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Abstract Colin Reynolds exquisitely consolidated
our understanding of driving forces shaping phyto-
plankton communities and those setting the upper
limit to biomass yield, with limitation typically
shifting from light in winter to phosphorus in spring.
Nonetheless, co-limitation is frequently postulated
from enhanced growth responses to enrichments with
both N and P or from N:P ranging around the Redfield
ratio, concluding a need to reduce both N and P in
order to mitigate eutrophication. Here, we review the
current understanding of limitation through N and P
and of co-limitation. We conclude that Reynolds is
still correct: (i) Liebig’s law of the minimum holds and
reducing P is sufficient, provided concentrations
achieved are low enough; (ii) analyses of nutrient
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limitation need to exclude evidently non-limiting
situations, i.e. where soluble P exceeds 3-10 pg/l,
dissolved N exceeds 100-130 pg/l and total P and N
support high biomass levels with self-shading causing
light limitation; (iii) additionally decreasing N to
limiting concentrations may be useful in specific
situations (e.g. shallow waterbodies with high internal
P and pronounced denitrification); (iv) management
decisions require local, situation-specific assessments.
The value of research on stoichiometry and co-
limitation lies in promoting our understanding of
phytoplankton ecophysiology and community
ecology.

Keywords Phytoplankton - Nitrogen limitation -
Redfield ratio - Co-limitation - Enrichment
experiments

Introduction

Now almost 30 years ago, in his classical paper on
“What Vollenweider couldn’t tell us”, Colin Rey-
nolds pointed out the importance of distinguishing
between limitation of nutrient uptake rates, growth
rates and the capacity for biomass formation. In order
to effectively control eutrophication, he emphasised
the practical “need for a consensus view of aquatic
ecosystem functioning that is implicitly correct”,
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which at the time he assessed as “far from being the
case” (Reynolds, 1992, p. 5). Some of the issues he
listed as controversial may in part be resolved or better
understood by now, i.e. the relative relevance of
bottom-up versus top-down control, internal versus
external P loads and internal nutrient recycling.
However, there is a revival of the debate about
whether or not reducing phosphorus loads is suffi-
ciently effective for eutrophication control, or whether
this, and in particular controlling cyanobacterial
blooms, also requires reducing nitrogen concentra-
tions. Some of this debate is general (see, e.g. Conley
et al., 2009, the mini-review by Paerl & Otten, 2016;
Paerl et al., 2019; Scott et al., 2019; Andersen et al.,
2020) and some specific to the waterbody studied (e.g.
Miiller & Mitrovic, 2015). Parts of this debate appear
to question the concept that carrying capacity is
typically limited by one resource at a time, a concept
clearly conveyed by Colin Reynolds in his books
(Reynolds, 1984, 1999, 2006) and publications (e.g.
1992, 1998). The fascinating and growing research
field of ecological stoichiometry (Sterner & Elser,
2002) is addressing nutrient limitation from a different
angle (e.g. North et al., 2007), with numerous nutrient
enrichment studies published (about 500-600; Elser
et al., 2007) that quite frequently show more pro-
nounced increases of biomass when both nutrients are
added to natural populations as compared to adding
only N or only P (see review in Elser et al., 2007). It is
increasingly recognised that in many waterbodies
summer phytoplankton is co-limited by P and N (e.g.
Elser et al., 2007; Kolzau et al., 2014; Shatwell &
Kohler, 2019; Andersen et al., 2020; Maberly et al.,
2020), and N:P ratios are also quoted to argue for the
need to reduce N loads.

Although numerous success stories of recovery
from eutrophication and cyanobacterial blooms by
reducing P loads and thus concentrations in the
waterbody are now evident (discussed below), the
debate at meetings and in publications about the need
for a dual strategy, addressing both P and N, has been
intensive and is ongoing (e.g. Schindler, 2012;
Schindler et al., 2016; Paerl et al.,, 2019). For
management it is important to understand whether it
will be more effective to focus all efforts only on P, or
in some cases perhaps on N, or to reduce both
nutrients: only some of the available measures curb
both nutrients (e.g. changing land use and agricultural
practices); others, particularly in sewage treatment,
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require additional investment because removal tech-
niques differ for N and P. However, in contrast to the
meanwhile numerous cases of successful lake restora-
tion by reducing phosphorus loads, to date there are
only few examples of successful mitigation of
eutrophication primarily achieved through reduced
nitrogen loads, and these pertain to shallow lakes such
as Miiggelsee in Berlin, Germany (Shatwell & Kohler,
2019); Jeppesen et al. (2005) give further examples.

Some of the current debate about the role of N:P
ratios and whether or not we need to reduce both
nutrients seems surprising in face of the understanding
of phytoplankton ecology that Colin Reynolds con-
solidated already decades ago. While the concept of
functional groups that he introduced is widely used, it
seems to be time to remind ourselves of the deep
understanding of resource acquisition and resulting
competitive advantages that he gave us—and to ensure
that we incorporate this into our teaching of phyto-
plankton ecology. Colin Reynolds not only published
clever analyses of the interplay of conditions that
determine the growth of phytoplankton organisms and
the outcomes of their competition. He was also gifted
with empathy and imagination for what life is like for a
phytoplankton cell entrained in the turbulence of a
mixed epilimnion: in his lectures he could make us
feel like a cell so small that the viscosity of water
makes it feel like syrup, a cell facing the challenge of
capturing photons for energy and nutrient molecules
for division as we get moved around the mixed water
layer. Also, he was fascinated by the biochemical
mechanisms determining the rates of uptake of
nutrients or capturing of photons in relation to the
speed with which these resources can be processed
inside the cell, and he endeavoured to explain the
phenomena of resource limitation observed in the field
or in continuous cultures in terms of the mechanisms
understood at the time. It seems safe to say that the
recent research on stoichiometry and co-limitation
would have fascinated Colin Reynolds.

Can we reconcile outcomes of research on stoi-
chiometry and co-limitation with the concepts he
developed and taught? Or apply these concepts to the
interpretation of the results of, e.g. nutrient enrichment
experiments and N:P ratios? Is there a unifying view
combining his approach with these to guide manage-
ment in choosing the most effective approach to
abating eutrophication?
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In the following we first summarise the under-
standing Colin Reynolds gave us and then analyse how
we can apply it to resolve the debate about the role of
N (co-) limitation, N:P ratios (stoichiometry) and a
need for N-load reduction. In line with the focus of his
work, here we discuss the biological aspects of how
nutrient limitation affects phytoplankton. The prereq-
uisite for achieving nutrient concentrations that limit
biomass is, of course, the appropriate management of
external loads and, where concentrations in the
waterbody do not respond to their reduction, an
understanding of legacy loads from the sediment.
This aspect requires a different discussion with a
hydrological, physical and chemical focus, an aspect
we can only touch upon here.

Colin’s key messages for understanding
how nutrient limitation works

On the basis of his understanding of phytoplankton
communities, Reynolds very elegantly reviewed,
summarised, and explained nutrient limitation. He
emphasised the need to be clear about “what is limited
and when” (1992, p. 9), and for this purpose he
differentiated three nutrient fractions that may exert
limitation:

1. Concentrations of dissolved inorganic nutrients
limit uptake rates: From the body of experimental
data available at the time for growth rates relative
to nutrient concentrations, Reynolds derived
residual concentrations (R* sensu Tilman et al.,
1982) above which “it is most improbable that
algal growth is limited” (1992, p. 12). Residual
nutrient concentrations will allow nutrient uptake
by phytoplankton and thus cell division, i.e.
population growth. Following resource-based
Monod curves for uptake rates relative to nutrient
concentrations, Reynolds (1998, 1999) proposed
P- or N-limitation to be unlikely above 3 pg/l
soluble reactive phosphorus (SRP) and 100 pg/l
dissolved inorganic nitrogen (DIN). These con-
centrations are widely quoted, often adjusted up to
10 pg/l SRP and 130 pg/l DIN (Dolman et al.,
2012; Kolzau et al., 2014) to accommodate
liberation of nutrient, e.g. by excretion. 3—10 pg/
1 SRP and 100-130 pg/l DIN thus serve as
threshold concentrations above which limitation

by the respective nutrient can be generally
excluded (exceptions include waterbodies with
high iron concentrations that form Fe-P com-
plexes unavailable for phytoplankton; Spijkerman
et al., 2018).

The cellular nutrient content, i.e. cell quota sensu
Droop (1973), limits cell division rates. Species
differ in the minimum cell quotas (Qy) required for
maintenance metabolism and in their maximum
cell quotas for maximum growth rates (Finkel
et al., 2010; Quigg et al., 2011), depending in
particular on cell size. This trait is highly relevant
in shaping phytoplankton communities (see, e.g.
Klausmeier et al., 2007; Edwards et al.,
2011, 2012). Thus, the N:P ratio within cells
would best reflect which nutrient is limiting at a
certain point in time, and for assessing competi-
tion in field communities it would be valuable if
this could be differentiated by taxa. While cell
quota can readily be determined in laboratory
cultures (Quigg et al., 2011), preferably as ratio to
carbon, in field samples they can at best be roughly
estimated for the entire community using ratios of
a measure of biovolume to TP and TN (or
particulate P and N) as proxy. The concentration
of chlorophyll-a (Chl.-a) is frequently used as a
measure of biomass (although cellular contents of
Chl.-a too can vary depending on growth condi-
tions, particularly light availability). For example,
Maberly et al. (2020) use thresholds of >0.3 pg
Chl.-a per ng TP to indicate P-limitation and
>0.042 pg Chl.-a per ng of DIN to indicate
N-limitation. Unfortunately, other organic parti-
cles (difficult to separate from phytoplankton in a
field sample) cloud the ratio more or less strongly,
and moreover, trophic state affects the phyto-
plankton’s fraction of total seston (with that of
phytoplankton being lower in eutrophic water-
bodies; Gaedke et al., 2002).

Concentrations of total P and total N limit the
amount of phytoplankton biomass that can build
up in a waterbody, i.e. the yield. Reynolds’
publications explain the concept of carrying
capacity very clearly: the maximum possible
plankton biomass that a given waterbody can
attain depends on the total concentration of the
limiting nutrient and the minimum intracellular
amount with which a cell can function, i.e. the cell
quota. Using Chl.-a as a measure of biomass, he
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shows conceptually and based on his own lake
data that on a weight to weight basis, phytoplank-
ton cells contain about as much Chl.-a as P, i.e. a
ratio of 1:1 (this ratio may increase to 3:1 at low
TP concentrations or under light limitation).
Reynolds emphasises that in P-limited waterbod-
ies, TP concentrations “set an upper limit” on
carrying capacity for phytoplankton biomass,
even if biomass often does not reach this maxi-
mum because of other constraints (e.g. light
limitation or losses through grazing and sedimen-
tation). In temperate climates the resource limiting
carrying capacity typically shifts from light in
winter to TP in spring and often throughout
summer, potentially interrupted by phases of
N-limitation during summer (Fig. 1; see also
Lampert & Sommer, 2007).

Reynolds reminds us, quoting Schindler (1977) that
“as no other proximal source of phosphorus is
available to any phytoplankton, except the total
phosphorus pool in the water, it follows that the
ultimate chemical capacity is, indeed, of the size of
that pool” (1992, p. 9). This is important, because
rapid recycling of P released by decomposing biomass
is sometimes misunderstood as source for further
biomass; however, while it can indeed be a further
source for phytoplankton growth, this is only possible
if phytoplankton has not yet attained the maximum

biomass, defined by the carrying capacity of the
limiting resource.

All three nutrient fractions are relevant for under-
standing nutrient limitation of phytoplankton biomass.
Understanding the concept of cell quota determining
growth rates (discussed in more detail in “Stoichiom-
etry of phytoplankton and implications of N:P ratios
for nutrient limitation” section) is fundamental for
studying species composition. Reynolds (1998)
pointed out that the nutrient uptake capacities of cells
far exceed their needs for growth. Concentrations of
dissolved nutrients give information about the current
limitation of uptake rates, provided they are in the
range below 3-10 pg/l SRP or 100-130 pg/l DIN.
However, even in this low range they do not neces-
sarily prevent further cell division because cell quotas
may (yet) be sufficiently high and be replenished from
P or N liberated by excretion and biodegradation.
Importantly, however, the inverse does apply: excess
dissolved N and P above these thresholds indicates
that the respective nutrient is not limiting at that point
in time (light would be the next candidate limiting
resource, particularly in a turbid mixed layer, or
carbon if pH is extremely high). Therefore, non-
limiting situations need to be excluded when drawing
conclusions for nutrient limitation from N:P ratios or
from growth responses in nutrient enrichment exper-
iments (as done, e.g. by Maberly et al., 2020).

100

Chlorophyll-a concentration [ug/L]
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Fig. 1 Reynolds’ concept of the carrying capacity for phyto-
plankton biomass: The dashed/dotted (blue) line shows the limit
set by TP; the solid (grey) line that set by light, and the dotted
(red) line the limit set by TN. The hatched grey area shows the
potential carrying capacity at a given time of the year, i.e. which
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amount of chlorophyll-a would be possible in face of the limit
set by these 3 resources at any given point in time. The solid
green silhouette shows the actual concentration of Chl.-a in a
theoretical lake (adapted from Reynolds, 1992)
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To visualise this, Reynolds once again takes the
viewpoint of a phytoplankton cell striving to multiply,
and he elegantly argues that the only relevant question
for that cell is “whether there is enough of each of its
various nutrient requirements available to sustain the
next cell division”, emphasising that it does not matter
whether the N:P ratio is 50:1 or 3:1 “if both nitrogen
and phosphorus supersaturate the growth requirements
for the current generation” (1992, p. 14). Of course if
one nutrient is depleted, i.e. is fully incorporated in
plankton biomass, more of the other will be left over;
however, the mechanism setting a limit to further cell
multiplication it is the depletion itself and not the ratio:
“When both (nutrients) are ‘not limiting’, then neither
is the growth of the cell ‘limited’ by these elements. ...
It is the resources themselves, each and individually,
which are potentially crucial” (1999, p. 32).

The total fractions, i.e. TP and TN, are highly
relevant for waterbody management because they set
the theoretical upper limit for plankton biomass, i.e.
they define carrying capacity. As reflected by the
Vollenweider OECD annual means (Fig. 2), in prac-
tice, regressions derived from data for annual or

seasonal means of Chl.-a (as measure of phytoplank-
ton biomass) relative to TP give Chl.-a concentrations
below the amount relative to TP that phytoplankton
could attain if all of the TP were used to build
phytoplankton cells. However, Vollenweider & Ker-
ekes (1980) also show a regression for the maximum
Chl.-a concentration relative to TP: with a slope of
0.64 this is steeper than that for the annual mean (slope
of 0.28), thus coming closer to a 1:1 relationship of
Chl.-a to TP, i.e. closer to full utilisation of the
carrying capacity for biomass formation. The Vollen-
weider regressions and further similar ones (e.g.
Dillon & Rigler, 1974; Smith, 2003; Jeppesen et al.,
2005; Phillips, 2008) bridge the theoretical concept of
biomass being limited by the carrying capacity with
waterbody data that reflect the further constraints
acting on phytoplankton development. They have
served as basis for planning numerous successful cases
of restoration of eutrophic waterbodies which demon-
strate proof of the concept that managing the concen-
tration of a limiting nutrient (so far usually P) can
effectively control maximum phytoplankton biomass
(discussed in further detail in part 5 below).

Fig. 2 Recovery of 10 1000 +
waterbodies from 1 Wahnbach Reservoir
eutrophication in response 1 Lake Washington
to the reduction of their P - |1 Lago Maggiore
load. Means for each §_3 |
waterbody are connected = Lake Constance
chronologically; white s i
dotted lines show the C.)
Vollenweldftr regressions > 100 1 Lake Tegel
for the maximum (upper b= 1
line) and annual mean S ] B
: 1 Balaton

(lower line) Chl.- g 1 Veluve Meer
a concentration. Revised c |
from Fastner et al. (2016) -8 |
and supplemented with data £
from Chorus et al. (2011) S
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Stoichiometry of phytoplankton and implications
of N:P ratios for nutrient limitation

Redfield (1934) first published the ratio of N:P for the
content of these two elements in marine phytoplankton
of 16:1 as molar ratio (equivalent to 7:1 as mass ratio).
Since then, rather than this being a fixed feature,
further research has shown a wider range for the ratio
in phytoplankton cells, in part due to variable pools of
stored nutrients (Sterner & Elser, 2002). Also, differ-
ences between taxa and clones (Geider & La Roche,
2002) are pronounced and now recognised as specific
traits developed during the species’ evolution (Quigg
et al., 2011), characterising their performance in
competition. Klausmeier et al. (2004) base their model
of phytoplankton stoichiometry on the consideration
that a cell’s “functional machinery’ has quite constant,
species-specific nutrient requirements, high in N for
building the proteins needed for nutrient uptake and
for chloroplasts, but high in P for building ribosomes
needed for cell division. In this model, competition for
limiting nutrients selects for effective nutrient uptake
(requiring high N:P ratios) while exponential growth
requires more P and thus, depending on the limiting
resource, the model of these authors predicts N:P
ratios that range from 8.2 (by mass) at saturating
resource levels up to 45 under P limitation. From
empirical studies, others conclude a range of 16-30
(by mass) outside of which N or P limitation are likely
(see discussion in Dolman & Wiedner, 2015) or a
molar ratio of < 10 for N-limitation being likely and
> 20 for a probable P limitation (Maberly et al.,
2020).

Therefore within this range there is no ‘universally
optimal value’; rather, the N:P ratio of a phytoplank-
ton community at a given point in time is an average,
resulting from the composition of species with ‘dif-
ferent structural N:P ratios’ (Klausmeier et al., 2004,
p- 173). Geider & La Roche (2002) emphasise that the
critical ratio of N:P within the cell at which growth
switches from being limited by one nutrient to being
limited by the other can be determined only from cell
quotas. These authors show that for a given species,
co-limitation by both nutrients only occurs at this
critical ratio, and only at this ratio do the cellular
contents of both nutrients need to increase in order to
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enable further growth. Furthermore, Edwards et al.
(2011) showed a trade-off in species’ ability to
compete for N and for P; thus, some species have a
competitive advantage at low concentrations of P and
others at low concentrations of N. This can be
explained by the different structural N:P ratios
proposed by Klausmeier et al. (2004), and it has
consequences for the structure of phytoplankton
communities along gradients of TN:TP.

The stoichiometry of N and P in phytoplankton
organisms also determines nutrient fluxes between
trophic levels (reviewed in Hessen et al., 2013). It is
therefore of substantial interest for ecological research
on drivers of plankton community structure. For
assessing and managing eutrophication, i.e. for assess-
ing a need to control the concentration of N, however,
the criterion of the N:P ratio being below or above the
molar ratio of 16 (or the mass ratio of 7) is of limited
use for several reasons: (i) As discussed above, N:P
ratios can be quite variable, even after excluding data
with dissolved fractions above the thresholds for
limitation of uptake, and even if the supply of N and P
is in close balance with the demand of phytoplankton
communities. In practice, the molar range of 10-20
outside of which N, respectively, P to be likely to be
limiting is frequently used (e.g. Maberly et al., 2020).
(i) A further complication is the above-mentioned
problem of separating phytoplankton from other
seston particles to analyse their constituents. Thus,
for field data TN:TP need to serve as a proxy—
introducing further uncertainty. (iii) As visualised by
Davidson & Howarth (2007), if the supply of N and P
is near the range of the phytoplankton’s demand, this
means that neither nutrient is available in substantial
excess so that a slight increase in biomass is likely to
consume that excess, then shifting limitation to the
other nutrient.

As quoted above, Reynolds emphasised the primary
relevance of absolute concentrations and questions
that insights are to be gained from ratios. He does,
however, recognise a value of analysing N:P ratios at
the onset of the growth season to estimate which
nutrient may become limiting during phases of
population increase later in the course of the year,
provided the absolute concentrations of TP and TN are
low enough to potentially limit biomass.
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Co-limitation of phytoplankton and implications
for nutrient limitation

As discussed above, while cell quotas would be the
most appropriate approach to identifying the nutrient
limiting population growth at a given point in time,
they are difficult to determine in field samples with
mixed species of phytoplankton and other seston.
Nutrient enrichment experiments provide an alterna-
tive approach, usually addressing the phytoplankton
community as a whole. They have been widely
employed to measure the growth response when
adding N, P or both nutrients to phytoplankton
communities freshly sampled from waterbodies. Hun-
dreds of enrichment experiments have been conducted
at different scales, i.e. in the laboratory, in mesocosms,
and in some cases also in entire lakes (e.g. the whole
lake additions of Schindler, 2009, confirming P as
limiting nutrient), with methodological pros and cons
reviewed by Elser et al. (1990). Growth responses are
typically measured as an increase in a parameter
reflecting biomass, such as the concentration of Chl.-
a. Miiller & Mitrovic (2015) used biovolume and thus
were able to differentiate the impact of nutrient
limitation between species. Because growth is slow
and zooplankton, not totally removed from the sample
of the mixed community, may reduce net growth, an
interesting alternative is to assess the rapid response to
nutrient addition through measuring the in vivo fluo-
rescence of Chl.-a in photosystem 2 (Lachmann et al.,
2019; Holland et al., 2004). This method is based upon
the ecophysiology of the nutrient limited algal cell
that, upon a spike of that nutrient, directs all its
metabolic ‘efforts’ towards the uptake of that nutrient;
this leads to a drain of electrons from photosynthesis,
thus decreasing the Chl.-a fluorescence (Shelly et al.,
2010).

A typical response pattern in enrichment experi-
ments is an increase in growth relative to the controls
when adding either N or P alone; however, in many
publications a large fraction of the samples showed a
more pronounced increase of biomass when adding
both N and P, often 2-3 times that of adding either N or
P alone (Davies et al., 2004; Elser et al., 2007; North
et al., 2007; Sterner, 2008; Harpole et al., 2011;
Mischler et al., 2014; Bracken et al., 2015; Miiller &
Mitrovic, 2015; Katkov et al., 2020). The conclusion
drawn is that the phytoplankton in these waterbodies is
co-limited by both N and P. Lachmann et al. (2019)

show that this response to co-limitation might well
occur within a time frame of few minutes. Davidson &
Howarth (2007) interpret such findings as a result of
N:P ratios in most natural communities being in fairly
close balance around the Redfield ratio. In conse-
quence, adding both nutrients merely increases the
carrying capacity for biomass until it hits limitation by
some other resource, which in eutrophic waterbodies
typically is underwater light availability.

Factoring light availability (photon flux density)
into an experimental design and extrapolating the
experimental results to the situation in the waterbody
is challenging and rarely done. Kolzau et al. (2014)
give an example, and Maberly et al. (2020) use the
approach suggested by Reynolds (1992) to calculate
light limitation in lake by stating that at in situ mean
epilimnetic light intensities above 20 pmol m~2 s~ !
photosynthesis is likely to be light-saturated. To assess
whether the growth responses in the culture vessels are
relevant to the field situation, both research groups
also use information about the concentrations of
dissolved P (SRP) and N (DIN), as well as Chl.-
a concentrations in relation to TP and TN in the
waterbody.

In publications that explain basic principles and
have reached almost textbook status Arrigo (2005) and
Saito et al. (2008) define different types of co-
limitation and explain how they work. Arrigo (2005)
begins with describing situations in which it takes two
nutrients to trigger growth because the levels of both
are too low for further cellular uptake. This may be the
case in very oligotrophic environments or if, for
example, if in an already N-limited situation N-fixing
cyanobacteria deplete the concentrations of P. How-
ever, Arrigo discounts this as co-limitation in the
stricter sense because, although both nutrients are
limiting, they are acting independently of each other.
Along similar lines Saito et al. (2008) describe
sequential limitation (termed °‘serial limitation‘ by
Harpole et al., 2011), i.e. where alleviation of limita-
tion by one resource, e.g. P, leads to a biomass increase
up to the level limited by another, e.g. N or light. This
is in line with the concept of oscillation between N-
and P limitation proposed by Davidson & Howarth
(2007; see above) and also with Liebig’s (1840) law of
the limiting nutrient. Awareness of both of these
mechanisms for pseudo-simultaneous limitation by
two resources is important because they explain part of
the frequently observed significantly higher growth

@ Springer



102

Hydrobiologia (2021) 848:95-111

response to adding both nutrients as compared to
adding each one separately (see above).

On the cellular level, already in the 1970s, contin-
uous cultures of algae have shown differences in the
nutrient concentrations saturating their growth rates.
This mechanism was a central focus of Colin
Reynolds’ understanding of the differences between
taxa in nutrient uptake kinetics and cell quotas. The
resource limitation publications of Tilman and co-
workers showed that these differences between
species allow their coexistence when competing for
resources because of differences in their uptake rates
and cell quota. Community co-limitation thus is well
in agreement with the theory of nutrient limitation
described by Reynolds (e.g. 1992), a conceptual
difference being that a few decades ago this was
shown with algal culture strains in continuous culture
competition experiments and now is addressed in the
context of nutrient enrichment experiments analysing
the growth responses of communities in field samples.

Also, more recent research is addressing different
mechanisms of co-limitation within an algal cell: Saito
et al. (2008) differentiates biochemical mechanisms
for co-limitation: one is ‘biochemical substitution co-
limitation’, i.e. two elements can serve the same
function within the same enzyme or in different
enzymes with the same function (usually metals in
catalytic enzymes, but not N and P, which serve
different functions). The other is ‘biochemically
dependent limitation’, i.e. limitation by one element
reduces the acquisition rate of another—e.g. if
N-limitation reduces the cell’s machinery for P-
uptake. Harpole et al. (2011) further discusses that
different metabolic pathways in a cell may be limited
by different resources, with independent or interactive
mechanisms. Few experimental studies of different
combinations of macro- and micronutrients have been
published (Buitenhuis et al., 2003; Glass et al., 2010;
Schrader et al., 2011; Spijkerman et al., 2011), and
while these show intriguing interdependencies, the
quantitative relevance of such mechanisms of bio-
chemical co-limitation for phytoplankton communi-
ties in waterbodies remains to be further explored.
While Colin Reynolds was fascinated by explaining
phytoplankton growth patterns in the field with
mechanisms on the cellular level, he could scarcely
include these aspects of biochemically dependent co-
limitation in his considerations of growth responses to
resource availability.
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The question raised by several workers, emphati-
cally by Schindler (2012) and Schindler et al. (2016),
is whether the small-scale short-term nutrient addition
assays typically used in co-limitation research can
provide relevant results for assessing long-term nutri-
ent limitation in a waterbody. The aspect of scale is
especially relevant in face of waterbodies not being
homogeneous environments; rather they make nutri-
ents available in patchy and pulsed patterns. Size and
frequency of nutrient pulses determine the competitive
advantages of different species (e.g. Spijkerman &
Coesel, 1997; Moon & Carrick, 2007; Maberly et al.,
2020). The study of Maberly et al. (2020) shows that
co-limitation is more often detected in summer and
autumn, which can be a result of chlorophytes and
cyanobacteria competing for N and P (Brauer et al.,
2012), i.e. community co-limitation (sensu Arrigo,
2005). Davidson & Howarth (2007) point to the
relevance of scale for interpreting short-term nutrient
enrichment experiments that show the response of the
current community but do not reflect the adaptation of
species composition in the somewhat longer term.

Co-limitation research, particularly that addressing
biochemical mechanisms of co-limitation, is promot-
ing our understanding of the drivers of phytoplankton
community composition and thus of diversity.
Whether N or P are limiting or how limitation
oscillates between both nutrients affects diversity as
well as the elemental composition of cells. The effect
of P-limitation on phytoplankton species composition
and food quality for higher trophic levels has been well
studied and described (Lukas et al., 2011a, b; Sommer
et al., 2012). Bergstrom et al. (2020) analysed N- and
P-limitation in two Swedish mountain regions in the
context of declining loads of macro-nutrients and
found that a proportionally stronger decrease of N
(leading to more phases of N-limitation) has a
pronounced impact on phytoplankton quality (includ-
ing as nutrition for higher trophic levels). Elser et al.
(2009) pointed out that relatively few phytoplankton
species have an enhanced ability to capture P, and
where excess N shifts waterbodies to P-limitation,
these will be favoured, outcompeting others. Thus, in
P-limited systems excess N can have an additional
impact on species composition. Following the predic-
tions of a model by Brauer et al. (2012) this would be
positive for water quality as it would disfavour
cyanobacteria, many of which are superior competi-
tors for N and light. Brauer et al. (2012) provide a
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unifying concept which contributes to resolving the
controversy about the relevance of N:P ratios in
shaping phytoplankton communities by including
light as third major resource for which phytoplankton
populations compete: these authors show that co-
limitation of communities by two nutrients and light is
most likely to occur in mesotrophic waterbodies,
providing an opportunity for stable coexistence of
species and thus the highest diversity. However, these
authors emphasise that, depending upon the traits of
the competing species, such situations may also result
in alternative stable states.

Species composition is ecologically relevant, and a
target for waterbody management can be a close-to-
natural species composition and diversity (as, e.g.
defined in the European Union’s Water Framework
Directive’s criteria of a good ecological status).
Functional traits of phytoplankton species, i.e. their
differences in nutrient uptake affinities and minimum
cell quota, allow community co-limitation, as ele-
gantly shown by Edwards et al. (2011). Thus, a
practical application of co-limitation research results
is to understand at which concentrations of both
nutrients, N and P,—or (at concentrations in the
mesotrophic range) at which oscillations around a
ratio of both—co-limiting conditions may favour
diversity within phytoplankton communities.

Reducing P concentrations to reduce
phytoplankton biomass

The relationship of phytoplankton biomass (measured
in terms of the concentrations of Chl.-a) to concen-
trations of total phosphorus (TP) was first described by
Vollenweider (1968) and later confirmed by numerous
other studies with large data sets of further, in part very
different waterbodies (Reynolds, 1992 and literature
therein; Jones & Lee, 1986, Willén, 2001; Jeppesen
et al., 2005; Phillips et al., 2005; Schindler, 2012;
Fastner et al., 2016). For six deep stratified lakes
Sendergaard et al. (2017) showed that during summer
epilimnion concentrations of DIN typically exceeded
limitation while those of SRP declined and ratios of
TN:TP indicated P limitation.

Interestingly, regressions gleaned from annual
means for a large number of lakes also hold for
individual lakes as their trophic state develops across a
range of TP concentrations (Fig. 2): Lake-specific

plots of Chl.-a relative to TP show that in some lakes
(e.g. Lake Washington, Arancia Reservoir, Wahnbach
Reservoir, Mondsee), the decline of phytoplankton
biomass (in terms of Chl.-a) followed that of TP quite
closely. At the upper end of the TP-scale shallow
Veluwemeer and subtropical Arancia Reservoir pro-
duced higher yields of phytoplankton than the large
Lake Constance and the smaller, but also stratified
Lakes Tegel and Schlachtensee. The data of the latter
show thresholds below which TP needed to decline
before phytoplankton biomass could respond.

At high TP concentrations, curves of Chl.-a to TP
may level off because typically, “other limitations on
capacity are imposed at some intermediate level of
attainable yield” (Reynolds, 1992, p. 9). Reynolds
illustrates this with the conceptual diagram of the
OECD regression of mean Chl.-a against mean TP and
two horizontal cut-off lines showing a TP-range above
which light and one above which N determine carrying
capacity. In other words, phytoplankton biomass
limited by P can increase as TP increases until it hits
a ceiling where another resource becomes limiting.
Reynolds points out that this resource very often is the
underwater light availability, particularly in deep
mixed water layers in which “a substantial lower
portion is dark or only dimly insolated...” (1992, p. 9)
or in shallow waterbodies with turbidity through, e.g.
mineral particles. Accordingly, in many years the
phytoplankton in shallow but very turbid Neusiedler
See did not attain the biomass that TP would have
supported, and the examples of thermally stratified
Schlachtensee and Lake Tegel in Fig. 2 show Chl.-a to
be independent of TP at concentrations above the TP
threshold range of 40-55 pg/l. Such threshold con-
centrations may depend somewhat on the depth of a
shallow waterbody or mixing depth of the epilimnion
in a stratified one (see Fastner et al., 2016 for further
discussion). While Schauser & Chorus (2007) show
that in the case of these two lakes the resource limiting
biomass above the TP threshold was light, for a few of
the OECD lakes evaluated by Vollenweider &
Kerekes (1980) these authors propose N-limitation.
However, in such cases also, if management measures
reduce TP sufficiently, i.e. to where the carrying
capacity supporting biomass is lower for P than for N,
biomass declines through reduction of the P concen-
trations, and the seasonal or annual mean concentra-
tion of Chl.-a then relates to that of TP.
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An argument brought forth against the predictive
value of regressions of phytoplankton biomass against
TP is their broad scatter—e.g. for the Vollenweider
regression by about a factor of 10 within the 95%
confidence its limits. However, as discussed by Jones
& Lee (1986 and literature therein), if the TP
concentration threshold is identified below which TP
is likely to actually limit phytoplankton biomass for an
individual waterbody, i.e. its “load/response coupling
can be identified”, TP concentrations can predict those
of Chl.-a within a factor of 1.5 to 2. Also, while
regressions based on meta-analyses of a range of
different waterbodies are bound to scatter consider-
ably (see Vollenweider, 1968; Scott et al., 2019),
Reynolds (1992) pointed out that scatter for the
response of a single lake moving along the trajectories
of Chl.-a and TP as it recovers from eutrophication
may be much lower. Regressions calculated with the
data for Lake Tegel demonstrate this: if we include
only the years with summer mean epilimnion TP
concentrations below 45-55 pg/l, TP explains
58-70% of the variation of the summer means of
Chl.-a (i.e. R* = 0.58-0.70, depending on whether we
include data below 55 pg/l or only those below 45 g/
). Above this threshold, Chl.-a is independent of TP
(with light likely to have been the limiting resource).
Data for Chl.-a relative to TP for a single lake may
scatter less than those for a joint evaluation of several
lakes because the other conditions affecting phyto-
plankton biomass may be less variable within one lake
than between several lakes. However, for the two very
shallow waterbodies in Fig. 2, wind-exposed Balaton
and Neusiedler See, the data do show considerable
scatter. This is likely due to their susceptibility to the
stochastic nature of weather with events of wind-
induced mixing causing a variable light climate due to
resuspended sediment, thus rendering the mean sea-
sonal yield of phytoplankton more variable. Further-
more, biological interactions, such as alternating
stable states (Scheffer et al., 1993) or invasive species
(such as the Dreissenid quagga mussel; Conroy et al.,
2005) may superimpose their impact on phytoplankton
biomass, further increasing the scatter of Chl.-a/TP
relationships in lakes thus affected.

In summary, there is ample evidence of phosphorus
either already being the nutrient limiting phytoplank-
ton biomass in many waterbodies, or of it being
successfully made to be the limiting nutrient through
management measures that sustainably reduce
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external loads (Jeppesen et al., 2005; Schindler,
2012; Moss et al, 2013). Depending on water
retention times and remaining (internal and external)
P loads, it may take years or even decades for load
reduction to lead to a concentration within the
waterbody that is sufficiently low to control phyto-
plankton biomass (see Fastner et al., 2016 for further
discussion).

A need for also reducing N loads to reduce
phytoplankton biomass?

A key aspect in the debate about controlling N or P
appears to be widespread confusion between acknowl-
edging that N-limitation is currently relevant in many
eutrophic waterbodies, as discussed above, particu-
larly in shallow ones during summer (Kolzau et al.,
2014; Maberly et al., 2020), and drawing the conclu-
sion that the load of N needs to be reduced—in
addition to or instead of that of P—in order to mitigate
eutrophication or cyanobacterial blooms. One aspect
is that, quite obviously, it is worthwhile to prevent the
loss of a functioning mechanism: where N is currently
limiting, any increase of N loads would likely increase
phytoplankton biomass and therefore should be
avoided. However, following Liebig’s law of the
limiting nutrient, regardless of which nutrient is
currently limiting, strongly reducing the concentration
of one nutrient is likely to render that one to be limiting
in the future. Numerous reports of successful trophic
recovery through reduced P loads confirm this (see
“Reducing P concentrations to reduce phytoplankton
biomass” section), even in shallow lakes that are
likely to have been N-limited during summer.

While this large body of experience with lake
restoration is based on reducing the load and thus the
concentration of TP, the basic principles also hold for
limitation of carrying capacity by reducing TN, and
focusing measures on reducing N can be equally
successful. There are key differences between N and P
for controlling phytoplankton biomass through nutri-
ent limitation that need to be taken into account when
making such a decision:

1. Most of the technologies for nutrient removal in
wastewater are specific either to N or to P, thus
requiring different investments which would
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largely be additional if both nutrients are to be
addressed;

2. pathways from agricultural land to waterbodies
differ, with N chiefly dissolved in water and thus
leaching to the waterbody via drainage and inflow
whereas P is mostly adsorbed to particles, reach-
ing the waterbody via erosion (Carpenter, 2008);

3. N-limitation can—in part—be compensated by N
fixation, although this is less likely to be substan-
tial than originally assumed (reviewed in Moss
et al., 2013);

4. both N and P can be lost from a waterbody by
dilution (provided inflow concentrations are lower
than those in the waterbody). However, the
internal cycles of N and P differ: legacy N from
previously high loads can be lost from the
waterbody and its catchment through denitrifica-
tion. While P can be lost from productive water
layers through retention in the sediments, from
these it may be remobilised, depending on its
binding forms, redox conditions and sediment
resuspension through turbulence as well as
through bioturbation. Because denitrification can
effectively remove N from the system while P may
be cycled, responses to load reduction can be more
immediate for N as compared to substantial delays
(ranging from years to decades) of response to
reduced P loads if legacy P from the sediments is
remobilised (Shatwell & Kohler, 2019).

Points 1 and 2 suggest that focusing measures on
reducing the load of only one nutrient (typically P)
might be more effective. This typically applies if
urban sewage is the main nutrient source: in that case,
additional investment in treatment for more effective P
stripping may be the measure of choice to achieve
concentrations of TP that stringently limit biomass in
the receiving waterbody, for example by adding a
filtration step to remove the fine flocks that do not
readily separate by sedimentation (Heinzmann &
Chorus, 1994). However, such decisions require a
thorough assessment of the overall situation: if, for
example, a further target to protect groundwater where
this is affected by infiltration from the waterbody may
call for adding a denitrification step and for accepting
such increased costs for sewage treatment. Likewise,
for nutrient loads from agriculture, some measures,
such as methods of tillage or use of tile drainage, target
P or N more specifically while others—such as

reducing stock density—can target both. Thus, it is
important not to base decisions on a general paradigm
of focusing load reduction on one of the two nutrients
or on both, but rather on a comprehensive overall
situation assessment and definition of targets.

For point 3, evidence is increasing that N fixation is
of quite limited relevance in most waterbodies.
Although N fixation may transiently have a role in
importing N for phytoplankton growth and promoting
the dominance of N-fixing cyanobacteria (Schindler
et al., 2016), it requires much energy and thus fairly
clear water—a condition scarcely given in eutrophic
systems that are turbid from high phytoplankton
density. Moreover, on an annual basis, denitrification
often appears to outweigh N fixation (see discussions
in Moss et al., 2013 and in Paerl et al., 2019). Scott and
McCarthy (2010) estimate N fixation to sustain less
than 50% of primary production, even at excess P
supply. Scott et al. (2019) analysed 1964 USA lakes
and show that in more than 80% of them, denitrifica-
tion outweighs accumulation of N from N fixation,
particularly for the eutrophic and hypertrophic ones.
Shatwell & Kohler (2019) show that in shallow
Miiggelsee (Germany) the biomass of N-fixing
cyanobacteria decreased to less than half in previous
years. Even in recent years where nitrogen was clearly
the limiting nutrient during summer, overall N fixation
contributed far less N than the lake lost through
denitrification although the fraction of heterocytes in
cyanobacterial biovolume increased significantly.
Dolman et al. (2012) even found N-fixing cyanobac-
teria to be more abundant in waterbodies with high
N:P ratios.

For eutrophic waterbodies with an anoxic sediment
and a fair amount of organic carbon “food” for the
denitrifying bacteria, denitrification rates tend to be
high during summer, particularly if waterbodies are
shallow and temperatures above the sediment are high.
In consequence, N-limitation may be achievable even
if N-fixing cyanobacteria dominate, as in such situa-
tions while N input through N fixation is a possibility,
more recent data evaluation indicates that this is not
generally to be expected when reducing N loads (Scott
& McCarthy, 2010).

Point 4, i.e. rapid loss of N from the waterbody
through denitrification, is an enticing argument for
controlling N loads in waterbodies in which internal
nutrient cycling delays the recovery of concentrations
after load reduction. There are, however, few
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examples of improved trophic state attributed only to
reduced N concentrations. One is the shallow
Miiggelsee, mentioned above, where transient short
phases of summer stratification quickly render the
sediment surface anoxic, releasing P and thus main-
taining high concentrations of TP and SRP: in
Miiggelsee N is now limiting for up to 100 days
during summer, and the biomass of total phytoplank-
ton has declined to less than Y4 of its previous levels;
thus this lake would not have recovered from
eutrophication in the near future had the N loads not
strongly declined (Shatwell & Kohler, 2019). This
example highlights an opportunity for controlling
carrying capacity for summer phytoplankton biomass
via N rather than P. The lesson is that for shallow lakes
it may be easier and faster to get rid of legacy N as
compared to legacy P.

There are, however, examples showing the oppo-
site, i.e. that nitrate concentrations above 0.5 mg/l at
the sediment-water interface can counteract P release
from the sediment by maintaining a sufficiently high
redox tension to prevent sulphate reduction; nitrate
loads from treated sewage may also serve this purpose
(discussed in Schauser et al., 2006). Nitrate products
are sold on the market for this purpose and have been
successful for controlling eutrophication (see Dokulil
et al., 2000, Wauer et al., 2005 and Schauser et al.,
2006 for examples). Regardless of an overall ecolog-
ical assessment of this approach, such results highlight
the need for careful site-specific evaluation of the
sediment chemistry and the likely magnitude of P
release when planning measures to reduce nitrate
loads.

Excess N has been proposed to be the key cause of
the deterioration of macrophytes (Moss et al., 2013).
These are important in shallow lakes or in those with a
large littoral area as they support keeping the water
clear, provide habitats and enrich biodiversity. How-
ever, Sgndergard et al. (2015) showed that elevated
concentrations of nitrate are detrimental to macro-
phytes only in cases where TP concentrations exceed
100 pg/l. In their study of over 800 Danish lakes, these
authors reported a loss of macrophytes at concentra-
tions in the range of > 0.5 to 2 mg N/l if TP
concentrations were above 100-200 pg/l. As macro-
phytes can improve the trophic state of shallow lakes,
N concentrations below 0.5 mg/l may support achiev-
ing a macrophyte-dominated stable state. Sgndergard
et al. (2015) conclude that in general, reducing P has
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led to a more pronounced return of macrophytes than
reducing only N.

Furthermore, the concentration of microcystins
(cyanobacterial peptide toxins) in cyanobacterial cells
has been proposed to relate to excess availability of
nitrogen (e.g. Gobler et al., 2016; Wagner et al., 2019;
Brandenburg et al., 2020), and this intuitively seems to
be expected on the basis of the high N content of these
molecules. However, the opposite has also been
observed: experiments addressing the impact of
N-limitation (and other growth conditions) on culture
strains of various cyanobacteria have shown contra-
dictory results, some of which may have methodolog-
ical causes. A further aspect is that cyanobacteria
contain numerous further oligopeptides other than
microcystins, and their function for the cells is not yet
understood. Therefore, meaningful results from exper-
iments addressing the impact of N-limitation on the
production of microcystins will need to include the
production of the totality of oligopeptides. More
importantly, the overall outcome of such experiments
is that the impact of growth conditions on the
microcystin production of a strain is in the range of
not more than a factor of 2—4, while the key driver of
microcystin concentrations in field populations is the
biomass of producing species and clones (for over-
views see Fastner & Humpage, in press, and the meta-
analysis by Brandenburg et al., 2020). It follows that
conditions favouring cyanobacterial dominance and
blooms are the more relevant aspect to address. With
Microcystis being an exception, many Cyanobacteria
are recognised to be strong competitors for N (Tilman
et al., 1982; Smith, 1990; Brauer et al., 2012), giving
them a competitive advantage at low availability of N.
Thus, reducing only the concentration of N in a
waterbody would require reaching a sufficiently low
level to ensure that the concentration of biomass
supported by N is low.

Research on eutrophication and experience with
reversing it (“re-oligotrophication”) has strongly
focused on P limitation in temperate lakes, as demon-
strated by the meta-analyses discussed above. Mean-
while, there is ample evidence from field data that
N-limitation is frequently relevant during summer,
particularly in shallow lakes (e.g. Jeppesen, 2007,
Kolzau et al., 2014; Xu et al., 2010; Maberly et al.,
2020). An important analysis of a large data set in this
context is that of Sgndergaard et al. (2017) using data
for >3000 lake-years from >800 Danish lakes (most of
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which are quite eutrophic and 86% of which are
shallow, i.e. with a mean depth <3 m). These authors
show that the carrying capacity for phytoplankton
biomass (as Chl.-a) was limited by P if TN concen-
trations exceed 500 pg/l; vice versa it was limited by
N if TP concentrations exceed 50-100 pg/l.

Conclusions and consequences from Colin’s
concepts

Colin Reynolds has consolidated our understanding of
phytoplankton nutrient uptake, cell division rates and
how at any given point of time in the season one
resource sets the upper limit to carrying capacity for
biomass. He frequently pointed to the falacity of
interpreting low N:P ratios as indication of N-limita-
tion (Reynolds, 1998, 1999). In part based on this
understanding, a large body of research on functional
traits in relation to cell size and morphology has
emerged, addressing how these features affect com-
petition for nutrients and light. Numerous enrichment
experiments have addressed nutrient limitation, often
together with field data on N:P ratios, and their results
have been interpreted to show that co-limitation
between N and P occurs more frequently than
expected from the well-studied relationship of phyto-
plankton biomass to TP. However, very few of these
experiments included light limitation. This limits the
applicability of their results to the field situation from
which the experimental populations were sampled.
The decisive role of light limitation in eutrophic and
hypertrophic waterbodies is evident from the theoret-
ical considerations by, e.g. Reynolds (1992). It is also
seen in the trajectories of those lakes who showed no
reduction of phytoplankton biomass (measured in
terms of Chl.-a) along the course of their trophic
recovery until the limiting nutrient (so far almost
always TP) undercut a threshold below which limita-
tion switched from light to TP (Lakes Constance,
Tegel and Schlachtensee in Fig. 2).

One—trivial—conclusion from this state of knowl-
edge is that the relevance of co-limitation is limited to
situations in which not light is limiting, but both P and
N are in a concentration range low enough to
potentially be limiting. For this, two criteria need to
be met, i.e.

1. dissolved nutrient concentrations low enough to
limit uptake rates, i.e. SRP < 3-10 pg/l and DIN
<100-130 pg/l, and

2. total nutrient concentrations low enough to limit

the carrying capacity for biomass, with thresholds
for this depending somewhat on the mixing depths
of the epilimnion or waterbody and other (min-
eral) water constituent causing turbidity. For TP
thresholds for limitation are above 50 pg/l only in
shallow waterbodies or shallow epilimnia; for TN
they will be about 7-fold higher.

Research about nutrient limitation—be it through
enrichment experiments or evaluation of N:P ratios—
needs to take this into account when deriving conclu-
sions for the phytoplankton field population: even if
N:P ratios are in a range around the Redfield ratio or
growth responses are substantially higher when adding
both N and P, such results do not indicate co-limitation
if the concentration of either nutrient—or that of
both—is well above a level at which N or P limitation
is a realistic option. This is important for research on
species composition and diversity, which tends to be
highest at intermediate nutrient levels and intermedi-
ate N:P ratios; e.g. where community co-limitation
supports coexistence (Brauer et al., 2012).

For eutrophication management recognising situa-
tions with pronounced N-limitation provides a basis for
assessing whether this can be strengthened. However,
while numerous authors (Elser et al., 1990; Moss et al.,
2013; Kolzau et al., 2014; Sgndergaard et al., 2017)
emphasise the pronounced prevalence of extended
phases of N-limitation in shallow lakes during summer
(often due to denitrification on warm, organic-rich
sediment surfaces), some of these authors explicitly
point out that this does not argue against a focus on
P-reduction which “will generally be a more reliable
means to achieve lower standing stocks in the long
term” (Elser et al., 1990, p. 1475; see also Moss et al.,
2013). Even publications arguing a need to control N
loads generally do not refute the need to control P, but
rather call for a dual strategy of controlling both N and
P. However, a key point to learn from Colin Reynolds is
that from a current situation of N- or co-limitation it
does not follow that we need to reduce both nutrients to
mitigate eutrophication. Rather, reducing only one of
the two will be effective when achieving sufficiently
low N or P concentrations. Liebig’s law of the limiting
nutrient continues to hold.
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“Sufficient” is the magic word in this context.
Achieving limiting P concentrations can take years or
decades, even after drastic load reduction (e.g.
Schauser & Chorus, 2007). Obstacles to achieving a
pronounced P load reduction can be substantial, and a
high internal load from the sediment coupled with a
high retention time will extend the time it takes to
export such legacy P. Reducing N loads in such
situations may be an option supporting trophic recov-
ery, and it can be particularly attractive if substantial
denitrification supports loss of N from the system
(Paerl et al., 2019). In specific situations a dual
strategy might focus on P for longer-term control and
combine this with targeted measures to reduce N loads
during specific weeks or months of the year during
which N-limitation can be effective (Kolzau et al.,
2014). This requires a situation in the catchment in
which, e.g. timing of the application of fertiliser or
manure can be accordingly negotiated with the
farmers. In practice, the local, site-specific feasibility
of such approaches will be a most relevant criterion
when planning measures to reduce nutrient loads.

“Site-specific assessments and decisions” is the
other magic term in this context, quite in contrast to
generalisations derived from the assessment of the
current situation in a given waterbody or even from
meta-analyses of many. Encouragingly, the need for
management based on site-specific assessment is
increasingly acknowledged in the development of
regulations: e.g. the European Water Framework
Directive requires basin-specific management plans.
The World Health Organisation’s (WHO) concept of
developing site-specific ‘Water Safety Plans’ specifies
this approach, advising an assessment of the specific
risks in a given water supply, from catchment to
consumer, and the development of the locally most
suitable measures to control them. This explicitly
includes toxic cyanobacteria and eutrophication.
Moreover, WHO advises to form a team for conduct-
ing the risk assessment and to develop the manage-
ment approach which includes local stakeholders such
as sewage treatment operators and farmers, but also
those with the necessary scientific expertise, such as
limnologists (Rickert et al., 2016). The concept of
developing locally specific Water Safety Plans thus
provides a framework for developing and applying
specific measures to control N and P at times and at
sites where their effect on phytoplankton control is
most  promising. This may facilitate the
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implementation of small-scale local measures, such
as a local agreement with the farmers in the catchment
area to reduce N loads during certain weeks in
summer.

There is a wide range of reasons to reduce
emissions of N to the environment, e.g. reducing
greenhouse gases (including those from incomplete
denitrification), preventing the acidification of soils
and waterbodies (from ammonia precipitation), main-
taining biodiversity and preventing the oxidation of
toxic metals such as uranium by nitrate in the
underground (which renders them soluble and can
cause them to leach to drinking-water wells; van Berk
& Fu, 2017). Per se, however, higher growth responses
when enriching field phytoplankton communities with
both N and P or N:P ratios around that of Redfield do
not generally call for reducing the loads of N nor of
both nutrients.

Research on nutrient stoichiometry, biochemical
mechanisms of co-limitation and functional traits is
promoting our understanding of ecological interactions
within phytoplankton communities. The results so far
are well aligned with the basic principles of how
resource limitation shapes phytoplankton communities
that Colin Reynolds so aptly consolidated—both in his
theoretical considerations, his teaching as well as with
data from the large number of phytoplankton commu-
nity studies in which he was involved. His deep
understanding of algal cells moved around in the mixed
layer of a waterbody can still support research groups
around the world for capturing ecological processes
determining phytoplankton growth and yield.
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