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Abstract. The nutrient balance of N and P, the sedimentary production of CH, and the diffusive emission rates of CH, and CO, were analyzed in two lake
complexes (Uzlina-Isac and Puiu-Rosu-Rosulet) of the Danube Delta during post-flood conditions in May and at low water level in September 2006. The
input of dissolved inorganic N and P to the lake complexes decreased by >53% and 60%, respectively, with increasing distance to the main branches of the
Danube. However, by including organic and particulate fractions to the total N and P budget, the input decreased only by ~ 40% and 14%, respectively.
Retained nutrients fueled primary production and anaerobic benthic processes such as sulfate reduction and methanogenesis in the sediments particularly
in the through-flow lakes receiving inflow from the Danube. Input of CH, from the Danube River, from reed beds and benthic release contributed to CH,
concentrations in surface waters. Next to CH,, (0, was also either transported to these lakes or resulted from aerobic remineralization within the water
column and in top sediments. Emission patterns of CO, widely overlapped with those of CH,. The highest greenhouse gas emissions were observed in the
lake complex adjacent to the Danube River in May due to strong winds, and they decreased with increasing hydrological distance from the Danube. Overall,
this study supports the earlier findings that wetlands are efficiently retaining inorganic nutrients, which become recycled, partially transformed, and
exported as organic and particulate N and P. Further, Danube Delta lakes are net sources of atmospheric greenhouse gases due to intense remineralization
of organic matter.
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INTRODUCTION through flowing water (Friedrich et al., 2003). Compared to
other deltas in the world, the Danube Delta is ‘relatively’ un-
affected by anthropogenic input (Oosterberg et al., 2000).
Nevertheless, in the beginning of the last century, and spe-
cifically in the last five decades, man-induced changes took

place. These encompass channel dredging with the purpose

The Danube Delta is the second largest river delta in Eu-
rope (4,455 km?) after the Volga Delta. It forms a highly pro-
ductive transition zone between the Danube river system
and the Black Sea. The fluvial delta (49%) is strongly influ-
enced by river water from the southern Danube branch, Sfan-
tu Gheorghe. The fluvio-marine delta (51%) is characterized
by through-flow and saltwater intrusion from the Black Sea.
Hence, the flow direction depends on the height of the water
level in the delta relative to the Black Sea, and the water flow

to improve navigation and to let oxygen and nutrient rich wa-
ter penetrate deeper into the delta to increase fish produc-
tion. Other changes include the reclamation of about 20%
of the delta area as agricultural polders or fishponds, which

is maintained by a sequence of artificial channels. In general,
the hydraulic gradient prevents saltwater intrusion into the
lakes (Panin 1996).

The Delta itself is the vastest compact zone of reed beds
in the world (Oosterberg et al., 2000), and effectively filters
nutrients, heavy metals and other contaminants from the

increased eutrophication. The river water input into the Dan-
ube Delta additionally increased from 3% in 1980 up to 10%
of the total Danube discharge (Bondar 1996).

Transition towards hypertrophy has affected biodiversity
and productivity of most aquatic and wetland systems in the
Danube Delta (Cristofor et al., 2003). Compared to the early
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sixties, the loads of inorganic N and P of the Danube River
increased five- and three-fold, respectively, and eutrophica-
tion became a serious problem not only in the delta lakes but
also coastal Black Sea (Almazov 1961, Mee 1992, Cociasu et
al,. 1996, Friedrich et al., 2002). Even an increased production
of greenhouse gases in the Black Sea due to nutritional load-
ing from Danube river water was suggested (Amouroux et al.,
2002). On the other hand, the self-purification capacity of the
delta lakes can preserve the Black Sea ecosystem to a certain
degree from nutrient loading and contamination. Therefore,
it is essential to better understand nutrient retention versus
export in the Danube Delta lakes (DDL).

All DDL sampled in this study (Fig. 1) are eutrophic in
respect to N and P concentrations. These lakes show sea-
sonal dynamics with higher N and lower P concentrations
in spring than in summer (Oosterberg et al, 2000) and they
act as efficient sinks for nutrients during the growing season:
Between June and September 1999, the uptake capacity of
inorganic nutrient was more than 76% of total input deter-
mined from the internal benthic fluxes plus the main external
inflows (Friedrich et al. 2003). It was further observed that the
inorganic N load and nutrient retention rates decrease with
increasing hydrological distance from the main rivers of the
Danube Delta (Oosterberg et al., 2000, Friedrich et al., 2003).
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Retention of nutrients, their transformation into phyto-
plankton and plant biomass, and subsequent decomposition
in sediments may lead to release of greenhouse gases from
DDL. Next to carbon dioxide (CO,), methane (CH,) represents
an important greenhouse gas in global climate (Cicerone and
Oremland 1988), contributing about 15% of the anthropo-
genic greenhouse effect (Amouroux et al,, 2002). Regarding
natural sources, methane is mainly (~83%) emitted by wet-
lands (IPCC 2007). Emission rates are highly variable over
space and time, e.g., local emissions from most types of natu-
ral wetlands can vary by a few orders of magnitude over a few
meters (IPCC 2001). The Danube Delta has been identified as
an important source of greenhouse gases to the Black Sea
shelf and to the atmosphere (Radan et al., 2000; Amouroux et
al. 2002). Although wetlands act as a source of CH,, most also
act as a CO, sink due to photosynthesis and sequestration
of organic matter in wetland soils or sediments. The balance
between net CO,-assimilation and CH,-emission determines
if a wetland can be regarded as a net sink or a net source of
greenhouse gases (Brix et al., 2001).

In this study, dissolved inorganic N and P (DIN and SRP)
and total N and P (TN and TP) concentrations along through-
flow lake systems were determined to better resolve nutrient
transport, recycling and nutritional limitations for biomass
formation. In addition, benthic releases of methane were
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Fig. 1 Selected Danube Delta lakes showing the main sampling stations. White stars indicate the sampling stations: (1) Uzlina-in, (2) Uzlina-out,
(3) Isac-out, (4) Puiu-in, (5) Rosu-in, and (6) Rosulet-out. Sulina and Sfantu Gheorghe represent the main branches of the Danube River in the
delta influencing the studied lakes
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measured to follow up on the remineralization of organic bio-
mass in lake sediments. Determining the flux of CO, and CH,
to the atmosphere finally allowed linking nutrient dynamics
and greenhouse gas emissions from large wetland lakes.

MATERIALS AND METHODS
STUDY SITES

Water samples were taken from five through-flow lakes
(Table 1) located in the Romanian part of the Danube Delta
(Fig. 1). The Lakes Uzlina and Isac (lake complex I) belong to
the fluvial delta formed by the Gorgova-Uzlina lake complex
(Oosterberg et al., 2000), and are strongly influenced by Dan-
ube river water. The other three Ls. Puiu, Rosu, and Rosulet
(lake complex Il) are situated further from the Danube
branches and belong to the fluvio-marine delta. Based on
aquatic vegetation and turbidity, Ls. Uzlina, Rosu, and Rosulet
qualify as turbid systems, whereas L. Isac behaves as an inter-
mediate between clear and turbid and lacks floating vegeta-
tion and large loads of suspended solids (Coops et al., 1999).
These lakes receive their water by artificial channels and by
the Danube branches Sfantu Gheorghe and Sulina. Lake Rosu
is separated only by partially submerged sand bars, reed, and
floating reed islands (Phragmites sp. plaurs) from Lake Rosulet
and represents the largest lake in the Danube Delta.

The water level of the Danube and the associated delta
rises to highest levels between April and June, and then de-
creases to lowest levels in September and October (Panin
1996, Constantinescu and Menting 2000). In late fall and win-
ter, when the water level in the Danube Delta is low, water
inundating reed areas flows back into the lakes and severe
easterly winds might additionally push Black Sea water into

the Puiu-Rosu-Rosulet complex. The hydraulic residence
times during the sampling campaigns varied between 10 and
29 days (Table 1). In May 2006, we encountered post-flooding
conditions with extremely high water flow compared to Sep-
tember, when hydrological conditions resembled values as
those reported by the Constantinescu and Menting (2000).
For example, the mean water level of the Danube River enter-
ing Lake Uzlina was 3.7 m in May and 2.3 in September 2006,
which can be related to the hydrological mean water level of
the Danube River before entering the delta at Tulcea (3.3 min
May and 1.7 m in September).

SAMPLING AND ANALYSES

For nutrient and methane analyses, from each lake either
close to the in- or outflow, water column and sediment pore-
water samples were collected in May and September 2006
(Fig. 1). Water samples were retrieved using a Niskin bottle
from three depths (~0.5 mdepth, ~1.5-3 mdepth,and ~0.5m
above sediment). For methane concentration measurements,
samples were transferred bubble-free into 25 mL crimp-seal
bottles, poisoned with particulate Cu-(1)-Cl (saturated solu-
tion), sealed gas-tight, and stored up-side down for further
lab analysis at Eawag (Switzerland). For analyses of inorganic
N and P concentrations, samples (200 mL) were collected in
acid-rinsed HDPE bottles, and stored at 4°C in the dark.

Aliquots (~100 mL) of water column samples were used
unfiltered for analyses of total N and total P. Remaining al-
iquots (~100 mL) were filtered (0.45 um pore size, cellulose
nitrate, Nucleopore) and used for analyses of total dissolved
N, nitrate, nitrite, ammonium, total dissolved P, and soluble
reactive P (SRP). For N and P analyses, unfiltered and filtered
water samples were digested with a peroxodisulfate solution

Table 1 Hydrological data of sampling sites in Ls. Uzlina, Isac, Puiu, Rosu, and Rosulet during post-flood conditions in May and low flow in
September 2006. Hydrological data are based on the circulation model SOBEK of the Danube Delta (Bondar unpubl. data, Constantinescu and

Menting 2000).

Parameters Uzlina Isac Puiu Rosu Rosulet Uzlina Isac Puiu Rosu Rosulet
Open water surface area (km2) |  4.83 10.2 8.25 13.65 3.71 483 10.2 8.25 13.65 3.71
Reed surface area (km2) 9.73 15.4 21.08 26.03 14.02 9.73 154 21.08 26.03 14.02
Sampling locations ::;:l::v outflow | inflow | inflow | outflow ;:t::;’v outflow | inflow | inflow | outflow
Sampling time (month) May May May May May Sept. Sept. Sept. Sept. Sept.
Lake volume (nx106 m3) 17.9 40.8 322 66.9 15.6 1.1 27.5 28.1 519 1.5
Depth at sampling site (m) 3and3 42 2.8 6.4 43 2and 2 3 3.4 58 2
Average depth (m) 3.7 4 39 49 42 23 2.7 34 38 3.1
Average through-flow (m3s1) 19 39 22 34 18 13 21 15 21 12
Hydraulic residence time (d) n 12 17 23 10 10 15 22 29 n
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for 1 hour at 120°C to completely oxidize organic N and P to
NOjs- and SRP. In digested and non-digested samples, nitrate,
nitrite, and ammonium concentrations were determined
colorimetrically by using a Technicon autosampler (DEV
1996). The analytical error of the method was ~5%. Concen-
trations of DIN, SRP, TN and TP are reported as mean + one
standard deviation (n = 3).

Porewater samples were collected at 1 cm intervals from
the top sediment to ~0.5 m depth using dialysis porewater
samplers or‘peepers’ (Hesslein 1976, Urban et al., 1997). Equi-
libration happens through diffusion of solutes across the
dialysis membrane into the cells. The peepers consisted of a
plexiglas plate (50x15x1.5 cm) containing about 480 milled
cells. Before sampling, all cells were filled with ultrapure and
oxygen-free water (Nanopure), and a filter membrane (0.2
um pore size, Truffyn, Gelman) was mounted on both sides
and fixed with plexiglas sheets of the same geometry at
the basic plate. At the sampling sites, peepers were manu-
ally positioned by a diver in the top sediment. Peepers were
recovered four days later and the porewater was extracted
with medical syringes from the cells. For CH, concentration
analysis, 3 ml porewater were transferred to a 25 ml crimp-
seal vial, poisoned with Cu-(I)-Cl, sealed gas-tight, and stored
for further analyses. For SO42 analyses, 5 ml porewater were
stored in a clean PP-tube (Greiner) at 4°C in the dark. Sulphate
concentrations were measured at Eawag.

Concentrations of CO, and CH, in lake surface water were
assessed using a continuous-flow high-resolution technique.
Water was continuously collected in situ from a depth of 1 m
and pumped (150 L h'") through a system of three consecu-
tively aligned polypropylene fiber filters (<2 mm pore size)
to screen large particles from the samples. The equilibrium
between water and air was reached using a water/air equi-
librator. Simultaneous recording of GPS coordinates allowed
for concentration measurements at high spatial resolution.

Gas measurements were performed using an INNOVA
Bruel & Kjaer 1312 multi-gas monitor based on photo-acous-
tic infrared detection method. The gas sample is pumped
from the equilibrator headspace into the detection cell.
The infrared light is emitted by a pulsating source, passes a
narrow-band optical filter, and is selectively absorbed by the
gas trapped. The gas temperature increases and decreases
in response to the pulsating light transmitter. This causes an
equivalent increase and decrease of the gas pressure in the
closed cell. Two ultra-sensitive microphones located in the
cell walls are measuring the pressure wave, which is directly
proportional to the gas concentration. Carbon dioxide and
methane concentrations are measured in parallel by using
different optical filters. The detection limits are 3 ppmv for
CO,, and 0.1 ppmv for CH,. Data are provided at 2 minute
intervals. Parameters that influence gas exchange across the
water-air interface, such as wind speed, water temperature
and air temperature were also measured aboard ship. Wind
speed was measured at about 12 m height.

FLUX CALCULATIONS

Benthic fluxes (umol m=2 h1) of methane and sulphate
across the water-sediment interface were calculated along
linear concentrations changes with sediment depth using
Fick’s first law of diffusion. As molecular diffusion coefficients
(m2 s1) we used 1.57 x 109 for methane and 9.4 x 10-10 for
sulphate (after Furrer and Wehrli 1996). The gas fluxes across
the water-air interface were calculated from the transfer ve-
locity using the relations of Crusius and Wanninkhof (2003)
and the Schmidt numbers of the gases (Jahne et al., 1987).

RESULTS AND DISCUSSION

DISTRIBUTION AND RETENTION OF DISSOLVED INORGAN-
1C N AND P IN THROUGH-FLOW LAKES

At Uzlina-in, concentrations of DIN and SRP were among
the highest measured along the through-flow in the DDL
(Fig. 2), and resembled values from Danube river water
(112 uM DIN and 2.7 uM TP) measured at the outflow of the
Iron Gate | Dam (Schreiber et al., 2003). Hence, water flowing
into lake complex | was derived almost directly from the Dan-
ube River, which is also corroborated by other studies (Con-
stantinescu and Menting 2000, Garnier et al. 2002, Friedrich
et al. 2003). At Uzlina-in, concentrations of 84+6 uM DIN and
0.9+0.2 pM SRP were measured in May, and 75+3 uM DIN and
2.940.3 uM SRP in September (Fig. 2). Seasonal differences
were only observable through loading of Uzlina-in with river-
derived P in September, which was previously also observed
by Oosterberg et al. (2000). In fall, SRP concentrations were
by a factor of three higher than in spring. Extreme flooding
in April and May 2006 may have resulted in a dilution of riv-
erine concentrations, although it is assumed that P transport
in streams does not significantly change during increased hy-
drological flow (Zessner et al., 2005).

Leaving Lake Isac, the water flows through a series of
channels and reed beds until it is diverted into the Puiu-
Rosu-Rosulet lake complex Il (Fig. 1). At the inlet (Puiu-in),
the values of DIN changed from 28+1 to 5+2 pM and those
of SRP from 0.9+0.02 to 0.4+0.01 between May and Septem-
ber 2006 (Fig. 2). Furthermore, in May, concentrations were
higher at Puiu-in relative to the outflow of lake complex
I. This surplus may result from nutrient input by the Crisan
channel and from remineralization of organic materials, par-
ticularly in the flooded reed beds. However, these processes
seem to become insignificant during low hydrological flow
in September (Table 1), when nutrient concentrations were
very similar at Isac-out and Puiu-in. Minor decreases in oxy-
gen concentrations during channel transport in September
indicate reduced remineralization, while substantial changes
in O, in May suggest higher mineralization rates (data not
shown). This observation is further corroborated by less ben-
thic consumption of sulphate and less release of methane at
Isac-out, and Puiu-in in fall than in spring.
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Fig. 2 Concentrations of DIN, SRP, TN, and TP are shown along through-flow (6 sampling sites) in the Danube Delta lakes (Fig. 1) in May (upper
panel) and September 2006 (lower panel)
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Within both lake complexes a strong reduction in con-
centrations of inorganic N and P supplied by the Danube
River could be observed. In lake complex | (between Uzlina-in
and Isac-out), the amount of DIN decreased by 65%, in May
and by 95%, in September, and the amount of SRP by 77%
and 90%, respectively (Fig. 2). Similarly, along through-flow in
lake complex Il (from Puiu-in to Rosulet-out), concentrations
of DIN decreased by 60% in May, and concentrations of SRP
by 62% in May and 93% in September (Fig. 2). Interestingly,
in September DIN concentrations first decreased in Lakes
Puiu and Rosu, however, then strongly increased again, by
87% in Lake Rosulet, probably due to high benthic nitrifica-
tion (Friedrich et al., 2003) or remineralization of organic N
compounds. On average, along the whole through-flow, DIN
reduction equalled 87% in May and 53% in September (in-
cluding DIN release in Lake Rosulet), and SRP reduction was
60% and 99%, respectively. Overall, retention of DIN and SRP
in both lake complexes confirmed that wetlands act as an
efficient trap for inorganic N and P species (e.g., Arrigoni et
al., 2008), and that retention decreases with hydrological dis-
tance from the main Danube River branches (Friedrich et al.,
2003). In contrast to this earlier investigation nutrient uptake
was higher in spring than in fall, except for Lake Rosulet. We
may explain this trend by chlorophyll, concentrations that
were observed to be lower in June than in September, par-
ticularly in Ls. Isac, Puiu, Rosu and Rosulet (Oosterberg and
Bogdan 2000). We presume that biomass of phytoplankton,
algae, and macrophytes was higher in fall than in spring, and
N and P demand increased during that phase. Due to reduced
hydrological flow by factors of 1 to 2 (Table 1), high consump-
tion may result in intense removal of DIN and SRP from the
water column. Therefore, we suspect that the flooding situa-
tion in May might have drastically increased transport proc-
esses relative to rates of biological uptake.

ToTAL N AND P TRANSPORT IN THE DANUBE DELTA LAKES

Inorganic nutrients are efficiently retained in the DDL
and converted into biomass or lost due to denitrification
in lake sediments (Friedrich et al., 2003, Wetzel 2006). This
biomass may eventually contribute to the formation of or-
ganic N and P in the particulate or dissolved form (Wetzel
1979, Childers et al., 2000). Depending on its bioavailability,
organic N and P may become either remineralized or trans-
ported downstream. In many studies, such as by Friedrich
et al. (2003), the purification capacity of wetland systems is
overestimated because organic N and P have been neglect-
ed. In this survey, the amount of TN and TP were measured
to include the organic and particulate fraction into the N
and P budget. Concentrations of TN and TP at Uzlina-in were
10243 uM and 1.4+0.2 uM in May, and 77+4 uM and 2.7+0.7
UM in September (Fig. 2). At this site most of TN and TP resid-
ed in the inorganic form, whereas with increasing distance
from the Danube River increasing proportions of organic as
well as particulate N and P were formed and transported
in the DDL. It is estimated that up to 50% of TN and 60%
of TP resided in organic and/or particulate form. On aver-

age (spring and fall), the retention of TN and TP amounted
to 40% and 14% along through-flow, respectively. Hence,
retention of N and P was far less pronounced in the DDL
than if inferred from retention of dissolved inorganic N and
P only. The results point to an important role of nutrient
incorporation into dissolved and particulate organic mat-
ter, affecting the N to P balance of Danube Delta wetlands
(Durisch-Kaiser et al., unpublished data).

Quantification of nutrient retention in terms of overall
transport by the Danube River helps to evaluate its impact
on coastal eutrophication in the Black Sea. We assume that
approximately 10% of discharge from the River Danube flows
through the delta (Friedrich et al., 2003). We further assume
that seasonal variability in nutrient uptake is reflected by May
and September 2006. Consequently, roughly 4% of TN and
1.4% of TP transported in Danube river water are retained
per year in the delta. These numbers are lower than expected
from former studies (Friedrich et al., 2003), because we take
into account the export of organic and particulate N and P
fractions. Using an average discharge of 6460 m3 s-' (ICPDR
2004), this will amount in a reduction of the river’s inorganic
nutrient load by ~10 kt N y-' and ~0.2 kt P y-!, representative
for abstraction of 2.9% N and 0.8% P from the total riverine
N and P load per year to the Black Sea (Teodoru et al., 2007).
Hence, the delta represents an important sink for total N,
whereas only a minor sink for total P.

NUTRITIONAL LIMITATIONS

Biomass production demands variable amounts of N and
P. Thus, the elemental ratios from TN and TP can be used as
indicators for nutrient uptake and also nutritional limitations
(Sommer 1990, Guildford and Hecky 2000, Frost et al., 2002).
From total pools, the TN:TP ratios severely changed from
Uzlina-in to Rosulet-out. In May, TN:TP ratios were declining
from 74 to 34 in lake complex | and then again increased to
maximal 61 in complex II. In September, TN:TP ratios were low
relative to May, indicating increased N deficiency, but, trends
were similar. The TN:TP ratio first decreased in lake complex |
(from 31 to 14), but then increased again towards Rosulet-out
(from 13 to 21). Hence, in May extreme P limitation occurred
in complex |, but became less pronounced along transport
pathways to the Black Sea. Phosphorous may be regenerated
and nutrient limitations altered during transport through
channels and reed beds. Carpenter and Lodge (1986), e.g.,
showed that release of P from aquatic plant detritus mainly
occurs via decomposition. On the other hand, in September,
when nutrient retention peaked, P limitation was less promi-
nent in complex |, and slightly shifted towards N limitation
when passing through complex IIl. Hence, depending on the
strength of nutrient removal, transport through the DDL may
even result in a switch of nutritional limitations between
the two lake complexes. We suggest different nutrient up-
take dynamics in the two lake complexes, due to changes in
phytoplankton, algae, and macrophyte biomass and species
composition (Ibelings et al., 2000). Seasonal differences may
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also be explained by changes in species composition. It was
reported that cyanobacteria start to increase their biomass
after June, indicating increasing N limitation in the fall.

BENTHIC RELEASE OF GREENHOUSE GASES

In the following section, we try to develop a better under-
standing of the relationship between nutrient retention and
organic matter remineralization along through-flow in DDL
sediments. Benthic remineralization of riverine and in-lake
produced organic biomass not only contributed to green-
house gas release from the coastal Black Sea (Amouroux et
al., 2002), but also substantially from both lake complexes
(Table 2). Methane release from shallow sediments was high
at Uzlina-in compared to the other lakes in complex | in May
and September, and compared well to other eu- and hyper-
trophic lakes (Matthew et al, 2005, Huttunen et al., 2006).
This was explained by high loads of biomass from primary
production boosted by nutrient uptake. Such a particularly
intense algal bloom was observed in L. Uzlina in September.
In addition, deposition of riverine organic particles may fur-
ther load sediments of the first delta lake in complex | with
organic matter. Export of riverine organic particles tends to
increase with stream size and during floods (Meybeck 1981),
and the material is widely bioavailable, especially if particles
derive from autochthonous sources (Raymond and Bauer
2001, Kaiser et al., 2004). In L. Uzlina, particles are most pos-
sibly remnants of phytoplankton material and decomposing
algae and macrophytes.

Benthic release of methane decreased along through-
flow in lake complex | (Table 2). This may have resulted from
less organic matter deposition at the outlet of Ls. Uzlina and
Isac as compared to the inlet. Sulphate reduction and metha-
nogenesis were almost equally high in sediments in May, be-
cause sulphate influx to top sediments was in the order of
methane efflux. In September, methanogenesis clearly domi-
nated anaerobic decomposition in sediments.

Table 2 Benthic fluxes of methane and sulphate calculated from

the sediment-water interface in the different lakes in May and

September 2006. Positive sediment-water flux indicates efflux,
negative values indicate influx. n.d. = not determined.

CH, (pmol m2h-1) $0,2 (pmol m2 h'1)

Sampling time May September May September
Uzlina-in 299 86 -324 -19
Uzlina-out 67 n.d. -90 n.d.
Isac-out 152 138 -88 -15
Puiu-in 377 99 -188 -80
Rosu-in 291 203 -267 -5
Rosulet-out 78 116 -248 -113

Leaving L. Isac, water is diverted through a series of chan-
nels and through reed beds until it enters lake complex Il at
Puiu-in. At this site, benthic release of methane was highest
among all lakes in May, but modest in September (Table 2). It
is assumed that in May organic matter deposition is also en-
hanced at the inlet to Lake Puiu, due to organic matter input
from the Crisan channel. In addition, benthic P regeneration
during channel transport may have diminished P limitation
for primary production. In analogy to lake complex |, benthic
release of methane also strongly decreased in the Puiu-Rosu
system with longitudinal transport of water masses in May.
We partially associate this decrease with decreasing avail-
ability of nutrients, hence, reduced primary productivity.
In September, benthic releases of CH, were highest in Lake
Rosu, which might be explained by high deposition of algal
material from intense blooms that occurred throughout fall
in that lake. Comparable to lake complex |, sulphate reduc-
tion dominated in May, whereas methanogenesis dominat-
ed benthic remineralization in September. Sulphate influx
to sediments was high in September in Rosulet-out, which
might be explained by reversal of flow direction and intru-
sion of sulphate-richer seawater from the Black Sea during
low water level.

GREENHOUSE GAS EMISSIONS FROM DANUBE DELTA LAKES

Seasonal monitoring of greenhouse gas fluxes from sur-
face waters of selected lakes showed that CO, and CH, emis-
sions peaked in lake complex |, particularly in L. Isac in May,
due to strong winds (Table 3). Patterns in gas release only par-
tially overlaid with water column concentrations and benthic
effluxes of methane (Table 2), suggesting that several factors
like lake depths, hydrology, locally different wind-driven mix-
ing, water column temperature and methanotrophic activity
might govern diffusive fluxes. Water column concentrations
and effluxes measured compare well to literature data col-
lected from eutrophic and hypertrophic lakes (Cole and Cara-
co 2001, Casper et al., 2000). However, note that high stand-
ard deviations show high spatial variability of fluxes to the
atmosphere (Table 3).

In lake complex | in May, concentrations of CO, were high-
est in L. Uzlina due to massive input of CO, from the Danube
River, canals, reed beds during flood, and due to remineraliza-
tion of organic matter within the lake. Generally, river water is
known to be supersaturated with CO, (Cole and Caraco 2001,
Richey et al., 2002), particularly downstream of dams (Guerin et
al., 2006). Danube water contained approximately 37 uM CO,
before entering lake complex | (unpublished data). This value
is lower than the average concentration of 103 pM found in
L. Uzlina in spring, implying that massive remineralization of
organic matter in reed beds and lake sediments contribute
significant amounts of CO, to average concentrations record-
ed. The average CO, efflux from surface water was about 2.3
mmol m-2h-1 from this lake in May, and highest diffusive losses
occurred at Uzlina-in and Uzlina-out (data not shown). Com-
parably, about double the amount of CO, was released from

Proceedings of the Swiss — Romanian Research Programme on Environmental Science & Technology (ESTROM) 87



E. Durisch-Kaiser, A. Pave], A. Doberer, J. Reutimann, S. Balan, S. Sobek, S. Ridan, B. Wehrli — Nutrient retention, total N and P export, and greenhouse gas emission from the Danube Delta lakes

Table 3 Surface water concentrations (mean + standard deviation), and fluxes across the air-water interface (mean =+ standard deviation) of C0,
and CH, from the studied lakes. Positive air-water flux indicates emission to the atmosphere. n.d. indicates no data.

Parameters Uzlina Isac Puiu Rosu | Rosulet Uzlina Isac Puiu | Rosu | Rosulet
Sampling time in 2006

(month) May May May May May Sept. Sept. | Sept. |  Sept. Sept.
(0, concentration n.d.
(M) 103+49 | 49+35 | 142+77 | 110+70 | 6369 1810 2717 | nd. | 2627

(CH, concentration n.d. n.d.
(M) 714 +257 | 569 +370 | 891 + 424 | 534 + 113 | 738 = 575 644 +224 | 613+ 161 538+£119

(0, air-water flux 23213 | 49+45 [ 34420 | 24418 | 07+10 | | 02%04 [ 12217 | ™ | 01z0a | "¢
(mmol m2hT)

CHy air-water flux 187 | 8051 | 311 | 133 | 1129 %6+9 | @x17 | M| ge2 | M
(umol mZh1)

lake Isac (4.9 mmol m2h), due to strong winds. High input
of dissolved CH, may also result from the Danube River since
rivers downstream of dams not only carry high concentrations
of CO, but also of CH, (Guerin et al., 2006). Note that methane
concentrations were homogeneously distributed in lake com-
plex I in May. Similar to CO,, CH, efflux was also enhanced by
strong winds in L Isac in May. Methane released from benthic
decomposition at Uzlina-in further seemed to enforce CH,
emission at Uzlina-out (data not shown) and in L. Isac (Table 4).
This transport of dissolved CH, matched well with the current
water circulation model within lake complex | (Driga 2004).

In L. Puiu (lake complex ), water column concentrations
of CO, and CH, were strongly impacted by input of water
from the Crisan channel in the western part and highest
among all lakes investigated in May (Table 3). Nevertheless,
only 3.4 mmol m-2h-! of CO, and 2.3 umol m-2 h-! of CH, were
released from this lake in May, with peaks close to the canal
entrance (data not shown). Emission of methane can be relat-
ed to high benthic CH, release in May (Table 2). With further
longitudinal transport of water masses to Lake Rosu, surface
water concentrations of CO, decreased, whereas CH, stayed
fairly constant (Table 3). In comparison, surface emissions of
CO, and CH, decreased along longitudinal transport to mini-
mum values in L. Rosulet, a lake in which discharge is most
stagnant (Constantinescu and Menting 2000, Table 3).

In September, during hydrological low flow and weak
winds, massive algal blooms and macrophyte biomass po-
tentially consumed large proportions of dissolved CO, in L.
Uzlina and L. Isac, which resulted in reduced emissions com-
pared to May from both lakes (Table 3). Interestingly, surface
water methane concentrations were also high during fall al-
though benthic release had ceased compared to May. Com-
pared to CO,, this is explained by small surface efflux due to
weak winds.

Unfortunately, L. Puiu was not studied in fall, due to low
water level. It can be expected that during stagnant flow,

weak winds, and moderate benthic release of methane in the
fall season reduced methane effluxes occurred. In contrast,
Lake Rosu is the largest and deepest lake among all, and CO,
and CH, concentrations are increased and comparable to val-
ues from lake complex I. They may result from decomposition
of intense algal biomass, which was observed there in fall.
Weak wind-forcing may explain why emission from this lake
is again low (Table 3).

CONCLUSIONS

This study allowed evaluating N and P retention in the Dan-
ube Delta lakes versus export to the Black Sea and versus pat-
terns of greenhouse gas emission. The Danube Delta wetland
efficiently traps inorganic nutrients as well as TN, however, to a
minor extent only TP. It was estimated that 2.9% of TN and 0.8%
of TP from total loads of the Danube River are retained in the
delta, and organic and particulate N and P fractions significant-
ly contribute to export of TN (~50%) and TP (~60%) from the
delta lakes. Nutrient retention and preferential P mineraliza-
tion along the flow path between lake complex | and Il shifted
nutrient ratios from severe P limitation towards slight N defi-
ciency. This trend can be linked to the current understanding
of phytoplankton biomass and species distribution in the DDL.
At locations of large nutrient and external organic matter in-
put, particularly at Uzlina-in and Puiu-in, an additional massive
internal built-up of organic matter sustained intensive benthic
remineralization and, hence, high benthic release of meth-
ane. In spring 2006, when nutrient availability was diminished
along the through-flow, benthic consumption of sulphate and
release of methane also decreased. The fall season showed
reversed conditions due to stagnant flow, potential saltwater
intrusions in L. Rosulet, and strong biomass production in Ls.
Isac and Rosu/Rosulet.

In analogy to nutrients, water column CO, and CH, derive
not only from benthic remineralization but also from input
of river or canal water, which, e.g., can be clearly observed at
Uzlina-in and Puiu-in. Emissions of CO, and CH, to the atmos-
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phere were only partially coupled to surface water CO, and
CH, concentrations and benthic effluxes of methane, which
is explained by different lake depths, hydrology, seasonally
different wind strengths, and water column methanotrophic
activity. We observed high CO, and CH, effluxes in the spring
time resulting from strong winds, and reduced outgassing in
the fall due to stagnant conditions, lower temperature and
slow wind speed.

In summary, in this vast wetland greenhouse gas produc-
tion and emission can be positively correlated to patterns
of nutrient input and retention. New and more accurate in-
formation on the distribution of dissolved and particulate
organic N and P will improve the understanding of nutrient
dynamics and export from the DDL. This pilot study shows

that improving the spatial resolution of greenhouse gas anal-
yses in such complex wetland-lake environment holds great
promise in linking hotspots of emissions with the governing
biogeochemical and physical processes.

ACKNOWLEDGEMENTS

The authors are grateful to the staff of the R/V Istros for
their enormous assistance with water column and sediment
sampling, and other field work. We especially thank Christian
Dinkel for all his consistent support during preparation for
field work. This work was supported by the Swiss National
Science Foundation (SNF) and the Swiss Agency for Devel-
opment and Cooperation (SDC) via the ESTROM programme
(1Z6120-107016).

REFERENCES

Amazov N.M., 1961. Discharge of dissolved nutrients by rivers of the
USSR to the Black Sea. Naukovi Zapiski Odesskoy Biologicheskoy
Stantsii. Scientific Notes of the Odessa Biological Observatory.
Kiev 3: 99-107

Amouroux D., RoserTs G., Rapsomanikis S., Anpreae M.O., 2002. Biogenic
gas (CH,, N,O, DMS) emission to the atmosphere from near-
shore and shelf waters of the north-western Black Sea. Estuarine,
Coastal and Shelf Science 54: 575-587

ARrriGONI A., FINDLAY, S., FiscHER, D., Tockner, K., 2008. Predicting carbon
and nutrient transformations in tidal freshwater wetlands of the
Hudson River. Ecosystems. Accepted

Bonpar C., 1996. Aspects hydrologiques dans “L'étude de cas”du Delta
du Danube. Geo-Eco-Marina. 1: 67-73

Brix H., Sorrert B.K., Lorenzen B. 2001. Are Phragmites-dominated
wetlands a net source or net sink of greenhouse gases? Aquatic
Botany 69:313-324

CarPENTER S.R., Lopce D.M., 1986. Effects of submersed macrophytes on
ecosystem processes. Aquatic Botany 26 (3-4): 341-370

Casper P, MaBerLy S.C., HaLL G.H., Fintay B.J.,, 2000. Fluxes of methane
and carbon dioxide from a small productive lake to the atmos-
phere. Biogeochemistry 49 (1): 1-19

CHioers D.L., DAy JW. McKear H.N., 2000. Twenty more years of
marsh and estuarine flux studies: Revisiting Nixon (1980). In:
M.PWeinstein and D.A. Kreeger (eds.), Concepts and Controver-
sies in Tidal Marsh Ecology. Boston, MA. Kluwer Academic Pub-
lishers, pp. 391-424

CiceroNe R.J., OremLAND R.S., 1988. Biogeochemical aspects of atmos-
pheric methane. Global Biogeochemical cycles 2 (4): 299-327

Cociasu A., DoroGaN L., Humsora C., Pora L., 1996. Long-Term Ecological
Changes in Romanian Coastal Waters of the Black Sea. Mar. Pol-
lut. Bull. 32 (1): 32-38

Cote J.J.,Caraco N.F,, 2001. Carbon in catchments: connecting terrestri-
al carbon losses with aquatic metabolism. Marine and Freshwater
Research 52 (1): 101-110

ConsTANTINESCU A., MENTING G.A.M., 2000. Ecological gradients in the
Danube Delta lakes — Hydrology. RIZA rapport 2000.015: 33-50

Coops H., HanGaNu J., Tubor M., Oosterserc W., 1999. Classification of
Danube Delta lakes based on aquatic vegetation and turbidity.
Hydrobiologia 415: 187-191

CRrisToFOR S., VADINEANU A., SARBU A., PostoLAcHE C., Dosre R., ADAMESCU M.,
2003. Long-term change of submerged macrophytes in the Low-
er Danube Wetland System. Hydrobiologia 506: 625-634

Crusius J., WanNINKHOF R., 2003. Gas transfer velocities measured at low
wind speed over a lake. Limnology and Oceanography 4 (3): 1010-
1017

DEV, 1996. Deutsche Einheitsverfahren zur Wasseruntersuchung
(DEW). VCH Weinheim, New York

Driga B.-V., 2004. Delata Dunarii - Sistemul circulatiei apei. Casa Cartii
de Stiinta, Cluj-Napoca

FrieoricH J., DinkeL C., FriebL G., Pimenov N., Wisman J., Gomoiu M.-T., Coclasu
A., Pora L., WeHRLI B., 2002. Benthic nutrient cycling and diagenetic
pathways in the north-western Black Sea. Estuarine, Coastal and
Shelf Science 54: 369-383

FrieoricH J., DINKEL C., GRIEDER E., RADAN S., SECRIERU D., STEINGRUBER S., WEHRLI
B., 2003. Nutrient uptake and benthic regeneration in Danube
Delta Lakes. Biogeochemistry 64: 373-398

Frost P.C., STeLzer R.S., LameerTi G.A., ELser J.J., 2002. Ecological stoichi-
ometry of trophic interractions in the benthos: understanding
the role of C:N:P ratios in lentic and lotic habitats. Journal of the
North American Benthological Society 21 (4): 515-528

Furrer G., WEHRLI B., 1996. Microbial reactions, chemical speciation and
multicomponent diffusion in porewaters of a eutrophic lake.
Geochim. Cosmochim. Acta 60: 2333-2346

GARNIER J., BILLEN G., HANNON E., FONBONNE S., VIDENINA Y., Soute M., 2002.
Modelling the transfer and retention of nutrients in the drainage
network of the Danube River. Estuarine Coastal and Shelf Science
54 (3): 285-308

Proceedings of the Swiss — Romanian Research Programme on Environmental Science & Technology (ESTROM) 89



E. Durisch-Kaiser, A. Pave], A. Doberer, J. Reutimann, S. Balan, S. Sobek, S. Ridan, B. Wehrli — Nutrient retention, total N and P export, and greenhouse gas emission from the Danube Delta lakes

GueriN F., ABRIL G., RicHARD S., BursaN B., REynouArD C., SEYLER P, DeLmas R.,
2006. Methane and carbon dioxide emissions from tropical res-
ervoirs: Significance of downstream rivers. Geophysical Research
Letters 33 (21): L21407

Guiororp S.J., Hecky R.E., 2000. Total nitrogen, total phosphorus, and
nutrient limitation in lakes and oceans: Is there a common rela-
tionship? Limnology and Oceanography 45 (6): 1213-1223

Hessten R.H., 1976. An in-situ sampler for close interval pore water
studies. Limnology and Oceanography 21:912-914

HutTunen, J.T., VaisaNen T.S., HeLLsTEN S.K., MARTIKAINEN P.J., 2006. Methane
fluxes at the sediment-water interface in some boreal lakes and
reservoirs. Boreal Environment Research 11 (1): 27-34

IBeLINGS B.W., Torok L., Dumitru R., 2000. Ecological gradients in the Dan-
ube Delta lakes - Plankton dynamics along a hydrologic gradient
in Danube Delta lakes. RIZA rapport 2000.015: 71-94

ICPDR INTERNATIONAL COMMISSION FOR THE PROTECTION OF THE DANUBE RIVER,
2004. The Danube River Basin District, Part A - Basin-wide over-
view. WFD Roof Report

IPCC INTERGOVERNMENTAL PANEL ON CLMATE CHANGE, 2001. Climate change
2001: 3rd Assessment Report. Intergovernmental Panel on Cli-
mate Change. Cambridge, Cambridge University Press

IPCC, 2007. Climate Change 2007: 4th Assessment Report . Intergov-
ernmental Panel on Climate Change. Cambridge, Cambridge
University Press

JAHNE B., MunnicH K.O., Bosinger R., Dutzi A., HuBer W., LiBNER P, 1987. On
the parameters influencing air-water gas-exchnage. Journal of
Geophysical Research-Oceans 92 (C2): 1937-1949

Kaiser E., Arscott D.B., Tockner K., SuLzeeraer B., 2004. Sources and distri-
bution of organic carbon and nitrogen in the Tagliamento River,
Italy. Aquatic Sciences 66 (1): 103-116

MattHews D.A., EFfLer S.W., MaTTHEWS C.M., 2005. Long-term trends in
methane flux from the sediments of Onondaga Lake, NY: Sedi-
ment diagenesis and impacts on dissolved oxygen resources.
Archiv fiir Hydrobiologie 163 (4): 435-462

Mee L.D., 1992. The Black Sea in crisis: a need for concerted interna-
tional action. Ambio 21: 278-286

Mevseck M., 1981. River transport of organic carbon to the ocean. In:
G.E. Likens (ed), Flux of Organic Carbon by Rivers to the Oceans.
US Dept. of Energy, NTIS Report, No. CONF-8009140, UC-11,
Springfield, VA, pp. 219-269

Oosterserc W., Bocpan L., 2000. Ecological gradients in the Danube
Delta lakes — Water quality. RIZA rapport 2000.015: 51-70

OosterserG W., Buuse A.D., Coors H., IBELINGS B.W., MenTING G.A.M., STARAS
M., BocpaN L., ConsTanTINESCU A., HANGANU J., NAvoDARU ., TOROK L.,
2000. Ecological Gradients in the Danube Delta Lakes. RIZA rap-
port 2000

Panin N., 1996. Danube Delta-genesis, evolution and sedimentology.
Geo-Eco-Marina 1: 11-34

Ravymonp PA., Bauer J.E., 2001. Riverine export of aged terrestrial or-
ganic matter to the North Atlantic Ocean. Nature 409: 497-500

RADAN S., GAncu A., StrecHiE CL., 2000 — Overview of the long term eco-
logical research performed by GeoEcoMar in the Danube Delta,
Romania. In: Lajtha K. and Vanderbilt K., eds. 2000 - Cooperation
in Long Term Ecological Research in Central and Easterm Europe:
Proceedings of the ILTER Regional Workshop, 22-25 June, 1999, Buda-
pest, Hungary. Oregon State University, Corvallis, OR, pp. 101-112

RicHEeyY J.E., MeLAck J.M., AurpenkampPE A.K., BALLESTER V., HEss L.L., 2002. Out-
gassing from Amazonian rivers and wetlands as a large tropical
source of atmospheric CO,. Nature 416: 617-620

ScHreiBer H., ConsTanTINEscu L.T., Cvitanic ., Drumea D., JaBukar D, et al.,
2003. Harmonised Inventory of point and diffuse emissions of
Nitrogen and Phosphorus for a Transboundary River Basin. Res.
Report 200 22 232. Fed. Environ. Agency

Sommer U., 1990. The role of competition for resources in phytoplank-
ton sucession. In: U. Sommer (ed.), Plankton ecology: Sucessions
in plankton communities. Springer-Verlag, New York, pp. 57-106

Teoporu C.R., FriebL G., FriebricH J., RoeHL U., STurm M., WEHRLI B., 2007.
Spatial distribution and recent changes in carbon, nitrogen and
phosphorus accumulation in sediments of the Black Sea. Marine
Chemistry 105 (1-2): 52-69

UrsaN N.R., Dinker C., WerrLI B., 1997. Solute transfer across the sedi-
ment surface of a eutrophic lake: Porewater profiles from dialysis
samplers. Aquatic Sciences 59: 1015-1621

WETzeL R.G., 1979. The role of the littoral zone and detritus in lake me-
tabolism. Archiv fiir Hydrobiologie 13: 145-161

WETzeL R.G., 2006. Wetland Ecosystem Processes. In: D.P. Batzer and
R.R. Sharitz (eds), Ecology of Freshwater and Estuarine Wetlands.
Berkeley and Los Angeles, CA, University of California Press, pp.
285-312

ZessNer M., PostoLacHe C., CLEMENT A., Kovacs A., Strauss P, 2005. Consid-
erations on the influence of extreme events on the phosphorus
transport from river catchments to the sea. Water Science & Tech-
nology 51: 193-204

90 Proceedings of the Swiss — Romanian Research Programme on Environmental Science & Technology (ESTROM)



