n ks sys tems by the

o c c u r r e n c e ,  p e r s i s t e n c e , a n d  spa t i a l e x t e n t  o f hyp-

ox ia , i n d i c a t e s on ly a l im i t e d n e g a t i v e i n fl u e n c e on

s~ystem-wide fish ha r v e s t s (Fig. 5). Sys t ems wi th

y e a r - r o u n d  seve r e hyp o x i a a n d a n o x i a in b o t t om

wa t e r s ( the B lack an d Bal t i c Seas) a v e r a g e d s ome -

wha t lowe r t ha n e u t r o phi c  sys t ems wi th se a so n a l ,

b u t  wi d e s p r e a d  hypo x i a . On l y the B lack Se a a n d

the a d j a c e n t  Se a o f Azov ha d su bs t a n t i a l l y lowe r

d em e r s a l  ha r v e s t s p e r  u n i t  a r e a t ha n the ave r a g e
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Fig. B. Relationship between demersal fish harvests and the

extent and severity of hypoxia in 14 semi-enclosed European

seas. Data are from ICES (1996). The hypoxic index is as fol-

lows: 0 = hypoxia rare or does not occur, 1 = hypoxia occa-

sional but not widespread, 2 = hypoxia occurs on a regular

seasonal basis and is widespread, and 5 = persistent, year-round

hypoxia or anoxia in bottom waters. Seas plotted are the Irish

Sea (Irish), Aegean (Aeg), Ionian, Balearic, Levant, and Sardin-

ia (IonBalLevSar; demersal landings ranging from 0.08 to 0.13


Mt ~n-~), North Sea (Nsea), Adi-iatic (Adr), Gulf of Lions

(Lion), combined data for the Skagerrak and Kattegat (S&K),


Sea of Marrmara (Mar), Azov (Azv), Baltic (Bait), and Black Sea

(Blk). AeglolrishLvSar = Aegean, Ionian, Irish, Levant, and Sar-

dinia Seas, wtfich have similar landings of small pelagic plank-

tivores. Data are the average of 1986-1995, the most recent 10


years of the data set used in ICES (1996) and de Leiva Moreno

et al. (2000).


c a l c u l a t e d fo r sys tems in whi ch hyp o x i a is r a r e o r

d o e s n o t occu r , o r sys t ems in whi ch hyp o x i a o c c u r s

only occasionally and is not typically widespread.

App r o x im a t e l y 95% of the v o l um e o f the B lack Se a

is p e rm a n e n t l y an o x i c . Mu c h o f the a n o x i c  v o l um e

is a r e su l t o f sys t em d e p t h,  s t r o n g sa l i n i t y st r a t i fi -

c a t i o n , a n d  l im i t e d e x c ha n g e of b o t t om wa t e r s wi th

mo r e  hi ghl y o x y g e n a t e d  systems. T he Se a o f Azov

is c ha r a c t e r i z e d  by c hl o r o phy l l  leve ls fo u r t ime s

hi g he r  t ha n any o t he r  sys t em e x am i n e d  by d e Lei-
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va Mo r e n o et al. (2000), an d has e xpe r i e n c e d mas-

sive fish kills re su l t ing fr om chemic a l po l lu tan t s .

Whe t he r  us ing spat ial ave r ag ing to d e t e rm i n e

n u t r i e n t effec ts on coastal systems is app r o p r i a t e

d e p e n d s on the objec t ives of bo th re se a r ch and

man a g em e n t .  Fr om a con se r va t i o n pe r spec t ive ,

cau s ing large areas of a system to b e c om e season-

ally un su i t ab le fo r fish and ma c r o fa u n a is clear ly

an u n a c c e p t a b l e c o n s e q u e n c e of n u t r i e n t over-en-

r i c hme n t of coastal waters. In add i t i o n to the im-

med i a t e issue of e n v i r o nmen t a l d eg r ad a t i o n , such

hab i t a t loss an d suble tha l effects of hypox i a may

make popu l a t i o n s and ecosys tems mo r e suscept i -

ble to nega t ive effec ts of o the r stressors. The fact

tha t massive mo r t a l i t y of fishes in the Gu lf of Tri-

este (S tachowitsch 1984) appe a r s less seve re when

ave r aged with the rest of the Adr ia t ic or the Med -

i t e r r a n e an as a whole , o r that fish mo r t a l i t y in the

Mar i age r Fjo rd (Fallesen et al. 2000) is no t reflec-

tive of the who le of the gal t i c -Kat tega t system is no t

suffic ien t to just ify local hab i t a t d eg r ad a t i o n .

Fr om a fisher ies p r o d u c t i o n an d hum a n  food

supply pe r spec t ive , it is impo r t a n t to r e cogn i ze tha t

r e d u c i n g n u t r i e n t inpu t s suffic ien t ly to e l im in a t e

hypox i a will likely r e d u c e system-wide p r o d u c t i o n

of pe lagic plankt ivo res , and , exc ep t in the mo s t

severe ly affec t ed systems, may have m i n o r negat ive

effec ts on system-wide p r o d u c t i o n of d eme r sa l fish-

es as well. A l tho u gh the analyses in Fig. 5 and de

Leiva Mo r e n o et al. (2000) are across-system com-

par i sons , it is likely tha t the t ime-cou r se of n u t r i e n t

e n r i c hme n t and r e d u c t i o n effec ts will para l le l the

across-system effects. T he local effec ts of nu t r i e n t

r e d u c t i o n st ra tegies shou ld ben e fi t ha rve s t of de-

me r sa l fishes in areas cu r r en t ly expe r i e n c i n g sea-

sonal oxygen dep le t i o n . T he large> sca le effec t will

d e p e n d on the diet an d lifestyle of spec ies har-

ves ted fo r hum a n  c o n s ump t i o n in each system and

the cu r r e n t severi ty of oxygen dep le t i o n . Thi s ca-

vea t is no t i n t e n d e d to prov id e an a r g um e n t

against imp r o v i n g e n v i r o nmen t a l quali ty by reduc -

ing n u t r i e n t load ings fr om an t hr o p o g e n i c sources ,

bu t is a cau t io n abo u t what ben e fi t s can realist ically

be expe c t e d fr om such efforts. H igh harve s t levels

assoc ia ted with highly en r i ched systems may n o t be

susta inable . D r ama t i c r e d u c t i o n s in n u t r i e n t load-

ings are clear ly n e e d e d in man y coastal systems.
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