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ABSTRACT: A diel biogeochemical study was p e r f o r m e d  to assess the influence that periods of elevated biological 
activity have on the biogeochemical  cycling of macronutrients  and redox-seusitive elements in a natural estuarine envi- 
ronment.  High-resolution data (15 rain sampling) illustrates periodic extreme variations in dissolved oxygen (DO) in the 
shallow waters of  Azevedo Pond, Elkhorn Slough, California. During periods of  low tidal flushing, DO values can range 
f rom highly oxic (>  560 IxM O~; > 250% saturation) during sunny days to suboxic conditions (<  5 I~M ) at night. Nutrient 
cycling and_ redox-sensitive trace elenlent biogeochemistry  were evaluated in response to the extreme daily DO fluctua- 
tions. A diel sampling study was conducted  over a 26-h period,  where  O 2 concentrations ranged f rom 346 p~M to sustained 
non-detectable levels in the night hours. In concert  with the DO fluctuations, diel phosphate  cycling was on the order 
of 4 p~M in response to tidal flushing events and biological assimilation and regeneration. The I O s - / I -  redox couple  
quickly re sponded  to suboxic conditions in the water column by a ma rk ed  increase in I concentrations and correspond-  
ing deplet ion o f  IO3 �9 The  extreme fluctuations of  the pC in the water co lumn resulted in diel dissolved Mn 2+ variations 
of  nearly 5 ptM~ with observed  dissolved Mn removal rates on the order o f  1 p~M h i The  elevated biogeochemical  
cycling of  oxygen, nitrogen, phosphorus ,  iodine, manganese, and iron found  in this shallow estuarine environmentsuggest  
that tidal restrictions and anthropogenic  nutrient  enr ichments  can amplify diel variations and potential ly hinder the 
functional and ecological stability of  these systems. These data suggest that accurate chenfical monitoring of the health 
of an estuarine ecosystem must  account for  the diel variability inherent  in these highly productive environments.  

In t roduct ion  

Problems related to hypox ia / anox ia  within U.S. 
estuarine waters appear  to be increasing, and in 
many cases can be at t r ibuted to an th ropogen ic  nu- 
trient en r i chment  a n d / o r  tidal restrictions (Nixon 
1995; Ansfield and Benoi t  1997). In several studies 
of East Coast estuarine systems, excessive major  nu- 
trient enr ichments  lead to large seasonal increases 
in algal p roduc t ion  in surface waters, followed by 
complete  oxygen deplet ion in the bot tom waters 
(Taft et al. 1980; Officer  et al. 1984; Welsh and 
Eller 1991; Atwood et al. 1994; Cooper  1995). Th e  
increasing fi-equency of ex t reme seasonal phyto- 
p lankton  blooms in South San Francisco Bay cor- 
relates with excessive an th ropogen ic  inputs of nu- 
trient concentrat ions,  and physical and hydrologi- 
cal forcings that allow spring-time stratification of 
the water co lumn (Cloern 1996). Alterations of the 
tidal flow regime in urbanized coastal zones may 
fur ther  exacerbate  eutrophic  condit ions within 
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wetland ecosystems by decreasing mixing and cre- 
ating stagnant water bodies. Circulation restric- 
tions within the diked Her r ing  River Estuary, Cape 
Cod, Massachusetts were shown to be responsible 
for periodic anoxic condit ions in the bo t tom wa- 
ters and associated fish kills (Portnoy 1991). 

Photosynthet ic  organisms often exist in a static 
quasi-equilibrium, where pr imary  productivity is 
balanced by grazing, respiration, and physical 
t ransport  (Evans and Parslow 1985). Deviations 
f rom this balance occur  when various physical forc- 
ings (e.g., tidal cycling and sunny, warm days) in- 
teract to provide condit ions ideal for elevated pho- 
tosynthetic biomass product ion.  An increase in the 
rate of input  and removal of dissolved oxygen 
(DO) to the system is one consequence  of in- 
creased photosynthet ic  activity and biomass pro- 
duct ion in eut rophic  systems. In many environ- 
ments,  the ratio of DO inventory to the diel oxy- 
gen flux (i.e., net  input  by photosynthesis  during 
the daylight and respiratory output  at night) is so 
large that variations in 02 are relatively insignifi- 
cant. For instance, O~ fluxes to and from the ter- 
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Fig. 2. T i m e  ser ies  of  d i s so lved  o x y g e n  va r i a t i ons  as a r e s u l t  
o f  i n c r e a s e d  b i o l o g i c a l  act ivi ty in  A z e v e d o  P o n d ,  O c t o b e r  1996. 
P h o t o s y n t h e s i s  = PS. R e s p i r a t i o n  = R. P e r i o d s  o f  s u s t a i n e d  D O  
levels  b e l o w  d e t e c t i o n  l im i t s  m-e r e f e r r e d  to as s u b o x i c  events .  

Fig. 1. Site m a p  of  A z e v e d o  P o n d ,  l o c a t e d  i n  E l k h o r n  
S lough ,  Ca l i fo rn ia .  

restrial b iomass  are negligible relative to the 02 
reservoir  of the t roposphere ,  and  phy top lank ton  
p roduc t ion  is small relative to the Oe reservoir  of 
the u p p e r  100 m of oceanic  ol igotrophic  gTre wa- 
ters. However, in shallow, product ive,  estuarine s;es- 
tems there can be extensive p r ima ry  productivi ty 
and  respirat ion conf ined to a small vo lume  of wa- 
ter, creating marked  d i d  changes  in DO concen-  
trations. 

This  study investigates the impac t  that  major  nu- 
trient e n r i c h m e n t  and tidal restr ict ions have on 
the d i d  b iogeochemica l  cycling of an isolated es- 
tuarine salt marsh.  The  research site focuses on 
Azevedo Pond,  a shallow (<  2 m) tidal salt marsh  
located within Elkhorn  Slough, California (Fig. 1). 
Azevedo Pond  receives nutr ient-r ich r u n o f f  f rom 
ne ighbor ing  agricultural  fields, and due to peri-  
odic tidal flow restrictions, can exper ience  times of 
high tidal flushing, in terspersed with relatively 
s tagnant  periods.  High-resolut ion  water quality 
data (15 min  sampling)  suggests that  nutrient-in-  
duced eu t rophica t ion  causes ex t reme diel oxygen 
f luctuat ions within the pond ,  when  per iods  of  re- 
stricted flow are incidentally coupled  with clear 
sunny days. An event  f rom Oc tobe r  1996 illustrates 
that DO can vary f rom > 560 b~M (>  250% satu- 
ration) to non-de tec table  levels, result ing in subox- 
ic, or potential ly anoxic,  condi t ions within an 8-h 

per iod (Fig. 2). Suboxic condi t ions dur ing this 
1996 event  persisted up  to 11 h. Biological metab-  
olism can be infer red  f rom these ex t reme  diel DO 
variations, where  it is assumed that  increasing con- 
centrat ions dur ing the daylight are a t t r ibutable  to 
net  photosynthesis  (PS), while n ight t ime decreases 
are due to respirat ion (R). The  balance  of biomass 
productivi ty and consumpt ion  in this shallow s~ys - 
tern are amplif ied on very short  t ime scales, where  
p roduc t ion  of O~ greatly exceeds losses by respi- 
ra t ion and  a tmospher i c  exchange  during the day, 
and  consumpt ion  depletes  the oxygen reservoir  
and  exceeds a tmospher ic  exchange  at night.  Azev- 
edo Pond  appears  to hypervent i la te  dur ing these 
t ime periods.  These  hypervent i la t ion  events are 
what p r o m p t e d  our  investigation of the d i d  bio- 
geochemica l  cycling of macronu t r i en t s  and redox-  
sensitive e l emen t  in Azevedo Pond.  

In  most  estuarine env i ronments  previously in- 
vestigated, a seasonal stratification of the water col- 
u m n  exists, isolating oxygen-deple ted  bo t tom wa- 
ters f rom the oxygen-rich waters above (Richard 
and  Broenkow 1971; Off icer  et al. 1984; D'Avanzo 
and  Kremer  1994). T h e  research env i ronmen t  pre- 
sented here in  differs f rom many  of the h y p o x i c /  
anoxic  estuarine sTcstems, in that it appears  that  the 
entire water  co lumn of a shallow estuarine tidal 
marsh  can hypervent i la te  on diel t ime scales. T h e  
occur rence  of these ex t reme  DO events provides 
an ideal natural  l abora tory  to apply realistic open  
system me thods  to p e r f o r m  detailed measure-  
ments  of b iometabol i sm and its inf luence on re- 
dox-sensitive elements.  

Acute DO variat ions can significantly affect re- 
dox cycling of some macronu t r i en t s  and o ther  
trace elements.  Dur ing t imes of oxygen deplet ion,  
respir ing bacter ia  use o ther  e lec t ron acceptors  to 
cont inue  oxidizing organic ma t t e r  (Froelich et al. 
1979). T h e  excessive loading of organic  carbon in 
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Fig. 3. Predicted thermodynamic sequence of the redox 
couples investigated in this study as a function of  a range of pe 
values (modified f rom Rue et al. 1997). 

eu t rophic  systems will increase the b iogeochemica l  
cycl ing of  e l e m e n t s  a s soc ia t ed  with a n a e r o b i c  
m o d e s  of respirat ion.  T h e  predic ted  thermody-  
n a m i c  o r d e r  of  o x i d a t i o n / r e d u c t i o n  r e a c t i o n s  
(Fig. 3) allows us to place reasonable  bounds  on 
the progress  he te ro t roph ic  bacter ia  make  th rough  
the a l ternate  e lect ron acceptors  dur ing a sustained 
suboxic event. Suboxic condit ions are def ined by 
the po in t  where  oxygen concent ra t ions  are below 
5 poM and SO4 ~ reduct ion  does not  yet occur  
(Cline and Richards 1979; Froelich et al. 1979). 
The  initiation of suboxic condi t ions is indicated by 
the reduct ion  of iodate  (IO~-) to iodide (I-)  (Liss 
et al. 1973; Rue et al. 1997). In some suboxic sys- 
tems, the dissimilatory reduct ion  of nitrate can 
provide  a large p r o p o r t i o n  of oxidizing energy for 
organic carbon.  Concen t ra t ions  of  dissolved man-  
ganese also increase markedly  in response  to su- 
boxic condit ions (Martin and Knauer  1984; Land- 
ing and g r u l a n d  1987; Rue et al. 1997). According 
to the rmodynamics ,  the reduc t ion  of Mn oxides 
should occur  at a similar pe as iodate  reduct ion ,  
but  m u c h  earlier than the reduct ion  of i ron oxy- 
hydroxides  (Fig. 3). Variations in the dissolved Fe 
concent ra t ions  may also r e spond  to reduct ions  in 
the pe of  the env i ronment ,  due to the reduct ive 
dissolution of Fe(III)  oxyhydroxides,  the dominan t  
Fe species in oxygenated environments .  Sulfate re- 
duct ion is the next  t rans format ion  in the r edox  
sequence,  and represents  the comple te  deple t ion 
of oxygen and  the presence  of truly anoxic con- 
ditions. 

We have investigated the inf luence that  elevated 
levels of photosynthet ic  activity have on the diel 
b iogeochemica l  cycling within a natural  estuarine 
envi ronment .  This  pape r  presents  our  in terpreta-  
tion of the physical forcing mechan i sms  control-  
ling the t iming of these hypervent i la t ion  events, 
and  data for macronu t r i en t s  (N, P) and a variety 
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of redox-sensitive e lements  (I, Mn, and  Fe) f rom a 
de ta i l ed  96-h b i o g e o c h e m i c a l  s tudy c o n d u c t e d  
dur ing a 1998 ex t reme  DO variat ion event in Azev- 
edo Pond.  

M e t h o d s  

SITE DESCRIPTION 

Elkhorn  Slough (Fig. 1) is a shallow coastal es- 
tuary located nea r  Moss Landing,  Galifornia,  half- 
way between Santa Cruz and Monterey  on  the 
Monte rey  Bay Nat ional  Mar ine  Sanctuary. E lkhorn  
Slough is composed  of a main  channe l  that  ex- 
tends inland approx imate ly  7 km with associated 
tidal flats occupying approx imate ly  10 km e. Agri- 
culture is the p r ima ry  land use within the dra inage 
basin. T h e  majority of nu t r i en t  contr ibut ions  to 
E lkhorn  Slough and Azevedo Pond  occur  dur ing 
the winter m o n t h s  of  D e c e m b e r  and January,  as- 
sociated with increased r u n o f f  and  freshwater  in- 
puts (Smith 1978). Azevedo Pond is par t  of the 
wetland system associated with E lkhorn  Slough 
and is bo rde r ed  on the west by a Pacific Railway 
track and on the east by an approx ima te ly  100 m 
long hill (15-900 slope).  An active 20-acre agricul- 
tural fa rm is located at the top of the hill. T h e  daily 
tidal f lushing of the p o n d  is control led by the flow 
th rough  a 1.5 m-diam culvert located benea th  the 
rai lroad track, isolating Azevedo Pond f rom the 
main  channe l  of  E lkhorn  Slough. An elevation gra- 
dient  exists be tween the main  channel  and Azev- 
edo Pond,  which prevents  any mixing until the tid- 
al height  at Moss Landing  exceeds approx imate ly  
1.9 m. The  deepes t  dep th  of Azevedo Pond is de- 
p e n d e n t  u p o n  the tidal heights,  f luctuat ing f rom 
an average of 1.5 m in the wet ter  winter m o n t h s  
to 1 m in the s u m m e r  and  fall. 

SAMPLE COLLECTION AND ANALYPICAL PROCEDURES 

Hydrograph ic  data were provided by the Elk- 
h o r n  Slough Nat ional  Estuarine Research Reserve 
(ESNERR) f rom a YSI 6000 mu l t i pa r ame te r  instru- 
m e n t  which r eco rded  DO, pH,  salinity, t empera -  
ture, depth,  and conductivity at 15-min intervals 
within Azevedo Pond.  T h e  hydrograph ic  data col- 
lect ion by the ESNERR was initiated in S e p t e m b e r  
1995 and cont inues  in 2000. Weather  data were 
provided by the University of  California at Santa 
Cruz (UCSC) Real-t ime Envi ronmenta l  In fo rma-  
tion Network and Analysis System (REINAS) pro- 
ject ,  and collected by a meteoro logica l  station lo- 
cated approx imate ly  18 km southwest of  Azevedo 
Pond,  at Fort Ord ,  California. We conduc ted  three  
diel-sampling studies dur ing 1998 in an a t t empt  to 
evaluate the nu t r i en t  dynamics and  redox  chem-  
istry associated with one of these ex t reme  oxygen 
f luctuat ion events. The  diel sampl ing  studies were 
scheduled on days when  early m o r n i n g  high tides 
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at Moss Landing were predic ted  to be below 1.9 
m. Due to the elevation gradient  at the culvert 
mouth ,  low ampl i tude  early morn ing  high tides re- 
sult in the absence of flushing of the pond,  allow- 
ing the microbial  decay of organic mat ter  to con- 
t inue th roughou t  the dark hours. DO, pH,  and 
tempera ture  values were calibrated using a Solom- 
at Water Quality Moni tor ing  System (WP4007) on 
shore during the sampling study. For the data pre- 
sented herein, three water samples were collected 
at 0.5 to 1 h intervals from 0700 July 17, 1998 
through 0900 July 18, 1998, using appropriate 
clean techniques  (Bruland et al. 1979). Water sam- 
ples were collected at the same water depth  as the 
in situ sensor data collector (approximately 0.5 m 
above the sediments) ,  passed th rough  a 0.45 p~m 
Gelman Sciences Aqua Prep 250 filter and imme- 
diately frozen on dry ice. The  presence  or absence 
of hydrogen sulfide was de te rmined  by the odor  of 
each sample following collection. All of the frozen 
water samples were r e tu rned  to the laboratory and 
kept  frozen until analysis. One  set of duplicates was 
quick-thawed and analyzed for nitrate, nitrite, am- 
monium,  and phosphate  using a peak area tech- 
n ique r e c o m m e n d e d  for brackish waters on an au- 
tomated spec t rophotomet r ic  flow injection analysis 
system (Lachat, Quickchem 8000). 

A BAS Control led  Growth Mercury  Electrode 
system was used for the de te rmina t ion  of iodate 
[I(V),(IO~-)] and iodide [ I ( I ) , ( I - ) ]  concentra-  
tions in the estuarine samples by square wave ca- 
thodic stripping vol tammetry  following the meth-  
od described by Lucia and Campos (1997). A 3-ml 
sample was filtered through an Analtech SPICE 
cartridge to remove any in ter ferences  that were 
p resumed to be due to the high concentra t ions  of 
dissolved organic mat ter  (DOM). This cartridge 
did not  remove ei ther  of the anionic iodate or io- 
dide species. Th ree  ml of sample were diluted to 
10 ml with deionized water and 100 p~L 1 M boric 
acid and 100 p~L of 0.2% Tri ton X-100 were added 
to all iodine analyses. The  sample was purged  for 
5 rain with argon gas with a stir rate of 800 rev 
min-L The  iodide was adsorbed onto the fieshly 
fo rmed  hanging mercury  drop electrode for 60 s 
followed by a 5 s quiescent  per iod before  initiating 
measurements  as follows: 0-V deposit ion potential ,  
9-mV step potential ,  90-mV wave ampli tude,  and 
100-Hz frequency. The  scanning potential  was 
from 106 to 700 mV with the iodine peak po- 
tential at about  - 8 0 0  inV. The  same p rocedure  for 
total iodine was used with the inclusion of 50 >L 
0.1 M ascorbic acid, 50 p,L 6 M HC1, and 50 poL 6 
M NH4OH. The  concent ra t ion  of iodate was de- 
te rmined by the difference between the concentra-  
tion of total iodine and iodide concentrat ions.  Th e  
detect ion limit for both  the iodide and total iodine 

was approximately  1 nM and the analytical preci- 
sion was 5% (relative standard deviaiton). 

Direct analyses of dissolved manganese (Mn(II)) 
and dissolved iron (Fe(II) or Fe(III)) were conduct- 
ed utilizing standard procedures on a graphite fur- 
nace atomic adsorption spectrometer (Perkin Elmer 
4100ZL). Manganese samples were diluted by a fac- 
tor of five and the iron samples by ten-fold with 0.5 
N trace-metal grade nitric acid prior to analysis to 
reduce the salt matrix effects. The  detection limits 
for dissolved Mn and Fe samples were on the order 
of 0.04 l,dVi and 5 I1M, respectively. 

Resu l t s  an d  D i s c u s s i o n  

PHYSICAL FORCINGS 

t 996 Event 

The  oxygen fluctuation events in Azevedo Pond 
correlate to changing physical condit ions such as 
i r radiance intensity, air tempera ture ,  and tides. An 
example of the progression of Azevedo Pond into 
a typical hypervent i la t ion event (Fig. 4) illustrates 
these relations. Figure 4a presents i rradiance,  air 
temperature ,  and wind speed collected by a nearby 
weather  station f rom Sep tember  30 th rough  Oc- 
tober 5, 1996. Figure 4b shows the response of the 
depth  of Azevedo Pond to the tidal cycle at Moss 
Landing,  California, and Fig. 4c presents the DO 
concentra t ions  and water tempera tures  r ecorded  
in Azevedo Pond for the same time period.  Figure 
4 has been  divided into two physical regimes: a low 
irradiance,  high tidal f luctuation per iod (LIHT pe- 
riod) and a high irradiance,  low tidal f luctuation 
per iod (HILT period) .  During the L IH T per iod  
(October  30 -November  1), coastal fog intrusions 
greatly reduced  irradiance (Fig. 4a) and the DO 
c o n c e n t r a t i o n s  wi th in  Azevedo  P o n d  bare ly  
reached  a tmospher ic  equil ibrium during the day 
(Fig. 4c). In addition, the ex t reme tidal cycle gen- 
erated large depth  fluctuations, increased mixing, 
and decreased water stagnation (Fig. 4b). A few 
days later, during the HILT per iod  (November  3-  
5), increased offshore winds prevented fog migra- 
tion into coastal areas, resulting in a substantial in- 
crease in i r radiance intensity and daily max imum 
water temperatures.  The  lower magni tudes  of the 
HILT daily tidal cycle decreased mixing (Fig. 4b), 
and did not  alter the pond  dep th  during the early 
morn ing  hours. Dissolved oxygen data f rom Azev- 
edo Pond during the HILT per iod displays a daily 
maximum of over 500 p~M (approximately 240% 
saturation),  followed by a 9.5 h suboxic event, and 
re turn ing  to supersaturated levels the following 
day (Fig. 4c). This diel hypervent i la t ion can con- 
t inue for a n u m b e r  of days, depending  u pon  the 
durat ion of clear weather  and low early morn ing  
spring tides (< 1.2 m) which do not  breach the 
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Fig. 4. Time series of Azevedo Pond DO and water temper- 
atm-e (c) values as the system progresses into hyperventilation 
in October 1996. Also provided for the same time period, is the 
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cycle (b) and irradiance, air temperature, and wind speed data 
from a nearby weather station (a). LIHT (low ia-radiance high 
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not ideal for extreme DO fluctuations, in contrast to HILT 
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m o u t h  o f  culvert .  Th i s  p a r t i c u l a r  even t  pe r s i s t ed  
for  a week ,  un t i l  O c t o b e r  10, 1996 ( d a t a  n o t  
s h o w n ) ,  a f t e r  w h i c h  the  t ida l  cycle p r e v e n t e d  sus- 
t a i n e d  wa te r  s t a g n a t i o n  in  t he  m o r n i n g  hours .  

T h e  d e g r e e  a n d  t i m i n g  of  t idal  f l u s h i n g  wi th in  
A z e v e d o  P o n d  has  a p r o f o u n d  ef fec t  on  the  s t ruc-  
tu re  of  the  D O  curves .  I n f l o w  of  wa te r  f rom the  
m a i n  c h a n n e l  o f  E l k h o r n  S l o u g h  c o n t a i n s  D O  lev- 
els n e a r  a t m o s p h e r i c  e q u i l i b r i u m  a n d  p r o d u c e s  a 
D O  f l u s h i n g  p e a k  s i g n a t u r e  of  c lose to 220 p a l  
( a p p r o x i m a t e l y  100% s a t u r a t i o n ) .  D u r i n g  t h e  
L I H T  p e r i o d s ,  t he  f l u s h i n g  D O  s i g n a t u r e  is the  
d o m i n a n t  p e a k  d u r i n g  the  day  b e c a u s e  of  the  l igh t  
l i m i t a t i o n s  on  the  p h o t o s y n t h e t i c  o rgan i sms .  Dur -  
ing  the  H I L T  p e r i o d ,  however ,  the  p e a k  s i g n a t u r e  
d u e  to f l u s h i n g  is on ly  a smal l  s h o u l d e r  on  the  
p r i m a r y  D O  p e a k  (Fig. 4c).  

T h e  h y p e r v e n t i l a t i o n  events  in  A z e v e d o  P o n d  
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(b). Figure 5a is the depth of Azevedo Pond as it responds to 
the Monterey Bay tidal cycle for the same ~:ae period. 

a r e  d r iven  by e l eva ted  ra t e s  of  PS a n d  R. Pho tosyn -  
the t i c  ra tes  in these  n u t r i e n t - r i c h  waters  i n c r e a s e  
a s y m p t o t i c a l l y  wi th  wa te r  t e m p e r a t u r e  a n d  i r r ad i -  
a n c e  (Wetzel  1975),  a n d  wa te r  t e m p e r a t u r e  a n d  
b i o m a s s  dr ive  R rates .  In  n u t r i e n t  e n r i c h e d  waters ,  
the  phys ica l  c o n d i t i o n s  b e c o m e  the  m a i n  v a r i a b l e s  
i n f l u e n c i n g  b i o m e t a b o l i c  rates .  A d e t a i l e d  analysis  
of  the  d ie l  o x y g e n  d y n a m i c s  o f  the  W a q u i o t  Bay by 
D ' A v a n z o  a n d  K r e m e r  (1994) sugges t  a c o r r e l a t i o n  
b e t w e e n  the  o c c u r r e n c e  of  m a j o r  f ish kills wi th  un-  
usua l ly  ca lm c l o u d y  w e a t h e r  tha t  fo l lowed  p e a k  
s u m m e r t i m e  t e m p e r a t u r e s .  T h e  e x t r e m e  p h o t o s y n -  
the t i c  act ivi ty o f  the  p r e v i o u s  days was g rea t ly  di- 
m i n i s h e d  by the  c l o u d  cover, b u t  r e s p i r a t i o n  ra tes  
r e m a i n e d  e l eva ted  d u e  to the  excess  b i o m a s s  p ro -  
d u c e d  w i th in  t he  system. R e s p i r a t i o n  w o u l d  r a p i d l y  
d e p l e t e  the  Oe r e s e r v o i r  of  t he  wa te r  c o l u m n ,  cre- 
a t i n g  a n o x i c  events  wi th in  W a q u i o t  Bay t ha t  were  
toxic  to fish a n d  m a n y  inve r t eb ra t e s .  

] . ly  ; 
Diel s a m p l i n g  was c o n d u c t e d  d u r i n g  the  s u m m e r  

a n d  fall of  1998 to evaluate  the  n u t r i e n t  dynamics  
a n d  r e d o x  chemis t ry  associa ted  with the  e x t r e m e  D O  
f luc tua t ions  wi thin  Azevedo  Pond .  This  s u m m e r t i m e  
series  s t rongly  i l lustrates  the  ro le  of  s t agna t ion  on  the 
t iming  of  hype rven t i l a t i on  events. F igure  5 shows the  
early m o r n i n g  t ides on the 4 d p r io r  to Ju ly  17 ex- 
ceed ing  the h e i g h t  of  the  culvert  (Fig. 5a),  i n t roduc -  
ing  oxygena t ed  water  a n d  t u rbu l ence  into  Azevedo  
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Pond and preventing (or in one case alleviating) the 
suboxic conditions (Fig. 5b). An examination of the 
tidal height  data shows that when both high tides 
breach the culvert and flush the pond  with oxygen- 
ated waters f rom the main channel, the DO is kept  
f rom undergoing extreme fluctuations (Fig. 5b). 
When the magni tude  of a high tide diminishes so 
that it no longer breaches the culvert, the pond  
depth remains relatively constant, as shown by the 
depth data f rom Azevedo Pond (Fig. 5a). As the daily 
solo flushing event shifts to the later a f te rnoon/ear ly  
evening, it allows the midday peak in DO to reach 
levels well above saturation, followed by suboxic con- 
ditions during the pre-dawn hours  when no flushing 
occurs. The  influence of main channel  flushing dur- 
ing a hyperventilation event can be seen as a sec- 
ondary, early evening shoulder  on the DO curve 
(Fig. 5b). 

Yearly weather  pa t te rns  have p r o f o u n d  effects on 
these types of dynamic  and product ive coastal sys- 
tems. T h e  most  influential  physical condi t ions driv- 
ing the biological metabol i sm of Azevedo Pond  ap- 
pear  to be light intensity, water t empera tu re ,  and  
tidal mixing. These  diel hypervent i la t ion  or ex- 
t reme DO fluctuat ion events do not  occur  in Azev- 
edo Pond  dur ing the cooler  m o n t h s  of  N o v e m b e r  
th rough  April, dur ing times of decreased light in- 
tensity and  air t empera tures ,  or dur ing t imes of 
s t rong diurnal  tidal mixing. Low light per iods  
caused by heavy fog condit ions in the late spring 
and  early s u m m e r  seem to prevent  Azevedo Pond  
f rom exper ienc ing  ex t reme  oxygen f luctuat ion 
events, even when  the tidal cycles appea r  to be ide- 
al. T h e  1998 diel-sampling event followed an un- 
seasonably wet winter and cool spring b rough t  on 
by E1 Nifio conditions.  In  compar i son  to the pre- 
vious years of  DO data f rom Azevedo Pond,  1998 
e x p e r i e n c e d  on ly  two h y p e r v e n t i l a t i o n  events  
where  the noc tu rna l  suboxic condi t ions  persisted 
for longer  than 3 h. In contrast,  the previous two 
wa rmer  seasons each exper ienced  four  to five 
events, where  oxygen f luctuat ions were over 650 
laXM (approximate ly  300% saturat ion) and  suboxic 
condit ions persisted for as long as 11 h. 

BIOGEOCHEMIGAL CYCLING 

Physical Parameters 

A thermocl ine  is created within Azevedo Pond  
dur ing warm, sunny days. T h e r m a l  stratification 
within the p o n d  is a p p a r e n t  (Fig. 6) approx imate ly  
45 rain pr ior  to the late a f t e rnoon  flushing event, 
following which the the rmal  stratification is de- 
stroyed. The  in situ sensor is located approx imate ly  
0.5 m above the bo t tom of the pond ,  and was 
poised at the top of the the rmoc l ine  at this time. 

A high tide of  1.68 m on July 17 b reached  the 
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Fig. 6. Vertical profile of temperature taken at 1500,July 17, 
1998. Inflow of water from the main channel began at 1545. 

culvert connec t ing  Azevedo Pond at 1545, mixing 
the water co lumn and el iminat ing the rmal  strati- 
fication. T h e  inflow cont inued  for nearly 3.5 h and  
resulted in a co r respond ing  dep th  change f rom 
0.76 to 1.12 m (Fig. 5a). During this f lushing event 
the vo lume  of water  within Azevedo Pond  m o r e  
than doubled,  in t roducing  water  f rom the main  
channel  with relatively low nu t r i en t  concent ra t ions  
and  DO levels close to a tmospher ic  equil ibrium. 

Biological Parameters 
Dissolved oxygen reached  a m a x i m u m  value of 

346 IJoM (185% saturat ion) at approx imate ly  1400 
on July 17 (Fig. 7), and  then  began  to drop,  pre- 
sumably due to the coupl ing of decreased photo-  
synthetic oxygen p roduc t ion  and  high respirat ion 
rates. Dissolved oxygen values decreased to ap- 
proximate ly  200 pa l  (near  saturat ion) in response  
to the mid-a f t e rnoon  flushing event. The  DO con- 
centrat ions fur ther  decl ined to non-detec table  lev- 
els and  suboxic condi t ions  were sustained for over 
3.5 h (approximate ly  0320 to 0700) on the morn -  
ing of July 18. Early in the sampling,  p H  values rose 
f rom 7.33 to 7.97 in less than 6 h (Fig. 7). This  
rapid p H  change is in response  to the intense pho-  
tosynthetic COe fixation and changes  in the car- 
bona te  chemis t ry  within the pond.  At night,  res- 
p i ra t ion reverses the process,  subsequent ly  decreas- 
ing pH.  Seasonal  increases in p H  values have been  
corre la ted to dinoflagel late  b looms in coastal en- 
v i ronmen t s  (Hinga  1992), and  this data  illustrates 
the same p H  t rend on a daily cycle where  the pho-  
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Fig. 7. DO and p H  values at 15 rnin sampling resolution in 
Azevedo Pond during the d id  sampling study of July 17 and 
July 18, 1998 (data provided by ESNERR). 

tosynthetic organisms are a combina t ion  of phy- 
toplankton,  benth ic  algae, and macrophytes .  

T h e  two potent ia l  biol imit ing macronu t r i en t s  
for cell growth (N and P) also exhibi t  marked  diel 
cycling (Fig. 8). A m m o n i u m  exhibits m a x i m u m  
concent ra t ions  of over 7 pM f rom approx imate ly  
0700 to 1400 on July 17 and again f rom 0430 to 
the end of the sampl ing  per iod (0900) on July 18 
(Fig. 8a). Phospha te  displays a similar diel curve as 
a m m o n i u m ,  with m a x i m u m  concent ra t ions  close 
to 5 g/V[ (Fig. 8b). T h e  m a c r o n u t r i e n t  m i n i m u m s  
are associated with the flushing event at 1545, 
when  the high tide on July 17 b reached  the culvert 
of Azevedo Pond,  in t roducing  over 10,000 m s of 
nu t r ien t -deple ted  water  (Fig. 8a,b). The  nutr ients  
within Azevedo Pond  have a fixed N:P ratio of ap- 
proximate ly  2.8, a value far below the Redfield ra- 
tio requi red  for photosynthet ic  growth, illustrating 
a large excess of  P in this system. 

A m m o n i u m  is the dominan t  N species in the sys- 
tem dur ing this sampling period,  and in fact his- 
torical data f rom a nearby  site in 1971 (Smith 
1973) and o ther  1998 data (Beck and  Bru land  un- 
publ i shed  data) also show a m m o n i u m  concentra-  
tions exceeding  those of ni trate  and  nitrite dur ing 
the s u m m e r  months .  The  variability of  inorganic  
m a c r o n u t r i e n t  concent ra t ions  in Azevedo Pond is 
the result  of  biological activity, coupled with the 
in t roduct ion  of relatively nut r ien t -deple ted  water 
into the system during high tidal events. The  vari- 
ability is due to f luctuat ing uptake  and assimilation 
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troducing nutrient deplete water with oxygen concenU-ations 
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of reactive inorganic  substances during the hours  
of net  p r imary  p roduc t i on  and  regenera t ion  of dis- 
solved nutr ients  back into the water  co lumn  dur ing 
the t imes that  respirat ion is dominant .  

Nitrate  and nitrite concent ra t ions  within the wa- 
ter co lumn are at low levels (<  9 I~M) (Fig. 8a). 
Nitri te levels slightly exceed NO~ dur ing the 
m o r n i n g  and  early a f t e rnoon  on July 17. Shortly 
after tidal flushing, ni trate values are h igher  than 
nitrite and show a steady decrease t h r o u g h o u t  the 
night,  possibly due to denitr if icat ion dur ing subox- 
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ic periods.  This  data  suggests that the flushing 
events and the sed iments  may be cont r ibut ing  to 
the flux of these species�9 

Redox Species 

We investigated a sequence  of redox-sensitive el- 
ements  to examine  changes  in the chemis t ry  as- 
sociated with the sustained per iods  of suboxia  in 
Azevedo Pond.  Aerobic  organisms (both eukary- 
ores and  prokaryotes)  reminera l ize  organic mat te r  
unde r  oxic conditions.  Following the near  deple- 
tion of DO, facultative anaerob ic  bacter ia  are able 
to utilize o ther  energy yielding reduct ion  react ions 
to cont inue  the oxidat ion of photosynthet ical ly  de- 
rived organic material .  Al though  denitr if icat ion 
and  dissimilatory nitrate reduct ion  have been  
found  to be a significant source  of e lectron accep- 
tors for anaerobic  bacter ia  (Fiaderiro and  Strick- 
land 1968; Cline and  Richards 1972; Froelich et al. 
1979) (Fig. 3), the low nitrate  levels detected sug- 
gest that  the reservoir  of  ni trate  was insufficient to 
fuel metabol ic  activity within Azevedo Pond.  T h e  
response  to suboxic condi t ions  of the c o m p o u n d s  
investigated he re  ( iodate ( ( IOs-)  I(V)):  iodide 
( ( I )  I( I)) ,  Mn(IV) oxides: dissolved Mn > ,  and  
Fe(III)  oxides: dissolved Fe z+) can be detected by 
marked  increases in concent ra t ions  of  the associ- 
ated reduced  species within the water  column.  
Photosynthet ic  activity in the m o r n i n g  results in a 
net  increase in D O  levels and  pe of the water col- 
umn,  making  the reoxidat ion  of the r educed  spe- 
cies the rmodynamica l ly  favorable. 

Iodi,ze. The  IOs ( I ( + V ) ) / I  ( I ( - I ) )  redox  cou- 
ple has been  shown to be a powerful  indicator  of 
suboxic condit ions for two main  reasons. First, the 
h igh-energy yield associated with the transfer  of 
the 6 e lectrons predicts  that the conversion of IO s- 
to I -  will occur  shortly following the onset of  su- 
boxic conditions,  and second,  the concent ra t ion  
f luctuat ions of  the r edox  pairs are relatively con- 
servative. This  is due  to negligible biological up- 
take, min imal  particle scavenging (both oxidized 
and  r educed  fo rms  are dissolved anions) ,  and  no 
significant in te rmedia te  species. Essentially all of 
the IO s- concent ra t ions  reduced  will appea r  as I -  
(Liss et al. 1973; Rue et al. 1997). 

In  Azevedo Pond,  the total iodine concent ra t ion  
r e m a i n s  re la t ive ly  c o n s t a n t  at a p p r o x i m a t e l y  
0.71J2VI. T h e  comple te  reduct ion  of IOn- to I -  ap- 
pears  to occur  within 3 h of  the onset  of  suboxic 
conditions,  illustrating the rapid response  of this 
r edox  couple  to the onset  of suboxic condi t ions  
(Fig. 9a). The  oxygen levels fall below 10 p,M at 
0230, which results in a rapid decrease in IO~ and 
a co r respond ing  increase in I-.  T h e  reduct ion  rate 
of the iodine species was calculated to be on the 
order  of 0.05 poM h a. The  initial response  of the 
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Fig. 9. T i m e  ser ies  o f  the  i o d a t e / i o d i d e  r e d o x  c o u p l e  (a) ,  
d issolved Mn c o n c e n t r a t i o n s  (b) ,  a n d  d issolved Fe c o n c e n t r a -  
t ions  (c) in A z e v e d o  P o n d  d u r i n g  the  diel  s a m p l i n g  s tudy  o f  

Ju ly  17 a n d  Ju ly  18, 1998. 

IOs / I  couple  to the oxygen deple t ion  appea r s  to 
take place at least 0.5 h pr ior  to the initiation of 
Mn oxide reduct ion ,  consistent  with the progres-  
sion of pe and the associated e lements  (Fig. S). 

The  oxidat ion of I to IO s dur ing the subse- 



quen t  oxygenated  per iod  was markedly  slower than 
the reduct ion  of IOs-  to I -  dur ing the suboxic 
event. In the m o r n i n g  hours  of  July 17, 99% of 
iodine species are in the reduced  fo rm ( I ) ,  indi- 
cating the p resence  of suboxic conditions. The  io- 
date concent ra t ions  show a small steady increase 
dur ing the m o r n i n g  hours  following the increasing 
DO levels, with the iodate fract ion increasing f rom 
1% to approx imate ly  15% of the total iodine. T h e  
a f t e rnoon  flushing event  essentially equalizes the 
IOs / I  concent ra t ions  and  they r ema in  relatively 
ba lanced for  over 9 h. T h e  failure of  the water  col- 
u m n  to oxidize nearly 0.g p,M of iodide dur ing su- 
persa tura ted  oxygen condi t ions suggests that  the 
oxidat ion kinetics were not  fast enough  to conver t  
all of  the I -  back to IO s- pr ior  to the nex t  suboxic 
event hours  later. T h e  oxidat ion rate  l imitat ion is 
fu r ther  suppor t ed  by the data collected towards 
the end of the sampl ing  study on July 18, where  
the IO  s- concent ra t ions  are still low, but  the DO 
levels have reached  100 poM. These  findings sup- 
por t  previous research conduc ted  in a reduc ing  
fjord (Emerson  et al. 1979), which suggested that  
r edox  couples  ( including I O s - / I - )  in the anoxic 
bo t tom waters at tained t he rm odynam i c  equilibri- 
um,  but  that  the relatively slow oxidat ion kinetics 
p reven ted  the overlying oxygenated waters f rom 
reaching  a steady state. These  data suggest that  the 
IOs / I  redox  couple can be a s trong indicator  of 
decreases in pc, but  the ability of I O s - / I -  to ac- 
curately indicate the t iming of water co lumn re- 
oxidat ion on diel t ime scales is l imited by the slow 
oxidat ion kinetics of  iodide. 

Ma,zgar~ese arid [ror~. Manganese  and  i ron are mi- 
cronutr ients ,  as well as e lements  whose chemical  
speciat ion in natural  waters is control led by r edox  
transitions between dissolved r educed  forms  and  
oxidized part iculate  forms. In oxygenated aquatic 
systems, m a n g a n e s e  and  iron exist primari ly as pre-  
cipitates (Mn(IV) and Fe(III)  oxides),  and at low 
pe (suboxic conditions) can be reduced  to dis- 
solved Mn( I I )  and Fe(II) .  

T h e  diel dissolved Mn concent ra t ions  dur ing the 
July sampl ing  study appea r  to r e spond  to the oxy- 
gen concent ra t ions  within the p o n d  (Fig. 9b),  with 
m a x i m u m  values co r r e spond ing  to times of non-  
detectable  D O  levels. Prior  to the tidal f lushing of 
relatively Mn deple ted  water  (1.13 >M), the dis- 
solved Mn removal  rate in Azevedo Pond  was ap- 
proximate ly  1.0 p2Vi h 1, result ing in a 5 pAM de- 
crease in dissolved Mn. Dissolved Mn concentra-  
tions began  to increase significantly when  DO con- 
centrat ions had been  sustained below detect ion 
limits for nearly 1 h. The  rate of dissolved Mn in- 
crease r anged  f rom 0.5 to 0.7 b~M h -1 during su- 
boxic conditions. 

Fe reduc t ion  is the rmodynamica l ly  less favorable 
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than ei ther  iodate or Mn(IV) reduct ion  react ions 
(Fig. 3), and  previous investigations in oxygen min-  
i m u m  zones  suggest that anoxic condi t ions  may be 
necessary for the reductive dissolution of part icu- 
late iron (Landing and Bruland 1987; Lewis and  
Landing  1991; Rue et al. 1997). In contrast  to oth- 
er observations,  Fig. 9c illustrates a 100 nM varia- 
tion in dissolved Fe concent ra t ion  in response  to 
the changing  o x i d a t i o n / r e d u c t i o n  potent ia l  of 
Azevedo Pond.  T h e  magn i tude  of dissolved Fe cy- 
cling was 40-fold less than that of dissolved Mn. In 
contrast  to dissolved Mn, times of essentially corn- 
plete removal  of  dissolved Fe f rom the water col- 
u m n  co r r e sponded  to DO values above saturat ion 
(with the except ion of the initiation of the flushing 
event).  Dissolved Fe concent ra t ions  displayed a 
ma rked  increase in response  to the suboxic con- 
ditions until  photosynthet ic  activity began  to rein- 
t roduce  DO into the water  co lumn  the following 
morn ing .  

In order  for the water co lumn to be in a truly 
anoxic  state, the microbial  communi ty  mus t  begin  
to utilize SO4 z- as a p r imary  e lect ron acceptor  to 
oxidize organic matter.  N o n e  of the samples  col- 
lected dur ing the suboxic event  appea red  to con- 
tain the reduced  sulfide species (HzS, HS- ,  or $2-). 
The  lack of any distinct ro t ten  egg odor  ( f rom 
HzS ) within the water samples  collected leads us to 
believe that  Azevedo Pond  may have r ema ined  a 
suboxic water co lumn dur ing this par t icular  sam- 
pling study. 

The  marked increase in dissolved Mn and Fe con- 
centrations during the suboxic event may be ex- 
plained by two possible mechanisms; reduction of 
Mn and Fe oxides associated with particulate organic 
carbon (POC) in the water column and surficial sed- 
iments (Johnson et al. 1999) a n d / o r  the diffusion 
of these dissolved ions from the underlying porewa- 
ters (Hunt  and Kelly 1988). Figure 10 presents a the- 
oretical illustration of the diel migration of the oxic/  
suboxic boundary  within the water column in Azev- 
edo Pond. During times of non-detectable levels of  
oxygen, there would be no chemical barrier  between 
the sediments and the water column, resulting in in- 
creased dissolved flux of reduced species f iom the 
sediments upward. As pr imary productivity increases 
oxygen concentrations, the oxic/suboxic boundary  
is suppressed to some depth in the water column, or 
even into the surface sediments. The  positioning of 
the oxic/suboxic boundary  at the sediment /water  
interface has been  shown to suppress simple diffu- 
sion of dissolved species f rom the deeper, truly an- 
oxic sediments into the overlying water column (Ep- 
ping et al. 1998). We are unable to decipher  the 
relative contribution of porewater  diffusion and wa- 
ter  c o l u m n / s u r f a c e  s e d i m e n t  r e d u c t i o n  on the  
marked increases of dissolved Mn and Fe measured 
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Fig. 10. A schemat ic  i l lustrating the migra t ion  of the  ox ic /  
suboxic b o u n d a r y  within Azevedo P ond  on a diel tinle scale. 
When  respirat ion domina t e s  the  oxygen concen t ra t ions  in the  
early m o r n i n g ,  tile ox ic / subox ic  b o u n d a r y  is essentially elimi- 
nated.  Dur ing  these times, there  may  be an increased  diffusive 
flux o f  dissolved ions  fronl  the  sed imen t s  into the  overlying wa- 
ter co lumn.  As pho tosyn the t i c  rates increase du r ing  the  daylight  
hours ,  oxygen p roduc t ion  in the  surface waters suppresses  the  
ox ic / subox ic  b o u n d a r y  toward the  sediments ,  potentially de- 
creasing diffusion of dissolved c o m p o u n d s  f r o m  the under ly ing  
pore  waters. 

in the water column. If we assume a diffusional co- 
efficient of 1.5 X 10 -6 cm 2 s -1 (Bender 1971) for 
dissolved Mn and Fe, we can estimate the character- 
istic time required for the upward diffusion of dis- 
solved trace metals over 1 cm of sediment to be on 
the order of 10 ~ d. On  diel time scales, the strict 
diffusional contribution of the increased concentra- 
tions of dissolved trace metals is limited to the upper  
few millimeters of the sediments, but the role of ad- 
vective processes may provide an additional transport 
mechanism of dissolved trace metals from the pore- 
waters into the overlying water column. 

One  of the most interesting geochemical obser- 
vations to emerge from this study is the relatively 
rapid rate of dissolved Mn removal measured during 
the daytime oxygenated conditions within Azevedo 
Pond. Mn(II) is thermodynamically unstable in the 
presence of O> but oxidation rates are considered 
to be relatively slow at the pH of most natural waters 
(Emerson et al. 1979; Stumm and Morgan 1996). 
Previous investigations have determined that Mn (II) 
oxidation in seawater is predominately microbially 
mediated (Sunda and Hunstman 1987; Tebo 1991) 
and as a result can be much faster. From a study in 
the coastal waters of the Bahamas, Sunda and Hunts- 
man (1990) concluded that Mn-oxidizing bacteria 
are photoinhibited and oxidation rates in the surface 
photic zone are greatly reduced during the daylight 
hours. These high dissolved Mn removal rates ob- 
served in this study suggest that a different process 
may be occurring in wetland environments. Char- 
acterizing the mechanisms controlling the marked 

degree of Mn cycling was beyond the scope of this 
project, but observations suggest that additional re- 
search on dissolved Mn removal processes occurring 
within shallow estuarine systems may be justified. 

Conclus ions  

Shallow estuarine and wetland systems can be ex- 
tremely dynamic, and any attempts to monitor  the 
health of these environments need to assess the d id  
variations inherent in such ecosystems. As the data 
herein illustrate, extreme diel variations in dissolved 
oxygen, pH, temperature, nutrients, and redox-sen- 
sitive trace elements can exist in productive aquatic 
environments .  Temporal ly  variable water quality 
monitoring schedules will provide a more compre- 
hensive data set when assessing the health of such 
systems. Using Azevedo Pond as an example, if water 
samples were collected at 0700 on a weekly basis, the 
data would suggest that the subject system be char- 
acterized as a hypoxic environment with elevated 
concentrations of reduced manganese and iron. If 
weekly water samples were collected at 1400, the data 
would suggest that Azevedo Pond is supersaturated 
with respect to oxygen, with relatively low dissolved 
Mn and Fe concentrations. 

Future research of ox ida t ion / reduc t ion  process- 
es within estuarine ecosystems should focus on the 
mechanisms controll ing ioda te / iod ide  and Mn re- 
dox reactions. Are these processes microbially me- 
diated, or are microbes gaining energy from these 
reactions as they proceed  in response to the pe of 
the water column? As we cont inue to gather knowl- 
edge about  the cyclic nature of biogeochemistry,  
we should include shallow estuarine ecosystems in 
the array of natural environments  investigated 
when ponder ing  the mechanisms that control  a 
significant por t ion  of the aquatic inorganic chem- 
ical cycling. 

Using an average DO increase of 500 pal  f rom 
sunrise to midday during a typical hyperventi lat ion 
event, a min imum estimate of net  productivity in 
Azevedo Pond is 4.8 g C m -~ d -1 (the max imum 
productivity actually occurs during an 8-h period).  
This pr imary productivity value is consistent with 
other biomass estimates of wetland systems, includ- 
ing the value of 8.6 g C m e d ~ proposed  by 
H o u g h t o n  and Skole (1990). The extreme oxygen 
fluctuations measured in Azevedo Pond would not  
be found in nutrient-limited systems. Nor  would 
the hyperventi lat ion events be detectable in rela- 
tively deep, well-mixed systems with a larger DO 
reservoir. The combinat ion of an th ropogen ic  nu- 
trient enr ichments  and tidal flow alterations in 
shallow estuarine systems can severely impact  the 
ability of wetland systems to funct ion as productive, 
yet stable ecosystems. 

The hyperventi lat ion events occurr ing in Azev- 
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e d o  P o n d  a r e  t h e  r e s u l t  o f  a s h a l l o w  w a t e r  c o l u m n ,  
n u t r i e n t  e n r i c h m e n t s ,  a n d  p e r i o d i c  d e c r e a s e s  i n  
w a t e r  c o l u m n  m i x i n g .  T h e s e  d a t a  b r i n g  to l i g h t  t h e  
c h e m i c a l  a n d  p o t e n t i a l  e c o l o g i c a l  i m p l i c a t i o n s  as- 
s o c i a t e d  w i t h  t i d a l l y - r e s t r i c t e d  a n d  n u t r i e n t - e n -  
r i c h e d  m a r s h  a r ea s .  I n  t h e  i n s t a n c e  o f  A z e v e d o  
P o n d ,  s u s t a i n e d  p e r i o d s  o f  s u b o x i a ,  c o u p l e d  w i t h  

e l e v a t e d  l eve l s  o f  v a r i o u s  t r a c e  m e t a l s ,  m a y  h a v e  
d e t r i m e n t a l  e f f e c t s  o n  t h e  l o c a l  eco logy ,  S p e c i e s  
d ive r s i t y  m u s t  b e  a d v e r s e l y  a f f e c t e d  w h e n  r e s i d e n t  

o r g a n i s m s  a r e  f o r c e d  to su rv ive  w i t h o u t  D O  f o r  p e -  
r i o d s  o f  u p  to 10 h,  M a n a g e m e n t  d e c i s i o n s  c o n -  
c e r n i n g  w e t l a n d  r e s t o r a t i o n  a n d  m i t i g a t i o n  n e e d  
to c o n s i d e r  t h e  n e c e s s i t y  o f  p r o p e r  w a t e r  c i r cu l a -  

t i o n  a n d  d e c r e a s e d  n u t r i e n t  l o a d i n g  in  o r d e r  to 
m a i n t a i n  t h e  f u n c t i o n a l  h e a l t h ,  a n d  t h e r e f o r e  t h e  
e c o l o g i c a l  d ive r s i ty  o f  t h e s e  sy s t ems .  
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