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Environmental change strongly affects primary productivity of ecosystems via modifYing bo([om-up and top-down 
regulation of primary producers. Here we present a novel approach to quantifY the relative importance of regulating fac
tors in natural systems over various time scales: we calculated daily effect sizes of major factors affecting phytoplankron , 
growth during the spring bloom period during almost three decades oflake oligotrophication using numerical experiments 
with a data based simulation model. We show that with oligotrophication the regulation of spring phytoplankton shifts 
from primarily top-down to bo([om-up, and that the changes in regulation are non-linearly related to the nutrient 
(phosphorus) concentrations. Our findings indicate that long-term changes in rop-down regulation cannot be undersrood 
without considering multiple herbivore taxa, here, microzooplankton (ciliates) and mesozooplankton (daphnids). We 
further demonstrate that bottom- up and top- down regulation are not independent from each other and that their interac
tion is time-scale dependent. 

Primary productivity is a key process affecting global 
carbon fluxes and food web structures in ecosystems. On 
a global scale, humans alter producer biomass via changing 
e.g. global input rates of major plant nutrients Oeppesen 
et al. 2005, Smith and Schindler 2009), herbivore abun
dances (Hughes 1994, Miehe et al. 2010) and climatic 
conditions (Behrenfeld et al. 2006, Boyce et al. 2010). In 
the face of future environmental change, a better under
standing of the control of primary productivity and producer 
biomass is hence an immediate issue of ecological research 
(Elser et al. 2007, Gruner et al. 2008). 

Ever since the seminal work of Hairston et al. (1960), 
determining whether the abundance of organisms at a given 
trophic level is regulated by bottom-up factors such as 
resource availability o,r top-down factors such as predation 
has been a major goal in ecological research (Oksanen et al. 
1981, McQueen et al. 1989, Elser and Goldman 1991). 
Ecologists nowadays , recognize the simultaneous opera
tion of top-down and bottom-up processes, and focus on 
their relative importance (Osenberg and Mittelbach 1996), 
interaction (Leibold 1989) and the response of relative 
importance and interactions to environmental change 
(Osenberg and Mittelbach 1996, Gruner et al. 2008, Menge 
2000). Addressing these issues requires quantification and 
comparison of the 'effect sizes' of bottom-up versus top
down factors (Osenberg and Mittelbach 1996) and consider
ation of temporal scales encompassing multiple generations 
of interacting populations and emerging feedback effects 
therein (Gruner et al. 2008). 

It is well known that the identity and intensity of 
interactions experienced by communities substantially vary 
throughout the season, or along successional stages (as 
in Sommer et al. 1986). Particularly in plankton ecol
ogy, population densities can change by orders of magni
tude within a couple of weeks (Elser and Goldman 1991). 
Seasonal changes in the intrinsic dynamics and in the envi
ronmental conditions can cause intra-annual variability in 
the relative importance of top- down versus bottom-up 
processes. For example, Hoekman (2010) reported increas
ing top-down effects with seasonally increasing tempera
tures. Inter-annual variability or long-term changes in 
abiotic conditions can also have substantial effects on spe
cies interactions and cause inter-annual changes in the 
relative importance of bottom-up and top-down control 
of species. Climate warming, for instance, through its 
differential effects on the phenology of interacting species, 
were shown to disrupt predator-prey interactions (Winder 
and Schindler 2004), which can consequently diminish 
top-down control. Likewise, changes in rainfall patterns 
were found to alter the relative importance of top-down 
versus bottom-up forcing communities in terrestrial 
ecosystems (Meserve et al. 2003). All these complexi
ties point to a need for an assessment of interactions with 
consideration of both inter- and intra-annual time scales. 

It is also increasingly recognized that there is a need to 
consider the composition and diversity within a trophic 
level, as different species within a guild can complement 
each other with regard to the total exerted impact on another 
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guild, and as different species can exhibit different responses 
to changing conditions (Leibold et al. 1997, Persson 
1999, Bakker et al. 2006). In lake ecosystems, mesozoo
plankton (especially waterfieas of the genus Daphnia) and 
mictozooplankton (especially ciliates) are considered to 
be the most important herbivores (Weisse et al. 1990, 
Tirok and Gaedke 2006). Due to their differences in size 
and life histories (Weisse 2006) both taxa are expected to 
differ in their response to algal dynamics, suggesting the 
necessity to study the top-down effects of at least these two 
taxa on phytoplankton separately. 

Here we use a novel combination of long-term observa
tions and dynamic simulations .to study the regulation of 
spring phytoplankton dynamics. Bottom-up limitation of 
phytoplankton by phosphorus is compared to top-down 
limitation due to grazing by micro- and mesozooplankton 
at a daily resolution during almost three decades of nutri
ent reduction in a well studied planktonic system. In this 
study, we focus on the spring bloom period, as the food 
webs in aquatic systems later in the season generally become 
more complex and the community structures change 
towards increasing functional h~terogeneity (Sommer et al. 
1986). Our analysis reveals differential variation in the 
impacts of the studied factors on spring phytoplankton at 
seasonal and long-term time scales and demonstrates a shift 
from the predominance of top-down to bottom-up forcing 
along a transition from eu/mesotrophic towards oligotrophic 
conditions. Our approach based on short and long-term 
quantification of the effect sizes of different potentially 
limiting factors provides novel insights into the seasonal 
and long-term dynamics of phytoplankton regulation. 

Material and methods 

General approach 

TIle relative importance of bottom-up versus top-down 
regulation was quantified by combining the information 
from a long-term data set with a biological model driven 
by temperature and diffusivity profiles estimated by a 
hydrodynamical model. The detailed long-term data set 
with a high temporal resolution was utilized to limit 
the number of state variables and hence the complexity 
of the biological model as the concentrations of soluble 
reactive phosphorous (SRP) and zooplankton (Daphnia, 
Bosmina sp., cyclopoid copepods, Eudiaptomus gracilis) 
biomass were not simulated dynamically but taken from 
the measurements. As measurements of ciliate biomass 
were only available for some of the years (1987-1998 and 
2006-2007) we estimated ciliate biomass for all years from 
a dynamic simulation of a coupled ciliate-phyroplankton 
model that was validated with the available data on cili
ates and phytoplankton. These estimates of ciliate biomass 
were then treated in the same way the data for other zoo
plankton groups were treated ro force the un-coupled 
phytoplankton model. The importance of each regulat
ing factor was quantified by comparing a model run that 
included all limiting factors with model runs in which 
limitation by one of the factors in focus, i.e. nutrients, cili
ates or daphnids was removed (for details see below). 
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Model description . 

The employed model is based on the vertically resolved 
phytoplankton model of Peeters et al. (2007b) which was 
extended to include nutrient limitation of algal growth. 
The dynamics of phytoplankton carbon concentration A, in 
the vertically resolved water column (z indicating the depth) 
is described by the partial differential equation: 

where YA is the phytoplankton ptoduction efficiency (1 -
respiration proportional to growth), PA is the specific 
growth rate of phytoplankton, DA is the specific mortal
ity rate of phytoplankton, Zi and Ii are respectively the 
carbon biomass concentration and ingestion rate of zoo
plankton group i, 5 is seeding, ~ is the vertical turbulent 
diffusivity and VA is the sinking rate. Nutrient limitation 
was parameterized as a Monod function of nutrient 
availability (N). We consider a single limiting nutrient, 
phosphorus, which is read from data files as soluble reac
tive phosphorus concentrations at 0, 1,2.5,5,7.5, 10, 15, 
20, 30, 50, 100, 150, 200, 230 and 250 m depth and lin
early interpolated to the model grid. Nutrient limitation is 
coupled to light limitation by assuming that the combined 
effect is the minimum of two factors according to the 
Liebig's law of the minimum (Von Liebig 1840): 

P( )= 8- 1 maxx . [ h(exL(Z)) N(z) 1 A Z P,p mm tan , 
Ps;'x N(z)+ KN 

(2) 

where 8 is the carbon:chlorophyll-a (hereafter chi a) 
ratio, p :;ax is the chlorophyll specific production rate, ex is 
the initial slope of the light dependent growth curve, L is 
light intensity and KN is the half saturation constant for 
nutrient limited growth. Light intensity is calculated at 
each time step according to the Lambert-Beer law while 
light extinction attenuation is calculated according to 
Tilzer (I988): 

](llj, +l1,-h,A( . ,)O ')d.' 

L(z)=LoXe o (3) 

where Tlb and Tlchl are respectively the background and 
chlorophyll-specific light extinction coefficients, Lo is 
the incident light intensity available in hourly resolution 
and z' is the integration variable. Seeding, 5 refers to a 
small and constant amount of phytoplankton input, i.e. 
0.01 mg chi a m- 3 d- I throughout the water column. It 
basically improves the representation of algae over the 
winter and can be associated with various mechanisms such 
as horizontal transport of algae produced in the littoral 
zone. 

As in the case of the limiting nutrient, herbivore abun
dances were not dynamically simulated but taken from data, 
which are available as total carbon biomass in the upper 
0-20 meters for ciliates and in the entire water column for 
Daphnia, cyclopoid copepods, Eudiaptomus and Bosmina. A 
type-2 functional response is assumed for all the herbivores, 
as parameterized by a Monod function: 



A(z) 
/=/ .---

, max.' K; + A(z) 
(4) 

where /'n",. i and K; are the maximum ingestion rate and 
half saturation constant of the species i. For Daphnia, 
cyclopoid copepods, Eudiaptomus and Bosmina, the mea
sured biomasses (Zi. d,tta) were assumed to be originating 
from the top 20 m (Zi(Z) = 0 for z> 20) . Further, it was 
assumed that their vertical distribution within the top 
20 m follows that of their food (chi-a) according to: 

Z;(z) = 20 A(z) Z;.dma 

f A(z)dz 
(5) 

Ciliate data in fact exists only for a limited time period 
(1987-1998, 2006-2007). In order to obtain a data set cov
ering the entire time period of 28 years considered in this 
study, an extended version of the phytoplankton model 
including a dynamic grazer compartment parameterized 
for ciliates was employed. Coupled to the phytoplankton 
compartment in Eq. 1, the dynamics of ciliates, Zei/ was 
described by the partial differential equation: 

aZr;1 _ Tt - Yri/rilZril - DrilZril (6) 

where Yeil is the gross growth efficiency and Dei/ is the density 
dependent mortality rate of ciliates due to predation. The . 

Table 1. Model parameters. 

Symbol Description 

Kinetic parameters (reference temperature = 10°C) 
pl1hlX 

sp algae max. specific growth rate 

DA algae mortality 

d ci/ cili ate quadratic mortality constant 

leiJ ci liates max. ingestion rate 
Idaph Daphnia max. ingestion rate 

lbos Bosmina max. ingestion rate 

lcop Cope pod max. ingestion rate 

specific mortality rate increases linearly with ciliate biomass 
with slope dcii 

(7) 

resulting in a quadratic mortality term (Steele and 
Henderson 1981, Edwards and YooI2000) . 

Finally, all the kinetic model parameters (Table 1) 
were modified for the ambient temperature by the QIO law 
(not shown in the abov~ equ~tions to facilitate readability): 

r(T) = r(10) X Q(;110- 1) (8) 

Where, r( T) is the rate at ambient temperature (T) and 
r( 1 0) is the rate at 10°C. 

Model operation 

Model operation and implementation was as in Peeters et al. 
(2007b) . Vertical profiles of temperature and turbulent dif
fusivities are calculated by the 1 - D physical lake model 
SIMSTRAT (Goudsmit et al. 2002, Peeters et al. 2002) 
with ten minute time s·teps. Light extinction coefficients 
were calculated from the measured chi a data according 
to Eq. 3. Meteorological data was provided with hourly 
resolution. SIMSTRAT was calibrated with biweekly to 
monthly temperature profiles from 1979 to 1984 and 
qualitatively validated for the period 1987-1994 (details 
in Peeters et al. 2007b). The model was initialized in 1979 

Unit Value Source 

mg C mg chi a- 1 d- 1 67.2 
d- 1 0.02 2 
m3 mg C- l d- 1 0.0025 12 
d- 1 2.8 3 
d- 1 0.8 4 
d- 1 0.5 4 
d- 1 0.5 5 

QlOa temp. dependence of autotr. processes 2.3 1 
QlOZ temp. dependence of heter. processes 2 6 

Other biological parameters 
e C:Chl C Chl- 1 20 7 

KN Nutrient (phosphorus) half sat constant mg P m- 3 8 12 

Kcil half sat const for grazing by ciliates mgC 1- 1 0.75 3 

Kdapll half sat const for grazing by Daphnia mgC 1- 1 0.5 4 

Kuos half sat const for grazing by Bosmina mgC 1- 1 0.13 4 

Kcup half sat const for graz ing by copepods mgC 1- 1 0.5 5 

YA alga l production effici ency (l -resp.) 0.8 2 

Yc ciliates gross growth effi ciency Ceil Calg- l 0.3 8 
5 Phytoplankton seeding rate mg chi a m- 3 d- 1 0.Q1 12 

Physica l parameters 
VA algae sinking rate m d- 1 0.2 9 

110 background light absorption coeff. m- 1 0.27 10 

11rl>l chI. specific light absorption coeff. m2 mg chi a 0.021 10 
ex slope of the light (L) - growth (P) cu rve g C g chi a- I m2 W - l d- 1 0.82 11 

Sources: 1) Haese et al. (1998), 2) Geider and Osborne (1989), 3) consideration of values presented in Weisse et al. (2001) and those 
used by Buitenhu is et al. (2010) and Bruce et al. (2006), 4) mean va lues of the corresponding groups in Hansen et al. (1997), 5) Santer and 
Van den Bosch (1994), 6) as a ru le of thumb, 7) Peeters et al. (2007b), 8) Strai le (1997),9) Sommer (1984), 10) Til zer (1988), 11) Haese (1996) 
citing Bannister (1974), 12) manually adjusted. 
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and run continuously until 2007 to generate vertical diffu
sivity and temperature profiles with I m spatial resolution 
and hourly temporal resolution . 

The vertical temperature and diffusivity profiles and 
incident light intensity at the time steps required by the 
biological model were calculated by linear interpolation. 
The biological model was operated at a vertical resolu
tion of I m and was initiated at the first day of each year 
with the interpolated chI a concentration measurements. 
For the initial ci liate profiles to be used at the first day of 
each year, firstly the top 20 m integrated biomasses were 
estimated for the years ciliate data were absent by linearly 
regressing the ciliate abundances on chI a concentrations. 
"nlen, vertical distribution in the top 20 m was assumed 
to be proportional to chl-a profiles, as in the case of other 
zooplankton. However, since it was believed that the cili
ates would not be able to resist against mixing and there
fore cannot constrain themselves in the top 20 m, it was 
further assumed that ciliates exist also below 20 m, with 
the same proportionality as in the top 20 m (Peeters et al. 
2007b). Therefore, Eq. 5 was used for the whole depth 
range (z = 0-250) . However, model results for the top 
20 m are not sensitive to this last assumption. 1he set of 
ordinary differential equations for the biological model 
was solved with the implicit MATLAB algorithm ODE15S 
with dynamic time stepping. 

Study site and data set 

Lake Constance is a deep (zmax: 254 m) warm-monomictic 
lake characterized by a consistent reduction of phosphorus 
loading during the last decades (Stich and Brinker 2010). 
The two most important herbivore groups during the 
spring period in Lake Constance ' are recognized to be 
daphnids and ciliates. The contribution of other taxa (e.g. 
Bosmina, copepods and rotifers) to herbivory has been 
shown to be of minor importance during spring (Gaedke 
et al. 2002, Tirok and Gaedke 2006) . Hence, we concentrate 
on daphnid and ciliates as agents of top-down control in 
this study. 

The meteorological data set used as input for both the 
physical model and the biological model consisted of 
hourly measurements of wind speed, wind direction, air 
temperature, solar radiation, relative humidity and cloud 
cover obtained from the Konstanz Meteorological station. 
The monthly to biweekly temperature profiles used for the 
calibration of SIMSTRAT were obtained from the deep
est location in the main basin while the high resolution 
data used to validate the model were obtained with thermis
tor chains deployed at the deepest location in the western 
basin of Lake Constance (details in Peeters et al. 2007b). 
Plankton samples were collected weekly during the grow
ing season at the deepest location of the western basin 
since 1979. However, chI a concentrations were not 
measured in 1984 and 1985, Daphnia abundances not in 
1983 and ciliate abundances not during 1979-1986 and 
1999- 2005. Daphnid and ciliate biomasses were calculated 
from abundances and size structures according to Weisse 
and Mueller (1998) and Gaedke et al. (2002) . As daphnid 
biomasses were not available in 1983 this year was excluded 
from our analysis. Soluble reactive phosphorus (SRP) 
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concentrations were measured at the center of Upper Lake 
Constance. 

Quantification of the impact of a factor controlling 
phytoplankton growth 

We adopt the definition by (Osenberg and Mittelbach 
1996), who quantified limitation as 'an index that isolates 
the effect of a limiting factor on per capita population 
growth', i.e. algae growth in our study. Assume that the 
specific growth rate of algae can he written in the form: 

r(q» = ~ = dOnA) 
Adt dt 

(9) 

where A is the concentration of algae and q> stands for a 
specific parameter set describing the control of phytoplank
ton growth by the relevant factors (e.g. light, nutrients, her
bivores, etc.). If the initial concentrations of control and 
treatment runs are identical, the degree of limitation l1r/ 
due to a certain factor f, can be approximated by: 

In(AIT I A c ) l1r = . . 
J M 

(10) 

where, over a manipulation duration l1t, A I •e is the final 
algae concentration attained by a control simulation in 
which limitation by all considered factors were at ambient 
levels and AI. T is the final algae concentration attained by 
a treatment simulation in which the limitation by factor f 
was completely eliminated while holding the other factors 
at ambient levels. l1r/ has been used as a measure of effect 
size in meta-analyses (Downing et al. 1999) as well as to 
quantifY ' interaction strength' in food webs (Berlow et al. 
1999) . The interpretation of l1r/as a measure of limitation 
due to a certain factor f requires that the manipulation 
duration is shorter than the time needed for feedback 
mechanisms to emerge (Downing et al. 1999). In this 
study, the manipulation duration was chosen to be 1 day 
(l1t = 1) to capture the overall outcome of day and night 
time activity. l1r/ for each of the three limiting factors 
considered here, i.e. nutrients (phosphorus), ciliates and 
Daphnia were calculated at each 1 m depth interval and 
for each day during the spring bloom of each year for 
the period 1980-2007. The daily average l1r/ in the top 
20 m of the water column will be referred to as the 
'impact' of the respective factor. For each day, initial 
phytoplankton concentrations for both control and treat
ment runs were taken from a baseline simulation, in 
which nutrient, ciliate and daphnid concentrations were at 
ambient levels (as in the control runs). Resource limitation 
due to phosphorus was removed by setting the phospho
rus half saturation of algae growth to 0, whereas predation 
pressure of ciliates and Daphnia was removed by setting 
their filtering rates to O. 

Interannual meteorological variability has been shown 
to have a strong influence on spring phenology, i.e. 
both, the start of the spring bloom via the establishment 
of stratification (Peeters et al. 2007b) and also the end of 
the spring bloom via temperature controlled grazing 
losses, i.e. onset of the clear-water phase (Straile 2000). 



Consequently, impacts calculated for a fixed calendar 
date or month could be strongly influenced by interan
nual meteorological variabiliry. As we are interested in 
analyzing the changes in phytoplankton regulation along 
an oligotrophication gradient, we aimed to reduce a pos
sibly confounding influence of interannual phenological 
variabiliry, by considering the impacts within a 'spring 
bloom' period that is separately identified for each year, 
rather than referring to fixed calendar dates. The definition 
for the start and end of the spring bloom period follows 
criteria already established for Lake Constance: the onset 
of spring bloom was defined as the day when measured 
average chI a concentration in the top 20 m exceed a 
value of 3 Ilg I- I (Peeters et al. 2007a). 'lhe end of the 
bloom was defined as the emergence of clear water 
phase (hereafter CWP), i.e. the first day after the bloom 
onset when the measured Secchi depth exceeds 7 m 
(Straile 2000). Chlorophyll data is not available for the 
years 1984 and 1985 and in these two cases the mean 
onset time of the other years, i.e. 30 March, was used as 
bloom onset. The Secchi depth criterion was not met in 
2000 and 2002 and for these two cases the mean CWP time 
of the other years, i.e. 31 May, was assumed. Throughout 
the text, we refer to the time period between the onset and 
the end of the bloom as 'entire spring', to the first 21 days 
after the onset as 'early spring' and to the last 21 days before 
the end of the bloom as 'late spring' period. The chosen 
time window of 21 days allows smoothing our the influ
ence of short lasting fluctuations and avoids significant 
overlap between the early and late spring period (in 2004, 
six days are shared as the single case of overlap, while in 
four other years, the early and late periods span the entire 
spring period) . Note that our conclusions are qualitatively 
rather insensitive to the length of the time window and 
remain essentially the same if the time windows are 10, 21 
or 31 days. 

Statistical methods 

We tested for the existence of monotonic long-term 
trends of impacts during the three seasonal periods with 
Kendall's rank correlation coefficient ('1:) using Bonferroni 
corrected significance levels. The relationship between 
the average concentrations of SRP during winter mix
ing (SRPllli.l and average entire spring impacts and chI a 
concentrations, was described by a function of Monod 
type (y=c+aXx/(b+x)), which allowed to fit both 
saturating (a > 0) and hyperbolically decreasing (a < 0) 
relationships. Akaike's information criterion corrected 
for small sample sizes (AlCc) was used to judge whether 
these non-linear fits were superior to the respective lin
ear fits. Models with a smaller AlCc can be considered 
superior when the difference to the AlCc of other models 
exceeds 2 (Anderson et al. 1998). 

Results 

SRPlllix' which is a good indicator of the lake's trophic 
state, declined steadily from, the start of the study period 
until recent years, when SRPlllix concentrations leveled off 
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Figure 1. Long-term development of (A) SRP concentrations 
(mg P m- 3) during winter mixis, and of mean spring concen
trations of (B) chI a 8 mg m- 3), (C) Daphnia (mg C m - 3), and 
(D) ciliate (mg C m- 3) biomass. All values represent average values 
of the upper 20 m of the water column. For ciliates observed (filled 
triangles) and simulated average biomasses (circles) in the respective 
study years are shown. 

at value of approximately 6-7 Ilg I- I (Fig. lA). Average 
chi a concentrations during spring did not respond to 
declining phosphorus concentrations until the mid 1980s, 
bur decreased thereafter (Fig. 1 B). Average Daphnia 
biomasses during spring showed a high variabiliry 
throughout the study period, bur did not decline signifi
cantly (Fig. 1 C) whereas the ciliate biomasses decreased 
with time throughout the study period (Fig. 10). Both, 
the interannual (Fig. 1 D) and seasonal (Fig. 2A) variabil
iry of ciliate biomass measured during the spring bloom 
period were adequately reproduced by the model. This 
enabled in turn, to tun the phytoplankton model with 
simulated ciliate concentrations as a static compartment 
as in the case of Daphnia during the spring bloom period 
across the entire range of the available data, i.e. from 
1980-2007, which covers almost the complete course of 
oligotrophication. It should be noted that, although some 
ciliate blooms during the summer months were not cap
tured by the model (Fig. 2A), these discrepancies do not 
confound our analysis, as these blooms occurred after the 
onset of clear water phase. 

The phytoplankton model realistically reproduced the 
seasonal courses, as well as the interannual and the long 
term variation of algal densities for almost three decades 
exhibiting a wide range of trophic states and climatic vari
abiliry (Fig. 2B). The good agreement between simulated 
and measured long term changes in the timing and intensiry 
of blooms suggests that the model adequately accounts for 
the relevant biological processes. 

Daily impacts of ciliates, Daphnia and phosphorus 
varied strongly throughour the season as is exemplified 
for two years representing eurrophic and oligotrophic 
conditions (Fig. 3). In the eurrophic period, e.g. in 1980, 
phosphorus limitation remained generally low and only 
increased at the end of spring (Fig. 3C) while in the oli
gotrophic p'eriod, e.g. 2001, phosphorous became limiting 
already at the beginning of the growth season (Fig. 3D). The 
seasonal course of the impact of herbivores was parallel to 
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Figure 2. Average observed (points) and modeled (line) concentration of (A) ciliates and (B) chI a in the top 20 m. Intervals before the 
onset of bloom and after the onset of clear water phase are shaded in gray. 

the seasonal course of their abundance (Fig. 3E-H). The 
temporal variability of the herbivore impacts is much 
smaller than that of the phosphorus impacts (Fig. 3) 
because of the effects of light limitation. Whereas herbivore 
impacts are independent of light limitation, the interactive 
effects of light and nutrients on specific production cause 
phosphorous impacts to be a function of the ambient light 
availability. Daily fluctuations in light intensity are thus 
reflected in the variabililY of the phosphorus but not of 
the herbivore impacts. 

Average daily impact of phosphorus within the entire, 
early and late spring periods increased from 1980 to 2007 
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(p < 0.01, Fig. 4A-C). The average daily impact of phos
phorus in the late period is considerably higher than in 
the early period, due to the low phosphate concentrations 
at the end of the spring period resulting from uptake by 
phytoplankton. In contrast to the increasing impacts of 
phosphorus, average daily impact of ciliates (Fig. 4D-F) 
within the late and entire spring periods significantly 
decreased over the 28 years. The impact of cil iates in the 
late period is higher than in the early period (Fig. 4E- F), 
in most of the years . The impacts of Daphnia during 
the early spring period were very low, in accordance 
with the low Daphnia abundances in early spring, whereas 
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Figure 3. Simulated chI a concentrations (0- 20 m) that set the initial concentrations for the experiments (A, B) , concentration (black 
lines, left axes) and daily impact (colored lines, right axes) of phosphorus (C, 0), ciliates (E, F) and Daphnia (G , H) for two example years, 
1980 and 2001. Intervals before the onset of bloom and after the onset of clear water phase are shaded. 

during the late and the entire spring period impacts were 
higher, but did also not change significantly during the 
28 years studied (p > 0.1, Fig. 4G-I). Total (phospho
rus + ciliates + Daphnia) impacts increased within the 
28 years in early (p < O.Ol) and entire (p < O. l) spring 
periods, but not in the late spring (Fig. 4]-L). 

The relative contribution of different factors to the 
total impact illustrates that there has been a transition 
from a top-down dominated limitation of phytoplankton 
during the eu/mesotrophic 1980s and 1990s to a bottom
up dominated limitation in the recent oligotrophic 
years (Fig. 5) . In late spring, the impacts of Daphnia and 
ciliates were of comparable magnitude (Fig. 5C), whereas, 
in most of the years, the impact of ciliates exceeded the 
impact of Daphnia when the entire spring is considered 
(Fig. 5A). The latter is due to the very low abundance of 
Daphnia in early spring (Fig. 58). However, the strong 
decline in the impacts of ciliates and the rather constant 
impacts of Daphnia resulted in a gradual decrease in the 
difference between the relative importance of the two 
herbivores in limiting phytoplankton growth. 

Average total impacts as well as impacts of phosphorus 
and ciliates during the entire spring period were signifi
cantly (all Monod fits: p < 0 .01) related to SRPrnix' but not 
the impacts of Daphnia (Monod fit and linear fit, p > 0.1) 
(Fig. 6). The relationships of the former three to SRPrn ix 

were non-linear and could be adequ ately described with 
a saturating function of SRP mix which is exemplified by a 

fitted Monod functi on (Fig. 68, C, E). Likewise, mean 
spring chi a concentration was also a saturating function 
of SRPrnix (p < 0.001 , Fig. 6A). In all cases with significant 
non-linear fits, the difference in AICc between n onlinear 
and linear models was ;::: 2, suggesting that non-linear fits 
can be regarded as superior to linear fits. 

Discussion 

In this study, we investigate algal growth limitation by 
integrating the established concepts of experimental 
analyses typically used for estimating interaction strength 
(Berlow et al. 1999) , with an elaborate modelling technique 
that utilises a long term data set with exceptionally high 
temporal resolution . The technique allows quantifYing the 
limitation of phytoplankton growth by nutrients and grazers 
at a daily resolution over 28 years by data driven numerical 
experiments, hence, examining seasonal and inter-annual 
variabili ty as well as long-term changes in the regulation of 
primary production along a productivity gradient. 

The metrics chosen in our study, i.e. the impacts, are 
a measure of the daily net speCific-production of phyto
plankton in the upper 20 m of the water column that is not 
realized because of nutrient limitation or grazing by ciliates 
and daphnids. The results we obtained for these impacts 
make intuitive sense. For example, the total impacts on 
phytoplankton increased during the study period, which is 
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Figure 4. Average top 20 m impact of phosphorus (A-C) , ciliates (O- F), Daphnia (G- I), and their sum O- L) within the entire 
spring, defined as the period between the onset of bloom and clear water phase (A, 0, G, J); early spring, defined as the first three weeks 
afrer bloom onset (8, E, H, K); and late spring, defined as the last three weeks until the clear water phase (C, F, I, L). 

consistent with the long-term decline of spring phyto
plankton biomass as a result of oligotrophication, Likewise. 
the increase in the total impact over the last 28 years espe
cially occurred during the early spring period. but not during 
the late spring period because the total impact during late 
spring was already high during eu/ mesotrophic years. This is 
consistent with a strong decline of phytoplankton biomass 
towards the clear-water phase during all study years, 

(A) Entire (8) 
100 

---. 
::R. 
~ 

~ 
co 

..c: 
C/l 50 
t5 
co 
Ci. 

E 

0 
1980 1990 2000 1980 

We use measured herbivore and phosphorus concen
trations to drive the phytoplankton model instead of 
developing a full model with herbivores and phospho
rus as dynamical variables. This enabled us to match the 
phytoplankton dynamics most closely and to keep the model 
uncertainty low. allowing an almost direct transformation 
of the in situ measurements to interaction strengths. The 
presented technique is ideal for isolating the direct effect 

Early (C) Late 

1990 2000 1980 1990 2000 

Figure 5. Impact share of phosphate (orange) ci liates (light blue) and Daphnia (dark blue) within entire (A), early (8) and late (C) spring 
periods based on the va lues presented in Fig. 4. In 1983, no impacts were calculated due to missing Daphnia data. 

230 



7" 
E 
Ol .s 
:c 
() 

Impact 
[d- ' ) 0.4 

&: 0.2 
(J) 

(f) 

o 
0.2 

~ 0.1 
(3 

o 

12 _ ... _ ..J. __ -' •••••••••.•...• ~ .• __ • 

(A) 

6 0 

00 

R2: 0.50 
0 

0 20 40 60 80 

(8) R2: 0.72 (0) 

0 0 
o 0 
g, cSb~ 

Impact 
[d- '] 

0.2 

.~ 
<:: 

0.1 ..t::: 
Q. 

C3 

0 

0.6 

C\i 
0.3 ;2 

o 20 40 60 80 0 20 40 60 80 

Figure 6. Top 20 m average chi a concentration (A) and impact 
of phosphorus (B), ciliates (C), Daphnia (D) and their sum 
(E) during the entire spring versus average soluble reactive phos
phate within the top 20 m during February- March (SRP"'i')' 
Curves are scaled Monod-functions of the form (y = c + a X xl 
(b + x)). For herbivore impacts and chi a concentrations c was 
assumed to be zero. 

of a particular factor at a given moment, as the interac
tions between the non-manipulated factors (e.g. nutrients) 
and phytoplankton during the course of each I-day 
manipulation experiment (e.g. herbivore removal) remain 
identical to those in the control run. Indirect effects devel
oping at various time-scales, e.g. an increase in nutrient 
limitation during a herbivore removal experiment due to 
the lack of recycling (Sterner 1986) are not explicitly 
addressed in this study and their detailed investigation 
would require a fully dynamic model. 

Our study highlights the scale dependency of the 
interactions between different factors regulating algal 
dynamics. On a daily time scale, the impacts of the differ
ent factors should not show strong interdependencies as 
for the quantification of the impact of one factor, the 
limitations brought about by the other factors were held 
constant. On the seasonal time scale, the impacts of 
phosphorus and herbivores increase from the start of the 
spring bloom towards the clear-water phase and thus are 
positively related (Fig. 3). Partially this positive relation
ship is caused by the seasonal build-up of herbivore, i.e. 
especially Daphnia biomass, which is an important phos
phorous drain (Sommer et al. 2003) . Hence, during the 
spring season not only phytoplankton growth but also 
population growth of herbivores decreases SRP concentra
tions thereby increasing phosphorus impacts. Finally, on the 
inter-annual time-scale impacts of ciliates decrease whereas 
impacts of phosphorous increase (Fig. 4). This negative cor
relation probably results from the tight coupling of ciliate 

dynamics with algal dynamics. In a recent meta-analysis, 
Gruner et al. (2008) did not detect a significant interaction 
between bottom-up and top-down regulation of primary 
producers. 1hey suggested that the lack of interactions 
may have been due to the short duration of experimen
tal studies, which did not allow multiple generations and 
feedbacks between regulating factors to develop. Our 
approach did allow consideration of long-term dynam
ics and feedbacks and indeed suggest interactions between 
top- down and bottom- up regulation. Furthermore, our 
data suggest that the nature of these interactions depended 
on the temporal scales considered, i.e. seasonal versus 
inter-annual time periods . 

Quantification of impacts provides novel insights 
into the regulation of algal populations under seasonal 
and long-term environmental change, e.g. regarding the 
relative importance of different forcing factors for algal 
growth and biomass (chI a) development during olig
otrophication. Average spring chI a did not respond to a 
reduction of SRPmi x concentrations during the first decade 
of our study period that was characterized by a 50% 
decline in SRPm ix from almost 80 IJ.g 1- 1 in 1980 to less 
than 40 IJ.g 1- 1 in the early 1990s. Insensitivity of phyto
plankton biomass to decreases in phosphorus levels in 
the early recovery phases of restoration efforts is a rather 
persistent pattern in lakes and coastal seas (Jeppesen 
et al. 2005, Duarte et al. 2009). This insensitivity has been 
attributed ro excess availability of phosphorus resulting in 
the limitation of phyroplankton growth by e.g. herbivory, 
light availability or other nutrients such as nitrogen or 
silicate (Smith 1982, Tilzer et al. 1991). Phytoplankton 
growth during the spring period in Lake Constance was 
not limited by nitrogen or silicate (with the possible 
exception of pennate diatoms) even in the most eutrophic 
years (Gaedke and Schweizer 1993, Sommer et al. 1993) 
in contrast to the case in hyper-eutrophic lakes (Jeppesen 
et al. 2005, Huber et al . 2008). Nevertheless, our analy
sis illustrates that despite the strong decrease in SRPlllix in 
the 1980s phosphorus impacts indeed remained at low 
values, which explains that the change in trophic state 
during this time period did not significantly affect chI a 
concentrations. However, the further decrease in SRPllli x 

from the 1990s until today caused a substantial increase 
in the phosphorous impacts and was associated by a sig
nificant decline in phytoplankton biomass. Differential 
response of phytoplankton biomass to SRPmix is also 
supported by the better fit produced by a saturating func
tion than a linear function (Fig. 6A, MICe > 10). The 
phosphorus impacts increased also non-linearly with 
oligotrophication and showed a hyperbolic relationship 
with SRPmix ' The non-linear dependence of the phos
phorous impacts on trophic state can be explained by 
the non-linear dependence of the specific production 
rate of algae on phosphorus concentration that was 
parameterized in our model by a Monod-function. At 
low SRPrnix ' SRP is depleted earlier during the season 
than at high SRPrnix (Anneville et al. 2005) . That is , 
during the eutrophic period, algal growth was limited 
by phosphorus only during a rather short part of the 
spring period (e.g. Fig. 3C) whereas in more oligotrophic 
years phosphorus limited algal growth starting from the 
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beginning of the season (e.g. Fig. 3D). This analysis 
suggests that, irrespective of other processes (e.g. herbivory), 
the resource uptake dynamics alone can impose non
linear relationships between producer and resource abun
dances (Fig. 6A), since the limitation exerted by the 
resource itself may become non-linearly related to its con
centration during a specific seasorial period (Fig. 6B) . 

The strong increase of phosphorus impacts with 
SRPlllix resulted in a shift from top-down to bottom-up 
limitation of algae with oligotrophication (Fig. 5). 1his 
shift was further augmented by the simultaneous decline 
of herbivore, i.e. ciliate impacts (Fig. 4D-F). Because 
the increase in the phosphorus impacts was larger than 
the decrease in herbivore impacts, total impacts increased 
with decreasing SRP Illix similar to the phosphorus impacts 
(Fig. 6E). Considering that the range of phosphate con
centrations in this study corresponds to a transition from 
eu/mesotrophic to oligotrophic conditions, this finding 
is consistent with the 'meso trophic maximum hypothesis' 
(Elser and Goldman 1991), predicting a reduced herbi
vore influence in oligotrophic conditions due to their low 
densities. However in our study the reduction of herbi
vore impacts was due to ciliates and not to daphnids as in 
Elser and Goldman (1991). Furthermore, the substantial 
non-linear increase in the impact of phosphorous with 
oligotrophication by itself would have been sufficient to 
cause a shift in the relative importance of nutrients versus 
herbivores for the regulation of phytoplankton. 

-The top-down impact exerted by a trophic level 
depends not only on the vertical structure of the food web, 
but also on the horizontal structuring, Le. heterogeneity 
within a trophic level (Leibold et al. 1997) . The inclusion of 
multiple herbivore taxa has been considered as one impor
tant future research goal in a recent meta-analysis (Gruner 
et al. 2008). Here, we show that in order to understand 
changes in top-down control on phytoplankton at dif
ferent temporal scales it is indeed essential to consider at 
least two herbivore groups, i.e. mesozooplankton (daphnids) 
and microzooplankton (ciliates). On a seasonal scale, 
there is strong complementation in herbivory between cili
ates and daphnids, as the two taxa contribute to herbivory 
at different extents during early and late spring periods. 
During most of the spring bloom the impact of ciliates 
is larger than the impact of Daphnia, demonstrating that 
ciliates play a major role in the control of phytoplankton 
in Lake Constance (Tirok and Gaedke 2006). However, 
our findings also point to rapid dynamics in the sys
tem.While the impact of ciliates is on average 5.4 times 
higher than that of Daphnia within the first week of late 
spring (between 2 1- 14 days before CWP), Daphnia 
abundance increases about five-fold within two weeks 
and their average impacts become higher than the impact 
of ciliates during the last week of late spring (within last 
seven days before CWP). -This rapid growth of Daphnia 
population contributes to the establishment of the well
known clear-water phase (Lampert et al. 1986) and dem
onstrates the importance of considering impacts at a 
high temporal resolution. It has to be further noted that 
biomass specific impacts of herbivores increased throughout 
the season as a result of en hanced filtering rates by higher 
temperatures in late spring. Consequently, a two-fold higher 
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average biomass of e.g. ciliates in the late spring period 
compared to early period, results in an approximately 
three-fold higher impacr. An increase of top-down effects 
with higher temperatures has also been recently reported 
for mosquito predation on protozoa (Hoekman 2010). 

On the long-term time scale, top- down impacts on 
spring phytoplankton declined with oligotrophication, 
only when ciliates are considered. While the impact, as 
well as the biomass of ci liates decreased with oligotrophi
cation (Fig. 10, 4D- F), that of Daphnia did not show 
a significant trend (Fig. I C, 4G-I) . This may point to 
differences between the regulation of Daphnia versus 
ciliates dynamics during the spring period. Daphnia 
dynamics during spring are strongly controlled by water 
temperatures rather than by food abundances (Schalau 
et al. 2008, Berger et al. 2010), and monthly average water 
temperatures have been shown to increase in Lake 
Constance during the last decades (Straile et al. 2003). 
However, allowing for the inter-annual variability of the 
start and end of the spring bloom periods removed any 
trends in the mean temperatures during this period 
(p = 0.70). Consequently the spring Daphnia biomass 
and impacts did not show any trend for the 28 years cov
ered in this study. In contrast, the decline of ciliate bio
mass and impacts with oligotrophication and the similar 
responses of ciliates and chi a to SRPlllix (Fig. 6B-C) sug
gest that ciliate dynamics during spring are more closely 
coupled to food availabi lity than the dynamics of daphnids, 
presumably because of the higher growth rates (Sherr and 
Sherr 2009) and over-wintering biomasses of ciliates com
pared to daphnids: in Lake Constance late winter (March) 
ciliate biomass was on average between 20-1 40 fold 
higher compared to Daphnia biomass depending on 
assumptions regarding the depth distribution of ciliates 
below 20 m, i.e. no ciliates below 20 m versus homo
genous cil iate distribution throughout the water column. 
1he importance of ciliate impacts for understanding long
term changes in top-down regulation and the differences 
between the impacts of ciliates versus daphnids suggests 
that water quality models which are concerned with the 
effects of changes in trophic status on lake ecosystems 
(Mieleitner and Reichert 2006, Law et al. 2009) could 
profit from inclusion of an additional microzooplankton 
(e.g. ciliate) compartment. 

Conclusion and future prospects 

1he approach presented here enabled quantification of 
phytoplankton limitation induced by various factors at a 
high temporal resolution and allowed comparison of top
down and bottom-up limitation on algal growth across 
seasonal to inter-decadal scales in an individual system 
undergoing oligotrophication. Our approach benefited 
from an exceptionally detailed data set and also from 
the focus on a comparatively low-complexity food-web. 
Application of the presented technique to other systems 
of a similar complexity is straightforward as long as suffi
cient data are availaible for model design and validation. It 
would be interesting to extend our approach to more 
complex systems or seasonal periods exhibiting a greater 
number of direct and indirect · interactions. This would, 



however, also require a more detailed model that is capable 
to adequately account for the relevant mechanisms in a more 
complex food-web as well as the data and measurements 
for calibration and validation of the model. A promising 
first step for future progress thus may be the combination of 
our modelling approach with mesoscom experiments. 

To conclude, our results show that consideration of 
multiple time scales and multiple herbivore taxa are impor
tant aspects for the understanding of the consequences of 
environmental change on bottom- up versus top-control 
in aquatic systems. Additionally, we show that the effect 
sizes of bottom-up and top-down control respond non
linearly to changes in nutrient inflow thereby providing an 
additional explanation for the often observed resilience of 
phytoplankton dynamics to ecosystem restoration Ueppesen 
et al. 2005, Duarte et al. 2009). As non-linear responses 
of processes are considered to be a requisite for abrupt 
shifts in ecosystem state, our results might contribute to a 
better understanding of such shifts reported for an increasing 
number of ecosystems (Scheffer et al. 2001) . 
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