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Visual summary
DIN

PO4

DIN: PO4

Figure 1 Changes through time of the (a) Dissolved Inorganic Nitrogen (DIN) and (b) phosphate
(PO4) concentrations (as a concentration per solved fraction) and (c) the ratio between the two in Lake
IJssel. This report considers the potential link between the changes in nutrient concentrations and the
change in fish biomass, such as (d) smelt catch per unit effort in biomass (top panel) and numbers
(bottom panel) per hectare, in Lake IJssel. Sources: Nutrient concentrations at Vrouwenzand,
sampling station in Lake IJssel (data RWS), Eurpean smelt catch per unit effort data (WMR).
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Figure 2 a) European smelt, different life stages; b) zooplankton: copepods and daphnids,
different sizes/life stages; c: phytoplankton, different species; d: nutrients, different elements; e:
tractor symbolizing agricultural and other sources of nutrient run off. List per panel with potential
effects of changes in stoichiometry nutrient input (left) and information availability for Lake IJssel.
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1

Introduction

Nutrient run-off from agricultural and urban lands is known to affect nutrient levels and algal
production in fresh water ecosystems (Prater et al. 2017, Maranger et al. 2018). Extensive runoff may
eventually lead to eutrophication and deterioration of the water quality and ecosystem. Protection of
water quality and freshwater ecosystems is one of the main arguments for policy restrictions of runoff
of fertilizers from agricultural land and nutrient loads in wastewater (e.g. van Gerven and Groenendijk
2020). Reduced water quality may affect drinking water provisioning and economic revenues from
fishing or recreation. In addition, legislation to reach and maintain a good environmental status, both
biochemically as well as ecologically, forces policy to take action (Water Framework Directive;
2000/60/EC). Moreover, current agreements on reduction of nutrient emissions to slow down or halt
climate change will lead to further reduction of nutrient run-off to freshwater systems.
Fish productivity of fresh water systems relies on a combination of factors such as mixed layer depth,
light intensity and nutrient availability (Karlsson et al. 2009). Fertilization of aquaculture fish ponds is
a known way of increasing fish production (Diana et al. 1991). Nutrient runoff to streams due to
wildfires and logging has been shown to affect primary productivity, benthic community composition
and fish production (Silins et al. 2014). Fish production may be affected by phosphorus concentration
through primary productivity (Downing et al. 1990). Yet, in addition to carbon, organisms require
nutrients such as phosphorus and nitrogen. Food-chain productivity depends, in addition to total
nutrient availability, also on stoichiometry, the nutrient composition (Sterner and Elser 2002). This
implies that in addition to the total load of nutrients that enter a lake through run-off, the
stoichiometry of the run-off may also affect freshwater ecosystems at different trophic levels. While
phytoplankton species display a wide range of stoichiometry, zooplankton and fish species maintain
homeostasis and the range of stoichiometry is much narrower per species (Waal et al. 2010).
Lake IJssel has experienced strong changes in N and P concentrations over the last 3-4 decades
(decrease of 1 and 3 magnitudes of greatness for respectively N and P, figure 1a-b). This is mostly
due to the cleaner water inflow of German water through the river Rhine (Noordhuis 2010). In
addition to changes of the total nutrient load, the N:P ratio has increased from about 1 to 10 (figure
1c.) On the one hand, it is thought that the changes in nutrient load have affected the phytoplankton
species composition, which is visible in the size distribution of the phytoplankton (Noordhuis 2010). On
the other hand, no shifts in functional species groups or chlorophyll productivity have been observed.
The changes in nutrient loading and stoichiometry coincide with a sharp decline of the smelt (Osmerus
eperlanus) biomass, the main pelagic planktivorous fish, in Lake IJssel (Figure 1d). Yet, it is unclear to
what extend the changes in nutrient loads or stoichiometry are responsible for this because the
changes in nutrients coincide with changes in other factors such as commercial fisheries effort,
predation pressure by birds and water management.
Here we give an overview of known effects of stoichiometry on fish, zooplankton and phytoplankton.
We consider Lake IJssel a case study for potential effects of (changes in) nutrient runoff on fish
productivity. We identify potential effects, list the information that is available for all relevant trophic
levels and processes and identify knowledge gaps. Finally, we hypothesize how the observed changes
in stoichiometry may have affected the fish productivity and which knowledge is required to
investigated these effects thoroughly. In the discussion we consider the broader perspective of the
Lake IJssel food web and possible implications of changes in nutrient loading.

6 of 26 |

Wageningen Marine Research report C003/21

2

Processes involved, stoichiometry and
fish productivity

2.1

Background information: trophic transfer of nutrients

Background information fish
Fish maintain homeostasis, a balance of their internal environment, and the range of stoichiometry per
species is therefore relatively narrow (Waal et al. 2010). Different species of fish have different
nutrient requirements (Guo et al. 2018). In addition, fish in different life stages have different nutrient
requirements and N and P content (Pilati and Vanni 2007). Phosphorus is important for bone formation
and P content in fish diet is known to affect growth (Benstead et al. 2014). Experiments clearly show
reduced growth in case of P deficiency (Benstead et al. 2014). Yet, observations of P limitation in fish
growth are rare in nature (Schindler and Eby 1997). The reason for this is not clear. It has been
observed that fish adapt their excretion of nutrients to the nutrient concentration of their food and
nutrient requirements (Vanni et al. 2002, Pilati and Vanni 2007). Also, fish are capable of adjusting
their food intake (rate and selectivity) to meet their required nutrient intake. It may thus be that P
limitation in nature is never so dire that it affects growth, or field observations may not be extensive
enough to pick up on (potentially temporary) reduced growth due to P deficiency.
Based on this information, shifts in stoichiometry may result in changes in fish species composition
(different nutrient requirements), diet (different/higher intake rate), somatic growth (changes in P
content) and as a consequence of the last effect, changes in population size-distribution (Figure 2).
Background information zooplankton
Species of zooplankton such as copepods and cladocerans maintain homeostasis. Therefore, no large
ranges of stoichiometry per species are observed in nature (Waal et al. 2010). Zooplankters are
capable of adjusting their food intake (rate) and excretion to meet their required nutrient levels.
Nutrient requirements differ per species of zooplankton, for example the cladoceran Bosmina (Hessen
1992, Schulz and Sterner 1999) and copepods (Andersen and Hessen 1991, Laspoumaderes et al.
2013) have lower P content and are more resilient to low P conditions than Daphnia. Zooplankton
communities in lakes are often P limited (Hessen 1992), instead of C (energy) limited. In these cases,
phytoplankton biomass and chlorophyll may not be indicative for zooplankton production, when the
phytoplankton does not provide the needed nutrients (Sterner et al. 1998, Sarpe et al. 2014). Nutrient
requirements differ per life stage and phosphorus availability affects growth in Daphnia (Prater et al.
2016). This is reflected by life-stage dependent intraspecific differences in nutrient content (VillarArgaiz et al. 2000, Ventura and Catalan 2005). As a consequence, stoichiometry of food may affect
zooplankton population dynamics and size distributions (Richard and de Roos 2018).
Based on these findings, shifts in stoichiometry may result in changes in zooplankton species
composition (different species have different nutrient requirements), diet, growth rates, and as a
consequence of the last effect, changes in population size-distribution (Figure 2).
Background information phytoplankton
Phytoplankton species are flexible in stoichiometry, changes in stoichiometry nutrient input may
directly result in changes in stoichiometry of phytoplankton (Waal et al. 2010). Phytoplankton
stoichiometry is related to local nutrient concentrations (Prater et al. 2017). Still, minimum nutrient
requirements are species specific (Rhee and Gotham 1980) and changes in stoichiometry of nutrient
input may thus also result in shifts in species composition. In marine phytoplankton communities,
nutrient ratios are relatively constant and close to the Redfield ratio, while in freshwater
phytoplankton communities, nutrient ratios vary strongly across lakes and are generally not similar to
the Redfield ratio at all (Hecky et al. 1993). Phytoplankton productivity in freshwater is mainly limited
by P and in some seasons by N (Hecky and Kilham 1988, Hecky et al. 1993). In P-limited lakes, the
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algal molar C:P ratios may vary from 130:1 to 520:1 over the season (Hochstädter 2000), while
zooplankton stoichiometry stays constant.
Based on these observations, changes in the stoichiometry of nutrient availability may result in
changes in species composition and/or changes in stoichiometry of phytoplankton cells (Figure 2).
Background information nutrient concentrations
Changes in stoichiometry of nutrient inputs do not necessarily directly translate to changes in nutrient
ratios in the water column. Hydrology, but also nutrient fluxes across the sediment-water interface
shape the nutrient concentrations in the water column (Weigelhofer et al. 2018). In shallow water
areas, the exchange of nutrients across the sediment-water interface is, in its turn, dependent on local
water draw down and rewetting water management regimes (Vonk et al. 2017). Retention time of
groundwater, seepage, land use and soil type are all factors that influence the relationship between
nutrient values in soil and nutrient loads in surface waters (Yu et al. 2018). This implies that
generalizations of terrestrial nutrient use and surface water stoichiometry cannot be made (Eertwegh
2002). To quantify the relation between terrestrial nutrient use and effects on biota is thus rather
difficult. Ideally, regular measurements of phytoplankton and zooplankton stoichiometry are taken to
provide insight in the nutrient fluxes in biological food chains.
Ecosystem perspective
Lake productivity depends on a balance between light and nutrient availability (Karlsson et al. 2009).
In case lakes are nutrient limited, they are generally phosphorus limited. Besides run-off and
atmospheric deposition, the excretion/death of biota is an important source of N and P for
phytoplankton in lakes. Fish contribute less to nutrient cycling within lakes than plankton (Griffiths
2006). In addition, predation affects the phytoplankton composition and hereby, the zooplankton
community structure may affect the nutrient content of the phytoplankton (Elser et al. 1988).
Different species of zooplankton have different nutrient requirements and the zooplankton species
composition affects the nutrient recycling in the ecosystem. Zooplankton in its turn, is affected by the
interplay between algal stoichiometry and fish predation (Hall et al. 2004). Fish abundance may thus
eventually, through changing the zooplankton species composition top-down, affect the stoichiometry
of the phytoplankton.
Since nutrient requirements of zooplankton and fish are life stage dependent, changes in stoichiometry
may lead to growth retardation (Richard and de Roos 2018). Growth retardation may lead to
population bottlenecks and shifts in population size distributions. Planktivorous fish species have a size
specific diet preference (Brooks 1968). Through size-dependent predation, changes in size
distributions may cascade through food chains (Van Leeuwen et al. 2008, Soudijn and de Roos 2017).
Changes in size-distribution of the zooplankton may thus in turn have an effect on the consumers of
zooplankton, such as fish. The actual (stoichiometric) food web dynamics under different nutrient
ratios are thus likely to be rather complex, with a lot of potential indirect effects. Here, we aim to
consider potential effects of stoichiometric changes in the phytoplankton on growth and populationdynamics of higher trophic levels such as fish and zooplankton. We focus on bottom-up effects of
changes in algal stoichiometry on the higher trophic levels.

2.2

Case study: Lake IJssel

Lake IJssel Fish
The biomass and abundance of European smelt in Lake IJssel show a decrease since the 1970s. Figure
1 shows smelt data from 1989 onwards, the sampling programme was standardized at this point (van
Rijssel et al. 2019). While the changes in nutrient concentrations in Lake IJssel coincide with the
decrease of smelt there could be numerous other factors that caused the change. Examples of such
causes are the commercial exploitation of smelt, changes in hydrological regime and changes in the
Lake IJssel food web (de Leeuw et al. 2019).
The main planktivore in Lake IJssel is European smelt. In addition, the piscivores in the lake are also
planktivorous during their juvenile stages. European smelt is predominantly planktivorous up to 15 cm
and from 15 cm upwards shifts to a piscivorous/macrofauna diet (de Leeuw et al. 2006). The main
part of the smelt population in Lake IJssel is smaller than 10 cm.
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During its planktivorous phase, smelt diet is composed of several types of zooplankton (table 2-1).
The zooplankton nutrient content and body size differs per species (table 2-1). Diet requirements for
smelt, such as nutrient requirements (N:P) and prey size preference, are unknown. No consistent
recordings of smelt diet through time are available for Lake IJssel.
Growth data of smelt are available for some years: 1987-88 (Van Zuilekom 1991), 1995-96, 2000,
and 2010-11 (WMR data base). A comparison of these growth patterns could give an indication of
changes between 1987/88 and the current days, however, no growth data are available from the
earlier period when smelt displayed even higher abundance in Lake IJssel. In addition, the phosphorus
requirements of smelt are probably highest in the larval stage, since growth in the larval and juvenile
stages of fish is phosphorus intensive (e.g. Pilati and Vanni 2007), for which growth was never
monitored.

Table 1
Common zooplankton groups and species in the diet of European smelt in Lake IJssel (zooplankton
species group, nutritional value per gram wet weight, body size range and typical N and P composition
Zooplankton

Caloric content6

Body size range

N:P ratio

Daphnia

314 Cal/g

1-5 mm1

6.75

Bosmina

321 Cal/g

0.25-0.3 mm2

11.95
3

Chydorus

202 Cal/g

0.17-0.49 mm

-

Cyclops vernalis

108 Cal/g

0.5-5 mm

19.2 (copepods)5

1

(Ebert 2005); 2(Wang et al. 2019); 3(Basińska et al. 2014); 4(Stubbington et al. 2017); 5(Schindler

and Eby 1997);

6

(Cumminns and Wuycheck 1971).

Lake IJssel zooplankton
The zooplankton in lake IJssel is composed of the species groups: rotifers, cladocerans (daphnids,
Bosmina, Chydorus) and some copepod (e.g. Cyclops vernalis) species. There is no consistent
monitoring of the zooplankton community in lake IJssel. For different projects and purposes, the
zooplankton community has been sampled on several occasions by different organizations. In 1987
and 1988 by Tom Buijse (RIZA), 1992-95 by RIZA, 1992 and 1997-2001 for the MWTL and in 1996 by
Aquasense. However, the data are not optimal for a comparison of zooplankton community
composition before and after the changes in stoichiometry occurred. The samplings were executed in
different periods of the year with different choices regarding the resolution and grouping of species
identification and use different units in their reporting of results.
The diet requirements of zooplankton are not known for Lake IJssel in detail. Generally, small
zooplankton (such as rotifers and small cladocerans; Table 1) consumes phytoplankton up to a size of
30 μm (Noordhuis 2010). Larger cladocerans (e.g. certain daphnids) could consume algae up to 50 μm
and larger particles can only be eaten by adult copepods and amphipods. The differences in N:P ratio
of the zooplankton groups eaten by European smelt (Table 1) give an indication of differences in
nutrient composition and requirements of the zooplankters. For example, daphnia have a higher P
content and P requirement than copepods (Table 1). Since Daphnia is relatively large in size and
moves slower than for example copepods, it is preferred as food by smelt.
The available (sparse) sampling of zooplankton in Lake IJssel could perhaps give an indication of shifts
in species composition due to changes in stoichiometry. There are no data available regarding the diet
(stoichiometry) of zooplankton in different periods and neither is there information available regarding
the growth patterns of zooplankton and/or the population size distributions.
Lake IJssel Phytoplankton
The chlorophyll concentrations in lake IJssel seem to be unaffected by the changes in stoichiometry in
the nutrient availability and total nutrient levels (Noordhuis 2010 fig. 5.1.3). Data regarding the
phytoplankton species composition is available from 1992-Now (Noordhuis 2010). Unfortunately there
is no overlap between the phytoplankton sampling and the early years with high phosphorus loads
(70s and 80s, figure 1). Since the 90s, the composition of functional species groups of phytoplankton
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has remained the same (Noordhuis 2010 fig. 5.1.15). Yet, the size distribution of the phytoplankton
has changed, with a relatively higher biomass of smaller phytoplankton species in more recent years
(Noordhuis 2010 fig. 5.1.8 and 5.1.13). Potentially, the change in size-distribution of the
phytoplankton is an indication of a change in predation pressure by the zooplankton (Noordhuis 2010).
Such a change could have resulted from a shift in the zooplankton composition due to changes in
stoichiometry of the phytoplankton or due to changes in fish predation pressure. However, there is no
information available regarding the stoichiometry of the phytoplankton. It seems likely that the
changes in nutrient availability in the water column are reflected in changes in stoichiometry in the
phytoplankton due to their flexibility in their uptake of nutrients. In addition, it is thought that the
reduction of phosphorus in Dutch inland freshwaters has led to reduced phosphor availability and even
phosphor limitation of phytoplankton communities along the North Sea coast (Burson et al. 2016).
There are data available of the phytoplankton species composition (from the 90s-now), but no
information regarding the stoichiometry of the phytoplankton.
Lake IJssel Nutrients
In Lake IJssel, the changes in nutrient concentrations are mostly due to the reduction of nutrients in
the German river Rhine water. Improvement of wastewater treatment in Germany underlie the
reductions of phosphor (since 1970s) and nitrogen (since 1980s) (Noordhuis 2010). Local terrestrial
run-off will undoubtedly affect the nutrient concentrations in local freshwater bodies. The relationship
between terrestrial run-off and the nutrient concentration in Lake IJssel is so far unresolved.
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3

Model case study: effects of
stoichiometry on zooplankton
development

3.1

Goals

While phytoplankton has quite some flexibility in their nutrient requirements and nutrient composition
of their cells, animals maintain homeostasis and require certain amounts of nutrients for growth.
Changes in nutrient limitation can therefore affect animal growth patterns. Most multitrophic models
consider only the effect of changes in energy (carbon) on population dynamics and the trophic transfer
efficiency. The consideration of the effect of changes in nutrient requirements calls for a different
approach than usual. As a first step we investigate the effect of phosphorus limitation on zooplankton
development. In 2020, we aim to complete steps 1 and 2.
Consequently, we aim to proceed to determine effects of nutrient limitation on aquatic systems in (a
number of) the following steps:
1.

Effect of nutrient limitation on individual development of zooplankton – with the Daphnia
model described below, we determine growth patterns for different environmental conditions
in Lake IJssel.

2.

Effect of nutrient limitation on population dynamics of zooplankton – make and extension of
the Daphnia model described below to allow for this analysis, consider changes in daphnid
size distributions.

3.

Consequences of potential shifts in zooplankton for smelt food availability.

4.

Effect of nutrient limitation of individual development and population dynamics of different
species of zooplankton – parameterize model below for two different species of zooplankton
that are important in lake IJssel and repeat steps 1 and 2.

5.

Effect of shifts in nutrient limitation on competition between zooplankton species – use models
developed in step 3 in competition setting and compare with patterns observed in Lake Ijssel.

6.

Effect of nutrient limitation on grazing of zooplankton on phytoplankton – develop size
spectrum of phytoplankton species (nutrient dependent growth) and show (seasonal)
development patterns of phytoplankton for different nutrient conditions. Compare to data of
lake IJssel phytoplankton size spectrum.

7.

Effect of shift of nutrient limitation from P to N limitation - need to reparametrize the model
such that N limitation can be considered.

8.

Effect of nutrient limitation on phytoplankton – zooplankton – fish system – need to extend

9.

Effect of nutrient limitation in different ontogenetic stages – find data for shifts in nutrients

model developed in step 2 and/or 4 with a fish population.
requirements with ontogeny (fish and zooplankton), incorporate in steps 1-7 above.

3.2

Model description

3.2.1

Life history model

Following Richard and de Roos (2018), we use a size-structured model with two nutrient components
(C and P) to project the nutrient content and development of Daphnia. The nutrient composition in
soma and neonate tissues is assumed constant.
The food ingestion is defined as:
𝐹𝐹
𝜈𝜈𝜈𝜈,
𝐹𝐹 + 𝐹𝐹ℎ
with the food density 𝐹𝐹, half saturation density 𝐹𝐹ℎ , maximum ingestion rate 𝜈𝜈 and body weight 𝑊𝑊.
𝐼𝐼(𝑊𝑊, 𝐹𝐹) =

The biomass of carbon and phosphorus available for production follows:
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𝜔𝜔𝐶𝐶 (𝑊𝑊, 𝐹𝐹) = 𝜎𝜎𝐶𝐶 𝐼𝐼(𝑊𝑊, 𝐹𝐹) − 𝑚𝑚𝐶𝐶 𝑊𝑊,
𝐼𝐼(𝑊𝑊, 𝐹𝐹) 𝑚𝑚𝑃𝑃
𝜔𝜔𝑃𝑃 (𝑊𝑊, 𝐹𝐹) = 𝜎𝜎𝑃𝑃
− 𝜙𝜙 𝑊𝑊.
𝐵𝐵
𝜙𝜙𝐹𝐹

The production terms depend on the ingested carbon biomass 𝐼𝐼, the conversion efficiencies 𝜎𝜎𝐶𝐶 and 𝜎𝜎𝑃𝑃

for respectively carbon and phosphorus, the mass-specific metabolic maintenance rates 𝑚𝑚𝐶𝐶 and 𝑚𝑚𝑃𝑃 for
respectively carbon and phosporus, and, the C:P ratio of the ingested food 𝜙𝜙𝐹𝐹 and the soma 𝜙𝜙𝐵𝐵 .

While juveniles, individuals with a body weight 𝑊𝑊 smaller than 𝑊𝑊𝑗𝑗 , invest all available energy in

growth, adults, individuals larger than 𝑊𝑊𝑗𝑗 , invest in both growth and reproduction. The proportion of
energy invested in growth is defined as:

𝜃𝜃(𝑊𝑊) = �

1,
1
,
1 + 𝑟𝑟(𝑊𝑊 − 𝑊𝑊𝑊𝑊 )

The allocation is dependent on allocation parameter 𝑟𝑟.

𝑊𝑊 < 𝑊𝑊𝑗𝑗

𝑊𝑊 ≥ 𝑊𝑊𝑗𝑗

.

The energy sequestered in growth for carbon 𝐺𝐺𝐶𝐶 and phosphorus 𝐺𝐺𝑃𝑃 , are defined as:
𝐺𝐺𝐶𝐶 = 𝛾𝛾𝐶𝐶𝐶𝐶 𝜃𝜃(𝑊𝑊)𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹),
𝐺𝐺𝑃𝑃 =

𝛾𝛾𝐶𝐶𝐶𝐶
𝜙𝜙𝐵𝐵

𝜃𝜃(𝑊𝑊)𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹).

These terms depend on the fraction of carbon 𝛾𝛾𝐶𝐶𝐶𝐶 that ends up in the tissues and the C:P ratio of the
soma 𝜙𝜙𝐵𝐵 .

and the energy invested in reproduction for carbon 𝑅𝑅𝐶𝐶 and phosporus 𝑅𝑅𝑃𝑃 are defined as:
𝑅𝑅𝐶𝐶 = 𝛾𝛾𝐶𝐶𝐶𝐶 �1 − 𝜃𝜃(𝑊𝑊)�𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹),
𝑅𝑅𝑃𝑃 =

𝛾𝛾𝐶𝐶𝐶𝐶
𝜙𝜙𝐵𝐵

�1 − 𝜃𝜃(𝑊𝑊)�𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹).

All four of these equations depend on the carbon invested in biomass production 𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹) and depend

on the assumption of constant nutrient composition 𝜙𝜙𝐵𝐵 of the soma and neonates. The parameters 𝛾𝛾𝐶𝐶𝐶𝐶

and 𝛾𝛾𝐶𝐶𝐶𝐶 represent the fractions of carbon based energy allocated to respectively growth and

reproduction that end up in the tissues.

The nutrients invested in biomass production can be described by:
𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹) = min(𝜔𝜔𝐶𝐶 (𝑊𝑊, 𝐹𝐹), 𝜙𝜙𝑧𝑧 (𝑊𝑊)𝜔𝜔𝑃𝑃 (𝑊𝑊, 𝐹𝐹)),
min(𝜔𝜔𝐶𝐶 (𝑊𝑊, 𝐹𝐹), 𝜙𝜙𝑧𝑧 (𝑊𝑊)𝜔𝜔𝑃𝑃 (𝑊𝑊, 𝐹𝐹))
𝑃𝑃𝑃𝑃 (𝑊𝑊, 𝐹𝐹) =
.
𝜙𝜙𝑧𝑧 (𝑊𝑊)

The biomass production is in both cases dependent on the minimum availability of nutrients after
maintenance. The flux 𝜙𝜙𝑧𝑧 (𝑊𝑊) represents the nutrient composition of the biomass production and is
defined as:

𝜙𝜙𝑧𝑧 (𝑊𝑊) =

𝜙𝜙𝐵𝐵
,
𝜃𝜃(𝑊𝑊)𝛾𝛾𝛾𝛾𝐶𝐶𝐶𝐶 + (1 − 𝜃𝜃(𝑊𝑊))𝛾𝛾𝛾𝛾𝐶𝐶𝐶𝐶
𝑃𝑃𝑃𝑃

𝑃𝑃𝑅𝑅

with the parameters 𝛾𝛾𝑃𝑃𝑃𝑃 and 𝛾𝛾𝑃𝑃𝑃𝑃 that represent the fractions of phosphorus based energy allocated to
respectively growth and reproduction that end up in the tissues.

The above results in the following ordinary differential equation for the change of somatic weight 𝑊𝑊 for

an individual with age 𝑎𝑎:

𝑑𝑑𝑑𝑑
= 𝛾𝛾𝐶𝐶𝐶𝐶 𝜃𝜃(𝑊𝑊)𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹),
𝑑𝑑𝑑𝑑
and the function to describe the energy invested in reproduction 𝐵𝐵 as function of weight is:
𝐵𝐵(𝑊𝑊) = 𝛾𝛾𝐶𝐶𝐶𝐶 �1 − 𝜃𝜃(𝑊𝑊)�𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝐹𝐹).

The model is parameterized with the values previously described for the physiological requirements of
carbon and phosphorus of Daphnia by Richard and de Roos (2018). The values are given in Table 2.
We consider the effect of changes in parameter 𝜙𝜙𝐹𝐹 , the C:P ratio of the food source on the individual
level development.

Table 2 Default values of parameters in the model, following Richard and de Roos (2018)
Parameter
𝐹𝐹

𝐹𝐹ℎ
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Description

Value

unit

Food concentration

1

mg C/L

Half saturation constant

0.164

mg C/L
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𝜈𝜈

Mass-specific maximum ingestion rate

2.5

d-1

C:P ratio food source

varied

-

conversion efficiency carbon

0.53

-

𝜎𝜎𝑃𝑃

conversion efficiency phosphor

0.97

-

Mass-specific metabolic maintenance rate

0.08

d-1

𝑚𝑚𝑃𝑃

Mass-specific metabolic maintenance rate

0.03

d-1

𝜙𝜙𝐹𝐹
𝑚𝑚𝐶𝐶

𝜎𝜎𝐶𝐶

carbon
phosphor

𝑊𝑊𝑗𝑗

Size at maturation

0.49

μmol C

𝑟𝑟

allocation parameter

5.1

μmol C-1

𝛾𝛾𝐶𝐶𝐶𝐶

fraction of carbon that ends up in soma

0.31

-

𝛾𝛾𝑃𝑃𝑃𝑃

fraction of phosphor that ends up in soma

1

-

𝜙𝜙𝐵𝐵

C:P ratio of the soma

100

-

𝛾𝛾𝐶𝐶𝐶𝐶

fraction of carbon that ends up in reproductive 0.63

-

𝛾𝛾𝑃𝑃𝑃𝑃

fraction of phosphor that ends up in

tissues
-

Mass at birth

0.09

μmol C

Maximum resource density

1.0

mg C/L

Resource turn-over rate

1

background mortality rate

0.0015

reproductive tissues

𝑊𝑊𝑏𝑏

𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
𝜌𝜌
𝜇𝜇

3.2.2

1

d-1

Consumer-resource model

The life history model described in the previous section can be extended to a dynamics consumerresource model. Here, the consumption rate of the consumer affects the density and growth rate of
the resource. The density of the resource affects, on its turn, the growth rate of the consumer.
We implement a consumer-resource model with semi-chemostat growth in the resource similar to the
size-structured consumer-resource model previously described by de Roos and Persson (2013). The
nutrient ratio in the resource is assumed constant through time, we study the effect of varying this
parameter on the asymptotic behaviour of the consumer-resource model.
The dynamics of resource 𝑅𝑅 over time 𝑡𝑡 follow, in absence of the consumer, semi-chemostat growth.
The resource is, when the consumer is present, reduced by grazing of the consumer:
𝑑𝑑𝑑𝑑
= 𝜌𝜌(𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑅𝑅) − 𝐸𝐸(𝑐𝑐(𝑡𝑡, 𝑊𝑊)),
𝑑𝑑𝑑𝑑

with resource turn-over rate 𝜌𝜌, maximum resource density 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 , grazing rate 𝐸𝐸 and consumer sizedistribution 𝑐𝑐(𝑡𝑡, 𝑊𝑊).

The change in the consumer size-distribution 𝑐𝑐(𝑡𝑡, 𝑊𝑊) through growth 𝑔𝑔(𝑅𝑅, 𝑊𝑊) and mortality 𝑑𝑑(𝑅𝑅) can be
described by:

𝜕𝜕𝜕𝜕(𝑡𝑡, 𝑊𝑊) 𝜕𝜕𝜕𝜕(𝑅𝑅, 𝑊𝑊)𝑐𝑐(𝑡𝑡, 𝑊𝑊)
+
= −𝑑𝑑(𝑅𝑅, 𝑊𝑊)𝑐𝑐(𝑡𝑡, 𝑊𝑊)
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

New-born individuals continuously enter the population, following:
𝑔𝑔(𝑅𝑅, 𝑊𝑊𝑏𝑏 )𝑐𝑐(𝑡𝑡, 𝑊𝑊𝑏𝑏 ) = 𝑏𝑏�𝑅𝑅, 𝑐𝑐(𝑡𝑡, 𝑊𝑊)�,

where 𝑏𝑏(𝑅𝑅, 𝑐𝑐(𝑡𝑡, 𝑊𝑊)) represents the total birth-rate.

The growth rate of an individual can be deduced from the equations defined at the individual-level and
is equal to:
𝜕𝜕𝜕𝜕(𝑅𝑅, 𝑊𝑊) = 𝛾𝛾𝐶𝐶𝐶𝐶 𝜃𝜃(𝑊𝑊)𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝑅𝑅),

where the food level 𝐹𝐹 is now equal to the resource density 𝑅𝑅. After reaching the size at maturation

𝑊𝑊𝑗𝑗 , individuals invest in reproduction as well as growth (3.2.1). The mortality rate is size dependent as
individuals suffer from, in addition to background mortality 𝜇𝜇, starvation mortality when the resource
ingestion does not cover the maintenance costs for carbon or phosphorus, the mortality rate is thus
defined as:
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𝑑𝑑(𝑅𝑅, 𝑊𝑊) = 𝜇𝜇 − min�0, 𝑃𝑃𝐶𝐶 (𝑊𝑊, 𝑅𝑅)�,

where the feeding level is equal to the resource density and the negative carbon energy production is
subtracted to the mortality rate.
The total population birth rate is defined as:
∞

𝑏𝑏�𝑅𝑅, 𝑐𝑐(𝑡𝑡, 𝑊𝑊)� = � 𝑐𝑐(𝑡𝑡, 𝑊𝑊) 𝐵𝐵(𝑊𝑊) 𝑑𝑑𝑑𝑑,
𝑊𝑊𝑏𝑏

where the feeding level is again equal to the resource density and the reproduction rate per individual
is multiplied with the population density function 𝑐𝑐(𝑡𝑡, 𝑊𝑊),integrated over the full population size range.

The grazing rate of the resource by the consumer 𝐸𝐸 is defined as:
∞

𝐸𝐸(𝑐𝑐(𝑡𝑡, 𝑊𝑊)) = � 𝑐𝑐(𝑡𝑡, 𝑊𝑊) 𝐼𝐼(𝑊𝑊, 𝑅𝑅) 𝑑𝑑𝑑𝑑,
𝑊𝑊𝑏𝑏

where the feeding level is again equal to the resource density and the food ingestion per individual is
multiplied with the population density function 𝑐𝑐(𝑡𝑡, 𝑊𝑊),integrated over the full population size range.
The allometric relationship:
𝐿𝐿(𝑊𝑊) = �

5

𝑊𝑊 12
� ,
0.22

was used to convert weight (in μmol C) to lenght (in mm).

The model is parameterized the same as the life history model. For the background mortality, resource
turn-over rate and maximum resource density we chose values that allow for coexistence of the
resource and the consumer. The values are given in Table 2. We consider the effect of changes in
parameter 𝜙𝜙𝐹𝐹 , the C:P ratio of the food source on the individual level development.

3.2.3

Nutrient regimes Lake IJssel

There is large variation in the conversion factor of particulate organic carbon (POC) to phytoplankton
chlorophyll a, from about 100-500, which depends on temperature, nutrient availability (P and N) and
growth rate of the phytoplankton (Riemann et al. 1989). In addition, the percentage of carbon content
of the cell made up of chlorophyll a varies also, but only between about 2-5% (Riemann et al. 1989).
There is no straightforward conversion factor from POC to carbon content of the phytoplankton
community. Also, the translation of P or P0 concentration to mean P content of the cells on the
community level is not known.
RWS tracks concentrations of several measures of the nutrients in the surface water of lake IJssel. We
consider the concentrations of hydrogen carbonate and calcium carbonate as indicative for the C
availability, but while hydrogen carbonate was measured between 1975 – 1981, calcium carbonate
was measured between 2006-2017. There is thus no consistent measure of C availability for
phytoplankton at lake IJssel. Dissolved total phosphorus is taken as indicative for the P availability for
phytoplankton. For nitrogen we consider dissolved Kjeldahl, or total dissolved nitrogen. The
measurements are all taken at the measuring location “Vrouwenzand”.
The N:P ratio in Lake IJssel increased steadily through time. The concentrations of both N and P
decrease over time (Figure 1), but the P concentration decreases much more rapidly. Based on the
mean N:P ratios before 1990 (~40) and after 2005 (~500), we may conclude that the environmental
factors have moved towards a situation of severe P limitation.
We do not have a measure for the variation in the P content of food available to zooplankton in Lake
IJssel. Phytoplankton stoichiometry is related to local nutrient concentrations, but there is no clear
quantitative relationship known (Prater et al. 2017). Generally, C and N seem to be interrelated and in
addition, vary less than P (Sterner and Elser 2002, Sterner et al. 2008, Prater et al. 2017). For N:P >
22 and C:P > 258 in phytoplankton cells, phytoplankton growth is severely P limited (Hecky et al.
1993). A C:P ratio between 129-258 is considered a moderately P limited situation. In addition to
nutrient availability, phytoplankton stoichiometry depends on light (Dickman et al. 2006). The nutrient
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concentrations in the water column indicate that there could have been a shift to a situation with
severe phosphorus limitation. The initial situation is unclear, but we will assume that Lake IJssel was
initially moderately phosphorus limited. To mimic a situation with moderate phosphorus limitation, we
assume a C:P ratio in the phytoplankton, the resource in the model, of 200. For the severely
phosphorus limited situation, we assume that the observed shift in nutrient concentrations in the
water column has resulted in a maximal C:P ratio in the phytoplankton, the food source in the model,
of 1000. Higher C:P ratios in cell content are assumed unviable for algae. We investigate the effect of
such a shift in C:P ratio in the food source, parameter 𝜙𝜙𝐹𝐹 in the model, on the life history development
of daphnia (Figure 4).

Figure 3 Dissolved nitrate + nitrite + ammonium and dissolved total phosphorus in lake IJssel, N/P
ratio. We consider two periods with relatively much (1970s-1980s) and little (2010s) phosphorus.
Moving average (3 months) of N:P ratios in lake IJssel.

3.3

Results

3.3.1

Individual life histories

The emergence of severe phosphorus limitation in daphnia such as shown in Figure 4, results in a
strongly reduced growth rate and significantly smaller amount of offspring being produced. The broad
range of N:P ratios observed in lake IJssel (Figure 3) indicates that a shift from moderate to severe
phosphorus limitation may very well have occurred in Lake IJssel. A comparison of the mean N:P ratio
in the 1980s vs the 2010s (Figure 3), shows that there could have been a shift to severely phosphor
limited growth of zooplankton in Lake IJssel (Figure 5). Especially so, if the concentration of the
solved fractions of N and P are indicative for phytoplankton stoichiometry in the lake. While the shifts
in the C:P ratio that we used in the model perhaps seem somewhat extreme, an experimental study
showed shifts in phytoplankton C:P from 200 to 400 after 48 hours due to manipulations of light
intensity in flasks (Dickman et al. 2006). This indicates that strong shifts in C:P ratios in
phytoplankton are possible, even over a short time span.
A change in nutrient ratios towards a situation with P limitation can have strong effects on organisms
at higher trophic levels. The changes such as shown in these figures (Figures 4 and 5) could
potentially lead to changes in zooplankton size distributions and/or species composition. This would
also mean that the food availability and/or quality for fish potentially could be affected.
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Figure 4 Effect of shift from carbon to phosphor limitation on
individual-level development of Daphnia. The C:P ratio in the food
source 𝜙𝜙𝐹𝐹 varies from 200, 500, to a 1000.
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Figure 5 Growth and number of offspring produced by Daphnia for several values of C:P ratio in the
food source 𝜙𝜙𝐹𝐹 . We used a C:P ratio in the food source with moderate (𝜙𝜙𝐹𝐹 = 200, 1970-80s) and

severe (𝜙𝜙𝐹𝐹 = 1000, 2000-10s) P limitation, based on the changes in concentrations of C and P in Lake
IJssel.

3.3.2

Consumer resource dynamics

The consumer abundance in the consumer-resource model is either limited by the carbon or the
phosphorus availability. This depends on the C:P ratio of the (phytoplankton) resource (Figure 6). For
the change of a moderately P limited to a severely P limited system, we consider the consumerresource dynamics for respectively a value of 𝜙𝜙𝐹𝐹 = 200 and 𝜙𝜙𝐹𝐹 = 1000. The overall consumer biomass is
lower for severe P limitation because the limited amount of phosphorus present in the system starts
limiting the carrying capacity of consumers. In addition, the population size distribution changes for
severe P limitation compared to moderate P limitation. The decrease in juvenile biomass is relatively
stronger than the decrease in adult biomass, which results in a lower juvenile:adult biomass ratio in
the population (Figure 6). This stems partly from faster maturation of the juveniles (results not
shown) and partly from a lower production of juveniles by adults.
Based on the results of the consumer-resource model, a shift to severely P limited phytoplankton with
a C:P ratio > 600 is sufficient to reduce the abundance of daphnia and reduce the relative abundance
of juvenile daphnia biomass. These model predictions may change with the use of different parameter
values. In summary, our results indicate that the shift in P concentration in the surface water of lake
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IJssel could have led to a lower productivity of zooplankton in the lake and thus, to a lower food
availability for the zooplanktivorous fish in the lake.

Figure 6 Juvenile and adult biomass (μmol C), ratio between juvenile and adult biomass and
(phytoplankton-) resource biomass (μmol C) over time. The values are plotted for a C:P ratio of the
food source 𝜙𝜙𝐹𝐹 equal to 200 (left) and 1000 (right)
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4

Discussion and conclusions

Changes in stoichiometry of nutrient availability and absolute availability may lead to a range of
changes at higher trophic levels in freshwater ecosystems. Especially a reduction in relative
phosphorus abundance may be influential, as many freshwater lakes are phosphor limited. Fish and
zooplankton have species specific nutrient requirements that change over their ontogeny. Phosphorus
is an essential nutrient for growth, and phosphorus deficiencies may lead to growth retardation. In
addition to changes in nutrient content, fish and zooplankton may be confronted with changes in sizedistributions of their prey.
The nitrogen to phosphorus ratio in Lake IJssel has increased with a factor 10 over the last decades
(Figure 1). This is due to a much more efficient reduction of phosphorus than nitrogen in wastewater
effluents that flow to Lake IJssel. It is unclear to what extend the changes in stoichiometry of the
nutrient availability are responsible for the changes at higher trophic levels in Lake IJssel. While for
example the abundance of smelt has decreased quite dramatically (Figure 1), there are several
factors that could be responsible for this change. Examples of such causes are the commercial
exploitation of smelt, changes in hydrological regime and changes in the Lake IJssel food web (de
Leeuw et al. 2019).
The analysis of a life history model of Daphnia, which includes carbon and phosphorus based energy
budgets, shows that a shift in severity of P limitation such as observed in Lake IJssel (Figure 3) can
strongly reduce zooplankton growth and reproduction (Figure 5). Such reduced energy availability for
Daphnia may lead to a lower productivity and shift in the size distribution of the Daphnia population
(Figure 6) and subsequently to a reduction of food for fish such as smelt.
Previous theoretical studies have shown complex dynamics with stoichiometry in food chain dynamics
(Andersen et al. 2004, Kuijper et al. 2004). Our theoretical exploration does not show such
complexity. When the nutrient ratio in the resource in the model changes, there simply occurs a shift
from limitation by one nutrient to limitation by another nutrient. Different parameter values may lead
to more complexity. In addition, the observed shift in the size distribution could be enhanced by the
implementation of (more realistic) size-dependent parameters for food-ingestion and metabolic
maintenance (de Roos 2018). Nonetheless, the results underline the potential for phosphorus
limitation in food chains when the phosphorus loading in water bodies is reduced. A decrease in
zooplankton quantity and quality due to lower phosphorus in their diet may lead to a reduced food
availability for zooplanktivorous fish.
A potential way to detect a direct P deficiency in smelt would be through an analysis of the growth
patterns of smelt, but it is questionable whether the data available is of sufficient quality to do a
thorough analysis. Observations of P limitation in fish is rare in nature (Schindler and Eby 1997). Fish
may adjust their behaviour to compensate for low P intake. If the changes in nutrient availability have
affected smelt, this has most likely come about through a change in the zooplankton species
composition, abundance and/or size distribution. Daphnids as well as rotifers require a higher P
content in their diet than for example copepods and the cladoceran Bosmina. Since there is no
consistent sampling of the zooplankton community in Lake IJssel it is probably hard to detect whether
a change in species composition has actually occurred. Yet, some data is available and it could be
worthwhile to analyse them with this focus (Figure 2). Generally, the zooplankton composition is the
key to finding out more about the effects of different nutrient ratios on the higher trophic levels. A
consistent zooplankton sampling program of species composition, size distribution and stoichiometry is
essential to increase understanding of the changes throughout the food chain of Lake IJssel.
Experimental work that assesses the effect of changes in stoichiometry in the phytoplankton on
growth and food intake of zooplankton (Sarpe et al. 2014) and fish would be very valuable in showing
the potential of changes in stoichiometry of surface waters on aquatic food chains.
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Eutrophication of Dutch lakes due to external inputs of N and P in the 1950s led to poor water quality
with high turbidity, cyanobacterial blooms and few littoral vegetation (Gulati and van Donk 2002). The
recent reductions of N and P inputs to freshwater systems have improved water quality in many
freshwater bodies in and around the Netherlands. Since phosphorus reductions are often more
efficient than nitrogen reductions this improvement of water quality goes in many cases hand in hand
with a change in stoichiometry. The effects of stoichiometry on ecological systems can be extensive
(Sterner and Elser 2002). It is not straightforward to predict how changes in stoichiometry affect
higher trophic levels in aquatic food chains. In addition to changes in the pelagic ecosystem, changes
in stoichiometry may affect the benthic energy pathway, because many planktivores, such as smelt,
include benthic animals in their diet (de Leeuw et al. 2006). Also, many fish eating birds depend on
smelt to raise their chicks. Moreover, environmental factors, such as temperature, may affect
stoichiometry. The consideration of stoichiometry is therefore also highly relevant in the perspective of
climate change (Waal et al. 2010, Domis et al. 2014). Future developments of nutrient run-off
measures are targeted at the limitation of N effluents. Yet, it is unclear what will happen in case there
is a switch from P limited to N limited states in freshwater ecosystems. So far, it is even unclear how
likely it is that such a switch may occur due to changes in nutrient run-off.
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Quality Assurance

Wageningen Marine Research utilises an ISO 9001:2015 certified quality management system. This
certificate is valid until 15 December 2021. The organisation has been certified since 27 February
2001. The certification was issued by DNV GL.
Furthermore, the chemical laboratory at IJmuiden has EN-ISO/IEC 17025:2017 accreditation for test
laboratories with number L097. This accreditation is valid until 1th of April 2021 and was first issued on
27 March 1997. Accreditation was granted by the Council for Accreditation. The chemical laboratory at
IJmuiden has thus demonstrated its ability to provide valid results according a technically competent
manner and to work according to the ISO 17025 standard. The scope (L097) of de accredited
analytical methods can be found at the website of the Council for Accreditation (www.rva.nl).
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