
Benthic-Pelagic Interactions: 
Nutrient and Oxygen 

'. .Dynamics 

In Ch+ Bay production of organic mtttcr tends to be 
dominated by p h p p b n ;  st& produaion is ~ a ~ ~ p h i c  in 
that phytoplnloon yndzcsize thdr own food from inorganic nu& 
am and d i  Though iumcrophic &y ocam in the pelagic 
tone (throughom &c wrta column), it k p d y  rcmiaed to the 
cuphotis or oppa, region of h e  ~m though which here is 
enough Iighr p & n  for phatosynthais to occur. Much of rhe 
consumpdon of o p i c  mutrr, a hetuoaophic procas, is con-- 
p;ud at or n 5  the scdirncnt d c c  (he  bcatttos) where a gra r  
d d  of biologid and chcmial aaiyicy o a m .  The vvious maha- 
nisms by which t h e  pdlgic and burrhic zona a e  firnaiondy 
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conneaed haw b a n  referred to as pathwt:;s of bcnthi~-~cbgic cou- 
pling. It is the dynamic nature of this coup;ing that inffuences 
lcrcls of dissolved oxygen in the Ch~1+  Bay csnury. 

Two major pathways which have reo=ivcd mu& anation in 
reccnt yars indude (1) delivery of p v t i d u c  o r p i c  nurter (POM) 
fiom the water column, where it is p r o d u d  to the benthos, whae 
it is stored and consumed; and (2) d e c o ~ i r i o n  of pdculare 
organic mamr in the benthos and h e  d t i n g  rcgcnendon and 
cramport of nutrients L m  sediments b& to tfic euphodc mnc, 
where they are assimiited again by phymphkton for primary pro- 
duaion. In some cases, bendk-pdagic mupiing &o provides a 
means by which o@c and i n o r p i c  d may be transpod 
horhondy (urozr d i r y  and depth gradients) wide  being used 
r a i p r o d y  in w t r o p h i c  and heterotrophk processes (IGmp +nd 
Boynton 1984; Malone et d. 1986): 

The cumjlrive &ta of a m p l a  p a h a y s  of benthic-peIagic 

- c o ~ p h g  on didvcd oxygen csncenuuions-in Chcstpoke Bay 
md orher exuvEer dcpend largdy on phyGd hydrodynamic pro- 
asses (Boicom, this voIume). For campk, density tnd pressure 
gradients, t u rbhcc  ad intend wave sa up by wind, d d a  and 
rivcdow dl a f k  h e  mturc of i n t q u i o r s  kwan benthic urd 
p&gic amponems of thc asystem. It is &is acute dcpcndure of 
ecological pmcmcr on physical trampon whkh dkkgishcr zquuii 
systems, and paniadady estuaries, from o k  q o r  poqsums. 
. F i i  1 dcP;as rhe principal prowses of ben&~&ic cou- 
pling for marine ecosyrtem~. Nuuicno - in particular, hogen,  
phosphorus and &con - cntq & a y  a& year p r i d y  
during spring runo~riverflow and supporr h e  new growth of phy- 
t o p h k o n  a-es. These cornmunick are d o m i n d  by dia- 
toms in spring and n7gellated forms in sunma (Malone, this vo1- 
ume). Much of thir phytoplankton producjon of o r p i c  w e r  is 

' O n  tk one hm4 rSc ho of many polluunu c n e g  an awry I i k  Chsa- 
a n  k anmM by tfic nature of ~ X S G  'c m u  ling me& EB& on the ocher. hsre baci+p+c i n d ~ r n a y  tf- tx 

J e d  by 3K Inducdon of various and~rnpc-~dc subcanas inro cosrd 
wccn. 
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consumcd in the vlrcr column by mopLnkron gnzing and by 
miaobid proctssu which involve dissolved organic murcr a a e -  
don, baaeriai consumption and protolmn gzing (Jonas, this vol- 

- ume). A significant portion of his production may also sink dxough 
the wter column and be deposited as pacti&e orgmic m x r a  m 
the sediment surfict; in gencnf this organic matter will be in the 
form of i n u a  di iom &-or zooplankton fcnl pdlo. 

The uanda of planktonic pYlicuLre organic mura m h e  
sediments can be Miprcd subspnctly by rhc supasion-fixding 
and active pumping of benthic rmcmfiunq such as dams and oys- 
ters These i n y m e b r ~ a  metabolize organic marts and convtrt it to 
biormrr which is in turn consumed by 6sh Qough a wiay o f  
pelagic md benthic fbod chains. 

Protozoa, baaai? and maazoan animds - as a coNcQuQ1ce 
of their rnctab0I.i~ consumption of the o r p i c  matter pmduccd by 
phympLnlcmn - acrac dissoId iuorpnk nutxicnrr'Thcsc re- 
cyded nuuieno arc hen adable to support fbda growdl of 
ph~p-on* 

Nutrient rccyding in h e  p b n i c  srrbsystan tendr oo be 
apid, while cyding in the benthos is dower. &ere are d f i u n t  
time ddays bcmccn the hrge quantitiu of panidare o g n i c  my- 

tcr deposition, dampoiition and &&ion (reqdhg) of 
numcnts brck to the uvaiying were  For eamplc, & hbiie or 
rapidly dcgndcd organic mmpounds such as s&ars, kids and mino 
a5& in the puri&e organic m y m  dcpasi&.w h e  sediment 
s u b  are decomposed &IY; others such u lignins dlulose 
are more refkuory, or r s h t  to d a ~ m p e r h i o a  D k c s  in 
dcmmposidon of thne compounds result in a spxmrn of recycling 
nres from the benhos. Nutrients contained in the benthic sub- 
van, in contnrt to & wucr column, arc less nuccpdble to physid 
transport b m  the cmury to the continend shelf. Thur, dcpsi- 
don of partidaze organic manu to the h o r n  and nde d t i n g  
benthic pmccrrcs of nutrient roEgding rcpmcnr a m&im of 
retaining nutrients which enta  the atuxy in win= ud spring 
long enough to suppn m n d n d  phycopfakron prduaion in 
summer uld hil (Kcmp and Boynron 1984). 



In the uppcr porrion of the water cohmn, dissolved oxygen is 
g e n e 4  through phycopl&on photosynthesk Oxygen is dso 
exchanged by d i i i o n  a a o s  the a i r -~ te f  interfia, znd consumed 

benthic sub&- and loner portion of the water co lu~n ,  o%en is 
consumtd either dirady or indiitaly by most haeromphic pro- 
ctsses; oxygen an on$ bc rcp1en;thcd. however, by v&alicr- 
change with the uppa kycr of h e  watu column. Under conditions 
of vertial density #on t& ocarr i n  Iau spring and sum- 
mer, a strong: &ed b o u n h S  or pycnodine, d&dops b a n  
d a ~  S I ~  iOwa -.=d QtigS-irah, --uPpu m- 
ten. Sntifiarion i~~lpedes physial u c b g e  b a n  these Iqas 
(Boimurc, thir velum;). cbU; kenting &en h r n  reaching the 
lower ftntca and lading m the condition of oxpgen depletion; . or --. --------. 
hypo& (Kunp d Bopcon 1980). W e  oqgcn-dcdinc as a 
result of suati6ation is 2 d y  o m  phtnomenon in many 
& induding pardons of Chmg& B;r)r;& is w i d q r a d  
cvidena thar the pnxrss is acentupcd by muusing inputs of 
nutrients h m  andmpogenic souras (Offih a aI. 1984). - - 

The trend of inuasing ulhpogenic nuaicnt enridunent, 
or euuophiarion, of d vmux an signifiandy &%a erwrinc 
ec0sysm-u by 4 mccfuniuns which dirtaly invo1ve.benthic- 
M c  auplkg. TypicJIys on the one hand, n k e n t  e n r i h c n t  
f* phytopI?nkton production and abundana.to such an a- 
tent rbn rhe phycoptnkton, or d$, blooms will b M a  lugc 
n r k  M of the ~ a ~ .  Thcw algae sink m bottom anw, where 
they ut decomposed by hamcrophic processa which consuine 
oxygen (Malone, this vdume). On the o h  hand, if botcom wzter 
remains oxygenated, high algal biomzss and pmduaion .wiU Iad 
to larger nta of panicdate organic matter deposition, which m y  
result in inad p r o d d o n  of such benthic w o f i u n a  as oysters 
(GrassIe a 11 1985). O&&, in regions msqcii le to dcplaion 
of o x y p  in bottom =as, numcnt enrichment a d  high produc- 
tion will lad to d a d  macrofium (Gduudl and Elmgren 
1980). 

Numcnt kd'nzdon a n  cluse chvlgcs in the species compo- 



sition and trophic stmcrun: of plankton communitia. which in 
turn affxt the mu, timing and qudity of parridare organic matrcr 
deposition to h e  bcndros (Smaacdc 1984). In k t .  it apppn thtr 
h e  proportion of primary production &aed to the benthos aau- 
dly decruscs wkh increasing produaiou dong a eunophiation 
gradient (Ovim a d 1986). Rtlative rzus of nuuicnc recyding 
from sedimrnrr tend m incase wirh fkdkxion; thL is cspai&y 
m e  fbr ammonium rayding bmw nirrifiaion and denitritia- 
don - the d u a i o n  of n i m  m nimgeiz ~ Z S  - will be inhibit& 
by oxygen lirniadon unda eutrophic conditions. It is Iikdy, &ere- 
fore, dw eutrophication raulo bod in shiiis bamm plankton and 
bcnrhic bod &ins a d  in rccyding 

To berm undamnd chs role wdimcnts and odying w a t a  
p l y  in rhe dcrdopmat of hypo& znd an& in Ch@ Bzy, 
it is impornnr m dun& spariaf and ampod rrends for majix 
benthic-pchgic proccrrcr, the h r s  conmIIing these procesfet. a d  
the c f i k  of amuphiation on &a. 

DuringdKkstfivcyc?nth thncbturstvcnlzukn- 
search programs fbcusii on various aspas of benthic-pdagic mu- 
pling in upper Ch+ Bay (* tisc Porn= Riwz mouth). . 
A long t m  monimring progmn (suppod by Q M a q b d  De- 
p e n t  of Environment) wu estabw in 1984 to measured lna 
of oxygen and nutrients auas the 7 ~ ~ - ~  int& iz tco 
pqmanmt ampling surions (Fi* 2% dq mminstcm Bay (4 
stations) and in three mzjor.uibutzria-(Pmt, pot om^^ uld 
Chopank &as - two stations d). h on ph+"h&onp& 
duction and benthic m u ~ ~ f i u n a  &&a m M n g  mUmd at 
rhac d o n s  t( part of this monitoring &OIL V d d  mys of 
ked sediment trips hrvc iLo ban atrbiished az one of h e  sa- 
dons (M4) in rhe mdnstan Bay. n e  a c t s - B g  ChopPa me~~ 
of five rclrions intascaing the saiimcnt trap site was a d  sub- 
qucndy s pur of a study of hers regdazing rawrnzi - 
dcpfetion in h e  ChcsapQkt Bay ( s a  Inuoduclion). In 1987 the 
geographic scope of hex mdia w ; ~  crpvlded to indude sedi- 
ment-mrer awes in h e  lower Bay md provide b needed br 
dibming  water qd i ry  models (supporrd by rhe U.S. EPA). In 
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Figure 2. Map of Maryland portion of Chesapeake Bay showing the location 
of sampling stations where benthic-pelagc processes are being measured in the 
Maryland Chesapeake Bay W a r  Quality Monitoring Program. 



addition, a lvgc fi~c-~car rcscarcfi prognm was inidxcd in 4989 to 
invau'garc rhc fitc md c&m of nutrient inputs ro &a as part 
of a new hd-mugin ccosystan resarch (LMER) initkdve,'sup- 
pond by the N ~ o n d  Science Foundation. Infoomwion gcnaxcd 
fiom tfieje divase research and monitoring prognms.provida thc 
primary basis for this chapter. 

Deposition of Parciadate Or&c Master 

One of the benthic-eic i n d o n s  most dScutt to quul- 
ti& is the deposition rites of @ d a r e  organic matter, Iargdy be- 
QUSC of problems in i n t a p r e  data fiom scdimcnt traps2 Pvdde 
deposition nrcs have been masurd using cf;ndrial-nps tfut are 
deployai in the metohdime reach of ChcYpakc Bay. Sevooll pa- 
tuns fbr pvdde dcposirion nra ur dltivdy disdncc. with k 
p a i d  of high scdimaation ginenny ouxring in April, hpt 

and Omba ( F i  3). Thae dia, wilidl hrve not bau corrcatd 
for rrnzspension effeas,rrprcscnt @ h e  o r p i c  &n (POC) - 
and t o d  ddorophyll a (Chl) mIIarion nra in traps fiyd o 9 rn, '; 

whi& is h e  nomind dep& of the pycnodinc' hter  for 1985-1986 
show thar h e  broad scvond ntnds appar to wy l i d  hrn year 

-T 

'3 
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in &allow, h raivc ernironmcnrr such u & n 
(fbM by sinking) d boaurn dimaau (On= and N i n  1 9 z 7  UJ 
co&und masuranena of +don of ~ u d b n o ~  newly I k r d  pu- 
ti& (eg., dgd aUs and m p l n l n o n  Lal p&~). Sedirncnr m.p rrra of 

an bc c o d  fbr anmiu&ionr of ~ d e d  d udn z," =%- which rnp- & (C c m c m c  d q p a i  cu E A 
w~th &n of boaom &ena a d  ir~pen m a d  in &c at& warn 
(Gasith 1975; Taguchi 1982). In addidon, nca d m d  &mphfl pigrncnr 



to yar. SimiIx interannual consisrenc). of scvond panems haz ;rLo 
been repolrod for the Kid Bight region of the southern BJtic Sez 
(Smaacek 1984). The spring and summer deposition events are 
doscly usodzai with the annual maxima in cuphotic zone ddoro- 
phyfl rr concmauion and phyroplullaon produaion, rcspaxivdy. 
Thm is a d l  inatase in chlorophyil a soda during the summer 
period of h i g k  deposition, but not so ih h e  wrum The sa- 
sond otndt arc more pronounced fbr stdimenation of chIomphyIl 
a than patticulatiopnic cubon. 

The &n to chlorophyll ratio (C:Chl) of sedimenttd pr- 
tiaha wies s e u o d y  in &on to the chmgbg k e r  of 
de@d mmial. (Figure 3). The ratio is lower in the spring than 
in the summer, possibly indiating a sh% in trapped m a d  &om 
inaa algal cdk to zoophkzon f c d  pdlets, mpeccivth/ (Sde and 
Baird 1972 Boduagen a d 1981; F o d  d. 1982; Smenctk 
1984). Indad, r n i c r ~ ~ ~ ~ p i c  exmimion of thae mat&& rctctkd 
b i n  1986,97?4 ofthe todm +in April- & 
with anpic diaoms, while 76% in Angust was W pdlas (K. 
Sellna, p e n o d  communia~ion). The rapid deposition of diatoms 
from April to May is consistent with typo& Iife-qde sequencer br 
dktoms (Smazak 1985) and m q  r d t  fiom incipient silicon limb 
ation for their growch.The domintna of fkl pellets in &e appd 

chitp~an~cornplicrain a by 
ladon of &ad kmcdnnr  wbi& swixn inm r map ( P m n  an Dun 1990). 
I+uimau h m  been u m d d  ro art d i k k n c s s  of p d  tbr d- 

m- ment t ry  in Ckqakc  Bay. A l b +  Chl mxs mrr a a d k e d  by po' 

9 p& organic arbon was i n 4  +Sandy, s ugj-g=-b 
in lKed modcy dhimmus-  (BOYTI- a al., un ublishc ) In d tK 
x e l a r i ~ ~ ~ ~ r i n d ( 4 r n . 7 ~ ~ ~ i n ~ ~  s t T  

studies a p p c r  UJ be sufiildcnr m minirnh pobIm a s & a J w i l  dcgr- 
tion of pudculxr: +c marpr in traps (Boynton a d 1988). 
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Figure 3. Annual pmmu of chloroplryll a (Chi) stock and &position rates 
and particulate organic crrrbon (POC) production and &position rates in 
1985 and 1986 in the mcsohaLinr region of Chesapeake Bay (Boynton ct al. 
1988). 
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material in summer is toincident with the timing of maximal m p  
lankton grazing (Malone, this volume). 

In addition, the dative nte at which euphtic tone chloro- 
phyII a bi0rnass.i~ dcplaed via sinking a n  be inferred h m  the 
siopc of &lorophylI a deposition venus chlorophfl a mdcs {Biien 
and h c d o t  1988). Using duz in Figure 3 fiom both ycus, 
sc~.dstially significant duionships betwan cfilorophylI a dcposi- 
don md c o n c e n d o n  trr obtained for bo&jpring (I = 0.88) and 
summer (? = 0.70), wirh ffie dope br h e  &a +od bdng twice 
k of h e  fbrma. Eridendy, the phytoplankton community turns 
over via sinking at a nre of approximdy o n e  way 14 &ys h 
spring and once cvuy 7 days in summer. In spring, tfie &dy 
u n p d  algal 5t& &dl atxurnul* with grat tbundtne arc 
dominvcd by lvge diuoms, and wen though sinking nta uc 
hi$, the tlgzI biomass turns over more slowiy. In con=, the 
d e r  &gelktcd ceilr which predominzrc in m a  ut h d y  
g r a d  with less build-up of biomass, so that uxmuva of dgal sc& 
is f s X p m n t h o u g h r z u s o f p v t i a a l a u ~ r g a n i c m ~ r ~ l s ~ ~ y e  
lower. From the papcu ive  of the benthic communiry, h e  f b d  
qdi ty  of i n u a  diarom cdL dcposid in the spring p m M k  a- 
a d s  h of the f e d  waial saiimendng in summer @hsh and 
Tenore 1990). 

Although much of the pudaJuc orgvlic m a r  +t in 
. sediment q s  daiva fiom thc sinking of dgd d s  and f e d  pel- 
las thu arc produced in the ovuiyiq atphotic zone, i n k  cvi- 
dcnce suggaa h a r  a considcnblle k c i o n  is h m  produaion oc- 
curring in the shdtowcr +ens flanking tfie main Bay chumd. For 
cmnple, significlnt comluions were obstmd h e t n  phycopknk-' 
ton production in  bod^ the cut and west flvlks md sediment a;lp 

collcaions in the main chumd; however, no relzrion was s e n  be- 
nvtcn deposition and production in the ovedying water aIumn 
(Mdone er d 1986). Sediment traps dcpIoyeE 1 m above thc 
sediment (20 m deep) in the c h d  c o k d  5-10 dma 
more pxu'culate organic matter dun in h e  p o d i n c  md cu- 
photic mne trap dcsaibd above (Boynton cr d. 1958). even though 
mox of tftc rauspcnsior, of bonom sediments m n  u depths less 



than 10 rn (Ward 1985). This obwmrion funher empiurbn the 
importance of lateral t~ursport of ruuspcndai partiahre material 
fiom s h d h  waras flanking h e  Bay channel to the cfiannd bot- 
tom. 

This proass of bottom resuspension and had transport to 
pycnodine t n p s  could cause.xrious o ~ r ~ c s i r m t a  of dcposidon of 
ncdy produced (rr opposed to rcnicpendcd) plrdplLre otgvlic 
mtacl fiom overfying water. Homver; such &CQS would be a- 
p e d  to k mini& for chIomphyIl4 behue thps dgd pppents 
degnde rdttivdy npidy on h e  st";m,mt surfice and are rhm Iess 
&Ie for resuspensioi The sctsod patcans of chtorophyil a 
deposirion admved with a a p s  and r rpo~cd  in F i  3, dxd%re, 
ur probably repnsenttdvc .of srnnf condidons (set h m o t t  2). 
Thc eff' of rrnrrpension on atinuta of new p t i a k e  organic 
d n  dqosition an be cormxed by thc ndo of n-al cubon 
dcposid c & m d  by pro ntt of tfre perant of organic &n in 
=o., botrom .&altr ad tqpcd p Y r i h  ( - [%c-- 

[%C,-96q-J"). 
Ann& nta ofnmpudarkte orp icarbon  deposirionwtrr 

atimatai hr 1985 u the mesobdine Bay trap by applying &e 
above mrrcaions (fiaors rangid fmm 0.44.9 over.& yar). and 
drere nar am@ f;nmmbIy (wkhin 20%) to p i c u k e  orgznic 
arbon deposition dadxed Lrn tn;!ud chlomphyn n nro, multi- 
plied by che C.Chl &io for surface particulates (Boynton a d. 
1988). In addition, vlnull rara fbr deposition of toaI dry mas, 
& m a d  tcdm the panid& organic . carbon _.- rius divided by rhe 
%C of s h a  saton, minus the loss of mas asmcktd wkh sedi- 
ment rcsp'mtion, were corn+ to long-cam scdime~c b d  mes 
obuind fiom =OPb vldyses ( O k  et ?I 1984). Man mcs fbr 
1985 sediment tnps wen 0.24 g dry wt any1 compvcd to "Tb 
ram * ranged f b m  0.163 g dry wt  c+-'. While &ex 
annual nus h2vc ban alahtcd f$r compzradvt purpoxs and 
must be considered aude &ma, they do lend crcdibiIky to the 
qtiuldafiz aspcus of h e  Chaapkc Bay sediment trap d a r  Simi- 
Lr dose mrrcrpondcncc betwan sediment mp and '"Pb &to 



of deposition have bctn reportal in lzcusrrinc environmenu (Bloach 
and Ewrs 1982). 

A prdiminvy dculation for h e  bdulce of organic carbon 
m c h l i s m  in h e  water column at the mesohaline sire of &e sedi- 
ment n t p ~  pxwida yet anocher test of trap rates with rqgrd to 
x a d  panidate o r p i c  &n deposition. In this analysis, dl 
nw uc baed on oxygen masuremats cbnvuIcd to arbon, as- 
suming photosynttietic and rerpinrory quo&nts of 1.2. Pmious 
mMlrrmmts (Kanp and Boynmn 1980; 1981) o a n d y  du (6 
m deptfi) r d e d  significant corr&ons baw#n plankton pro- . 
duaion and both &e rerp'mrion of the plvlkton (9 = 0.66) and of 
the bcntfiic communities (9 = 035). These masuremeno suggest 

- thar producdon and nspinrion uc dosdy coupld, and tfie corn- 
b i n d  d o p s  of thae &ions indicate thzt 8590% of & am&- - - - -  -.-- 
.tficnous produaion - primzry production Jlu ~ c a m  in the water 
coIumn - is consumed in p1;;tct. 

O n  dme sales of dzys to waks, however, parti& organic 
cvbon deposition k poody m~datcd with primary production, and 
it is rhe whbility of dr rcspinrion-produ&on &onship which 
may be more imporcam t h  production done in daumining depo- 
sition nrcs. Using 1986 masurements h m  tk sediment trap 
station and subaccing the upper I ~ F  (0-8 m) and lower h y a  (8- 
20 m) wuer coIuma respintion nres 40m this production, a 're- 
siddrul' term is I& in the arbon budga (Figure 4) thaz mrrcrponds - 
.to p;uriartrc o p i c  &n a&Ic for deposition ra &e 
sediment surfrce. If this residual, ddd at 2-6 waA intunls, is 
corn+ to sediment collecdon rites fur the rvne time peri- 
ods, a randably dose oorrektSon is obuincd (slopO.94, $=0.96), 
firnha mpponing the quandudve robusmcss of h e  a;rps. 

G+om wirh Othm S y m  
Masuruncnts of various vpccrs of benhic-&ic coupling 

throu&our the wodd permit comparisons of r d n  with Chaa- 
pakc Bay. For example, strong corrdzions are mident in a vzriety 
of q ~ ~ c m s  bcnvcen planlaonic primary production (zdjusced for 



depth of &e upper mixed layer) a d  annual sedimentztion of or- 
ganic miaer (Figure 5 3  (Su& 1980; H q n v c  1984). Ann& 
dam fiom studies in Ch+ Bry fit the general parrern a d  are 
at the top end of dam from shadow systems. In a similar &hion the 
percenege of annual primary produaion chu is sedimenred appean 
to be a hnaion of depth (Sum 1980), ranging fiom as m d  as 
80% in M o w  systuns to less h ' 1 %  in the dccp ocean. In 
systems lcss dun 50 rn in depth ( F i i  5), propomody less 
organic m a d  sedimcnfs from Q watg column permit of pro- 
duction than in daper systems; & is m indiation of a shifi to 
more borough udlizvion of o r p i c  maaid  in h e  wztcr column. 
Again, dvrt from Ch& Bay fit tfiis putern: between 20-8056 
of z n n d  production is s e d i m a d  



fi&m 5.'&mnur/ o f - p e e  rarphgpoccnerfran rhr h m r c  
(Hqw 1986) d b  &jb m d  nuam d rczgtsfiom C k p c d c  
B q  (Bqlnra e d 1988; Hollrnd 1988; SILbvz n aL 1988) p r d f o r  
c0mpar;onr: (a) KCC& wrw prodvrtion pm a rgr* c+& (b) 
% procivction s t d i d  t ~ m w  uratrr coLcnn dcprh. 



Benthic X.icfabotism and Nutrient Cycling 

Exchanges of solma across the sedirnenr-water interface have 
been masurcd routinely in numerous covtal nv inc  environmcno 
(Harrison 1980; Niion 1981; N'ion and Pilson 1983; KIump and 
Mvccns 1983). Typidy, these ntcs uc estimcd fiom &anga in 
solute concu~aztions in wuu endosed Llnder chambers placed on 
the sediment surfvr or in wvtr ovdyirig icaa sediment corn 
incubircd in t a n ~ c o n r r o l l e d  laboramria. In prinapie, total 
maabofism of h e  benthic communiy an k atimucd ~s up& 
of oxygen or as cHur of dissolved inorpic  orbon (TCOt). Burial 
and temporary storage of tfie cndproduas .of znzcmbic rcspinrion 
(primuily d d e )  an confbund intapraziorts of oxygen flux as 
wrnmuniry m&I.ism. Although only a s d  W o n  (5 to 15%) 
of the sulfide bmed in sulfitc reduction is btaicd permulcndy, it is 
thought tbat s-r qwtida arc tempocuiy scored a iron- 
sulfides (Jsrgewn 1983). This storage 'hplia tfiv, wfiile h u -  
n&u nra of oxygen a d m g c  and aarmmuDiy m Q b o i i  may 
not a r r q o n d  to one another, integracd a d  ntcr may be corn- 
parable Indad. rrcenr d y s a  indiarc tfrat urnuaI nra of xdi- 
ment oxygen consumption- (SOC), &C rednuion and a%&~cd 
i n o p i c d r b o n  cf3ux compare fivonbly fbr t5c mesohiline region 
of Chcs;tpcakt Bay (E, R d a ,  p o n d  commmiadon). 

. .7 

S i h t  We?&& s 

Sasonal siquanas fbr sediment-mta fIrrrrr of h i v e d  oxy- 
gen (O,), mrnonium (NH;). nicntc (NO;). &con dioxide (SiOJ 
and p h q h r c  (PO:) ue adable  for ten strriom in &e upper and 
middIe Bzy and hr three major tribupria since 1985.(Boynton ct 
4. 1988). Man p-axcms for the upper urd middIe mu'n B;ry 
stations arc sum- in Figure 6; they ilicxntc rcpmenutive 
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Figure 6. Composite of annuul cycks (rncun k S.E.) for sediment-water ar- 
changes of q g g m .  ammonium nitrate plus nitrite (NtN), silicute und phos- 
phate for 1984-1988 at two stations (Sta. M2 and M4, Figure 2) in the 
main stem of Chesupeuke Bay (Boynron et uL 1988). 



trends in h e  amary. Sasond maxima fbr dissolved oxygen flux 
occurred in May for h e  upper Bay sice ad in Octobcr for thc 
maohdine Bay, with slightly higher man annual rates in h e  upper 
Bay. The law ntes in Augrst for h e  mid Bay were r&cd & the 
dissolved oxygen dcplcrion which o h  p m d s  at &is time Under 
anoxia thae was, obviousIy, +no dissolved oxygen ff ux at the sedi- 
ment surf&, but h e  dfidc difhiig-fiom sediments to lnoxic 
averiying water conntmed dissolved o w  u the pycnodinc. 

b c s  of vnmoniurn &ILK from &enrs for both d o n s  
tended to be highest in August, but anntul mean d u e s  wae 2 to 3 
times hi& rr the mid-Bay site .This sclsonaI pvrern d o d y  
follows tfiv for wucr tunpermre In anzns,  fluxes of niave 
(plus nimtc, NO;) were g 4 y  d i r d  into the scdimencs. How- 
ever, Jle seasod pltrans differed apfidenbly bawten the upper- 
and mid-Bg rZos ir tfie upper-Bay ritt, sated m a n  fl uxn q e d  
hrn about -80 . to .. -10 POI mJh-' wieh no lpprrcnt &iondip 
to n i a n t  conawndons in overlying wzurs. At tfit mid-Bq sire, 
maximumfl lnaw~Ibouthdf~ou:obsavtduthcuppcr~ 
butwtrtd~&tcdtotfiepattcrriofDitntchd@gw~ 
with hiat 0- being noorded H the spring and then dedining 
through the k e r  Hod as the n i ~ ~ t e  a s r o c i ~  with the spring 

7. fieshes was dqlaed. Wile the gaxd pattern of nitrate flu at 
both d o n s  wzs 6iom wver to &tr, &re are dma of the 
y&*wha~ niPPc rdased fiom &ae stdimeno is indiarive of 
nitrification zaioig in occcrs of denaificltion. 

- Ac the kppcr-~ky site nipue dase hu ban fiequcntiy o b  
s a d  during summer and EJl when h e  concenn?tions in ova- 
lying wum arc dud Jtfiough the m q p h d c  of these fluxes is 
not sufficient to change the 1984 r i  1988 avenge from negztivt to 
positive Positive nitntt flu= u rhe mid-Bay site are more spondic 
and seemhgly OCUII wficncver the scdimcnts u e  in coma with 
o x y g e n d  r v l ~  and NO; c o n c c n d a  in ovdying warm u e  
rdarivy low (Bopton tnd Kunp 1985). ?hest trends in Kdi- 
mcnt-mta fluxes of dirsoIvcd i no rp i c  niuogcn ax simidu to those 
reponcd previously for Bay sites (Bolnron er d. 1980; Gllendcr 



a d  h m o n d  1982; Bopcon and Kemp 19851.' 
Huxa of silicon ahibitd a bimodal patrcrn at &e lrpper Bay 

site, raging from A m  300 pmol m-2h-K in the clrly spdng and 
summer to around 100 pmoI m3k1 in the late spring and hu. In 
conasst ro this complex pattern. fluxes of silicon az the mjd-Bq site 
exhibited a mong unirnodd pem-with highex flurcr observed . 

Following the complmbn of Qe spring &om bloom bm prior m 
the ~ r n f u l  tcmpcran~~ maxixn F h a s  of-siiian at b mid-Bay 
site rrc aLo among the highst observed throughout the B q  zpmr 
with some mevurrmcnts in aass  06 1000 pmol makl. Sediment 
rdeva OF silicon ac loaxions 40 krn .up and downsaam of thc 
mid-ky du were aign3andy d e r ,  nrggcrdng thz dx mid Bay 
region be a fOQl point. of d i m  deposition fricling rhe sub 

.--. -. s u n d  Net rdctxs &lgc observed. -of * - - - -  dirdd..-~.-r be-V ------. 
d t~r  ( F i i  6). AC d~ low a l i  uppcr.Bay site phoqhce 

0- were dwqs r d d d y  low (< I5 p a 1  m%*) and & d y  
werc 6Mad trm sdimts. A- annd d u e s  wcrc about 4 
p o l  ma 6-'. FhM of thir snagnitude hivc M e  id~t~la on 
~ b i i t  ancen-ons of p h q h x e  in overlying ~ a r r  Atria of 
phosphe at the mid-Bzy sire were very Ltge during thc summa 
p c r i d  arcaging h u t  M pmo1 m a p  and mging as h+ as 120 
p o l  m3h-I. At dG site flux4 w u e  low whcnmr boaom m 
o w  concmcndons & h e  1 to 2 mg L-'. It is tppr~nt thu 
rcdox conditions of sedimenrs acned a m n g  idupla-on these 
phosph;zre ffuxa. - - 

W& dre accpdon of urygen fl ms, vdimcnt-water acfungo 
at dK mid-Bay site were considerabiy larger dun drox x rbe upper- 
Bzy &on a d  w e .  without exception, charzaeriztd by m a g  

' ~ i - n d  w n r o f & n i - ~ - . w i r h ~ u k r u a i n d ~ .  
bi9dc~nL b r a w i & ~ o f ~ c n ~ ~ r r ~ - ,  in 

an= to ck picanu in the Bay, &mu Ydtnent 
pdo.minmct of &iuxa from s&~eno thmughouc --'=a- the year nort &Iibida ohcr 
dm (lhiu 1975; Nixon 1981: FLha cz J. 1982; Hopldnnm md W e d  
1982; Flint 1985: HopLinron 1987. 



unirnodd scasonaI parccrns with pck nrcs in rhc summa. The 
magnituda a d  s d s o d  patterns of oxygen, silicon and phosphate 
ff uxes arc wirfiin the ~ g e s  of those reporred previously for a diver- 
sity of co-jtal marine environments (Xiion 19 8 1 ; Fisher et al. 1982; 
Hammond a d. 1985; Hopkinson 1987). 

In aidition to the distincdvc sasorul pattcrnt of sadimcnt- 
water BLPCS, strong sp& wkbiliEy was llso evident F i i  7 

-&arultmes fluxes of oxygen, niaxe, phosphut, ammonium and 
silicare u 10 starions dong dae Bay's Ion~usdinal a i s  fbr Apd and 
Augurr fluxes of p h o s p k  and ammonium, for enmple, 
wcre low in the Bay's upper and 1- region, but d e d  nuxima 
-in the mid region Thae high nunma ff uxes (Figure 3) wen grab- 
&Iy supprred in put by the lvge amounts of org;mic mvttr ra&- 
ing the sediment nrrfrce from dircrz dcpcldtion of I o d y  p&ced 
organic m a  a d  by horizontal uansporr of 0rglni.c maria pm- 
duced dong dx h k s  of thc Bay. 

?he largest fluxes ocavrcd in rhc summa @ugus) ahen 
diss01vcd uxygen concmmrions ur -ia& law (< 1 mg L?. Some 
&iEy k d e n t  in &c spaid parcam of airrzre fluxes, but 
nin;ue ff lnts wen, Wesr in the uppa Bay tnd d e a d  s o d  . 
How&cr, 1313 paam ;hifecd -ally 6ccwcm seasons with 

r 
fluxes d i d  into wdimeno during Apd - prcsuxnab1y b e  
of high nimp conmindom in ovcrtging wzas - and out of the 

-* sedimcno to ovalying .untas in summer Y 1 r d t  of n i t r i m o n  
exceeding deniddon. Exapt in dre upp& Bly. D i m  &no 
were s d  in compzrison to anxnonium ffuxa. 

S m q  sasod  diffennas in rhe magnitude' and spacia.? par- 
tan of 0lnsr h r  orha numcnu were Jro obxrved For mmpIe. 
zmmonium uld phospke fluxes = quire small in April h u g h -  
our the Bq, bur we= large md &~'bircd midgay maxima in Au- 
gux. ScCiment oxygen consumpdoa, or oxygen Bura. wcre r z  
uniform h u g h  thc Bay in April (qproximmrdy -0.7 go, mad-'), 
but rend& to be higher u the firesharer ;tnd ocan e n 6  and de- 
pressed ix h e  cend Bay -ions ddng summer. FIuxa of silicon 
exhibited iinilv purcms in spring md summa, diffcling mainly in 
mlgnitu2- virh summer fluxes kicg 2 ro 5 timu larger. 
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During August 1988, two additional lateral stations were 
sampled in the mid and lower Bay to provide an indication of cross- 
bay variation in the magnitude of fluxes. As indicated in Figure 7 ,  
fluxes of some nutrient species differed considerably beween sh4- 
lower flank and deep stations. Some of these differences can be 
explained by higher oxygen concentrations in overlying waters and 
surficial sediments at the lateral stations. Lateral station differences 
at the lower Bay transecr were nor as pronounced nor were the 
differences in depth and redox conditions of overlying waters ar.6 
sediments. 

Environmental Factors 
A number of environmental factors are potentially imporrar 

in regulating sediment-water fluxes in estuarine systems - among 
them temperature and redox condkions. In the mid-Bay region 
oxygen and ammonium fluxes follow the seasonal temperature cyde. 
Previous studies in the Patuxent River also found strong correlations 
beween some nutrient fluxes and temperature (Boynton et al. 1980). 
When all data from all starions in the Bay since 1985 were com- 
bined, a strong relation was evident between oxygen concentration 
in overlying waters and phosphate fluxes. In this case, when oxygen 
concentrations in overlying waters were greater than about 1.5 rng 
L-I, phosphate fluxes were small (being direaed either into or our of 
sediments); only when oxygen concentrations were below 1.5 mg 
L-' were phosphate fluxes large, reaching 87 pmol m-= h-'. Rates of 
sedimenr oxygen consumption were also correlated (though weakly) 
with oxygen concentrations in the overlying water (Boynton et A. 
1988). The kct that there were also low phosphate fluxes observed 
under low oxygen conditions indicates that other environment4 
variables (e.g., quality and quantity of organic mxrer reaching the 
sedimenr surface, macrofaunal composition and abundance) are also 
involved in regulating phosphate fluxes. 

One measure of the overall strength of benthic-pelagic cou- 
pling can be found in correlations between water column and sedi- 
ment processes. For selected sites in the Bay where contemporane- 
ous rates were available, annual estimates of sediment oxygen con- 



sumption, or oxygen fluxes, are plotted as a hnction af primary 
production in the water column (Figure 8). In this case, annual 
rates of primvy production have been divided by the depth of the 
mixed layer to account for the potential losses of organic material to 
water column respiration (Hargrave 1973). As indicated in Figure 
8a, there is a significant positive relationship between these pro- 
cesses, which explains about 50% of the observed variability. How- 
ever, such simple relationships do not appear to exist for other 
sediment fluxes such as ammonium (Figure 8b). As was the case for 
phosphate fluxes, it appears that oxygen conditions in deep waters 
and surficial sediments strongly modifj. what might otherwise be a 
dear relationship indicative of direct benthic-pelagic coupling. At 
some sires with oxic overlying water, rates of ammonium releases 
may have been lower than anticipated fiom production in overlying 
waters, because of nitrogen losses associated with coupled niuifica- 
tiondenitrification. O n  the other hand, relativei y high ammonium 
releases under a range of organic matter loading regimes could result 
if the nitrification pathwai was inhibited by low oxyger jnditions 
(Kemp ct al. 1990). 

While deposition of autochthonous phytoplankton particulate 
organic matter to the sediments appears to influence annual rates of 
benthic metabolism (e-g., Figure a), nunient regeneration fiom 
benthic processes might, in turn, exert reciprocal influence on plank- 
ton production in overlying waters. Previous studies in Chesapeake 
Bay and its tributary estuaries have shown that rates of ammonium 
and phosphate reiease from sediments to overlying waters are quan- 
titatively sufficient to support 20-80% of the demands for phyto- 
plankton growth (Cdlender and Hammond 1982; Kemp and 
Boynton 1984; Boynton and Kemp 1985). In general, benthic 
recyding of both nitrogen and phosphorus represents larger h c -  
rions of respective plankton nutrient requirements in summer than 
in spring. 

A conceptual model proposed by Kemp and Boynton (1984) 
sugests that plankton production is supported primarily by inputs 
of new nutrients from land in spring and benthic recycling in sum- 
mer. They hrther postulate that the sequential processes - dis- 
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solved nutrient uptake by phyroplankron, particulate organic maner 
deposition to sediments, benthic decomposition of particulate or- 
ganic matter, and nutrient recycling to overlying water - present a 
means for reraining the winter-spring peak of nutrient inputs such 
that they can be used by phytoplankton in the summer peak of 
primary production. 

A simple numerical simulation model of the major ecological 
processes involved in organic production and nutrient recycling was 
used to test this reasoning (Kemp and Randall 1988). Figure 9 
summarizes simulation results for phytoplankton abundance (mgC 
L-') in the Bay's mesohaline region under two hypothetical sce- 
narios, compared to the nominal base conditions (1986) for which 
the model was calibrated. In Figure 9a, nutrient inputs fiom the 
land were set to zero, resulting in virtual loss of the spring bloom, 
which is evidently supported primarily by "new nutrientsn kom 
external sources. In Figure 9b, vertical exchanges of nutrients fiom 
deep to euphoric waters were restriaed in the model; this had the 
effect of greatly reducing summer phytoplankton production, which 
evidently depends on benthic recycling processes. Thus, the distinct 
seasonality of this benrfiic-pelagic coupling appears to play a strong 
role in regulating the magnitude and timing of summer producdon 
(Malone, this volume). 

Comparisons with Other Systems 
Data are also available to compare plankton producrion and/ 

or deposition with benthic metabolic processes and fluxes among a 
number of coastal ecosystems. Nixon (1 98 1) found direct evidence 
of coupling between sediments and overlying waters by comparing 
benthic remineralization of carbon - actually, sediment oxygen 
consumption - with organic marter supply for a selection of shal- 
low estuarine and coastal systems (Figure 10a). Data fiom Chesa- 
peake Bay generally MI within the range observed for other systems, 
where a large kaction, approximately 50%, of organic inputs to the 
system (primary production plus import of allochthonous material) 
are metabolized in sedimena. 

The sites compared in Figure 1Oa are all relatively shallow 
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(< 50 m), such that deprh differences had l i d e  effecr on the rela- 
tion. Across a wider deprh gradient, however, Harrison (1980) 
illusrrated that sediment oxygen consumption rares decrease wirh 
water depth, presumably indicating a decrease in the fraaion of 
organic production reaching sediments. There is considerable s a t -  
ter in these data (Figure lob) with the exception of deep ocean sites 
where sediment oxygen consumption rates were very low, as mighr 
be expecred. Over the limited depth range of the Chesapeake B q  
sites, sediment oxygen consumption values varied from dose to zero 
to 80 m10, m2h-', exceeding the range of values observed from a 
variery of other systems. The  highest rates for Bay stations corre- 
spond to regions of high particulate organic maner deposition. The  
low sediment oxygen consumption rares may, however, be related to 
low oxygen at some deep water stations in summer. 

Harrison (1980) also compared sediment ammonium fluxes 
across a large depth range (Figure 10). Again, Iow fluxes were 
observed From sites 'located in waters in excess of 1000 m. In shal- 
lower systems ammonium fluxes were rather uniform with most 
being less than 100 pmol m-2k'. Average fluxes fiom Chesapeake 
Bay exceed all bur two observations fiom other systems and maxi- 
mum values (approximately 1000 pmol m2h-') are among the high- 
est yet recorded. While substantial ammonium fluxes have been 
found in many areas of the Bay's mainsrem and tributaries (Boynton 
et al. 1988), highest fluxes have consistently been associated with 
areas exposed to low redox conditions. In these areas it appears that 
most of the parriculate organic nitrogen deposited on the sediment 
surface is decomposed to form ammonium, which is recycled back 
to the water column rarher than being temporarily sequesrered in 
macrofaunal biomass or lost to nitrogen gas via coupled nitrifica- 
tion-denitrificarion. 

Sediment Nitrogen Cycling 

Substantial evidence exists that nitrogen is the mose imporrant 
nutrient limiting growrh and biomass accumulation of phyroplank- 



ton in Chesapeake Bay and other coastal waters (Boynton et al. 
1982; D'Elia et al. 1986; Mdone et d. 1988; Malone, this volume). 
Although phosphorus may also be an important limiting nutrient 
for algal growrk in spring in oligohaline, or fresher water, sites and 
in general on geological time scales (Smith et al. 1987), nitrogen 
limitation tends to dominate on seasonal and annual scales in most 
estuaries. A number of explanations have been postulated for this 
panern of nitrogen limitation in coastal marine systems. One such 
explanation is that high rates of loss of fixed nitrogen via denitrifica- 
rion in these estuarine environments results in nitrogen deficiency 
(Nixon 1981). Previous studies in Chesapeake Bay tributaries sug- 
gested that denitrification was indeed an important process in their 
nitrogen budgets (Boynton et d. 1980; Jenkins and Kemp 1984; 
Twilley and Kemp 1986). Furthermore, a recent review of denirri- 
ficauon processes (Seiuinger 1988) indicated that some 50% of the 
nitrogen inputs from surrounding watersheds was removed through 
denitrification as nitrogen gas (N,). Nitrogen gas is virtually un- 
available to phytoplankton for uptake in estuaries (Day et al. 1988). 

Numerous studies of estuaries worldwide have demonstrated 
the importance of recycled inorganic nitrogen compounds fiom sedi- 
ments to overlying water as a source of nitrogen to support phyto- 
plankton growth (Billen 1978; Blackburn and Henriksen 1983; 
Klump and Martens 1983; Nixon and Pilson 1983; Kemp and 
Boynton 1984; Christensen et al. 1987). For this reason, research 
activities have focused on the relative importance of sediment nitro- 
gen cycling in the main stem of Chesapeake Bay. 

Seasonal cycles (March through November) of nitrogen fluxes 
and transformation processes have been described for 10 rn and 20 
m (depth) stations in the Bay's mesohaline region (Figure 2, near 
station M4). Figure 11 summarizes rates for the 10 m station: 
ammonium and nitrate fluxes across the sediment-water interfice 
were similar to those shown in Figure G for the mid-Bay station (20 
m depth), where effluxes of ammonium from sediments follow the 
seasonal temperature cycle, peaking in August; nitrate fluxes are 
small except for the substantial uptake by sediments in spring. In 
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contrast, nitrification and denitrification rates were highest in spring 
and MI, and they were virtually zero in s ~ m m e r . ~  

. Denitrification measurements probably underestimated a c r d  
rates by about 3040% because deficiencies in the methodolog 
under high sulfide, low nitrate conditions at these site4 (Christensen 
er at. 1989). The two processes were nonetheless highly correlated 
over the seasons, suggesting that denitrification was probably lim- 
ited by nitrate produced in nitrification. Seasonal patterns of nitri- 
fication were, in turn, controlled by depth of oxygen penetration 
into the sediments (Kemp et d. 1990). Evidently, sediments at these 
sites were characterized by such high oxygen demand in summer 
that the oxygenated nitrification zone in surficial sediments wa 
negligible (Henriksen and Kemp 1988); this was so even at the 
shallow station when relatively high oxygen concentrations were 
present in the overlying water. 

Simple budgets of nitrogen fluxes and transformations were 
developed for this 10 m station in the mesohaline Bay in April, 
August and November (Figure 12). In April and November, inputs 
of particulate organic nitrogen to the sediment surfice fir exceeded 
outputs of ammonium and nitrogen gas (through denitrification) to 
overlying water; this imbalance was Further exaggerated by rhe up- 
take of nitrate in April. In August, inputs to and ourputs from the 
sediments were reasonably well balanced. For the 20 m station, 
similar nitrogen budgets indicate chat efflux of solutes (primady 
ammonium) generally exceeded inputs, especially in summer. The 
excess organic nitrogen inputs at the shallow site, compared to the 
deficiency estimated for rhe deeper sire, represents hrcher indirea 
evidence for bedload transport of parriculate organic matter from 
shallow to deep areas of the Bay. These budgets also emphasize the 
relatively reduced role of nitrification and denitrification (calculated 
by budgering the nitrate pools) compared to ammonium regenera- 
tion to overlying water, where the former constitutes only 10-20% 
of the Iatrer (Kemp et al. 1990). 

These nitrogen cransforrnation processes were mevured by inhibitor cechni ues 
(N Serve [Henriksen cc al. 1981 1 and aceqlene [Sotensen 19781, respective 9 y). 
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Figure 12. Budgets of nitrogen transformation processes and net exchanges 
across the sediment-water intrrface for three period at a sha&w (I0 m )  
station in the mesohaline region of Chesapeake Bay (Kemp et al 1983). Rates 
are i n  units of rnmolcs N m-2d-'. Nitrogen pooh considrred include: pammcu- 
Lzte organic N (PON); ammonium, nitrate, dinitrogen gar and macrofiuna 
biomars (Mj. 



Recent measurements of nitrification and denitrification, as 
well as nitrate and ammonium fluxes, at starions all along the main 
salinity gradient of the Bay (Kemp unpublished), in,dkate somewhat 
different seasonal parrerns for upper- and lower-Bay stations. Rates 
in the upper Bay were relatively high throughout the year, while 
nitrification (and associated denitrification) rates at the more saline 
stations appeared to be limited by low ammonium concentrations 
in Izte spring and summer. Preliminary time-space integrated esti- 
mates of denitrificauon for the whole main stem Bay suggest that 
nitrogen losses (i.e., nitrogen gas through deniuification) account 
for only 25 to 30% of the nitrogen inputs from the watershed. This 
is in contrast to the general pattern reported by Seiuinger (1988), 
where denitrification appeared to account for 50% (or more) loss of 
all nitrogen inputs to  various estuaries. It appears that this relatively 
reduced imporrance of denitrification in the main Bay results from 
the decreased availability of dissolved oxygen in summer to support 
nitrification. p -- When hypoxic conditions become chronic, normal ni- 
trogen processing in sediments is suppressed and ammonium release 
predominates. This has the effect of reinforcing the hypoxic condi- 
tions by hrrher supporring the cycle of algal production in overly- 
ing warers, followed by particulate organic matter deposition and 
consumption as well as oxygen depletion fiom bottom waters. 

We can summarize pelagic-benthic nitrogen cyding at the 20 
m mesohaline station site by comparing rates of nitrogen incorpora- 
don in phytoplankton growth to rates of organic nitrogen deposi- 
don to the sediments to rates of ammonium return from sediment 
processes back to the overlying water (Table 1). Mean data are 
provided for the period April to November fiom 1985 to 1987. 
Peak rates of organic nitrogen producrion occurred in mid summer, 
while deposition averaged over 1 to 2 month periods was relatively 
constant. As reported for other coastal sites, seasonality of arnmo- 
nium regeneration fiom sediments corresponded closely to that for 
production (Kelly and Nixon 1984; Wassmann 1984). Deposition 
ranged from about 30 to 80% of production, and regeneration 
accounted for 40 to 210% of deposition. The overall averages of 
the four monthly mean rates suggest that 40% of the organic nitro- 
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Table 1. Summary of major benthic-pelagic exchanges of nitrogen over an m n u k  
cycle in the mesohaline rcgion of Chesapeake Bay: production and depositon of 
particulate organic nitrogen (PON) and benthic regeneration of ammonium. 

Plankton PON Net PON 

Months Producuon' Deposiaonb 

Benchic NH; 
Regenerationc 

(mg N m%l-') (mg N m.2d-') %Prod (mg N m.2d-') % Dep 

Apr-May 189 89 47 
Jun 238 8 1 34 
A% 334 86. 26 
Oct-Nov 143 110 77 

Data adapted from Scllner ct 11. 1988. 
Data adapted from Boynron ct al. 1988. 
Docs nor include nitrogen loss via dcnirrifiution. 

gen production is deposited. Regeneration averaged more than 1 1096 
of the deposition, possibly indicating additional sources of organic 
nitrogen inputs to sediments such as lateral transpon of resuspended 
material along the bottom. 

Interactions Berween Phytoplankton 
and Benthic Macrofiuna 

Benthic invertebrare macrofauna are imporrant components 
in coastal marine ecosystems such as Chesapeake Bay. These organ- 
isms constitute key food sources for many commercial finfish, in- 
cluding srriped bass, spot, flounder, white perch and as valuable 
fisheries in themselves, in particular, blue crabs, oysters and soft 
clams. The soft bottom habitats of the Bay are dominated by poly- 
chaete worms and various bivalves (clams, for example) with crusta- 



cean amphipods also quantitatively important in some regions at 
different times of the year. Although other suspension-feeding 
macrofauna which attach to hard substrates - for instance, oysters, 
hydroids and barnacles - may have been dominant forms of benthic 
biomass in previous times, they now appear to be of secondary 
importance because of the generally impoverished oyster beds 
(Gerritsen et al. 1988). 

Seasonal trends of macrohuna biomass and numerical abun- 
dances have been described for the upper and middle Bay's muddy 
and sandy sediment habitats (Holland 1988). While numerical 
abundances are similar for all areas, peak biomass values are an order 
of magnitude higher in the upper Bay because of the dense popula- 
tions of molluscs (Holland er d. 1977). Similar patterns have been 
described for several major tributaries of the Bay which have also 
been studied extensively (Holland 1988). The importance of 
polychaetes increases down the Bay especially in muddy sediments. 
In h a ,  macro faunal communities are dominated by large pol ychaeres 
in the polyhalin; &gions of the estuary (R Diaz and L. Schaficr 
personal communication). 

Seasonal maxima in macrofaunal abundance occur in June for 
most areas of the upper and middie Bay, followed by a precipitous 
decline in abundance and biomass with the onset of low oxygen 
conditions in summer, especially at the deeper muddy habitars. Vari- 
ous explanations have been postulated for the July decline. Anoxia, 
per se, is probably responsible at the deep (grearer rhan 9 m) sta- 
tions, while intensified predation in the shallower regions above the 
pycnocline (Holland er al. 1980) may account for the summer 
macrokunal declines there (Kemp and Boynton 1981). With the 
crash of the spring diatGro'm bloom in May (Malone, this volume), 
the marked decline in particulate organic matter deposition (Figure 
3) may also result in food limitations for the benthos in some areas 
of the Bay (Marsh and Tenore 1990). The higher carbon to nitro- 
gen (C:N) and carbon to chlorophyll a (C:Chl) ratios of particulate 
organic matter deposited in summer indicate a lower nutritional 
content of food available to support benthic macrofiuna afier June 
(Chrisrensen and Kanneworff 1985; Gardner et al. 1989). 
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Feeding guilds of benthic macrofauna grade sharply from pre- 
dominantly "head upn feeders, for example, the dam Macoma baitbic,; 
and-the polychaetes Nmeis succinea in the upper and middle Bay to 
predominantly "head down" feeders, for example, the polychze~: 
Macroclymene zonalis in the lower Bay; predatory forms are more 
important in sandy sediments of the middle and lower Bay (Hoi- 
land 1988). This transition in predominance of head-up to head- 
down macrofaunal feeding types roughly parallels the decreasing 
organic content and increasing redox conditions of sediments fiom 
the upper-middle to lower Bay. Presumably, low redox conditions 
and relarively high rares of particulate orgaic matter deposition in 
the northern regions of the ~ a ~ ' f a v o r  infaunal species which respire 
in the overlying water and feed at the sediment-water interface. In 
conrrast, the lower inputs of particulate organic matter to sedimenrs 
of the lower Bay selea for animals capable of reworking the organic 
pools in the relatively oxidized sediments (Jumars and Fauchdd 
1 977) .- 

To the extent that food availabiliry limits growth of benthic 
animals, expectations are that on broad ume and space scales bio- 
mass and secondary production of macrofiuna would be diredy 
proportional to deposition rates of particulate organic matter tiom 
overlying waters to sediments (Rowe 1971; 1985; Parsons et d. 
1979; Josefion er d. 1987; Grebmeier et al. 1988). In Chesapeake 
Bay, contemporaneous seasonal data for particulate deposition (i.e, 
sediment traps) and benrhic biomass are available for only one 
mesohaline site (Figure 2, Sta M4); however, on seasonal time scales 
no significant correlation between particulate organic matter deposi- 
tion and benrhic biomass could be found for this station. The 
absence of a relationship here is largely a consequence of the sea- 
sonal loss of benthic macrofauna associated with oxygen depletion 
from bortom waters (Holland et aI. 1977; Kemp and Boynton 1981). 
Therefore, it would be more likely to find a relationship benveen 
plankton deposition and benthic biomass by comparing seasonal or 
annual mean values among different stations with similar seasond 
patterns of dissolved oxygen. 

Since there is only one sediment rrap sire in Chesapeake Bay. 



it is impossible to make spatial comparisons of relations between 
macrohund abundance and particulate organic matter deposition. 
Contemporaneous measurements are available, however, for phyro- 
plankron production and abundance as chlorophyll ~ ' ( s d l n e r  per- 
sonal communication) and biomass of benthic macrofiuna (Hol- 
land personal communicarion) at several stations in the mainstem 
and uibutaries of the Bay. Statistically significant correlations were 
observed between annual mean biomass of polychaetes (g ash kee 
dry weight m-*) and euphoric zone chlorophyll a (mg ma) in spring 
among these Bay sites when the benthic data were partitioned to 
separare stations experiencing summer hypoxia or anoxia in bottom 
waters (Figure 13). The slope of the relation for the hypoxic sta- 
tions is, however, an order of magnitude less than that for the oxic 
stations, indicating the stress effects of seasonal oxygen depletion on 
the metazoan benthic community (Kemp and Boynton 1981). No 
significant correlation was observed berween values for benthic 
macrofauna and phytoplankton abundance in summer. The ab- 
sence of such relations emphasizes the importance of the spring 
deposition events in -supporting these benthic populations (Parsons 
et al. 1979; Townsend and Cammen 1988). 

In the above analysis, the other main group of organisms com- 
posing the majority of benthic biomass in Chesapeake Bay- bivalves 
-- was purposely omitted kom the macrofiuna because these mi- 
mas, which are primarily suspension feeders, are not just passive 
recipients of particulate organic matter deposition. In fact, their 
active grazing can directIy reduce plankton abundance and produc- 
tion (Officer er d. 1982; Cloern 1982). When the biomass of sus- 
pension-feeding bivalves is compared with plankton abundance and 
production, the patterns are quite different than those for polychaetes 
(Figure 14). Note that the independent variable (x-axis) has been 
reversed berween Figures 13 and 14 to emphasize a shifi in the 
dominant direction of causality. An inverse relationship between 
spring biomass of bivalves and annual mean values of euphoric-zone 
chlorophyll a and phytoplankton production was obtained for the 
monitoring stations which do nor experience seasonal anoxia. This 
pattern suggests that phyroplankron are unaffected by bivalve abun- 
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dance for most stations in the middle to lower regions of the Bay 
and its tributaries, whereas phyroplankton are markedly reduced at 
the'upper estuarine stations (mainstem Bay, Patuxent and Potomac 
rivers) which support abundant clam populations. Light limitation 
on algal growth may also contribute to low phytoplankton abun- 
dance in low salinity Bay regions. 

Previous analyses of the impact of the asiatic clam, Corbicula 
fluminea, on phytoplankton in the upper Potomac River estuary by 
Cohen et al. (1984) have reporred similar inverse relations between 
plankton and clam abundances. These investigators have also dem- 
onstrated experimentally the ability of the animals to dramatically 
graze plankton from the water column. While the invasion of this 
exotic species into the upper Potomac may represent zn unusual 
event, recent calculations (Gerritsen 1988; Gerritsen er al. 1988) 
suggest that clam populations in the fresh water regions of other 
tributaries as well as the mainstem Bay are sufficient to significantly 
reduce phytoplankton abundance. 

Prior to the latter part of the nineteenth cenrury, the largest 
population of suspension-feeding animals in Chesapeake Bay was 
probably the American oyster, Crassosnea virginica Intensive har- 
vesting of oysters since the turn of the century and more recently, 
disease has resulted in dramatic (100-fold) declines in their abun- 
dance throughout the Bay (Kennedy and Breisch 1981). Newel1 
(1988) has, therefore, postulated that the significant decrease in 
grazing by oyster populations across the Bay is responsible for much 
of che increase in phyroplankton biomass since the 1930s which has 
otherwise been attributed to eutrophication of this estuary (Boynton 
et al. 1982; Officer et al. 1984). Because clam abundances are so 
large in the upper Bay regions, it is difficult to ascertain whether the 
total activity of suspension-feeding benthic macrofauna has decreased 
with the decline of oysters (Gerritson er al. 1988). It is clear, how- 
ever, that spatial distributions of suspension-feeders have changed 
significantly. An important consideration is the effect of reef-form- 
ing animals like oysters on the increasing transport of plankton to 
the bottom by reducing the height of the benthic boundary layer 
(Frecheae et al. 1989). On  the other hand, increased recycling of 
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nutrients and consumption of oxygen associated with the metabo- 
lism of suspension feeding benthic animals themselves and with 
their fecal and pseudofecal matter (see Jordan 1985) could serve to 
srimdate phytoplankton growth and oxygen depletion during sum- 
mer (Doering et d. 1987). Thus, it remains an open question as to 
the ultimate effect of s h i h  in abundance of suspension-feeding 
benthic macrofauna on the "greeningn of the Bay with increased 
phytoplankton and/or the depletion of oxygen from its bottom wa- 
ters. 

Comparisons o f  Matrofiunal Interaciz'ons wiib Other Systems 
Parsons et al. (1979) have reported a dear relarionship be- 

tween spring biomass of phyto plankton and peak macrokunal abun- 
dance across a wide range of coastal marine environments (Figure 
15). Presumably, this kind of correlation would be even stronger if 
rates (i.e., particulate organic matter deposition and macrohunal 

March-May Chlorophyll a Concentration (rng me') 

Figure 15. Summaly of benthic macrofiunal biomars versus spring chhmphyll 
=for variow marine sites reported in the literature (Parsons et al. 1979), with 
valuesfor annual means and ranges porn Chesapeake Bay (Holland 1988; 
Selher et aL 1988) presentedfor comparisons. 
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production) were compared rather than stocks, though such data x: 
rarely available for annual cycles at a given site. No significziir 
relation from these data was obtained when summer phytoplankror 
biomass were considered instead of spring values (B. Hargrave per- 
sonal communication). Other investigators have emphasized thc 
importance of the spring diatom bloom as the primary source of 
food to sustain growth and recruitment of benthic macrofauna in 
-2mperate marine regions (Graf et al. 1982; 1983; Hargrave and 
Phillips 1986). The  importance of the spring bloom in providing 
large quantities of high quality food for the benthos lies in the fact 
that much of this spring bloom is deposited as intact, ungrzzed 
diatoms (Smetacek 1984). In fact, Townsend and Cammen (1988) 
h-... postulated that the relative magnitude of benthic invenebrare 
prclduction and associated success of juvenile demersd fish recruit- 
ment for a given year in the Gulf of Maine depends on the timing 
of the spring bloom, where maximum deposition and recruitment 
success occur for early blooms which precede the period of intense 
zooplankton grazing. Indeed, sinking particulate organic matrer hr;s 
maximum nutritional d u e  for growth of benthic animals when 
dominated by intact diatoms (Christensen and Kanneworf 1985; 
Gardner et al. 1989). 

In nutrient-rich stratified coastal systems such as Chesapedce 
Bay, the seasonal depletion of oxygen from bottom waters in late 
spring to early summer complicates this relation becween phy-co- 
plankton and benthic macrohuna (e.g., Figure 13). The mean and 
range of spring values for phytoplankton chlorophyll a and 
macrofauna biomass at all Chesapeake Bay stations (see Figure 2) 
are also plotted on Figure 1 5. Given the relatively high chlorophyll 
a levels in the Bay, mean macrofauna biomass is much less t hm 
expected from the relation. This deficiency in the abundance of 
Chesapeake Bay macrofauna, compared with the high phytoplank- 
ton produaion, again emphasizes the negative effects of eutrophica- 
tion and associated oxygen depletion from the Bay's bottom waters. 

Nixon (1 988) recently pointed out the relatively low rate of 
fisheries yield per unit primary production for fresh water ecosys- 
tems compared to coastal marine regions. Previous studies have es- 
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tablished strong correlative relations beween nutrient loading and 
phytoplankton production (Schindler 1981) and between benthic 
macrofaunal abundance and fisheries yields for varioy lakes. Nixon 
(1988) attributed this pattern of higher relative fish yields per unit 
primary production in marine ecosystems to the seasonal anoxia in 
bottom waters of most temperate lakes compared to the oxic bot- 
tom waters of most tidally mixed estuaries. However, in estuaries 
such as Chesapeake Bay which undergo seasonal anoxia, this reason- 
ing implies thar demersal fisheries may also be significantly depressed, 
due to the impact of anoxia on benthic-pelagic coupling. 

Role o f  Benthic and Pelagic Processes 
in Oxygen Depletion 

During spring in the mesohaline region of the Chesapeake 
Bay main stem, vertical stratification of the water column combines 
with springrime warming and the deposition and consumption of 
the diatom bloom to produce a rapid dedine in oxygen concentra- 
tion in the bottom waters ('I'afi et al. 1980; Malone, this volume). 
Similar patterns of seasonal anoxia have been reported for numerous 
coastal marine systems (Richards 1965; May 1973; Jsrgensen 1980; 
Falkowski et al. 1980; Caumette et at. 1983). Vertical density 
stratification, which reduces the exchange of oxygen becween the 
upper and lower layers of the water column, plays a key role in this 
phenomenon (Turner et d. 1987). Therefore, meteorological and 
hydrological processes strongly influence the magnitude of anoxic 
events in Chesapeake Bay (Seliger et d. 1985; Seliger and Boggs 
1988; Boicourr, this volume). However, it is the production, depo- 
sition and consumption of organic matter which fuels this process 
each year (Malone et al. 1986). In principle, the elevated inputs of 
nurrients in eutrophic coastal ecosystems could increase the spatial 
and temporal dimensions of bottom water anoxia by increasing algal 
production (Boynton et al. 1982; Malone et al. 1988). Recent 
evidence suggests that this may be the case for Chesapeake Bay 
(Oficer et al. 1984), and ecosystem simulation modeling studies 
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corroborate the rationale for this relationship (Kemp and Randa. 
1988). 

The mean and range of time delays between organic produc- 
tion in the upper layers and subsequent consumption (and associ- 
ated oxygen deplerion) in the lower water column and benthos zr: 
poorly understood. How much organic produaion is carried over 
between seasons and years to support subsequent consumprion pro- 
cesses? This question is important &om a management smndpoinr 
because of a need to know how rapidly oxygen concentrations an2 
related ecological processes will respond to controls on eurrophia- 
tion. Understanding how totd oxygen consumprisn is divided be- 
tween planktonic and benthic processes would provide some in- 
sights on this question because there tends to be a more rapid 
coupling between production and planktonic respiration than be- 
tween production and benthic respiration (Oviatt et d. 1986). A 
portion of the benthic metabolism of coastal marine systems in- 
volves complex sequences of micro bid and geochemical processes 
which may require considerable time to complete (Berner 1980). In 
addition, the relative contributions of biological processes (produc- 
tion, respiration) and physical processes (srratification, rransporr) to 
oxygen depletion is of concern to managers because most controI 
measures for eutrophication (e.g., reduced nutriene inputs) involve 
only the biological factors. 

Both planktonic and benthic respiration processes in the Bay 
increase rapidly with vernd warming in spring. The rate of increase 
between March and June is more rapid for planktonic respirztion, 
peaking in early July compared to an early August maximum for 
benthic oxygen consumption (Kemp unpublished data). Pre-incu- 
barion filtration experiments indicated thar most o i  the plankron 
respiration in bottom waters was associated with bacreria and proro- 
zoa (< 3 pm) (Jonas, this volume). Similar microbial dominance of 
pIanktonic respiration has been reported for other coasrd sysrems 
(Williams 1981; Hopkinson et d. 1989). The high August rates 
associated with the benthos actudly occur in rhe water column at 
the pycnocline (oxycline) via oxidation of sulfides produced in sul- 
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fate reduction and diffusing fiom sediments to overlying water (e.g., 
Indrebo et al. 1979; Dyrssen 1986). These rates of sulfide efflux 
from sediments do not occur until several days afier oxygen has 
been depleted from bonom waters. Considering th; m a n  depth of 
the boaom layer in this region of the Bay, the relative magnitudes 
of benthic and planktonic rates can be compared over the spring 
summer period (Figure 16a). Although benthic rates exceeded plank- 
tonic rates in early April and late August in 1986, for most of this 
period planktonic respiration was 1.5 to 2 rimes greater. 

The magnitude of physical transport processes in the seasond 
budget of oxygen is more difficult to ascertain (Boicourt, this vol- 
ume). However, rates can be inferred from careful analysis of bud- 
gets of oxygen inputs to and outputs from the upper and lower 
layers of an average square meter of water column in the mesohaline 
region (e.g., Kemp and Boynton 1980). For the present analysis of 
1986 data, it was assumed that net longitudinal exchanges of oxygen 
were negligible in the upper layer (Kemp, unpublished data). This 
assumption is supporred by the absence of any consistent longi- 
tudinal gradient of oxygen content (as % saturation) of the s h c e  
waters. Vertical exchange between layers was then calculated as the 
difference between observed rates of change in oxygen and those 
calculated as the sum of alI measured rates. Horizond oxygen 
transport was, however, allowed in the budget for the bottom layer 
(Kuo and Neilson 1987), and net rates were calcuIated as above, by 
difference. Table 2 summarizes details of these calculations for April, 
May and August. By way of an independent check, the fict that 
calculated rates of vertical and horizontal oxygen transpon were 
significantly correlated (r2 > 0.60) to their respective oxygen con- 
centration gradients lends credibility to this indirect approach. 

For purposes of comparing biological and physical processes, 
monthly means for the algebraic sum of oxygen fluxes associated 
with physical transport were ploned against m a n  total respiration 
rates for the bottom layer fiom March to Ocrober in 1986. It can 
be seen that respiration exceeds oxygen replenishment by physical 
transport for most of the spring and early summer, but especially in 
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Table 2. Summary balance of oxygen fluxes (go, m-fd-') for upper and lower 
layen of water column in the rncsohdine reach of Chesapeake Bay during Spring 
and Summer. 

Water Column Layer 
Oxygen Fluxes April May August 

Upper Layer: 
Productiona 
Plankton Respirationb 
Air-Watcr ExchangeC 
Tunporal Change 

Lower Layer: 
X-Pycnodine Exchanged +1.2 
Plankton Respiration -1.3 
Benthic Respiraaone -0.5 
Tunporal Change -0.8 

Net Horizontal Exchangef -0.1 +1.1 +0.8 

Gross 0, production estimated from ncr daytime (apparent) production half of 
the dark rcspintion (assuming day and night respintion rates are equal and 12 h 
daylight). 

Dark rerpinrion of whole water; assumes upper layer height of 8 m and mean depth of 
lower layer equal to G m. except in August when lower layer is anoxic and pycnocline 
thickness of 3 m is used. 

Assumes air-water achangc coefficient quai n, 1.0 gOt m-21i' at IOOVo satunrion deficit 
(Kemp and Boynron 1980); die1 man % 0, sacuntion =ken at 105%. 

Net 0, atchange across pycnocline arimaccd as residual tern in upper layer 0, bdance. 

Benthic 0, consumption estimated as man of n t a  measured at 10 m and 20 m deprh; 
nces at 20 m indude sulfide efflux in August. 

Net longitudinal 0, exchange estimated as residual term in lower layer 0, balance. 
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April (Figure Ibb). During most of the year, the balance between 
physical and biological processes does not stray fir from the 1: 1 line, 
w h A  is intersected in July and continually exceeded until October. 

These data illustrate the fict chat biological and physical pro- 
cesses of oxygen transformation and transport are poised in near 
balance throughout the period from spring to autumn. This is not 
surprising because of the interdependence of the rwo kinds of pro- 
cesses. Physical transport depends on concentration gradients which 
are created only by biological processes. O n  the other hand, at low 
concenuations of oxygen, biological processes follow first-order ki- 
netics and are direcrly proportional to the rate of physical transpon: 
of oxygen. This balance is analogous to that in the diffusion-reac- 
tion model which characterizes many biogeochemical processes. 

In summary, we find that planktonic respiration is quantita- 
tively more important than benthic processes for most of the spring 
period of declining bottom water oxygen. Benthic respiration is, 
however, more significant at the beginning and end of the anoxia 
period. Biological consumption of oxygen in the botcom layer is 
reasonably balanced with physical replenishment processes through- 
out the period between March and October, such that small changes 
in either could have marked effem on the magnitude and timing of 
seasonal anoxia. Numerical ecosystem modeling studies of this 
system have illustrated the importance of this balance between bio- 
logical and physical processes: in the absence of vertical wind mixing 
in summer, anoxia persisted until November, while removal of ex- 
ternal nutrient inputs resi I. + in virtual elimination of anoxia within 
one year (Kemp and Randall 1988). 

Effens o f  Eutrophication o n  Benthic-Pelagic Coupling 

Limnologists have long recognized that for many lakes, the 
process of continual nutrient enrichment is part of a natural se- 
quence in the long-term history of these aquatic ecosystems 
(Hutchinson 1974). It is well documented that the anthropogenic 
acceleration of this process - that is, nutrient enrichment in river 
flow and airborne deposition - tends to produce a range of dra- 



Benthic- Pelagic Interdrtions / 197 

matic changes in the structure and function of lake ecosystems, 
including depletion of botcom water oxygen, losses of submersed 
vascular plants and alterations in food chains and assbciated fisheries 
(e.g., Edmondson 1969; Lehman 1988). In contrast, for coastal 
marine ecosystems evidence has been scant that eutrophication is a 
natural biogeochemical process, though there is growing recognition 
that the widespread partern of rapidly increasing anthropogenic nu- 
trient inputs to coastal marine waters is resulting in pronounced 
alterations of organism abundances and ecological inreracrions (Nixon 
et d. 1986). 

Indirect evidence exiits that in Chesapeake Bay responses of 
ecological processes to changes in nutrient loading fiom the sur- 
rounding watershed may be relatively more pronounced than for 
many other estuaries. In ha, significant positive relationships be- 
tween rates of  phytoplankton production and nitrogen inputs 
(Boynton et d. 1982) were observed both for Chesapeake Bay and 
its tributaries and for a variety of other estu-aries com bined together 
(Figure 17a). W e  have postulated that the higher production per 
unit nutrient inputs in the Bay may indicate greater retention and 
recycling of these inputs (Kemp and Boynton 1984)'. Since most of 
the other estuaries in Figure 17a are verrically well mixed, it can be 
inferred that the efficient napping of particles in the Bay's two-layer 
gravitational circulation may be an imporrant k a o r  (Boicourt, this 
volume). Evidently, this nutrient retention occurs at interannual 
time scales (Boynton er al. 1982). For instance, a significant corre- 
lation between river flow, the primary source of nutrients to the 
Bay, and phyroplankton was observed only when a two-year run- 
ning mean flow was used, implying a residual effect of one year's 
nutrient inputs on the next year's produaion (Figure 17b) (Sellner 
personal communication). Because this same physicd mechanism 
of vertical stratification which evidently leads to enhanced nutrient 
retention, also contributes to reduced reoxidation of bottom waters, 
estuaries such as the Chesapeake may be more susceptible to in- 
creased anoxia in response to eutrophication. 

While we have already described several observed or postu- 
lated changes in Chesapeake Bay's benthic-pelagic interactions which 
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might be attriburable to eutrophication, here we summarize these 
reIationships berween coastal eutrophication and benthic-pelagic cou- 
plings in an integrated framework. Our discussio,n. focuses on the 
following major mechanisms by which nutrient enrichment might 
alter key processes of benthic-pelagic coupling: (1) effects on plank- 
ton trophic dynamics and resulting particulate organic matter depo- 
sition; (2) effecrs on benthic macrofaunal abundance and demersal 
fisheries; (3) effects on rates and temporal scales of benthic regenera- 
tion processes. The causal connections and pathways by which 
these mechanisms occur can be illustrated by referring back to the 
conceptual scheme presented in Figure 1. 

Planktonic Food-Chains a n d  Particulate Organic 
Matter Deposition 

Particulate organic maner can sink fiom the upper water col- 
umn toward the sediment surfice in a number of forms: as intact 
algal cells; as zooplankton f e d  pellets; as carcasses of dead animals; 
and as miscellaneous plant debris. The deposition of particulate 
organic matter fiom overlying water to sediments can occur via 
passive sinking or through the active pumping by benthic suspen- 
sion feeders. As suggested in Figure 1, the w o  primary pathways of 
passive sinking, as algal cells or zooplankton feces, are regulated by 
the magnitude of primary produaion and by trophic interactions in 
the plankton communiv. 

Hargrave (1973) reported benthic community metabolism was 
significanrly correlated with the ratio of primary production to mixed 
layer depth; this correlation was characterized by a power function 
(exponent = 0.39) for a variety of coastal sites. The Fdct that the 
exponent of this relation is less than unity implies that as primary 
production over the mixed layer increases (as might be the case with 
eutrophication), the relative importance of benthic metabolism in 
consuming that production decreases. Here, it is assumed that 
benthic metabolism is directly proporrional to particulate organic 
maner deposition, with no change in the fiaction buried. This 
same pattern of decreasing proponion of total oxygen consumption 
by benthic - compared with planktonic - processes was seen 
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along an experimental nutrient enrichment p d i e n t  in the M E N  
mesocosms (Ovian et al. 1 In addition, a similar relation was 
a s 6  evident over an annual cyde in the Georgia Bight, where benthic 
respiration was proportionately less important relative to planktonic 
respiration during periods of peak production (Hopkinson 1987). 

Severd investigators have suggested that the specific nature of 
plankton trophic interactions can greatly affect the quanriry and 
quality of particulate organic matter deposition to the benrhos in 
coastal ecosystems (Smetacek 1984). For example, Hargrave (1973) 
postulated that such a pattern (described in previous paragraph) 
might be attributable to the hct that zooplankton communities 
were more efficient in consuming the relatively dense assemblages of 
phytoplankron characterizing eutrophic waters. Alternatively, any 
increase in the importance of bacterial and protozoan respiratory 
consumption of organic matter would result in a relative reduction 
in particulate organic matter deposition w~l l i a rns  1981), while in- 
creased gazing by certain gelatinous zooplankton might lezd to 
increases in deposition (Andersen and Nivd 1988). 

~ m t h i c  Mmofiuna and Dmersai Fisheries 
Although eutrophication of coastal waters may result in an 

increase in the relative proponion of phyroplankton production con- 
sumed by planktonic as opposed to benthic processes, the absolute 
rates of particulate organic matter deposition will increase with eu- 
trophication. In systems with vertically well mixed water columns, 
this increase in organic food available o, the benthos would suppon 
greater growch of macroinvercebrates and demersd f i h  (e.g., Figure 
13a). Indeed, higher abundance of benthic macrofiuna (especially 
polychaeces) was observed in response to fertilization in the well- 
mixed overlying water columns of the MERL mesocsosms (Gmsle 

The Marine Ecosystem Research Laboratory (MERL) is a facility loaced at the 
University of Rhode Island designed around fourteen cylindriui rnesocosms 
(5.5 rn in depth and 1.8 rn in diameter). These rnesocosms are see up and 
maintained as experirncnd ecosystems, and are used m conduct studies on the 
behavior of  natural systems and their response to perturbations. 



1985). However, in estuarine regions with vertically stratified water 
columns, increased phytoplankton production associated with eu- 
trophication can lead to oxygen depletion, resulting in a decrease of 
benthic animals. In the Baltic Sea, for instance, increased algal pro- 
ducrion and deposition between the 1930s and the 1970s, pre- 
sumed to be associated with eutrophication, resulted in different 
changes in benthic macrokunal abundance within different depth 
regimes. The shallow regions not subject to hypoxia experienced 
macrofaunal increases, while in the deeper parts of the Baltic 
macrokuna decreased during this time (Cederwall and Elmgren 
1980). Likewise, because much of Chesapeake Bay is vertically 
stratified, it is reasonable to assume that benthic macrofaunal pro- 
duction is inhibited in some iregions and that the continuing trends 
of increasing eutrophication will lead to further losses of production 
for benthic invertebrates and associated demersal fisheries. 

Rares and Trmporal Scalrr of Benthic Nutrient Recycling 
Each year nutrient inputs to temperate estuaries such as Chesa- 

peake Bay directly support organic production in the spring and 
indirectly support, through benthic recyding processes, continued 
high production in the summer. It is the benthic recyding pro- 
cesses which provide nutrients for most of the estuary's production 
in the warmer seasons (Kemp and Boynton 1984). For nitrogen, 
high rates of benthic recyding lead to large, rapidly exchanging 
sediment pools of ammonium in summer. If oxygen is available, a 
substantial portion of this ammonium will be oxidized to nitrate, 
which is in turn reduced to nitrogen gas (NJ by nitrifying and 
denitrifying bacteria, respectively. Thus, high rates of nitrification- 
denirrification will occur in summer but only under conditions of 
ovgenafpd bottom waters. For many coastal ecosystems with well- 
mixed water columns, approximately half of the nitrogen entering 
fiom the watershed is transformed as nitrogen gas via nitrification- 
denitrification processes (Seirzinger 1988). For stratified eutrophic 
estuaries such as portions of rhe upper Chesapeake Bay, which expe- 
rience severe hypoxia in bottom waters, this coupled nitrification- 
denirrification process is inhibited because of the lack of oxygen in 
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bottom waters (Kemp et al. 1990). As a consequence, less thz- 
30% of the nitrogen inputs to the mainstem Bay are removed a 
nitrogen gas. Therefore, while increased rates of nitrogen loading rc 
the Chesapeake Bay have contributed to expanding eu t roph i~ t io r  
effects, associated hypoxic conditions appear to be resulting in ar 
inhibition of nitrification and denitrification, which has the positive 
feedback effect of firrher stimulating the eutrophication process by 
increasing the retention and recycling of a r n m o n i k  to suppor: 
more phyroplankton production in summer. 

Recent evidence suggests that interannual variations in benthic 
metabolic processes are proportional to changes in nutrient inputt 
to the Bay. Long-term records for these imporranr ecologicd pro- 
cesses are not available to compare, for example, rates prior to Euro- 
pean settlement with twentieth cencury rates. However, b e ~ u s e  
river flow, which is the primary source of nutrienrs to the Bay, 
varies markedly Liom year to year, correlations bemeen river flow 
and ecological processes during modern times can be used to infer 
relations over longer time-scales. For example, for the six years of 
data for which summer rates of benthic phosphorus recycling were 
available in h e  lower Paruxent River estuary, there was a significant 
relation to river flow in the preceding spring (Figure 18). Similarly, 
a continual decrease in rates of sediment oxygen consumption ob- 
served throughout the Bay main stem berween 1985 and 1988 
(Figure 19a) might be interpreted as :: ;rise to changes in plank- 
ton production. In fact, river inpcrj ~f nutrients in 1984 were 
among -i:c highest on record, while the following four years were 
char;: l ined by severe drought conditions with relatively littie nu- 
trient delivery to the Bay. One  interpretation of this panern is char a 
residual nutrient pool from inpurs in 1984 contributed to recycling 
of nutrients in 1985 (Figure 17) to support relatively high plankcon 
production (Malone er al. 1988) and benthic community merabo- 
lism (Figure 19b, c) in 1985. Consisrent with this interpretarion is 
the fact thar despite the extremely low riverflow in i985, botrom 
water anoxia in the mesohaline Bay was more severe in that year 
than in subsequent years (1986-19881, again suggesting a residud 
effect fiom 1984. 
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This concept that processes of benthic-pelagic coupling can be 
affected in one year by nutrient inputs from previo~is years has 
significant implications for strategies to manage nutrient waste in- 
puts to the Bay. It is important to understand the exrent to which 
manifestations from past eutrophication will continue to be experi- 
enced in the future even after reductions in nument inputs. Direct 
experiments have shown that particulate organic matter inputs to 
sediments will continue to produce high rates of benthic metabo- 
lism and nutrient recycling for several months but are generally 
dissipated to pre-treatment background levels in less than a year 
(Kelly and Nixon 1984; Rudnidc and Oviatt 1986). These direct 
relationships between nutrient inputs in a given year and benthic 
recycling processes within that year or the next (Figures 18 and 19) 
suggest that most of the efferrs of nutrient loading are not retained 
for more than a year or rwo. It is stiM unclear, however, what is the 
extent to which small amounts of organic matter - retained in 
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sediments over decades and decomposing at slow rates - can con- 
tribute to the long term benthic process of oxygen consumption and 
nutrient recycling. With increasing eutrophication, the proportion 
of pmiculate organic matter deposition which is buiied may well 
increase. 

Research Needs and Management Implications 

During the last decade a great deal has been learned concern- 
ing benthic-pelagic coupling in coastal and estuarine systems includ- 
ing Chesapeake Bay. As is generally the case, the results now avail- 
able pose additional specific questions that should be addressed to 
further our understanding and ability to predict aspens of estuarine 
ecosystem dynamics. 

Rerearch Need 
At this time there is considerable uncertainry with regard to 

relations between plankton trophic dynamics and deposition rates 
of particulate organic marrer. For example, our current understand- 
ing is that the spring bloom in the central regions of the Bay largely 
sinks as intact cells with little exposure to grazing in the water 
column. In contrast, summer phytoplankton stocks appear heavily 
grazed and large percentages of organic production are metabolized 
in the water column. The reasons fbr and implicarions of this 
seasonal shift are not clear. Secondly, it is uncertain how much of 
the deposited organic material is incorporated into benthic 
macrofaunal biomass or how imponant benthic food webs are to 
fisheries production. There is evidence which suggests that some 
benthic macrofaunal communities are food limited (Marsh and 
Tenore 1990) even in this relatively food-rich system and that pre- 
dation is an important facror regulating benthic communities (Hol- 
land et al. 1980). Many potential interactions beween benthic 
nutrient cycling and the eutrophication process remain unclear al- 
though there are tantalizing hints to the effect rhat strong positive 
and negative feedback mechanisms (i.e., destabilizing and stabiliz- 
ing, respectively) dominate along the eutrophication gradient. 
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Explaining such phenomena will require a diversiry of tech- 
niques. Experience in recent years has clearly indicated the value or 
generating long-term data sets collecred at appropriate time scale5. 
Such data sea are invaluable in developing understanding of link- 
ages berween system components and external factors believed tc 
force the system. Due to climatic variability natural experiments are 
often contained within such data sets. In terms of developing clez. 
linkages between benthic and pelagic system components and be- 
tween external forcings such as nutrient loading and benthic com- 
ponents, it now appears that favoring more mesurements at  a lim- 
ited number of locations provides more usehl information than a 
strategy that emphasizes spatial at  rhe expense of temporal coverage. 

Secondly, utilization of improved technologies such as remote 
sensing and in-situ moorings designed to record selected environ- 
mental conditions would vasdy improve our ability to determine 
the proper spatial and temporal scdes, respectively, for study. It is 
possible to infer some cause-effect linkzges from in-situ field studies 
and this has been the approach most frequently taken in md ies  in 
the Bay. Ecosystem simulation modeling, done in conjunction with 
such field studies, has proven to be a useful tool for integrating our 
understanding of community dynamics. Furthermore, there has been 
considerable success in using a variety of mesocosms as tools for 
conducting experimental ecosystem studies and chis approach is ca- 
pable of efficiently yielding many more insights on mechanisms 
controlling ecosystem processes. Finally, sufficient data are now 
available in both the published and gray literarure to support inten- 
sive and reasonably derailed comparative studies of benthic-pelagic 
couplings among widely varying coastd ecosystems. 

Managmen t Implications 
The natural two-layer circulation of Chesapeake Bay waters 

creates conditions which favor the retention of nutrients in particu- 
late forms, allowing this plant foodstuff m be efficiently used and 
reused before being buried, lost to gaseous forms or exporred to the 
sea. The  resulting high production of phytoplankton is a major 
factor contributing to anoxia during the warmer months each year. 
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This two-layer water flow in the Bay also separates upper and lower 
layers of the water column, effectively reducing the ability of oxygen 
to be transported fiom the atmosphere to the bottom waters and 
leading to depletion of oxygen (i.e., anoxia). T h d ,  this wo-layer 
circulation, which is common in many other estuaries around the 
world, but particularly effective in Chesapeake Bay, makes the Bay 
very susceptible to the effects of nutrient enrichment on bottom 
water anoxia. 

The processes by which particulate organic foods are depos- 
ited from the water column to the sediments are regulated by the 
nature of the planktonic food-chains, which are, in turn, controlled 
by the extent of nutrient enrichment in Chesapeake Bay. Any 
increases or decreases in nutrient inputs to the Bay are likely to 
significantly alter this process and result in s h i h  between the rela- 
tive importance of fisheries producrion by demersal species (e.g., 
roddish, weakfish, blue crabs) versus plankton based species (men- 
haden, bluefish). Any increases in particulate organic matter deposi- 
tion will also contributeto greater depletion of oxygen fiom borcom 
waters. 

In comparison with other coastal ecosystems, the relative pro- 
ducrion of benthic animals per unit algal production appears to be 
markedly inhibited in many regions of the Bay by the seasonal 
anoxia. Presumably, this process has affected also the production of 
key demersal fisheries, which are presently below their potential. 
Conversely, indirect evidence suggests that the exploitation of im- 
portant suspension-feeding benthic animals (especially the oyster) 
may have contributed to the accumulation of phytoplankton bio- 
mass and the resulting reduction of Bay water clarity. This hypo- 
thetical relation needs hrther analysis before being translated into 
management strategies. 

While nitrogen enrichment of Bay waters has contributed over 
recent decades to its eutrophication, this effect is mitigated by the 
natural bacterial processes of nitrification and denitrification, which 
transform nitrogen from useable forms (ammonium, nitrate) to un- 
usable forms (dinitrogen gas) for estuarine phytoplankton. The 
coupled process of nitrification-denitribion is ~resendy inhibited 
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by hypoxic conditions during summer in many regions of the Bzy. 
This amounts to a "positive feedback loopn in the Bay, where nitrc- 
gen enrichment leads to increased algal production, which leads cc 
more anoxia which leads to less denitrification which leads to mar? 

nitrogen recycling, which leads to more algal production, which 
leads to more anoxia, and so on. Considering this relation in che 
inverse, even small reductions in nitrogen inputs to the Bay mighi 
lead to relatively large reversals of the eutrophication process by 
restoring nitrification-denitrification. 

Strong evidence indicates that there is a residual effect of nc- 
trient inputs to the Bay which operates on time scales of months ro 
one or  two years. In this case, physical processes of panicle reten- 
tion and relatively slow (compared to the water column) benthic 
processes of nutrient recycling combine to create a lag between 
nutrient inputs and some of the resulting primary produaion which 
is supported by those inputs. It appears that relatively high nutrient 
inpurs during a high riverflow year support relatively high rates of 
primary production and benthic oxygen consumption in the follow- 
ing year. Most of these nutrients are not, however, retained in the 
estuary, such that ecological processes will respond rapidly to reduc- 
tions in nutrient inputs. The  question of whether a small residud 
effect can influence Bay ecology and for how long is central to 
predicting the impact of reducing nutrient loading to the estuary. 

All of chese mechanisms by which processes of benthic-pelagic 
coupling may affect the water quality and living resources of the Bzy 
need to be taken into account in the development of models of 
water quality and ecosystem processes to predict the outcome of 
management strategies for improving environmental conditions in 
Chesapeake Bay. 
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