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Our study presents a biogeochemical model that aims to reproduce the ecological processes shaping phytoplank-
ton dynamics in the shallow hypertrophic lagoon of Albufera de Valencia (Spain). The model simulates two ele-
mental cycles (N and P), two phytoplankton groups (cyanobacteria and non-cyanobacteria), and heterotrophic
bacteria. First, we examine the capacity to reproduce the observed plankton patterns, while accommodating
the uncertainty related to the external forcing factors of our model (hydraulic and nutrient loading, zooplankton
grazing). Sensitivity analysis is also performed to identify the most influential parameters and therefore to shed
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Eutrophication light on the knowledge needed to solidify the model parameter specification. We subsequently utilize the cali-
macrophytes brated model to assess the phytoplankton response to potential restoration actions; namely, the interplay be-

nutrient recycling
sediment diagenesis
alternative states
lagoons

tween external nutrient loading reductions and variant flushing rates. The model successfully simulates a
number of relevant water quality variables in the system, including total chlorophyll a, nitrate, ammonia, total
nitrogen and total phosphorus. According to our sensitivity analysis, the credibility of the model as a manage-
ment tool is primarily dependent upon the characterization of the phytoplankton growth strategies and associ-
ated settling rates. External P and N loadings are identified as the predominant driver of the system dynamics and
their control should remain the main priority of local management efforts. Finally, we pinpoint future research
directions that could advance our understanding of the ecosystem functioning, including an improved quantita-

tive description of the seasonal variability of the hydraulic regime in the studied lagoon.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Shallow lakes are the most abundant lake type at the global scale
(Wetzel, 1990). The lack of stratification during extended periods in the
summer and the tight water column-sediment coupling are predominant
features of this type of water bodies (Scheffer et al., 1993). Many of these
systems support significant economical and recreational activities, such as
agriculture, fishing, bird watching, boating or tourism (McNeary and
Erickson, 2013; Postel and Carpenter, 1997). However, an increasing
number of shallow lakes worldwide has been subject to a variety of deg-
radation processes, with the most profound being the cultural eutrophica-
tion (Dodds et al., 2008; Smith, 2003). The ramifications of shallow lake
eutrophication usually comprise a wide range of detrimental changes in
the food web structure and water biogeochemistry, but possibly the
most conspicuous effects are the reduction in water transparency, the ex-
cessive increase in primary productivity, and the increased frequency of
algal blooms, usually dominated by cyanobacteria that may be toxic or in-
edible (Carpenter et al., 1998; Smith et al., 2006).
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The control of phosphorus (P) and nitrogen (N) exogenous loading
has been shown to effectively alleviate the severity of eutrophication
(Jeppesen et al., 2005; Schindler, 2006). In shallow lakes though,
where the sediment surface to water volume ratio is high, the intense
sediment-water column interplay aggravates the eutrophication prob-
lem and (most importantly) results in a considerable time lag in their
response to the reduction of external nutrient loading (Sendergaard
et al., 2003). Sediment resuspension, driven by both wind action and
bioturbation, is responsible for a sizable reflux of nutrients into the
water column. Likewise, the elevated amount of P retained in the sedi-
ments is subject to diagenesis processes and gets mobilized to the inter-
stitial waters as phosphate, subsequently returning into the water
column through Fickian diffusive transport (Sendergaard et al., 2003).
Many of the associated sediment processes (e.g., bacteria-mediated
mineralization) display seasonal variation, with their maximal rates
typically observed during the summer period when the highest water
temperatures occur (Sendergaard et al., 2003). Alongside with the
P control, recent studies have also emphasized the importance of reduc-
ing N loading in temperate shallow lakes. For example, high N ambient
levels can prevent the establishment of a clear-water state in shallow
temperate lakes at moderately high ambient TP, but may play a lesser
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role at very low TP concentrations (Gonzalez Sagrario et al., 2005). Like-
wise, low nitrogen availability has been identified as a critical condition
for the maintenance of macrophyte dominance at intermediate to high
TP levels in the shallow Mediterranean Lake Eymir, Turkey (Beklioglu
et al., 2003). Thus, recognizing the uncertainty of restoration efforts
that solely focus on external nutrient loading reductions, the contempo-
rary eutrophication management paradigm has evolved to include bio-
logical or hydrological manipulations as complementary strategies to
accelerate system restoration (Gulati and van Donk, 2002). For example,
early work highlighted the importance of the causal linkage between
water residence time and phytoplankton productivity or other eutrophi-
cation symptoms (Dickman, 1969; Dillon, 1975). Since then, numerous
studies have described a negative relationship between flushing rates
and phytoplankton biomass in eutrophic shallow lakes, pinpointing the
reduction of water residence time by flushing as a potentially effective
restoration action (Jagtman et al., 1992; Moustaka-Gouni et al., 2006;
Padisak et al., 1999).

According to the alternative stable states theory, shallow eutrophic
lakes can oscillate between two alternative equilibria: a clear water
state characterized by high water transparency and submerged macro-
phyte vegetation, and a turbid state dominated by phytoplankton with
little or absent macrophyte cover (Scheffer et al., 1993). Albufera de Va-
lencia, a warm-temperate shallow oligohaline lagoon, was populated by
rich submerged vegetation during the first half of the 20th century
(Pardo, 1942). Following intense eutrophication processes throughout
the 1960s, the system shifted from a clear into a turbid stable state
which was consolidated by the virtual disappearance of macrophytes
in the early 1970s (Vicente and Miracle, 1992). The latter turbid state
has prevailed since then, although short-term clear-water events, with
chlorophyll a concentrations below 5 ug L, intermittently offer a differ-
ent perspective of the dynamics of this shallow coastal lagoon (Miracle
and Sahuquillo, 2002; Romo et al., 2005). These events are largely de-
pendent upon the hydrological regime and are characterized by a dras-
tic increase in water transparency which lasts for a short period (up to
five weeks), reduction of phytoplankton biomass, and change in the
plankton community composition, with decline of cyanobacteria and
increase of chlorophyte and diatom abundance, concomitant to large
cladocera (Daphnia magna) abundance increase (Onandia et al.,
2014b; Sahuquillo et al., 2007).

Nonetheless, the short duration of these events, together with the
lack of macrophyte resurgence, represent fundamental differences rela-
tive to the clear-water alternative stable states typically characterizing
shallow lakes (Scheffer et al., 1993). Further, the timing and causes of
clear-water events in Albufera de Valencia appear to differ from most
descriptions in the limnological literature. In the majority of shallow
eutrophic lakes, clear-water phases typically occur in spring and are
triggered by zooplankton grazing (Droscher et al., 2008; Lampert
et al., 1986; Tonno et al., 2003), although other factors such as climatic
forcing could be relevant (Droscher et al., 2009; Tirok and Gaedke,
2006). In Albufera de Valencia, clear-water phases are experienced in
the winter and are mainly driven by a suite of factors, such as: i) the in-
tense “flushing” induced by the draining of the rice paddies in the sur-
rounding watershed, leading to the reduction of phytoplankton
biomass by its direct export from the lagoon into the sea; ii) the mild
water temperatures that enhance the net growth of Daphnia magna;
and iii) a decrease in fish predation on zooplankton, stemming from
the annual maximum catch rates by local fishermen during the same
period (Romo et al., 2005). These factors, along with the low light avail-
ability and suboptimal water temperatures for algal growth, magnify
the top-down control of phytoplankton biomass by herbivorous zoo-
plankton. However, these favorable conditions do not last for long,
very likely because of the intense fish predation on zooplankton exerted
by Liza aurata Risso and Cyprinus carpio L. during the spring, which is a
recurring pattern in subtropical and southern temperate shallow lakes
and lagoons (Blanco et al., 2003; Romo et al., 2005 and references
therein). Of equal importance is that the water flow through the lake

is drastically reduced after the rice paddies are drained, favoring the
re-establishment of cyanobacteria dominance.

In an attempt to improve the water quality of the lagoon, a sewage
purification plan was implemented during the 1990s, resulting in a
significant nutrient input reduction; namely, 77% in TP and 24% in TN
(Romo et al., 2005). This improvement was translated into a notable
reduction in chlorophyll a levels (from 270 to 180 g L'), but
cyanobacteria dominance still remains a thorny issue (Romo et al.,
2005, 2008). More recently, several surface constructed wetlands have
been developed (Tancat de la Pipa, Tancat de Milia and Estany de la
Plana), but their current functioning does not necessarily maximize
the removal of phytoplankton, phosphorus and nitrogen (Martin et al.,
2013). Thus, in spite of all the management actions, the system arguably
remains hypertrophic. According to the Ecoframe scheme (Moss et al.,
2003), Albufera de Valencia is still in a bad ecological status and addi-
tional actions should be undertaken to ameliorate ecosystem recovery.

In this regard, the goal of the present modeling study is to reproduce
the interplay among the ecological processes that shape the planktonic
patterns in the coastal shallow lagoon of Albufera de Valencia. Ecological
modeling represents a useful tool to elucidate the physical and biogeo-
chemical processes underlying the local eutrophication problems and to
design management plans that effectively balance between environ-
mental concerns and local socioeconomic values (Usaquén Perilla
et al.,, 2012). The N and P cycles as well as the dynamics of two phyto-
plankton groups (cyanobacteria and non-cyanobacteria) and heterotro-
phic bacteria are simulated by the model. We present the results of the
calibration and validation exercise and examine the ability of the model
to reproduce the observed plankton patterns in Albufera de Valencia,
while accommodating the uncertainty of the external forcing factors.
Sensitivity analysis is performed to identify the most influential param-
eters for the phytoplankton simulations. We conclude by pinpointing
knowledge gaps and recommending future research directions.

2. Materials and Methods
2.1. Study Site-Data Collection

Albufera de Valencia is an oligohaline (salinity ~ 1 %.) lagoon locat-
ed at the Mediterranean coast, 15 km south of the city of Valencia
(Spain). It has a mean depth of =~ 1 m and covers an area of approxi-
mately 24 km?. This shallow system is currently characterized as
hypertrophic, with average annual chlorophyll a levels of 167 ug L™
(4-322pg L), Secchi disk depth of 0.34 m (0.18 - 1 m), total phospho-
rus (TP) of 155 pg L'! (41 - 247 ug L'!), and total nitrogen (TN) of
39mglL! (1.8 - 6.6 mgL!). Similarly, the primary productivity is re-
markably high, varying between 1 - 12 mg C m? d"! (Onandia et al.,
2014b). The lagoon is surrounded by a 223 km? area primarily used
for rice cultivation. Numerous irrigation ditches cross the rice paddies
and flow into the system, discharging nutrient and organic matter load-
ings. Three outlet channels or “golas” with sluices connect the lagoon
with the Mediterranean Sea, separated only by a 500 — 1000 m wide
sand bar, thereby allowing water level regulations. Thus, the water re-
quirements of the rice culture predominantly shape the hydrological
cycle of the lagoon. In mid-autumn, the rice paddies are flooded without
culture. In the winter, there is a major period of high water renewal rate
driven by the draining of the flooded paddies. During the spring period,
the dry paddies are prepared for rice sowing in May; at that point, the
paddies are flooded again, defining the beginning of a period of low
water renewal rate that lasts throughout the rice growing season. Rice
is harvested in late summer (mid-September) and thereafter, a second-
ary period (end of September - October) of moderately high water flow
takes place until the paddies are flooded again. The lagoon, the sur-
rounding paddies, and the sand bar, characterized by two parallel
dunes covered by Mediterranean vegetation, form the “L’Albufera de
Valencia Natural Park”, which has been included in the Ramsar List of
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Wetland of International Importance since 1990, and was subsequently
designed as a Special Area for Bird Protection (ZEPA).

Based on previous studies of the relative contribution of the water
masses in the ditches (Soria and Vicente, 2002; Vicente et al., 2012),
twenty channels representing around 85% of the total inflows were
selected to quantify the hydraulic and nutrient loading into the lagoon.
Even though the outflows take place mainly through the “golas”, certain
incoming channels, such as Reina Nova and Reina Vella (Fig. 1), often
change water flow direction behaving as outlet channels and were com-
puted as such in those occasions. It should also be noted that the out-
flows through the “Perell6 gola” were not taken into account. Firstly,
because Reina Nova and Reina Vella channels discharge into this gola,
when they function as outlet channels (and therefore computing the
outflows through this gola would have led to an outflow overestima-
tion), and secondly, because the “Perelld gola” collects water from
sources other than the lagoon, namely from the rice paddies located in
the south area. Water flow in the “golas” and selected channels was
estimated during 2010-2011 with weekly to monthly frequency by
measuring the cross-section and length of a stretch of the channel and
then introducing Rhodamin-coloured waves into the stream to assess
maximum water speed as described in Soria and Vicente (2002).
These estimations also accounted for the different coating of the chan-
nels by correcting with Fisher’s formula (Escriba, 1988). Additionally,
we used daily flow data obtained with an acoustic Doppler current
profiler in the main channels (Gola de Pujol, Perellonet, Reina Nova,

Reina Vella, Overa and Dereta).These data were provided by the
Confederacién Hidrografica del Jucar (Regional Basin Authority).

Water samples were collected during 2010-2011 at the selected
channels, the “golas”, and at four stations within the lagoon (Fig. 1)
with weekly (during the clear-water event in 2010) to monthly fre-
quency (with the exceptions of February 2010 and June 2011). Conduc-
tivity, pH, salinity, oxygen saturation (%), dissolved oxygen (mg DO L™!)
and temperature were measured in situ with a multiparameter WTW
350i probe. Physicochemical variables, such as water turbidity (WT),
suspended solids (SS), ammonia (NH,), nitrate (NOs), nitrite (NO,),
TN, phosphate (POy4). TP and alkalinity (Alk) were determined following
the methodology described in APHA (1992). Dissolved and total organic
and inorganic carbon (DOC, TOC, DIC, TIC) were measured with a Total
Organic Carbon Analyzer (TOC-VCSH) by high temperature combustion,
as described in ISO (1997). More details about the methodology used
along with the general trends of the measured water quality variables
can be found in Onandia et al., 2014a,2014b. Additionally, vertical profiles
of photosynthetic active radiation (PAR) were measured at the sampling
stations in the lagoon with a 2 quantum sensor (Li-192SA) attached to a
LiCor Li-1000 data logger. The acquired values (at 0.1 m depth intervals)
were used to derive the vertical light attenuation coefficient (K4) of PAR.
Secchi disk depth was also recorded.

Chlorophyll a collected onto glass fiber filters (GF/F, Whatman) was
measured spectrophotometrically as described in Shoaf and Lium
(1976). The biomass of the different phytoplankton groups was also

Al. Station 1
A2. Station 2
A3. Station 3
A4. Station 4
1. Gola Pujol
2. Saler
3. Pechinar
4. Ravisanxo

Z 5. Fus

6. Poyo

7. Port de Catarroja

8. Albal

9. Font Mariano

10. Beniparrell

11. Port de Silla

12. Catalans

13. Foia

14. Alqueresia

15. Campets

16. Overa

17. Dreta

18. Reina Vella

19. Reina Nova

20. Gola Perellonet

21. Gola Perello

Fig. 1. Map of Albufera de Valencia, with monitored channels and sampling locations. The limits of “L’Albufera de Valencia Natural Park” (dotted line) are also shown along with the lagoon

watershed (solid line).
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estimated. DAPI-stained bacteria samples were counted under a
epifluorescence microscope (Zeiss Il RS) and cell volume was estimated
based on measurements of dimensions in microphotographs using the
general Sommaruga (1995) formula. Cell carbon content was then
derived by applying a conversion factor of 0.2 pg C um™ (Simon and
Azam, 1989). Samples for algal cell counts were preserved in Lugol
solution and enumerated with an inverted microscope at 1000X in
a 3 mL sedimentation chamber. Cell biovolume was calculated as
described by Hillebrand et al. (1999) and cell carbon was subsequently
estimated using a conversion factor of 0.225 pg C um™> for mixed phyto-
plankton populations (Reynolds, 1984). Zooplankton samples were
concentrated by filtering with a 30 um mesh nytal filter, preserved
with formalin 4%, and counted with an inverted microscope at 100x
magnification. Zooplankton biomass was obtained using species-specific
dry weight conversion factors (Bottrell, 1976; Dumont et al.,, 1975; Latja
and Salonen, 1978; Telesh et al., 1998).

2.2. Model description

2.2.1. Model structure and forcing functions

In this section, we present the basic conceptual design of the model.
The model equations are shown in Table 1 and the definitions of model
parameters are presented in Table 2. The present ecological model is
partly based on the eutrophication model of Lake Washington devel-
oped by Arhonditsis and Brett (2005a, 2005b). Given the shallowness
of the system (mean depth ~ 1 m) and thus the lack of vertical stratifi-
cation, the model consists of only one spatial compartment. The model
considers the interactions among the following state variables: nitrate,
ammonium, organic nitrogen, phosphate, organic phosphorus, detritus,
bacteria and two phytoplankton groups: cyanobacteria and non-
cyanobacteria. Our data on total zooplankton biomass and community
composition provided evidence of two very distinct zooplankton char-
acterizations. The first one corresponds to the period in which cladocera
dominated the zooplankton community; namely, the clear-water event
observed in late winter of 2010. The second corresponds to the zoo-
plankton community observed during most of the study period, domi-
nated by copepods (Acanthocyclops americanus), rotifers (Brachionus
calyciflorus, Brachionus angularis, Keratella tropica, Keratella cochlearis
or Polyarthra sp.) as well as small-sized cladocera (e.g., Bosmina
longirostris, Ceriodaphnia sp., Alona sp., Chydorus sp., and Moina sp.).
However, while the representation of zooplankton as one aggregated
entity was clearly inadequate, the available empirical information was
insufficient to credibly parameterize two zooplankton functional groups
and subsequently test them in the extrapolation model domain; that is,
the validation dataset did not include a clear-water event to test the
robustness of a “cladocera-like” group (see following Results). Based
on this limitation, the role of zooplankton in the system was accounted
for by including it as an external forcing function, i.e., we do not explic-
itly consider zooplankton as a state variable, but rather the model is
externally forced with the observed zooplankton biomass data.

Other external forcing functions include water temperature, solar
radiation, dissolved oxygen, light extinction coefficient, day length,
precipitation, evaporation, wind, atmospheric deposition, channel
inflows/outflows, and the associated nutrient loading. Water tempera-
ture, solar radiation and dissolved oxygen were approximated by sinu-
soidal functions, based on our field measurements. Given the absence of
data closer to the system, day length, precipitation, evaporation and
wind forcing were based on the Valencia Airport weather station
(~20 km from La Albufera de Valencia) provided by the Meteorological
State Agency (AEMET). Although the distance of the wind speed data
from the lagoon might introduce uncertainty into our modelling exer-
cise, we believe that the flat topography of the area minimizes the
likelihood of a major error with our wind-resuspension estimates.
Precipitation and evaporation data as well as inflows and outflows
were used to calculate the water budget of the system, and thus explic-
itly account for the seasonal variability in the lagoon volume. Daily

data on outflows and water level variations were provided by the
Confederacién Hidrografica del Jicar. Based on daily outflow measure-
ments, we adjusted our inflow estimates in order to fit water level
changes in the lagoon. The flushing rate was estimated to be 8.9 y !,
which is somewhat lower comparing with the value (9.8 y'!) reported
for 1988 (Soria and Vicente, 2002). The Albufera de Valencia
971.1 km? watershed hosts industrial and agricultural activities as
well as a fairly dense population (Soria and Vicente, 2002). Water
sources include groundwater springs (“ullals”) and natural runoff, but
also treated sewage from domestic and industrial origin (containing a
small untreated fraction) and surplus agricultural water. The external
nutrient loading cycle was based on flow-weighted nutrient concentra-
tions measured for the selected tributaries (Fig. 2). Atmospheric NO3
and NH,4 deposition is based on bulk deposition values from El Saler, a
village located 4 km north from the lagoon (Sanz et al., 2002). PO,4
data are based on dissolved inorganic phosphorus bulk deposition for
the southwestern Mediterranean (Morales-Baquero et al., 2006).

2.2.2. Model Equations

2.2.2.1. Phytoplankton. The phytoplankton of Albufera de Valencia has
been extensively studied over the last 40 years (Garcia et al., 1984;
Romo et al., 2008; Romo and Miracle, 1994, 1995; Villena and Romo,
2003; Vicente and Miracle 1992). While there have been noticeable
changes in the phytoplankton community composition over time, the
total biomass and chlorophyll a levels consistently reflect the shift of
the lagoon into a hypertrophic state. Detailed description of the current
phytoplankton seasonal succession patterns can be found in Onandia
et al., 2014b. Briefly, the flow rate increase during the winter draining
of the rice paddies brings a substantial improvement of the water trans-
parency, which in turn results in a decrease of cyanobacteria biomass and
a greater relative contribution from cryptophytes (Cryptomonas sp. and
Rhodomonas sp.), chrysophytes (Chrysochromulina sp., Prymnesium sp.)
and diatoms (Cyclotella sp., Nitzschia sp and Fragilaria sp). In the
spring, the flow through the lagoon is reduced and the water column
stability is re-established. Diatoms (Fragilaria sp.) and cyanobacteria
(Pseudanabaena galeata, Merismopedia sp. pl.) dominate the algal as-
semblage. Phytoplankton growth displays a nearly monotonic in-
crease throughout the spring attaining its annual maximum biomass
towards the end of the season. In the summer period, cyanobacteria
represent up to =~ 90% of the total phytoplankton biomass, with com-
mon species such as Planktolyngbya sp., Aphanothece sp., Merismopedia
sp. or the heterocystous cyanobacterium Cylindrospermopsis raciborskii.
Based on this seasonal phytoplankton succession pattern, we opted
for the simulation of two phytoplankton groups that differ in regard to
their strategies for resource competition (nitrogen, phosphorus, light
and temperature), metabolic rates, morphological features (settling ve-
locity, shading effects) and palatability for zooplankton. Cyanobacteria
are modeled as K strategist, with low maximum growth rates and mor-
tality, fast nitrogen and slow phosphorus kinetics, high tolerance to low
light availability, high temperature optima, low settling velocity and
low edibility as food source for zooplankton. By contrast, the more ge-
neric “non-cyanobacteria” group has attributes of r-selected organisms
with high maximum growth rates and higher metabolic losses, relative-
ly fast phosphorus and slow nitrogen kinetics, low temperature optima,
high sinking velocities and high palatability for zooplankton. This group
aims to feature the properties of the spring phytoplankton community
(with an important contribution of diatoms) as well as the winter algal
assemblage (dominated by chlorophytes, chrysophytes and diatoms).
The phytoplankton equation considers biomass production and
losses due to mortality, settling, zooplankton grazing, and outflows
from the lagoon. The influence of temperature, light, and nutrient
availability on phytoplankton is mathematically represented by the
multiplicative model (Cerco and Cole, 1994). Phosphorus and nitrogen
dynamics within the phytoplankton cells account for luxury uptake
(Arhonditsis et al., 2002; Hamilton and Schladow, 1997). Phytoplankton
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Table 1
Mathematical equations of the eutrophication model for the Albufera de Valencia lagoon.
No. State Variable Term Equation
1 Phytoplankton biomass dPIz‘;Tu =growth;, x PHYT;, — mp; x e(x-Tempref) s pyyT,
- Vsettling; x PHYT; y/zx — Grazing ; x ftemperature y x ZOOPy
- outflows x PHYT; ,where
Growth rate growth; =gwthmax; x fnutrient;, x flight; x ftemperature;
Nutrient limitation foutrient; =min{QIN;, P04}
Phosphate limitation ©PO4; = (Pint; - Pmin;)/(Pmax;- Pmin;)
Intracellular phosphorus content % =Pup; x Pfb;x, — growth;, x Pint;
Nitrogen limitation Q@IN; = (Nint;x - Nmin;)/(Nmax;- Nmin;)
Intracellular dN;# = Nupix x Nfbix - growth ix X Nintix
Nitrogen content
Phosphorus uptake Pupix =Pmaxuptake; x (PO4,/(PO4y + KP;))
Nitrogen uptake Nupix = Nmaxuptake; x (IN y/(IN x + KN;))
Feedback control Pfbix = (Pmax; - Pint;,)/(Pmax; - Pmin;)
Feedback control Nfbix = (Nmax; — Nint;)/(Nmax; — Nmin;)
Light limitation flight; =2.718 x (FD/(Kgx x z)) x (e7%= " %), where
a0 ; = (I/Ik;), al ; = (I/Ik;)ekx x )
FD =the fractional day length (0 <FD <1)
Light attenuation Kax = Kgb + Kqgchla; x SPHYT;/(Ci/Chlat) + K4SS x SS
1
Temperature limitation ftemperature; — o(-KTer (Ty-Trefix)®)
2 Zooplankton-related equations
Grazing rate for phytoplankton Grazing ;x =maxgrazing x (Pref ; x PHYT;,)/(KZ + Foody)
Grazing rate for detritus Grazingger, x =maxgrazing x (Prefge.x % Detritusy)/(KZ + Foody)
Grazing rate for bacteria Grazingpact, x = maxgrazing x (Prefpaccx x BACTy)/(KZ + Foody)
Food abundance Food,, =3Pref herp ix X PHYT;x + Pref nerbderx X Detritus, Pref perpacex X BACTy
1
Preference of zooplankton for Pref iy = (Pref; x PHYT;x)/(XPref; x PHYT;x + Prefge; x Detritusy + Prefpace x BACTy)
phytoplankton i !
Preference of zooplankton for Prefaer = (Prefge; x Detritusy)/(XPref; x PHYT; x + Prefqe x Detritusy + Prefyace x BACT)
detritus !
Preference of zooplankton for Prefpact, x = (Prefpact X BACTx)/(2Pref; x PHYT; x + Prefqe; x Detritusy + Prefpacc x BACT)
bacteria !
Temperature limitation for growth  ftemperature, — o(KTgr 00 (Tx-Tref200)° ) \yhon T < Trefz00 + o(-KT8M2100(Ty-Tref200)%) \yhon T > Trefz00
3 Bacteria 4BACT = uptakepqee X BACT- mb x 0y x BACT"®® - Grazingpac, x X ftemperature , x ZOOP,, where
Uptake rate uptakepqer = (U; + Uy) x O¢
NH4 uptake U, = (Uptakemaxpqee X ON)/(DH + S + 0)
DON uptake U, = (Uptakemaxpac x S)/(DH + S + ON)
Total N substrate S = min (NH4, v x ON)
O :(1 ~ 05 cos(%dgw))/u +0.5)
4 Detritus concentration dDetriusy =12[(1_ Qpoc i) x mp; x ekBTempref) s pHYT, 1+ [(1 ~0tpocaoo) X Mz x eKXTempre) s (700P2/(ZOOPZ +
Pred?)) x ZOOPy]- [(maxgrazing x Pref ge.x x Detritus,)/(KZ + Foody)] x ftemperaturey x ZOOPy
- Vsettlingpiogenic) X Detritusy/zy — KCmineraly x Detritusy
Carbon mineralization rate KCmineral, = ftemperature_miny x KCrefmineral, where
Temperature limitation for ftemperature_min, _ o(-KTFmin(T,-Toptmin)”)
mineralization
5 Phosphate concentration % = —IZPup,- ix X Pfbix x PHYTx +%apo4 i+ x mp; x eXTempreD) o pine. s PHYT,,, + Oposj X MZ X k(Tx-Tempref)
(ZOOPZ/(ZOOPZ + Pred?)) x ZOOPy x PC,o, + KPmineral, x OP + PO4EXOG, + PO,ENDOG, - Outflows x PO4, where
Phosphorus mineralization rate KPmineral, = ftemperature_min, x KPrefmineral
ftemperature_min, = eKTrmin (Tx-Tempref)
Endogenous flux PO4ENDOG = POy sed x/Zx
6 Organic phosphorus concentration d?% = DetritusPy - DetritusGrazing P y x ftemperature y x ZOOPy,
— KPmineral, x OPy + OPEXOG, + OPENDO, - Outflows x OP —(Detritus Py/OPy x Vbiosettling + (1-Detritus
P,/OP,) x Vsettling) x OPy/zy
OP flux from sediment OPENDO,, = TurbFish + €OP + OPSED
Fish bioturbation TurbFish = (Rresusfish x fishbiomass x ftemperature)
Relative resuspension by adult fish ~ Rresuspfish = g sediment x g dry weight fish"! day™’
browsing
Fish biomass per area fishbiomass = g dry weight fish m2
Effects of temperature on fish ftemperature — o(-KTer (Ty-Treffish)?)
bioturbation
Wind resuspension 0P = x ((0-0)/0)Pifo=0,0ifo<0,
Rate of sediment release of organic ~ OPSEDy = OPosed x e(Ktsea(Tsed-Temprefy) \yhere
phosphorus
OPosed =0.1mgm—2day~!
Biogenic organic phosphorus DetritusPy =3, (1- Qpog i) x mp; x €T TemPre0 s Ping;  x PHYT; + (1= Qpoa 200) X mz x T, TemPrel) 5 P, x ZOOP,
accumulation !
Loss due to zooplankton grazing DetritusGrazingPj,, = (maxgrazing x Prefge.x x DetritusPy)/(KZ; + Food,)
upon detritus
Loss due to particulate phosphorus  SettlingPy = (DetritusPy/OPx) x Vsettling(piogenic) + (1~ (DetritusPx/OPy)) x Vsettling
settling
7 Ammonium concentration % = -% prefNH4 (i x) x Nupjx x Nfbjx x PHYT;x

+ SaNH4; x mp; x eX(™ Tempref) s Nintj , x PHYT;
1
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No. State Variable Term Equation
+ aNH400 x mz; x ek Temprel) s (700P2/(ZOOP; + Pred?) x N/C ;00 X ZOOPy + QtpqeNH4; x mbact x; x 0 x
BACT"%° x (N/Cpact) — Us x 0p x BACT x (N/Cpace) — Nitrification ,, - Outflows x NH4 + NH4EXOGgp, +
NH4ENDOG,
Mineralization rate KNmineral =KNrefmineral X ftemperature_min,
Nitrification rate Nitrification =Nitrifmax x flightnitr , x (DO /(DO x + KHdonit)) x (NH4,/(KHnh4nit + NH4,)) x ftempnitr
Light limitation flightnitry =1 when I, < 0.1 x1, else flightnitr, =0
Temperature limitation ftempnitry — o(-KTFgmitr(Ty-Toptnitr)?)
Intensity of light in compartmentx I, = I/(Kgy % zy) (e x Hx _ gkdv>x (2xt-H)y
Nitrogen-to-carbon ratio of the N/G; =02
zooplankton cells
Nitrogen-to-carbon ratio of the N/Cpact =0.18
bacteria cells
Endogenous flux NH4ENDOG, = NHy sed x/Zx
8 Nitrate concentration % = %( 1 — prefNH4(ix)) x Nupix x Nfb;x x PHYT;, + Nitrification, - Denitrification, — Outflows x NO3 +
NO3EXOG, + NO3ENDOG,;
Ammonium preference prefNH4 NH4/(NH4 + NO3)
Denitrification rate Denitrificationx =Denitrifmax x (KHdodenit/(DO, + KHdodenit)) x (NO3,/(KHno3nit + NO3,)) x ftempdenitry
Nitrification rate Nitrificationx Nitrifmax x flightnitr(x) x (NH4x/(KHammonitr + NH4x)) x (DOx/(KHoxygnitr + DOx)) x N ftempnitr(x)
Temperature limitation ftempdenitry — o(-KTerdenitr(T,-Toptdenitr)”)
9 Organic nitrogen concentration % = Detritus Ny — %Detrituscrazing N jx x ftemperature;j x ZOOP;x
-U; x 0; x BACT x (N/C bact) + QtpaeON; x mbact x; x 0, x BACT'%°
x (N/C bact) - (Detritus Ny/ON, x Vbiosettling + (1-Detritus Ny/ON,) x Vsettling) x ON,/zy — KNmineral, x ON,
+ ONEXOG, + ONENDO, - Outflows x ON
Biogenic organic nitrogen Detritus Ny =3, (1- aNH4;) x mp; x ek{PTempref) s NyC o x PHYT; + (1= aNH4 ,o,) x mz x ekiPTemprel) s Nyc s Z00P,
accumulation i
Loss due to zooplankton grazing DetritusGrazingN ~ =maxgrazing x Prefyec x x Detritus Ny/(KZ + Food,,)
upon detritus
ON flux from sediment ONENDOy = TurbFish + €ON + ONSED,
Wind resuspension gON = o x ((0 - 0)/0c)® ifo>o,0ifo<oc
ONSEDy = ONosed x e(Ktsea(Tsed-Temprefeq) \yhere
Rate of sediment release of organic =~ ONosed = OPosed x TN/TP,
nitrogen
10 Sediment submodel
10.1 Phosphate sediment release dP(;Almx = (1 - Bp) x Pdeposition—(aspos x PO4geq x x ekised(Tsedx-Temprefsed) )
Organic phosphorus sedimentation  Pdeposition = (XVsettling; x Pint;x x PHYT;x + SettlingP, x OPy)
1
10.2 Ammonium sediment release dNHaseq, =(1 - Bn) x Ndeposition
dt ~(OtSnps X NHdgoq x eKtsed (Tsed x- Tempre/‘sed))
- Nitrifmaxseq x (DOx/(DOy + KHdonitseq)) x
X (NHy seq x/(KHNh4nitseq + NHy seq x)) X ftempnitrsed
Loss due to particulate nitrogen Ndeposition =>Vsettling; x N/Cix x PHYT;x + SettlingNy x ONy
settling !
Temperature limitation for ftempnitrsed — p(-KTgmitryeq (Tx-Toptnitryeq)” )
nitrification in the sediments
10.3 Nitrate sediment release dN(Zlisedx =Nitrifmaxseq x (DO,/(DOy + KHdonit)) x (NHyseq x/(KHNh4nit + NHyseq x)) X ftempnitry = (aSnoz X NO3seq x X
! pltsed(Tsedx-Temprefsed)) _ Denitrifmaxseq x (KHdodenitseq/(DOy + KHdodenitseq)) x (NOsseq x/KHNO3deniteq + NO3
sed x) X ftempdenitrsed
Temperature limitation for ftempdenitrsed —o(-KTgrdenitrq (T-Toptdenitroq)”)
denitrification in the sediments
Rate of sediment release of organic ~ ONSED, = ONosed x e(Ktsea(Tsed-Temprefig) \where
nitrogen
ONosed = OPosed x TN/TP,

i = phytoplankton functional group (cyanobacteria, non-cyanobacteria) ; x = vertical layer, x=1; j = zooplankton group, j = 1.

nutrient uptake depends on both intracellular and extracellular concen-
trations and it is restricted by upper and lower internal storage capacity
bounds. Our model postulates a unimodal response with respect to
the dependence of phytoplankton growth on temperature, which is
modeled by a function similar to a Gaussian probability curve (Cerco
and Cole, 1994). The photosynthesis and light intensity relationship is
depicted by Steele’s equation with Beer’s law to scale photosynthetically
active radiation to depth (Arhonditsis and Brett, 2005a). Based on mul-
tiple regression analysis performed with empirical data from the study
period, we identified chlorophyll-a and SS as the main factors influenc-
ing the light availability in the lagoon. Consequently, the extinction
coefficient (K4) was determined as the sum of the background light
attenuation (representing water absorption), the attenuation due to

chlorophyll a, and total suspended solids (Jassby and Platt, 1976). The
model-based and empirically-derived Ky values were found to be com-
parable (mean 5 + 0.6 m™! and 4.6 + 1.3 m, respectively) supporting
the validity of our estimations. Phytoplankton mortality includes natu-
ral mortality as well as all internal processes that reduce algal biomass
(respiration, excretion) and is assumed to increase exponentially with
temperature. Phytoplankton settling considers the loss of biomass
caused by algal sinking to the bottom of the lagoon. Zooplankton
grazing was parameterized as a function of the observed zooplankton
biomass data using a Michaelis-Menten equation while accounting for
temperature dependence. The equation considers different food sources
which are grazed upon with preference that changes dynamically as a
function of their relative proportion (Fasham et al., 1990). In terms of
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Table 2

Definitions and calibration values of the model parameters.
Symbol Description Values Units Sources
o Wind resuspension coefficient 0.008 mg m~2 day™’' 1
Qpoc zoo Fraction of zooplankton mortality becoming dissolved organic carbon 0.3 10
Qpoc cyano Fraction of cyanobacteria mortality becoming dissolved organic carbon 0.3 - 10
Qpoc non-cy Fraction of non-cyanobacteria mortality becoming dissolved organic carbon 0.3 - 10
QNH4 200 Fraction of zooplankton mortality becoming ammonium 0.13 - 10
QINH4 cyano Fraction of cyanobacteria mortality becoming ammonium 0.13 - 10
QNH4 non-cy Fraction of non- cyanobacteria mortality becoming ammonium 0.13 - 10
QUNH4 BACT Fraction of bacteria mortality becoming ammonium 0.13 - 10
QN BACT Fraction of bacteria mortality becoming organic nitrogen 0.85 - 10
Qpo4 200 Fraction of zooplankton mortality becoming phosphate 0.3 - 10
o4 cyano Fraction of cyanobacteria mortality becoming phosphate 0.3 - 10
®po4 non-cy Fraction of non-cyanobacteria mortality becoming phosphate 0.3 - 10
QSNO3 Sediment nitrate release rate 0.5 day! -
QSNH4 Sediment ammonium release rate 0.5 day! -
QASpos Sediment phosphate release rate 0.5 day™! -
asfood ger Zooplankton assimilation efficiency for detritus 0.3 - -
asfoodcyano Zooplankton assimilation efficiency for cyanobacteria 0.25 - -
asfood yon-cy Zooplankton assimilation efficiency for non-cyanobacteria 0.5 - -
asfoodpacr Zooplankton assimilation efficiency for bacteria 0.45 - -

Sediment bed shear stress exponent 3 - 20

ChlaC cyano Chlorophyll to carbon ratio in cyanobacteria 0.02 - 8,9,11,14
ChlaC non-cy Chlorophyll to carbon ratio in non- cyanobacteria 0.02 - 8,9,11,14
Denitrifmax Maximum denitrification rate 20 mg N mday! -
Denitrifmaxeq Maximum sediment denitrification rate 25 mg N m~ day™’ -
gwthmaxcyano Maximum growth rate for cyanobacteria 0.9 day~! 13,17,18
EWthmaX,on-cy Maximum growth rate for non-cyanobacteria 15 day~! 13
Keyano Half saturation light intensity for cyanobacteria 150 MJ m~ day! -
Tknon-cy Half saturation light intensity for non-cyanobacteria 250 MJ] m™2 day™’' -
KCrefmineral Particulate carbon mineralization rate at reference temperature 0.01 day™! -
Kab Background light attenuation 1.55 m! -
Kqachla Light attenuation coefficient for chlorophyll 0.014 m? mg ™! -
K4SS Light attenuation coefficient for suspended solids 0.014 m?mg~! -
KB Half saturation constant for bacterial uptake 200 mg N'! day™!
KHdodenit Half saturation concentration of DO deficit required for nitrification 0.5 mg 0, m™3 10
KHdodeniteq Half saturation concentration of DO deficit required for denitrification in the sediments 1 mg 0, m—> -
KHdonit Half saturation concentration of DO required for nitrification 1 mgO, m> 10
KHdonitseq Half saturation concentration of DO required for nitrification in the sediments 2 mg 0, m—> -
KHnh4nit Half saturation concentration of ammonium required for nitrification 1 mg Nm—3 10
KHnh4nitseq Half saturation concentration of ammonium required for nitrification in the sediments 75 mgNm~—3 -
KHno3denit Half saturation concentration of nitrate required for denitrification 15000 mgNm~—> 21*
KHno3denitseq Half saturation concentration of DO deficit required for denitrification in the sediments 15 mg 0, m™ -
KNeyano Half saturation constant for nitrogen uptake by cyanobacteria 125 mg Nm™ -
KNnon-cy Half saturation constant for nitrogen uptake by non-cyanobacteria 150 mgNm3 -
KNrefmineral Nitrogen mineralization rate at reference temperature 0.01 day! 10,14
KPeyano Half saturation constant for phosphorus uptake by cyanobacteria 18 mgPm—> 12
KPron-cy Half saturation constant for phosphorus uptake by non-cyanobacteria 13 mgPm—3 21*
KPrefmineral Phosphorus mineralization rate at reference temperature 0.005 day! 3,14,10
KT Effects of temperature on phytoplankton mortality 0.05 °oc! 37
KTFmin Effects of temperature on mineralization 0.004 °c2 -
KTgrdenitr Effect of temperature on denitrification 0.004 °c? -
KTgrdenitrseq Effect of temperature on sediment denitrification 0.004 °c2 -
KTgr1,00 Effect of temperature on zooplankton 0.005 °c2 83
KTgr2,00 Effect of temperature on zooplankton 0.005 °c—2 83
KTgrnitr Effect of temperature on nitrification 0.004 °c2 10,15
KTgrnitrseq Effect of temperature on sediment nitrification 0.004 °c? -
KTgreyano Effect of temperature on cyanobacteria 0.005 °c—2 3,10,12,13
KTgrnon-cy Effect of temperature on non-cyanobacteria 0.005 °c? 3,10,12,13
Ktseq Effects of temperature on sedimentation 0.004 - -
Kz Half saturation constant for grazing by zooplankton 105 mgCm—3 6-7
maxgrazing Maximum grazing rate for zooplankton 0.415 day~! 6-7
mb Mortality rate for bacteria 0.009 day™! 22*
MPeyano Mortality rate for cyanobacteria 0.009 day™! 7,14
MPron-cy Mortality rate for non-cyanobacteria 0.01 day~! 7,10, 14
mz Mortality rate for zooplankton 0.13 day~! 19,6,7,8
N/Cyo0 Nitrogen to carbon ratio for zooplankton 0.2 mg NmgC! 2,16
N/Cpact Nitrogen to carbon ratio for bacteria 0.18
Nitrifmax Maximum nitrification rate at optimal temperature 20 mgNm>day™! 10,14,15
Nitrifmaxseq Maximum sediment nitrification rate 50 mg N m~ day™ 10,15,19
NmMaxeyano Maximum cyanobacteria internal nitrogen 0.4 mgPmgC! 7
NmaXpon-cy Maximum non-cyanobacteria internal nitrogen 0.1 mg P mg C! 7
Nmaxuptakecyano Maximum nitrogen uptake rate for cyanobacteria 0.25 mg P mg C' day™! 7,14
Nmaxuptake,on-cy Maximum nitrogen uptake rate for non-cyanobacteria 0.25 mg P mg C! day! 7,14
Nmineyano Minimum cyanobacteria internal nitrogen 0.3 mg Pmg C! 7
Nminpon-cy Minimum non-cyanobacteria internal nitrogen 0.005 mgPmg C! 7,14
P/Czo0 Phosphorus to carbon ratio for herbivorous zooplankton 0.025 mg P mg C! 2,16
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Table 2 (continued)

Symbol Description Values Units Sources
PmaXcyano Maximum cyanobacteria internal phosphate 0.004 mgPmgC! 7
Pmaxnon-cy Maximum non-cyanobacteria internal phosphate 0.019 mg P mg C! 7,14
Pmaxuptakecyano Maximum phosphorus uptake rate for cyanobacteria 0.03 mg P mg C! day! 7
Pmaxuptakenon-cy Maximum phosphorus uptake rate for non-cyanobacteria 0.025 mg P mg C!day! 7
Pmincyano Minimum cyanobacteria internal phosphorus 0.001 mg P mg C! 7
Pminpon-cy Minimum non-cyanobacteria internal phosphorus 0.001 mg P mg C! 7
Pred Fish predation constant 400 mg Cm™> -
Pref get Preference of zooplankton for detritus 0.5 -
Prefeyano Preference of zooplankton for cyanobacteria 0.25 -
Prefuon-cy Preference of zooplankton for non-cyanobacteria 0.5 - -
Pref gacr Preference of zooplankton for bacteria 0.5 - -
Tempref Water reference temperature 20 °C 3,7,10,11
Temprefseq Sediment reference temperature 20 °C -
Toptdenitr Optimal temperature for denitrification 20 °C -
Toptdenitrseq Optimal temperature for denitrification in sediment 20 °C -
Tref fisn Reference temperature for bish bioturbation 25 °C -
Trefs00 Reference temperature for zooplankton 20 °C 19,3-5,8
Toptmin Optimal temperature for mineralization 20 °C -
Toptnitr Optimal temperature for nitrification 20 °C 10,15
Toptnitrseq Optimal temperature for denitrification in sediment 20 °C -
Trefeyano Reference temperature for cyanobacteria metabolism 25 °C 21*
Trefnon-cy Reference temperature for non-cyanobacteria 16.5 °C 21*
uptakemaxpqce Maximum bacterial uptake rate 1.6 day~! 21*
Vsettling piogenic) Biogenic particle settling velocity 0.025 mday! -
Vsettling Allochthonous particle settling velocity 0.025 m day™’ 21*
Vsettlingcyano Cyanobacteria settling velocity 0.03 m day! 8
Vsettlingnon-cy Non-cyanobacteria settling velocity 0.05 m day! 8
By Fraction of inert nitrogen buried into deeper sediment 0.9 - -
Pp Fraction of inert phosphorus buried into deeper sediment 0.9 - -

Shape parameter for the trigonometric functions o) and o) 0.5 - -
o Sediment bed shear stress - N m™ 20
O Critical sediment bed shear stress 0.07 N m™ -
v Ratio of bacterial ammonium to DON uptake 0.75 - 22%

1) Mian and Yanful, 2004 2) Sterner et al., 1992; 3) Omlin et al., 2001; 4) Orcutt and Porter, 1983; 5) Downing and Rigler, 1984; 6) Sommer, 1989; 7) Jorgensen et al., 1991; 8) Wetzel, 2001;
9) Chen et al., 2002(and references therein); 10) Cerco and Cole, 1994 (and references therein); 11) Reynolds, 1984; 12) Arhonditsis and Brett, 2005a, 2005b; 13) Reynolds, 2006; 14)
Hamilton and Schladow, 1997 (and references therein); 15) Berounsky and Nixon, 1990; 16) Hessen and Lyche, 1991; 17) Romo and Miracle, 1993; 18) Romo, 1994; 19) Lampert

etal, 1997; 20) Chao et al,, 2008; 21) Gudimov et al., 2010; 22) Arhonditsis et al., 2008.
* Subject to calibration.

their palatability, our model assumes that zooplankton prioritizes the
ingestion of non-cyanobacteria, detritus, and heterotrophic bacteria
over cyanobacteria.

2.2.2.2. Bacteria. Detailed information on heterotrophic bacterial biomass
and production in Albufera de Valencia can be found in a recent study by
Onandia et al., 2014a. Bacterial biomass varies significantly among sea-
sons and was remarkably high (1 — 3.6 mg C L™ !), surpassing similar
measurements in highly eutrophic lakes. Bacterial production showed
minor seasonal variations, varying between 186 — 390 mg C m—2d ™!
(Onandia et al., 2014a). The main terms included in the bacterial biomass
equation are growth and losses due to zooplankton grazing, mortality,
and outflows. Bacterial growth follows the mathematical representation
proposed by Fasham et al. (1990) and depends on dissolved organic nitro-
gen (DON) and ammonium availability. To ensure that bacterial biomass
is produced with a constant ratio of bacterial ammonium to DON uptake,
a total nitrogenous substrate S is considered. A quadratic function was
used to model the loss of bacterial biomass due to mortality and excretion
(Arhonditsis et al., 2008). This formulation corresponds to a loss rate
dependent on the bacterial biomass itself and (aside from the metabolic
losses) may be interpreted as representing bacterivory by other con-
sumers (e.g., heterotrophic nanoflagellates, mixotrophic flagellates,
ciliates) whose biomass is proportional to that of bacteria.

2.2.2.3. Phosphorus. The model considers two phosphorus state vari-
ables: phosphate (PO,4) and organic phosphorus (OP). The phosphate
equation considers phytoplankton uptake, the fraction of phytoplank-
ton and zooplankton mortality that is directly supplied into the system
in inorganic form, and the bacteria-mediated mineralization of organic

phosphorus. The organic phosphorus equation considers the fraction
of organic phosphorus that is returned into the system via mortality of
both phytoplankton and zooplankton. Part of the organic phosphorus
settles to the sediment and another fraction is mineralized into phos-
phate. External phosphorus loads in the system via atmospheric deposi-
tion and terrestrial loadings as well as losses via the outflows into the
Mediterranean Sea are also taken into account.

2.2.2.4. Nitrogen. There are three nitrogen forms considered by the
model: ammonia, nitrate and organic nitrogen. The ammonia equation
considers phytoplankton and bacteria uptake as well as the fraction of
phytoplankton, bacteria and zooplankton mortality that is released
into the water column. In a well-oxygenated water column, ammonia
is oxidized to nitrate through nitrification. The kinetics of this reaction
is modeled as a function of ammonia, dissolved oxygen, temperature,
and light availability in the system (Cerco and Cole, 1994; Tian et al.,
2001). The mineralization of organic nitrogen to ammonium is also
taken into account. The nitrate equation considers uptake by phyto-
plankton. The ammonium inhibition of nitrate uptake is based on the
relative abundance of the two inorganic nitrogen forms. Ammonia is
oxidized to nitrate through nitrification and conversely, nitrate is lost
through denitrification as nitrogen in the gaseous from. Denitrification
is modeled as a function of nitrate, dissolved oxygen and temperature
availability (Arhonditsis and Brett, 2005a). The organic nitrogen equa-
tion considers the inputs through phytoplankton, zooplankton, and
bacteria basal metabolism. The losses stem from detritus grazing and
bacteria uptake. A fraction of organic nitrogen settles to the sediment
and another fraction is mineralized by bacteria to ammonium. External
inflows into the system as well as losses via outflows are also considered.
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Fig. 2. Lagoon volume (upper panel), terrestrial nitrogen and phosphorus loadings (N and P, middle and lower panels) during the study period.

2.2.2.5. Fluxes from the sediment. Because the existing empirical infor-
mation was not adequate to develop a process-based sediment diagen-
esis submodel, the interactions between sediment and water column
were depicted following a simple dynamic approach that links the
temperature-dependent nitrogen and phosphorus fluxes from the
sediment with sedimentation (algal and particulate matter) and burial
rates (Arhonditsis and Brett, 2005a). The relative magnitude of ammo-
nium and nitrate fluxes was also determined by nitrification occurring
at the sediment surface. The influence of wind resuspension and fish
bioturbation on the P and N organic fractions accumulated onto the
sediment top layers were also taken into account. Similar to Kim et al.
(2013), we used an empirical expression that postulates a linear
relationship between sediment resuspension rate and the excess bed
shear stress (Chao et al., 2008; Mehta and Partheniades, 1982). The
shear stress was calculated as a function of the wave characteristics
(height, period length), water depth, wind speed, and fetch length
using the equations introduced by Sverdrup-Munk-Bretschneider for

shallow water bodies (Ijima and Tang, 1966). Data on nutrient concen-
trations in the sediments were based on previous measurements in the
lake (Monerris, 1998). Regarding the impact of fish bioturbation, we
used a linear relationship to depict the fact that resuspension caused
by benthivorous fish during food search increases linearly with their
corresponding biomass (Breukelaar et al., 1994). A correction for
temperature was also applied, assuming a unimodal response pattern.
Fish bioturbation estimates were based on the mean annual fish
production in the lagoon for the period 1980-2002, as provided by
Comunidad de Pescadores del Palmar (Blanco and Romo, 2006).

2.3. Model calibration/validation-Sensitivity analysis

The model was calibrated to match the observed patterns in the
lagoon during the first year (2010) of the study by adjusting manually
the model parameters within the ranges reported in the literature. The
calibration vector which yielded the best fit between predicted and
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Fig. 3. Comparison between the monthly observed values and model predictions for phytoplankton, cyanobacteria, non-cyanobacteria, NHg4, NOs, TN, POy, TP and bacteria during the

calibration period (2010). Black dots represent the observed data and solid lines represent the model predictions, while dotted lines represent the 95% uncertainty bounds associated

with the external forcing of the model.
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observed data is shown in Table 2. Subsequently, we used observed data
from 2011 to validate the model and evaluate its capacity to predict the
ecosystem response under external conditions (somewhat) different
from those used during the calibration. The model performance during
the calibration and validation periods was evaluated by calculating two
goodness-of-fit statistics: relative error (RE) and modeling efficiency
(ME). The relative error is a scale-independent metric, reflecting
the percentage discrepancy between predicted and observed values.
The modeling efficiency assesses the predictive ability of the model
using as a reference level the observed average values. A modeling
efficiency close to one indicates that the model accurately fits the ob-
servations, whereas a value near zero indicates that model predic-
tions for individual observations are as efficient as the observed
average, while values below zero indicate that the average of the ob-
served data would be a better predictor than the model itself (Stow
etal., 2003).

A relative sensitivity measure was applied to identify the most
influential model parameters for the predicted chlorophyll a values.
All model parameters (with the exception of ChlaCeyano, ChlaCuon-cy,
KB, Kgchla, Kgb, K4SS, mz, N/C,o0, P/Cro0, € ¥, v, KHdonitseq,
KHnh4nitgeq, KHno3denit,.q, KHdodenits.4, OPosed) were increased
and decreased by 10%, 20% and 50% and the effect on phytoplankton
(total chlorophyll a), cyanobacteria and non-cyanobacteria daily values
was expressed by their relative sensitivity (RS;), as described in Zhang
and Rao (2012):

_AY/Y;
RS ="20/8

where Y; is the daily value of the state variable after the model cali-
bration, AY; represents the change in the modeled value, 6 is the pa-
rameter value assigned after the model calibration, and A6 denotes
the corresponding parameter perturbation. Based on all RS; daily
values, we subsequently calculated the mean annual relative sensi-
tivity (RS).

In addition, we attempted to quantify the impact of the uncer-
tainty associated with the model forcing functions on the predictive
statements drawn by the model. We introduced independent pertur-
bations to N and P loading, outflows, zooplankton biomass, N and P
burial rates, and subsequently quantified the changes of the predict-
ed state variables. More specifically, we used Latin Hypercube sam-
pling to obtain 1000 input vectors from the uncertainty zone of the
forcing functions. These vectors were used to run the model and gen-
erate matrices (1000 x 12) that contained the average monthly
values for phytoplankton, cyanobacteria, non-cyanobacteria, total
phosphorus, phosphate, total nitrogen, nitrate, ammonium, and bac-
teria. According to the Ecoframe scheme proposed by Moss et al.
(2003), the system must achieve a good ecological status through
the implementation of suitable restoration actions. Since the reduc-
tion of nutrient inputs alone seems to be insufficient, the combina-
tion with other remedial measures might be required. In a system
where the hydrological cycle is tightly linked to the seasonal succes-
sion of phytoplankton, the modulation of the flushing rate represents
another potentially effective management strategy. We simulated a
total of 72 combinations of N and P inflow concentrations, ranging
from 50 to 130 % of the mean annual values recorded in 2010 (or
flow-weighted mean concentrations ranging from 4.4 to 11.3 mg
TN L' and from 130 to 340 pg TP L', respectively), against flushing
rates, ranging from 75% to 135% of the mean annual renewal in
2010 (or 6.7 to 13 y!). [It should be noted that the variations of
the input nutrient concentrations corresponded to inflowing
loadings 0f 2.8 t0 7.2x 10 kg Ny ' and 0.08 t0 0.22 x 10> kg Py, re-
spectively.] These scenarios aimed to explore the potential response
of the lagoon to a wide range of hydraulic and nutrient loading
regimes.

3. Results
3.1. Model predictions and observed lake dynamics

The comparison between simulated and observed values along with
the 95% uncertainty bounds during the first survey year (2010) are
shown in Fig. 3. Generally, the model realistically reproduces the ob-
served seasonal cycle of the two phytoplankton groups. The simulated
total phytoplankton biomass is in reasonable agreement with the mea-
sured chlorophyll a concentrations. Nonetheless, the model cannot fully
reproduce the so-called clear-water phase in March 2010, although
there was a distinct wane in the simulated phytoplankton patterns.
Likewise, the predicted annual cycle of the functional group labeled as
“non-cyanobacteria” agrees with the observed data, aside from the
late winter/early spring values (February-March) when the model
fails to capture the sharp decrease and subsequent rebounding of the
phytoplankton biomass. The model accurately replicates the average
monthly cyanobacteria biomass levels along with the corresponding
minimum (=20 ug chla L'!) and maximum (=250 pg chla L") values
included in our calibration dataset. The model is capable of reproducing
the average bacterial biomass levels in the lagoon, although the simulat-
ed bacteria displayed a static behaviour when compared to the moder-
ately dynamic pattern observed. Nitrate predictions closely followed
the observed annual cycle. However, the observed nitrate values in
the fall (=600-1200 pg L) are underestimated by the model (= 10-
200 pg L. The seasonal variability of the ammonium concentrations
is accurately predicted by the model, including the spring maximum
levels (~550 pg L'"). Likewise, the predicted total nitrogen concentra-
tions follow the measured values during the spring peak, but the
model clearly underpredicts the observed patterns during the summer
and fall period. Similar underestimation was found with the phosphate
levels, although the summer concentrations were within the uncer-
tainty bounds. Finally, aside from the underestimated spring peak
(~250 pg L), the total phosphorus dynamics are fairly well simulated
by our model.

Fig. 4 illustrates the comparison between predicted and observed
values, along with the 95% uncertainty bounds, during the second sur-
vey year (2011). As previously noted, no clear-water phase occurred
in the validation domain of our model. The minimum total phytoplank-
ton values were recorded in March 2011, around 80 pg chla L1 The
same trend is also reproduced by the model, although the model signif-
icantly underestimates both the main spring peak and the secondary
phytoplankton biomass increase recorded in the fall. This underestima-
tion reflects the predictive error associated with the cyanobacteria
simulations. By contrast, the model predictions overstate the observed
non-cyanobacteria levels. In spite of these discrepancies, the model suc-
cessfully captures the observed seasonal trends for both phytoplankton
groups. Similar to the calibration results, the average bacterial biomass
values are reasonably reproduced, although the model fails to mimic
their seasonal variability. Regarding the nitrogen dynamics, nitrate pre-
dictions closely follow the observed annual cycle, but the simulated
values underestimate the observed monthly levels from September to
December. The seasonal ammonium pattern is reasonably predicted,
with an overprediction problem from January to June. Similar to the
calibration results, phosphate is underestimated for most of the annual
cycle, whereas total phosphorus dynamics are fairly well reproduced by
the model.

The relative error values derived from our calibration exercise sug-
gest that among all the state variables, total phytoplankton (27%),
cyanobacteria (24%), and total phosphorus (26%) showed the smallest
discrepancy between measured values and model predictions, whereas
phosphate displayed the highest relative error, 81% (Table 3). The max-
imum modeling efficiency was found for cyanobacteria and ammonium,
with values greater than 0.70, whereas negative values were obtained
for non-cyanobacteria, phosphate, total nitrogen, and total phosphorus.
During the validation period, total phytoplankton and total phosphorus
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Fig. 4. Comparison between the monthly observed values and model predictions for phytoplankton, cyanobacteria, non-cyanobacteria, NHg4, NOs, TN, PO4, TP and bacteria during the

validation period (2011). Black dots represent the observed data and solid lines represent the model predictions, while dotted lines represent the 95% uncertainty bounds associated

with the external forcing of the model.
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Table 3

Goodness-of-fit statistics for model outputs during the calibration and validation periods.
State variables 2010 2011

MEF RE MEF RE

Bacteria (mg CL!) 0.16 047 034 0.54
Phytoplankton chl a (ug L") 0.20 0.27 -0.34 0.40
Cyanobacteria chl a (ug L") 0.71 0.24 -0.64 0.58
Non-cyanobacteria chl a (ug L-1) -0.37 0.56 -0.81 0.67
Ammonium (mg L'!) 0.82 0.48 -6.70 1.38
Nitrate (mg L") 0.02 0.78 0.31 0.57
Phosphate (ug L") -4.03 0.81 0.05 0.77
Total nitrogen (mg L") -3.03 0.49 -535 0.44
Total phosphorus (ug L) -0.87 0.26 -1.31 0.30

> (YOBsi*?)Z -2 (YPREDi*Yoxsi)z'
2= (Yossi —7)2

Relative Error: RE = M.
oBsi

Model Efficiency: ME =

showed the lowest relative error values (<40%), but cyanobacteria error
(58%) increased markedly comparing with the value obtained from the
calibration exercise. Both phosphate and ammonium presented the
highest discrepancies between model predictions and observations in
2011 (Table 3). In regard to the modeling efficiency, phosphate, nitrate
and bacteria were characterized by positive values. However, the rest of
the state variables had a negative modeling efficiency, suggesting that
the predictive ability of the model has not been proven yet. In particular,
the highest relative error and lower modeling efficiency in the vali-
dation domain may be indicative of a model overfitting; that is, an evi-
dence of a series of parameter misspecifications during the model
training that canceled each other out providing higher model perfor-
mance with the calibration dataset.

3.2. Nitrogen and phosphorus budgets

The simulated annual nitrogen and phosphorus cycles, depicting the
exogenous nutrient loadings and fluxes of the ecological processes con-
sidered are displayed in Fig. 5A,B. As previously mentioned, the external
loading was based on flow-weighted nutrient concentrations measured
in the channels throughout the study period 2010-2011. The model
considers a hydrological annual loading of 231 hm? y~! from fluvial
and aerial sources. Taking into account the losses due to evaporation
at the lagoon surface, the hydrological inputs result in a flushing rate
of 8.9 y . Terrestrial and atmospheric total nitrogen loadings, mainly
in the form of nitrate, add 2209 x 10> kg N y~! into the system and
only a small fraction of 520 x 10° kg N y™! (24%) is lost from the lagoon
through the outlet channels, resulting in a net loading of 1689 x
10% kg N y™'. Regarding the phosphorus budget, the net inputs in the
system are 45.8 x 10° kg Py, Terrestrial and atmospheric inputs are
65.5x10°kg Py !, 30% of which (19.7 x 10> kg Py™") flow out of the la-
goon. Net phytoplankton growth (uptake minus basal metabolism) uti-
lizes 1591 x 10% kg y™! of nitrogen and 42 x 10° kg y"! of phosphorus.
Cyanobacteria net growth removes more than 80% of the nitrogen
pool; namely, 1298 x 10° kg y™'. On the other hand, non-cyanobacteria
utilize 30.3 x 10% kg y™! of phosphorus, which represents more than
70% of the phosphorus removal by phytoplankton. Bacteria mediated
mineralization combined with plankton basal metabolism contribute
3.9x10% kg Py!, suggesting that the phytoplankton phosphorus re-
quirements (47 x 10> kg P y'!) cannot be entirely met by nutrient
recycling. Likewise, the total phytoplankton nitrogen demand (4434 x
10% kg y™!) cannot be fully satisfied by nitrogen recycling (which adds
t0 2793 x 10> kg y 1), although it is worth noting that the nitrogen excret-
ed by bacteria basal metabolism alone would be sufficient to provide
roughly half of the nitrogen required. Interestingly, our model suggests
that the sediments (on average) act as a phosphorus sink at the annual
scale. Whereas the amount of phosphorus that settles onto the sediments

is17x10%kgy!,6.2x 10> kg y ! are released back into the water column,
mainly in the form of phosphate. By contrast, our model suggests a net
release of nitrogen from the sediments into the water column;
that is, 154 x 10% kg y™! of nitrogen are deposited on the sediments
and 160 x 10° kg y™! return into the water column, mostly as organic
nitrogen.

3.3. Sensitivity analysis

Our sensitivity analysis examined the role of eighty eight (88) pa-
rameters. The twelve parameters with the highest relative sensitivity
values with respect to the total phytoplankton and cyanobacteria pre-
dictions are shown in Table 4. Generally, the total phytoplankton and
cyanobacteria have low RS values, although cyanobacteria demonstrat-
ed greater degree of sensitivity to the parameter perturbations induced.
The parameters with a greatest influence on total phytoplankton and
cyanobacteria biomass were those influencing phytoplankton growth
and losses, such as maximum growth (grthmaxcyano, 8thmaxnen-cyano)
and settling (Vsettlingyano, Vsettlingnon-cyano) rates of both phytoplankton
groups. Other relevant factors were temperature-related parameters,
such as water reference temperature (Temp,y), reference temperature
for zooplankton (Tref,,), reference temperature for cyanobacteria and
non-cyanobacteria metabolism (Trefeyano, Trefnon-cyano), and the effect of
temperature on cyanobacteria growth (KTgreano). Importantly, the
degree of nutrient accumulation in the sediment compartment, as deter-
mined by the proportion of inert nitrogen and phosphorus buried
into deeper sediment (Sy, Bp) represent a critical step of the system
characterization. It is also interesting to note that the maximum quotas
for phosphorus in non-cyanobacteria (PmaX,on-cyano) and nitrogen in
cyanobacteria (Nmaxyqn,) were also influential.

The parameter values of the calibration vector along with the tested
perturbations (410, 20 and 50% change) against the corresponding
model outputs for mean annual total, cyanobacteria and non-
cyanobacteria chlorophyll a concentrations are shown in Fig. 6. These
plots illustrate the importance of the processes that shape the dynamics
of the two phytoplankton groups as well as their competition patterns
in our simulations. Maximum growth rates play a major role in the
characterization of the competition between the two phytoplankton
groups. The increase in the maximum growth rate for cyanobacteria
(gwthmaxyano) renders them a competitive advantage over the non-
cyanobacteria, resulting in a decline of the latter functional group and
smaller relative contribution to the total phytoplankton biomass. The
opposite pattern holds true when the maximum growth rate for non-
cyanobacteria (gwthmaxnon-cyano) increases. However, a minimum
increase of 20% in gwthmax,on-cyano Would be necessary for non-
cyanobacteria to become the predominant group in the simulated
algal assemblage. The settling rates assigned to the two functional
groups affect in a similar manner their interactions. Our sensitivity anal-
ysis also identified the burial rates as a critical factor in shaping phyto-
plankton dynamics. For example, an increase in the fraction of inert
nitrogen (By) and phosphorus (£3,) buried into deeper sediment would
reduce the advantage of cyanobacteria and non-cyanobacteria in regards
to the competition for the corresponding nutrients. Notably, our results
also show that the specification of the reference temperature for
cyanobacteria metabolism (Trefeyano) affects the relative contribution of
the two modeled groups to the total phytoplankton biomass. The
model outputs were also sensitive to the fraction of bacteria mortality be-
coming organic nitrogen (conpacr) in that an increase in the value
assigned to this parameter would favor cyanobacteria dominance.
Interestingly, the parameters associated with the cyanobacteria intracel-
lular storage capacities (NMaXcyano, NMiNcyano, PMaXcyano, PMiNeyano), €Spe-
cially those related to P, were found to have fairly minimal impact in the
interactions between the two phytoplankton functional groups. Similar
results were found for the effect of temperature on cyanobacteria growth
(Ia— 8 Lyano)-
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Fig. 5. (A) Nitrogen cycle: (a) external forcing to phytoplankton growth (temperature,
solar radiation); (b) phytoplankton uptake; (c) bacterial, phytoplankton, and zooplankton
basal metabolism excreted as NH4 and ON; (d) ON mineralization; (e) particles settling;
(f) detritus grazing; (g) NHy, NO3 and ON fluxes from sediment driven by diffusion,
wind resuspension and fish bioturbation; (h) NOs3 losses due to denitrification
(i) nitrification; (j) exogenous NH4, NO3 and ON inflows; (k) NH4, NO3 and ON outflows.
(B) Phosphorus cycle: (a) external forcing to phytoplankton growth (temperature, solar
radiation); (b) phytoplankton uptake; (c) bacteria, phytoplankton, and zooplankton
basal metabolism excreted as PO4 and OP; (d) OP mineralization; (e) particles settling;
(f) detritus grazing; (g) POy, and OP fluxes from sediment driven by diffusion, wind
resuspension and fish bioturbation; (h) exogenous NH4, NO3; and ON inflows; (i) NHy,
NO3 and ON outflows. Given numbers represent cumulative annual N and P fluxes (t™').

3.4. Analysis of management scenarios

The model was subsequently used to examine the effects of alterna-
tive nutrient loading and hydraulic regimes on the phytoplankton mean
annual levels, although we caution that its moderate capacity to repro-
duce the observed patterns could be an impediment to impartially infer
the relative efficiency of different management practices in the lagoon.
Because the variations in the flushing rates encompass a proportional
nutrient loading change (e.g., increased flushing rates are accompanied
by increased loading rates), the actual effects cannot be quantified un-
less we consider the concept of net loading. The net loading is simply
calculated by multiplying the inflows from the exogenous sources
with the difference in the nutrient concentrations between inflows
and receiving water body, and thus weighs the different displacement
of nutrients and phytoplankton biomass due to the variability in the cor-
responding flow regime induced (Kim et al., 2013). Hence, we accom-
modate the idea that two equal total loads with opposite pairs of flow
and nutrient concentration, high flow with low concentration or low
flow with high concentration, could potentially have different effects
on the trophic state of the lagoon.

Our model projections suggest that both total annual phytoplankton
and cyanobacteria biomass respond in a linear fashion to the variations
of the nutrient loadings and flushing rates (Fig. 7; upper panels). The
nutrient concentrations of the inflowing waters appear to exert greater
control relative to the flushing rate, as depicted by the corresponding
steeper gradients of the surface representing the predicted phyto-
plankton response. Importantly, the positive relationship between phy-
toplankton biomass and flushing rates suggests that the nutrient
concentrations of the inflowing waters remain higher than the ambient
levels, and thus the net loading into the system is positive within the
range of hydraulic and exogenous nutrient levels examined (Fig. 8).
Simply put, net increase of the ambient nutrient levels results even
with a fast water renewal, which cannot be compensated by the advec-
tive transport of the particulate material (including algal cells) out of the
lagoon. The most drastic reduction of the total phytoplankton biomass
was achieved with a 50% reduction of TN and TP concentrations
(44 mg TN L' and 130 ug TP L' or loading of 2.8 x 10°3 kg N day™!
and 0.08 x1073 kg P day ™!, respectively) combined with a 25% decrease
of the flushing rate (=~6.7 yr!), which resulted in an annual average
0f 91 pg chla L' Importantly, the latter projected value is approximate-
ly half of the model predictions (=187 g chla L'!) when forced with
the current hydraulic and nutrient loading conditions. Under the same
scenario, the cyanobacteria abundance biomass was reduced down to
47 pg chla L™ relative to the current model predictions of 104 ug chla L.

Finally, we note that the presented results refer to the average annu-
al levels, and thus do not necessarily reflect the prevailing conditions in
shorter time windows when the dilution effects of a higher flushing rate
may actually be experienced. For example, when focusing on the
February-March period, we can infer that the variability in the hydraulic
regime can differentially impact the qualitative and quantitative fea-
tures of the algal assemblage (Fig. 7; lower panels). In particular,
while total annual phytoplankton and non-cyanobacteria biomass cor-
respondingly demonstrate a marginal and moderate increase when
faster flushing rates prevail, cyanobacteria display a distinctly declining
trend, reflecting the fact that the biomass losses due to the elevated ad-
vective transport out of the lagoon cannot be counterbalanced by the
slow growth rates assigned to the latter functional group.

4. Discussion

Elucidating the (often contrasting) phytoplankton patterns and un-
derstanding the underlying cause-effect relationships require rigorous
quantitative tools with the ability to analyze multiple (direct and indi-
rect) ecological pathways. The present study opted for the development
of a mechanistic model to advance our understanding of the eutrophica-
tion processes in the shallow system of Albufera de Valencia and
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Sensitivity analysis of the Albufera de Valencia biogeochemical model. The twelve most influential parameters on chlorophyll a predictions, based on the relative sensitivity (RS) values.
=410, 20 and 50% indicate percentage change applied to the parameter values assigned after model calibration.

Total chl a

50% RS 20% RS 10% RS -50% RS -20% RS -10% RS

O ON BACT 0.29 QL ON BACT 0.32 grthmaxpon-cy 0.31 NmaXcyano 1.11 grthmaxyon-cy 0.35 grthmaxpon-cy 0.36
grthmaxpon-cy 0.27 grthmaxnon-cy 0.29 O ON BACT 0.25 grthmaxpon-cy 0.45 grthmaxcyano 0.29 Trefron-cy 0.18
grthmaxcyano 0.19 grthmaxeyano 0.21 grthmaxy 0.22 grthmaxeyano 0.43 Trefron-cy 0.20 grthmaxeyano 0.17
Tref,0 0.13 Tref,o0 0.11 Tref,o0 0.10 Trefron-cy 0.21 QL ON BACT 0.12 O ON BACT 0.14
Tempref 0.07 Tempref 0.08 Tempref 0.09 Tempref 0.11 Tempref 0.09 Tref,o0 0.08
Uptakemaxpact 0.05 Uptakemaxpace 0.06 Trefron-cy 0.07 Pmaxuptakecyano 0.08 Uptakemaxpact 0.06 Tempref 0.08
KTgrcyano -0.15 KTgrnon-cy -0.14 maxgrazing -0.15 Trefeyano -0.25 PN -0.18 PN -0.17
Pmaxon-cy -0.19 KTgreyano -0.18 KTgrcyano -0.19 Vsettlingcyano -0.34 KTgrcyano -0.21 KTgrcyano -0.29
Vsettlingcyano -0.21 Pmaxon-cy -0.22 Pmaxnon-cy -0.25 Vsettlingnon-cy -0.53 Vsettlingcyano -0.33 Pmaxnon-cy -0.30
Vsettlingnon-cy -0.25 Vsettlingcyano -0.27 Vsettlingcyano -0.29 Bp -0.54 Pmaxon-cy -0.35 Vsettlingcyano -0.32
Bp -0.36 Vsettlingnon-cy -0.32 Vsettlingnon-cy -0.34 PmaXnon-cy -0.56 Vsettlingnon-cy -0.41 Vsettlingnon-cy -0.40
Bn -0.47 Bp -0.39 Bp -0.41 Bn -1.03 Bp -0.46 Bp -0.44
Trefeyano -0.48 Trefeyano -0.49 Trefeyano -0.59 Nmineyano -1.05 Trefeyano -0.74 Trefeyano -0.75
Cyanobacteria chl a

grthmaxcyano 117 grthmaxy 1.16 grthmaxeyano 1.18 NmaXcyano 1.11 grthmaxeyano 1.07 grthmaxeyano 1.11
O ON BACT 0.84 O ON BACT 0.92 O ON BACT 0.74 grthmaxcyano 1.11 PmaXnon-cy 0.54 Vsettlingnon-cy 0.51
Trefron-cy 0.49 Trefron-cy 0.47 Vsettlingnon-cy 0.55 PmaxXnon-cy 0.68 Vsettlingnon-cy 0.52 PmaxXnon-cy 0.47
Vsettlingnon-cy 0.39 Vsettlingnon-cy 0.46 Pmaxnon-cy 0.51 Vsettlingnon-cy 0.56 Pp 0.28 O ON BACT 0.32
PmaXnon-cy 0.36 Pmaxnon-cy 0.45 Trefaon-cy 0.41 Pp 0.39 O ON BACT 0.27 Pp 0.23
KNpon-cy 0.24 Knon-cy 0.22 IKnon-cy 0.28 Pmaxuptakecyano 0.31 KPron-cy 0.24 Pmaxuptakecyano 0.22
MPeyano -0.30 BN -0.47 BN -0.49 grthmaxnon-cy -0.82 Bn -0.63 NmaXcyano -0.59
grthmaxpon-cy -0.46 NmaXeyano -0.50 NmaXcyano -0.51 Vsettlingcyano -1.28 NmaXcyano -0.63 BN -0.60
KTgrcyano -0.61 grthmaxnon-cy -0.54 grthmaxpon-cy -0.54 KTgrcyano -1.74 grthmaxyon-cy -0.66 grthmaxpon-cy -0.72
Vsettlingcyano -0.69 KTgrcyano -0.83 KTgrcyano -0.95 Trefeyano -3.01 KTgrcyano -1.29 KTgr cyano -1.18
Trefeyano -1.51 Vsettlingcyano -1.00 Vsettlingcyano -1.07 Nmineyano -3.06 Vsettlingcyano -1.29 Vsettlingcyano -1.25
BN -1.65  Trefeyano =202 Trefeyano 2262 Pn 344 Trefeyano -4.76  Trefeyano -4.24

ultimately provide a useful tool for designing management policies and
restoration practices. However, the considerable uncertainty pertaining
to any complex overparameterized modeling construct can be a major
impediment for eliciting the straightforward scientific answers required
to guide management decisions, and thus the critical evaluation of the
inference drawn along with the impartial differentiation between real
knowledge gained and existing knowledge gaps are critical steps in
this endeavour (Arhonditsis et al., 2007). In this regard, we believe
that the key findings of our process-based model should be critically
evaluated against the existing empirical information from the studied
lagoon in order to put the derived ecosystem characterization into
perspective as well as to guide future model refinements.

One of the founding assumptions of our work is that the ecological
processes in the studied shallow oligohaline lagoon resemble to those
in lake ecosystems, and thus the local restoration efforts can benefit
from the eutrophication management paradigm in limnology. In this
context, a study comprising 35 long-term lake re-oligotrophication
cases (mostly from north-temperate lakes) showed that a new equilib-
rium for total phosphorus and nitrogen may be reached after 10 - 15
and < 5 years, respectively (Jeppesen et al.,, 2005). The same study was
able to tease out broader food web patterns, such as a decrease in phy-
toplankton biomass, an increase in the zooplankton to phytoplankton
biomass ratio, probably caused by higher zooplankton grazing rates,
which could in turn be attributed to an overall fish biomass decline as
well as a substantial increase in the abundance of piscivorous fish
(Jeppesen et al., 2005). The reduction in P loadings in the warm-
temperate Albufera de Valencia has resulted in a decline of TP concen-
trations similar to that reported by Jeppesen et al. (2005). However,
the food web has demonstrated fundamentally different response; for
example, the zooplankton to phytoplankton biomass ratio remained
lower than in northern temperate shallow lakes and the predominance
of omnivorous fish species (Mugil cephalus L., Liza aurata Risso and
Cyprinus carpio L.) was distinctly different from the abundance increase
in piscivorous species typically observed in north temperate lakes after
nutrient loading reduction (Blanco et al., 2003; Romo et al., 2005).
Consistent with these observations, warm lakes have been found to be

generally dominated by omnivorous fish species (regardless of their
trophic state) and to host fewer piscivores. Of equal importance is the
fact that the partial overlap of species niches within and among trophic
levels, the higher fish density, and the greater number of fish cohorts
per year in warm lakes typically result in higher predation pressure on
zooplankton relative to the northern temperate lakes (Jeppesen et al.,
2007a). Consequently, the likelihood of strong trophic cascades that
could mediate the control of algae by larger herbivorous zooplankton
may be reduced in warm lakes. In particular, the higher fish predation
rates in Albufera resulted in a zooplankton community that was primar-
ily dominated by small species of rotifers and cyclopoid copepods, with
limited capacity to confine the levels of primary production. Along the
same line of reasoning, experimental data on a shallow Mediterranean
lake indicated that the nutrient levels required for the loss of macro-
phytes are lower than those needed in north temperate lakes,
ie, TP<0.1-0.05 mg TP L'! (Romo et al., 2004). These findings suggest
that drawing parallels between north and warm temperate lakes may
not be a straightforward task and the response of the latter group of
water bodies (south temperate, subtropical, and tropical lakes) to man-
agement actions entails considerable uncertainties (Jeppesen et al., 2003).

As previously mentioned, omnivorous species, such as Mugil
cephalus L., Liza aurata Risso, and Cyprinus carpio L. dominate the fish
community in Albufera de Valencia, whereas potentially piscivorous
species, such as Sander lucioperca L. and Dicentrarchus labrax (L.), are
scarce (Blanco et al., 2003). During the summer period, the diet compo-
sition of both Liza aurata Risso and Cyprinus carpio L. was mainly based
on detritus (=~50%) and to a lesser extent in sediment (= 10%) and zoo-
plankton (5-15%). However, detritus contributed only 25% to the diet of
Mugil cephalus, while zooplankton made up for 30% of its diet, with
copepods amounting to more than 80% of the latter food items
(Blanco et al., 2003). This situation changed in spring, when L. aurata
and especially Cyprinus carpio fed predominantly on large zooplankton
(mainly Daphnia magna) as the abundance of this group increased
(Blanco et al., 2003). In this regard, it is not surprising that the zooplank-
ton to phytoplankton biomass ratio is smaller in the studied lagoon than
in other northern temperate systems (Romo et al., 2005). Aside from the
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high fish predation pressure exerted on zooplankton in warm eutrophic
lakes, resulting in herbivorous communities dominated by small species,
top-down control is often impeded by non-edible algae (filamentous
cyanobacteria). In Albufera de Valencia, filamentous cyanobacteria
dominate the system during most of the annual cycle, and thus inhibit
Daphnia magna feeding by mechanical interference (Sahuquillo et al.,
2007). However, after increased flushing favoured the growth of edible
algae in late winter (see also lower panels in our Fig. 7), Daphnia
magna was found to contribute to the occurrence of clear-water phases
in the lagoon (Miracle and Sahuquillo, 2002). This finding indicates that
top-down control might still be achieved under a combination of
favourable conditions, thereby mediating the establishment of a clear
water phase in the lagoon.

Among the array of restoration strategies that could be implement-
ed, nutrient control has been highlighted as a priority in eutrophic
warm shallow systems comparing with similar lakes at higher latitudes
(Moss et al., 2004; Romo et al., 2005). Nonetheless, nutrient loading
reduction has often proven inadequate to achieve full restoration and
additional management actions might be needed (Gulati and van
Donk, 2002). Given that the hydrological cycle is strongly regulated by
the requirements of rice cultivation, the modulation of the flushing
rates may offer an effective management tool in Albufera de Valencia.
The maintenance of hydraulic conditions similar to those leading to
the late winter/early spring clear-water event in our dataset has been
proposed as a possible measure to achieve light conditions that would
allow the establishment of macrophytes; namely, turbidity-tolerant
charophyte species which in turn would potentially facilitate the
submerged vegetation recovery (Miracle et al., 2012; Rodrigo and
Alonso-Guillén, 2013). Our analysis suggests that the current annual
net loading into the system is positive, and therefore faster flushing
rates do not necessarily result in a net decrease of the ambient nutrient
levels on an annual basis. Thus, the fueling of algal growth by the
inflowing nutrients is not fully counterbalanced by the amount of
particulate material flushed out of the lagoon. Nonetheless, if we use
monthly resolution to examine the prevailing conditions, we note that

there is considerable intra-annual variability in regard to the net loading
(Fig. 8), and thus the likelihood of the dilution effects associated with
faster flushing rates to be partly responsible for the occurrence of clear
water events cannot be ruled out.

The terrestrial loading was the main contributor of phosphate input
into the water column (>90%), while the reflux from the sediments
was smaller than that originated from other recycling mechanisms
(mineralization and plankton basal metabolism). While this finding is
conceptually on par with modeling projections for the shallow Lake
Okeechobee (James et al., 1997), we note that (unlike the latter system)
the phosphate originated from recycling mechanisms was not enough
to meet the phytoplankton demands, and thus the external loading rep-
resents a reliable phosphorus source for autotrophic growth in Albufera
de Valencia. Similar inference could be drawn with respect to the terres-
trial nitrogen loadings and their causal linkage with the phytoplankton
biomass. Nonetheless, our analysis also pinpointed the role of bacteria-
mediated mineralization as a critical supplier of bioavailable nitrogen in
the lagoon; a finding that is supported by empirical evidence of a signif-
icant correlation between bacterial biomass and ambient NOs, NO, and
NH, levels at the daily scale in Albufera de Valencia (Onandia et al.,
2014a). Importantly, although phosphorus has long been considered
the limiting nutrient in lakes, the distinct summer drop of the dissolved
nitrogen levels suggests that the lagoon may periodically experience
nutrient co-limitation or nitrogen limitation. Consistent with this
hypothesis, recent work in the lagoon has reported sharp dissolved
nitrogen decline concomitant to the appearance of heterocystous
cyanobacteria, such as Cylindrospermopsis raciborskii, and a contempo-
rary diminution in primary productivity (Onandia et al., 2014b). Thus,
our analysis not only renders support to the notion that the external nu-
trient control should be a priority in the warm temperate Albufera de
Valencia, but also underscores the importance of the restoration efforts
to focus on both nitrogen and phosphorus loadings.

The latter recommendation is reinforced by the fact that the recov-
ery of submerged macrophytes after loading reduction is more likely
to occur at moderately high total phosphorus when total nitrogen
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Fig. 8. Net nitrogen (upper left), phosphorus (upper right), and total nitrogen and phosphorus (lower panel) loadings into Albufera de Valencia.

loading is low (Jeppesen et al., 2007a and references therein). In a study
of Danish shallow lakes, macrophyte cover was fairly low when mean
summer TN exceeded the level of 2 mg N L' and TP was greater than
0.2 mg P L', while an important macrophyte coverage was observed
when TN concentrations were below 1-2 mg N L, irrespective of the
TP concentrations, which however ranged from 0.03 to 0.2 mg P L'!
(Gonzalez Sagrario et al., 2005). The explanation for the macrophyte
elimination at TN > 1-2 mg N L' and TP > 0.2 mg P L"! might be the al-
leviation of nutrient limitation, leading to excessive phytoplankton and
periphyton growth and subsequently to severe light attenuation
(Gonzalez Sagrario et al., 2005). Further, lakes characterized by inorgan-
ic nitrogen to TP ratios lower than 7, showed that inorganic N usually re-
mains below 0.1 mg L™ when TP is between 0.015 mg L' and 0.12 mg L”,
suggesting that N limitation of algae is likely within this TP range
(Jeppesen et al., 2007b). Based on these results, Jeppesen et al.
(2007b) highlighted the critical role of N in obtaining a clear-water
state, especially in systems with an agricultural watershed, where it
might be challenging to achieve sufficiently low P levels to eliminate
the impact of N. In Albufera de Valencia, our estimates of the current
terrestrial areal nitrogen and phosphorus loads are 90 g N m™2 y~! and
2.7 ¢ P m 2y, respectively, while the observed TN surpassed the
level of 2 mg N L! during the summer of both 2010 and 2011. Clearly,
more work needs to be done in order to bring the nutrient loading re-
gime close to levels that will trigger visible water quality improvements
in the lagoon.

The introduction of macrophytes represents another widespread
restoration strategy (Hilt et al., 2006; Ozimek et al., 1990). Macrophytes
stabilize water transparency by different mechanisms, e.g., reduction of
sediment resuspension, increase in sedimentation, nutrient competi-
tion with algae, and shelter provision for zooplankton against fish
predation (Ibelings et al., 2007). In Albufera de Valencia, poor light
conditions primarily prevent the growth of macrophytes during most
of the annual cycle, although sediment characteristics and wind stress
might also modulate the extent of their proliferation (Hilt et al., 2006;
Schutten et al., 2004). The recolonization of submerged macrophytes
should probably target shallow areas close to the shoreline, where
light availability is higher and emerged macrophytes, such as Phragmites
australis, Typha angustifolia, Typhta latifolia or Scirpus lacustris, lessen the

mechanical wind stress. Further, another critical factor for the recovery
of submerged vegetation is the potential of sediments to host
charophytes, an aspect that has been recently assessed in Albufera de Va-
lencia. The upper sediment layers, deposited throughout the eutrophica-
tion era of the lagoon, have the capacity to sustain the vegetative growth
of Chara hispida and Chara vulgaris and promote the germination of Chara
aspera and Chara baltica (Rodrigo and Alonso-Guillén, 2013). Currently,
our model does not explicitly consider the role of macrophytes, but future
model augmentation should account for their potential contribution to
the successful establishment of a clear water state.

The role of the sediments is also of great importance in eutrophic
shallow systems with high sediment surface to water column ratio.
After nutrient reduction, lake recovery is often delayed because of the
internal loading induced by diverse mechanisms (Sendergaard et al.,
2003, 2005). The Albufera model predicted a linear response to the
potential external loading reductions, but the chlorophyll a remained
in fairly high levels (90 ug L'!), even after a significant external loading
reduction (up to 50 %). These results indicate that the system displays a
moderate hysteresis in relation to the exogenous N and P input changes,
which suggests that internal loading would (at least partly) hinder the
response under the scenarios examined. The magnitude of the internal
loading is determined by the morphometry of the system, the flushing
rates, the sediment characteristics, the nutrient enrichment and trophic
state (Marsden, 1989). For example, the combination of a short resi-
dence time with a high pH buffering capacity in the shallow Lake
Veluwe in the Netherlands reduced the impact of internal P loading
(Ibelings et al., 2007), and could similarly affect the Albufera de Valen-
cia; a system that shares similar characteristics, such as the elevated
flushing rate (=~8.9 y ') and high alkalinity (=25 mg L'!). Among the
complex array of factors that shape the sediment diagenesis processes,
it is important to shed light on the spatial and temporal nutrient distri-
bution as well as their chemical fractioning. Certain forms such as loose-
ly sorbed organic and inorganic fractions or iron-bound and redox-
sensitive P are regarded as potentially mobile (Sendergaard et al.,
2001). Albufera de Valencia is a well-mixed lagoon with practically neg-
ligible spatial variations of its physicochemical parameters (Onandia
et al., 2014). The occurrence of anoxia is restricted to a very limited pe-
riod of a few night hours during the mid-summer, and therefore the
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internal release under anaerobic conditions likely represents a minor
contributor to the nutrient budget in the water column. Nonetheless,
the available information comprises measurements with limited tem-
poral or spatial resolution and the sediment-water column interactions
warrant further investigation in Albufera de Valencia (del Barrio
Fernandez et al., 2012; Monerris, 1998).

We conclude by emphasizing that the representation of the role of
zooplankton in the stands out as one of the critical future augmenta-
tions of our eutrophication model. In particular, the succession patterns
between the two different zooplankton community structures associat-
ed with the clear water events and the rest of the annual cycle is one of
the critical features to characterize the phytoplankton-zooplankton in-
teractions in the system. The second major feature is the explicit consid-
eration of macrophytes and the reproduction of their interplay with the
physical, chemical, and biological components of the system, as the nu-
trient loading reduction plans take effect. Model-based approaches to
eutrophication management are intended either for heuristic purposes,
illuminating trophic interrelationships and pinpointing unexpected
ramifications of management actions, or for predictive uses, aiming to
offer a formal examination of policy relevant ecosystem responses
(Arhonditsis and Brett, 2004). While the Albufera model could ultimate-
ly be used for the latter type of questions, the substantial uncertainty as-
sociated with several critical inputs (loading estimates, optimal model
structure) poses constraints on its use and also invites a rigorous assess-
ment of some of the assumptions made during its development. Ac-
knowledging the knowledge gaps from the system as well as the
uncertainties associated with any modeling endeavour, the present exer-
cise should rather be viewed as the beginning of our efforts towards the
development of a credible management tool for the shallow lagoon of
Albufera de Valencia.
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