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Abstract. The metabolic balance of the open waters sup-main migratory routes of European birds (Hollis and Jones,
porting submerged macrophytes of thefflana marsh (SW 1991; Barnes, 1991; Skinner and Zalewski, 1995). These
Spain) was investigated in spring, when community produc-ecosystems also provide important goods and services to so-
tion is highest. The marsh community (benthic + pelagic) ciety, such as hunting, fisheries, pastures for livestock graz-
was net autotrophic with net community production rates av-ing, tourism and recreation (Skinner and Zalewski, 1995;
eraging 0.61 g C m?d—1, and gross production rates exceed- Grillas et al., 2004). The high animal biomass supported
ing community respiration rates by, on average, 43%. Netby Mediterranean wetlands implies high production (van
community production increased greatly with increasing ir- Vierssen, 1982).
radiance, with the threshold irradiance for communities to Primary producers in shallow <1l m) Mediterranean
become net autotrophic ranging from 42 to 255 puE2sr L, marshes, including Cfana, comprise mostly emergent helo-
with net heterotrophic at lower irradiance. Examination of phytes and submerged macrophytes (Characeae, Ruppiaceae,
the contributions of the benthic and the pelagic compart-Zannicheliaceae Van Vierssen, 1982; Grillas, 1990; Gril-
ments showed the pelagic compartment to be strongly hetlas and Rocl, 1997; Grillas et al., 2004; Duarte et al.,
erotrophic (averageP/R ratio=0.27), indicating that the 1990; Garcia Murillo et al., 1993), as well as, poorly doc-
metabolism of the pelagic compartment is highly subsidisedumented, planktonic and benthic microalgae. While the
by excess organic carbon produced in the strongly auimportance of emergent macrophytes as primary produc-
totrophic benthic compartment (averaBér = 1.58). ers has been evaluated in freshwater marshes in the past
(Keddy, 2000; Mitsh and Gosselink, 2000) the contribu-
tion of submerged macrophytes, phytoplankton, and benthic
1 Introduction microalgae remains mostly unknown. Yet, the shallow la-
goons in Mediterranean wetlands have the potential to sup-
Freshwater and brackish marshes with temporary shallow laport highly productive communities of each of these com-
goons are key ecosystems in the Mediterranean landscapePnents. Because they also support very high biomasses of
playing a regulatory role in the hydrological cycle (ground- heterotrophic organisms, respiratory demands are likely to be
water recharge and discharge, flood control), retaining sedvery high. Consequently, heterotrophic demands may exceed
iments, pollutants and nutrients, and acting as importan@uthochthonous primary production, requiring allochthonous

refuge for breeding wildlife and as feeding grounds on theinputs of organic matter to support the excess heterotrophy.
Yet, there is again a remarkable paucity of information on the

metabolic balance of Mediterranean wetlands (sépez-
Correspondence toC. M. Duarte Archilla et al., 2004)
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Aquatic metabolism is a transient feature of Mediterraneanwith temperatures reaching up to 30 in July and August.
wetlands, which are characterised by a dry phase extendinffhe marsh experiences annual, though highly variable, cy-
from the summer to the late fall, and a flooded phase fromcles of flooding (November to March) and subsequent des-
winter to early summer. Aquatic macrophytes reach theiriccation (May to June) to become fully dried during mid-
maximum biomass and activity in Mediterranean wetlandssummer. Dependence on rainfall makes inundation cycles
in spring, when community production is highestbflez-  highly unpredictable, as rainfall distribution shows an im-
Archilla et al., 2004) and consumer abundance (inverte-portant interannual variability affecting the relative duration
brates, birds, etc.) peaks. The metabolic balance at thisf the dry and flooded phases. During extreme drought peri-
particular period in the seasonal development of Mediter-ods most of the marsh remains dry, and macrophyte develop-
ranean marshes is particularly important in terms of assessinment is precluded. There is also important spatial variability
whether authocthonous primary production suffices to satisfyin the wetlands across the 298 kmf the Ddiana National
heterotrophic carbon demands. Park marshes, involving in particular a salinity gradient, with

The simultaneous evaluation of both community primary the NW sector showing the lowest salinity and the SE sec-
production and respiration of the communities is essentiakor showing the highest salinity. This gradient reflects the
to elucidate the metabolic balance of the communities andNE source of freshwater and the higher salinity in the sed-
their status as autotrophic or heterotrophic systems. If auiments at the SE sector ((Bernues,1990; Santamaria et al.,
totrophic, the system produces organic carbon in excess 0f996). This gradient imposes variability in macrophyte com-
local demands and will therefore export or accumulate or-munity structure (Duarte et al., 1990). Vegetation commu-
ganic carbon. On the contrary, if heterotrophic, the ecosys#ities in the marshes include emergent, floating-leaved and
tem will be dependent on allochthonous inputs, creating linkssubmerged macrophytes (Rivas Martinez et al., 1980; Garcia
with adjacent ecosystems (Odum and Barret, 2005). Hetet al., 1993; Espinar et al., 2002).
erotrophic aguatic ecosystems have been recently argued to During particularly dry years, the marsh remains dry,
be far more prevalent than believed in the past (Duarte angrecluding macrophyte development. Water is turbid and
Prairie, 2005). A net heterotrophic metabolism is most likely nutrient-rich at the time of flooding (Berga, 1990, San-
in unproductive ecosystems, whereas highly productive onegamaria et al., 1996), to the extent that macrophyte devel-
such as Mediterranean marshes,tend to be net autotrophigpment is precluded by the insufficient light reaching to
(Duarte and Agu$t 1998). the sediments during extreme flood periods. Transparency

Our goal was to evaluate the metabolic balance (gross priincreases subsequently by settling of suspended particles,
mary production, community respiration and net commu-and nutrients are depleted in the waters during macrophyte
nity production) and the relative contribution of submerged growth (Bernis, 1990). Submerged macrophytes colonize
macrophytes, phytoplankton, and benthic microalgae as prifrom the abundant seed banks (Grillas et al., 1993) in early
mary producers in the D@mna marsh (SW Spain), the largest spring (March-April) and form dense meadows to reach peak
marsh in the Mediterranean region (Britton and Crivelli, biomass shortly after in late April -May, parallel to evapo-
1993). We achieved this goal by measuring the daily oxy-ration and increasing salt concentration in the lagoon water
gen balance of the open waters in nine temporary zones sugmostly NaCl, conductivity 1-70 mS; Berés, 1990). Thus,
porting different aquatic communities across the marsh, andgpeak primary production occurs at a time when the lagoons
elucidating the contributions of submerged macrophytes, ané@re shallow £60cm) and depleted in dissolved nutrients
their associated epiphytes, phytoplankton and benthic mi{Santamaria et al., 1996).
croalgae. Measurements were conducted in spring when This study examined the community metabolism of the
both primary producers and consumers reach their maximunareas dominated by submerged macrophytes. Nine study
abundance. sites were established along the marsh to encompass the

widest possible range in depth, indicative of the hydrological

regime, and macrophyte abundance and species composition,
2 Study area thereby acquiring knowledge on the range of metabolic rates

and the relative contribution by different plant components.
The Ddiana marshes are comprised of shallevt fn), tem-  Seven of the sites were located in the brackish eastern sector
porary water bodies covering 298 krof the 553 knt of the of the marsh, and two of the stations located in the western
Dofiana National Park (SW Spain). The marshes constitutdreshwater sector (Fig. 1). Macrophyte biomass and commu-
one of the most important breeding localities for Europeannity metabolism were assessed at these stations in April 1991
waterfowl, supporting dense populations that include many(11 to 21 April), at the time of peak macrophyte biomass.
endangered species (Amat, 1981). The climate of the aredhe 1990-1991 hydrological cycle was characterised by an
is predominantly Mediterranean, with Atlantic influence and average extent of flooding, allowing optimal macrophyte de-
average rainfall of 580 mm, with most precipitation occur- velopment (Coleto, 2004). The Blana marsh experienced a
ring in autumn and spring. Winters are mild with an aver- dry period after the completion of this study and returned to
age daily temperature of 9°€ while summers are very dry a wet period in the 1995-1996 hydrological cycle, with dry
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Table 1. Water depth, phytoplankton and macrophyte biomass, temperature range and daily irradiance (PAR) during dtexpei@ents
in nine shallow Déana lagoons. Dominant species are macrophyte species comprising more than 20% of the biomas€harasa=
Ruppia =Ruppia drepanensidlyrio. = Myriophyllum spicatumRanunc. sRanunculus baudotiZzann. =Zannichellia obstusifolia.

Station Name Depth T range Surface irradiance Phytopl. Biomass Macrophyte biomass Dominant species
(m) ¢C) (Em2d1) (@Cm?) (@Cm2)
1 C. Travieso 0.42 19-25 a7 0.029 2 Chara
2 L. Veta Alta 0.30 14-22 53 0.019 5.8 Ruppia, Chara
3 L. Mari Lopez 0.25 15-24 50 0.016 105 Chara, Ruppia
4 L. Palacio 0.18 12-19 29 0.021 41.7 Myrio., Ranunc.
5 L. Caballero 0.24 15-23 37 0.015 20.9 Ruppia, Zann.
6 L. Ansares (W) 0.25 17-27 48 0.041 7.4 Chara
7 C. Carratoja 0.60 17-25 48 0.032 48.1 Zann., Chara
8 L. Buen Tiro 0.21 16-24 37 0.007 3.6 Ruppia, Chara
9 L. Ansares (E) 0.32 16-22 38 0.009 37.4 Ruppia
Mean 0.30 18.9 43 0.017 12.1
= ) ( termination of phytoplankton chlorophyll-a, duplicate 300—

900 ml samples were filtered onto 25 mm GF/C filters, ex-
tracted overnight in 5ml of 96% ethanol and analyzed ac-
cording to Jespersen and Christoffersen (1987). In order to
assess the microphytobenthos biomass, the uppermost 0.5cm
of each of five replicated 3.8 chsediment cores per station
was extracted in 25 ml ethanol and chlorophyll a was subse-
guently determined as indicated above.

The metabolic balance of the communities at the nine sam-
pling stations was examined following the oxygen balance

ATLANTIC OCEAN

Q sampling zones

Dofiana National Fork bourdares during one full diel period at each site. Pelagic primary
S production and respiration were measured by the oxygen

R ClE e light/dark bottle technigue using Winkler titration. We used

® SRR triplicate 125 ml BOD bottles suspended in the mid depth of

the water column for 24 h. Respiration (R) was calculated
Fig. 1. Map of the study area showing the location of the study sitesfrom the difference in oxygen concentration before and after
and the major ecological districts in the fana Park, SW Spain.  incubation in dark bottles, net community production (NCP)
from the change in oxygen concentration in light bottles, and
gross production (GP) was calculated as R+NCP. Oxygen
years, when the marsh is not fully flooded and macrophytevalues were converted to carbon units using a molar ratio of
cover in the spring is limited in 1998—1999 and 2004-2005. O, to CO, of 1.2 (Langdon, 1988), thereby allowing com-
parison with plant biomass in carbon units. Depth-integrated
values were calculated by assuming that the mid-depth incu-
3  Materials and methods bations were representative of the entire water column. This
assumption is reasonable because of the shallow water col-
Macrophyte biomass was calculated at each station, fronymn (18- 60 cm, Table 1) and the low light extinction coeffi-
three random core samples taken using a 15 cm diameter irfient (0.3-1.6 m?) of the waters.
ternal diameter corer. The plants were sorted to species, dried Whole-system metabolism was calculated from diurnal
overnight at 108C and weighed. Carbon content of the dif- measurements of oxygen, temperature, irradiance, and wind
ferent species was measured on a Carlo Erba CHN-analyzegpeed by a setup consisting of an oxygen electrode with stir-
allowing calculation of the total macrophyte carbon biomassrer and thermistor (Syland 4000), one quantum sensor in
per square meter. pH and conductivity were measured in sitair and one submerged (LI-COR) to the upper level of sub-
using calibrated WTW" pH and conductivity meters. merged vegetation, and a cup anemometer (Thies Clima). All
Phytoplankton and microphytobenthos biomasses weraensors run on batteries and were connected to a datalogger
calculated from chlorophyll-a measurements, assuming gLI-COR, LI-1000) recording data at 5s intervals. The data
carbon to chlorophyll ratio of 50 (Lorenzen, 1968). For de- were averaged over 30 min intervals to filter out noise due,
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for instance, to cloud passage. Calculations of whole system o3
oxygen metabolism followed principles of Odum and Hoskin
(1958) and Odum and Wilson (1962). For every 30min net o=
oxygen production (NCRyiod, 9 Oz m~2) was calculated as:

0.2

NCPoeriod=(Cn+1—Cp)d + F () 1)

K, (m h)

whereC, and C,,1 are oxygen concentrations (g @ 3)
over two successive sampling intervalds water depth (m),
F is the calculated oxygen flux from the water to the at-
mosphere (g @m~2h~1), and: is the incubation time (h).
Daily net production (NCP, g &m—2d1), was then calcu- 0 1 2 s 4 5 6
lated as the sum of 48 successive half-hour periods. Wind speed (m s7)

Daily respiration R, g O, m~2d~1) was calculated from
the decline in oxygen during the night, resulting in negative Fig. 2. The re-aeration coefficient for oxygen exchange between
estimates of net production during the night (NgRs, atmosphere and water as a function of wind speed.

R=—NCPyry 124 (2)
by solving Eq. (3) and the resulting relationship betwé&en

wherery is the duration of the night calculated from the num- and wind speed = 104) was fitted by nonlinear regression
ber of periods with surface irradianee1 pEm2s~1. Res- to a power function of the form

piration is a temperature sensitive process and the lagoons

show large diel temperature fluctuations. Calculation of daily Ko=a +bW¢ (5)

respiration from values obtained during the night is neverthe- ) )

less reasonable, because the temperature amplitude durir’{ﬂ“erf‘" b, and ¢ are constants andv is wind speed

the night is usually the same as during the day, and the meaf"S "), Yielding the estimated parameters a= 0.0117h h

temperature during night and day did not usually differ by ? = 0'100,27 and =2.57 for wind speeds between 0.5 and 5.0

more than one degree Celsius. Daily gross production (GP§1 S~ With an P value of 0.92 (Fig. 2). . ,

was calculated as the sum of respiration and net production, B€nthic community metabolism was estimated as the dif-
The flux (F) of oxygen across the surface from water to ference between whole system and pelagic metabolism.

air was calculated as

F=Ky(C,—Co) 3) 4 Results and discussion
The nine lagoons studied were all shallow (0.18—0.60 m) and
differed considerably in submerged macrophyte biomass (2—
48 g C n2) and community structure (Table 1), encompass-

_ing the range of conditions encountered within the marsh (cf.

gernL'es, 1990; Duarte et al., 1990; Grillas et al., 1993). The

waters had all high pH (8 to 10.3, Table 1) and ranged three-
fold in conductivity (2500 to 6780 uS cm, Table 1).

where Cs is the saturation concentration of oxygen (g O
m~3) at actual temperature and salini€ is the actual mea-
sured concentration ankl, is the reaeration coefficient (m
h—1). The reaeration coefficient for oxygen across lake sur
faces depends mainly on wind speed (Gromiec, 1989). Th
relationship betweelk, and wind speed was determined in

an experimental setup consisting of an anemometer and . :
Phytoplankton concentrations were consistently low

floating basin fitted with an oxygen electrode and a ther- 3 S
mistor. The basin was made of thick oxygen—impermeable(<3rng chlorophyll-a m*, Table 1) yielding low phy-

plastic material, with a diameter of 0.46 m and 35cm deep,gog!;{'ktgn 2'0;”‘;‘55 1'” tlt]/le shaIrI]O\;v \E)v_ater colfumn (0'036(;
containing 56 L of oxygen-depleted water in contact with the gCm<, Table 1). Macrophyte biomass far exceede

atmosphere. The time course of the increase in oxygen Corphytoplankton bipma_ss by 69-4200 fold. The ch.I(_)rophyII.
gontent of benthic microalgae could not be quantified as it

logged as described for the metabolic measurements and tHeas below the detection limit of 1 mg _chlorqphyll-a?n .
Water temperature was up to 10 higher in the evening

air-water oxygen flux £, which in this case is negative) was . : o
yg k g ) than in the morning (Table 1). Oxygen concentration in the

calculated as, water column reached between 12 and 20 mad-O" during
F=(Cp—Cpy1)VA L1 (4) daytime in the different lagoons and it dropped to between
4 and 8 mg @ L~ during the night. The oxygen amplitude
whereV is the water volume enclosed $n A is the sur-  ranged from 35 to 240% of air saturation. Daily irradiance
face area () of the basin, and is the time period between and temperature varied considerably during sampling, prob-
successive sampling steps, afidandC,11 are the oxygen ably contributing to the measured variations in community
concentrations in successive sampling stéfswas derived = metabolism among the different lagoons (Table 1).
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Table 2. Daily net community production (NCP), gross production (GP), and community respir&)asf (he pelagic, benthic and entire
communities in nine shallow D@na lagoos, based on 24 h @easurements. All rates in g Crad— 1

Station Pelagic Benthic Total
NP GP R NP  GP R NP  GP R

1 —0.15 0.09 024 054 1.04 050 038 112 0.74
2 —0.06 0.04 0.09 123 1.96 0.73 117 2.00 0.82
3 —0.08 0.06 0.14 020 134 114 0.12 140 1.28
4 —-0.12 0.01 0.14 0.17 2.26 208 005 227 222
5 —0.18 0.04 022 045 142 0.97 0.27 147 119
6 —-0.12 0.10 0.22 0.28 1.08 0.80 0.16 1.18 1.02
7 1.23 4.69 347 109 4.74 3.65
8 —0.16 0.02 0.19 134 2.06 0.71 118 2.08 0.90
9 —-0.22 0.02 024 131 1.95 064 109 198 0.89
Mean —-0.14 0.05 0.18 0.73 1.98 125 061 203 141

5 : : , : —0.14gCm?2d-1, Table 2) whereas the benthic com-
munity was net autotrophic at all stations (average net
production 0.73gCm?d~!, Table 2). Benthic gross
production exceeded 40-fold that of phytoplankton (Table 2)
- in agreement with the low phytoplankton biomass, whereas
3l | benthic respiration exceeded planktonic respiration by only
7-fold (Table 2). Though phytoplankton biomass was low
(Table 1), our estimates of pelagic production (Table 2)
2r 1 showed a close relationship to planktonic biomass(.80,
P =0.02). The ratio of gross pelagic production to phyto-
plankton biomass was about 2—3 day indicating a fast
o, ? e’ turnover of the phytoplankton biomass. This indicates that
Net autotrophic phytoplankton growth was rapid, but that loss processes,
0 L L L L likely grazing, maintain phytoplankton biomass low. This
0 ! 2 : ! ° suggestion is consistent with the observation of dense (up to
Gross Production (g C m2d) 80 ind. L™1) swarms of cladoceran zooplankton. Accepting
a clearance rate of 1 ml individuaih—! (Lampert, 1987),
Fig. 3. The relationship between community respiration and grossthis zooplankton density should be able to clear the water
production in the nine lagoon communities. The open symbolcolumn twice a day, balancing the estimated phytoplankton
shows the mean value. growth rate.
The three-fold greater pelagic respiration rates relative to
] ] ] gross production suggests that heterotrophic organisms at
Gross primary production of the community ranged 4- this time of the year must rely on other carbon sources, most
fold among the nine lagoon communities (1.12-4.69 g'é M Jikely organic carbon released from living and decompos-
d~!,Table 2), and exceeded community respiration in all ofing macrophytes incorporated by bacteria. Pelagic respira-
the sites by about 40% on average (Table 2), thereby yieldingjon, exceeded production by, on average, 0.014 g€dr?
autotrophic communities supporting net production rates betorresponding to only about 1% of the standing macrophyte
tween 0.05 and 1_-18907‘% _d_l (Fig. 3, Table 2). Only one  piomass. This demand could be easily satisfied solely by
of the sites was in approximate metabolic balance, despit@ytracellular organic carbon released from the plants. Turner
supporting high macrophyte biomass (Tables 1 and 2). Gros§1978) found, for example, a leakage of 1-2% of the Spartina
production and respiration ratt_as_were positively correlated,jomass per day, similar to reported for a variety of sub-
(=0.89,P=0.001, Fig. 3). This is often observed (Duart¢ merged macrophytes by Sgndergaard (1981). Both respi-
and Agust 1998), because high plant biomass concurrentlyyation and gross production remain sizeable at macrophyte
provides high gross production and respiration rates, and b&yiomasses approaching zero, indicating that sediment com-
cause high primary production also provides the organic subpypjties (e.g. benthic microalgae and heterotrophs) are sig-
strate for extensive respiration by heterotrophic organisms. pificant contributors to community metabolism.
The planktonic community was, in contrast, con-
sistently net heterotrophic (average net production

Net heterotrophic

Respiration (gCm2d?)

3 © Mean
%
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Fig. 5. Changes in hourly net community (benthic + pelagic) pro-

duction (full circles) and gross production (open circles), calculated
_ _ _ _ _ ) as net community production minus temperature-corrected respira-
Fig. 4. The relationship between the ratio of daily benthic gross tion rates in Mari lbpez Lagoon as a function of irradiance along

production to macrophyte biomass and macrophyte biomass in théhe course of the day (i.e., the direction of the arrow in the full cir-
nine lagoons. cles).

Macrophyte Biomass (g C m2)

The ratio of benthic gross production to macrophyte respiration rates on water temperature, leading to higher res-
biomass was very high >0.12d™!) for macrophyte piration rates in the warmer waters in the afternoon than in
biomasses below 10 g CTh and declined to 0.05-0.10°¢ the cooler waters in the morning. During a sunny day the
for macrophyte biomasses above 20 g &nfFig. 4). Ac- water temperature increased by 8 to°@and declined by
counting for macrophyte respiration and some (but small)a similar extent during the night (Table 1). We found, by
contribution of microphytobenthos at high macrophyte fitting an Arhenius equation to the field data obtained dur-
biomasses, the relative growth rates of macrophytes wouldng the night, respiration rates to increase about 3-fold for
be lower than 0.05-0.10d, which are quite high for macro- a 10°C temperature increas®@(o=2.9). Therefore, the ir-
phyte communities. Relative growth rates at these levels camadiance needed for gross production to balance respiration
be expected for shallow lagoons during rapid spring macrowas much higher in the afternoon than that in the morning.
phyte expansion (Nielsen and Sand-Jensen, 1991), whereasGross production showed the characteristic parabolic rela-
the large ratio of benthic gross production to macrophytetionship to irradiance (Fig. 5). Analysis of the irradiance-
biomass at low macrophyte abundance is clearly affected byjependence of community metabolism, standardized to
the production of epiphytes and microphytobenthos. 20°C, indicates a light compensation point for community

The fast growth rate and excess organic production postumetabolism ranging between 42 to 255 puE4s! across
lated from oxygen metabolism would allow the macrophytesthe stations, with the communities becoming heterotrophic
to develop extensive stands and produce flowers and seedg lower irradiances (Table 3). These findings suggest that
within the few months available before the marshes dry up.the communities may be often light limited, as the waters in
An analogous explosive development was observed in norththe marsh oscillate between relatively high transparency and
ern European lowland streams, which have suitable growthurbid conditions. The factors that lead to periods of high
conditions in shallow and transparent waters at low dischargeurbidity and light limitation include the input of high sus-
during mid-summer (Sand-Jensen et al., 1989). pended particle loads during the flooding season in the win-

The daily community metabolic balance depends on planter; bioturbation due to trampling by wading birds and her-
biomass as well as irradiance and temperature. Besides tH@vore mammals, feeding by flamingos, present in thousands
strong diurnal oscillations, irradiance and temperature als®f birds in the lagoons, which produce turbidity plumes; and
varied among experimental days (Table 1), which may con-esuspension of very shallow sediments during windy days
tribute to the weak dependence of net production on macro{Duarte et al., 1990). Our analyses also showed that the
phyte biomass observed (Table 2). The relationship betweefaximum community production ranged from 0.37 to 1.52g
net community production and irradiance in individual diur- O2 m~2h~1 (Table 3).
nal experiments showed a hysteresis pattern (Fig. 5), involv- Our results confirm, in agreement with results for shal-
ing greater net community production rates in the morninglow waters elsewhere (Kelly et al., 1983; Sand-Jensen et al.,
compared to the afternoon for a given irradiance. The ob-1989) the dominant role of macrophytes as contributors to
served hysteresis is attributable to the strong dependence difie metabolism and primary production of the open-water
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Table 3. The photosynthetic parameters: dark respiration rEgg)( initial slope (), maximum net community production (NgRx) and
light compensation point/§) of the entire community (benthic and pelagic) in nine shallovii@ta lagoons, based on 24 h. measurements.
All measurements normalised to 20.

Station R20 o NCPmax Ic
(@o,m2h7Y) [gOh t(uEsY)] (gO,m2h7Y)  (Em2s7Y)

1 0.18 0.0016 0.37 112
2 0.12 0.0021 0.72 57
3 0.23 0.0015 0.97 153
4 0.17 0.0033 1.52 52
5 0.17 0.0026 0.49 65
6 0.09 0.0008 0.56 113
7 0.51 0.0020 - 255
8 0.21 0.0050 1.30 42
9 0.15 0.0022 0.86 68
Mean 0.20 0.0023 0.85 102

areas of the Didana marsh. The macrophyte populations be exported to be used in adjacent ecosystems with waters
also show high gross production rates (max. 4.7 g€ dr?) deep enough or turbid enough to exclude submerged macro-
conducive to fast growth, flowering and seed formation of phyte growth. Indeed, the Bana marshes includes a mo-
the plants during the short and suitable spring period besaic of clear and turbid water systems that represent alterna-
fore the lagoons dry up. Phytoplankton, although apparentiytive stable states with different metabolic functions (Duarte
fast growing, is heavily grazed and unable to meet the hetet al., 1990; Santamiaret al., 1996; Gonzalez, 1999). Clear-
erotrophic demands of the system, which appear to rely orwater habitats are dominated by submerged macrophytes,
macrophyte production for the supply of organic carbon. Be-which are shown here to support net autotrophic commu-
cause submerged macrophytes produce carbon in excess, thi¢ties. In contrast, turbid or deeper waters are devoid of
open-waters of the Ofmna marsh are, as a whole, net au- macrophytes, thereby dominated by a pelagic community,
totrophic during the main growth season in spring, whenand likely receive irradiances below the light compensation
macrophytes reach their peak development (Santamaria déor net community metabolism identified here. These tur-
al., 1996) and associated wild life is most abundant. Thebid water parcels of the Bana marsh are, therefore, likely
metabolic rates obtained for the marsh here are not as higto act as heterotrophic communities, requiring external car-
as metabolic rates derived for other aquatic ecosystems in theon inputs. These heterotrophic parcels of the mosaic of
Doiiana National park, such as the hypertrophic Santa Ollalahe ecosystem within the Bi@ana marshes require external
lagoon, supporting high gross primary production (averageorganic carbon inputs to meet their heterotrophic demands,
2.9gCnr2d 1), but net heterotrophic communitieshez-  which maybe derived from the excess carbon produced in
Arcilla et al., 2004), and were below the mean gross primarythe macrophyte-dominated clear water parcels of the mosaic.

production for seagrass meadows of 3.1 g Cui* (Duarte The results presented identify a threshold irradiance
et al., 2010) but higher than most shallow lakes in the com-gr palanced metabolism estimated here at 42 and
pilation in Table 3 by bpez-Arcilla et al. (2004). 255uEm2s1. Turbid or deep waters will have irradi-

The excess carbon produced by the ecosystem may meances too low to support autotrophic communities, render-
multiple fates. Part of the excess carbon can be used to suprg the build up of macrophyte biomass unlikely. The devel-
port bird requirements, particularly herbivorous waterfowl, opment of macrophyte biomass and, eventually, autotrophic
many of which are targets for the conservation efforts incommunities require, therefore, a minimum threshold irradi-
the Ddiana National Park. A fraction of the excess carbonance. Both natural (e.g. resuspension, input of suspended
may accumulate in the sediments and support communitysediments) and anthrophogenic actions (e.g. management
metabolism in the following flooding phase, before macro- options) that affect underwater light penetration may there-
phytes have developed. However, some of the excess organfore lead to shifts from submerged macrophyte-dominated
carbon produced may simply accumulate in the sedimentsautotrophic communities to pelagic-dominated heterotrophic
contributing to the net sedimentation rates and the filling ofones. Whereas actions to improve water clarity, therefore en-
the marsh. In fact, some of the organic carbon stored in thénancing macrophyte biomass, may lead to autotrophic com-
sediments over time does not represent a burial componenmunities and increase waterfowl abundance, these actions
but rather a seed bank able of re-establishing the macrophyteay lead to the infilling of the shallow marsh, unless com-
communities after adverse conditions dissipate (Grillas et al.pensate by the co-existence with heterotrophic parcels of tur-
1993). Lastly, a fraction of the excess organic carbon maybid waters, which will recycle some of the excess organic
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matter. A balance between autotrophic, clear water parcels seagrass meadows, Global Biogeochem. Cy., 24, GB4032,
and patches of turbid waters leading to a more balanced doi:10.1029/2010GB003792010.

whole-system metabolism may help improve the conservaEspinar, J. L., Garcia, L. V., Garcia Murillo, P., and Toja, J.: Sub-
tion status of the ecosystem and maintain its characteristic merged macrophyte zonation in a Mediterranean salt marsh: a
high bird biomass and diversity. facilitation effect from established helophytes?, J. Veg. Sci., 4,

. . . 417-424, 2002.
In conclusion, the results presented here identify sub Hollis, G. E. and Jones, T. A.: Europe and the Mediterranean Basin,

merged macrophytes as a dominant source of °T9a”'c. car- edited by: Finlayson, M. and Moser, M., Wetlands, IWRB, Facts
bon in the ecpsystem of the Bana marsh. The high pri- on File, Oxford, 2756, 1991.

mary production of the macrophyte communities confers re-gaycia, L. V., Mardion, T., Moreno, A., and Clemente, L.: Above-
silience to the system (Scheffer et al., 1993; Scheffer, 2004) ground biomass and species richness in a Mediterranean salt
in that it helps maintain a storage organic carbon pool, which marsh, J. Veg. Sci., 4, 417-424, 1993.

can be used to support heterotrophic demands during periGarcia Murillo, P., Bernues, M., and Montes, C.: Los niditos

ods of organic matter shortage and to eventually re-establish acuaticos del Parque Nacional de itana (SW Esfi#a), Aspec-

the community from the seed bank. Management options at tos floiisticos Actas del VI Congreso Edpa de Limnoloda

the Ddiana marsh should strive at maintaining submerged Madrid, Spain, 261-267, 1993.

macrophyte communities while preserving the mosaic strucC0nzalez, M. D.: Ecolda del banco de semillas de hiditafs de la
marisma del Parque Nacional de fiama, PhD thesis, Universi-

b . da Auorca a i i, 109
9 y Grillas, P.: Distribution of submerged macrophytes in the Camar-
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