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ABSTRACT: Network analysis was applied to nitrogen cycling data from 6 ecosystem components 
(phytoplankton, Potarnogeton pectinatus, Ruppia cirrhosa, detritus plus heterotrophs, sediment, and 
dissolved inorganic nitrogen) in Tancada Lagoon (Ebro fiver delta, NE Spain) to ascertain (1) the rela- 
tive importance of internal recycling versus external exchanges, (2) the main biogeochemical processes 
and (3) the fate of nitrogen imported to the lagoon. We compared cycling from 2 periods of the year: 
May-October, dominated by freshwater inputs, and November-April, dominated by seawater. Nitro- 
gen recycling in the lagoon is equal to or more important than exchanges with other ecosystems, as 
Indicated by the Finn Cycling Index (FCI) FCI values are the percentage of total flow in the network 
which is associated with internal cycles and not with imports or exports. These internal cycles involve 
flows from a compartment that can be traced through 1 or more other compartments and back to the 
original. FCI values were 62% during the freshwater period and 52% during the seawater period. 
Nitrogen input to the lagoons was mainly as detritus plus heterotroph nitrogen (0.81 and 0.51 mm01 N 
m-' d - '  during the fresh- and seawater periods respectively) Most nitrogen export was as phyto- 
plankton (0.2 mm01 N m-' d-l during both periods). Denitrliication rates were comparable to other 
exports (0.17 and 0.09 mmol m-' d - '  during the fresh- and seawater penods respectively). Sediment 
played a key role in the internal recycling of nitrogen. A total of 80% of the phytoplankton nitrogen 
flow came indirectly from ammonium fluxes between sediment and water during the freshwater 
period, and 60% during the seawater period. Thus several differences were noted in the N cycles 
between these 2 periods involving both the amount of recycling and the relative importance of differ- 
ent processes to the fate of nitrogen. 
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INTRODUCTION 

Availability of nitrogen supply to the euphotic zones 
of aquatic ecosystems is important, particularly in 
coastal systems, because primary production is often 
limited by nitrogen (Ryther & Dunstan 1971). Coastal 
lagoons in the Ebro River delta, NE Spain, are shallow 
systems where average water depth is between 35 and 
48 cm (Comin 1984). Because of the shallow depth, 
macrophytes develop important communities, and 
nitrogen from the sediment may be used by both 
phytoplankton (after its flux from sediment to water) 
and rooted macrophytes. The source water for these 
lagoons changes from fresh in warmer months associ- 
ated with rice cultivation to saline during other seasons 
(Com'n 1984). Seitzinger et  al. (1991) proposed that 

the release of inorganic nitrogen from sediments is 
dominated by denitrification in freshwater systems and 
by ammonium efflux in marine and estuarine systems. 
The difference in pattern results from differential 
competition between physical diffusion and nitrifica- 
tioddenitrification in the 2 systems. Therefore both 
seasonal salinity changes and macrophyte growth may 
be important in determining the exchanges of nitrogen 
between sediments and water in these coastal lagoons. 

Elemental cycles have often been represented as 
multicompartmental models in which compartments 
are reservoirs of an element and fluxes between com- 
partments are the transfers and transformations of the 
element (Shugart & O'Neill 1979). A group of analyses 
in which algorithms are used to evaluate the model's 
structure is collectively called 'network analysis' 
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(Ulanowicz 1986). The analyses are designed to evalu- 
ate the qualitative (connections among compartments) 
and quantitative (the amounts of each flux) structure of 
the system. For network analysis only static models are 
required involving time-averaged standing stocks and 
flows. There is no need to hypothesize equation forms 
for dynamic simulation (Mann et al. 1989). Although 
static conditions are used, a steady state is not neces- 
sarily required for all of the algorithms needed in the 
analysis. As a result of network analysis, new perspec- 
tives can be gained about the model system and, infer- 
entially, about the natural elemental cycle. Among the 
results that can be obtained are the following: (1) the 
ability to evaluate the dependencies of one cornpart- 
ment's flow upon all other compartments whether or 
not a direct connection between compartments exists; 
(2) the probable fate of atoms imported into the system; 
(3) the distribution and importance of internal positive 
feedback loops (called cycles); and (4) the relative 
importance of recycling to import. Thus, network 
analysis provides powerful tools for the interpretation 
of nutrient cycling (Ulanowicz 1986, Wulff & Ulano- 
wicz 1989). 

We have constructed 2 models of the nitrogen cycle 
for Tancada Lagoon (Ebro River delta). The first model 
includes data obtained during the freshwater period. 
The second one includes data obtained during the sea- 
water period. Both models were subjected to ecologi- 
cal network analysis to evaluate (1) the fate of nitrogen 
coming from ricefields during the freshwater period 
and from the sea during the seawater period, (2) the 
relative importance of ammonium diffusion versus 
denitrification in both periods, and (3) the importance 
of internal recycling. 

MATERIAL AND METHODS 

Study site. Tancada Lagoon is located in the Ebro 
River delta, NE Spain (Fig. 1). This lagoon (1.8 km2, 
76 cm maximum depth) is surrounded by ricefields 
except on its east side where a small marsh area (dom- 
inated by Arthrocnema sp.) separates the lagoon and 
the sea. 

Freshwater comes from the ricefields during the 
whole rice cultivation period (May to October). During 
these months rooted macrophytes Ruppia cirrhosa and 
Potamogeton pectinatus develop maximum biomass. 
Conductivity values are less than 10 mS cm-' (Comin 
1984, Comin et al. 1987). 

Ricefields are harvested at the end of the cultivation 
period, and canals bringing freshwater to the lagoons 
are closed from November to April. Conductivity 
increases as marine water comes into the lagoon 
through canals that connect the coastal lagoon with the 

Fig. 1. Ebro River delta, NE Spain, showing location of the 
studied lagoon 

bay. Maximum salinity values are observed in Apnl 
(40 mS cm-'). At the end of September macrophytes 
lose their leaves, which then decompose in the water 
column and on the sediment (Menendez et al. 1989). A 
sampling station was located in each of 2 basins of the 
lagoon and in the main inflow and outflow canals. 
Further details on the study area and methods are 
described in Comin (1984) and Menendez & Comin 
(1989). 

Model construction. We developed multicompart- 
mental models representing various standing stocks of 
nitrogen with interactions or fluxes between compart- 
ments and with outside the system (inputs, outputs and 
dissipations resulting from respiration, i.e. denitrifica- 
tion). The units are mm01 m-2 for standard stocks and 
mm01 m-' d- '  for fluxes (Fig. 2).  

Six compartments were considered in our models, 
constructed with data corresponding to the freshwater 
period (210 d)  and seawater period (150 d): phyto- 
plankton (PHY), Ruppia cirrhosa (RUP), Potamogeton 
pectinatus (POT), detritus plus aquatic heterotrophs 
(DET), sediment (SED) and dissolved inorganic nitro- 
gen (DIN). Measured external inputs and outputs were 
made for PHY, DET and DIN. Standing stocks were 
measured directly (Table 1) with the exception of nitro- 
gen in PHY, which was estimated from chlorophyll 
measurements and conversions to nitrogen (Christian 
et  al. 1992). Nitrogen DET was determined as particu- 
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Table 2. Information for model of nitrogen cycle at the studied coastal lagoon at different periods. Details of measured variables 
are given in text 

Variable 

Phytoplankton 
Ruppia cirrhosa 
Potamogeton pectinatus 
Heterotrophs + detritus 
Sediment 
DIN 

Imports (mmol N m-' d-') 
Phytoplankon 
Heterotrophs + detritus 
DIN 

Exports (mmol N m-2 d-') 
Phytoplankon 
DIN 

Dissipations (mrnol N m-' d-') 
Denitrification 

Interactions (mmol N m-' d-') 
Phytoplankton - detritus 
Ruppia -detritus 
Ruppia - sediment 
Ruppia - DIN 
Potamogeton -detritus 
Potamogeton -sediment 
Potamogeton -DIN 
Detritus - sediment 
Ruppia - N uptake 
Potamogeton - N uptake 
Sediment - DIN 
Phytoplankton - N uptake 
Heterotrophs - N uptake 
Sediment - DIN uptake 

Freshwater Seawater 
(mmol N m-') (mmol N m-') 

3.68 3.68 
210.37 252.90 
50.00 58.10 
10.60 23.07 

1687.80 1867.80 
16.20 3.48 

Source 

Comin (1984) 
Menendez (1990), Menendez & Cornin (1989) 
Menendez (1990), Menendez & Comin (1989) 
Comin (1984). Comin et al. (1990) 
Gonzalez et al. (in press) 
Com'n (1984). Comin et al. (1990) 

Comin (1984) 
Comin (1984) 
Comin (1984), Comin et al. (1990) 

Comin (1984) 
Comin (1984), Comin et al. (1990) 

Astorga (pers. cornm.) 

Mass balance 
Menendez & Cornin (1990). Menendez et al. (1989) 
Menendez (1990) 
Menendez (1990) 
Menendez & Comin (1990), Menendez et al. (1989) 
Menendez (1990) 
Menendez (1990) 
Mass balance 
Menendez (1990) 
Menendez (1990) 
Vidal (1990), Fores (unpubl. data) 
Comin (1984) 
Comin (1984) 
Vidal (1990), Fores (unpubl. data) 

amount of flow passing through it. Also, the contribu- the distribution of flow according to length. Lastly, as 
tion of each import from outside the system to flows the total flow associated with these cycles represents 
is evaluated through a senes of vectors and matrices. cycled throughput it can be compared to flows into or 
Each import is considered separately. A coefficient in out of the system or to total flow (total system through- 
each vector and matrix represents the number of times put). This cycled throughput as a percentage of total 
an atom of imported nitrogen passes along a particular system throughput is called the Finn Cycling Index 
flow path between entering and leaving the system. (FCI; Finn 1980). 

Biogeochemical cycle analysis employs graph theory 
to evaluate the characteristics of internal cycles or 
positive feedback loops within the system. An arc is a RESULTS 
flow between 2 compartments. A series of arcs which 
in combination pass material from one compartment, From May to October dissolved inorganic nitrogen 
through 1 or more other compartments, and returns (DIN) comes to Tancada Lagoon through canals that 
material to the original one, is called a cycle. The arc transport freshwater from ricefields, and from Novem- 
within a cycle which has the smallest flow is the weak ber to April through canals that connect this lagoon 
arc, and a group of cycles sharing the same weak arc is with the Mediterranean Sea. Imports of DIN by source 
a nexus. One may infer that the weak arc is potentially during both periods are summarized in Table 2. Fresh- 
the controlling flow within a cycle and that cycles in a water imports are higher than seawater imports (0.99 
nexus have a common control. As cycles may have and 0.67 mm01 total nitrogen m-' d - '  respectively). 
different lengths and quantities of flow, a system is Structure analysis was used to assess the fate of nitro- 
characterized by not only the number of cycles but also gen coming into the lagoon from external systems. 
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Freshwater Seawater 

Rate of input 0.99 0.67 
(mm01 N m-' d- ')  

Atoms of N processed 
equivalent to 1 atom Input: 

to phytoplankton 0.208 0.094 
to heterotrophs + detritus 0.055 0.024 
to denitlification 0.002 0.005 

Table 3. Fates of nitrogen from freshwater and seawater with Phytoplankton was highly dependent upon sediment 
respect to phytoplankton, heterotrophs plus detrtitus and nitrogen, mainly during the freshwater period when 

denitrification 81.9 % of its nitrogen throughput had been through the 
SED compartment with DIN as intermediate. During 
the seawater period phytoplankton's dependence on 
sediment decreased to 50%. Dependency of phyto- 
plankton throughput on DIN in water was also higher 
during the freshwater period (83.2% of its total 
throughput) than during the seawater period (60% of 
its total throughput). The remainder of phytoplankton 
throughput was associated with importation of phyto- 
plankton and imbalance in inputs and exports. 

Sediment nitrogen depended less on aquatic com- 
partments (DIN, PHY or DET) than vice versa. Maxi- 

During the freshwater period 20.8% of DIN import is mum dependence was observed with DET (46.6 to 
involved in the flow from DIN to the phytoplankton 80.5% of sediment nitrogen throughput had been 
compartment, and 5.5 % is associated with the uptake in the DET compartment). The degree of sediment 
of DIN by heterotrophs. Denitrification releases an recycling, obtained from the total dependency matrix 
equivalent to 0.2 % of imported DIN (Table 3). During (Table 4) at the cell where SED is both donor (row) and 
the seawater period the DIN import to phytoplankton recipient (column) was about 40%, obtained in both 
decreases to 9.4%. Also DIN import to heterotrophs the freshwater and the seawater period. This is the 
decreases to 2.4 % of DIN import. During this period percentage of sediment throughput that had previ- 
0.5 % of DIN input is released by denitrification. ously been in the SED compartment, left and returned. 

If we compare nitrogen dissipation by denitrifica- All N for the 2 macrophytes came directly from sedi- 
tion with nitrogen release from sediment to water, we ments. However non-steady-state conditions affected 
observe that both values are higher during the fresh- dependencies less than 100% in the seawater period 
water period compared to the seawater period, but (Table 4 ) .  During the seawater period nitrogen outputs 
the ratio of DIN release from sediment to denitrifica- from decomposition exceeded inputs, and compart- 
tion is 28 and 27 in each period (Table 1). The DIN mental throughputs were calculated as inputs plus N 
compartment is highly dependent upon sediment is equal to the amount of decrease in standing stock. 
nitrogen in both periods. 98.5% of DIN throughput These imbalances between throughput and input 
had been through the SED compartment during the caused dependency of their throughputs on sediment 
freshwater period and 84.1% during the seawater of about 50.1% by Ruppia cirrhosa and 68.8% by 
period (Table 4). Potamogeton pectinatus. 

Both macrophytes had an indirect 
dependency of about 50% on DET. 

Table 4. Total dependency coefficient matrices indicating the percentage of DET throughput depended directly on 
flow through a recipient compartment (columns) that once resided in a donor the 2 macrophytes and phytoplankton, 

compartment (rows). Relationships can be direct or indirect The dependence on Ruppia cirrhosa 
was higher than that on Potamogeton 
pectinatus or phytoplankton. Depen- 
dency by DET on R, cirrhosa was 
higher during the seawater period 
(76.7 %) than during the freshwater 
period (60.2%). This is the reverse of 
the pattern for dependence on phyto- 
plankton. Dependence on P pectina- 
tus was similar for both periods. 

The structure of biogeochemical 
cycles differed between periods of 
the year. The number of cycles was 
greatest during the freshwater period 
(13 cycles). Once DIN to SED flow 
disappeared in the seawater period, 
the number of cycles decreased to 10 

Donor Recipient 
PHY RUP POT DET SED DIN 

Freshwater period 
PHY 11.9 14.6 14.6 31.3 14.6 14.3 
RUP 34.1 30.5 30.5 60.2 30.5 41.0 
POT 8.1 7.1 7.1 14.2 7.1 9.8 
DET 38.2 46.6 46.6 37.2 46.6 45.9 
SED 81.9 100.0 100.0 79.9 39.6 98.5 
DIN 83.2 15.2 15.2 32.6 15.2 15.0 

Seawater period 
PHY 4.90 4.92 6.73 12.1 9.78 8.23 
RUP 3.84 3.28 44.90 76.7 65.20 64.90 
POT 12.50 5.63 7.70 12.4 11.20 21.20 
DET 40.10 40.10 55.40 36.6 80.50 67.80 
SED 49.80 50.13 68.80 45.4 38.70 84.10 
DIN 59.20 4.13 5.65 10.2 8.21 6.91 
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(Fig. 2). During the freshwater perlod DIN was 
involved in 8 of the 13 weak arcs observed. Two of the 
3 flows into DIN are weak arcs, both from macro- 
phytes. Two of the 3 DIN uptakes are weak arcs (to 
SED and to DET). All inputs to DET are weak arcs dur- 
ing the seawater period. 

DISCUSSION 

We constructed the 2 models or networks of nitrogen 
cycling within the Tancada Lagoon as a way of collat- 
ing data from several studies of this system. Network 
analysis allowed us to evaluate these collated data in 
novel ways. We were able to trace nitrogen along 
paths within the model, examine indirect relationships 
and compute a system level index of the amount of 
recycling (Finn 1980). Extrapolation of our results to 
Tancada Lagoon depends on how well the model 
translates salient features of reality. Our choice of 
compartments and flows (i.e. model structure) was 
designed to maximize the potential that extant data 
could be used to estimate needed values. Thus com- 
partments, such as 'detritus' which also contains 
aquatic heterotrophs and 'sediment' which also con- 
tains all benthos, are highly aggregated. We rejected a 
food-web approach to modelling as we assumed that 
trophic structure of higher-order consumers con- 
tributes increasingly small explicit flows in biogeo- 
chemical cycling (Lindeman 1942). Also, we would 
have had to be more speculative with constructing a 
more elaborate food web. If consumers are primarily 
responsible for mineralization and smaller consumers 
are most responsible, our measurements and subse- 
quent model values should embody the quantitatively 
important processes. 

The primary producer compartments were divided 
to represent the 2 major macrophytes, which have dif- 
ferent seasonal dynamics, and phytoplankton, which 
derive their nitrogen from DIN rather than from sedi- 
ment and have a more rapid turnover We had consid- 
erable information on these compartments which are 
obviously the most important in the immobilization of 
nitrogen. Thus with our model we focused on these 
organisms and their potential to control nitrogen 
cycling. 

The structure of a model influences the results of the 
network analysis. Each individual analysis is impacted 
in its own way. Aggregation of compartments which 
act in parallel to each other does not alter summed 
throughput (Ulanowicz & Kemp 1979). Aggregating 
compartments connected in series reduces total system 
throughput. For a food web the magnitude of this 
reduction is to a large extent limited by the number of 
trophic levels. Thus, by aggregating the food web we 

have decreased this quantity relative to a more com- 
plex web. Aggregations will also have an influence on 
the number of cycles and their length. These issues 
must be recognized in making inferences about the 
natural system. Further, differences in model structure 
can confound comparisons with other ecosystem mod- 
els, but the 2 models given here are consistent with 
each other and consistent in structure with others we 
have analyzed (Fores & Christian 1993, Christian et  al. 
in press). Throughput-based analysis of dependence, 
fate and cycling is generally less sensitive to aggrega- 
tion than analyses that involve the designation of 
cycles. We place more emphasis on general patterns 
elucidated by network analyses and relative range 
of quantities than on claiming specific values for the 
natural ecosystem. 

We found a high dependence on internal nitrogen 
recycling for both planktonic and benthic primary pro- 
ducers in Tancada Lagoon. This result is in agreement 
with those obtained by different authors (Nixon 1981a, 
Nowicki & Nixon 1985, Pilson 1985, Christian et al. 
1992) on the relative importance of internal nitrogen 
recycling to outside sources. Inputs of nitrogen are 
higher from May to October, the freshwater phase, 
when water enters primarily from ricefield drainage 
canals. During this period the main source of external 
nitrogen is in particulate form. Particulate nitrogen 
loading reflects both release of nitrogen from ricefields 
and subsequent metabolism in drainage canals (Fores 
1992). From November to April, the seawater period, 
dissolved inorganic nitrogen increases its relative 
importance as nitrogen input. Phytoplankton depend 
directly on dissolved inorganic nitrogen, but a large 
quantity of phytoplankton nitrogen comes indirectly 
from ammonium flux between sediment and water. 
Sediment contributes about 80% of the phytoplankton 
nitrogen throughput during the freshwater period and 
50% during the seawater period. Also nitrogen min- 
eralization coming from decomposition of Ruppia 
cirrhosa and Potamogeton pectinatus at the end of the 
growing season (Menendez et al. 1989) can be an 
important source of dissolved inorganic nitrogen used 
by planktonic primary producers during late autumm 
and winter, as the observed dependency clearly indi- 
cates. Nutrient sources for rooted macrophytes are 
rnalnly sediment (Carignan & Kalff 1980, Carignan 
1985), but again we observe an important indirect 
dependence on internal recycling, since half of macro- 
phyte nitrogen through.put comes from detritus. R. cir- 
rhosa is the main source of detritus in Tancada Lagoon: 
60% of DET throughput in the freshwater period and 
77% in the seawater period comes from R. cirrhosa. 
Only 14 % and 31 Y ,  of DET nitrogen thr0ughpu.t in the 
freshwater period and 12 % and 12 % in the seatvater 
period comes from P pectinatus and phytoplankton 
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respectively. So R ,  cirrhosa plays an  important role in 
the internal recycling of nitrogen In Tancada Lagoon, 
as we expected from its higher biomass production 
and decomposition rates compared to P pechnatus 
(Menendez 1990). 

In sed~ments  with ox~dized surface layers, the per- 
centage of mineralized nitrogen that is nitrified/ 
denitrlfied, compared w ~ t h  that released as amnlo- 
nium, appears to be affected by the presence of salts 
(Gardner et al. 1991). Conductivity is low in Tancada 
Lagoon during summer and high in winter according 
to the different origins of water in both per~ods  (Comin 
1984, Conlin et al. 1987). But ammonium flux from 
sediment to water is considerably higher than denitrifi- 
cation in both the seawater and freshwater periods. 
This result is not in agreement with those obtained by 
Seitzinger (1988) and Gardner et al. (1991) in their 
comparisons of estuarine and freshwater systems. It 
has been proposed that a larger percentage of ammo- 
nium produced during the mineralization of organic 
nitrogen in freshwater sediment is lost from the eco- 
system as N2 as a result of more efficient nitrification, 
and subsequent denitrification, compared to marine 
sediments (Gardner et  al. 1987, Seitzinger 1988). Low 
denitrification during the freshwater period compared 
to the expected results can result from high levels of 
sulfate in the sediments and pore water from marine 
underground water input. Sulfate content of sediments 
and sulfate reduction that can inhibit nitrification/ 
denitr~ficatlon processes during summer need further 
research to explain the results obtained. The fact that 
Tancada Lagoon alternates between marine and fresh- 
water imports may explain this discrepancy with sys- 
tems having consistent salinity regimes. 

Coastal lagoons in the Ebro River delta may be 
qualified as eutrophic systems, considering the large 
quantity of dissolved nutrients observed (Comin 1984, 
Comin et al. 1987). It has been postulated that systems 
that are stressed by high nutrient loads have high FCIs 
and short biogeochemical cycles (Mann et al. 1989, 
Wulff & Ulanowicz 1989). FCIs of 62% in the fresh- 
water period and 52 % in the seawater period indicate 
that at  least 50 O/o of the throughput of nitrogen within 
the lagoon is associated with internal cycling. These 
FCI values are within the range of those for nitrogen 
networks of other shallow eutrophic systems we have 
studied (Chnstian et al. 1992, Fores & Christian 1993, 
Christian et al. in press). The longest cycles were of 
5 arcs length, and only 3 of a total of 23 cycles found 
were that long. During the freshwater period we found 
2 cycles of 5 arcs length, whereas in the seawater 
period we found only 1. The significance of these 
patterns, however, cannot be ascertained until more 
comparable networks have been analyzed. 

The Tancada Lagoon undergoes major changes 

between the 2 periods considered. Water source 
changes, temperature and resultant metabolic rates 
change, and the life history states of the macrophytes 
change. The nitrogen cycles of the 2 periods are differ- 
ent reflecting these changes. Internal cycling (FCI) 
decreases In the seawater period relative to the fresh- 
water period, and the importance of processes involv- 
ing DIN as the weak arc decreases. Although the 
absolute fluxes into and out of DIN generally decrease 
in the seawater period, the fluxes become larger rela- 
tive to others involved in cycling. Flows of nitrogen 
from sediment to water and macrophytes are not weak 
arcs during the freshwater (growing) period, but these 
flows are less or below detection in winter. We infer 
that in the freshwater period nitrogen cycling and 
availability to primary producers are largely limited by 
the production of DIN. During the seawater period, 
when a large quantity of nitrogen in macrophytes 
comes from detritus, all the inputs to these compart- 
ments are weak arcs. This result agrees with the 
hypothesis that decomposition of macrophytes controls 
nitrogen cycling in coastal marine ecosystems domi- 
nated by rooted vegetation (Nixon 1981b). 
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