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Abstract
Submerged macrophytes are key components in many freshwater and marine ecosystems, contributing to

ecosystem functions and services. In temperate shallow lakes, spring epiphyton shading can be decisive for sub-
merged macrophyte development, potentially leading to macrophyte collapse and a shift to undesired, turbid
conditions. Global change can alter epiphyton phenology; however, the consequences for submerged macro-
phytes and their stabilizing effects on clear-water conditions remain to be elucidated. Based on field data, we
propose a general epiphyton shading phenology for submerged macrophytes in temperate shallow lake ecosys-
tems. We express the temporal dynamics of epiphyton shading in terms of onset and relative increase (slope) of
epiphyton development as well as epiphyton grazing impacts (onset, duration) using a Boltzmann function.
This function is added to the ecosystem model PCLake+ as a customizable, macrophyte-specific shading factor.
We then assess how changes in the epiphyton phenology and the presence of grazing on epiphyton affects sub-
merged macrophyte biomass in a generic temperate shallow model lake under control and warm winter scenar-
ios. The results from the model provide a proof-of-concept that epiphyton shading can provoke macrophyte
loss and shifts between alternative equilibria. Threshold values for critical shifts depend on epiphyton shading
phenology. Earlier onset and longer duration of grazing can maintain macrophytes in nutrient or climate condi-
tions under which they would otherwise collapse. Our results show the pivotal importance of epiphyton phe-
nology in determining lake ecosystem-wide responses stressing the need for better incorporation of epiphyton
into both models and monitoring.

Submerged macrophytes are key components of most fresh-
water and marine shallow littoral habitats (Murphy
et al. 2019). Their occurrence and biomass development are
linked to numerous ecological functions and services under-
pinning the maintenance of good water quality (Costanza

et al. 2014; Hilt et al. 2017; Janssen et al. 2021). Macrophyte
seasonal development and persistence in these systems is
under pressure due to anthropogenic stressors including
increasing nutrient loading and climate warming (Orth
et al. 2006; Botrel and Maranger 2023). These stressors can
lead to increase in biomass and shifts in phenology of pelagic
phytoplankton and substrate-bound epiphyton. Epiphyton
consists of a functionally and taxonomically diverse commu-
nity including both autotrophic (e.g., cyanobacteria, micro-
algae) and heterotrophic organisms (e.g., bacteria, fungi,
protozoa) (Wijewardene et al. 2022) growing on, and thereby
shading, submerged plant surfaces such as macrophyte stems
and leaves. Pelagic phytoplankton as well as substrate-bound
epiphyton compete with macrophytes for light and, to some
extent, nutrients (Scheffer et al. 1997; Klančnik, Gradinjan,
and Gaberščik 2015). Here, we aim to explore the effects of
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changes in the phenology of epiphyton on the persistence of
macrophytes using temperate shallow lakes as example
systems.

Shallow lakes and ponds represent the most abundant type
of freshwaters on earth (Verpoorter et al. 2014). Submerged
macrophytes can stabilize a clear-water state representing the
desired ecological configuration in such systems (Scheffer
et al. 1993, 2001). Increased nutrient loading can undermine
the resilience of the clear state and cause a shift to a turbid,
phytoplankton-dominated state. This phenomenon has been
described in theory (Scheffer et al. 1993) and in real-world
examples (see examples compiled in Scheffer and Van Nes
(2007)) and is generally attributed to increasing pelagic phyto-
plankton development and hence stronger shading on
submerged macrophytes (Scheffer et al. 1997). However,
epiphyton can provide an additional and more macrophyte
specific source of shading as it grows directly on the macro-
phytes and can form biofilms ranging from thin, nearly trans-
lucent to thick and complex mats that significantly decrease
the amount and quality of light reaching the leaves it grows on
(Klančnik, Gradinjan, and Gaberščik 2015). The community
composition of epiphyton biofilms is known to change with
season and may be specific to their macrophyte substrate,
showing mutualistic, commensal, and competitive relation-
ships with their substrate as they interact for resources or
engage in chemical communication (Wijewardene et al. 2022).
Overall, epiphyton has been found to be decisive for macro-
phyte decline under increasing nutrient loading (Phillips,
Eminson, and Moss 1978; Phillips, Willby, and Moss 2016;
Jones et al. 2002; Jones and Sayer 2003), can delay macrophyte
recovery even when nutrient loading has been reduced
(Roberts et al. 2003; Hilt et al. 2018), and affect macrophyte
sensitivity to herbivory (Hidding et al. 2016).

Several and frequently interacting drivers control epiphyton
biomass in freshwater and marine systems. Bottom-up drivers
encompass limiting resources such as light and nutrients (includ-
ing those associated with browning of lakes; Puts et al. 2023),
which can, in turn, be forced by temperature changes (Hansson
1992; Ozersky and Camilleri 2021). The response of epiphyton
biomass and community composition to nutrients and tempera-
ture, moreover, varies across seasons (Hao et al. 2020). In addi-
tion, top-down control by grazers can strongly impact epiphyton
biomass (Jones and Sayer 2003; Randall Hughes et al. 2004). A
wide range of algivorous and omnivorous organisms with an
equally diverse array of grazing mechanisms can graze on
epiphyton, including microconsumers such as protists, as well as
invertebrate consumers (gastropods, amphipods, isopods, and
insect larvae [Ephemeroptera, Trichoptera, Diptera] and verte-
brates [algivorous fish and amphibians]; Hillebrand 2009;
Vadeboncoeur and Power 2017). A review across lotic, lentic, and
coastal habitats revealed that grazers removed on average 59% of
the epiphyton biomass and grazer effects were stronger with
increasing algal biomass and temperature and with decreasing
resource availability (Hillebrand 2009). Epiphyton phenology is

thus driven by abiotic factors and biotic interactions, with the lat-
ter, in turn, being modified by abiotic conditions. Consequently,
epiphyton phenology can vary across years (e.g., Sand-Jensen and
Søndergaard 1981; van Dijk 1993; Roberts et al. 2003). Observa-
tional and experimental studies on epiphyton and macrophyte
phenology, however, are rare (Botrel et al. 2024), although lower
trophic levels exhibit stronger phenological responses to climate
change than higher ones (Thackeray et al. 2016). In temperate
shallow lakes, model simulations suggest that shading in early
June appears to be critically important for macrophyte persis-
tence, particularly for short macrophytes such as young plants
that have not yet reached the better-lit water surface, or short-
stemmed species that are more susceptible to light limitation (van
Nes et al. 2002). The impact of changing phenology in epiphyton
shading on macrophytes and resulting knock-on effects on the
ecological state of shallow lakes, however, have not yet been
investigated.

Here, we extract typical epiphyton phenology patterns from
field data to propose a general epiphyton phenology. We then
test the effect of variation in epiphyton shading phenology on
macrophyte abundance in temperate shallow lakes by adding a
stand-alone and customizable epiphyton shading parameter to
the lake ecosystem model, PCLake+ (Janssen et al. 2019)
(Supporting Information Fig. S1). We hypothesize that epiphyton
phenology in spring and summer influences the biomass and
persistence of macrophyte populations in temperate shallow
lakes. We specifically predict that: (1) epiphyton shading in
spring leads to a collapse of submerged macrophytes, while a
temporary relief from shading by grazing allows macrophyte per-
sistence in lakes close to their critical nutrient loadings, (2) the
timing of epiphyton shading onset influences macrophyte persis-
tence, (3) timing and duration of grazing control of epiphyton
shading influences macrophyte persistence, and (4) warmer
springs and therefore relative changes in the timing of onset of
growth seasons for macrophytes and epiphyton result in
increased effects of epiphyton shading and earlier collapse of
macrophytes. Using temperate shallow lakes as example, we aim
at showing that explicitly including epiphyton phenology allows
more comprehensive predictions of the response of submerged
macrophytes to global change and hence deserves more attention
in their different freshwater and marine habitats.

Materials and methods
Field data of epiphyton biomass dynamics in temperate
lakes and ponds

To determine a general, qualitative phenology of epiphyton
shading on submerged macrophytes in temperate lakes and
ponds, we assessed studies on the seasonal development of
epiphyton biomass in water bodies in six temperate locations col-
lected between the late 1970s to early 2000s (seven growth sea-
sons altogether). We used published data from one season each
for Lake Kalgaard, Denmark (Sand-Jensen and Søndergaard 1981);
Lake Veluwe, The Netherlands (van Dijk 1993); experimental
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ponds, USA (Moss 1976); Lake Gulbinas, Lithuania (Karosien _e
and Kasperovičien _e 2008); and Lake Balaton, Hungary (T�oth
2013), as well as data from two consecutive seasons for Lake
Müggelsee, Germany, which also allows to represent interannual
variability (Roberts et al. 2003). These lakes and ponds cover a
wide gradient of geographical range from 42�N to 57�N, of tro-
phic conditions with total phosphorus concentrations ranging
from oligotrophic (17 μg L�1 in the experimental ponds) to
eutrophic conditions (214 μg L�1 in Lake Gulbinas), and in size
from 0.0007 to 596 km2 (see Supporting Information Table S1;
Fig. S2 for more detailed information and a map). It should be
noted that the timing of events such as the day of minimum
epiphyton biomass after the onset of grazing may have changed
with ongoing climate change as shown for Lake Müggelsee
(Botrel et al. 2024).

Most submerged macrophyte species in temperate lakes fol-
low an annual life cycle with storage of energy in bulbs and
rhizomes and associated loss of leafy parts (the substrate for
epiphyton) at the end of the growing season. In spring, mac-
rophyte stems and leaves emerge again and often are immedi-
ately colonized by epiphyton (Hilt et al. 2018). Field data of
epiphyton were based on weekly, fortnightly, or monthly
sampling of epiphyton biomass from artificial substrates (plas-
tic or glass) exposed in the lakes in early spring mimicking the
start of the growing season of submerged macrophytes, or
from submerged macrophytes or underwater reed stems
(Phragmites australis). Artificial substrates are a commonly used
and well-validated tool to collect epiphyton growth and com-
position data (van Dijk 1993; Roberts et al. 2003), in particular
in eutrophic lakes where the influence of host macrophytes
on their epiphytic communities is low (Eminson and
Moss 1980). Moreover, biomass of epiphyton has been shown
to be a predictor of shading intensity (van Dijk 1993; Köhler,
Hachol, and Hilt 2010). The reported epiphyton biomasses
were normalized to the maximum values of the respective lake
(Fig. 1a). Based on these field observations, a general pattern
of epiphyton seasonal dynamics was derived (Fig. 1b).

Adaptation of lake ecosystem model PCLake+ to include
epiphyton shading

PCLake+ is a process-based aquatic ecosystem model based
on ecological interactions in temperate lakes, often used to
assess eutrophication impacts on lakes and ponds and validated
on a large set of Dutch shallow lakes (Janse and van Liere 1995;
Janse et al. 2008; Janssen et al. 2019). PCLake+ includes key lake
food-web components (Supporting Information Fig. S1) and
can model ecological mechanisms, such as light competition
between phytoplankton and submerged macrophytes under
increasing nutrient loading which can lead to critical transitions
between clear and turbid states as an emerging feature (Janse
et al. 2008). Here, we used standard settings for simulating an
average, temperate shallow lake with an mean depth of 2 m, a
wind fetch length of 1000 m, with seasonally varying water tem-
perature (control temperature [CT]: average 12 � 10�C, warmer

winter temperature [WWT]: average 13.5 � 8.5�C; Mooij
et al. 2007; see Supporting Information Fig. S3), and with evapo-
ration and light curves reflecting average Dutch weather condi-
tions (Janse et al. 2010). As our modeled lake is shallow, we
did not invoke the option to model stratification and the hypo-
limnion. In PCLake+, the macrophyte growth season was initi-
ated through temperature increase in spring (Madsen and
Adams 1988; Van Wijk 1989), whereas the onset of winter stor-
age (root allocation and shoot die-off) was defined by an inte-
grated light threshold (Hilt et al. 2018; Janssen et al. 2019).
Summer biomass of most temperate region macrophytes carries
over into the following growth period in the form of winter stor-
age rather than overwintering leafy biomass (Hilt et al. 2018). As
we present a proof-of-concept, we focused on the direct effect of
epiphyton shading on macrophyte development and explicitly
did not (yet) include further interactions and feedbacks between
other food web compartments and the epiphyton shading.

Epiphyton shading y reflects the attenuation of the incom-
ing light by epiphyton growth ranging from none (y = 0) to
complete attenuation (y = 1). Epiphyton shading was added
to PCLake+ using a four parameter, sigmoidal Boltzmann
function to achieve a steeply increasing, sigmoidal curve of
proportional shading (0–1; Supporting Information Fig. S4a):

y¼ A1�A2

1þ e x�x0ð Þ=dx
þA2

Here, A1 and A2 denote the lower (here 0) and upper
boundary of epiphyton shading. The center of the sigmoidal
curve is defined by x0 (here used to move the onset of the
epiphyton shading curve stepwise along the spring timeline).
Lastly, dx denotes a time constant to define the slope of the
growth curve (here set to 2 to achieve a steep increase in shad-
ing, reflecting the fast growth of epiphyton). Hereby, phenol-
ogy of and grazing impacts on epiphyton shading can be
modulated in PCLake+ using the parameters of the Bolzman
function.

Model scenarios
To test the influence of the timing of the onset of

epiphyton shading, the epiphyton shading curve was moved
up in the spring timeline by stepwise shifting the midpoint
parameter dx from day 80 (i.e., 21 March) up to the day 150
(i.e., 30 May) by 10-d increments (Supporting Information
Fig. S4b). The onset of the modeled macrophyte growing sea-
sons is temperature dependent, with macrophytes responding
to WWT with an earlier start to the growing season. While the
real-world epiphyton growth is also temperature dependent,
the shading factor in our model is currently independent of
any drivers. As part of our modeling experiment, we manipu-
lated the onset of the epiphyton shading curve relative to the
macrophyte growth curve, simulating epiphyton responding
earlier, equally or later to increasing temperatures than its
substrate. If epiphyton shading responds earlier than the
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macrophytes, this can result in epiphyton shading occurring
as soon as macrophyte substrate becomes available and hence
starting immediately with a value greater than 0 (Supporting
Information Fig. S4b). This is a relatively realistic artifact of
the method and can also be observed in the field when macro-
phyte leaves are colonized by epiphyton as soon as they
emerge (Hilt et al. 2018). Periods of top-down control
(i.e., grazing) on epiphyton were introduced as periods of no
net-change in epiphyton shading by providing the parameter
dx in the form of a time series rather than a singular value.
Grazing periods were set to start relative to the midpoint of
the epiphyton shading curve at 10-d increments starting
at � 10 d to + 20 d relative to the midpoint (Supporting Infor-
mation Fig. S4c). Additionally, we manipulated the dx time
series to set grazing period duration to either 5, 10, 15, or 20 d
(Supporting Information Fig. S4d). In this way, we simulated
the different net effects of potential changes in the phenology

of periphyton grazers and their predators in response to
warming (Kazanjian et al. 2018 and references therein).

We collected two sets of results from the model. First, we
calculated load-response curves of macrophyte biomass to
epiphyton shading as average macrophyte biomass during one
summer period (day 150–210) when the adapted PCLake+
model output has reached equilibrium. Model runs reached
equilibrium before year 25, hence we consistently used the
summer period average of year 25. This average summer mac-
rophyte biomass was plotted against the epiphyton shading
proportion to assess the location of forward and return shifts
as well as the size of the hysteresis space (Fig. 2a). Therewith,
we (a) defined the P-loading condition to be used for further
modeling based on whether it allowed an epiphyton shading
driven regime shift (Supporting Information Fig. S5), and
(b) assessed the maximum proportion of epiphyton shading
tolerated by the macrophytes under different onset timings of

Fig. 1. (a) Observed epiphyton biomass phenology (normalized to the respective maximum biomass) with onset of epiphyton net loss (dashed lines)
based on published field data of temperate lakes and experimental ponds: Müggelsee: Roberts et al. (2003); Experimental Lake: Moss (1976); Lake
Gulbinas: Karosien _e and Kasperovičien _e (2008); Lake Balaton: T�oth (2013); Lake Kalgaard: Sand-Jensen and Søndergaard (1981); and Lake Veluwe: van
Dijk (1993). (b) A general model of epiphyton spring–summer phenology on submerged macrophytes in temperate systems derived from field data in
panel (a). An initial period of fast growth in spring is followed by a net loss period due to grazing. Toward summer, the epiphyton regains net biomass
gain with the highest values observed in mid/late summer. Note that spatial and temporal variability occurs in the cardinal events such as in (1) the start,
(2) slope of the growth curve, as well as the (3) onset, (4) duration, and (5) strength of the net loss period.
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epiphyton growth to inform the choice of the A2 parameter
of the Boltzman function under CT (Fig. 2b, c) and WWT con-
ditions (Supporting Information Fig. S6). Second, to capture
the full extent of transient dynamics in the response of

macrophyte biomass development to epiphyton shading
timing as well as timing and duration of grazing on
epiphyton, we computed 25-yr time series. We assessed three
parameters indicative of macrophyte response to changes in
the epiphyton phenology, namely 25-yr cumulative biomass
of macrophytes (g dry weight [DW] m�2) and planktonic phy-
toplankton chlorophyll a (mg Chl a m�3) in summer (June,
July, and August) as well as time to macrophyte population
collapse (years to collapse; i.e., the first year in which the bio-
mass of macrophytes was reduced to less than 10 g DW m�2

during the macrophyte growth period). These transient model
runs included different epiphyton shading curve onset times
(a) without top-down control (i.e., no grazing on epiphyton)
and (b) with top-down control whereby the grazing phase had
varied onset times and durations. Given the temperature
threshold for the start of the macrophyte growth season in
PCLake+, the macrophyte growth period started on day of
year 104 in the CT scenario, and day of year 90 in the WWT
scenario, while the growth period ended on day of year 285 in
either temperature scenario.

Results
Field data on epiphyton phenology in temperate
shallow lakes

Field data of different European temperate lakes and experi-
mental ponds in the United States revealed a general qualita-
tive pattern of epiphyton biomass development in spring and
summer (Fig. 1a) which was translated into a model (Fig. 1b).
In spring, epiphyton biomass increased rapidly. Following this
initial growth, many lakes showed a period of net loss of
epiphyton biomass varying in its timing (onset), strength, and
duration. The timing of the onset of the net loss period varied
among lakes as well as among years in the same lake
(Müggelsee) by several weeks and started between early June
and July. The duration of the net loss period also varied
between 1 and 6 weeks. Generally, this was followed by
another period of net gain. Usually, maximum epiphyton bio-
mass was reached in summer (apart from Müggelsee 2001 and
Balaton) (Fig. 1a).

Model adaptation captures effects of epiphyton shading as
a regime shift driver

In the CT scenario, the load-response curves across a range
of P-loading scenarios showed that the adapted PCLake+
model successfully captured effects of epiphyton shading as
regime shift driver (Fig. 2). Forward and return tipping points
and the width of the hysteresis space were sensitive to the
P-loading scenario (Supporting Information Fig. S5). In the
lowest P-loading scenario (0.0001 g P m�2 d�1), the modeled
lake maintained macrophyte biomass up to 95% epiphyton
shading and required very little reduction in shading to allow
macrophytes to return. With increasing P-loading, however,
the collapse of macrophytes occurred at increasingly lower

Fig. 2. (a) A load-response curve of a state variable (here vegetation dry
weight [g dry weight (DW) m�2]) at equilibrium under a gradually
increasing or decreasing driver (here epiphyton shading) showcasing a
hysteresis. Internal stabilizing feedback in the clear water state allows sub-
merged vegetation to tolerate high levels of epiphyton-mediated shading
before the vegetation collapses and the lake shifts to a turbid state (for-
ward shift, dashed line). A return of macrophytes to the system (return
shift, solid line), however, requires a reduction far below the shading level
on which the forward shift occurred as the system is stabilized by a differ-
ent feedback loop due to high pelagic phytoplankton shading. The hys-
teresis space between these two tipping points covers the range of
shading conditions at which either vegetation state can occur and at
which a stronger perturbation can shift the system from one state to
another. Assessment of the influence of the onset date of epiphyton shad-
ing on the tolerance of submerged vegetation to epiphyton shading
showed (b) later onset of epiphyton growth resulted in a much higher tol-
erance to epiphyton shading by the macrophytes. However, (c) a return
of macrophytes from a turbid system required a very strong reduction of
epiphyton shading.
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epiphyton shading thresholds and the return of macrophytes
required increasingly stronger reduction of shading
(Supporting Information Fig. S5). The hysteresis space was
largest at a P-loading of 0.0025 g P m�2 d�1; therefore, we used
this loading scenario for all further analyses.

Effects of timing of epiphyton shading onset on epiphyton
shading threshold

In the CT as well as the WWT scenario, the load-response
curves along a gradient of maximum epiphyton shading
showed that the timing of the onset of the epiphyton
shading curve affected the amount of shading the modeled
lake could tolerate before collapse of the macrophytes
(Fig. 2b), as well as the amount of shading reduction necessary
to allow the return of macrophytes (Fig. 2c). In both tempera-
ture scenarios, earlier development of epiphyton shading
resulted in macrophyte collapse at lower maximum epiphyton
shading levels and required stronger reduction of the
epiphyton shading before macrophytes could recover. In the
CT scenario, the hysteresis space was widest for the epiphyton
shading curve with day 120 (April 30) midpoint. In the WWT
scenario, the model lake tolerated relatively more maximum
epiphyton shading (A2) before macrophytes collapse
(Supporting Information Fig. S6) than in the CT scenario
(Fig. 2b). Based on these results, we chose to assess the effects
of grazing on epiphyton on the persistence of macrophytes in
the virtual lake using a maximum shading of 0.55 in the CT
scenario, and 0.6 in the WWT scenario to operate in the space
where (temporary) relief from epiphyton shading could make
the difference between loss and maintenance of macrophytes
in the lake.

Interactive effect of timing and length of epiphyton
grazing on macrophytes

To assess the effects of presence of a grazing period, its
timing (onset) and duration (see Fig. 1b), we produced multi-
ple time series by running the model for a gradient of
epiphyton shading curve midpoints for epiphyton develop-
ment from early to relatively late in the season (CT: D100–
D150, WWT: D80–D110) with variable grazing period onset
and duration scenarios. In both, the CT (Fig. 3) and the WWT
(Fig. 4) scenarios, an earlier onset of the grazing period relative
to the midpoint of the epiphyton shading curve allowed a
higher average summer biomass development of macrophytes,
particularly so when the epiphyton shading also started early
in the season (Figs. 3a, 4a). Equally, longer grazing periods
were more beneficial for the average summer biomass develop-
ment of macrophytes, particularly in scenarios with earlier
development of epiphyton shading (Figs. 3b, 4b). Further-
more, earlier and longer grazing periods in scenarios with
early epiphyton development allowed macrophytes to persist
longer in the lake (Figs. 3c, d, 4c, d). Overall, late in the season
development of epiphyton shading had less impact on the
biomass development and persistence of (already established)

macrophytes in the model lake and, subsequently, respite
from shading due to a grazing period had little added effect.
The 25-yr average summer biomass of pelagic phytoplankton
showed the opposite pattern. Early onset and longer duration
of epiphyton grazing events in the scenarios with early devel-
opment of epiphyton coincided with lower development of
phytoplankton biomass more than late onset or short dura-
tion of grazing events (Fig. 5a, b). Generally, late development
of epiphyton shading had less effect on overall lower phyto-
plankton development irrespective of onset and duration of
grazing periods. Overall, the main differences between results
in the CT and WWT scenarios concern the importance of
timing with a general shift of all dynamics to earlier in the
year in the WWT scenario.

Discussion
Our model results support the hypothesis that epiphyton

shading in spring can drive the collapse of submerged macro-
phytes in temperate shallow lakes when critical shading levels

Fig. 3. Scatter plots along a gradient of epiphyton shading curve mid-
points (day [D] 100–150; blue shades) in presence of a grazing event in
the control temperature scenario. (a) The 25-yr average summer biomass
of macrophytes (g dry weight [DW] m�2) against onset of the grazing
period relative to the midpoint of the shading curve. The spread of points
along the y-axis for each shading curve set reflects the influence of the
duration of the grazing period (5, 10, 15, and 20 d). (b) The same 25-yr
average summer biomass of macrophyte data against the duration of the
grazing event. The spread of points along the y-axis for each shading
curve set reflects the relative onset of the grazing period (� 10, 0, 10,
and 20 d). (c) Years until macrophytes disappear during the growth
period from the model lake in response to the relative onset of the graz-
ing period. (d) Years until macrophytes disappear during the growth
period from the model lake in response to the duration of the grazing
period.
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are surpassed. Subsequently, macrophyte restoration needs a
stark reduction of epiphyton shading to values far below the
ones at which the system tipped into the turbid state. This

leads to a hysteresis along an epiphyton shading gradient. The
timing of epiphyton shading onset is decisive in this process,
the later in the season the epiphyton shading starts, the more
shading is tolerated before submerged macrophytes collapse.
Our model results also suggest that grazing on epiphyton can
alleviate the impact of epiphyton shading and allow macro-
phyte persistence in the modeled lake even above critical
nutrient loading. As hypothesized, timing and duration of
top-down control by grazing on epiphyton influences macro-
phyte long-term persistence in the modeled shallow lake. The
earlier and the longer top-down control of epiphyton occurs,
the more beneficial it is for summer macrophyte biomass and
overall persistence of macrophytes in a lake. Warmer winters
allow an earlier onset of macrophyte growth based on temper-
ature cues. When modeling a range of onset dates of
epiphyton shading, a higher shading proportion may be toler-
ated before macrophytes collapse. Overall, WWTs did not nec-
essarily lead to lower macrophyte biomass or an earlier
collapse of the macrophyte population per se (against our
hypothesis), the interaction with timing of epiphyton shading
onset and the timing and duration of grazing on epiphyton
was more decisive in our model exercise. While our results
provide a proof-of-concept showcasing the potential influence
of epiphyton shading, future research will need to link
epiphyton development to its biotic and abiotic control fac-
tors in the model to allow capturing the interactions fully.

General epiphyton phenology
The annual process of community assembly with all major

external factors and internal interactions shaping communities,

Fig. 4. Response of submerged macrophyte biomass and resilience in
the warmer winter temperature scenario. The 25-yr average summer bio-
mass of macrophytes (g dry weight [DW] m�2) relative to (a) timing of
the grazing period, and (b) duration of the grazing event. Years until
macrophytes disappear during the growth period from the model lake
along a gradient of epiphyton shading curve midpoints (day [D] 80–110;
blue shades) in response to (c) the relative onset of the grazing period
and (d) the duration of the grazing period.

Fig. 5. The 25-yr average summer pelagic phytoplankton biomass (mg chlorophyll a [Chl a] m�3) along a gradient of epiphyton shading curve mid-
points (day [D] 100–150; blue shades) in presence of a grazing event and under the control temperature scenario relative to the (a) onset of the grazing
period and (b) duration of the grazing event.
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including the role of physical factors, grazing, and nutrient limi-
tation, has been studied and described in detail for plankton both
in freshwater (Sommer et al. 2012) and marine systems
(Ji et al. 2010 and references therein). Climate warming-induced
phenology shifts such as the earlier occurrence of diatom blooms
or peak abundances of Daphnia populations in spring (Adrian,
Wilhelm, and Gerten 2006) have frequently been shown for
lake plankton and have contributed to a general understanding
of taxon and ecosystem responses to climate warming
(De Senerpont Domis et al. 2013; Thackeray et al. 2016). In con-
trast, knowledge on epiphyton phenology is limited (Botrel
et al. 2024) and a general model equal to the Plankton Ecology
Group model (Sommer et al. 2012) is lacking. This is surprising
given the importance of epiphyton for macrophyte biomass (see
introduction), but also for lake nutrient cycling and food web
structure (Vadeboncoeur and Steinman 2002). The qualitative
pattern we suggested for epiphyton biomass development of tem-
perate lakes in spring and summer resembles phytoplankton
dynamics in eutrophic, temperate lakes with a peak biomass in
spring followed by a decline termed clear-water phase for phyto-
plankton (Sommer et al. 1986). A comprehensive comparison of
phytoplankton and epiphyton phenology, however, has not
been performed yet. Our literature data were taken from total
series with an accumulation of epiphyton on substrates over
time. Studies comparing such total epiphyton dynamics with
interval series show that the latter have a similar general qualita-
tive pattern in spring and early summer. Two-week epiphyton
can absorb up to 80% of photosynthetically active radiation
(e.g., van Dijk 1993; Roberts et al. 2003), so a complete escape of
submerged macrophyte leaves from shading by rapid growth is
not possible.

Integration of epiphyton phenology into lake
ecosystem model

Extensive and rigorous testing of many combinations of
abiotic conditions as well as onset and duration of grazing
periods on epiphyton phenology and its effects on submerged
macrophytes is not possible in experimental or observational
studies and thus requires the use of models. Epiphyton shad-
ing of macrophytes, however, is often neglected in lake eco-
system models (Sachse et al. 2014). In macrophyte growth
models such as the sagopondweed growth analysis
(Hootsmans 1994; Hidding et al. 2016) or Charisma (van Nes
et al. 2003), epiphyton shading has been included as a
predefined fraction reducing the photosynthetically active
radiation. In our adapted version of the ecosystem model
PCLake+, we model epiphyton shading and regulate it by the
choice of the Boltzmann curve parameters, which allows us to
simulate seasonal dynamics with a customizable timing,
curve, and maximum shading. While this approach allows
testing of multiple scenarios and predicting general trends, it
does not take the various strategies of different macrophyte
species to cope with shading such as photosynthetic acclima-
tion or shoot elongation into account (Hootsmans,

Santamaría, and Vermaat 1995) and it does not link
epiphyton dynamics to any abiotic or biotic drivers. However,
linking epiphyton dynamics to water temperature, nutrient
availability, and grazer dynamics is needed for allowing feed-
back loops and more realistic predictions of its influence on
the response of macrophytes and shallow lake ecosystems to
climate change. Calibration and validation of such models
requires experimental studies testing the effects of warming
on epiphyton phenology (e.g., Kazanjian et al. 2018; Hao
et al. 2020; Cheng et al. 2022) and field data on seasonal
epiphyton development in lakes, ideally as part of long-term
monitoring programs (Botrel et al. 2024). These should also
take the intricate interactions between lake morphometry into
account, in particular depth, and biotic selection and grazing
interactions determining epiphyton community composition
and occurrence (Puche et al. 2021).

Timing of epiphyton shading
Our study has focused on spring and early summer in tem-

perate lakes, when epiphyton shading phenology appears to be
important for bottom-dwelling, but also for annual tall-
growing macrophyte species with sprouts emerging from seeds
or winter storage organs (van Nes et al. 2002). In summer, tall-
growing species can partially escape epiphyton shading by con-
centrating their biomass near the better-lit water surface (Sand-
Jensen et al. 2008). Our model results primarily serving as a
proof-of-principle showcase that an earlier development of
epiphyton shading in spring leads to lower cumulative macro-
phyte biomass production and to a faster collapse of the macro-
phyte community in control as well as WWT scenarios.
Including the diversity of submerged macrophyte growth forms
and strategies to cope with reduced light availability and their
specific interactions with epiphyton communities will be valu-
able future directions of research. The same holds for the phe-
nology of epiphyton grazers. Our model results showcased that
grazing early on in the development of epiphyton shading has
the most beneficial effects for the establishment and long-term
persistence of macrophytes, both under control and WWT sce-
narios. Kazanjian et al. (2018) showed in fishless mesocosm
experiments that periphyton grazing in spring occurred earlier
in warmed treatments as compared to controls. However, for
predicting the response of shallow lake ecosystems to changes
in the environmental conditions, fully linking the phenology
of epiphyton grazers and their predators to would be needed in
lake ecosystem models. Lake restoration efforts would gain
from such modeling insights to highlight that macrophyte res-
toration in lakes may thus not only require reduced nutrient
loading, but in addition may gain from controlling the preda-
tors of epiphyton grazers.

Conclusion
Globally, loss of submerged macrophytes is a common

problem not only in lakes (Zhang et al. 2017; Botrel and
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Maranger 2023), but also in marine shallow littoral areas with,
for example, major declines in seagrasses (Orth et al. 2006).
The critical role of epiphyton phenology for submerged mac-
rophyte development shown in our study implies that shallow
lake restoration measures should not only target epiphyton
biomass but also take epiphyton phenology into account.
Changes in epiphyton phenology potentially also affect mac-
rophyte presence, productivity, and diversity of higher trophic
levels in other freshwater and marine littoral habitats of differ-
ent climate zones and thus deserve increased attention in
future monitoring, experimental studies, and modeling.
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“Epiphyton Alters the Quantity and Quality of Radiation
Captured by Leaves in Submerged Macrophytes.” Aquatic
Botany 120: 229–235. https://doi.org/10.1016/j.aquabot.
2014.07.007.

Köhler, J., J. Hachol, and S. Hilt. 2010. “Regulation of Sub-
mersed Macrophyte Biomass in a Temperate Lowland River:
Interactions between Shading by Bank Vegetation,
Epiphyton and Water Turbidity.” Aquatic Botany 92: 129–
136. https://doi.org/10.1016/j.aquabot.2009.10.018.

Madsen, J. D., and M. S. Adams. 1988. “The Germination of
Potamogeton pectinatus Tubers: Environmental Control by

Temperature and Light.” Canadian Journal of Botany 66:
2523–2526. https://doi.org/10.1139/b88-343.

Mooij, W. M., J. H. Janse, L. N. De Senerpont Domis, S.
Hülsmann, and B. W. Ibelings. 2007. “Predicting the Effect
of Climate Change on Temperate Shallow Lakes with the
Ecosystem Model PCLake.” In Shallow Lakes in a Changing
World, edited by R. D. Gulati, E. Lammens, N. De Pauw,
and E. Van Donk, 443–454. The Netherlands: Springer.

Moss, B. 1976. “The Effects of Fertilization and Fish on Com-
munity Structure and Biomass of Aquatic Macrophytes and
Epiphytic Algal Populations: An Ecosystem Experiment.”
Journal of Ecology 64: 313–342. https://doi.org/10.2307/
2258698.

Murphy, K., A. Efremov, T. A. Davidson, et al. 2019. “World
Distribution, Diversity and Endemism of Aquatic Macro-
phytes.” Aquatic Botany 158: 103127. https://doi.org/10.
1016/j.aquabot.2019.06.006.

Orth, R. J., T. J. Carruthers, W. C. Dennison, et al. 2006. “A
Global Crisis for Seagrass Ecosystems.” Bioscience 56: 987–
996. https://doi.org/10.1641/0006-3568(2006)56[987:AGCF
SE]2.0.CO;2.

Ozersky, T., and A. Camilleri. 2021. “Factors Regulating Lake
Periphyton Biomass and Nutrient Limitation Status across a
Large Trophic Gradient.” Freshwater Biology 12: 2338–2350.
https://doi.org/10.1111/fwb.13836.

Phillips, G., N. Willby, and B. Moss. 2016. “Submerged Macro-
phyte Decline in Shallow Lakes: What Have We Learnt in
the Last Forty Years?” Aquatic Botany 135: 37–45. https://
doi.org/10.1016/j.aquabot.2016.04.004.

Phillips, G. L., D. Eminson, and B. Moss. 1978. “A Mechanism
to Account for Macrophyte Decline in Progressively
Eutrophicated Freshwaters.” Aquatic Botany 4: 103–126.
https://doi.org/10.1016/0304-3770(78)90012-8.

Puche, E., M. A. Rodrigo, M. Segura, and C. Rojo. 2021. “Habi-
tat Coupling Mediated by the Multi-Interaction Network
Linked to Macrophyte Meadows: Ponds Versus Lakes.”
Aquatic Sciences 83: 55. https://doi.org/10.1007/s00027-021-
00809-4.

Puts, I. C., J. Ask, M. Myrstener, and A. Bergström. 2023.
“Contrasting Impacts of Warming and Browning on
Periphyton.” Limnology and Oceanography Letters 8: 628–
638. https://doi.org/10.1002/lol2.10317.

Randall Hughes, A., K. J. Bando, L. F. Rodriguez, and S. L.
Williams. 2004. “Relative Effects of Grazers and Nutrients
on Seagrasses: A Meta-Analysis Approach.” Marine Ecology
Progress Series 282: 87–99. https://doi.org/10.3354/
meps282087.

Roberts, E., J. Kroker, S. Körner, and A. Nicklisch. 2003. “The
Role of Periphyton during the re-Colonization of a Shallow
Lake with Submerged Macrophytes.” Hydrobiologia 506: 525–
530. https://doi.org/10.1023/B:HYDR.0000008560.73832.1c.

Sachse, R., T. Petzoldt, M. Blumstock, et al. 2014. “Extending
One-Dimensional Models for Deep Lakes to Simulate the
Impact of Submerged Macrophytes on Water Quality.”

Gsell et al. Epiphyton phenology affects macrophytes

10

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12808 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [10/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.ecolmodel.2009.07.023
https://doi.org/10.1016/j.ecolmodel.2009.07.023
https://doi.org/10.1016/0273-1223(95)00392-Z
https://doi.org/10.1016/0273-1223(95)00392-Z
https://doi.org/10.1016/j.ecolmodel.2019.01.006
https://doi.org/10.1016/j.ecolmodel.2019.01.006
https://doi.org/10.1111/fwb.13582
https://doi.org/10.1111/fwb.13582
https://doi.org/10.1093/plankt/fbq062
https://doi.org/10.1890/02-0422
https://doi.org/10.1890/02-0422
https://doi.org/10.1046/j.0022-0477.2001.00620.x
https://doi.org/10.2478/V10055-008-0007-z
https://doi.org/10.1038/s41598-018-26348-x
https://doi.org/10.1038/s41598-018-26348-x
https://doi.org/10.1016/j.aquabot.2014.07.007
https://doi.org/10.1016/j.aquabot.2014.07.007
https://doi.org/10.1016/j.aquabot.2009.10.018
https://doi.org/10.1139/b88-343
https://doi.org/10.2307/2258698
https://doi.org/10.2307/2258698
https://doi.org/10.1016/j.aquabot.2019.06.006
https://doi.org/10.1016/j.aquabot.2019.06.006
https://doi.org/10.1641/0006-3568(2006)56%5B987:AGCFSE%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56%5B987:AGCFSE%5D2.0.CO;2
https://doi.org/10.1111/fwb.13836
https://doi.org/10.1016/j.aquabot.2016.04.004
https://doi.org/10.1016/j.aquabot.2016.04.004
https://doi.org/10.1016/0304-3770(78)90012-8
https://doi.org/10.1007/s00027-021-00809-4
https://doi.org/10.1007/s00027-021-00809-4
https://doi.org/10.1002/lol2.10317
https://doi.org/10.3354/meps282087
https://doi.org/10.3354/meps282087
https://doi.org/10.1023/B:HYDR.0000008560.73832.1c


Environmental Modelling & Software 61: 410–423. https://doi.
org/10.1016/j.envsoft.2014.05.023.

Sand-Jensen, K., N. L. Pedersen, I. Thorsgaard, B. Moeslund, J.
Borum, and K. P. Brodersen. 2008. “100 Years of Vegetation
Decline and Recovery in Lake Fure, Denmark.” Journal of
Ecology 96: 260–271. https://doi.org/10.1111/j.1365-2745.
2007.01339.x.

Sand-Jensen, K., and M. Søndergaard. 1981. “Phytoplankton
and Epiphyte Development and Their Shading Effect on
Submerged Macrophytes in Lakes of Different Nutrient
Status.” International Review of Hydrobiology 66: 529–552.
https://doi.org/10.1002/iroh.19810660406.

Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker.
2001. “Catastrophic Shifts in Ecosystems.” Nature 413: 591–
596. https://doi.org/10.1038/35098000.

Scheffer, M., S. H. Hosper, M. L. Meijer, B. Moss, and E.
Jeppesen. 1993. “Alternative Equilibria in Shallow Lakes.”
Trends in Ecology & Evolution 8: 275–279. https://doi.org/10.
1016/0169-5347(93)90254-.

Scheffer, M., S. Rinaldi, A. Gragnani, L. R. Mur, and E. H.
Van Nes. 1997. “On the Dominance of Filamentous
Cyanobacteria in Shallow, Turbid Lakes.” Ecology 78:
272–282. https://doi.org/10.1890/0012-9658(1997)078[0272:
OTDOFC]2.0.CO;2.

Scheffer, M., and E. H. Van Nes. 2007. “Shallow Lakes Theory
Revisited: Various Alternative Regimes Driven by Climate,
Nutrients, Depth and Lake Size.” Hydrobiologia 584: 455–
466. https://doi.org/10.1007/s10750-007-0616-7.

Sommer, U., R. Adrian, L. De Senerpont Domis, et al. 2012.
“Beyond the Plankton Ecology Group (PEG) Model: Mecha-
nisms Driving Plankton Succession.” Annual Review of Ecol-
ogy, Evolution, and Systematics 43: 429–448. https://doi.org/
10.1146/annurev-ecolsys-110411-160251.

Sommer, U., Z. M. Gliwicz, W. Lampert, and A. Duncan. 1986.
“The PEG-Model of Seasonal Succession of Planktonic Events
in Fresh Waters.” Archiv für Hydrobiologie 106: 433–471.
https://doi.org/10.1127/archiv-hydrobiol/106/1986/433.

Thackeray, S. J., P. A. Henrys, D. Hemming, et al. 2016. “Phe-
nological Sensitivity to Climate across Taxa and Trophic
Levels.” Nature 535: 241–245. https://doi.org/10.1038/
nature18608.

T�oth, V. R. 2013. “The Effect of Periphyton on the Light Envi-
ronment and Production of Potamogeton perfoliatus L. in the
Mesotrophic Basin of Lake Balaton.” Aquatic Sciences 75:
523–534. https://doi.org/10.1007/s00027-013-0297-4.

Vadeboncoeur, Y., and M. E. Power. 2017. “Attached Algae:
The Cryptic Base of Inverted Trophic Pyramids in

Freshwaters.” Annual Review of Ecology, Evolution, and Sys-
tematics 48: 255–279. https://doi.org/10.1146/annurev-
ecolsys-121415-032340.

Vadeboncoeur, Y., and A. D. Steinman. 2002. “Periphyton
Function in Lake Ecosystems.” Scientific World Journal 2:
1449–1468. https://doi.org/10.1100/tsw.2002.294.

van Dijk, G. M. 1993. “Dynamics and Attenuation Charac-
teristics of Periphyton upon Artificial Substratum under
Various Light Conditions and Some Additional Observa-
tions on Periphyton upon Potamogeton pectinatus L.”
Hydrobiologia 252: 143–161. https://doi.org/10.1007/
BF00008152.

van Nes, E. H., M. Scheffer, M. S. van den Berg, and H. Coops.
2002. “Dominance of Charophytes in Eutrophic Shallow
Lakes—When Should We Expect It to be an Alternative Sta-
ble State?” Aquatic Botany 72: 275–296. https://doi.org/10.
1016/S0304-3770(01)00206-6.

van Nes, E. H., M. Scheffer, M. S. van den Berg, and H. Coops.
2003. “Charisma: A Spatial Explicit Simulation Model of
Submerged Macrophytes.” Ecological Modelling 159: 103–
116. https://doi.org/10.1016/S0304-3800(02)00275-2.

Van Wijk, R. J. 1989. “Ecological Studies on Potamogeton pecti-
natus L. III. Reproductive Strategies and Germination Ecol-
ogy.” Aquatic Botany 33: 271–299. https://doi.org/10.1016/
0304-3770(89)90042-9.

Verpoorter, C., T. Kutser, D. A. Seekell, and L. J. Tranvik. 2014.
“A Global Inventory of Lakes Based on High-Resolution Sat-
ellite Imagery.” Geophysical Research Letters 41: 6396–6402.
https://doi.org/10.1002/2014GL060641.

Wijewardene, L., N. Wu, N. Fohrer, and T. Riis. 2022. “Epi-
phytic Biofilms in Freshwater and Interactions with Macro-
phytes: Current Understanding and Future Directions.”
Aquatic Botany 176: 103467. https://doi.org/10.1016/j.
aquabot.2021.103467.

Zhang, Y., E. Jeppesen, X. Liu, et al. 2017. “Global Loss of
Aquatic Vegetation in Lakes.” Earth-Science Reviews 173:
259–265. https://doi.org/10.1016/j.earscirev.2017.08.013.

Supporting Information
Additional Supporting Information may be found in the

online version of this article.

Submitted 20 March 2024

Revised 04 November 2024

Accepted 12 January 2025

Gsell et al. Epiphyton phenology affects macrophytes

11

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12808 by N

anjing Institution O
f G

eo, W
iley O

nline L
ibrary on [10/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.envsoft.2014.05.023
https://doi.org/10.1016/j.envsoft.2014.05.023
https://doi.org/10.1111/j.1365-2745.2007.01339.x
https://doi.org/10.1111/j.1365-2745.2007.01339.x
https://doi.org/10.1002/iroh.19810660406
https://doi.org/10.1038/35098000
https://doi.org/10.1016/0169-5347(93)90254-
https://doi.org/10.1016/0169-5347(93)90254-
https://doi.org/10.1890/0012-9658(1997)078%5B0272:OTDOFC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078%5B0272:OTDOFC%5D2.0.CO;2
https://doi.org/10.1007/s10750-007-0616-7
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1127/archiv-hydrobiol/106/1986/433
https://doi.org/10.1038/nature18608
https://doi.org/10.1038/nature18608
https://doi.org/10.1007/s00027-013-0297-4
https://doi.org/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1146/annurev-ecolsys-121415-032340
https://doi.org/10.1100/tsw.2002.294
https://doi.org/10.1007/BF00008152
https://doi.org/10.1007/BF00008152
https://doi.org/10.1016/S0304-3770(01)00206-6
https://doi.org/10.1016/S0304-3770(01)00206-6
https://doi.org/10.1016/S0304-3800(02)00275-2
https://doi.org/10.1016/0304-3770(89)90042-9
https://doi.org/10.1016/0304-3770(89)90042-9
https://doi.org/10.1002/2014GL060641
https://doi.org/10.1016/j.aquabot.2021.103467
https://doi.org/10.1016/j.aquabot.2021.103467
https://doi.org/10.1016/j.earscirev.2017.08.013

	 Epiphyton phenology determines the persistence of submerged macrophytes: Exemplified in temperate shallow lakes
	Abstract
	Materials and methods
	Field data of epiphyton biomass dynamics in temperate lakes and ponds
	Adaptation of lake ecosystem model PCLake+ to include epiphyton shading
	Model scenarios

	Results
	Field data on epiphyton phenology in temperate shallow lakes
	Model adaptation captures effects of epiphyton shading as a regime shift driver
	Effects of timing of epiphyton shading onset on epiphyton shading threshold
	Interactive effect of timing and length of epiphyton grazing on macrophytes

	Discussion
	General epiphyton phenology
	Integration of epiphyton phenology into lake ecosystem model
	Timing of epiphyton shading

	Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	References
	Supporting Information


