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Abstract A combination of ﬁeld observations and 3-D hydrodynamic simulations were used to identify
the phytoplankton species and to estimate the various time scales of the dominant physical and biological
processes in Lake Iseo, a deep subalpine lake located in northern Italy, during a stratiﬁed period (July 2010).
By ordering the rate processes time scales, we derive a phytoplankton patch categorization and growth
interpretation that provides a general framework for the spatial distribution of phytoplankton concentration
in Lake Iseo and illuminates the characteristics of their ecological niches. The results show that the diurnal
surface layer was well mixed, received strong diurnal radiation, had low phosphorus concentrations and the
phytoplankton biomass was sustained by the green alga Sphaerocystis schroeterii. The vertical mixing time
scales were much shorter than horizontal mixing time scales causing a depth-uniform chlorophyll a concentration. The horizontal patch scale was determined by horizontal dispersion balancing the phytoplankton
growth time scale, dictating the success of the observed green algae. The strongly stratiﬁed nutrient-rich
metalimnion had mild light conditions and Diatoma elongatum and Planktothrix rubescens made up the
largest proportions of the total phytoplankton biomass at the intermediate and deeper metalimnetic layers.
The vertical transport time scales were much shorter than horizontal transport and vertical dispersion leading to growth niche for the observed phytoplankton. The study showed that time-scale hierarchy mandates
the essential phytoplankton attributes or traits for success in a particular section of the water column and/
or water body.

1. Introduction
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The horizontal and vertical spatial variability of phytoplankton concentrations and their temporal succession
have long been recognized as being of central ecological importance in the management of aquatic systems [e.g., Denman and Gargett, 1983; Machado et al., 2014; Vidal et al., 2014]. It is known that both the
scales of the phytoplankton patches and the phytoplankton species succession are inﬂuenced by the time
scales of the physical mixing processes at both the patch scale and the phytoplankton cell scales [e.g.,
Kierstead and Slobodkin, 1953; Durham et al., 2013; Machado et al., 2014]. The motion in the water column of
a stratiﬁed lake experiences a great range of scales, all inﬂuencing the physical aspects of the phytoplankton
habitat. The surface wind stress, the surface buoyancy ﬂuxes, and the river inﬂows and outﬂows all act to
disturb the stratiﬁed water column in the lake, inducing turbulence in the surface layer and generating a
spectrum of internal waves, and so transferring the rate of working of these external forces to potential and
kinetic energy of the internal waves. This store of potential and kinetic energy is then slowly released over
the whole water column, at different scales, typically over days or weeks [Saggio and Imberger, 1998]. By
supporting a spectrum of basin-scale internal waves, the stratiﬁcation can accumulate and store the intermittent rate of external working introduced at the boundaries of the lake, then release it to the water column over a range of scales from the basin scale to the turbulent dissipation scale. In this way, the
stratiﬁcation of the water column plays a critical role for the phytoplankton population in a lake. Nutrients
are recycled through the benthic boundary layer [Nishri et al., 2000; Marti and Imberger, 2006], shear driven
instabilities in the metalimnion control phytoplankton resuspension [McCabe and Cyr, 2006], the heaving of
the thermocline and the surface wave activity control the light climate in the biologically active surface layer
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and metalimnion [Evans et al., 2008; Hingsamer et al., 2014] and the turbulence induced by wind directly at
the water surface all inﬂuence phytoplankton succession [George and Heaney, 1978; Cuypers et al., 2011;
Machado et al., 2014].
Machado et al. [2014] recently showed that patch scales and the biomass concentration of a phytoplankton
bloom depend on the time scales of the vertical and horizontal mixing processes because within a patch an
equilibrium state is reached between the biological growth rate and horizontal dispersion, as ﬁrst hypothesized by Kierstead and Slobodkin [1953]. On the other hand, Durham et al. [2013] recently showed that phytoplankton succession is strongly dependent on water temperature, salinity, light availability, and nutrient
levels at the cell scale, all being controlled in turn by the turbulence intensity. Machado et al. [2014] showed
this control at the cell scale to be dependent on the ratio of the phytoplankton cell scale to the turbulent
Batchelor length microscale, the length scale at which the rate of strain of the scalar concentration is balanced by molecular diffusion. If the cells are longer than the micro Batchelor nutrient scales, then they will
experience nutrient maxima.
It is thus logical to ask whether the time scales imposed by the physical habitat control the selection of successful phytoplankton groups as well as of the patch characteristics in a stratiﬁed lake, and this is the objective of the present contribution. Imberger [1977] showed that the time-scale hierarchy of the rates of
transport and mixing compared to the biological growth rates determines phytoplankton survival in lakes
and reservoirs. Similar reasoning applies to the upper ocean [e.g., Denman and Gargett, 1983; Denman and
Powell, 1984], to estuaries [e.g., Atkinson et al., 1987; Koseff et al., 1993; Silva et al., 2014] and to coral reefs
[Hatcher et al., 1987], all pointing to the importance of physical time scales in determining/inﬂuencing the
distribution of chemical and biological kinetics. The order of the time scales provides a framework for the
interdependence of the interplay of the physical and biological processes.
The primary production in Lake Iseo, Italy, as in most lakes around the world, has seen a progressive
increase due to increasing nutrient and organic matter loadings from the catchment [Garibaldi et al., 1999;
Schindler et al., 2012; Michalak et al., 2013]. The increased primary production is leading to increased turbidity in the surface water, which in turn is adding to the water column stability, augmenting the stability
increase due to global warming [Verburg and Hecky, 2009; Gallina et al., 2013; Valerio et al., 2015]. The implications of these changes are twofold. First, the water column stability increase is decreasing the frequency
of lake overturn, reducing the thickness of the surface layer and thus reducing the living space for the resident fauna and ﬂora. Second, the increased biological oxygen demand, triggered by the increased particulate ﬂux into the hypolimnion, is causing a reduction of dissolved oxygen in the hypolimnion. Together,
these two effects expose the lake’s fauna and ﬂora to the danger of total annihilation if a rapid overturn
should occur during an exceptionally cold winter, simply because the increasing volume of the anoxic hypolimnion would overwhelm the small surface volume when mixing occurs [Kling et al., 1987; Blenckner et al.,
2007; Boehrer and Schultze, 2008]. The water column stability of a lake, and thus the energy ﬂux path, may
be controlled with impellers [e.g., Morillo et al., 2009] and/or bubblers [e.g., McDougall, 1978] and so an
understanding of how the physical habitat inﬂuences phytoplankton behavior is critical to the ecological
management of deep lakes in the face of global warming and increased nutrient loading.
In this study, we present a combination of ﬁeld observations and 3-D hydrodynamic simulations to identify
the phytoplankton species and to estimate the various time scales of the dominant physical and biological
processes in Lake Iseo during a period when the water column was stratiﬁed (July 2010). By ordering the
rate time scales in a hierarchy, following that of Imberger et al. [1983], we derive a phytoplankton patch categorization and growth interpretation. This, in turn, allows the development of a general framework for the
spatial distribution of phytoplankton concentration in Lake Iseo at the time of the ﬁeld observations.

2. Methods
2.1. Physical and Biological Processes Time Scales
To understand the interplay of the physical and biological processes, a scaling analysis [e.g., Imberger et al.,
1983; Hatcher et al., 1987; Koseff et al., 1993] was performed to identify the important nondimensional
parameters controlling the phytoplankton groups and their distribution in Lake Iseo and so establish a general procedure for the categorization of the phytoplankton occurrences in stratiﬁed lakes in general.
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Here we introduce terminology, deﬁnitions, and procedures used throughout the text to estimate the time
scales of transport and mixing processes and phytoplankton growth, which place them in a single comparable currency. The subscripts SL, M, VM, HM, VT, HT, and I denote surface layer, metalimnion, vertical mixing,
horizontal mixing, vertical transport, horizontal transport, and inﬂow, respectively. The time scale for vertical
mixing in the vertically homogeneous, surface layer, TSL;VM, is given by [Imberger, 1985]:
TSL;VM 5

h
;
u

(1)

where h is the depth of the diurnal surface layer and u* is the wind induced water surface shear velocity calculated from u 5ðCd qa =q0 Þ1=2 U, where Cd 5 1.3 3 1023, is the assumed neutral water surface drag coefﬁcient, qa 5 1.2 kg m23, is the air density, q0 5 1 3 103 kg m23, is the reference density for water and U is
the wind speed at 10 m above the water surface. The time scale, TSL;HM , for horizontal mixing in the surface
layer of a patch with a characteristic length scale of size, L, [Fischer et al., 1979] may be expressed by:
TSL;HM 

L2
jSL;HM

(2)

where jSL;HM  u h is the horizontal dispersion coefﬁcient in the surface layer. The time scale for vertical
transport in the metalimnion, TM;VT, [Cuypers et al., 2011; Valerio et al., 2012] is given by the period of the
basin-scale internal wave modes induced by the wind and the time scale for the horizontal transport in the
metalimnion can be expressed as TM;HT  uL , [Marti and Imberger, 2008], where u is the velocity scale
induced by the internal mode in the metalimnion. The time scale for vertical mixing in the metalimnion,
TM;VM, [Eckert et al., 2002; Yeates et al., 2013] may be calculated from,
TM;VM 

h2M
jM;VM

(3)

where hM is the metalimnion thickness scale [Imberger, 2013] and jM;VM is the vertical diffusion coefﬁcient in
the metalimnion. The time scale for horizontal mixing in the metalimnion, TM;HM, [Eckert et al., 2002] is given by
TM;HM 

L2
jM;HM

(4)

where jM;HM is the horizontal dispersion coefﬁcient in the metalimnion. The time scale for inﬂow horizontal
transport, TI;HT, is controlled by the advective processes [Hogg et al., 2013]. Finally, sSL and sM are the growth
time scales of dominant phytoplankton species in the surface layer and metalimnion, respectively, calculated as the reciprocal of phytoplankton speciﬁc growth rate [Harris and Trimbee, 1986; Reynolds, 2006].
These time scales were estimated based on ﬁeld measurements and 3-D hydrodynamic simulations. As
Imberger [1977] established, different systems may be classiﬁed into different ﬂow regimes according to the
time-scale ordering of the dominant processes. In terms of the processes of interest, i.e., advection, diffusion, and growth, we deﬁne a ﬂow as ‘‘frozen’’ when the transport has the shortest time scale and the phytoplankton are simply advected by the water body, faster than they can grow or diffuse; as ‘‘diffusive’’ when
mixing has the shortest time scale and any growth or patch distortion is immediately smoothed out by mixing faster than patches can form; and as ‘‘reactive’’ or ‘‘equilibrium’’ when growth has the shortest time scale
[Imberger et al., 1983].
2.2. Study Site
Lake Iseo is a deep, subalpine, reverse-L-shaped lake, located in northern Italy (Figure 1). It is the ﬁfth largest
Italian lake in terms of volume, with a volume of 7.6 km3, a surface area of 61.8 km2, a maximum depth of
256 m, and a mean depth of 123 m. The major inﬂows into Lake Iseo are the Oglio River and the Industrial
Canal at the northern end; the major outﬂow is the Oglio River at the southwestern end. The lake is narrow,
with steep sides and a thalweg that is oriented approximately north-south. Monte Isola island, located
in the central part of the lake, is the largest (surface area 4 km2) and highest (peak elevation 420 m
above the lake water surface) lacustrine island in Europe. The wind ﬁeld, over the lake, is strongly inﬂuenced
by the surrounding topography varying greatly spatially. This spatial variability is, in turn, imposed on the
internal wave ﬁeld within the lake [Valerio et al., 2012; Vilhena et al., 2013]. During summer 2010, the basinscale internal wave modes, the surface manifestations of which most closely matched the wind spatial and
temporal variability were excited most strongly. This match was predominantly with the 24.5 h fundamental-
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mode V1H1 Kelvin wave rotating
cyclonically around the basin. The
higher vertical modes (V2H1) and
locally higher horizontal modes
(V1H5—a Poincare-like wave
trapped by Monte Isola) were also
excited, but to a lesser extent
[Valerio et al., 2012]. Lake Iseo seasonally exhibits concentrations
of cyanobacteria (mostly Planktothrix rubescens), green algae
(mainly Sphaerocystis schroeteri),
Conjugato-phyceae
(mostly
Mougeotia spp.), and diatoms
(mainly Fragilaria sp. and Diatoma elongatum) [Garibaldi
et al., 2003; Salmaso et al., 2003;
Leoni et al., 2014a]. Since the
end of the 1980s, the deep
layers of the lake have become
deoxygenated and only two
complete lake overturns have
been observed in the last 20
years [Leoni et al., 2014a].

Figure 1. Location and bathymetry of Lake Iseo. The contour interval is 10 m. The circle
and diamond indicate the locations of the Lake Diagnostic System (LDS) and the Thermistor Chain (TC), respectively, the squares indicate the location of the wind stations (WS) and
the triangles the location of the river loggers (RL). Stars indicate the location of the water
sampling sites (S1–S7) on 17 July 2010 and dots the location of the Multiple Scale Proﬁler
(MSP) proﬁles on 15 July (P1–P13) and 17 July 2010 (P14–22), respectively.

2.3. Field Measurements
We used ﬁeld data collected in
Lake Iseo between 13 and 27
July 2010. A Lake Diagnostic
System (LDS), a thermistor chain
(TC), four wind stations (WS),
and three river loggers (RL)
were deployed and water sampling (S) was conducted as part
of the experiment at locations
shown in Figure 1. Water column proﬁles were taken with
the boat-mounted, free-falling
Multiple Scale Proﬁler (MSP).

2.3.1. Lake Diagnostic System (LDS)
The thermal structure in the northern part of the lake was continuously monitored, commencing in December 2009 with a LDS [Imberger, 1994] (Figure 1) consisting of a fast response, high precision, thermistor
chain with 21 underwater sensors measuring water temperature at different depths, from 0.25 to 49.75 m
below the surface. The LDS was also equipped with a full meteorological station, allowing simultaneous
measurements of air temperature, relative humidity, wind speed, wind direction, incoming short wave radiation, and net total radiation, all 2.5 m above the water surface. The LDS sampling interval was set to 10 s.
2.3.2. Thermistor Chain (TC)
A thermistor chain with 18 underwater sensors, similar to those on the LDS, measuring water temperature
at different depths between 1 m and 33 m below the surface, was installed in the southern part of the lake
(Figure 1) to record the water temperature during the duration of the ﬁeld experiment; the sampling interval was set to 10 s.
2.3.3. Wind Stations (WS)
Four wind stations were deployed around the lake shore during the experiment period to augment three
existing land wind stations operated by government agencies (Figure 1). The stations used sampling intervals ranging between 30 s and 1 h.
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2.3.4. Multiscale Profiler (MSP)
The MSP is a free-falling water-column proﬁler, based on the CWR F-probe [Fozdar et al., 1985; Imberger,
1994] and equipped with pressure, temperature, conductivity, pH, dissolved oxygen (DO), and photosynthetically active radiation (PAR) sensors. Also attached were a C6 Multi-Sensor PlatformTM with six Cyclops7TM submersible sensors (temperature, chlorophyll a, phycocyanin, phycoerythrin, Rhodamine dye, turbidity
and colored dissolved organic matter) and a microstructure probe with pressure and fast temperature sensors. The MSP was deployed in free-fall mode with a fall velocity of about 0.15 m s21. A detailed description
of the MSP is given in Hogg et al. [2013]. The MSP was used opportunistically over the experiment period,
along longitudinal and cross transects, to investigate the spatial distribution of the above variables and their
time variability (Figure 1). The GPS location of each proﬁle was logged as part of the proﬁle data ﬁle.
2.3.5. River Loggers (RL)
River loggers were installed at the two main inﬂows (Oglio River and Industrial Canal) and at the lake outlet
(Oglio River) and set to sample at 5 min intervals (Figure 1). The logger in the Oglio River was installed on
23 June 2010 at a weir upstream from the river mouth, and was set to measure water level, temperature,
and conductivity; the ﬂow discharge was calculated using a simple rating curve obtained from the weir
operating authority [Hogg et al., 2013]. A similar logger, with only a temperature sensor, was installed in the
Industrial Canal on 18 June 2010; the conductivity was measured manually on three occasions during the
ﬁeld experiment and the ﬂow discharge was available from the hydropower plant that controls the ﬂow in
the Industrial Canal. A full logger (water level, temperature and conductivity) was also installed at the lake’s
outlet for the duration of the ﬁeld experiment. The Oglio River outﬂow rating curve was obtained from the
Consorzio dell’Oglio.
2.3.6. Water Samples (S)
Nutrient concentrations, phytoplankton identiﬁcation, and cell counts were obtained with water samples
collected using a Van Dorn bottle on 17 July 2010 at the surface (0–1 m depth) and depths of 9–13 m and
15–19 m, at seven sites along the longitudinal axis of the lake (Figure 1). The sampling depths were varied
slightly to correspond to the depths of peak chlorophyll a concentrations as recorded with the MSP. Two
water samples were also collected in the Oglio and Industrial Canal inﬂows. For each water sample collected, a portion of the water sample (500 mL) was ﬁxed with acetic Lugol’s solution immediately after collection for laboratory phytoplankton counting and identiﬁcation. The remaining water was stored in ice
boxes for subsequent laboratory analysis of nutrients, including total phosphorus (TP), total nitrogen (TN),
nitrate (NO3), ammonium (NH4), reactive phosphorus (PO4), silica (SiO2), and chlorophyll a. The nutrient analytical procedures followed standard methods [APHA et al., 1995] described in detail by Garibaldi et al.
[2003]. Phytoplankton analysis was carried out on preserved subsamples and algal cells were counted on
Zeiss Axiovert 135 and IM35 inverted microscopes. At least 200 individuals of the most abundant species
were counted, with a counting error of <15% [Lund et al., 1958]. Mean algal cell volumes for each species
were estimated using the approximation of cell morphology to regular geometric shapes [Rott et al., 2007].
Identiﬁcation of species and deﬁnition of taxonomic orders followed the more recent monographs of the
series S€
ußwasserﬂora von Mitteleuropa and speciﬁc manuals of the series Das Phytoplankton des
S€
ußwassers (see Leoni et al. [2014b]).
2.3.7. Satellite Observations of Chlorophyll a
A set of 10 Medium-Resolution Imaging Spectrometer Full Resolution (MERIS FR) images of chlorophyll a
with a pixel size of 300 m 3 300 m, obtained from the European Space Agency (ESA), were used to gain
lake-wide surface variation of chlorophyll a distribution during July 2010. Each of the images was captured
around 10:00 h local time every 2–3 days. The satellite chlorophyll a data were acquired through the
Satellite-based Information System on Coastal Areas and Lakes (SISCAL) service. Chlorophyll a concentrations were determined or measured by three techniques, with the MSP proﬁler via spectral response, by laboratory analysis of water samples and from satellite images. Figure 2 compares results by the three
techniques.
2.4. Hydrodynamic Modeling
The Centre for Water Research hydrostatic version of the 3-D hydrodynamic Estuary, Lake, and Coastal
Ocean Model (ELCOM) was used to quantify the time scales for the horizontal transport and mixing processes, TSL;HM, TM;VM, TM;HM, TM;HT, and TI;HT, as these could not be estimated directly from ﬁeld measurements.
ELCOM is the most widely used and cited hydrodynamic model worldwide [Trolle et al., 2012] and has been
successfully applied in numerous lakes and reservoirs [e.g., Marti and Imberger, 2008; Morillo et al., 2009;
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Marti et al., 2011], including Lake Iseo
[Vilhena et al., 2013; Pilotti et al.,
2014b]. The governing equations and
numerical schemes of ELCOM are
described in detail in Hodges et al.
[2000] and Laval et al. [2003].
The bathymetry of Lake Iseo was discretized using a uniform 80 m 3 80 m
horizontal grid. The vertical cell size
ranged from 0.5 m for the upper 20 m,
gradually expanding to 25 m for deep
water. The simulations were performed
for a period of 15 days, starting on 12
July, 00:00 h, with a time step of 30 s.
They were initialized as a cold start
with zero velocity at each grid cell and
an initial water temperature distribuFigure 2. Comparison of different methods of measuring chlorophyll a concentration obtained by interpolating, both
tions: satellite-derived, determined in situ with the Multiple Scale Proﬁler (MSP)
via spectral response (stations P14–P22 in Figure 1) and determined from laboravertically and horizontally, the meastory analysis (water sampling sites S1, S3, and S6 in Figure 1) on 17 July 2010.
ured water temperature from the LDS
(top) Water sampling and MSP station locations are indicated as arrows. The zero
on the x axis is the location of station P14 shown in Figure 1.
and TC onto the numerical grid on 12
July at 00:00 h. A horizontally homogenous salinity ﬁeld was used with an initial vertical structure obtained from a MSP salinity proﬁle collected at
the center of the lake on 15 July 2010. The atmospheric data (air temperature, relative humidity, shortwave
radiation, and net total radiation), collected with the LDS and assumed uniform over the free surface of the
model domain, were used to force ELCOM. The wind ﬁeld was constructed, using a bilinear interpolation of
measured wind data from the eight wind stations. A detailed explanation of the wind ﬁeld construction
may be found in Valerio et al. [2012]. The inﬂows from the Oglio River and the Industrial Canal and outﬂows
from the Oglio River were used for the simulations [Vilhena et al., 2013]; the inﬂow temperatures, recorded
by the river loggers, were used at the inﬂow boundary conditions. The Oglio River inﬂow salinity was
obtained from the river logger (Figure 1) and the Industrial Canal inﬂow salinity was obtained from linear
interpolation of spot measurements [Hogg et al., 2013].
Conservative numerical tracers were used in the model to assess the rate of horizontal dispersion centered
at the seven water samples locations (see Figure 1). Each tracer was initially released at a concentration of
unity, in grid cells at 2 m depth and 14 m depth in one model grid column, with a unique tracer at each
location, producing instantaneous releases of equal loads of 10 tracers. Horizontal dispersion rates were
derived following Okubo [1971] and Lawrence et al. [1995] using the horizontal area containing 90% of the
tracer mass at time t. In addition, conservative tracers were continuously released with the inﬂows at a constant concentration of one. The rate of vertical turbulent diffusion during the time of the experiment was
obtained by introducing two separate tracers, one as a lake-wide sheet, one cell thick, at 2 m in the surface
layer and one in the metalimnion at 14 m depth, close to the 17 C isotherm on 13 July. The surface tracer
was mixed down to a depth of about 7 m in 48 h, implying an average net vertical diffusion coefﬁcient of
around 2.8 3 1024 m2 s21.

3. Results
3.1. Observed and Simulated Thermal Structure and Response to the Wind Forcing
Wind forcing as measured at the LDS, and lake thermal structure measured at the LDS and TC locations, are
shown in Figure 3. During the ﬁeld experiment period, the wind exhibited a pronounced daily periodicity,
characterized by northerly winds along the thalweg during the night and southerly winds during the afternoon (Figures 3a and 3b). During the ﬁeld experiment period, two storm events were recorded at the LDS,
the ﬁrst during the early morning hours on 18 July with wind speeds reaching 14 m s21 and the second
between 23 and 24 July with northerly wind speeds reaching 10 m s21 (Figures 3a and 3b). As seen in
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Figure 3. (a) Wind speed and (b) wind direction recorded by the Lake Diagnostic System (LDS); (c) water temperature recorded by LDS; (d) water temperature modeled by ELCOM at the
LDS; (e) water temperature recorded by the Thermistor Chain (TC); and (f) water temperature modeled by ELCOM at the TC. The shaded areas in Figure 3a indicate the times of the Multiple Scale Proﬁler (MSP) proﬁles (P) on 15 and 17 July 2010 and water sampling (S) on 17 July 2010. In Figures 3c–3f, the bottom isotherm is 78C and the contour interval is 18C. The thick
white line in Figure 3c indicates the depth of the diurnal mixed layer.
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Figure 4. A time series of surface chlorophyll a concentrations in Lake Iseo in July 2010: (a–e, g, i, and k–m) satellite-derived and (f, h, and j) in situ Multiple Scale Proﬁler (MSP) proﬁles
average of the surface 1 m. The location of the LDS and TC is shown in all plots. The location of the MSP proﬁles is shown in Figures 4f, 4h, and 4j.

Figures 3c and 3e, on average the water column exhibited a strong and relatively constant thermal stratiﬁcation, with a warm (268C) surface mixed layer separated from the cold hypolimnion (6.58C) by a sharp
metalimnion, 10 m thick. The surface water was generally slightly warmer at station TC (Figure 3e) in the
southern basin compared to the surface water temperature at the LDS (Figure 3c), in the central and north
basins.
The thermocline displacement revealed a pronounced 24.5 h periodicity (Figures 3c and 3e), associated
with a V1H1 Kelvin wave rotating cyclonically around the basin [Valerio et al., 2012]; the thermocline displacement recorded at the southern station, TC, was phase shifted by 180 relative to the displacements
recorded by the LDS. The storm event on 18 July, induced a large depression of the metalimnion of about
15 m at TC and signiﬁcant upwelling at the LDS, followed by a ca. 7.5 m downdraft. The closing of the metalimnion on 25 July followed by opening on 26 July at TC, with the opposite occurring at the LDS was identiﬁed by Valerio et al. [2012] as a result of the excitation of the higher vertical modes (V2H1) by the second
storm event on 23 and 24 July.
The results from the ELCOM simulations were compared with the temperature records from the LDS and TC
for the duration of the ﬁeld experiment and are shown in Figures 3c–3f. The lake stratiﬁcation and the
phase and amplitude of isotherm displacements associated with the basin-scale interval waves were well
reproduced by the model, including the wave response that followed the storm events of 18 July and 23–
24 July, respectively. The main difference between the model and the ﬁeld measurements was observed at
LDS surface layer; the model consistently overmixed the top 5 m. The root mean square error (RMSE), a
measure of the discrepancy between observations and simulations, calculated for the time series of depth
of individual isotherms in Figures 3c–3f covering the simulation period was 0.89 m and 0.61 m at the LDS
and TC respectively, providing conﬁdence that the model results could be used for the estimation of the
characteristic time scales required to establish the indicated time-scale hierarchy.
3.2. Observed Chlorophyll a, Dissolved Oxygen, pH, Nutrients, and Phytoplankton Distribution Patterns
The spatial and temporal distributions of the surface chlorophyll a concentration during the month of July
obtained from the satellite images are shown in Figure 4. The concentration is seen to vary between 2.5
and 6.5 mg L21 over space and time. For comparison, the chlorophyll a concentration derived from the MSP
proﬁler (in situ ﬂuorescence) averaged over the top 1 m is also included in Figure 4.

MARTI ET AL.

PHYTOPLANKTON ASSEMBLAGES IN LAKE ISEO

1769

Water Resources Research

10.1002/2015WR017555

Figure 5. (a) Chlorophyll a concentration contours measured with the MSP (in situ ﬂuorescence) along the south-north (transect) axis of
the lake (see Figure 1, P1–P13) between 9:51 am and 6:04 pm on 15 July. (top) Proﬁle station locations are indicated as arrows. Sampling
times are indicated for all stations. Temperature contours are superimposed and shown as solid lines. The bottom isotherm is 88C and the
contour interval is 18C. (b) Same as Figure 5a, but for dissolved oxygen. (c) Same as Figure 5a, but for pH. Black-dashed lines in Figure 5a
mark the 1% and 0.1% of surface incident light derived from PAR measurements. The zero on the x axis is the location of station P1 shown
in Figure 1.

A longitudinal MSP transect of vertical chlorophyll a, DO, and pH proﬁles measured along the south-north
(transect) axis of the lake (see Figure 1) between 9:51 am and 5:52 pm on 15 July is shown in Figure 5
together with temperature contours. In the surface layer, chlorophyll a concentrations varied between 5
and 6 mg L21. Chlorophyll a concentrations reached maximum concentrations ranging from 12 mg L21 at
Site 13 to 24.5 mg L21 at Site 6 in the metalimnion, indicating the existence of a pronounced deep chlorophyll maximum. The thickness and depth of the chlorophyll layer decreased from south to north; the depth
of the chlorophyll maximum occurred at that corresponding to the 178C isotherm (z17 C ) at most stations
and sampling dates (Figures 5a and 6a). The close correlation between the upper and lower boundaries of
the chlorophyll a patch and the depth of the 21 C (z21 C ) and 12  C (z12 C ) isotherms, respectively, is evident
in Figure 6b where chlorophyll a is plotted against the depth, normalized with respect to the thermal structure. Together these results indicate that the chlorophyll a concentration in the metalimnion is simply
advected vertically up and down by the basin-scale internal wave seiching on time scales of a day or so.
The corresponding DO concentrations and pH, shown in Figures 5b and 5c mirror the chlorophyll a behavior. Maximum DO and pH values (around 14 mg L21 and 9.4, respectively) were measured in correspondence with high concentration of chlorophyll a.
Mean concentrations of nutrients and chlorophyll a obtained from the water samples collected along the
south-north transect (Figure 1) between 10:50 am and 4:45 pm on 17 July are shown in Table 1. The nutrient
concentrations varied widely in Lake Iseo between different depths, but only slightly horizontally between
sampling sites. Inorganic N and its different forms increased progressively with depth while organic N, SiO2,
and PO4 and TP showed maximum concentrations at depths of 9–13 m (the depth of 17 C isotherm). This
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Figure 6. (a) Correlation between the depths of peak chlorophyll a concentration and the depths of the 178C isotherm for the proﬁling
data measured on 15 July 2010, and (b) normalized concentration of chlorophyll a against normalized depth.

pattern was also observed by Leoni et al. [2014b] using a Generalized Linear Model. Similarly, the total phytoplankton biomass and the taxa varied over depth, with less variation observed between the sampling
sites along corresponding isotherms (see also Leoni et al. [2014b] and Figure 7).
Four taxa, Diatoma elongatum, Planktothrix rubescens, Mougeotia sp., and Sphaerocystis schroeteri accounted
for more than 90% of the total biovolume of the identiﬁed taxa. Phytoplankton biomass peaked at all sampling sites at the depth of the 17 C isotherm (Figures 5a and 7a). In the surface layer, phytoplankton biomass consisted of the green alga Sphaerocystis schroeterii that contributed 55.5% of the biovolume of the
identiﬁed taxa (Figure 7b); this is the species visible in the satellite images (Figure 4). At the intermediate
and deeper metalimnetic layers, cyanobacteria and diatoms made up the largest proportions of the total
phytoplankton biomass. In the intermediate metalimnetic layer, between 9 and 13 m, Planktothrix rubescens
and Diatoma elongatum contributed 32% and 37% of the total biovolume, respectively. High levels of Diatoma elongatum were found at S2 and S3 whereas high levels of Planktothrix rubescens were found at S4,
S5, and S6 (Figures 7c and 7d). In the deeper metalimnetic layer, between 15 and 19 m, Planktothrix rubescens and Diatoma elongatum contributed 24% and 40% of the total biovolume. High levels of Diatoma elongatum and of Planktothrix rubescens were found at S2 (Figure 7d). The corresponding mean ecological
drivers of the dominant phytoplankton taxa for growth such as light, temperature, nutrients, and motility
are detailed in Table 2.

Table 1. Mean Values (M) and Standard Deviations (SD) of Chlorophyll a (Chl a), Total Phosphorus (TP), Reactive Phosphorus (PO4), Total Nitrogen (TN), Inorganic Nitrogen (InN),
Nitrate (NO3), Ammonium (NH4), Organic Nitrogen (OrN), and Silica (SiO2) of the Water Samples Taken in Lake Iseo on 17 July 2010 at the Three Different Depthsa
Variable Depth
1m
9–13 m
15–19 m
a

M
SD
M
SD
M
SD

Chl a
(mg L21)

TP
(mg L21)

PO4
(mg L21)

TN
(mg l21)

InN
(mg L21)

NO3
(mg L21)

NH4
(mg L21)

OrN
(mg L21)

SiO2
(mg L21)

5.49
0.99
15.96
5.64
7.50
2.65

11.00
0.82
21.57
3.51
17.43
3.36

5.14
0.90
10.14
1.77
5.14
0.69

783.3
96.62
1166.00
160.90
1187.00
102.10

391.30
41.05
542.40
34.38
750.60
68.78

361.40
28.54
495.70
26.37
694.30
80.39

29.86
22.00
46.71
11.24
56.29
16.97

392.00
77.82
623.70
141.40
436.60
47.00

731.90
68.04
932.30
235.10
701.60
55.15

The mean values were calculated from the seven stations.
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Figure 7. (a) Chlorophyll a concentrations at different depth of the water sampling sites; (b–d) phytoplankton biovolume at the different
depths of the sampling sites on 17 July 2010 (see Figure 1).

4. Discussion
We now use ﬁeld observations and 3-D hydrodynamics simulations to determine and establish a timescale hierarchy of the transport and mixing processes and phytoplankton growth. The ordering of the time
scales is the used to develop a general framework for the spatial distribution of phytoplankton concentration in Lake Iseo at the time of the ﬁeld observations that allows the characterization of their ecological
niches.

Table 2. Properties of Dominant Algal Species Making Up Observed Chlorophyll a Concentration

Species

Light Lim

N Lim

P Lim

In Situ
Growth
(days)

Green
1m
Cyanobacteria
9–13 m
15–19 m

Sphaerocystis
schroeteriia,b
Planktothrix
rubescensa,c,d

High light

26 C

Low

Low

1.4–2.2

Low light

10–20 C

Low

Low

1.0–8.0

Diatom
9–13 m
15–19 m

Diatoma
elongatuma,e,f

Low light

Need low
temp 18 C

Low

Low

0.8–1.5

Group and
Depth Observed

Temp Lim

Motility
Immotile specie. Gelatinous sheath
as a mechanism for reducing sinking rates.
Gas vesicles that allow for positive buoyancy
to accumulate within the depth of optimal
irradiance. The resistance of gas vesicles to hydrostatic
pressures is critical for the survival in deep lakes.
Neutrally buoyant at 18 C. Population increased with
stronger water movement.

Temp 5 water temperature; N 5 nitrogen; P 5 phosphorus; Lim 5 limitation.
a
Reynolds [2006].
b
Kampe et al. [2007].
c
Bright and Walsby [2000].
d
Oberhaus et al. [2007].
e
Busse and Snoeijs [2003].
f
Garibaldi et al. [2003].
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4.1. Surface Layer
In the diurnal surface mixed layer, deﬁned by the layer of uniform temperature (temperature change less
than 0.075 C, see Figure 3c), the chlorophyll a concentration increased by growth, the rate being determined by the nutrient concentration, the water temperature, the light intensity, and the turbulence intensity [Machado et al., 2014] and increased when the surface layer deepened into the metalimnion, as the
concentration below the base of the surface layer was higher than that in the surface layer (see Figure 5a)
and decreased when diluted by horizontal dispersion. This maybe expressed mathematically [Kierstead and
Slobodkin, 1953] by:
@Cm ðx1 ; x2 ; tÞ
@ 2 Cm ðx1 ; x2 ; tÞ
@ 2 Cm ðx1 ; x2 ; tÞ DCm ðx1 ; x2 ; tÞ @h
1j2
1
5j1
1aCm ðx1 ; x2 ; tÞ
2
@t
h
@t
@x1
@x22

(5)

where Cm is the chlorophyll a concentration, t is time, xi is the coordinate in the ith direction, ji is the eddy
diffusivity in the ith direction, and a is the growth rate for the resident conditions in the homogeneous diurnal surface layer of depth h.
From Figure 5a, it is seen that within the diurnal surface layer, above the 25 C isotherm, chlorophyll a was
also uniform, but below the base of the diurnal surface layer the chlorophyll a concentration generally
increased with depth. The homogeneity of chlorophyll a in the surface layer may be explained by comparing
the vertical mixing time scale, TSL;VM, with the growth time scale, sSL . For the LDS location, substituting values
from Figures 3a and 3c into equation (1) leads to the time scale TSL;VM ranging from 50 to 400 s (1–7 min).
The growth time scale in the surface layer, sSL , may be estimated from the transition from 1 July to 7 July
(Figures 4a–4c), a 6 day period when the winds were generally less than 4 m s21 (not shown) [Pilotti et al.,
2013] with little or no surface layer deepening and where the chlorophyll a concentration increased from
about 3 mg L21 on 1 July to 4 mg L21 on 4 July and to 5.5 mg L21 on 7 July. Given that the chlorophyll a concentration was relatively uniform across the whole lake (see Figures 4a–4c), it may be assumed that growth
is independent of horizontal dispersion so that equation (5) reduces to:
dCm ðtÞ
5aCm ðtÞ
dt

(6)

Matching the solution of equation (6) to the growth rate shown in Figure 4, leads to:
Cm 53:0 e0:10t

(7)

where the growth rate and the factor 3 were determined from the initial concentration value at t 5 0 and
the ﬁnal value at t 5 6 (days). Using equation (7) at t 5 3 the predicted value is 4.06 mg L21, indicating the
exponential growth model with a growth time scale of 10 days provides a good approximation to the
observations [Reynolds, 2006].
Clearly, the vertical mixing time scales were much shorter than the growth time scale of the resident phytoplankton in the surface layer (Sphaerocystis schroeteri) so the ﬂow may be described as vertically diffusive
implying a depth-uniform chlorophyll a concentration in the surface layer; this was conﬁrmed by the MSP
data as seen in Figure 5a (above the 25 C) and implies that, in general, the chlorophyll a concentration in
the homogeneous surface layer, may be written in the form:
Cðx1 ; x2 ; x3 ; tÞ5Cm ðx1 ; x2 ; tÞ1DCðx1 ; x2 ; x3 ; tÞHð2x3 2hðtÞÞ;

(8)

where DCðx1 ; x2 ; x3 ; tÞ is the concentration jump at the base of the surface layer, Hð2x3 2hðtÞÞ is the Heaviside step function [Fischer et al., 1979], and Cm ðx1 ; x2 ; tÞ is the concentration in the surface layer that may be
obtained by integrating equation (5) over the depth:
 2

@Cm ðx1 ; x2 ; tÞ
@ Cm ðx1 ; x2 ; tÞ @ 2 Cm ðx1 ; x2 ; tÞ
DCm ðx1 ; x2 ; x3 ; tÞ @h
1
1
(9)
5j
1aCm ðx1 ; x2 ; tÞ
@t
h
@t
@x12
@x22
From equation (9), it is seen that the chlorophyll a concentration is governed by the rate of growth
a 5 0.10, the rate of entrainment at the base of the diurnal surface layer, and the rate of horizontal dispersion. As seen from Figure 7, the phytoplankton species composition was not uniform in space implying that
vertical mixing was spatially variable, entraining the higher chlorophyll a concentration at depth into the
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surface layer at locations where the diurnal surface layer deepening was most severe. However, at these
locations it would also be expected to see in the surface layer higher concentrations of the metalimnetic
phytoplankton species, Planktothrix rubescens and Diatoma elongatum. Inspection of the results in Figure 7b
would suggest minimum deepening occurred at stations S1 and S2 on or before 17 July (southern reaches
of Lake Iseo, see Figure 3e), and accentuated deepening in the northern reaches of Lake Iseo, starting at S3.
This was reﬂected in the LDS measurements (Figure 3c) that show a surface layer deepening from 2 m to
about 5 m at the LDS on 15 and 16 July for an extended period of nearly 12 h. From equation (9), it is seen
that such differential deepening would have increased the chlorophyll a concentrations at S3 by:
dCm ðx1 ; x2 ; tÞ51

DCm ðx1 ; x2 ; tÞ
dh
h

(10)

The horizontal patch scale of the surface chlorophyll a concentrations, shown in Figure 4, had a longitudinal
scale of around 3 to 5 km, slightly larger than the average width of the lake. If it is assumed that the entrainment at the base of the surface layer does not impose a separate length scale, and that the concentration is
well mixed across the width of the lake, then the concentration may be modeled by:
@Cm ðx1 ; tÞ
@ 2 Cm ðx1 ; tÞ
1aCm ðx1 ; x2 ; tÞ
5j
@t
@x12

(11)

where x1 is the longitudinal coordinate. Kierstead and Slobodkin [1953] showed that a solution to equation
(11) is given by:
!
x1
at
Cm ðx1 ; tÞ5e f
;
(12)
1
ðjtÞ2
the patch growth process governed by growth balancing horizontal dispersion. The expected horizontal
scale of a phytoplankton patch in the surface layer, LP, is thus given by:
1

LP  4ðjSL;HM sSL Þ2 ;

(13)

where jSL;HM is the horizontal dispersion coefﬁcient in the diurnal surface layer.
Lake Iseo is oriented approximately north-south, with the wind over the lake being channeled by the mountains along the thalweg of the lake (Figures 3a and 3b) and the horizontal water currents in the surface layer
were predominantly aligned in the south-north direction with a period of approximately 24 h [Valerio et al.,
2012]. Progressive aerial distribution of the numerical tracers at 1, 3, and 6 days after release at 00:00 h on
13 July, at 2 m below the water surface and the 6 day average horizontal dispersion rates for each patch are
presented in Figures 8a–8g. The horizontal dispersion coefﬁcient, jSL;HM , averaged over the 6 days, ranged
from 1.5 m2 s21 in the southern basin, to 11.7 m2 s21 in the central basin near Monte Isola and 5 m2 s21
near P11, the center of the surface chlorophyll a max (Figure 5a). Substituting these values into equation
(13) results in a horizontal patch scale for the surface manifestations of the phytoplankton of around
4 km, comparing well with the scale observed from the satellite chlorophyll a measurements (Figure 4). It
should be noted that surface tracer extended vertically to the depth of the 208C isotherm, deeper than the
diurnal surface layer (Figure 9a).
The surface layer chlorophyll a concentration may thus be explained by the growth time scale of around 2
days (Table 2) and two wind events mixing the surface layer, increasing the surface chlorophyll a concentration with chlorophyll from depth, and a horizontal patch scale that is determined by the horizontal dispersion coefﬁcient in the diurnal surface layer, leading to a time-scale hierarchy:
TSL;VM TSL;HM
<
1
sSL
sSL

(14)

In the surface layer, the phytoplankton biomass was sustained by the green alga Sphaerocystis schroeterii.
This species is immotile and has low nutrient requirements [Reynolds, 2006; Kampe et al., 2007] (see Table 2)
tending to saturate growth at higher irradiance than other microalgal classes and thus tolerating high light
radiation levels [Richardson et al., 1983]. During the study period, the surface water received strong diurnal
radiation and had low phosphorus concentrations (11 mg L21, Table 1), forming a favorable environment
for Sphaerocystis schroeterii to dominate in the turbulent, well-mixed surface layer. The time-scale hierarchy
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Figure 8. Progressive areal distribution of 90% of the tracer mass at 1, 3, and 6 days after release at 00:00 h on 13 July 2010 at (a)–(g) 2 m below the surface and (h)–(j) 14 m depth.
Crosses mark release location. The 6 day average horizontal dispersion rates for each patch are presented.

suggests that green algae should be expected in the diurnal surface layer, well mixed vertically, but forming
patches with a typical scale of around 3 5 km. These predictions are conﬁrmed, as seen from Table 2.
4.2. Metalimnion
The strong stratiﬁcation deﬁning the metalimnion and the associated basin-scale internal waves [Cuypers
et al., 2011; Valerio et al., 2012; Hingsamer et al., 2014] are signiﬁcant for the phytoplankton residing in the
metalimnion. To test the frozen ﬂow nature of the metalimnion biology, the depth of the peak chlorophyll
a concentration of each proﬁle (Figure 5a) was plotted against the depth of the 17 C isotherm (Figure 6a);
clearly the peak chlorophyll a concentration moved up and down with the water that is heaving up and
down in response to the V1H1 basin-scale internal wave. Also observable from Figures 5a and 6a is a slight
broadening of the chlorophyll a concentration centered on proﬁles P10 and P12 in what appears as the
response to the V2H1 basin-scale internal wave mode. The response to this mode pulsing was tested by
plotting, as shown in Figure 6b, the normalized chlorophyll a concentration against the depth normalized
by the metalimnion thickness. It can be seen that the chlorophyll a concentration proﬁles collapsed on to
one curve, indicating that the transport and possible mixing that inﬂuence the temperature proﬁles equally
inﬂuenced the chlorophyll a concentrations.
The strong stratiﬁcation at the level of the thermocline inhibited vertical mixing (Figures 3c, 3e, and 9). The
horizontal and vertical eddy down-gradient diffusion coefﬁcients for these strongly stratiﬁed metalimnetic
shear ﬂows [Yeates et al., 2013] were also estimated by inserting a set of tracers in one grid cell at three locations at a depth of the thermocline and using the simulations to track their rate of spread, horizontally (Figures 8h–8j) and vertically (Figure 9b). From the rates of spread, the horizontal diffusion coefﬁcient varied
from 0.9 m2 s21 for the tracer release near Monte Isola to 1.7 and 2.5 m2 s21 for the tracers released in the
south and north of the lake, respectively (Figures 8h–8j), while the vertical diffusion coefﬁcient, jM;VM , was
around 1026 m2 s21 (Figure 9b), the same order of magnitude as those estimated from microstructure
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measurements (not shown). If
we consider the metalimnion
thickness scale for the fundamental solution of the diffusion
equation [Imberger, 2013], hM 5
ðz21o C 2z12o C Þ=452 m, and substitute these values into equation (3) leads to a TM;VM value of
around 46 days. This implies
that any phytoplankton group
resident in the metalimnion
must be neutrally buoyant; negatively buoyant algae would
sink out.
Valerio et al. [2012] and Vilhena
et al. [2013] characterized the
basin-scale internal wave modes in Lake Iseo and their
response to wind stress. The
storm passage on 18 July generated a maximum thermocline
displacement due to the V1H1
wave mode of 23.5 m. yielding
Figure 9. Distribution of the tracer released as a lake wide sheet at (a) 2 m and (b) at 14 m
a value of TM;VT of 12 h. For
below the surface, respectively, along the longitudinal axis (south-north) of the lake after 6
the duration of the experiment,
days. Simulated temperature contours are superimposed and shown as solid lines. The
bottom isotherm is 108C and the contour interval is 18C.
the average excursion from
trough to crest height was 15 m
for the V1H1 wave mode, with a period of about 24.5 h resulting in a vertical velocity of about 1.25 m h21.
This is far greater than the settling or buoyancy velocities of phytoplankton [Reynolds, 2006; Rigosi et al.,
2011] and suggests that in the metalimnion the phytoplankton could be treated as being passively transported (i.e., frozen ﬂow) such that:
TM;VT
TM;VM
<1<
sM
sM

(15)

Vertical displacements of the peak of metalimnetic biomass generated by basin-scale internal waves determined the depth of the peak biomass in the water column and so the amount of available light (Figure 5a).
The scaling thus suggests that phytoplankton residing should be a species that can successfully grow in an
environment with low levels of oscillating light and nonturbulent water. It has been observed in several
alpine lakes [Teubner et al., 2003; Cuypers et al., 2011; Hingsamer et al., 2014] that the metalimnion provides
a refuge for the phytoplankton species (Planktothrix rubescens) that also formed the peak concentration in
Lake Iseo as seen in Figure 7 (see also Garibaldi et al. [2003]). This species usually is present in waters with
high TP (Table 1) and low, ﬂuctuating, light-energy [Watson et al., 1997; Reynolds, 2006] using their gas
vesicles inﬂation mechanism to become neutrally buoyant at the depth of the metalimnion for its optimum
low light requirements [Oberhaus et al., 2007; D’Alelio et al., 2011]. Diatoma elongatum is another species
that seeks low light levels and relatively low water temperatures [Sommer, 1986; Morabito et al., 2003; Busse
and Snoeijs, 2003]. This species assimilates carbon to become neutrally buoyant in water with a density of
998.598 kgm23. The concentration of TP in the metalimnion was around 21.6 mg L21 (Table 1), there was an
almost total absence of turbulence, and a light availability ranged from 0.1% of the surface light intensity
during the internal wave trough to 1% when the crest lifted the chlorophyll a maximum to with 10 m of the
free surface (Figure 5a).
The well-deﬁned chlorophyll a patch, evident along the thalweg of Lake Iseo in Figures 5a and 7a, was
either the result of a growth-dispersion balance or a horizontal convergence zone pushing the patch to the
south. The temperature (Figure 5) and nutrient levels (Table 1) did not vary much along the length of the
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lake [Leoni et al., 2014b]. In order to determine the relevant mechanism, the three tracers introduced, one
south, one middle, and one north in the grid cell within the thermocline (Figures 8h–8j) along the thalweg
of Lake Iseo were used. When averaged over an internal wave period, the simulations showed that no convergence zone forming in the south, the tracer seeming to spread solely by dispersion from the growth center near station P6. The dispersion of the tracers showed an average dispersion coefﬁcient, jM;HM , of about
1.7 m2 s21 (Figures 8h–8j) leading to a chlorophyll a concentration patch scale from equation (13) of
4.5 km for a growth period of 8 days. This compares well with the chlorophyll a concentration patch
observed in Figures 5a and 7a, implying a time-scale hierarchy in the metalimnion:
TM;VT
TM;HM TM;VM
<1<
<
sM
sM
sM

(16)

Given the small vertical diffusivity in the metalimnion, the origin of the nutrients must be advected into the
bulk of the lake horizontally, supported by rectiﬁcation of the peristaltic action of V2H1 basin-scale internal
waves or by a benthic boundary layer intrusion. Marti and Imberger [2008] showed, using data from Lake
Kinneret, that the V2H1 basin-scale internal wave modes set up a horizontal transport within the metalimnion that can transport material, from the lake boundary to the lake interior with velocities associated with
the V2H1 basin-scale internal waves [Valerio et al., 2012]. The numerical simulations showed that in Lake
Iseo the V2H1 mode supports a longitudinal velocity in the metalimnion of around 0.04 m s21. From Figure
5a and from Leoni et al. [2014b], it is seen that the chlorophyll a and nutrient concentrations have a longitudinal scale, LC, in the metalimnion comparable to that of the quarter length of the lake, around 4.5 km. This
implies a horizontal transport time scale TM;HT of around 1.3 days, about the same time as sM (Table 2), such
that:
TM;VT
TM;HT TM;HM TM;VM
<1
<
<
sM
sM
sM
sM

(17)

This time-scale hierarchy suggests that the metalimnion forms a growth niche for phytoplankton where
nutrient concentrations are maintained by the benthic boundary layer ﬂux, as previously documented in
Lake Kinneret by Marti and Imberger [2006]; where phytoplankton, once growing, are cycled through a diurnal light regime with peak diurnal intensities equivalent to a water depth of between 5 and 20 m; and
where phytoplankton growth is not drained away by dispersion or vertical migration and or sinking. Indeed,
vertical dispersion is extremely low and any patch that forms is completely contained within the thermocline and horizontal dispersion spreading is weak enough so as to not drain the phytoplankton concentration for any species with a growth time scale shorter than days to a week. Planktothrix rubescens and
Diatoma elongatum have these attributes, so it is not surprising that these were the dominant species at
this depth, sharing the same metalimnion niche [Garibaldi et al., 2003; Morabito et al., 2003].

4.3. Inflows
The Lake Iseo main inﬂows are the Oglio River and the Industrial Canal located at the northern shore (Figure 1)
and the annual ﬂow rates suggest a bulk residence time of 4 years [Pilotti et al., 2014a]. During the study
period, the Industrial Canal had an average discharge of 40 m3 s21, average salinity of 0.33 and water temperature varying between 11.3 and 14.98C, while the Oglio River had an average discharge of 9.8 m3 s21, average
salinity of 0.13 and water temperatures varying between 11.6 and 198C. Using salinity measurements and calculations based on the intrusion dynamics, Hogg et al. [2013] found that both inﬂows plunged to depth and then,
upon reaching neutral buoyancy, entered the lake as an inﬂow intrusion between the 188C and 228C isotherms,
at a depth close to where the chlorophyll a maximum was located (see Figure 5a). The horizontal length scale
of the inertia-buoyancy intrusion was of the order of 4 km with an inﬂow time scale, TI;HT, of about 1 day similar
to both TM;VT and TM;HT. This similarity ensures that the intrusion depth continuously adjusts to the depth of the
thermocline. Given that
TM;VT < TI;HT  TM;HT  sM < TM;HM < TM;VM

(18)

the ﬂow is frozen both with respect to the vertical motion due to heaving of the thermocline and with
respect to the horizontal ﬂow due to the submerged river intrusions; over the inﬂow length the phytoplankton would simply reﬂect the lower chlorophyll a concentration found in the inﬂowing water, hence the
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Figure 10. Simulated tracer concentration released in the Industrial Canal along the longitudinal axis (south-north) of the lake at different times during 2 days. Simulated temperature
contours are superimposed and shown as solid lines. The bottom isotherm is 108C and the contour interval is 18C.

chlorophyll a concentrations seen at depth in Figure 5a. These characteristics were also conﬁrmed by simulating a tracer introduced into the Industrial Canal inﬂow as illustrated in Figure 10.

5. Conclusions
The phytoplankton communities that live in the surface layer and metalimnion of Lake Iseo were observed to
possess strong heterogeneity in their vertical variation, but only weak variations were observed horizontally.
Using time-scale analysis, it has been possible to determine a clear partition of the time scales of the physical
and biological processes in Lake Iseo at the time of the ﬁeld measurements that explain why the observed
species are found where they were. This is similar to what was observed in a tidal salt marsh estuary by Imberger et al. [1983] and for a coral reef by Hatcher et al. [1987]. In all cases, by establishing the time-scale hierarchy of both the physical and biological processes it has been possible to show the consistency of the
observed phytoplankton species and the temporal and spatial characteristics of the phytoplankton patches in
Lake Iseo with the known attributes of the species. It has been possible to explain why the cyanobacteria,
Planktothrix rubescens, and diatoms, Diatoma elongatum, were found within the metalimnion because of the
peculiar physical and chemical features (high thermal stability, mild light, and nutrient richness) in the establishment of the metalinmetic niche also reported in other alpine lakes [e.g., Teubner et al., 2003; Morabito
et al., 2003] and why they were swept ahead on the Industrial Canal submerged intrusion. Similarly, the
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hydrodynamics environment as characterized by the associated time-scale hierarchy dictated success of the
green algae, Sphaerocystis schroeterii found to dominate in the surface layer. Indeed, the time-scale hierarchy
mandates the attributes or traits phytoplankton must possess in order to be successful in a particular section
of the water column and/or water body. With this work, we demonstrate the importance of using time-scale
analysis to develop a general framework to determine the composition of the phytoplankton community in
the water column of stratiﬁed lakes that is supported by ﬁeld data. Further, it provides as a useful tool for
designing ﬁeld studies that characterize the physical and biological processes and appropriate measures of
system response for understating water quality variability.
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