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Abstract
Heterogeneity within aquatic ecosystems influences many vital ecosystem processes,
and as such its investigation is fundamental to understanding ecological interactions
within planktonic systems. Teasing apart the layers of heterogeneity within any
environment is, however, hindered by the problem of pattern and scale, and the absence
of a single natural scale (spatial or temporal) that may be applied to the study of
environmental phenomena. This is particularly true within the study of freshwater
zooplankton communities, having been historically restricted by the available sampling
technology which has allowed only for a traditional ‘snapshot’ approach to data
collection. Attempts to quantitatively measure zooplankton heterogeneity and the
associated driving forces have therefore been limited by a lack of simultaneous highresolution observations of zooplankton in combination with abiotic and biotic driver
metrics. The research presented here relates to the application of new technologies to
address this old problem. Specifically, a Laser Optical Plankton Counter (LOPC) is
used to measure zooplankton in situ and at high resolution, allowing a rapid and
extensive assessment of the distribution, abundance and community structure of
planktonic organisms and the processes underlying their distribution. Zooplankton
dynamics are examined from three separate but interconnected perspectives—firstly
from a methodological perspective in which some common emerging techniques are
questioned and sources of measurement error are explored; before the LOPC is
deployed in situ in Harp Lake (Muskoka, Ontario, Canada) to allow the examination of
spatial zooplankton distribution dynamics over multiple study times and with varying
wind regimes; and finally through exploring long-term temporal dynamics in
zooplankton community size structure within Harp Lake, in the context of biological
invasion by Bythotrephes longimanus, by processing historical zooplankton samples
with the LOPC in a laboratory setting.
From a methodological perspective it was found that although particle abundance values
within the <130 μm equivalent spherical diameter (ESD) size range were erroneously
inflated by non-zooplankton particles such as algal aggregates, biomass values
calculated from LOPC-measured particles may be assumed to be attributable to detected
zooplankton. There does, however, remain uncertainty regarding the contribution of
non-zooplankton particles to the <300 μm ESD size range when the LOPC is used in
situ, and it is recommended that in situ LOPC data be analysed by size fraction.
Investigation of particle transparency information as detected by LOPC resulted in
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contradictory findings to previous studies, in that measured opacity and ESD were
observed to significantly decrease, on average, following sucrose-formalin preservation
for Daphnia Pulex. Calculation of the community-wide length:width ratio f for Harp
Lake found that f was observed to change significantly following biological invasion by
Bythotrephes despite no apparent change in cladoceran:copepod biomass ratio, and that
caution should be exercised when transferring a length:width ratio f calculated for one
system to another system.
Zooplankton heterogeneity was then explored within Harp Lake, a system—like most—
for which the spatial and temporal distribution of zooplankton has not been previously
quantified. Dynamic horizontal and vertical distribution of zooplankton along a transect
from deep point to outflow was clearly demonstrated, highlighting the perils of
employing the common methodology—both generally and within Harp Lake—of
collecting a net haul sample at a single sample site, to infer information about the lakewide zooplankton community. Wind-induced thermocline tilting and resultant internal
waves were found to drive zooplankton heterogeneity for all size ranges, with biotic
factors such as increased motility and depth-preference also responsible for aggregation
of larger zooplankton. The results confirm the merits of using body size as a metric in
zooplankton distribution studies, and as such the continued development of techniques
using more automated methods of high resolution data collection such as the LOPC is
advisable.
The study then adopts a temporal focus through the examination of twenty years of
zooplankton samples from Harp Lake by LOPC. The results reveal invasion-induced
shifts in aggregate and compositional variability of the zooplankton community,
specifically shifting from a stasis pattern to an asynchronous one immediately following
invasion by Bythotrephes in 1992, before returning to a pattern of stasis from 1995. The
asynchronous dynamics are potentially indicative of competitive interactions between
organisms of varying sensitivity to the stressor of invasion, and may suggest that the
more apparently stable Harp Lake community post-1995 is one with greater tolerance to
Bythotrephes but which may be more sensitised to future stressors. It was concluded
that the dual consideration of aggregate and compositional variability, as derived from
LOPC-measured body size metrics, provide a valuable means by which to assess the
ecological effects of biological invasion on zooplankton communities as a whole.
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Chapter 1
General Introduction

Muskoka River (C. H. Mines 2008)

1 General introduction
1.1 Environmental heterogeneity
The environment is naturally heterogeneous and tends to this state (Hutchings et al.
2000), thus it is both dynamic and interesting but also difficult to define and predict.
Heterogeneity is also not restricted to a single scale or set of scales (Levin 1992), being
present across the continuum of space and time for each environmental variable in a
unique way. It may be argued that attempting to make sense of this complex interplay of
scales and variables is key to understanding any environmental pattern or process, and
has interminably presented a frustrating yet intriguing challenge to scientists studying
any aspect of the environment.

Environmental heterogeneity is not without purpose, as demonstrated simply through
consideration of vegetation clustering around a natural spring, or a flock of sheep
seeking shelter under a tree on a hot day. Heterogeneity is a functional trait of the
environment, and this functionality forms the core of why research into the causes and
consequences of heterogeneity is of such importance. Both the clustering vegetation and
sheltering sheep are basic examples of environmental heterogeneity being expressed
through ecological heterogeneity. There are ecological consequences of living in a
‘patchy’ environment, and it is unsurprising that these consequences are themselves
heterogeneous.

Teasing apart the layers of heterogeneity within any environment is hindered by
arguably the central problem in environmental studies, the problem of pattern and scale
(Levin 1992), and the absence of a single natural scale (spatial or temporal) that may be
applied to the study of environmental phenomena. Considering the complex and
adaptive nature of ecosystems (Harris 1994) with the assertion that scale is an essential
factor linking pattern and process within ecosystems (Kefi et al. 2007), it is clear that
the effective study of any ecosystem must consider patterns and processes observed
across a range of temporal and spatial scales.

1.2 Ecological heterogeneity
Although the expression may be different, heterogeneity, or ‘patchiness’, is present
within and reflected in the ecology of both terrestrial and aquatic systems (Levin 1992;
2

Kefi et al. 2007; Pinel-Alloul and Ghadouani 2007; Scanlon et al. 2007; Estrada et al.
2012). Within aquatic ecosystems, organism patchiness is observed across all scales and
within all microbial communities from bacteria to phytoplankton and zooplankton
(Pinel-Alloul and Ghadouani 2007). This heterogeneity influences numerous vital
ecosystem processes such as population and trophic dynamics (Hastings 2001),
biogeochemical cycling, community structure and function, fisheries and the response
to climate changes (Daly and Smith Jr 1993; Pinel-Alloul and Ghadouani 2007) in
addition to primary productivity and associated water quality (Abraham 1998; Abraham
et al. 2000; Brentnall et al. 2003), and as such its investigation is vital to understanding
ecological interactions within planktonic systems. The relative importance of processes
generating, maintaining or retarding patchiness in aquatic ecosystems, however, remains
in conjecture.

Historically plankton had been thought to be passively distributed, with their resulting
patchiness the product of large-scale physical processes. This hypothesis has, however,
failed to explain many spatial patterns of phytoplankton (Strutton et al. 1997) and
zooplankton (Wiafe and Frid 1996). As described by Pinel-Alloul (1995), in her review
of spatial heterogeneity as a multi-scale characteristic of zooplankton community, it is
not possible to explain the complexity of observed zooplankton spatial heterogeneity by
either physical advective forces or biological forces alone. Indeed, currently the most
accepted explanation of plankton spatial heterogeneity is the ‘multiple driving force
hypothesis’ (Pinel-Alloul 1995; Folt and Burns 1999) which states that the spatial and
temporal structure of plankton in aquatic systems is driven by a combination of many
abiotic processes interacting with many biotic processes. Also inherent in this
hypothesis is the concept that the relative influence of these many processes vary along
the scale continuum (see Figure 1.1).

3

Figure 1.1 Categories of spatial scales in marine and freshwater systems (Pinel-Alloul and
Ghadouani 2007).

Given this variation along the scale continuum, coupled with the corresponding
variation of biological variability along the scale continuum, it follows that aquatic
systems may best be studied through the use of multi-scale comparisons (Pinel-Alloul
and Ghadouani 2007). Historically, however, most studies into the organisation of
aquatic organisms have focused on only the scale or scales thought to be appropriate for
a specific bacterioplankton, phytoplankton or zooplankton community and/or a specific
driving force (Pinel-Alloul and Ghadouani 2007; Raybaud et al. 2011). Studies have
also historically been restricted by the available sampling technology, which has
allowed only for a traditional ‘snapshot’ approach to data collection. Although not
always explicitly recognised, the traditional approach involves assuming the appropriate
scale/s of interest when designing a sampling regime, as distribution patterns vary as a
function of the scale of investigation (Wiens 1989). Attempts to quantitatively assess
the ‘multiple driving force hypothesis’ have therefore thus far been limited (PinelAlloul et al. 1995; Strutton et al. 1997), primarily due to a lack of simultaneous highresolution observations of phytoplankton and zooplankton in combination with
chemical and physical variables (Brentnall et al. 2003; Trudnowska et al. 2012) and/or a
lack of sufficiently long-term data (Mackas et al. 2012).
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The research presented here relates to the application of new technologies to address
this old problem, and to move beyond this ‘snapshot’ approach to one better suited to
capture system dynamics. Specifically, this research involves the use of a new
technology to measure zooplankton in situ and at high resolution. Through collecting
this data at high resolution over the extent of an area of interest, multiple scales may be
analysed from the same dataset, allowing for rapid and extensive assessment of the
distribution, abundance and community structure of planktonic organisms, and of the
processes underlying their distribution. It also addresses the problem of assuming a
scale of interest for the system through collecting data over a range of scales. By using
this general methodology we may observe planktonic distribution patterns over a range
of temporal and spatial scales, thus significantly advancing our understanding of the
multiple driving forces of plankton patchiness in aquatic systems and contributing to the
fundamental research challenge presented by the inherent heterogeneity of all
environmental systems.

1.3 Zooplankton body size as an ecological metric
As for any organism, the body size of zooplankton is a central feature that reflects its
physiology, ecology and evolutionary history (Schmidt et al. 2006), and the size of
planktonic organisms can influence the magnitude of both abiotic and biotic distribution
processes acting upon them. From a biological perspective, for example, there is
evidence to suggest that larger zooplankton species tend to form larger persistent
patches because they are more motile and tend to form aggregates in response to biotic
drivers such as planktivory and depth-preference (George and Edwards 1976; Masson et
al. 2004; Blukacz et al. 2009; Levesque et al. 2010) and for mating purposes (Peters
1983). Organism size also has an obvious influence on the abiotic processes driving
their movement within water, as merely considering Stokes’ law in the low Reynolds
number limit reveals that the settling velocity of particles in fluid is proportional to the
square of the particle diameter (Stacey et al. 2007). Analogous to the way in which
zooplankton has been demonstrated to exhibit more fine-scale variability than
phytoplankton (Mackas and Boyd 1979), smaller zooplankton have been observed to be
more passively distributed by larger-scale abiotic drivers (George and Winfield 2000;
Masson et al. 2004; Blukacz et al. 2009).

The ecological importance of body size is strongly affirmed by Azovsky (2000) in the
assertion that organism size is one of the main scaling factors for ecological patterns and
5

processes. This has lead to numerous studies relating community size spectra metrics
and ecosystem characteristics (for example Sprules and Munawar 1986; Gaedke 1992;
San Martin et al. 2006), with such observations as stability in biomass for a whole
community, despite variations in component species, providing persuasive reasons for
developing ecosystem indices that aggregate over species (Dickie et al. 1987). In
addition, community size spectra metrics provide a holistic ecosystem description that
facilitates ecosystem comparisons in time and space (Gaedke 1993), addressing the
growing concern that management of aquatic systems must consider ecosystems rather
than individual populations (Benoit and Rochet 2004).

As discussed by de Eyto and Irvine (2007), size spectra dynamics may only be
meaningfully applied as ecosystem function indicators if they demonstrate sensitivity to
variation among and within lacustrine systems. This sensitivity has been demonstrated
for increased eutrophication (Sprules and Munawar 1986; Ahrens and Peters 1991) and
is suggested to depend on latitude, trophic state, water depth, biotope size and
ecosystem type (Gaedke 1992). Irregularities observed in biomass size spectra (BSS)
for Lake Constance were attributed to external perturbations and specific features of the
major component organisms (Gaedke 1992), Gamble et al. (2006) demonstrated
changes in zooplankton BSS due to environmental changes in Oneida Lake, whilst de
Eyto and Irvine (2007) found that eutrophication was the main driver of variance in
BSS in a study of six shallow Irish lakes. Such results suggest that size spectra analysis
may prove to be a useful tool in assessing and monitoring ecological quality of lakes,
particularly if organism measurements may be collected by optical measurement
technology as opposed to more labour and time intensive manual collection methods.

The application of size spectra dynamics, as opposed to species dynamics, as a baseline
indicator of ecosystem health and dynamics is, however, not without doubt. Through
assessing the zooplankton biomass size spectra in Lakes Ontario and Erie, Sprules
(2008) demonstrated that despite marked changes in species composition and
abundance, the size structure within each lake changed little over the period 1991 to
1997. This stability was attributed to physiological and ecological limits, such as annual
solar radiation flux, on the energy dynamics within the size-structured food webs.
Sprules (2008) concluded that although the species of Lakes Ontario and Erie differed
over the study period, the functionality of the ecosystems remained intact. Given that
marked changes in species composition may be indicative of potentially catastrophic
6

changes in ecosystem structure or dynamics, such as the introduction of an invasive
species (Boudreau and Yan 2003), these results raise questions regarding the use of BSS
analysis as the only measure of ecosystem function.

Despite these reservations, it is clear that body size both plays a role in the spatial
distribution of planktonic organisms, and that size spectra dynamics may be explored as
indicators of ecosystem function or quality. It is also recognised that varying
magnitudes of abiotic and biotic driving forces acting upon differently sized
zooplankton result in a given zooplankton community, in its entirety, not constituting a
well-defined study unit (Intxausti et al. 2012). Nonetheless, studies investigating
zooplankton heterogeneity have either been restricted by traditional sampling methods
and associated scale limitations to investigating total zooplankton abundance or biomass
(George and Edwards 1976; Rinke et al. 2007), or driven by specific research questions
to investigate only species of interest (Thackeray et al. 2004; Rinke et al. 2007; Young
et al. 2009). To continue advancement in this field of study, high resolution temporal
and spatial data on plankton organism location and size, as well as environmental
conditions, must be collected concurrently and as efficiently as possible with respect to
time and labour.

1.4 Laser Optical Plankton Counter (LOPC)
As discussed by Pinel-Alloul and Ghadouani (2007), scientists have historically relied
upon advances in technology to facilitate advances in data collection, and the current
situation is no exception. Optical plankton measurement technology has undergone
significant developments since the prevailing opinion of the 1970s that “optical
determinations can do little more than indicate that most of the particles in the sea are
large relative to the wavelength of light” (Sheldon et al. 1972, p. 327). One of the latest
advancements in technology for plankton detection and measurement is the Laser
Optical Plankton Counter (LOPC) developed at the Bedford Institute of Oceanography,
manufactured by Rolls-Royce Canada Ltd.—Naval Marine and first reported in Herman
et al. (1998). The LOPC is described as the next generation of Optical Plankton Counter
(OPC), designed to replace the OPCs which have been in use since the early 1990s
(Herman et al. 2004).

Also developed at the Bedford Institute of Oceanography, the OPC was originally
developed as a more versatile and user-friendly counter than the “conductivity-cell
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type” counters being used at the time (Herman 1988) and more generally as a means to
collect higher resolution measurements to complement plankton data collected by
traditional net tow methods (Herman et al. 2004). Approximately 100 OPCs were, or
are currently, used in aquatic research (Zhou and Tande 2002) in a variety of laboratory
and field applications, including being deployed on platforms such as SeaSoar,
AquaShuttle, Batfish, Scanfish, MOCNESS, BIONESS, ROVs and also integrated with
BONGO and ring-nets (Herman et al. 2004). Whilst the OPC has proven a valuable tool
in the collection of high resolution zooplankton size and biomass data, it was recognised
that there are inherent limitations in the measurement capabilities of the
instrumentation, which lead to the development of the LOPC.

Such limitations were addressed through the improved optics design of the LOPC. As
described by Herman et al. (2004), and shown in Figure 1.2, the LOPC uses a laser
diode line generator to produce a diverging linear beam of 1 x 35 mm which is directed
into a sampling tunnel through which the water of interest is passing. The beam passes
through this tunnel in a direction normal to the flow of the water, is reflected back
through the sampling tunnel on a path parallel to its incident path, and is then detected
on the 35 element photodiode consisting of 35 individual 1 x 1 mm elements. It is this
multi-element photodiode that is responsible for the major differences between the
LOPC and the OPC, which has a single larger detection area of 4 x 20 mm.

Figure 1.2. The operating principle of the LOPC, demonstrating the 1 x 35 mm incident laser beam
passing through the sampling volume before being reflected back through the sampling volume and
detected on the 35 element diode (Herman et al. 2004).
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The major limitation identified by both developers (Herman et al. 2004) and users
(Sprules et al. 1998) of the larger detection area of the OPC is the higher probability of
coincidence counts, where multiple particles pass through the detection beam
simultaneously and are counted as one particle, significantly affecting the accuracy of
the data at plankton density of approximately 104 m-3. Whilst this was not often an issue
in marine systems, high coincidence rates were often encountered in limnological
environments (Herman 2002). By reducing the width of the incident light beam from 4
mm to 1 mm and splitting the detection area into the 35 adjacent 1 x 1 mm elements,
coincidence was reduced by a factor of 80 which equates to the LOPC being reliable in
systems with up to 106 m-3 particle concentration (Herman et al. 2004). The multielement photodiode allows the collection of abundance and size data for particles over
the size range of ~100 to 35000 μm equivalent spherical diameter (ESD, discussed
further in Section 1.5.2), in a similar manner to the OPC, but also facilitates the
collection of shape and transparency data for the larger detected particles. Another
feature that the LOPC has over its predecessor is the ability to estimate flow through the
sample tunnel by measuring the time it takes small (0.15–0.30 mm) particles to pass
through the LOPC light beam.

Whilst the LOPC was designed for in situ detection of zooplankton, the optional
addition of the Sample Circulator also allows for processing zooplankton samples in a
laboratory environment. The Sample Circulator is simply a closed-loop water
circulation system, in which the samples are introduced via a sampling chamber, are
passed through a flow tube that sits within the LOPC sampling tunnel, and are then
collected by filters for recovery. The system allows for LOPC processing of archived
samples, of new samples from systems in which deployment of the LOPC in situ was
not practical or possible, or of samples that required manipulation prior to sampling due
to issues such as very high turbidity affecting the accuracy of the LOPC data in situ
(Liebig et al. 2006).

Despite advances in design of the LOPC, users must still consider many of the sources
of error that OPC users had to assume may be present in their data. These include means
by which the accuracy of the abundance (count) data of the LOPC may be either
underestimated or overestimated, and also how the size (ESD) data as expressed by the
LOPC represents the true size of the particles being sampled. Such considerations are
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particularly important if LOPC data is being compared to data collected by a different
methodology, for example by net haul and microscopic analysis, as both methods of
data collection have different inherent sources of error. It is similarly important if LOPC
data is being used to infer ecological information about the system being sampled,
though is perhaps less important if the LOPC data is being used to monitor a system
over time, as the datasets being compared are likely to contain the same degree of
sampling error. In any case, like any such piece of equipment, it is important that users
understand the workings of the LOPC such that they may judiciously assess all
collected data and thus use this data with confidence.

1.5 Using LOPC data with confidence
Many studies have been conducted to assess the accuracy of both the OPC and LOPC in
the collection of zooplankton data, with varying results. Such assessment tends to
involve comparing OPC/LOPC data with that collected through the traditional method
of microscopic analysis of subsamples of net hauls. As previously mentioned, such
comparisons may be misleading given that fundamental differences in sampling
methods result in researchers not having a reliable “known” dataset to compare the
OPC/LOPC data against, due to such issues as sampling nets becoming clogged or
extruding smaller particles (Gallienne and Robins 1998; Moore and Suthers 2006). It is
thus important to be aware that both types of data collection produce estimations of the
real zooplankton population, and at the very least it is necessary to consider possible
error sources in LOPC-collected data if not to also apply correction factors to account
for them.

In published studies for which the LOPC is used to collect zooplankton data, the
accuracy of the instrumentation has been addressed in a number of ways. Some studies
(Dupont and Planque 2005; Basedow et al. 2010; Levesque et al. 2010) assumed the
LOPC data to be an accurate representation of the zooplankton community; some
studies (Yurista et al. 2009) generally assumed the LOPC abundance data to be accurate
but performed a field calibration of the LOPC size data using concurrently collected net
data; some studies (Finlay et al. 2007b; B. Beisner et al. unpubl.) applied the same
calibration method using calibration values obtained from previous studies; some
studies (Peterson and Peterson 2008) more simply performed a brief comparison of
LOPC abundance data with net abundance data to confirm they were within an order of
magnitude before using the LOPC data to address research objectives; while others
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(Checkley Jr et al. 2008; Jackson and Checkley Jr 2011) filtered the LOPC data prior to
using it in further analyses. There are also a number of studies that had the express
objective of assessing the accuracy of the LOPC through comparison with other data
collection methodology such as microscopic analysis of net hauls (Herman et al. 2004;
Herman and Harvey 2006; Finlay et al. 2007a; Schultes and Lopes 2009; Gaardsted et
al. 2010; A. W. Herman et al. unpubl.), Zooscan sample analysis (Schultes and Lopes
2009) and Digital Floc Cameras (A. W. Herman et al. unpubl.).

The accuracy of LOPC data may be affected by errors in either the counting or accurate
sizing of the detected particles. While some such errors are attributable to universal
issues such as resolving accurate ESD measurements of non-symmetrical biological
organisms occluding the photodiode in a range of orientations, others are more
dependent on ambient conditions such as a significant presence of detectable nonplankton particles that may contaminate the zooplankton data. Whilst it is therefore
possible to investigate the contribution of some error sources within a laboratory
environment or by examining previous studies, it is important to consider site specific
conditions when collecting LOPC data in situ.
1.5.1 Accuracy of abundance data
The primary issue affecting accuracy of LOPC abundance data relates directly to the
inherent design of the instrumentation. It may be argued that the LOPC is more
accurately described as an optical particle counter as opposed to an optical plankton
counter (Vanderploeg and Roman 2006), as any particles capable of occluding one or
more of the photodiode elements are included in the data stream and as such the LOPC
is unable to distinguish between zooplankton and non-zooplankton particles such as
macroscopic aggregates (marine or lake snow) and suspended sediment. The degree to
which non-zooplankton particles may contaminate LOPC data differs not only between
systems, but is also spatially and temporally variable within a given system. Given the
basic similarities in design between the OPC and LOPC, and the relatively recent
development of the LOPC, it is useful to review the literature regarding the accuracy of
OPC abundance data in order to understand the potential issues regarding the LOPC
zooplankton detection sensitivity.

The most common non-zooplankton particles that may be detected by the OPC/LOPC
are aggregates (marine or lake snow) that may consist of a combination of detritus,
living organisms and inorganic matter (Alldredge and Silver 1988; Grossart and Simon
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1993). Given the differences in the pelagic community composition between marine and
lacustrine systems, significant compositional differences exist between marine and lake
snow (Grossart and Simon 1993) and as such they are likely to impact the OPC/LOPC
derived community size spectra in different ways. Unfortunately these aggregates are
often fragile particles and are not retained by filters or nets (Gonzalez-Quiros and
Checkley Jr 2006; Checkley Jr et al. 2008), making it difficult to use other particle
detection methods to quantify their contribution to an in situ OPC/LOPC dataset. Given
these characteristics, it is unsurprising that the literature varies in asserting the
respective contributions of marine and lake snow to OPC/LOPC derived zooplankton
data.
1.5.1.1 Early work - accuracy of OPC abundance data
A number of studies have investigated the effect of marine snow on OPC data. Herman
(1992) reported limited detection sensitivity of the OPC at depths with high
concentrations of marine snow, while Heath (2002) and Hopcroft (2002) similarly
reported that consistently more particles were detected by OPC than may have been
accounted for by net catches. Gonzalez-Quiros and Checkley Jr (2006) counted severalfold more particles by in situ OPC measurement than by processing net collected
samples from the same marine station through a laboratory OPC, which they
hypothesised was due to biogenic marine snow particles being detected by the in situ
sampling method. This hypothesis was supported by patterns in the in situ dataset, in
which the “extra” particles that were not accounted for in the lab OPC dataset were
found to be highest in spring and summer, highly correlated with chlorophyll a and
more abundant by day than by night, which Gonzalez-Quiros and Checkley Jr (2006)
suggested was consistent with these particles being primarily diatom laden aggregates.

It is interesting to compare these findings with similar work by Huntley et al. (2006)
who also found that data collected by in situ deployment of an OPC contained larger
abundance estimates, but consideration of the prevalent diatom aggregates and
filamentous cyanobacteria colonies present at the sampling station lead the researchers
to conclude that neither contributed significantly to the OPC abundance estimates, and
also that seasonal and diel patterns in the “extra” particles detected by the OPC meant it
was unlikely they were detrital particles. Investigation of the filtering efficiency of the
200 μm net they were using also lead Huntley et al. (2006) to conclude that the
discrepancies between net and OPC datasets were likely primarily due to extrusion
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related net undersampling, and that particles sampled by the OPC were predominantly
mesozooplankton.

Similarly, Patoine et al. (2006) reported that algal particles did not bias OPC
measurements in their freshwater study, even in eutrophic lakes with high
concentrations of filamentous cyanobacteria, and Edvardsen et al. (2002) found that
peaks in fluorescence in their marine study area were highly negatively correlated with
OPC-measured zooplankton abundance peaks, and concluded that phytoplankton
aggregates are very unlikely to contaminate zooplankton measurements made by an
OPC.

Another reason given by Edvardsen et al. (2002) for it being unlikely that aggregates
could contaminate OPC zooplankton measurements was that micro-scale turbulence and
associated shear stress at the opening of the in situ OPC, when towed at a speed of at
least 6 knots, was very likely to erode any aggregates greater than 0.1 mm. The role of
towing speed in influencing abundance estimates was also addressed by Huntley et al.
(2006) in their assessment of studies that buck the general trend by finding that OPC
zooplankton measurements were less abundant than net (Herman 1988; Sutton et al.
2001) or imaging (Remsen et al. 2004) measurements. They suggested that these
findings were possibly due to the low towing speeds employed in these studies,
whereby the more agile organisms were able to avoid passing through the small
sampling aperture of the OPC (Beaulieu et al. 1999). This avoidance mechanism was
also examined by Baumgartner (2003) who inferred that significantly lower Calanus
finmarchicus abundances observed during slower OPC descents were due to avoidance
of the sampling tunnel by the agile marine species.

Studies using the OPC within lacustrine and estuarine systems are less numerous than
those in marine systems, but have allowed further exploration of the potential for
suspended matter to inhibit accurate OPC detection of zooplankton. Moore and Suthers
(2006) found that despite individual detrital particles in highly turbid estuarine waters
being smaller than the lower detection limit of the OPC, coincidence of the high
concentration of particles produced substantial erroneous abundance data. Liebig et al.
(2006) encountered similar difficulties when deploying the OPC in Lake Michigan, with
significant overestimation of OPC derived biomass values found to occur during periods
of high suspended matter associated with storm-generated bottom sediment
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resuspension. Although the suspended matter consisted of fine sediments similar to the
Moore and Suthers (2006) study, larger particles such as detrital benthic plant and
animal debris also contributed to the erroneous counts. Whilst it may be likely that
coincident counting of fine suspended particles has been resolved with the improved
optics design of the LOPC, larger detritral debris and resuspended sediment aggregates
are some of the factors affecting OPC abundance accuracy that will potentially affect
the accuracy of LOPC abundance data in a similar manner.
1.5.1.2 Recent developments - accuracy of LOPC abundance data
There is a similar disparity in results and related conclusions regarding the accuracy of
zooplankton abundance estimations as determined from LOPC data as there has been
for OPC data, and LOPC studies range from implicit assumption of accuracy (Dupont
and Planque 2005) to detailed examinations of potential sources of error (A. W. Herman
et al. unpubl.). As for OPC studies, the effect of non-zooplankton particles has been the
primary potential error source under investigation, and there are a larger number of
studies investigating the accuracy of LOPC abundance estimates within marine systems
than within freshwater systems.

The methodology used to assess the accuracy of LOPC based zooplankton abundance
estimates has changed somewhat over the past decade as users exploit the data more
deeply. Early work by Herman et al. (2004) and Herman and Harvey (2006) involved
comparing LOPC abundance data (total counts) with abundance data from
simultaneously collected net samples for different particle size classes. Herman and
Harvey (2006) reported good correlation between the two types of data for many
sampling stations and times, although LOPC counts for all size groups less than 900 μm
ESD were consistently higher than net counts and there was a lack of correlation at
some sampling stations and during bloom conditions. Both the higher LOPC counts and
the lack of correlation were attributed to the presence of high aggregate concentrations,
and Herman and Harvey (2006) anticipated greater agreement between net and LOPC
counts in “blue water” (post-bloom and low chlorophyll a) conditions. The reliability of
LOPC derived zooplankton estimates is thus likely to be both spatially and temporally
variable, given the inherent spatial and temporal variability of such confounding
particles. This is further confirmed in another in situ LOPC marine study by Schultes
and Lopes (2009) in which they found the LOPC likely overestimated true zooplankton
biomass at shallow stations due to accidental counting of terrigenous matter, and a
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strong peak in abundance at the bottom of the mixed layer for most oceanic stations was
likely due to an accumulation of phytoplankton aggregates at this depth.

Some subsequent studies using the LOPC in marine systems assumed the majority of
detected particles were zooplankton (Basedow et al. 2010) while others continued to
compare LOPC abundance data with that from simultaneous net hauls. The extent of
these comparisons ranged from simple comparisons of total counts across the entire size
range (Peterson and Peterson 2008) to more detailed copepod abundance comparisons
of different size ranges (Gaardsted et al. 2010). While the former found that the two
types of counts were within an order of magnitude of one another and thus concluded
that a significant proportion of detected particles were zooplankton (Peterson and
Peterson 2008), the latter again encountered considerable discrepancy between
abundance estimates for the two collection methods, particularly when smaller (<540
μm ESD) particles were included in the correlation calculation (Gaardsted et al. 2010).
Gaardsted et al (2010) did however conclude that the LOPC could be used to map
copepod abundance variability in the NE Norwegian Sea, and that by selecting an
appropriate size range (900–1500 μm ESD) the LOPC could also deliver reasonable
abundance estimates of zooplankton in the area, which in effect delivers estimates of the
dominant species in this size range, Calanus finmarchicus. The connection between the
dominant zooplankton species within a study site and the size range for which LOPC
abundance estimates most closely match net haul abundance estimates again highlights
the role of site-specific characteristics in the accuracy of LOPC data.

As previously mentioned, the LOPC data differs from OPC in that the multi-element
photodiode is utilised to record shape and transparency information for larger particles
that occlude three or more elements. Such particles are termed multi-element particles,
or MEPs, and are in the approximate range 1500–35000 μm ESD. The shape and/or
transparency information may then be used to filter the raw MEP data and obtain
potentially more reliable zooplankton abundance estimates than using the raw data. This
was first tested by Herman and Harvey (2006) who used a size group of 1000–2000 μm
ESD to identify larger Calanus spp. (IV–VI). Unlike their smaller size groups that
consisted of single element particles (SEPs) they applied a filter to the LOPC data in
this larger range to remove other similarly sized particles that did not have a shape
typical of Calanus spp. (IV–VI). This was done by setting three boundary conditions for
acceptable ranges of lengths, diameters, and the ratio of length to diameter respectively,
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and rejecting all LOPC counts within the 1000–2000 μm ESD size group that did not
meet these conditions. This resulted in a typical rejection of 50% of detected particles.
The resulting dataset showed reasonable agreement with net counts of Calanus spp.
(IV–VI), and did not exhibit the significantly larger LOPC counts consistent amongst
the smaller size groups.

Subsequent studies have expanded on this technique, with the focus shifting to utilising
the transparency data to separate more opaque and more transparent MEP particles in
the LOPC data stream. For instance, Checkley Jr et al. (2008) assessed MEPs from
LOPC data collected in situ from Californian coastal waters, and found that MEP
transparency ranges broadly from many transparent particles believed to be marine
snow such as aggregates, larvacean houses and gelatinous zooplankters, through to a
fewer number of relatively opaque particles likely to be crustacean zooplankton. This
method of data separation was used to estimate the abundance of large copepods by
filtering the MEP data to include only those particles which were both relatively opaque
and had a measured ESD that fell within a range they set by measuring a number of
large copepods from simultaneously collected net samples. The technique resulted in
abundance estimates that agree well with corresponding net haul abundance estimates
for large copepods.

As explained by Herman (2006), it is also possible to extend this technique to filter
transparent, probable non-zooplankton particles from SEP data, even though the LOPC
is not capable of detecting the transparency of these smaller particles. The method
involves generating the Normalised Biomass Size Spectrum (NBSS) for the combined
SEP and MEP dataset, for the entire MEP dataset only, and for transparent MEPs that
are less opaque than a chosen threshold. The transparent MEP distribution is then
extrapolated to cover the entire size range, before being subtracted from the combined
SEP and MEP dataset NBSS to generate a NBSS that may be attributed to opaque
particles most likely to be zooplankton. Application of this method has resulted in near
1:1 linear relationships for comparison of net and LOPC zooplankton abundance data in
Californian coastal waters, although consistently negative slopes when comparing the
smaller size group datasets indicates that all transparent particles had not been
accounted for (A. W. Herman et al. unpubl.). The method does however provide a good
starting point in the separation of transparent particles from LOPC datasets to increase
accuracy of calculated zooplankton abundance estimates.
16

The ability to separate transparent particles from the LOPC data stream also offers
researchers a new means by which to study particle fate and transport in aquatic
systems. That is, these non-zooplankton particles are not merely a troublesome source
of error in LOPC measurements but play a critical role in aquatic ecosystems, such as
providing a food source for the very zooplankton under study. Recent work by Jackson
and Checkley Jr (2011) has been successful in investigating particle size distributions
using an LOPC in the upper 100 m of the ocean, where it is difficult to use the more
traditional sediment trap method of particle sensing.

While the increasingly detailed investigation of LOPC-derived particle abundance in
marine systems has primarily involved in situ LOPC deployment, the majority of
studies using the LOPC within freshwater systems have involved processing net haul
samples through the LOPC using the Sample Circulator. Finlay et al. (2007a) first
examined the use of the combined LOPC Sample Circulator apparatus to obtain
freshwater zooplankton abundance measurements, reporting an overall good agreement
between microscope-based measurements and LOPC measurements of total abundance
estimates of the same net samples from 18 lakes. The study also involved comparing in
situ LOPC vertical tow data with net samples from the same lakes, resulting in the in
situ LOPC consistently measuring approximately ten times the abundance estimates
obtained through microscopic counts, for all size groups. The in situ LOPC abundance
data was also compared with preserved pump samples run through the LOPC Sample
Circulator for the same lakes, resulting in very good agreement between the datasets
despite the in situ LOPC measurements being roughly double that of the LOPC Sample
Circulator measurements for the smallest (300–400 μm ESD) size group. Finlay et al.
(2007a) advised that the latter results suggested the disagreement between in situ LOPC
and net measurements were likely due to problems with net sampling such as clogging
or avoidance rather than issues with in situ LOPC detection of non-zooplankton
particles, but it did appear that non-zooplankton particles may have played a role in the
in situ detection of zooplankton, particularly for the smallest size group.

The results of Finlay et al. (2007a) are cited in a number of more recent studies that
assumed the LOPC Sample Circulator apparatus accurately estimated zooplankton
abundances in freshwater samples, either collected by net haul and analysed within a
laboratory setting (Finlay et al. 2007b; B. Beisner et al. unpubl.) or pumped from a 2 m
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depth and circulated through the LOPC chamber on a boat deck (Levesque et al. 2010).
Finlay et al. (2007b) and B. Beisner et al. (unpubl.) did not include counts of particles
<300 μm ESD as they found LOPC data below this size limit was contaminated by the
presence of small bubbles in the system, while Levesque et al. (2010) similarly began
their size grouping at 300 μm ESD but did not report any problems with the data to
explain this lower limit. Given that the comparison study conducted by Finlay et al.
(2007a) also set a lower limit at 300 μm ESD, there is a lack of information about the
accuracy of LOPC zooplankton abundance estimation for the lowest end of the
detection limit of the LOPC when used in freshwater systems. This knowledge gap is
recognised by Finlay et al. (2007a) as a necessary next step to build on their study and
evaluate the accurate LOPC estimation of particles smaller than 300 μm ESD, such that
crucial components of the zooplankton community that fall within size group, copepod
nauplii and large rotifers for instance, may also be sampled with confidence in
freshwater systems.
While the minimum detectable ESD of the LOPC is 100 μm (Herman et al. 2004), a
more reliable lower detection limit of 120–135 μm ESD for LOPC tow speeds of 2.25–
2.5 ms-1 has been given by Yurista et al. (2009), who used this value in conjunction with
their comparison net size of 153 μm ESD to set their lower limit to 150 μm ESD for
their in situ LOPC survey of zooplankton biomass in Lake Superior. They did not
compare zooplankton abundance or density estimates between the net haul and LOPC
data, instead calculating zooplankton biomass from the two types of data and comparing
the resulting values. This method is a way of performing a field calibration of LOPC
data using net haul data, explained in more detail in Section 1.5.2, so does not allow for
direct assessment of LOPC abundance estimates with net haul estimates, although the
calibration did result in very good agreement between in situ LOPC and independent net
samples for whole lake zooplankton biomass concentrations and distribution patterns
(Yurista et al. 2009).
1.5.1.3 Key knowledge gaps in the accuracy of LOPC abundance estimates
Although LOPC use in both marine and freshwater systems has been steadily growing
since the development of the apparatus, the literature regarding assessment of the
accuracy of zooplankton abundance estimates using LOPC data reveals a number of
knowledge gaps that remain. This is particularly apparent for LOPC use within
freshwater systems, given that accuracy assessment remains largely undeveloped since
the work of Finlay et al. (2007a).
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There is certainly scope for quantitatively assessing the accuracy of freshwater LOPC
measurements below the 300 μm ESD limit used by Finlay et al. (2007a), Finlay et al.
(2007b), Levesque et al. (2010) and B. Beisner et al. (unpubl.). There is also a lack of
data regarding spatial and temporal variability of LOPC accuracy in freshwater systems,
for instance due to changes in non-zooplankton particles over a season or by depth in
the water column. There has also not been any work done to date investigating the
transparency of particles within freshwater LOPC datasets, and whether this may
improve confidence in in situ LOPC abundance estimates in freshwater systems in a
similar way to marine systems in which it has achieved early success.
1.5.2 Accuracy of particle size calculation
In addition to having confidence in LOPC abundance estimates it is equally important to
consider the accuracy of the size values the LOPC assigns to each detected particle. As
mentioned earlier, the LOPC detects particles as they occlude one or more of the 35
elements of the detection photodiode. Similar to the measurement principle of the OPC,
the LOPC determines the size of the particle being detected by measuring the crosssectional area occluded by the particle and assigning it an equivalent spherical diameter
(ESD) value (Herman et al. 2004).

The LOPC differs from the OPC in that it has two different means of processing
particles, depending on their size. Smaller single element particles (SEPs) that occlude
one or two elements, equating to a range of about 100–1500 μm ESD, are assigned an
ESD value according to the area they occlude, and internally added to an appropriate
size bin. Larger multi-element particles (MEPs), ranging from roughly 1500–35000 μm
ESD, are not automatically assigned an ESD and added to the respective size bin but
rather are saved separately in the LOPC data stream. This is due to the LOPC recording
additional information about each MEP, including its shape and also the peak negative
change in voltage of each diode occluded by the MEP (Gaardsted et al. 2010). These
voltage values are referred to as the digital size (DS) of the MEP and can be used during
post-processing to calculate the ESD of each MEP, in order to create a size distribution
of all MEPs which may be added to the internally generated SEP size distribution to
create a size distribution for the entire LOPC detection range of 100–35000 μm ESD.
The DS data also provide a measure of the transparency of each MEP, allowing for
assessment of potential non-zooplankton particles as previously discussed in Section
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1.5.1.2, or to selectively examine particles of interest that fall within a given size and
transparency range.

The internal calculation of ESD for all detected SEPs performed continuously by the
LOPC also differs from the OPC calculation technique, in that it presents a size
distribution linear with particle diameter as opposed to the size distribution linear with
particle area presented by the OPC (Herman et al. 2004). This means that the LOPCdetermined ESD value of a given particle is the equivalent diameter of an opaque sphere
that occludes the same area occluded by said particle. This internal calculation is
calibrated by the LOPC manufacturers using a range of spherical beads, although beads
are also supplied with the LOPC should users wish to perform their own tests.

Given that the ESD values determined either internally by the LOPC for SEPs or
through post-processing for MEPs are calculated using the DS, which in turn is a
measure of the change in voltage for the elements occluded by a given particle, the DS
and thus ESD calculated for a particle is a property of both the occluded area of the
particle and its transparency (Basedow et al. 2010). As such, the ESD calculated for
non-spherical particles such as ellipsoid copepods, spheroid and flattened cladocerans,
or longer and more irregularly shaped species such as Bythotrephes (Sprules et al. 1998)
are a function of the orientation of the particle as it passes through the beam (Herman et
al. 2004) and such a particle of a given size and shape will produce a range of ESD
values depending on its incident orientation. Similarly, the ESD calculated for a nonopaque particle may not necessarily directly correspond with its total size, as for
instance a small opaque particle such as a copepod can produce the same change in
voltage, and thus the same DS and ESD, as a larger, more transparent particle such as an
aggregate or salp (Gonzalez-Quiros and Checkley Jr 2006).
1.5.2.1 Early work - accuracy of OPC size estimation
The capacities for both the transparency of non-opaque particles and the orientation of
non-spherical particles to affect how the LOPC reports particle size are the primary
sources of error in LOPC plankton size estimation. Although the issue of transparency
was recognised by users of the OPC (Herman 1992; Sprules et al. 1998; Beaulieu et al.
1999; Gonzalez-Quiros and Checkley Jr 2006; Campbell and Dower 2008), the lack of
transparency data within OPC datasets limited investigations into the role of
transparency on OPC size estimation. Contrasting with the consideration of transparent
particles as being largely non-zooplankton in nature and thus contributing to errors in
20

LOPC abundance data, examining the role of transparency on OPC data focussed on
potential problems associated with correctly sizing non-opaque zooplankton particles.
Through visual examination of net haul samples, Herman (1992) found that copepods
were typically more transparent following their over-wintering period, as opposed to the
opaque active feeders. This seasonal transparency was found to correspond with an
underestimation of diameter by the OPC of 30%, and a decrease in detection sensitivity
(Herman 1992). The seasonal nature of such transparency errors in OPC sizing was also
highlighted by Kimmel et al. (2006) who found that gelatinous zooplankton biovolume
was highest during July in Chesapeake Bay, although it was also not entirely predictable
as the gelatinous species persisted into October in some years.

Some OPC users also cite the role of formalin in affecting accurate sizing of
zooplankton, as preserving most zooplankters in formalin tends to increase their opacity
(Herman 1992). This was investigated by Beaulieu et al. (1999) by running 10 samples
containing mainly crustaceans but also some gelatinous organisms through the OPC
with a Sample Circulator while still alive, and then following preserving them in
formalin. They found that not only did the mean detected size increase by as much as
25% after preservation in formalin, but the total number of counts also increased by
10% on average, and as much as 25%. The increase in measured abundance was
attributed to a number of organisms being transparent when analysed alive. In addition
to increasing zooplankton opacity, formalin is also known to cause shrinkage. Generally
speaking, zooplankters such as gelatinous organisms with a high water content will lose
a significant percentage of their live volume following preservation (Beaulieu et al.
1999) whilst crustaceans such as copepods are less affected by formalin fixation
(Remsen et al. 2004).

Whilst the effects of formalin fixation are only relevant to the processing of preserved
samples through an OPC/LOPC, the effect of random orientation of particles as they
pass through the sample tunnel is applicable to all OPC/LOPC applications. Some OPC
users (Nogueira et al. 2004; Sourisseau and Carlotti 2006) cited previous work (Herman
1992; Beaulieu et al. 1999) in applying a 15% increase to measured ESD values to
compensate for an underestimation in particle size due to random orientation at
detection. Others users (Liebig et al. 2006) who worked with biomass estimates,
however, found that the underestimation in ESD due to random orientation was
balanced by the overestimation of biomass when the maximum cross-sectional area of
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an ellipsoidal particle was detected by the OPC, and thus did not recommend applying a
general correction factor for all environments.

The random orientation of particles at detection also has a bearing on the shape of the
size distribution returned by the OPC/LOPC. The range of resulting cross-sectional
areas at detection produce a broader size distribution (Sprules et al. 1998; Labat et al.
2002) which in turn makes it even more difficult, particularly in diverse communities, to
isolate distinct species from the community size distribution (Liebig et al. 2006). One
method of addressing this difficulty is to perform an empirical calibration of species of
interest by running samples of these species through a laboratory OPC, and noting the
resultant size distribution. Such a calibration was performed by Osgood and Checkley Jr
(1997) who ran 106 live C5 Calanus pacificus through an OPC in the laboratory,
defining the OPC size range of the species as being within one standard deviation of the
resultant mean OPC size. This technique was further developed by Sprules et al. (1998)
who ran a number of freshwater species separately through a laboratory OPC, and
compared the resultant ESD measurements with those calculated by using microscopic
measurements, published length-width ratios, and the assumption of an ellipsoidal
shape. The resulting OPC and microscope measurements were found to agree very
closely, though OPC size distributions of elongated species were broader than those
from the microscope due to their random orientation through the OPC tunnel (Sprules et
al. 1998).

While such species-specific calibration methods may be carried out in a laboratory
setting, variable zooplankton body shapes within systems can present complications to
in situ OPC/LOPC users by making it difficult to convert ESD measurements to “real”
measurements of zooplankton within a diverse community (Sprules et al. 1998). This is
particularly relevant in freshwater systems, where the coexistence of copepods,
cladocerans and rotifers results in a higher variation in body shape than for oceans
which are generally dominated by copepods. While such conversions may not be of
interest if OPC/LOPC users are only concerned with community-wide abundance or
ESD size distribution, this is a significant issue for studies requiring the conversion of
ESD measurements to biovolume/biomass.

In order to convert ESD length measurements to biovolume and biomass values, it is
necessary to either assume or determine a general shape model for the community under
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examination. The simplest way is to assume a spherical shape (Heath 2002) although
this tends to overestimate biovolume (Sprules et al. 1998; Beaulieu et al. 1999), with
Mustard and Anderson (2005) demonstrating a 50% overestimation in OPC biovolume
compared with net biovolume for their northeast Atlantic marine study site. A more
suitable technique was then developed, instead assuming an ellipsoidal/spheroidal
shape, which also requires the length:width ratio of the detected zooplankton to be
assumed across the entire dataset. A ratio of 3 has been used in a number of marine
studies (Huntley et al. 1995; Wieland et al. 1997), although the coexistence of ellipsoid
copepods and roundish cladocerans in most freshwater communities complicated the
task of selecting a single length:width ratio in freshwater studies (Patoine et al. 2006). A
solution to this task was found in the form of a field calibration.

First presented by Sprules et al. (1998), the OPC field calibration was used to determine
a suitable geometric shape model that may be applied across an entire in situ OPC
dataset to calculate biomass from OPC size measurements, despite the variety of body
shapes present in the system. In effect it averages out the differences in body shape by
iteratively solving for a system-wide body shape (assuming a general oblate spheroid
shape) that results in the closest fit between OPC biomass estimates and those
calculated from microscopic measurements, using published or determined length-mass
regressions, from the same site/s. As such, this technique also corrects for any
coincident counts by OPC. Sprules et al. (1998) described broad confidence bands at
low and high OPC biomass values for their regression model, warning that uncertainty
in OPC biomass estimates may affect the accuracy of this technique. The assumption of
accuracy in net-based biomass measurements, as has been previously discussed, is also
likely to play a role in the accuracy of this field calibration technique, though this would
be difficult to quantify.

While Sprules et al. (1998) achieved the best fit using a ratio of 1.33 for Lake Erie
samples, it stands to reason that their empirical calibration technique would result in a
ratio that may only be applicable to the datasets being calibrated, and hence only
applicable to the particular study site at the particular time of sampling. It is feasible,
however, that systems with similar zooplankton populations would have similar overall
length:width ratios. This proposal was investigated by Patoine et al. (2006) using a
laboratory OPC to process zooplankton samples from three sets of contrasting Canadian
lakes (eutrophic, mesotrophic and oligotrophic), with the expectation of finding
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differing ellipse model ratios depending on the zooplankton community composition of
each set of lakes. The length:width ratio that resulted in the best fit between OPC and
taxon derived biomass values varied amongst lake sets, ranging from 1.46 in
mesotrophic lakes, to 2.49 in oligotrophic lakes, and up to 2.67 in eutrophic lakes.
While the lower value in oligotrophic lakes was in agreement with the higher ratio of
roundish cladocerans to ellipsoidal copepods in this set of lakes, the two remaining lake
sets had quite similar length:width ratios despite their differences in cladoceran:copepod
biomass ratio. Patoine et al. (2006) suggested the result for the oligotrophic lakes may
be somewhat unreliable due to the small number of observations and high degree of
uncertainty in the calculation for this lake set, and further observations would likely
result in a higher length:width ratio to better reflect the high copepod population. In any
case, as concluded by Patoine et al. (2006), these results demonstrate the importance of
determining an appropriate ellipse shape for similar lake types, if not also individual
lakes, as opposed to previous marine studies (Grant et al. 2000; Baumgartner 2003;
Nogueira et al. 2004) where a single ellipse shape was suitable.
1.5.2.2 Recent developments – accuracy of LOPC size estimation
The effects of particle transparency and random orientation on particle size estimation
by LOPC have been investigated in a similar fashion to earlier OPC studies, in addition
to calibration of LOPC ESD for species of interest and field calibration using the
technique of Sprules et al. (1998). The shape and transparency data collected by the
LOPC for MEPs also offers users greater means by which to assess how their collected
data, be it laboratory or in situ, accurately represents the zooplankton community under
investigation.

While the improved optics design of the LOPC results in a significant reduction in
potential erroneous size data caused by coincident counts, the effect of random
orientation remains. As for the OPC, there is no exact convention for relating LOPC
ESD to plankton size (Herman, 2002), but a number of researchers have performed
laboratory calibrations by processing known zooplankton samples through an LOPC in
the laboratory. Herman et al. (2004) first demonstrated the use of LOPC-produced MEP
shape profile data to identify groups of zooplankton, combining the length and width
values to separate out taxa of contrasting shapes. Similar to the OPC, particle length
measurements are likely underestimated and the resulting length histogram broadened
due to random orientation through the detection tunnel, thus it is likely that this
technique may only be possible for systems with clearly contrasting shapes and sizes
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such as the three groups separated by Herman et al. (2004)—arrow worms, copepods
and a combined group of euphasusiids and amphipods.

This separation by shape technique was also employed by Herman and Harvey (2006),
who used ESD measurements to separate three groups of dominant taxa for comparison
with net samples but were concerned that using only ESD to separate the fourth, and
largest, group of interest—Calanus spp.—would also allow small euphausiids and
marine aggregates to be inadvertently counted. They addressed this by applying further
boundary conditions for this group using the shape profiles, setting a size range for
lengths, a size range for diameters, and a range for the ratio of length:diameter. The
resulting abundance data was found to agree reasonably with net counts for this size
group (Herman and Harvey 2006).

The use of shape profiles to separate taxa has not been employed in later studies, with
more of a focus on calibrating LOPC data through either processing species of interest
through a laboratory LOPC or measuring samples and converting to ESD to determine
the appropriate LOPC ESD size ranges. Finlay et al. (2007a) ran groups of freshwater
zooplankton, pooled by taxonomic group and size class, through a laboratory LOPC and
compared the resulting ESD measurements with microscopically-derived ESD values.
They found that the LOPC overestimated smaller copepodites and adult female
copepods by around 15%, though there was no significant difference between the two
datasets for large calanoid copepods. Daphnia size was underestimated by
approximately 25% by the LOPC when compared to microscopic measurements, which
is attributed to the laterally flattened shape of cladocerans being more susceptible to
underestimation due to random orientation. Finlay et al. (2007a) were unable to
confidently comment on the accuracy of the LOPC to size Bosmina as less than half the
sample were detected by the LOPC, suggesting they fell below the 300 µm that was set
to avoid counting of bubbles in the Sample Circulator system.

Gaardsted et al. (2010) performed similar tests, processing live marine copepods
through a laboratory LOPC to determine the size range that best represents Calanus
finmarchicus such that they could separate this species from subsequent field data.
Although the resultant size range also included similarly sized copepods, this had little
bearing on the accuracy of their field results as Calanus finmarchicus was so dominant
in the system. This technique may not be appropriate in a more biologically diverse
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system, without also applying shape or transparency filters to separate out species of
interest from those with similar ESD measurements. Such a second layer of data
filtering was employed by A. W. Herman et al. (unpubl.), albeit to remove potential
non-zooplankton particles from their size range of interest. They first measured the
prosome length of species of interest before converting these to ESD values and
comparing with previously determined ESD values for their species of interest
(Beaulieu et al. 1999; Baumgartner 2003; Herman and Harvey 2006). Particle
attenuation values were then examined to remove transparent particles from the
resulting data groups.

The development of techniques utilising particle transparency data of the LOPC in fact
seems to have taken over where use of the shape profiles died away. As discussed in
Section 1.5.1.2, Checkley Jr et al. (2008) used MEP size and transparency data to
calculate a new metric for all MEPs—their attenuation index (AI), a measure of how
transparent a particle is. Their AI is equal to the mean digital size (DS) of an MEP
divided by the maximum DS, and ranges from 0 (transparent) to 1 (opaque). They were
interested in separating out large copepods from their field LOPC data, and excluded all
particles with AI>0.6.

Gaardsted et al. (2010) used the same calculation as Checkley Jr et al. (2008), but
differed in their approach by first determining an appropriate AI cut-off value by
laboratory calibration. They processed marine copepod samples through a laboratory
LOPC then examined the resulting AI values in order to compare the field AI
histograms with laboratory AI histograms. The resulting laboratory AI values were
lower than expected, with 90% of copepod MEPs exhibiting an AI between 0.175 and
0.525. Gaardsted et al. (2010) suggested that this unexpectedly low range does not
necessarily mean that the copepods are very transparent, but that their technique of
calculating AI is somewhat flawed for smaller animals. The majority of copepods in
their study area only covered 3 or 4 diodes as they were detected by the LOPC, with the
outer diodes only partially occluded, resulting in a deceptively low mean DS and thus
low AI. A solution to this is proposed by discarding the outer diode values in the
calculation of AI for smaller particles such as these (Gaardsted et al. 2010). This
suggested technique, using only the middle diode DS values to calculate AI for each
MEP, has been applied by A. W. Herman et al. (unpubl.). They observed a broad peak
in AI around 0.7–0.8, which they associated with Calanus finmarchicus CV–VI
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copepods, and set a threshold AI of 0.5 to separate out crustacean zooplankton from
transparent particles in their field data.

A more complex technique for separating zooplankton particles from transparent marine
snow from field data was used by Jackson and Checkley Jr (2011). They constructed a
two dimensional histogram of both occluded diameter and ESD for each MEP in their
data, fit a fractal relationship curve to the data to determine a new mean ESD value for
each ESD bin within each occluded diameter bin, and finally compared individual
MEPs to this mean ESD value in order to classify them as either zooplankton or marine
snow particles.

It is worth noting that the development of techniques utilising the DS data produced by
the LOPC to examine the transparency of MEPs has been limited to marine studies,
with no research into the detected transparency of freshwater zooplankton. The converse
is true for developments of the field calibration technique of Sprules et al. (1998)—
discussed in Section 1.5.2.1—to determine an appropriate universal particle shape to
convert LOPC ESD measurements to biovolume/biomass. While some simply assumed
all particles are spherical (Checkley Jr et al. 2008; Peterson and Peterson 2008), it is a
generally accepted practice to assume a major-minor axes ratio of 3:1 for all particles in
marine systems to convert ESD to biovolume/biomass (Herman and Harvey 2006;
Schultes and Lopes 2009). Such an assumption is less easily made for freshwater
species, and a number of researchers have applied the technique presented by Sprules et
al. (1998) to determine an appropriate ratio for their study site/s.

Finlay et al. (2007a) applied the calibration technique to samples from 18 lakes from the
same region of Quebec, and found a length:width ratio f of 1.72 resulted in the best fit
between LOPC ESD-derived and microscope-derived biomass. They suggested that the
increase from the Sprules et al. (1998) value of 1.33 for Lake Erie was not necessarily
indicative of a significant difference in the length:width ratio between Lake Erie and the
18 sampled lakes, but rather is reflective of the lack of contribution by coincident counts
in their study. Comparing the results with those of Patoine et al. (2006), it may be
expected that the much higher cladoceran:copepod biomass ratio across the 18 lakes
would result in a lower f value, but this is not the case. As such, Finlay et al. (2007a)
stated that further work is required examining the relationship between f values and
zooplankton community composition before any general trends may be confidently
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concluded. They did conclude, however, that the strength of the relationship in their
study, combined with those of Patoine et al. (2006), indicated that once a suitable f
value is determined for a region, it may be used to adequately predict freshwater
zooplankton biomass from LOPC Sample Circulator processing of net samples.

The f value of 1.72 calculated by Finlay et al. (2007a) was also used by Finlay et al.
(2007b) in their study of zooplankton size structure in the lakes of three limnologically
diverse regions of Quebec. While the study lakes of the Finlay et al. (2007a) study lie
within one of these regions, it perhaps questionable to use the same f value across all
three regions when it is known that they are so diverse. Similarly, the f value of 1.72 is
also used by B. Beisner et al. (unpubl.) in their study of zooplankton community size
structure in 239 lakes of Muskoka, Ontario. The 239 lakes exhibit a range of
environmental gradients and community composition, and it seems unlikely that a
single f value would be appropriate for the entire region. It does, however, remain to be
seen whether the extra effort of calculating more site specific f values is warranted, and
as stated by Finlay et al. (2007a) further work in this area is required in order to
determine appropriate f values based on community composition or region.

A slightly different technique was employed by Yurista et al. (2009) to determine an
appropriate f value for Lake Superior, using in situ LOPC data. Sprules et al. (1998) and
Finlay et al. (2007a) reached their respective f values by varying them until the best 1:1
linear regression between microscope-derived and OPC/LOPC-derived biomass was
obtained, while Patoine et al. (2006) varied their f value until the difference between the
means of the microscope- and OPC-derived biomass values was minimised. Yurista et
al. (2009) argued that neither net sample nor LOPC data are a dependent function of the
other due to sample and measurement error inherent in both, and as such it is more
appropriate to apply a geometric mean slope to determine a predictive relationship
between them as opposed to a traditional linear function. Applying this method to their
Lake Superior data resulted in a geometric mean slope between LOPC biomass dryweight and net biomass dry-weight of 0.906, with an f value of 2.585. Such an f value is
indicative of dominance in copepods over cladocerans, and net tow data confirmed that
copepods made up 64% by number and 59% by biomass of the crustacean zooplankton
in the sampled community. Interestingly, analysis of species composition by depth
revealed 48% copepods in the nearshore (<100 m) and 89% copepods in the offshore
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(>100 m) but the geometric mean relationship did not differ as a function of depth
zones.

Given the range of f values from 1.33 to 2.67 obtained by Sprules et al. (1998), Patoine
et al. (2006), Finlay et al. (2007a) and Yurista et al. (2009) it is clear that a suitable f
value for field calibration of LOPC biomass estimates is dependent on communityspecific conditions. It may not be necessarily appropriate to apply the f value obtained
from another study unless there is clear evidence of similarities in the zooplankton
communities. It is, however, also recognised that performing the necessary comparisons
between net and LOPC data to calculate a site-specific f value, as opposed to applying a
previously determined one, can be costly in time and resources. Ideally, as suggested by
Finlay et al. (2007a), as more work is performed exploring f values across a range of
zooplankton communities it is anticipated that general trends can be reached and
determining an appropriate f value for each study may be a more streamlined process.
1.5.2.3 Key knowledge gaps in the accuracy of LOPC size estimation
The investigation of f values for various study sites is thus clearly an area in need of
further work, even if only through future LOPC users calculating their own f values to
add to the number of known community length:width ratios for a variety of sites. As
previously mentioned, there is also a distinct lack of research into the use of LOPC
transparency data in freshwater systems, despite the success of such data analyses in
marine systems. While it is not a given that it will realise similar success in separating
either species of interest or zooplankton from non-zooplankton particles in freshwater
systems, it is a technique that warrants examination.

1.6

Study site

A study site was selected with two primary aims in mind—to first address knowledge
gaps in the accuracy of LOPC-derived zooplankton metrics in freshwater systems, and
to then use the LOPC to examine spatial and temporal heterogeneity within the system
at a much higher resolution than possible with traditional sampling methods. To these
ends the study site of Harp Lake was selected, which also offered the opportunity to
examine heterogeneity within a system known to have experienced ecological
disturbance and a subsequent regime shift following the 1993 introduction of the
nonindigenous

planktivore

Bythotrephes

longimanus

(Crustacea,

Onychopoda,

Cercopagidae). The spiny water flea Bythotrephes longimanus (hereafter referred to as
Bythotrephes) has now invaded all five Laurentian Great Lakes and over 100 lesser
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inland lakes within North America (Strecker and Arnott 2008), including the relatively
small Harp Lake in 1993.

Harp Lake is a 71.38 ha, single-basin headwater lake located in the District of Muskoka,
Ontario, Canada (latitude 45°23’, longitude 79°07’). It has mean and maximum depths
of 13.32 and 37.5 m respectively, and exhibits physical and chemical properties typical
of lakes of the same size within the surrounding region, most notably soft and nutrientpoor waters (Yan et al. 2001). The zooplankton species richness and community
structure has been tracked both prior to and following the first observation of the
Bythotrephes in Harp Lake during summer sampling in 1993. This (traditional net haul)
monitoring revealed that the yearly averaged species richness of the Crustacea plankton
in the lake fell by 17% to a mean of 8.25 species after the invasion (Yan et al. 2002) and
the mean individual body length of Cladocera doubled in the six years following
invasion (Yan et al. 2001), although species richness and zooplankton composition
stabilised at their new levels within 3 years after the invasion (Helmus et al. 2010).

Net haul samples collected over the period 1980–2000 were made available for the
purposes of this study, thus it was possible to examine long term heterogeneity in the
system by processing these samples with the LOPC and Sample Circulator in addition
to examining shorter timescales with in situ LOPC deployment.

1.7

Research questions

Through assessing the literature regarding use of the relatively newly developed LOPC,
it is clear there is scope for further research into the accuracy of abundance and size
estimations made with data collected by using the Sample Circulator and collected in
situ in freshwater systems. The first series of questions considered here, and presented
in Chapter 2, thus focuses on this area. The lower threshold of 300 μm ESD set by
previous freshwater LOPC users is assessed, with the aim of reducing this to the lower
limit of the LOPC without significantly increasing the erroneous counting of nonzooplankton particles. The use of MEP transparency information to separate particles of
differing opacity within freshwater LOPC datasets is also examined. An appropriate
length:width ratio, or f value, is calculated for the study site examined here, and
compared to previously determined f values such that further advances may be made
with the aim to simplify the f value selection process for future freshwater LOPC users.
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After addressing these technological issues, the focus of the research presented here
then broadens to the application of this new LOPC technology to address the old
question of exploring both spatial and temporal heterogeneity within ecosystems. A
primarily spatial focus is adopted in Chapter 3, in which the LOPC is deployed in situ in
Harp Lake to allow the examination of spatial zooplankton distribution dynamics over
multiple study times and with varying wind regimes. The spatial distribution of the
entire zooplankton community of Harp Lake is examined for the first time, including
how varying sizes of zooplankton exhibit both varying scales of heterogeneity and
varying responses to drivers of heterogeneity. The study also appears to be the first
application within a freshwater system of an LOPC to concurrently collect horizontal
and vertical zooplankton distribution data through the collection of multiple spatiallydistributed vertical profiles, and the first to consider the effects of wind on LOPCcollected freshwater zooplankton abundances within a small lake.

Long-term temporal dynamics in zooplankton community size structure within Harp
Lake, in the context of biological invasion by Bythotrephes, are then examined by
processing historical zooplankton samples with the LOPC in a laboratory setting, as
presented in Chapter 4. Collected over 1980–2000, 167 samples were processed for the
first time in their entirety, and analysed to examine Bythotrephes-induced shifts in both
aggregate and compositional metrics from a body size perspective as opposed to the
commonly explored species-centric invasion-induced changes on ecosystems. This
method complements previous work by revealing further insight regarding shifts in
system dynamics that may be attributed to Bythotrephes invasion, and provides an
opportunity to assess the suitability of applying such metrics within the study of
biological invasions and resulting compensatory dynamics.

1.8

Structure of thesis

In accordance with Rule 1.3.1.33(1) of the general provisions for higher degrees by
research (by thesis) of The University of Western Australia, this thesis is presented as a
series of scientific papers. Therefore, sandwiched between the current chapter
presenting an introduction to the research as a whole, and an equivalent final chapter
presenting an overall discussion and conclusions of the research as a whole, there are
three chapters of scientific papers addressing the research questions of the study. Each
of these three chapters combines cohesively to form an overall body of work, but they
also may be considered separate entities that can be read independently of one another.
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They each contain separate introduction, methods, results and discussion sections, and
as such there is some unavoidable repetition given the consistency in study site, overlap
in data collection and general coherence of research questions.

1.9
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Chapter 2
Laser Optical Plankton Counter (LOPC)
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the current methodologies

LOPC and Sample Circulator (C. H. Mines 2008)
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2 Laser Optical Plankton Counter use in freshwater systems:
expanding the current methodologies
2.1 Abstract
Here we addressed a number of knowledge gaps regarding potential sources of error,
and questioned some common methodologies, in the use of a Laser Optical Plankton
Counter (LOPC) to collect high resolution zooplankton data in freshwater systems.
Specifically, we assessed the appropriateness of rejecting <300 μm equivalent spherical
diameter (ESD) particles from LOPC-collected data; the effects of sucrose-formalin
preservation on LOPC-analysed Daphnia samples; measured particle transparency data
as measured by in situ LOPC; and the use of the system-wide length:width ratio f for the
calculation of biomass from LOPC-collected ESD values. We found that although
particle abundance values within the <130 μm ESD size range were erroneously inflated
by non-zooplankton particles such as algal aggregates, biomass values calculated from
LOPC-measured particles may be assumed to be attributable to detected zooplankton.
Investigation of particle transparency information as detected by LOPC resulted in
contradictory findings to previous studies, in that measured opacity and ESD were
observed to decrease, on average, following sucrose-formalin preservation for Daphnia
Pulex. Calculation of the community-wide length:width ratio f for Harp Lake revealed
that f was observed to change significantly following a biological invasion by
Bythotrephes longimanus despite no apparent change in cladoceran:copepod biomass
ratio, and that caution should be exercised in transferring a length:width ratio f
calculated for one system to another system.

2.1

Introduction

The widely accepted ‘multiple driving force hypothesis’ (Pinel-Alloul 1995; Folt and
Burns 1999) states that the spatial and temporal structure of plankton in aquatic systems
is driven by a combination of many abiotic processes interacting with many biotic
processes, both varying in influence along the scale continuum. Given this variation
along the scale continuum, it follows that aquatic systems may best be studied through
the use of multi-scale comparisons (Pinel-Alloul and Ghadouani 2007). Historically,
however, studies assessing zooplankton heterogeneity across multiple scales have been
limited (Pinel-Alloul et al. 1995; Strutton et al. 1997), primarily due to a lack of
simultaneous high-resolution observations of phytoplankton and zooplankton in
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combination with chemical and physical variables (Brentnall et al. 2003; Trudnowska et
al. 2012).

One of the latest advancements in technology for zooplankton detection and
measurement is the Laser Optical Plankton Counter (LOPC), designed to replace the
Optical Plankton Counters (OPCs) which have been in use since the early 1990s
(Herman et al. 2004). The OPC was originally developed as a more versatile and user
friendly counter than the conductivity-cell type counters being used at the time (Herman
1988) and, more generally, as a means to collect higher resolution measurements to
complement plankton data collected by traditional net tow methods (Herman et al.
2004). First reported in Herman et al. (1998), the LOPC similarly offers users rapid
counting and sizing of zooplankton at high spatial and temporal resolution, and has been
deployed in situ in both marine (Herman et al. 2004; Dupont and Planque 2005; Herman
2002, 2006; Herman and Harvey 2006; Peterson and Peterson 2008; Schultes and Lopes
2009; Checkley Jr et al. 2008; Basedow et al. 2010; Gaardsted et al. 2010; Jackson and
Checkley Jr 2011; A. W. Herman et al. unpubl.) and freshwater (Finlay et al. 2007a;
Yurista et al. 2009; Levesque et al. 2010) systems and used in conjunction with a
Sample Circulator to process previously collected zooplankton samples within a
laboratory setting (Finlay et al. 2007a, 2007b; Gaardsted et al. 2010).

The LOPC was developed to address some of the inherent limitations in the
measurement capabilities of the OPC, primarily through improved optics design.
Described in detail in Herman et al. (2004), the LOPC uses a laser diode line generator
to produce a diverging linear beam of 1 x 35 mm which is directed into a sampling
tunnel through which the water of interest is passing. The beam passes through in a
direction normal to the flow of the water, is reflected back through the sampling tunnel
on a path parallel to its incident path, and is then detected on the 35 element photodiode
consisting of 35 individual 1 x 1 mm elements. It is this multi-element photodiode that
is responsible for the major differences between the LOPC and the OPC, which has a
single larger detection area of 4 x 20 mm.

The improvement in optics design from the OPC resulted in a significant reduction of
the probability of coincidence counts, where multiple particles pass through the
detection beam simultaneously and are counted as one particle; increased the detection
size range to ~100–35000 μm equivalent spherical diameter (ESD); allowed for shape
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and transparency data of larger particles to be collected in addition to the abundance and
sizing of all detected particles within the detection range; and provided the means to
estimate flow rates through the sample tunnel (Herman et al. 2004). Despite these
advances in design, there remain potential sources of error in LOPC-collected
zooplankton data. These include means by which the accuracy of the abundance (count)
data may be either underestimated or overestimated, and also how the size (ESD) data
represents the true size of the particles being sampled. While some such errors are
attributable to universal issues, such as resolving accurate ESD measurements of nonsymmetrical biological organisms occluding the photodiode in a range of orientations,
others are more dependent on ambient conditions such as a significant presence of
detectable non-plankton particles that may contaminate the zooplankton data.

While understanding of these error sources can be borrowed from OPC studies to some
degree, the change in design and increased data production of the LOPC has
necessitated the direct investigation of LOPC-derived zooplankton data. To date this
work has included examining the contribution of non-zooplankton particles, such as
marine and lake snow erroneously inflating LOPC abundance data, particularly in the
smaller size ranges (Herman and Harvey 2006; Finlay et al. 2007a; Schultes and Lopes
2009; Gaardsted et al. 2010); filtering marine particle data based on transparency
(Herman and Harvey 2006; Checkley Jr et al. 2008; Gaardsted et al. 2010; Jackson and
Checkley Jr 2011; A. W. Herman et al. unpubl.); calibrating for species of interest by
processing them through an LOPC with a Sample Circulator in the laboratory (Finlay et
al. 2007a; Gaardsted et al. 2010); and performing a field calibration to convert LOPC
data to biomass by fitting a body shape to the entire zooplankton community (Finlay et
al. 2007a; Yurista et al. 2009).

Despite growth in this area of research since development of the LOPC, there is still
much scope for further work. For instance, there remains a knowledge gap in the area of
LOPC zooplankton abundance estimation accuracy for the lowest end of the LOPC
detection limit, in that of all previous studies employing the LOPC in freshwater
systems, only Yurista et al. (2009) include data <300 μm ESD in their analyses. Finlay
et al. (2007b) and B. E. Beisner et al. (unpubl.) discard <300 μm ESD data from their
LOPC Sample Circulator data as they found it to be compromised by the presence of
small bubbles in the system, while Levesque et al. (2010) similarly began their size
grouping at 300 μm ESD. Although Yurista et al. (2009) extend their size range down to
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150 μm ESD, LOPC accuracy is not explicitly discussed. Addressing the lack of
information about the accuracy of LOPC zooplankton abundance estimation for the
100–300 μm ESD range when used in freshwater systems is recognised by Finlay et al.
(2007a) as a necessary next step, such that crucial components of the zooplankton
community that fall within this size group, copepod nauplii and large rotifers for
instance, may also be sampled with confidence in freshwater systems.

Another knowledge gap lies in utilising the transparency information the LOPC
generates for larger particles, termed multi-element particles (MEPs), in the range
1500–35000 μm ESD. While MEP transparency from LOPC data collected in situ from
Californian coastal waters has been assessed to separate large copepod data (Checkley
Jr et al. 2008) and zooplankton particle data (Jackson and Checkley Jr 2011) from more
transparent marine snow particle data, transparency data has thus far not been
investigated, let alone utilised in this manner, in freshwater systems. There is also
evidence of formalin preservation affecting accurate sizing of zooplankton, as
preserving zooplankters in formalin tends to increase their opacity (Herman 1992).
Preservation in formalin is also known to cause shrinkage, with gelatinous organisms
with a high water content losing a significant percentage of their live volume following
preservation (Beaulieu et al. 1999) and crustaceans such as copepods being less affected
(Omori 1978). Beaulieu et al. (1999) investigated the effects of formalin preservation by
running samples containing mainly crustaceans through an OPC with a Sample
Circulator while still alive, and then again following formalin preservation. They found
that the mean detected size increased by as much as 25% after preservation, and the
total number of counts also increased by 10% on average, and as much as 25%, which
they attributed to a number of organisms being transparent when analysed alive. Finlay
et al. (2007a) performed a similar study using ethanol instead of formalin, and found
that their smallest size fraction (300–400 μm ESD) was approximately 10% lower in
abundance following preservation, although the total counts did not change. There have
been no studies in which the effects of formalin preservation on LOPC-measured
transparency data have been investigated.

The current study also offers an opportunity to contribute to the subject of field
calibration of LOPC measurements. Contrasting with previous particle transparency
studies, this technique has only been developed using data from freshwater systems,
with marine LOPC users either assuming all particles are spherical (Checkley Jr et al.
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2008; Peterson and Peterson 2008) or assuming a major-minor axes ratio of 3:1
(Herman and Harvey 2006; Schultes and Lopes 2009) when calculating LOPC-derived
biomass. Such an assumption is not easily made for freshwater communities, and a field
calibration was first developed for the OPC by Sprules et al. (1998) to determine a
suitable geometric shape model that may be applied across an entire in situ OPC dataset
to calculate biomass from OPC size measurements, despite the variety of body shapes
present in the system. In effect, it averages out the differences in body shape by
iteratively solving for a system-wide length:width ratio f (assuming a general oblate
spheroid shape) that results in the closest fit between OPC biomass estimates and those
calculated from microscopic measurements, using published or determined length-mass
regressions, from the same site/s. The technique has also been applied by Patoine et al.
(2006) using OPC data, and by Finlay et al. (2007a) and Yurista et al. 2009) using
LOPC data collected in the laboratory using a Sample Circulator and in situ,
respectively.

Sprules et al. (1998), Patoine et al. (2006), Finlay et al. (2007a) and Yurista et al. (2009)
have calculated a range of f values from 1.33 to 2.67 for their respective diverse study
sites, and it is clear that a suitable f value for field calibration of LOPC biomass
estimates is dependent on community-specific conditions. It may not be appropriate to
apply an f value obtained from another study unless there is clear evidence of
similarities in the zooplankton communities, despite the fact that performing the
necessary comparisons between net and LOPC data to calculate a site-specific f value,
as opposed to applying a previously determined one, can be costly in time and
resources. Ideally, as suggested by Finlay et al. (2007a), as more work is performed
exploring f values across a range of zooplankton communities, general trends can be
reached and determining an appropriate f value for a given study site may be a more
streamlined process.

There are thus three main aims to this study: to investigate the contribution of particles
in the range 100–300 μm ESD within LOPC data collected in situ and using a Sample
Circulator to the accuracy of LOPC-derived abundance values; to investigate the effects
of formalin preservation on LOPC-measured particle transparency of freshwater
zooplankton species and particle transparency dynamics as measured by in situ LOPC
within a freshwater system; and to calculate a system-wide length:width ratio f for the
present study site, to compare with f values calculated for other freshwater systems.
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2.2

Materials and methods

In order to address the three aims of this study it was necessary to use the LOPC (Rolls
Royce Canada Ltd.—Naval Marine) in laboratory and in situ settings to measure
zooplankton abundance and size. Within the laboratory setting the LOPC was used in
conjunction with the Sample Circulator (Rolls Royce Canada Ltd.—Naval Marine)—a
closed-loop water circulation system, in which zooplankton samples are introduced via
a sampling chamber, are passed once through a flow tube that sits within the LOPC
sampling tunnel, and are then collected by 75 µm filters for recovery (see photo on pg.
56). The resulting LOPC datasets for both in situ and laboratory application of the
LOPC contain SEP counts in 15 μm ESD size bins over the range 105–1500 μm ESD
and MEP counts, size and transparency data for larger particles up to 35000 μm ESD.
All in situ deployments of the LOPC were carried out in Harp Lake, a 0.71 km2, singlebasin headwater lake located in the District of Muskoka, Ontario, Canada (latitude
45°23’, longitude 79°07’). Data were collected as the LOPC was lowered, using a
pedal-powered winch, vertically through the water column at a velocity of
approximately 1 ms-1, down to approximately 1–2 m above the bottom of the lake. This
process was performed at three locations—one near the deep-point of the lake, one near
the outflow and the other between the deep-point and outflow—in the early morning of
26 August 2008. After each LOPC vertical profile, an integrated net haul from
approximately 3 m above the bottom of the lake to the surface was performed using a
0.75 m, 2.5 m long tow net with a mesh size of 285 μm. Each sample was fixed in
buffered 4% sucrose-formalin in the field. In situ vertical profiles of the LOPC were
also performed at a single deep-point location every 6 hours over a 24 hour period
beginning 08:30 h on 27 August 2008. During the in situ LOPC deployment, water
temperature data were collected by a chain of temperature loggers (HOBO U22 Water
Temp Pro v2 and TidbiT v2 loggers, both with an accuracy of 0.2 C) containing one
temperature logger every 0.5 m from the surface to a depth of 9 m, and subsequently
one logger every 1 m to a depth of 13 m. Temperatures were recorded every 2 minutes.
At any given time, the metalimnion was defined as the layer at which the maximum rate
of water temperature change was observed, the epilimnion was the layer above this, and
the hypolimnion was the layer below this. The thermocline depth was defined as the
depth at which the maximum negative rate of change of temperature was observed.
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Zooplankton analysed with the LOPC in a laboratory setting, using the Sample
Circulator apparatus, included both live and preserved samples. Live samples were
collected by pipette from species-specific zooplankton tanks within the Field
Laboratory for the Assessment of Multiple Ecological Stressors (FLAMES) laboratory
at the Dorset Environmental Science Centre (DESC), Ontario, Canada. The tanks were
filled with FLAMES medium (Celis-Salgado et al. 2008) and zooplankton were fed
green algae, some of which also made their way into the zooplankton samples collected
here using pipette. Each species was analysed separately through the LOPC in August
2008, before being fixed in buffered 4% sucrose-formalin. Each sample was then
reanalysed in December 2012. The field-preserved samples collected during the in situ
LOPC data collection on 26 August 2008 were also analysed with the LOPC using the
Sample Circulator.

A third dataset of preserved zooplankton samples were from ongoing monitoring of
Harp Lake by the Ontario Ministry of the Environment over the period 1981–2000. The
same sample collection, preservation and processing methods were employed over the
entire collection period (Yan and Pawson 1997; Yan et al. 2008), whereby zooplankton
samples were collected on a fortnightly basis at a single mid-lake station during the icefree seasons of 1981–2000 (not all samples were available for the purposes of this
analysis, and the resulting dataset contained 167 samples, with an average of 7.9
samples per year and standard deviation of 4.4). All samples were bathymetricallyweighted composites of a series of vertical net hauls from different depths using an 80
μm DESC conical net (McQueen and Yan 1993), with all sample contents fixed in
buffered 6% sucrose-formalin. Following collection each sample was analysed
conventionally (Yan et al. 2008) to identify, count and measure the length of a
minimum 250 crustacean zooplankton.
2.2.1 Contribution of 100–300 μm ESD particles
Both the conventionally- and LOPC-analysed 1981–2000 Harp Lake datasets were
examined to determine the contribution of particles in the 100–300 μm ESD range to the
entire detected zooplankton community. For the conventionally-analysed dataset, the
length of each measured animal was converted to an ESD value, assuming a
length:width ratio of 3:1 for copepods and 1.6:1 for cladocerans (Finlay et al. 2007a).
The count of each measured animal was also multiplied by the inverse of the subsample
fraction in which it was measured, in order to extrapolate all counts and measurements
to be indicative of the entire sample size. ESD values for the LOPC-analysed dataset
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were taken directly from LOPC files following post-processing (using LOPC_PostPro,
available at www.alexherman.com). While the lower limit of the LOPC dataset was 105
μm ESD, the conventional dataset contained a significant number of particles below this
threshold. As such, two comparisons between the two datasets were performed—one in
which all particles in the 100–300 μm ESD range were compared between datasets, and
one in which all particles <300 μm ESD were compared between datasets. This was
firstly performed through graphical comparison of the respective time series, before the
abundance values of each dataset were directly compared through linear regression
following log10 transformation.
The contribution of 100–300 μm ESD particles in LOPC data collected in situ was
firstly assessed by examining the ESD size distribution of the three in situ LOPC
vertical drops performed on 26 August 2008. The distributions were compared with
those of the concurrently-collected field-preserved samples that were subsequently
analysed with the LOPC using the Sample Circulator. As these samples were collected
with a 285 μm tow net, two late-August samples from the historical Harp Lake dataset
(24 August 199 and 29 August 2009, both collected using an 80 μm net) were also
selected for comparison with the in situ data. The distribution of 100–300 μm ESD
particles by depth and time of day were then also examined within the LOPC data from
the four in situ vertical profiles performed 6-hourly over a 24 hour period on 27–28
August 2008.

The ESD size distributions of the LOPC-measured live FLAMES zooplankton samples
of Daphnia magna, Daphnia pulex, Daphnia pulicaria, Daphnia mendotae, Daphnia
ambigua and Bosmina freyi were examined to assess the contribution of 100–300 μm
ESD particles. This included the raw LOPC-measured counts of each particle detected
within 15 μm ESD size bins, and also the LOPC-measured biomass within each 15 μm
ESD size bin. Biomass within each size bin was calculated using the equation:
V = (π/6)(ESD3/f2)
where V is the volume of zooplankton present in the size bin, ESD is the ESD value at
the midpoint of the size bin, and f is the ratio of length to width for measured
zooplankton (Sprules et al. 1998). Here f was assumed to be 1.6:1 for the cladocerans
(Finlay et al. 2007a). The volume of each size bin was converted to wet biomass,
assuming a specific gravity of 1, then to a dry biomass using a multiplier of 0.2 before
all size bin biomass values were summed to give a total value for each sample.
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2.2.2 Particle transparency
Most investigations into particle transparency using LOPC data have calculated the
attenuation index (AI) of MEPs as a measure of their transparency. As an MEP is
detected by the LOPC, the peak negative change in voltage of each occluded diode is
recorded. These voltage values are referred to as the digital size (DS) of the MEP, are
directly related to the transparency of the particle and are also used to calculate the ESD
of each MEP. The AI of an MEP is equal to the mean value of each occluded diode DS
divided by the maximum DS (4095), and ranges from 0 (transparent) to 1 (opaque)
(Checkley Jr et al. 2008; Gaardsted et al. 2010).

As suggested by Gaardsted et al. (2010) and included in the method of A. W. Herman et
al. (unpubl.), the DS values of the end elements (occluded diodes) of each MEP were
not included in the AI calculations here. This is due to the possibility that they have not
been fully occluded and as such their inclusion would result in a deceptively low AI
value, particularly for smaller particles that occlude only 3 or 4 elements. The AI was
then calculated using the equation:

where DS is the raw digital size as measured for each inner element i, and n is the
number of inner elements.

AI values were calculated for MEPs from LOPC analyses of the FLAMES samples of
Daphnia magna, Daphnia pulicaria, Daphnia pulex and Daphnia mendotae. Daphnia
ambigua and Bosmina freyi samples were also processed through the LOPC, but were
too small to form MEPs and thus were not included in the AI analysis. AI values for the
four Daphnia were calculated from the live and the preserved datasets, and compared to
assess the effect of sucrose-formalin preservation on LOPC-detected zooplankton
transparency. Histograms of the live and preserved LOPC-measured AI values for each
species were plotted, and statistically compared using Mann-Whitney U-tests (1-tailed;
α=0.05). Given that DS values are directly used to calculate LOPC-measured ESD
values for all detected MEPs, the ESD values calculated from the live and preserved
datasets were also compared to assess the effect of sucrose-formalin preservation on
LOPC-detected zooplankton size of MEPs. Histograms of the live and preserved LOPC-
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measured ESD values for each species were plotted, and statistically compared using
Mann-Whitney U-tests (two-tailed; α=0.05) and F-tests (one-tailed; α=0.05).

AI values were also examined for the MEPs recorded during the four six-hourly in situ
LOPC vertical drops in Harp Lake. AI values for each detected MEP were calculated,
and the resulting histograms of AI values for each sample time were examined for
evidence of temporal patterns. The MEPs were then separated into those observed
within the epilimnion, metalimnion and hypolimnion during each of the four sample
times, and the resulting histograms were also then examined for temporal patterns.
2.2.3 Calculation of length:width ratio f
The calculation of a community-wide length:width ratio f for Harp Lake was performed
by applying the general method presented by Sprules et al. (1998) and applied by others
(Patoine et al. 2006; Finlay et al. 2007a; Yurista et al. 2009) to the preserved
zooplankton samples. The biomass within each 15 micron size bin of the LOPC data
was calculated using the equation:
V = (π/6)(ESD3/f2)
where V is the volume of zooplankton present in the size bin, ESD is the ESD value at
the midpoint of the size bin, and f is the aggregate ratio of length to width for all
zooplankton present in the entire sample. The volume of each size bin was converted to
wet biomass, assuming a specific gravity of 1, then to a dry biomass using a multiplier
of 0.2 before all size bin biomass values were summed to give a total value for each
sample. An appropriate value for f was determined by iteratively changing f until a
value was reached that resulted in the lowest residual variation between the resulting
biomass and that calculated by extrapolating from the manually measured subsamples
using published regression equations (Girard and Reid 1990).

The iteration method presented by Yurista et al. (2009) was applied here, as it accounts
for the lack of dependency between the net and LOPC samples caused by sample and
measurement error in both sets of data. An initial value for f was first determined from
the literature—in this case 2.49 as determined for oligotrophic lakes by Patoine et al.
(2006)—and applied to LOPC data, before the geometric mean slope between the net
and LOPC datasets was computed. The Model I (ordinary) least square regression slope
through the origin was then calculated for a range of f values until the closest match to
the geometric mean slope was found. The final f value was thus that which resulted in
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the geometric mean slope and least square slope being equivalent. All regressions were
performed using R statistical language (R Development Core Team 2007).

Harp Lake is known to have experienced ecological disturbance and a subsequent
regime shift following the 1993 introduction of the nonindigenous planktivore
Bythotrephes longimanus. Yearly averaged species richness of the Crustacea plankton
in the lake fell by 17% to a mean of 8.25 species after the invasion (Yan et al. 2002) and
the mean individual body length of Cladocera doubled in the six years following
invasion (Yan et al. 2001), although species richness and zooplankton composition
stabilised at their new levels within 3 years after the invasion (Helmus et al. 2010). To
assess if this regime shift had an effect on the length:width ratio f, the method of solving
for f was repeated after splitting the datasets into pre- and post-invasion periods. It was
also repeated after further splitting the post-invasion period into 1993–1995 and 1996–
2000 given the stabilisation in species composition from 1996 (discussed in detail in
Chapter 4).

2.3

Results

2.3.1 Contribution of 100–300 μm ESD particles
Background particle counts due to bubbles or residual particles in the system during
processing of samples with the LOPC and Sample Circulator in the laboratory setting,
were found to be trivial, ranging between 2–16 SEPs (all <300 μm ESD ) per minute.
As each sample took a maximum of 9 minutes to process, this equated to a maximum
background reading of 144 SEPs within each laboratory-analysed sample, which in
turns corresponded to less than 1% of the counts recorded for each zooplankton sample
processed.
Comparison of the time series plots for the percentage contribution of 100–300 μm ESD
particles of the conventionally- and LOPC-analysed datasets revealed temporal
similarities across the two datasets, particularly evident in the timing of summer-autumn
fluctuations (Figure 2.1a). These temporal similarities were also evident when <100 μm
ESD particles were included in the conventionally-analysed dataset (Figure 2.1b). The
conventionally-analysed dataset exhibited greater standard deviation (16 and 18 μm
ESD for the 100–300 and <300 μm ESD subsets respectively) than the LOPC-analysed
dataset (11.5 μm ESD) while the LOPC-analysed dataset exhibited a greater mean (65
μm ESD) than the conventionally-analysed dataset (33 and 50 μm ESD for the 100–300
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and <300 μm ESD subsets respectively) over the study period. That is, inclusion of the
0–100 μm ESD particles in the conventionally-analysed dataset (Figure 2.1b) slightly
increased the disparity in spread of the data between the two datasets, but decreased the
disparity in magnitude.

Figure 2.1 Percentage contribution of (a) 100–300 μm ESD particles and (b) <300 µm ESD particles
of all conventionally-analysed and Sample Circulator LOPC-analysed historical Harp Lake
zooplankton samples.

The increase in similarity between magnitudes when 0–100 μm ESD particles were
included in the conventionally-analysed dataset was further confirmed through the
direct comparison of the log10 transformed abundance values of the two datasets (Figure
2.2). This comparison confirmed the general trend of increased comparative abundance
within the LOPC-analysed dataset as shown in Figure 2.1, and also demonstrated a
decrease (from 1.12 to 1.07) in the slope of the regression of the two datasets when the
0–100 μm ESD particles were included in the conventionally-analysed net dataset
(Figure 2.2b).
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Figure 2.2 Comparison of log10 transformed conventionally-analysed net haul abundance with log10
transformed LOPC-analysed abundance of historical Harp Lake zooplankton samples, using (a)
100–300 µm ESD particles and (b) <300 µm ESD particles. Linear regression lines through the axis
are plotted.

There was a general inverse relationship apparent between particle size and log10
transformed abundance across all eight samples for which the ESD size distributions
were examined (Figure 2.3). As such, the contribution of 100–300 μm ESD particles to
total abundance was found to be substantial for the three in situ LOPC vertical profiles
of 26 August 2008, and for the samples processed within the laboratory using the LOPC
with Sample Circulator—both those collected on 26 August 2008, and the historical
samples collected in 1999 and 2000 (dashed and dotted lines respectively in Figure 2.3).
Comparison of the linear regressions (all of which had R2 > 0.61 and p < 0.05) for all
2008 samples reveals that the in situ measured abundances were, on average, greater
than the laboratory measured abundances by a factor of 2.1, although the differences
between the two datasets reduced with increasing ESD.
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Figure 2.3 Comparison of log10 transformed abundance by ESD size distribution from four in situ
LOPC measurements (solid lines), four concurrently collected laboratory-analysed LOPC
measurements (dashed lines)—all from 26 August 2008—and two historical laboratory-analysed
LOPC measurements (dotted lines), all from Harp Lake. Site 1 = near outflow; Site 3 = near deep
point; Site 2 = between Site 1 and 3.

The distribution of <300 μm and >300 μm ESD particles from the four in situ vertical
profiles performed over 27–28 August 2008 appeared to follow similar patterns by
depth and time of day (Figure 2.4). Both exhibited abundance maxima at the top of the
metalimnion at 08:30, developed second maxima approximately 2m below the surface
at 14:30, exhibited double maxima in abundances within the epilimnion at 20:30, and
thin layers of maximal abundance over the entire study period close to the surface at
02:30. Throughout the study period, abundances of particles <300 μm ESD were
roughly three times greater than abundances of particles ><300 μm ESD.
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Figure 2.4 Abundances per cubic metre of all <300 μm ESD particles (red plots) and all >300 μm
particles (blue plots) as measured six-hourly by in situ vertical LOPC deployment at the deep point
of Harp Lake over 24 hours—08:30 (a), 14:30 (b), 20:30 (c) 27 August 2008 and 02:30 28 August
2008 (d). Water temperature is also included (dashed black plots). Please note the separate axes.

Examination of the particle count and biomass distributions for LOPC-measured live
FLAMES zooplankton species revealed similar patterns in both count and biomass
values for Daphnia magna, Daphnia pulex, Daphnia pulicaria, Daphnia mendotae and
Daphnia ambigua with distinctly dissimilar distributions for Bosmina freyi (Figure 2.5).
All Daphnia exhibited approximate logarithmic distribution in particle count data, with
peaks in particle counts in the 115–130 μm ESD size bin. This peak was greatest for
Daphnia mendotae. Despite these peaks in the abundances of smaller particles, all
Daphnia also displayed peaks in biomass for the larger particles of >600 μm ESD. The
distribution of particle abundance and biomass over the detected ESD was quite
different for Bosmina freyi, with a much broader peak in particle abundance in the range
100–300 μm ESD, and a peak in biomass in the range 200–400 μm ESD.
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Figure 2.5 Particle count (red plots) and biomass (green plots) distributions, by LOPC-measured
ESD, for live FLAMES-collected zooplankton species. Please note the separate axes for the red and
green plots.

2.3.2 Particle transparency
Histograms of the AI values for Daphnia magna, Daphnia pulex, Daphnia pulicaria
and Daphnia mendotae MEPs (Figure 2.6) demonstrated revealed slightly different AI
distributions for each species measured species, while the patterns for both live and
preserved samples appeared approximately similar for each species. The histograms of
Daphnia magna and Daphnia pulicaria exhibited general negative skewing of AI
values, those of Daphnia pulex exhibited peaks in MEP counts for both quite low and
quite high AI values, and those of Daphnia mendotae did not exhibit any clear pattern
in AI values. While the number of MEPs detected was 22% and 28% more numerous in
the respective Daphnia pulex and Daphnia mendotae samples following preservation,
there was a 4% reduction and a 3% increase in the respective number of detected MEPs
within the Daphnia magna and Daphnia pulicaria samples. Mean and median values of
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the Daphnia pulex AI values reduced from 0.51 to 0.41 and from 0.68 to 0.49
respectively after preservation, while mean and median values of the Daphnia pulicaria
AI values reduced from 0.62 to 0.49 and from 0.67 to 0.60 respectively after
preservation. Results of Mann-Whitney U-tests revealed significant differences between
live and preserved AI values for both Daphnia pulex and Daphnia pulicaria (one-tailed;
P<0.01) while no significant differences between live and preserved AI values were
observed for Daphnia magna and Daphnia mendotae (two-tailed; P>0.05).

Figure 2.6 Histograms of calculated attenuation index (AI) for FLAMES-collected zooplankton
species, both before and after preservation in 4% sucrose-formalin. The bin size is 0.05.

Histograms of the ESD values for Daphnia magna, Daphnia pulex, Daphnia pulicaria
and Daphnia mendotae MEPs (Figure 2.7) demonstrated somewhat distinctive
distributions for each species. Daphnia magna and Daphnia pulex both exhibited the
largest spread in size distributions, particularly for the live samples. While Daphnia
magna, Daphnia pulex and Daphnia pulicaria all demonstrated reductions in mean,
median and standard deviation of measured ESD following preservation, Daphnia
mendotae was the exception and demonstrated increases in all three metrics for the
preserved samples. Mann-Whitney U-tests revealed a significant difference between
live and preserved samples for Daphnia pulex (two-tailed; P<0.05), while F-test results
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revealed significant differences in spread for both Daphnia pulex and Daphnia pulicaria
(one-tailed; P<0.01). All other test results were not significant (two-tailed; P>0.05).

Figure 2.7 Histograms of all detected MEP LOPC-measured ESD values for FLAMES-collected
zooplankton species, both before and after preservation in 4% sucrose-formalin. The bin size is 60
μm.

AI values calculated for each MEP recorded during the four six-hourly in situ LOPC
vertical drops in Harp Lake correspond to positively skewed AI histograms that are
quite different to those of the FLAMES samples, with the majority of MEPs having an
AI of <0.15 (Figure 2.8). There is some variation in the AI of MEPs by depth and over
the course of the day (Figure 2.8b–d). The average trend by depth is a reduction in
overall MEP counts between epilimnion and metalimnion, then an increase in overall
MEP counts between metalimnion and hypolimnion. More opaque MEPs (AI>0.5) are
relatively more numerous in the epilimnion during the 20:30 h and 02:30 h sample
times, generally relatively less numerous in the metalimnion for all sample times, and
relatively more numerous in the hypolimnion during the 08:30 h and 14:30 h sample
times.
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Figure 2.8 Histograms of calculated attenuation index (AI) for 6-hourly in situ LOPC vertical drops
in Harp Lake. The bin size is 0.05.

2.3.3 Calculation of length:width ratio f
The geometric mean slope between LOPC biomass dry-weight and net biomass dryweight, for the entire 1981–2000 dataset, was computed as 0.895 (n=161, r2=0.80). The
f value that resulted in a least square slope matching this value was 2.01, corresponding
to an ellipse model with a major axis twice as long as the minor axis. This f value lies
roughly in the middle of the 1.33 to 2.67 range of values previously calculated for other
freshwater systems (Sprules et al. 1998; Patoine et al. 2006; Finlay et al. 2007a; Yurista
et al. 2009), with the closest matches being the 1.46 and 2.49 values calculated by
Patoine et al. (2006) for their mesotrophic (Quebec) and oligotrophic (Ontario) lake sets
respectively. Solving for f for pre- and post-invasion periods resulted in values of 2.01
and 2.02 respectively; while solving for f for pre-invasion, 1993–1995 and 1996–2000
resulted in values of 2.01, 1.84 and 2.15 respectively. The cladoceran:copepod biomass
ratios calculated from the net haul data during these three time periods were 0.28, 0.27
and 0.30 chronologically.
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2.4

Discussion

2.4.1 Contribution of 100–300 μm ESD particles
The trivial number of background particle counts during processing of samples with the
LOPC and Sample Circulator in the laboratory setting confirmed that all detected
particles may be attributed to their respective samples. The overall contribution of
particles <300 μm ESD to the conventionally-analysed dataset, for which it is known
that all counted particles are indeed zooplankton, is significant enough to warrant
challenging the practice of discarding this size range of particles from LOPC data due to
accuracy concerns (Finlay et al. 2007a, 2007b; Levesque et al. 2010; B. E. Beisner et al.
unpubl.). The similarities between the conventionally- and LOPC-analysed datasets in
the seasonal patterns of the contribution of these smaller particles to the overall sample
count also suggest that the LOPC-analysed 100–300 μm ESD particles may be assumed
to be zooplankton, as opposed to lake snow particles in the samples. This in turn
suggests that the LOPC datasets include smaller zooplankton particles that were not
included in the conventional microscopic analysis.

There was a clear increase in correspondence between the conventionally- and LOPCanalysed datasets when 0–100 μm ESD particles were included in the conventionallyanalysed dataset. While it is recognised that extrapolation of the abundance counts for
the conventionally-analysed dataset, and sampling errors for both datasets, contribute to
error in both datasets, these results nonetheless suggest that the LOPC is capturing more
of the zooplankton community than the 105 μm ESD lower sampling limit initially
suggests. This is possibly an artefact of the way in which the LOPC calculates the ESD
of detected particles, as Finlay et al. (2007a) found that although the LOPC
underestimated the body size of Daphnia by approximately 25%, it also overestimated
the body size of smaller copepodites and adult females by about 15%. Harp Lake
zooplankton samples over the 1981–2000 study period exhibited, on average, a
cladoceran:copepod ratio of 0.28, so this overestimation of the more numerous
copepods may explain why the inclusion of 0–100 μm ESD particles in the
conventionally-analysed dataset resulted in greater agreement between LOPC and
conventional abundances.

Examination of log10 transformed abundance data by ESD size confirmed the
considerable contribution of <300 μm ESD particles to in situ and Sample Circulator
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(laboratory) LOPC measurements of Harp Lake. Comparison of the in situ and
laboratory measurements of the 26 August 2008 data, however, bore mixed messages
regarding the nature of <300 μm ESD particles. While the use of a 285 μm mesh in
zooplankton collection on 26 August 2008 may explain the marked difference in
measured abundance for the smaller (<400 μm ESD) particles between in situ and
laboratory measurements, there remain considerable abundances of <400 μm particles
in the laboratory datasets for all three sites. These particles may consist of <285 μm
zooplankton captured due to net clogging, animal appendages, phytoplankton
aggregates that broke up following collection, or >285 μm Daphnia for which the
LOPC has underestimated their ESD (Finlay et al. 2007a). The consistently greater
abundance of particles measured in situ as compared to those measured in the laboratory
with the LOPC is consistent with previous studies (Finlay et al. 2007a), particularly for
particles <900 μm ESD (Herman & Harvey 2006; Gaardsted et al. 2010). While the
peaks in abundance for the <300 μm ESD particles may indicate that the density of
smaller, potentially non-zooplankton particles are concealing the true zooplankton size
distribution, it is also likely that the in situ LOPC measurements include many smaller
zooplankton that were not retained by the net during regular sampling and thus not
detected in the Sample Circulator LOPC analyses. It seems most likely the actual
situation is somewhere between these two extremes, and the in situ measurements
include many smaller zooplankton that were not retained in the net, in addition to nonzooplankton or detritus particles.
Diel vertical migration dynamics were apparent for both <300 and >300 μm ESD
particles over the 24 hour sampling period of 27–28 August 2008, and were similar
between the two size groups over the four sample times. Such parallels between vertical
distribution patterns of different groups of LOPC-detected particles, despite significant
differences in abundance magnitudes, have previously been attributed to the groups
being similar in composition (Jackson and Checkley Jr. 2011). As such, there is
evidence that the smaller <300 μm ESD particle datasets are sufficiently high in actual
zooplankton counts as to match the vertical distribution patterns of the larger >300 μm
ESD particles.

LOPC-measured size distributions for the Daphnia magna, Daphnia pulex, Daphnia
pulicaria, Daphnia mendotae and Daphnia ambigua FLAMES samples were all similar.
All Daphnia species exhibited peaks in detected abundance in the 115–130 μm ESD
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size bin, similar to abundance peaks in the <250 μm ESD size region observed by
Herman (1992) for the OPC, which he termed “debris peaks”. There was visible algal
matter in the FLAMES zooplankton samples prior to processing by LOPC with Sample
Circulator, and it is likely that some of the abundant smaller particles may be attributed
to algal aggregates. The greatest peak in the <130 μm ESD particles, both overall and in
relation to the abundance of larger particles, is evident within the Daphnia mendotae
data, which is also the sample in which the highest density of algal aggregates was
observed. Despite these observed peaks in abundance of the <130 μm ESD particles,
substantial biomass contributions were not apparent until detected particles were >300
μm ESD, or even until >600 μm ESD for the largest species Daphnia Magna. These
results suggest two things: that algal aggregates falsely inflated particle counts in the
<130 μm ESD size range for all FLAMES datasets; and that these erroneously counted
particles had no effect on calculated biomass distributions.

The measured particle counts and biomass of Bosmina freyi differed significantly from
those of the five Daphnia species, with peaks in both metrics evident within the <500
μm ESD size range. The mean length of Bosmina longirostris—similar in general
features to Bosmina freyi (Elmoor-Loureiro et al. 2004)—within Harp Lake, as
measured by microscope following the historical data collection process, was 310 μm
(Yan et al. 2001). Assuming a length:width ratio of 1.6 for cladocerans (Finlay et al.
2007a), this corresponds to a mean calculated ESD of 250 μm, which falls within the
broads peaks in count and abundance of Bosmina freyi observed here. If <300 μm ESD
particles were to be truncated from LOPC data, it is clear that the representation of
Bosmina freyi counts and biomass within the resulting data would be significantly
reduced. In a similar fashion to the Daphnia distributions, it is also clear that any
erroneously counted particles in the <130 μm ESD size range have not resulted in
corresponding inflated biomass values within this size range.

The research presented here does not comprehensively solve the issue of LOPCcollected <300 μm ESD particle data being erroneously inflated by counts of nonzooplankton particles. Bubbles or residual particles were found to contribute negligibly
to LOPC data collected within the laboratory using the Sample Circulator, but algal
aggregates were found to contribute to inflated particle counts within the 115–130 μm
ESD size bins of the FLAMES samples. These erroneously counted algal particles did
not, however, affect biomass values calculated from the LOPC datasets, as their small
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ESD values resulted in small total biomass values. While examination of the measured
size distributions of in situ LOPC datasets suggested the presence of non-zooplankton
particles, diel dynamics of <300 μm ESD particles suggested that they were sufficiently
high in actual zooplankton counts as to match the vertical distribution patterns of the
larger >300 μm ESD particles. The biological significance of <300 μm ESD particles
was confirmed through the observed similarities between the conventionally- and
LOPC-analysed datasets in the seasonal patterns of the contribution of 100–300 μm
ESD particles within the historical Harp Lake samples, and through the particle count
and biomass distribution of the Bosmina freyi sample. Truncating LOPC data to discard
<300 μm ESD would certainly result in the loss of the majority of Bosmina freyi from
zooplankton analyses, in addition to the likelihood of losing data relating to significant
groups such as copepod nauplii and large rotifers.

Inclusion of particles within the lower detection range of in situ LOPC datasets should
be dependent on research objectives. If zooplankton community biomass metrics are of
interest, particles <300 μm ESD should be included to ensure the smallest detectable
species are included within the data, and biomass calculations are not expected to be
affected by erroneous detection by the LOPC of small non-zooplankton particles such
as algal aggregates. If zooplankton community abundance values are of interest, it is
likely that LOPC-measured size distributions will be positively skewed. The degree to
which this skewing may be attributed to non-zooplankton particles, however, remains to
be determined. If in situ LOPC data is to be utilised to examine dynamics in smaller
animals such as copepod nauplii and large rotifers, further work quantifying the
contribution of non-zooplankton particles, specifically within the system of interest, is
highly recommended. It appears that the best way to approach the unresolved unknowns
regarding the presence of non-zooplankton particles within the lower detection range of
in situ LOPC datasets is to examine abundance data within size fractions, and not as
bulk values. If aggregated zooplankton dynamics are of interest, however, it is expected
that total biomass will serve as a more reliable metric over total abundance, given the
significant proportion of detected particles in the smaller size ranges for which there
remains this uncertainty.
2.4.2 Particle transparency
Measurement of FLAMES zooplankton samples by LOPC with the Sample Circulator
revealed a number of changes in detected MEPs following sucrose-formalin
preservation. The increase in MEP counts of 22% and 28% for Daphnia pulex and
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Daphnia mendotae respectively is in agreement with the previous study of Beaulieu et
al. (1999), though this pattern is not observed in the Daphnia magna and Daphnia
pulicaria samples. It is possible that the Daphnia pulex and Daphnia mendotae samples
contained more organisms that were transparent enough while alive to not be detected
as MEPs, possibly due to timing of feeding and breeding, but which became opaque
enough to be detected as MEPs following preservation.

The finding of Beaulieu et al. (1999) of increased opacity of zooplankton following
formalin preservation is however not supported by the consideration of the differences
in AI of MEPs following preservation as presented here. The only statistically
significant differences in AI distribution following preservation were observed in
Daphnia pulex and Daphnia pulicaria, with both species demonstrating a reduction in
mean and median AI values—and thus, overall reduction in measured opacity—
following preservation. The only species for which a statistically significant change in
measured ESD distribution was observed following preservation was Daphnia pulex,
for which the reductions in mean and median opacity of the detected MEPs were
accompanied by observed reductions in mean, median and standard deviation of
measured ESD. The reduction in measured ESD metrics for Daphnia pulex may be
attributed to a combination of decreased opacity of MEPs, and shrinkage due to
formalin preservation (Omori 1978).

The mean AI values for Daphnia magna, Daphnia pulicaria, Daphnia pulex and
Daphnia mendotae were 0.61, 0.62, 0.51 and 0.34, respectively. These AI values are
greater than those calculated for Calanus finmarchicus and similarly sized marine
copepods by Gaardsted et al. (2010), the only other similar study to date, with 90% of
their MEPs exhibiting an AI between 0.175 and 0.525. The two sets of results are not
directly comparable however, as although Gaardsted et al. (2010) ultimately recommend
excluding the end elements in AI calculations, they were included in their analyses. The
lack of a clear trend in AI distribution across the Daphnia species, either for live or
preserved samples, impedes the setting of an AI threshold above which it may be
possible to expect all such species to be measured.

The positively skewed AI histograms from the in situ data are quite different to those of
the FLAMES samples, with the majority of MEPs having an AI of <0.15 and
comparatively very few MEPs above the thresholds of 0.5 or 0.6 proposed by A. W.
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Herman et al. (unpubl.) and Checkley Jr et al. (2008) respectively to distinguish
between zooplankton and non-zooplankton particles. These findings are consistent with
previous marine studies in which transparent non-zooplankton particles were found to
be up to ten times more abundant than more opaque zooplankton particles (Checkley Jr
et al. 2008; Jackson and Checkley Jr 2011; A. W. Herman et al. unpubl.). The temporal
trends for the more opaque (AI>0.5) particles appear indicative of diel vertical
migration, however, and suggest that such particles are indeed attributable to detected
zooplankton.
2.4.3 Calculation of length:width ratio f
The f value calculated for the entire 1981–2000 dataset was 2.01, which lies within the
1.33 to 2.67 range of values previously calculated for other freshwater systems (Sprules
et al. 1998; Patoine et al. 2006; Finlay et al. 2007a; Yurista et al. 2009), with the closest
matches being the 1.46 and 2.49 values calculated by Patoine et al. (2006) for their
mesotrophic (Quebec) and oligotrophic (Ontario) lake sets respectively. The
length:width ratio f value is a measure of the aggregated shape of all LOPC-measured
particles in a community, and thus may be used to determine the dominant shape within
a zooplankton community. For instance, a system with a calculated f value of 2.01 may
be assumed to be more dominated by roundish cladocerans, as opposed to elongated
copepods, than one with a higher f value. This relationship does not appear to be
straightforward however, as although Patoine et al. (2006) confirmed the highest
cladoceran:copepod biomass ratio in their three lake sets corresponds to that with the
lowest f value, the remaining two lake sets had quite similar f values despite markedly
different cladoceran:copepod biomass ratios.

The cladoceran:copepod biomass ratio as calculated from the net haul data over the
entire 1981–2000 period for Harp Lake is 0.28. Comparing this value with its closest
match of 0.20 for oligotrophic lakes in the Patoine et al. (2006) study and with the value
of 0.41 calculated for Lake Superior by Yurista et al. (2009), it may be expected that
Harp Lake would have a lower f value than the oligotrophic lakes and a higher f value
than Lake Superior, at 2.585. While the former is true, the latter is not, confirming the
assertion of Patoine et al. (2006) that the f value of a community is not necessarily a
simple function of the cladoceran:copepod biomass ratio. It is possible that disparity
between sample and measurement error of net- and LOPC-collected zooplankton data
may be obscuring the relationship between the two ratios, and it appears that further
research in this area is necessary. These results also confirm that it may not be
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appropriate to apply an f value calculated for one lake or lake set to another, even if the
lakes appear ecologically similar.

Solving for f for pre- and post-invasion periods resulted in values of 2.01 and 2.02
respectively, thus suggesting little change in the aggregated shape of the zooplankton
community after invasion by Bythotrephes. Solving for f for pre-invasion, 1993–1995
and 1996–2000 however results in values of 2.01, 1.84 and 2.15 respectively, providing
evidence of shifts in the community-wide zooplankton shape during the two postinvasion periods that effectively cancel each other out when both periods are considered
in one time step. The cladoceran:copepod biomass ratios calculated from the net haul
data during these time periods are 0.28, 0.27 and 0.30 chronologically. The similarity of
these values gives further weight to the argument that length:width ratio f values are not
simply dependent on cladoceran:copepod ratios in a system. The shift in species
richness following Bythotrephes invasion of Harp Lake, and associated shifts in f
values, would suggest that the type of cladocerans and copepods, and not purely their
number or biomass, play a role in the system-wide length:width ratio of a given
community.

2.5 Further work
The LOPC allows for rapid collection of high resolution temporal and spatial particle
data and the results here suggest that full utilisation of this data, across the entire
measurement size range, is both justified and likely necessary for comprehensiveness of
results in freshwater system studies. The field of research regarding use of the LOPC in
freshwater systems is still relatively new, and there is much scope for further work to
expand on the findings presented here. A practical next step would be to investigate the
contribution of non-zooplankton particles such as phytoplankton aggregates on LOPCcollected zooplankton data, possibly by examining links between fluorescence and both
SEP and MEP data. Similarly, there is a lack of information regarding the role of
rotifers in LOPC-analysed data, specifically the effects on particle counts in the lower
size range. It may also be of benefit to expand upon AI information for specific species
of interest, as examined by LOPC-analysis with Sample Circulator. Such work will
allow for more accurate filtering of in situ MEP data to examine temporal and spatial
dynamics of species of interest, at the high resolution afforded by application of the
LOPC. Finally there is also clearly further scope for work into the relationship between
the length:width ratio f of a zooplankton community, its size distribution and
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composition, and whether f may eventually serve as a useful indicator of such
community metrics.

2.6
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3 Direct quantification of zooplankton heterogeneity within
small lakes: moving from traditional snapshots to high
resolution multi-scale measurements
3.1 Abstract
The need to move beyond large-scale average abundance estimates and to quantify
zooplankton distributions at smaller scales within lakes in order to advance
understanding of the heterogeneous distribution of zooplankton, its driving forces and
its effects on ecosystem processes, has been increasingly recognised. An emerging
technique for collecting spatially distributed zooplankton data at a high enough
resolution so as to be able to identify significant patterns and minimise assumptions
regarding appropriate scales of interest, while simultaneously addressing the problem of
prohibitively large microscopic analysis requirements, involves the utilisation of optical
plankton measurement apparatus. Here we use a Laser Optical Plankton Counter
(LOPC) to quantify zooplankton heterogeneity in the small (<1 km2) Harp Lake
(Muskoka, Ontario, Canada), a system—like most—for which the spatial and temporal
distribution of zooplankton has not been previously quantified. Clear evidence of
temporal shifts in the horizontal and vertical distribution of zooplankton within Harp
Lake, along a transect from deep point to outflow, highlight the perils of employing the
common methodology—both generally and within Harp Lake—of collecting a single
net haul sample to infer information about the lake-wide zooplankton community.
Concurrently collected wind and water temperature data suggest that wind-induced
thermocline tilting and resultant internal waves are driving zooplankton heterogeneity
for all size ranges, with biotic factors such as increased motility and depth-preference
also responsible for aggregation of larger zooplankton. The results confirm that body
size is a worthy metric in zooplankton distribution studies, and as such the continued
development of techniques using more automated methods of high resolution data
collection, such as the LOPC, is advisable.

3.2 Introduction
Within aquatic ecosystems, organism patchiness is observed across all scales and within
all microbial communities, from bacteria to phytoplankton and zooplankton (PinelAlloul and Ghadouani 2007). This heterogeneity influences vital ecosystem processes
such as population and trophic dynamics (Hastings 2001) and community structure and
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function (Daly and Smith Jr 1993; Pinel-Alloul and Ghadouani 2007), and as such, its
investigation is key to understanding ecological interactions within planktonic systems.
The relative importance of processes generating, maintaining or retarding plankton
heterogeneity is not fully understood, although the most widely accepted explanation of
plankton spatial heterogeneity is the ‘multiple driving force hypothesis’ (Pinel-Alloul
1995; Folt and Burns 1999) which states that the spatial and temporal structure of
plankton in aquatic systems is driven by a combination of many abiotic processes
interacting with many biotic processes. Also inherent in this hypothesis is the concept
that the relative influence of these many processes vary along the scale continuum, with
physical processes dominating at larger spatial/temporal scales and biological processes
dominating at the smaller scales (Pinel-Alloul and Ghadouani 2007).

A critical step in advancing understanding of the heterogeneous distribution of
zooplankton, its driving forces and its effects on ecosystem processes lies in actually
measuring the spatial and temporal patterns. This objective has historically been
restricted by the available sampling technology, which has allowed only for a traditional
‘snapshot’ approach to data collection. Although not always explicitly recognised, the
traditional approach involves assuming the appropriate scale/s of interest when
designing a sampling regime, as distribution patterns vary as a function of the scale of
investigation (Wiens 1989). When spatial and temporal extent of sampling is limited, a
somewhat circular dilemma also exists whereby it is necessary to have some
understanding of the heterogeneous distribution of the zooplankton community under
study in order to design the most effective sampling regime of that very community.
The need to move beyond large-scale average abundance estimates and to quantify
zooplankton distributions at smaller scales within lakes has been increasingly
recognised, particularly in relation to investigating wind-induced spatial variability
(Thackeray et al. 2004; Rinke et al. 2007; Blukacz et al. 2009) and zooplankton-fish
interactions (Masson et al. 2001; Young et al. 2009). With results from these early
studies leading some researchers to caution against the continued use of single-survey
or large-scale average zooplankton data in the study of zooplankton dynamics
(Thackeray et al. 2004; Young et al. 2009), there is a clear need to develop sampling
regimes that include the collection of zooplankton data along the spatial scale
continuum, including micro- (cm–m) and fine-scale (m–100s m) variability (Young et
al. 2009).
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To date this objective has been pursued in a number of ways. Vertical zooplankton
heterogeneity in lakes has generally been explored through collecting zooplankton
samples at multiple depths through the water column (George and Winfield 2000;
Masson et al. 2004; Thackeray et al. 2004, 2005; Rinke et al. 2007). Meanwhile, the
horizontal spatial extent of zooplankton net sampling was initially increased beyond a
single mid-lake or deep station to multiple depth-integrated net samples across a study
lake (Pinel-Alloul et al. 1999), or multiple single-depth samples across horizontal
transects by pumping water through onboard mesh/gauze for later microscopic analysis
(George and Winfield 2000; Masson et al. 2001; Thackeray et al. 2004). While these
sampling developments have extended the investigation of zooplankton spatial
heterogeneity into the fine-scale, they have done so at the price of increased
microscopic analysis requirements due to the greater volume of zooplankton samples.
Practical limitations regarding the collection of zooplankton data through collection by
net or gauze also result in continued assumptions being made—either explicitly or
otherwise—regarding scales of interest. That is, the integration of samples over depth or
length, and the mesh size of the sample nets being used, effectively limit investigations
to the fine-scale and above (Pinel-Alloul and Ghadouani 2007), with micro- and nanoscale heterogeneity remaining largely unmeasured. There is a clear need for further
advancement in the quantification of zooplankton spatial patterns at these smaller
scales, particularly within systems in which biological interactions are primarily of
interest. This need is well illustrated by Young et al. (2009) in the example of critical
relationships between predators and prey being lost through the integration of
abundance data over large spatial scales, when larval fish predators are searching for
prey within much smaller volumes of water (e.g. L day-1) than those integrated within
most zooplankton samples (e.g. 10s–100s m3).

An emerging technique for collecting spatially distributed zooplankton data at a high
enough resolution so as to collect adequate data to identify significant patterns and
minimise assumptions regarding appropriate scales of interest, while simultaneously
addressing the problem of prohibitively large microscopic analysis requirements, is the
use of optical plankton counting apparatus. Although studies using such technology to
investigate the spatial distribution of zooplankton in lakes are still limited in number,
they are providing promising results. Blukacz et al. (2009) deployed an Optical
Plankton Counter (OPC) at a fixed depth along horizontal transects in the 5.8 km2 Lake
Opeongo (Ontario, Canada), finding evidence of small-scale (<1 km) variability in
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zooplankton biomass related to the wind regime up to 12 hours prior to sampling.
Conversely, Levesque et al. (2010) used the next generation Laser Optical Plankton
Counter (LOPC) to collect zooplankton data along horizontal transects and vertical
profiles in the 0.51 km2 Green Bay (Quebec, Canada) and found that biotic factors such
as predation had the most significant relationship with spatial distribution of
zooplankton, with the sole abiotic factor in their study—water currents—playing only a
minor role in influencing zooplankton distribution. Yurista et al. (2009) also deployed
an LOPC to assess the spatial distribution of zooplankton biomass within the 82100 km2
Lake Superior and although the study did not have the primary goal of relating
zooplankton data with driving forces, they found zooplankton biomass to be closely
associated with the thermocline.

While most studies into spatial patterns of freshwater zooplankton have been
undertaken in large lakes (Levesque et al. 2010), the majority of lakes globally are <1
km2 (Downing et al. 2006). Furthermore, small-scale patchiness of abiotic and biotic
drivers has been demonstrated within small lakes, even under modest forcing conditions
(Mackay et al. 2011). Persistent unknowns regarding zooplankton spatial distribution in
general, and the relative importance of these similarly heterogeneous driving forces in
small lakes, therefore provide opportunities for testing the application of the LOPC for
quantifying zooplankton heterogeneity while having potential benefits for managers of
lakes internationally. Such benefits may include the monitoring and management of
zooplankton prey of critical fish stocks (Young et al. 2009) or of invasive zooplankton
species (Petruniak 2009). Quantifying the distribution of zooplankton within an invaded
lake, for instance, is a critical step towards determining the drivers of the distribution
and subsequently the drivers of the dispersal of the invasive species to systems
downstream.
The 0.71 km2 study site of Harp Lake (Muskoka, Ontario, Canada) provides an ideal
location for the application of an LOPC to quantify zooplankton spatial distribution
within a small lake in the context of an invasive zooplankton species, the spiny water
flea Bythotrephes longimanus (Crustacea, Onychopoda, Cercopagidae). Changes in the
zooplankton species richness and community structure following the first observation of
Bythotrephes in Harp Lake during summer sampling in 1993 have been extensively
studied (Yan and Pawson 1997; Dumitru et al. 2001; Yan et al. 2001; Yan et al. 2002;
Boudreau and Yan 2003; Strecker et al. 2006; Hovius et al. 2007; Paterson et al. 2008;
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Strecker and Arnott 2008) but such work has relied primarily on regular zooplankton
sampling from a single deep-point station. As such, despite being the subject of much
scientific research, the spatial patterns of the zooplankton community of Harp Lake
remain largely unknown.

While the spatial distribution of the entire Harp Lake zooplankton community has not
been examined, some spatially distributed depth-integrated sampling of Bythotrephes
has been conducted (Petruniak 2009). Within this study, Petruniak (2009) also measured
the wind dynamics over, and water temperature profiles within, Harp Lake during the
summer of 2007, and found the lake to be strongly stratified. This in turn allowed a
‘conveyer belt’ effect to occur along the wind axis, whereby warmer surface waters are
moved downwind and return currents deeper in the epilimnion subsequently move
deeper water upwind (George 1981). Three-dimensional hydrodynamic modelling of the
lake, validated with measured wind and temperature profile data, demonstrated that
dominant WNW diurnal winds moved water above the thermocline in a downwind
direction (towards the outflow); before the resulting thermocline tilt initiated a basinwide seiche when the wind regime shifted from WNW to NNE; and the dominant NNE
nocturnal wind then created another thermocline tilt before the pattern repeated again in
mid-morning (Petruniak 2009). These water movements appeared to play a significant
role in the distribution of Bythotrephes within the lake and its dispersal potential from
the outflow into downstream systems (Petruniak 2009), and it therefore seems probable
that they would play a similarly significant role in the distribution of other zooplankton
within Harp Lake.

It is also expected that these effects would vary in relation to organism body size, given
the differences in settling speed, motility and depth preference (Peters 1983), and thus
varying magnitudes of abiotic and biotic driving forces acting upon, differently sized
zooplankton. It is recognised that these differences result in a given zooplankton
community, in its entirety, not constituting a well-defined study unit (Intxausti et al.
2012), although studies investigating zooplankton spatial and temporal heterogeneity
commonly use total zooplankton abundance or biomass (George and Edwards 1976;
Rinke et al. 2007), or that of species of interest (Thackeray et al. 2004; Rinke et al.
2007; Young et al. 2009), as the primary metric. There has, however, been interest in
investigating the role of zooplankton body size on its spatial and temporal distribution,
although until recently studies have been restricted to the traditional sampling methods
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and associated scale limitations previously discussed. Nonetheless, previous studies
have found that, analogous to the way in which zooplankton has been demonstrated to
exhibit more fine-scale variability than phytoplankton (Mackas and Boyd 1979), smaller
zooplankton are more likely to be passively distributed by larger-scale abiotic drivers
(George and Winfield 2000; Masson et al. 2004; Blukacz et al. 2009), while larger
zooplankton are more likely to form aggregates related to biotic drivers such as
planktivory and depth-preference (George and Edwards 1976; Masson et al. 2004;
Blukacz et al. 2009; Levesque et al. 2010). In addition, Pinel-Alloul et al. (1988) also
found that body size accounted for significant variation in zooplankton heterogeneity,
while taxonomy did not. These results suggest that the use of body size as a metric in
the quantification of zooplankton heterogeneity is not simply a means by which to
justify the use of more automated methods of high resolution data collection such as the
LOPC, but may in fact be more relevant than taxonomy metrics to correlate with driving
forces of heterogeneity.

The work presented here will thus have one primary and one secondary objective: to
examine the vertical and horizontal distribution of zooplankton—including both total
zooplankton, and size-fractionated abundance and biomass— within a small lake, and to
concurrently examine the wind regime and water temperature profiles and how they
may correlate with the measured zooplankton distribution. It is hypothesised that
varying sizes of zooplankton will exhibit both varying scales of heterogeneity and
varying responses to drivers of heterogeneity, and more specifically that larger
zooplankton, which include the invasive Bythotrephes, will exhibit greater patchiness.
This study appears to be the first application of an LOPC to concurrently collect
horizontal and vertical zooplankton distribution data through the collection of multiple
spatially-distributed vertical profiles within any freshwater system, the first to consider
the relationship with wind on LOPC-collected freshwater zooplankton abundances
within a small lake, and the first to examine zooplankton horizontal and vertical
heterogeneity within the extensively-researched Harp Lake.

3.3 Methodology
3.3.1 Data collection
During meteorological sampling in summer 2007 Petruniak (2009) found that despite
the existence of an overall diel wind pattern of W-WNW diurnal winds and NE-NNE
nocturnal winds, the irregularly shaped and fully forested shoreline of Harp Lake
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resulted in diverse patterns of wind direction on a smaller temporal scale. As such, it
was deemed critical that frequent (10 minute) wind data over the surface of the lake, as
opposed to the more regular practice of using “snapshot” (Pinel-Alloul and Pont 1991)
or averaged hourly (Colebrook 1960; Thackeray et al. 2004) wind data from nearby
onshore stations, be obtained to allow for accurate assessment of wind forcing upon
Harp Lake.

Following the technique of Petruniak (2009), a fixed buoy was first securely moored at
the deep point of the middle of Harp Lake (see Figure 3.1), upon which an anemometer
(Davis Instruments Model 7911) was installed 1.5 m above the surface of the lake, and
set to record wind speed and direction data every 10 minutes. Water temperature data
were collected by the deployment of three chains of temperature loggers (HOBO U22
Water Temp Pro v2 and TidbiT v2 loggers, both with an accuracy of 0.2 C) across the
diurnal fetch as shown in Figure 3.1. Each chain contained one temperature logger
every 0.5 m from the surface to a depth of 9 m, and subsequently one logger every 1 m
to a depth of 13 m. Temperatures were recorded every 2 minutes.

Zooplankton data was collected by in situ deployment of an LOPC (Rolls-Royce
Canada Ltd.—Naval Marine). The LOPC was lowered vertically through the water
column at a velocity of approximately 1 ms-1, down to approximately 1–2 m above the
sediments, at five locations between the deep point and the outflow of the lake (see
Figure 3.1). This process was carried out three times—approximately 15:15 on 25
August 2008, approximately 08:15 on 26 August 2008 and approximately 11:45 on 26
August 2008.

Due to safety and noise pollution concerns, the process of collecting horizontally
distributed zooplankton data was not repeated at night. Vertical distribution of
zooplankton over a diel cycle was however explored through performing a series of
vertical hauls of the LOPC while moored at the deep point of the lake, approximately 10
m from the fixed buoy. The LOPC was lowered vertically at a velocity of approximately
1 ms-1, from the surface to approximately 1–2 m above the sediments, every fifteen
minutes within a 24 hour period starting 08:30 h on 27 August 2008.
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Figure 3.1 Bathymetric map of Harp Lake detailing the location of the deep point meteorological
station (containing the anemometer and temperature logger chain), two separate temperature
logger chains and the LOPC vertical profile sample sites.

3.3.2 Data analysis
Wind speed and direction, over the 72 hour period beginning 48 hours prior to the first
LOPC sample, were plotted to examine dominant patterns in the lead up to and during
the zooplankton data collection period. Trend, seasonal and irregular components of the
wind were also examined following decomposition of the raw wind speed and direction
data using the ‘decompose’ function of the R statistical language (R Development Core
Team 2007). Water temperature data over the same period were examined to identify
the thermocline depth at each temperature logger location, by calculating the depth at
which the greater change in temperature by depth was observed. The temperature data
was then examined to confirm stratification during the study period, and subsequently
for evidence of thermocline tilting along the LOPC sample transect by calculating the
depth of the thermocline at each temperature logger location over the period of study.
An 80-moving average (over 160 minutes) was also calculated for the raw wind and
temperature datasets to allow longer term trends to be observed through the short term
variability of the 2 minute frequency raw data.

Following post-processing (using LOPC_PostPro, available at www.alexherman.com)
each LOPC output file consisted of a series of plankton counts in 15 μm size bins, over
the range 105–35000 μm equivalent spherical diameter (ESD). As the LOPC recorded
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this data every 0.5 s, each vertical drop at 1 ms-1 resulted in a size-fractionated plankton
count every 0.5 m through the water column, from the surface to approximately 1-2 m
above the sediments of the lake. Thus, for each of the three sample periods over 25–26
August 2008, all pelagic zooplankton across the five horizontally distributed sample
sites were quantified by size-fractionated abundance over depth. Similarly, for the 24
hour sampling period of 27–28 August 2008, all pelagic zooplankton at the deep-point
sampling site were quantified by size-fractionated abundance over depth.

The number of size bins of each zooplankton dataset was reduced to a more practical
quantity by amalgamation into 6 size fractions: 100–200 µm ESD, 201–350 µm ESD,
351–500 µm ESD, 501–1000 µm ESD, >1000 µm ESD, and all zooplankton. Through
calculation of the ESD of key Harp Lake species from mean length data (using values
from Yan and Pawson 1997; Yan et al. 2001; and from historical Harp Lake data as
presented in Section 2.2) it was expected that the 100–200 µm ESD fraction would
include copepod nauplii and large rotifers, the 201–350 µm ESD fraction would include
larger nauplii and small cladocerans such as Bosmina, the 351–500 µm ESD fraction
would consist mainly of copepods, the 501–1000 µm ESD fraction would primarily
contain large cladocerans, as would the >1000 µm ESD fraction which may also have
been indicative of Bythotrephes.

Within each size fraction for each 0.5 m sample depth of each vertical profile, the
zooplankton biomass was calculated. This was achieved by applying the general method
presented by Sprules et al. (1998) with the iteration method presented by Yurista et al.
(2009). Presented in detail in Section 2.3.3 (C. H. Mines et al. unpubl.), the method
assumed a single aggregate ratio of length to width, f, for all zooplankton, calculated
through comparison of microscopically analysed net haul data with LOPC-derived
zooplankton data. The post-invasion value of 2.15 for f was applied here, as calculated
in Section 2.3.3 (C. H. Mines et al. unpubl.).

All abundance and biomass values were standardised to a value per cubic metre, using
the 1 ms-1 speed of LOPC descent and 0.0049 m2 cross-sectional area of the LOPC
sampling mouth. Zooplankton counts and biomass for each sample period along the
horizontal transect were then plotted using the filled contour function within SigmaPlot
8.0 (SPSS Inc.), interpolating values between the five sample sites to illustrate twodimensional zooplankton dynamics over the three sample times within the 450m
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transect between deep point and outflow. Vertical zooplankton dynamics over the 24
hour study period beginning 08:30 h on 27 August 2008 were examined through
calculating the weighted mean depth (WMD) of each size fraction for each of the 96
sampling times. This was repeated for both zooplankton abundance and biomass data,
using the formula:
WMD =

ni d i
ni

where ni is the number of individuals, or the biomass, within a depth interval, and di is
the mid-point of the depth interval (Pearre 1973).

3.4 Results
3.4.1 Wind and water temperature dynamics
Harp Lake was strongly stratified over the study period, as demonstrated by the typical
temperature profile in Figure 3.2. Typical epilimnion, metalimnion and hypolimnion
layers at the deep point of the lake were approximately 0–4, 4–8 and >8 metres
respectively. As demonstrated by Figure 3.3, however, the depth of the thermocline was
dynamic at all three locations in which it was measured (see Figure 3.1) over the study
period. While thermocline depths over time at all three locations appeared to follow a
rough waveform pattern with an approximate period of 11.5 hours, the waveforms for
each of the three locations shifted in and out of phase with one another during the ~5
day study period. There was a greater periodic change in thermocline depth for the two
littoral sample points, with a lesser amplitude for the changes in thermocline depth at
the pelagic deep point. All three locations were similar in their mean thermocline depth
over the study period.

85

Figure 3.2 Typical temperature profile for the deep point of Harp Lake over the study period.

Despite a number of apparent trends, there was no clear diel pattern in wind direction
over the entire study period as shown in Figure 3.3. This was particularly true during
23–24 August 2008, which exhibited a general trend from an approximate SW wind to a
NW one over the 36 hour period. From 25 August onwards however there was a shift to
a diel wind pattern, albeit an inconsistent one. It began with a dominant NNE wind from
approximately midnight on 24 August until noon on 25 August and shifted to a
dominant NE wind between approximately 22:00 and mid-morning the following two
days. This dominant NE wind was much shorter in duration on the evening of 27
August. In contrast, dominant diurnal wind patterns varied in direction, changing from
WNW–NNW on the afternoon of 25 August, to SSW–WNW on 26 August, SE–S on 27
August and finally ESE–SE on 28 August. That is, over the four days from 25 August
there was general swing in dominant diurnal winds from a NW to a SE direction.

Similar to wind direction dynamics, there was no apparent general diel trend in wind
speed over the entire study period. While diurnal winds generally exhibited greater
speeds than nocturnal winds for 24, 25 and 27 August, there were a number of
exceptions to this trend both within and around these days. The two periods of greatest
wind speed were during diurnal periods of 24–25 August, which also exhibited similar
WNW–NNW patterns in wind direction.
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Figure 3.3 Wind speed and wind direction as measured at the deep point of Harp Lake, and
thermocline depth as measured at the three temperature logger chain locations within Harp Lake,
over the study period. Wind speed and direction plots contain raw 2-minute data (grey) and 80moving average (160 minute) data (black). Thermocline depth is plotted for the three temperature
logger chain locations of the deep point (black), near the outflow (magenta) and north-west of the
deep point (cyan). The yellow blocks correspond to zooplankton sample times.
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Examination of the wind speed and direction following decomposition revealed the
presence of diel dynamics within the raw data, though considerable trend and irregular
dynamics were also apparent (Figure 3.4). The diel (seasonal component) dynamics
consisted of W winds from midnight, shifting to N at noon, then swinging to S/SW in
the afternoon before back to N in the late evening. The general swing in dominant
diurnal winds from a NW to a SE direction as observed in the raw data (Figure 3.3) was
also confirmed in the trend component of the decomposed wind direction data. The
overall trend in wind speed over the study period was that of greater speeds prior to 26
August, before an overall reduction in magnitude. Diel patterns revealed reduced wind
speeds from approximately 19:00 to 10:00, and relatively greater wind speeds during
the day from approximately 10:00 to 19:00. Diverse wind patterns of on a short
temporal scale that were not attributed to overall trend or diel patterns, were observed
over the study period.

3.4 Trend, seasonal and random components of the observed wind speed and direction as measured
at the deep point of Harp Lake.
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3.4.2 Zooplankton distribution
Examination of total zooplankton abundance and biomass during the three sampling
times (see Figure 3.5) demonstrated similarities in zooplankton distribution for both
sample times over 26 August, which in turn differed to the general patterns for the
single sample time on 25 August. There were slight differences in the vertical
distribution of zooplankton abundance across the transect, expressed in a slight
horizontal waveform pattern of the zones of vertical abundance maxima. This pattern
was apparent for all three sample times, though was most pronounced on 25 August, for
which the general depth of abundance maxima across the transect was also slightly
deepened. The differences between sample times were, however, much more
pronounced for the biomass plots. During early morning sampling on 26 August, there
was an apparent peak in zooplankton biomass around the thermocline at the deep point,
which grew in magnitude horizontally at the later sampling on the same day. While this
feature was also apparent during the sampling of 25 August, the more prominent feature
was a deeper layer of maximum biomass towards the outflow of the lake.

Dynamics in zooplankton abundance were examined in further detail in Figure 3.6, in
which the distributions of each of the five size fractions are shown. It appeared that the
thickening of the depth of maximum zooplankton abundance during the 25 August
sample time, when compared to both periods on 26 August, was largely due to the 100–
200 µm size fraction. The two smallest size fractions exhibited the least horizontal
heterogeneity at the transect-scale, though both exhibited relatively greater horizontally
patchiness, or aggregation, during the 25 August sampling. Vertical patchiness appeared
to increase for both size fractions over the course of 26 August, with a horizontal
layered effect evident in the early afternoon. This feature was most apparent in the 201–
350 µm ESD size fraction, with two depths of peaks in abundance across the horizontal
transect—one near the surface and one at/below the thermocline—observed at all
sample times. This multiple vertical peak feature was only apparent during 25 August
for the 351–500 µm size fraction, and not at any time for the two largest size fractions.
The 351–500 µm ESD fraction also exhibited peaks in abundance and biomass around
the thermocline at the deep point, weakening as it extended horizontally towards the
outflow during both sampling times of 26 August. This region of high zooplankton
density was also present on 25 August, though smaller in magnitude than the ~200 m
horizontal layer of high abundance and biomass at the extent of the transect closest to
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the outflow. This layer was 1–2 m below the deep point maxima layer observed during
26 August. The 501–1000 µm ESD fraction exhibited spatial distribution patterns
similar to the 351–500 µm ESD fraction for the three sample times. The main exception
to this was in the outflow to mid-transect epilimnion region, for which there was a
feature of intermediate levels of 351–500 µm ESD zooplankton during 25 August.
Finally, the >1000 µm ESD fraction exhibited horizontal layers of increased abundance
and biomass around the thermocline, decreasing in depth from the deep point to the
outflow, during 26 August. Again, this feature was replaced by a one of maximum
zooplankton abundance and biomass around the thermocline towards the outflow on 25
August.

The general trends demonstrated in Figure 3.6 are largely mirrored in Figure 3.7, in
which the biomass distributions of each of the five size fractions are shown. The main
difference between the biomass and abundance spatial dynamics over the three sample
times was that the biomass of the >1000 µm size fraction was concentrated primarily at
the deep point of the lake during the 26 August sample, as opposed to the more midtransect location of the maximum abundance concentration.
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Figure 3.5 Vertical and horizontal spatial distribution of total zooplankton abundance (a, b and c)
and biomass (d, e and f) for each of the three sample times, along the same transect from the deep
point to the outflow of Harp Lake. Note the different colour scales for abundance and biomass
values.
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Figure 3.6 Vertical and horizontal spatial distribution of zooplankton abundance m-3, split into five separate size fractions, for each of the three sample times
along the same transect from the deep point to the outflow of Harp Lake. Note the different colour scales for each of the size fractions.
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Figure 3.7 Vertical and horizontal spatial distribution of zooplankton biomass mg m-3, split into five separate size fractions, for each of the three sample times
along the same transect from the deep point to the outflow of Harp Lake. Note the different colour scales for each of the size fractions.
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Weighted mean depth (WMD) dynamics over the 24 hour study period of 27–28 August
are shown in Figure 3.8. As demonstrated by similarities in temporal patterns, the
smaller size fractions had the greatest impact upon the WMD of total abundance, while
the two size fractions >500 µm ESD had the greatest influence over WMD of total
biomass over the study period. The greatest diel variation for both abundance and
biomass was exhibited by the largest size fraction of >1000 µm ESD, with a clear
maximum depth below surface during the day and minimum depth below surface during
the night. The difference between these extreme values of the >1000 µm ESD size
fraction was greatest for zooplankton abundance, for which the WMD rose to ~3 m
between 21:00 and 2:00 and fell to ~12 m around noon. The >1000 µm ESD size
fraction biomass followed a similar nocturnal pattern but only fell down to around 9 m
during the day. The three smallest size fractions encompassing 100–500 µm ESD
exhibited no significant diel WMD patterns for either abundance or biomass, and
maintained their depths relative to one another over the study period.

Figure 3.8 Weighted mean depth (WMD) of zooplankton abundance (a) and biomass (b) for total
zooplankton samples and for five zooplankton size fractions as indicated by measured equivalent
spherical diameter (ESD).
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3.5 Discussion
3.5.1 Wind and water temperature dynamics
The wind dynamics observed here were somewhat consistent with those reported by
Petruniak (2009), in that the patterns of wind direction upon Harp Lake were diverse
over a sub-diel scale, likely due to the irregularly shaped and fully forested shoreline.
This was particularly apparent during the period 23–24 August 2008, which was lacking
the rough diel pattern observed over later days due to stronger longer term trend
patterns. Despite the apparent diel pattern observed during 25–28 August, and the clear
diel pattern observed in the decomposed wind data, there was a lack of consistency in
actual dominant diurnal/nocturnal winds as observed by Petruniak (2009). These
findings confirmed the importance of collecting frequent wind data over the surface of
such lakes, as opposed to the more common practice of using averaged wind data from a
nearby meteorological station, even in the presence of previously established diel wind
patterns as in the case of Harp Lake.

This diversity in wind patterns, also observed in wind speeds, resulted in a subsequently
diverse range of wind forcing conditions over Harp Lake during the study period.
Although the dominant W–WNW diurnal winds and NE–NNE nocturnal winds
observed by Petruniak (2009) were not consistently observed here, there were periods of
persistent directional winds which, combined with confirmation of strong stratification
as demonstrated in Figure 3.2, were likely to create conditions conducive to setting up
of a conveyer belt effect along the persistent wind axis as demonstrated in modelled
Harp Lake water movements (Petruniak (2009).

The presence of internal wave dynamics was suggested by the observed periodic shifts
in thermocline depth. The lack of simple binary diel persistent winds as per those used
in the forcing data of the previous Harp Lake modelling made it difficult to directly
relate the thermocline shifts with the wind regime. While there were a number of
possible relationships between wind forcing and related thermocline changes that may
have been suggested by examination of the plots, the observed patterns were not
consistent across the study period. For instance, during 24–26 August there were two
distinct shifts from a general north-westerly to a general north-easterly wind, which
appeared to result in an increase in thermocline depth below surface at the northwesterly extent of the lake, and a corresponding decrease in thermocline depth below
98

surface towards the outflow of the lake. This was indicative of the initiation of a basinwide seiche following the shift in wind regime, as suggested by the modelling
(Petruniak 2009). This feature was, however, not observed at later dates, likely due to
altered wind dynamics and particularly a reduction in wind speeds. It is probable that
the dynamic wind regime over Harp Lake was not observed to have a simple causal
effect on thermocline depths along the transect measured here due to the irregular shape
and bathymetry of the lake, and the presence of winds along axes different to that
represented by the single transect.
3.5.2 Observed zooplankton distribution
There was clear evidence of shifts in the horizontal and vertical distribution of
zooplankton within Harp Lake along the measured transect over the three sample times.
This was most clearly evident when comparing the regions of biomass maxima between
25 and 26 August. These marked differences strongly demonstrated the likely risks of
employing the common methodology—both generally and within Harp Lake—of
collecting a net haul sample at a single site, to infer information about the lake-wide
zooplankton community. Thus, while the high resolution zooplankton data collection
technique applied here was more effective at quantifying zooplankton heterogeneity
than such sampling methodology, it also appeared to be beneficial for general
monitoring of, or designing a spatially effective monitoring regime for, communitywide zooplankton metrics within a heterogeneous system.

Examining the general patterns in community-wide zooplankton distribution over the
three sample times of 25–26 August revealed a concentration of zooplankton abundance
across the thermocline and within the epilimnion for all sample times. The dynamic
thermocline across the transect, and possibly the slight horizontal waveform pattern of
the layers of horizontal vertical abundance maxima, were likely indicative of windinduced internal waves oscillating along the thermocline, which in turn altered the
spatial distribution of zooplankton residing within the shifting water layer (George and
Edwards 1976). The effect of wind-induced thermocline tilting and resulting internal
waves on zooplankton distribution has been previously demonstrated to contribute to
plankton abundances varying by a factor of 2–4 at a single site over a period of hours
(Gaedke and Schimmele 1991; Rinke et al. 2007). Such significant variation was
apparent here, through comparison of the early and late morning samples on 26 August
(Figure 3.5, b and c), whereby any given point along the horizontal transect exhibited
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marked differences in vertical zooplankton abundance patterns between the two sample
times which varied over only 3–4 hours.

This possible internal wave effect was also slightly apparent when considering total
zooplankton biomass over the three sample times of 25–26 August, although the more
marked feature amongst Figure 3.5d–f was that of a clear maximum in zooplankton
biomass towards the lake outflow for the 25 August samples as opposed to a less
pronounced biomass maxima extending horizontally from the deep point for both
sample times of 26 August. There was a significant difference in wind and thermocline
dynamics between the 25 August sampling period and those of 26 August, which may
help explain the distinct differences in zooplankton distribution. During both 26 August
sampling periods, wind speeds were exceptionally low (< 1 ms-1) and the differences in
measured thermocline depth across the transect were less pronounced than during 25
August, suggesting a comparatively quiescent period. It was during this time that we
observed the smaller zooplankton (100–350 µm ESD, expected to consist of copepod
nauplii, large rotifers and small cladocerans such as Bosmina) exhibiting a generally
regular horizontal distribution, while the larger zooplankton (>351 µm ESD, expected
to consist of copepods and large cladocerans) were generally aggregated around the
epilimnion of the pelagic zone. These results are in agreement with those of Levesque et
al. (2010), who found that larger zooplankton exhibited strong offshore accumulation
during daylight hours, which they attribute to motility and avoidance of predators within
the littoral zone, while the smaller zooplankton maintained a regular distribution.

While Levesque et al. (2010) found that abiotic factors played only a minor role in
zooplankton spatial structure due to a lack of accumulation of zooplankton in the
downwind littoral regions of their study site, our results for 25 August suggested this is
not always the case within Harp Lake. A combination of 3–4 ms-1 wind speeds during
sampling, a shift in wind direction in the hours immediately prior to sampling, and
subsequent tilting in the thermocline across the sampling transect all appeared to result
in ideal forcing dynamics for the advection of larger zooplankton (>351 µm ESD) from
the outflow of Harp Lake. The prolonged period of persistent SW to NW winds in the
period immediately prior to 25 August was also likely to have played a role in the
zooplankton dynamics observed here, given the general downwind location of the
outflow during this period. While these results have obvious implications for the
effective sampling of zooplankton using traditional methods during such periods, a
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more pressing implication lies in the transport of zooplankton from Harp Lake into
downstream systems, and consequently the management of Bythotrephes within the
region.

As demonstrated by the differences in vertical and horizontal spatial distribution for
each size fraction during the two different forcing regimes observed here, organism
body size clearly influenced how the zooplankton of Harp Lake are distributed through
time and space. The spatial structure of smaller zooplankton (100–350 µm ESD)
consistently exhibited less horizontal heterogeneity, consistent with earlier findings that
slower-swimming and non-motile zooplankton are passively moved (George and
Edwards 1976; George and Winfield 2000; Blukacz et al. 2009), while the larger
zooplankton (>351 µm ESD) consistently exhibited aggregation across the horizontal
transect-scale. The distribution of the larger zooplankton was consistent with the
previous findings that larger motile zooplankton are more likely to aggregate in the
pelagic zone during daylight when water movements allow it (Levesque et al. 2010),
and otherwise to maintain their vertical position when advected into downwelling or
upwelling waters (George and Edwards 1976; George and Winfield 2000; Blukacz et al.
2009). That is, these results are in agreement with earlier findings that smaller
zooplankton are more likely to be passively distributed by larger-scale abiotic drivers
while larger zooplankton are more likely to form aggregates related to biotic drivers
such as planktivory and depth-preference. It is, however, also clear from these results
that the distribution of larger zooplankton may be significantly influenced by abiotic
drivers.

The merits of examining zooplankton dynamics by size fraction were also confirmed
through the zooplankton community WMD dynamics as explored during the 24 hour
study period of 27–28 August. Similar to the total abundance and biomass dynamics
over the 25–26 August sampling, here we saw the total abundance dynamics mimicking
those of the smaller size fractions, while the total biomass dynamics followed the same
pattern as the larger size fractions. There was evidence of diel vertical migration (DVM)
of the two larger size fractions (>500 µm ESD), which was to be expected of large,
motile zooplankton. The much more subtle shifts in WMD for the smaller (100–500 µm
ESD) zooplankton were possibly indicative of a slight inverse DVM pattern, but this
may be explained more simply through examining the thermocline movements at the
deep point during this study period. The slight vertical shifts in WMD for these smaller
101

zooplankton followed a similar temporal pattern as the vertical thermocline dynamics,
thus it appeared that these very fine-scale variations in WMD were due to the abiotic
driver of the shifting thermocline.
3.5.3 Comments and recommendations
It is worth noting that there is still some contention about the accuracy of in situ LOPC
sampling of <300 µm ESD zooplankton, as discussed in Chapter 2 (C. H. Mines et al.
unpubl.), thus it is likely that these size fractions contained erroneously counted nonzooplankton particles such as lake snow, and as such these size fractions may not hve
been purely representative of their respective zooplankton community subsets. Given
the passive nature of lake snow particles, if they were indeed present in any significant
number within these smaller size fractions it is expected that they would have the effect
of increasing the observed effects of large-scale abiotic drivers on the measured
distribution. As such, it is possible that biotic drivers played a larger role in the
distribution of the smaller zooplankton of Harp Lake as suggested in the findings
presented here. The field of research regarding use of the LOPC in freshwater systems
is still relatively new, and this is one area in which further research is recommended.

Indeed, the results presented here emphasise the importance of developing
methodologies involving the collection of high resolution data when examining
zooplankton communities, not only when spatial and temporal heterogeneity is of
interest, but also within generalised monitoring. This is best demonstrated by the
significant differences in fine-scale horizontal spatial distribution between alternate
wind regimes. When zooplankton communities are being monitored by techniques such
as regular single-point net hauls, such heterogeneity will likely result in fine-scale
zooplankton community dynamics being overlooked or falsely evaluated.

It is clear that abiotic and biotic drivers both play distinct, critical roles in the
distribution of zooplankton within Harp Lake, despite a previous finding that biotic
drivers dominate in small lakes (Levesque et al. 2010). The division of total
zooplankton metrics into size fractions confirmed that abiotic and biotic drivers act at
varying magnitudes upon varying sizes of zooplankton, and we note that critical
community-wide distribution dynamics are thus likely to be missed if only total
zooplankton abundance or biomass are considered. We cannot infer from these results
whether the use of body size may be a more appropriate metric than taxonomy when
examining either zooplankton heterogeneity, or its correlation with driving forces, and
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we suggest this warrants further investigation. It is clear, however, that body size is a
worthy metric in investigations such as this, and as such the continued development of
techniques using more automated methods of high resolution data collection such as the
LOPC is advisable.

3.6 References
Blukacz, E. E., B. J. Shuter, and W. G. Sprules. 2009. Towards understanding the
relationship between wind conditions and plankton patchiness. Limnol. Oceanogr. 54:
1530–1540.

Boudreau, S. A., and N. D. Yan. 2003. The differing crustacean zooplankton
communities of Canadian Shield lakes with and without the nonindigenous zooplankton
Bythotrephes longimanus. Can. J. Fish. Aquat. Sci. 60: 1307–1313.

Colebrook, J. M. 1960. Some observations of zooplankton swarms in Windermere. J.
Anim. Ecol. 29: 241–242.

Daly, K. L., and W. O. Smith Jr. 1993. Physical-biological interactions influencing
marine plankton production. Annu. Rev. Ecol. Syst. 24: 555–585.

Downing, J. A., Y. T. Prairie, J. J. Cole, C. M. Duarte, L. J. Tranvik, R. G. Striegl, W.
H. McDowell, P. Kortelainen, N. F. Caraco, J. M. Melack, and J. J. Middelburg. 2006.
The global importance and size distribution of lakes, ponds and impoundments. Limno.
Oceanogr. 51: 2388–2397.

Dumitru, C., W. G. Sprules, and N. D. Yan. 2001. Impact of Bythotrephes longimanus
on zooplankton assemblages of Harp Lake, Canada: an assessment based on predator
consumption and prey production. Freshwater Biol. 46: 241–251.

Folt, C. L., and C. W. Burns. 1999. Biological drivers of zooplankton patchiness.
Trends Ecol. Evol. 14: 300–305.

Gaedke, U., and M. Schimmele. 1991. Internal seiches in Lake Constance: influence on
plankton abundance at a fixed sampling site. J. Plankton Res. 13: 743–754.

103

George, D. G. 1981. Wind-induced water movements in the South Basin of
Windermere. Freshwater Biol. 11: 37–60.

George, D. G., and R. W. Edwards. 1976. The effect of wind on the distribution of
chlorophyll a and crustacean plankton in a shallow eutrophic reservoir. J. Appl. Ecol.
13: 667–690.

George, D. G., and I. J. Winfield. 2000. Factors influencing the spatial distribution of
zooplankton and fish in Loch Ness, UK. Freshwater Biol. 43: 557–570.

Hastings, A. 2001. Transient dynamics and persistence of ecological systems. Ecol.
Lett. 4: 215–220.

Hovius, J. T., B. E. Beisner, K. S. McCann, and N. D. Yan. 2007. Indirect food web
effects of Bythotrephes invasion: responses by the rotifer Conochilus in Harp Lake,
Canada. Biol. Invasions 9: 233–243.

Intxausti, L., F. Villate, I. Uriarte, A. Iriarte, and I. Ameztoy. 2012. Size-related
response of zooplankton to hydroclimatic variability and water-quality in an organically
polluted estuary of the Basque coast (Bay of Biscay). J. Marine Syst. 94: 87–96.

Levesque, S., B. E. Beisner, and P. R. Peres-Neto. 2010. Meso-scale distributions of
lake zooplankton reveal spatially and temporally varying trophic cascades. J. Plankton
Res. 32: 1369–1384.

Mackas, D. L., and C. M. Boyd. 1979. Spectral analysis of zooplankton spatial
heterogeneity. Science 204: 62–64.

Mackay, E. B., I. D. Jones, S. J. Thackeray, and A. M. Folkard. 2011. Spatial
heterogeneity in a small, temperate lake during archetypal weak forcing conditions.
Fundam. Appl. Limnol. 179: 27–40.

Masson, S., N. Angeli, J. Guillard, and B. Pinel-Alloul. 2001. Diel vertical and
horizontal distribution of crustacean zooplankton and young of the year fish in a sub-

104

alpine lake: an approach based on high frequency sampling. J. Plankton Res. 23: 1041–
1060.

Masson, S., B. Pinel-Alloul, and P. Dutilleul. 2004. Spatial heterogeneity of
zooplankton biomass and size structure in southern Quebec lakes: variation among lakes
and within lake among epi-, meta- and hypolimnion strata. J. Plankton Res. 26: 1441–
1458.

Paterson, A. M., J. G. Winter, K. H. Nicholls, B. J. Clark, C. W. Ramcharan, N. D. Yan,
and K. M. Somers. 2008. Long-term changes in phytoplankton composition in seven
Canadian Shield lakes in response to multiple anthropogenic stressors. Can. J. Fish.
Aquat. Sci. 65: 846–861.

Pearre Jr, S. 1973. Vertical migration and feeding in Sagitta Elegans Verrill. Ecology
54: 300–314.

Peters, R. H. 1983. The ecological implications of body size, Cambridge University
Press.

Petruniak, J. 2009. Analysis of Bythotrephes longimanus spatial dynamics in Harp
Lake, Ontario. Masters of Science thesis. York University.

Pinel-Alloul, B. 1995. Spatial heterogeneity as a multiscale characteristic of
zooplankton community. Hydrobiologia 300-301: 17–42.

Pinel, Alloul, B., J. A. Downing, M. Perusse, and G. Codin-Blumer. 1988. Spatial
heterogeneity in freshwater zooplankton: variation with body size, depth and scale.
Ecology 69: 1393–1400.

Pinel-Alloul, B., and A. Ghadouani. 2007. Spatial heterogeneity of plankton
microorganisms in aquatic systems, p. 203–310. In R. B. Franklin and A. L. Mills
[eds.], The spatial distribution of microbes in the environment. Springer.

105

Pinel-Alloul, B., C. Guay, N. Angeli, P. Legendre, P. Dutilleul, G. Balvay, D.
Gerdeaux, and J. Guillard. 1999. Large-scale spatial heterogeneity of macrozooplankton
in Lake of Geneva. Can. J. Fish. Aquat. Sci. 56: 1437–1451.

Pinel-Alloul, B., and D. Pont. 1991. Spatial distribution patterns in freshwater
macrozooplankton: variation with scale. Can. J. Fish. Aquat. Sci. 69: 1557–1570.

R Development Core Team. 2007. R: A language and environment for statistical
computing. R Foundation for Statistical Computing. http://www.r-project.org/

Rinke, K., I. Hubner, T. Petzholdt, S. Rolinski, M. Konig-Rinke, J. Post, A. Lorke, and
J. Benndorf. 2007. How internal waves influence the vertical distribution of
zooplankton. Freshwater Biol. 52: 137–144.

Sprules, W. G., E. H. Jin, A. W. Herman, and J. D. Stockwell. 1998. Calibration of an
optical plankton counter for use in fresh water. Limnol. Oceanogr. 43: 726–733.

Strecker, A. L., and S. E. Arnott. 2008. Invasive predator, Bythotrephes, has varied
effects on ecosystem function in freshwater lakes. Ecosystems 11: 490–503.

Strecker, A. L., S. E. Arnott, N. D. Yan, and R. Girard. 2006. Variation in the response
of crustacean zooplankton species richness and composition to the invasive predator
Bythotrephes longimanus. Can. J. Fish. Aquat. Sci. 63: 2126–2136.

Thackeray, S. J., D. Glen George, R. I. Jones, and I. J. Winfield. 2004. Quantitative
analysis of the importance of wind-induced circulation for the spatial structuring of
plankton populations. Freshwater Biol. 49: 1091–1102.

Thackeray, S. J., D. G. George, R. I. Jones, and I. J. Winfield. 2007. Vertical
heterogeneity in zooplankton community structure: a variance partitioning approach.
Arch. Hydrobiol. 164: 257–275.

Wiens, J. A. 1989. Spatial scaling in ecology. Funct. Ecol. 3: 385–397.

106

Yan, N. D., A. Blukacz, W. G. Sprules, P. K. Kindy, D. Hackett, R. E. Girard, and B. J.
Clark. 2001. 2001. Changes in zooplankton and the phenology of the spiny water flea,
Bythotrephes, following its invasion of Harp Lake, Ontario, Canada. Can. J. Fish.
Aquat. Sci. 58: 2341–2350.

Yan, N. D., R. E. Girard, and S. A. Boudreau. 2002. An introduced invertebrate
predator (Bythotrephes) reduces zooplankton species richness. Ecol. Lett. 5: 481–485.

Yan, N. D., and T. W. Pawson. 1997. Changes in the crustacean zooplankton
community of Harp Lake, Canada, following invasion by Bythotrephes cederstroemi.
Freshwater Biol. 37: 409–425.

Young, K. V., J. F. Dower, and P. Pepin. 2009. A hierarchical analysis of the spatial
distribution of larval fish prey. J. Plankton. Res. 31: 687–700.

Yurista, P. M., J. R. Kelly, and S. E. Miller. 2009. Lake Superior zooplankton biomass:
alternate estimates from a probability-based net survey and spatially extensive LOPC
surveys. J. Great Lakes Res. 35: 337–346.

107

Chapter 4
Examining shifts in zooplankton
community variability following
biological invasion

Harp Lake (C. H. Mines 2008)

A version of this chapter has been accepted for publication in
Limnology & Oceanography1.

Mines, C. H., A. Ghadouani, P. Legendre, N. D. Yan and G. N. Ivey.
2013. Examining shifts in zooplankton community variability following
biological invasion. Limnology & Oceanography. In press.
1

4 Examining shifts in zooplankton community variability
following biological invasion
4.1 Abstract
We examined twenty years of zooplankton samples from Harp Lake for shifts in
zooplankton variability following invasion by zooplankton predator Bythotrephes
longimanus, using organism body size—as measured at high resolution by Laser
Optical Plankton Counter (LOPC)—as the primary metric of investigation. A period of
transitory high variability in the two years post-invasion was observed for both body
size compositional variability and aggregate variability metrics, with both measures of
variability shifting from low or intermediate to high variability immediately following
invasion, before shifting again to intermediate variability approximately two years postinvasion. Aggregate and compositional variability dynamics were also considered in
combination over the study period, revealing the period of transitory high variability
coincided with a shift from a community-wide stasis variability pattern to one of
asynchrony, before a shift back to stasis two years post-invasion. These dynamics were
related to changes in the significant zooplankton species within the Harp Lake
community over the pre- and post-invasion periods, and are likely to be indicative of
changes in the stability in the zooplankton community following invasion by
Bythotrephes. The dual consideration of aggregate and compositional variability as
measured by LOPC was found to provide a valuable means to assess the ecological
effects of biological invasion on zooplankton communities as a whole, extending our
knowledge of the effects of invasion beyond that already revealed through more
traditional taxonomic investigation.

4.2 Introduction
Invasion by alien species is considered to be one of the most significant and least
controlled human-mediated threats to ecosystems worldwide and suggested to be
exceeded only by habitat destruction as the primary threat to biodiversity (Almqvist et
al. 2010). While reported examples of biological invasion within freshwater ecosystems
number in their thousands (Ruiz and Carlton 2003), most studies into the effects of
invasion are short-term snapshots, lacking a suitable temporal context to effectively
assess resulting shifts in ecosystem dynamics (Strayer et al. 2006). This knowledge gap
complicates the establishment of effective invasion management strategies, as long-term
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data series are necessary to separate invasion-induced changes from normal system
variability (Yan and Pawson 1997) and from those induced by other stressors, and to set
benchmarks of recovery (Larson et al. 2011).

The invasive zooplankton predator, the spiny water flea Bythotrephes longimanus
(Crustacea, Onychopoda, Cercopagidae) has now invaded all five Laurentian Great
Lakes, Lake Winnipeg, and over 150 smaller inland lakes within North America,
including the relatively small, single-basin headwater Harp Lake (Muskoka, Ontario,
Canada) in 1993. As one of the Ontario Ministry of the Environment’s Dorset
Environmental Science Centre (DESC) long-term study lakes, Harp Lake has been
monitored for water quality and plankton assemblages since 1978 and thus provides
researchers with a continuous data set by which to study the long-term effects of
Bythotrephes invasion on an endemic zooplankton community. The post-invasion
zooplankton community of Harp Lake has demonstrated greater and different types of
changes than those observed in nearby, uninvaded Dorset lakes, despite the chemistry of
Harp Lake changing the least (Yan et al. 2008) and the algal composition changing no
more than in reference lakes (Paterson et al. 2008) during this time. While drivers such
as water chemistry have possibly played a role in the observed changes within the
zooplankton community of Harp Lake, their contributions are likely small compared to
the Bythotrephes effect.

The Harp Lake dataset is unique both in the long duration and fortnightly sampling
frequency of its bathymetrically weighted, composite zooplankton samples (Yan et al.
2008) and its relatively small size negates the common obstacle of requiring a vast
spatial scale of assessment to effectively investigate the ecological effects of a
biological invader (Yan and Pawson 1997). Subsamples of the long-term species-based
dataset have been analysed in a number of studies (Yan and Pawson 1997; Yan et al.
2001, 2002) to identify changes in the central macrozooplankton and microzooplankton
species that may be attributed to the arrival of Bythotrephes. To date there has been no
study in which the preserved zooplankton samples of Harp Lake are examined in their
entirety, or that uses zooplankton body size as the primary metric of investigation.
Applying a more automated data collection technique—such as the use of optical
plankton counting technology—to analyse the entire samples, as opposed to the
conventional microscopic analysis of subsamples, allows for both of these knowledge
gaps to be addressed. In the case of Harp Lake, this results in approximately 100–200
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times more zooplankton being analysed within each sample. There are, however, also
arguments for the use of zooplankton body size as an ecosystem metric that extend
beyond the ability to more readily automate its measurement.

It has been suggested that ecosystem health may be more effectively measured by
examining changes in overall community structure that are not apparent in individual
species metrics (Barbiero 2003). Zooplankton body size is a central feature reflecting
the physiology, ecology and evolutionary history of an individual or community
(Schmidt et al. 2006), and the size of planktonic organisms can affect how they respond
to abiotic and biotic drivers of spatial and temporal heterogeneity. As organism size is
one of the main scaling factors for ecological patterns and processes (Peters 1983), body
size and community size spectra metrics have been utilised to provide holistic
ecosystem descriptors that facilitate ecosystem comparisons in time and space (Gaedke
1992), addressing the growing concern that management of aquatic systems must
consider ecosystems rather than individual populations (Benoit and Rochet 2004).
Studies relating community size spectra metrics with ecosystem characteristics (Sprules
and Munawar 1986; Gaedke 1992; San Martin et al. 2006) have revealed findings such
as maintenance in biomass stability for a whole community, despite variations in
component species, which in turn provides further persuasive reasons for the
development of indices of ecosystem dynamics that aggregate over species (Schindler
1990).

The exploration of compensatory dynamics within communities has been addressed in
the growing field of ecological variability investigation (Micheli et al. 1999;
Cottingham et al. 2001), whereby system dynamics induced by environmental
fluctuations or stressors may be explored more deeply than by examining changes to
species of interest (Gonzalez and Descamps-Julien 2004; Downing et al. 2008; Brown
and Lawson 2010). As discussed by Micheli et al. (1999), variance of a community is
not only observable in aggregate variables, such as total abundance, but also in
compositional variability, here defined as changes in community size spectra (which
may include variability both within and between changes in species metrics). Assuming
that these two properties need not co-vary, aggregate and compositional variability thus
provide dual probes into community variability that can provide insight into system
dynamics accompanying shifts, such as those caused by invasive species.
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Four variability patterns have been described by the four possible permutations of low
and high aggregate variability with low and high compositional variability (see fig. 1 in
Micheli et al. 1999). Thus, the two measures of variability can identify if the temporal
patterns of system dynamics are synchronous, asynchronous, compensatory or static
(Micheli et al. 1999), providing managers with system scale information. For example,
whether compensatory dynamics, whereby system function may be maintained despite
relative population shifts (Vasseur and Gaedke 2007), are present within the system
leading up to and/or following invasion-induced changes. There is also evidence that
environmental fluctuations, despite their short-term destabilising effects, may have
long-term stabilising effects on communities (Gonzalez and Descamps-Julien 2004;
Downing et al. 2008) which is of interest in the context of biological invasion.

Here we take advantage of the unique Harp Lake zooplankton dataset over the period
1980–2000, processing the entire samples for the first time to examine Bythotrephesinduced shifts in both aggregate and compositional metrics from a body size perspective
as opposed to the previously examined species-centric perspective. We predict this new
approach will complement previous work by revealing invasion-induced changes in the
variability of the zooplankton community of Harp Lake that significantly differ from
normal system variability, and will in turn provide clues regarding the long-term
stability of the invaded system. Given the quality of previous Harp Lake studies, this
work also provides an opportunity to assess the suitability of applying body size metrics
within the study of biological invasions and resulting compensatory dynamics.

4.3 Methods
4.3.1 Study site
Harp Lake is a 0.71 km2, single-basin headwater lake located in the District of
Muskoka, Ontario, Canada (latitude 45°23’, longitude 79°07’). It has mean and
maximum depths of 13.32 and 37.5 m respectively. It exhibits physical and chemical
properties typical of lakes of the same size within the surrounding region, most notably
soft and nutrient-poor waters (Yan et al. 2001).

The zooplankton species richness and community structure has been tracked both prior
to and following the first observation of Bythotrephes in Harp Lake during summer
sampling in 1993. This monitoring revealed that the yearly averaged species richness of
the Crustacea plankton in the lake fell by 17%, from a mean count of 9.98 to 8.25
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species after the invasion (Yan et al. 2002) and the mean individual body length of
Cladocera doubled in the six years following invasion (Yan et al. 2001), although
species richness and zooplankton composition stabilised at their new levels within 3
years after the invasion (Helmus et al. 2010).

The nearby, uninvaded Blue Chalk and Red Chalk lakes were also used as reference
lakes for part of the analysis presented here, and by Yan et al. (2002). Both are similar
in size to Harp Lake, and exhibit similar water chemistry (Yan et al. 2008) and algal
composition dynamics (Paterson et al. 2008) over the study period.
4.3.2 Zooplankton sampling and analysis
The same zooplankton sample collection, preservation and processing methods were
employed over the entire collection period (Yan and Pawson 1997; Yan et al. 2008).
Zooplankton samples were collected from Harp Lake on a fortnightly basis during the
ice-free seasons of 1980–2000, although as not all samples were available for the
purposes of this analysis, the resulting dataset contained 167 samples, with an average
of 7.9 samples per year (standard deviation 4.4). Samples were collected from Blue
Chalk and Red Chalk lakes on a monthly basis over the same period.

All samples were bathymetrically-weighted composites of a series of vertical net hauls
from different depths using a metered 80 μm conical tow mesh net—exhibiting average
filtration efficiency of 84% (Yan and Pawson 1997)—at a single mid-lake station, with
all sample contents fixed in buffered 6% sucrose-formalin. Sample volumes were
similar across the sample dates. Following collection each sample was analysed
conventionally (Yan et al. 2008) by either Bill or Dee Geiling (Limnoservices Inc.) who
identified, counted and measured the length of a minimum of 250 crustacean
zooplankters. This conventional analysis resulted in taxonomic datasets containing
abundance and related density values (animals m–3) of each identified species for each
sample date, for Harp Lake and for the Blue Chalk and Red Chalk reference lakes.
In December 2008, we processed the entire contents of all 167 Harp Lake samples
through a Laser Optical Plankton Counter (LOPC) equipped with a Sample Circulator
(Rolls-Royce Canada Ltd.—Naval Marine). As each sample passed through the LOPC,
the zooplankton were counted and measured, with the resulting output dataset
consisting of a series of plankton counts in 15 μm size bins, over the range 105–35,000
μm equivalent spherical diameter (ESD). This process resulted in sample sizes that were
generally 100–200 times greater than those measured using conventional means.
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4.3.3 Compositional variability analyses
The first step in investigating compositional variability, as expressed by changes in the
relative abundance of different sized zooplankton over the twenty year study period,
was to perform multivariate regression tree (MRT) analysis on the Harp Lake LOPC
dataset. We used MRT as a form of time-constrained multivariate clustering method
(Legendre and Legendre 2012) on the entire LOPC dataset following Hellinger
transformation of the 15 micron size bin abundance data (Legendre and Gallagher
2001), using the ‘mvpart’ library (De’ath 2002) of the R statistical language (R
Development Core Team 2007). By using the chronological sample number (the first
sample, 28 July 1980, was No. 1, and the last sample, 10 October 2000, was No. 167) as
the constraint in the analysis, cross-validation within the MRT analysis resulted in the
delineation of groups of samples adjacent along the time series that were fairly
homogenous in community size structure. Essentially, the technique split the LOPC data
into statistically similar groups along the time series.

Following the splitting of the data into statistically similar chronological groups,
compositional variability within a given time segment may be visually assessed by the
number of branches of the resulting MRT that lie within that time segment, with time
segments consisting of multiple branches exhibiting higher variability than those with
fewer branches. Compositional variability was also quantified by calculating the total
variance of the Hellinger-transformed LOPC data—a measure of beta diversity
(Legendre et al. 2005; Anderson et al. 2011)—for each of the resulting time segments.

The MRT process was repeated on the conventionally-measured Red Chalk and Blue
Chalk lake zooplankton density datasets in order to compare the timing of the
statistically significant splits in the data and the compositional variability during the
resultant time segments between Harp Lake and the two reference lakes. While the
results of constrained clustering analysis methods such as MRT analysis do not rely on
regularity of sampling, we nonetheless also confirmed the timing of the most significant
split in the Harp Lake LOPC dataset by repeating the MRT analysis on a subsampled
LOPC dataset that contained only 3 samples per year, corresponding to the smallest
number of samples for any given year over the entire time series.

The cross-validation step inherent within MRT analysis provides internal validation of
the results (Legendre and Legendre 2012). We also performed an external validation by
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relating the most statistically significant MRT split in the community size structure to
the previously collected taxonomic data over the study period. Firstly, a binary variable
was created to represent the most significant split in the data identified by the MRT
results. This was then used as the explanatory variable within redundancy analysis
(RDA) performed on the Hellinger transformed (Legendre and Gallagher 2001) species
abundance data, using the ‘rda’ function within the ‘vegan’ library of the R statistical
language. The binary variable was also used within indicator species analysis (De
Caceres and Legendre 2009), in which the significant species for each of the two time
periods, resulting from the MRT analysis, were identified by using the ‘indval’ function
within the ‘labdsv’ package of the R statistical language on the untransformed species
abundance data.
4.3.4 Aggregate variability analyses
Before assessing aggregate variability within Harp Lake it was first necessary to
calculate aggregate metrics of density, mean body size and biomass. For each LOPCcounted and -measured sample, density is simply a sum of the abundance of all
zooplankton particles detected per unit volume of water sampled, while mean body size
is the mean of all measured ESD values. Biomass values were calculated using a
method developed by Sprules et al. (1998) in which the biomass present in each 15
micron size bin was calculated using the equation:
V = (π/6)(ESD3f -2)
where V is the volume of zooplankton present in the size bin, ESD is the ESD value at
the midpoint of the size bin, and f is the aggregate ratio of length to width for all
zooplankton present in the entire sample. The volume of each size bin was converted to
wet biomass assuming a specific gravity of 1, then to a dry biomass using a multiplier of
0.2 before all size bin biomass values were summed to give a total value for each
sample. An appropriate value for f was determined by iteratively changing f using the
method of Yurista et al. (2009) until a value was reached that resulted in the lowest
residual variation between the resulting biomass and that calculated by extrapolating
from the manually measured subsamples using published regression equations (Girard
and Reid 1990). The resulting ratio of length to width for the entire zooplankton dataset
was f = 2.01 which was then used to calculate biomass for each sample. Similar to
density values, biomass for each sample was also divided by the total volume of lake
water sampled.
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To assess the aggregate variability dynamics, the coefficient of variation (CV) was
calculated for each aggregate metric—density, mean body size, and biomass—over the
study period (Cottingham et al. 2001). CV values for pre-invasion and post-invasion
intervals were first compared, before the study period was further broken down into four
intervals — two prior to invasion and two following invasion — to assess the changes
in aggregate variability at higher resolution. These four intervals were determined from
the compositional variability results, in which the data was split into four distinct time
segments based on statistical differences in community composition.
4.3.5 Ecosystem dynamics analyses
Ecosystem dynamics over the study period were then explored by fitting the aggregate
and compositional variability to the framework proposed by Micheli et al. (1999). In
order to fit the system variability within each interval to one of the four described
patterns—synchrony, asynchrony, compensation or stasis (Micheli et al. 1999)—it was
necessary to fit both types of variability onto a scale of ‘low’ to ‘high’. For the
compositional variability, this was achieved by comparing the total variance of the
Hellinger-transformed LOPC data within each time interval to the total variance of this
data over the entire study period. If the total variance within an interval was less than
the total variance over the entire study period, it was classified as exhibiting low
compositional variability. High compositional variability within a time interval was
declared when the total variance in that interval was greater than double the total
variance over the entire study period. Values that fell between the upper bound of low
and the lower bound of high were described as being of intermediate variability. To fit
the compositional variability into the Micheli et al. (1999) framework, the bound
between synchrony and asynchrony, and between stasis and compensation, was set at
the midpoint of the intermediate compositional variability range.

Prior to fitting the aggregate variability values into the Micheli et al. (1999) framework,
it was first necessary to standardise each of the three CV values for each interval by
dividing it by the mean CV plus two standard deviations (the maximum value of high
CV values) of the corresponding aggregate metric. These standardised values, which
were similar across all three metrics at each of the intervals, were then averaged to
attain an average standardised CV value to represent the aggregate variability at each
time interval. In a similar fashion to the method used for compositional variability,
aggregate variability values were classified into low, intermediate and high ranges
within each time interval, using classification criteria presented by Romano et al.
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(2005): Low: CV < y – s; Intermediate: y – s < CV < y + s; High: y + s < CV < y + 2s;
where y = mean value for CV and s = standard deviation for CV. The bounds between
these low, intermediate and high variability classifications were also averaged across the
three metrics, and the bound between synchrony and stasis, and between asynchrony
and compensation, was set at the midpoint of the intermediate aggregate variability
range to fit the aggregate variability values into the Micheli et al. (1999) framework.

4.4 Results
The aggregate metrics of density, mean body size (represented as mean ESD) and
biomass over the study period revealed that the introduction of Bythotrephes in 1993
was accompanied by reduced mean density and increased variability in mean body size.
General trends of annual variability and marked within-year variability in the aggregate
metrics are shown in Figure 4.1.

Figure 4.1 Annual box plots of density (abundance per cubic meter sampled), mean body size as
expressed in equivalent spherical diameter (ESD) and total biomass per cubic meter sampled for
each zooplankton sample processed with the LOPC.
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The optimal division of the chronologically ordered LOPC data by the least-squares
criterion within MRT analysis occurred between samples 118 and 119. This split
divided the data in two time segments: 1980–1992 (pre-Bythotrephes) and 1993-2000
(post-Bythotrephes). This, most significant, split in the data between 1992 and 1993 was
also repeated in the results of the MRT analysis of the subsampled LOPC dataset,
confirming that the division was not an artefact of a change in sampling availability
around this period. The tree for the entire LOPC dataset, pruned to nine leaves (end
groups) by cross-validation, is shown in Figure 4.2. Following the most significant
division in the data between 1992 and 1993, a further division occurred during 1990,
producing the two leftmost leaves. The data then split into six statistically separate
intervals, as shown by the six leaves, between 1993 and September 1995. As shown in
Figure 4.2, this series of divisions broke the study period into four distinct intervals—
the two (leftmost) intervals in which the data were contained within a single branch, one
in which the data split into six leaves over the 1993–1995 interval, and then one
(rightmost) long interval in which the data were again contained within a single branch.
This chronological division of the data suggests that the three single-branch intervals
exhibited low compositional variability, while the interval in which the data split into
six separate branches exhibited high compositional variability. This is further shown in
Figure 4.3 in which the total variance of the Hellinger-transformed LOPC data—a
measure of beta diversity, used here to quantify compositional variability—was plotted
over the study period. The total variance in the post-Bythotrephes period was greater
than the pre-Bythotrephes period, but Figure 4.3b revealed this increase to be primarily
due to a spike in total variance during the 1993 to September 1995 interval.
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Figure 4.2 Multivariate regression tree analysis results for chronologically ordered LOPC data. (a)
The numbers at the end of each leaf of the tree indicate the time period and number of samples (n)
while the bar plots show the average abundances for each size bin at each terminal node. (b) The
splits of the tree are further demonstrated here by the bold black lines in the timeline, while the
bold numbers indicate the level of the split (1 being the most significant). Note the abscissa time
scale in (a) is unrelated to that in (b).

MRT analysis results for Red Chalk and Blue Chalk lakes varied from those of Harp
Lake. Compared with the confirmed timing of the most significant split in the Harp
Lake data between 1992 and 1993, the most significant splits in the Red Chalk and Blue
Chalk lake datasets occurred between 1994 and 1995, and between April and July 1989
respectively. Subsequent splits in the Red Chalk Lake data were observed in July 1980
and September 1989, with subsequent splits in the Blue Chalk Lake dataset occurring in
June 1988 and May 1996. After dividing the data for each reference lake into four time
intervals based on these splits, the total variance within each interval was then
calculated and is shown in Figure 4.3c. Both Red Chalk and Blue Chalk lakes exhibited
unique patterns in total variance over the study period, and both were different to the
temporal pattern of the Harp Lake total variance. Both reference lakes also exhibited
increases in total variance in their latest time interval, in contrast to the reduction in total
variance evident in the Harp Lake total variance pattern as shown in Figure 4.3b.
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Figure 4.3 Aggregate variability as expressed by coefficient of variation (CV, left ordinate scale) of
the mean body size, density, and biomass; and compositional variability as expressed by total
variance (right ordinate scale) of the Hellinger-transformed LOPC abundance data for (a) preBythotrephes (1980–1992) and post-Bythotrephes (1993–2000) periods of Harp Lake; and (b) for
four time intervals over the entire study period (1980–Jun 1990, Jul 1990–1992, 1993–Sep 1995, Oct
1995–2000) of Harp Lake. Compositional variability as expressed by total variance of the Hellingertransformed species density data for the Red Chalk and Blue Chalk reference lakes are also shown
(c), for the Red Chalk Lake time intervals of May–Jul 1980, Jul 1980–Aug 1989, Oct 1989–1994,
and 1995–2000; and the Blue Chalk Lake time intervals of 1980–May 1988, Jun 1988–Oct 1989,
Nov 1989–May 1996, and Jun 1996–2000. All values are plotted at the mid-point of their respective
time interval.

Aggregate variability of Harp Lake, as expressed by CV values for zooplankton body
size, density and biomass, exhibited similar patterns as the total variance over the study
period, as shown in Figure 4.3. There was a clear increase in variability for all three
metrics between the pre- and post-Bythotrephes intervals as shown in Figure 4.3a,
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although this increase was primarily due to the spike in the 1993 to September 1995 as
shown in Figure 4.3b.

External validation of the Harp Lake MRT results was carried out by relating (by RDA)
the species abundance data to the most statistically significant MRT split in the
community size structure. The canonical relationship was highly significant (p =
0.0001). It also identified ten zooplankton species or groups (hereafter simply referred
to as species) for which >5% of their variance was explained by the MRT split: Sp110
(Bosmina longirostris), Sp118 (Chydorus sphaericus), Sp122 (Daphnia galeata
mendotae), Sp127 (Daphnia retrocurva), Sp133 (Eubosmina tubicen), Sp152
(Diaphanosoma birgei), Sp301 (Cyclopoid copepodid), Sp208 (Leptodiaptomus sicilis),
Sp215 (Calanoid nauplius), and Sp312 (Tropocyclops prasinus mexicanus). Of these,
>20% variance of the abundance of Sp118 (Chydorus sphaericus), Sp122 (Daphnia
galeata mendotae), Sp133 (Eubosmina tubicen), Sp152 (Diaphanosoma birgei), Sp208
(Leptodiaptomus sicilis), and Sp312 (Tropocyclops prasinus mexicanus), and >30% of
the variance of Sp110 (Bosmina longirostris) abundance was explained by the MRT
split. Indicator species analysis extended the RDA results further, identifying two
groups of indicator species—seven that were significant (p < 0.05) prior to the most
significant split in the MRT results (1980–1992), and three that were significant (p <
0.05) following the most significant split in the MRT results (1993–2000). The
significant species during 1980–1992 were Sp110 (Bosmina longirostris), Sp118
(Chydorus sphaericus), Sp127 (Daphnia retrocurva), Sp133 (Eubosmina tubicen),
Sp152 (Diaphanosoma birgei), Sp301 (Cyclopoid copepodid), and Sp312
(Tropocyclops prasinus mexicanus) (left-hand group in Figure 4.4); while the
significant species during 1993–2000 were Sp122 (Daphnia galeata mendotae), Sp208
(Leptodiaptomus sicilis), and Sp215 (Calanoid nauplius) (right-hand group in Figure
4.4).
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Figure 4.4 RDA biplot relating Harp Lake zooplankton species abundances (solid arrows) to the
presence of Bythotrephes, based on timing of sample (dashed arrow). Scaling type 2 was used to
display the covariances among the species. Indicator species analysis results are also included here,
indicated by ellipses and species number labels. Seven zooplankton species were significant
indicators of the pre-Bythotrephes period, and three zooplankton species were significant indicators
of the post-Bythotrephes period. Species labels for the least significant species, indicated by the grey
arrows, are not included.

Prior to examining Harp Lake zooplankton community variability, compositional and
aggregate variability values were classified as low, intermediate or high. It was found
that compositional variability, as expressed by total variance, was low during 1980 to
June 1990, intermediate–low during July 1990 to 1992, high during the 1993 to
September 1995 interval immediately following invasion, and finally returned to
intermediate–low from October 1995 onwards. Classification of aggregate variability,
as expressed by the mean of the standardised CV values for the three aggregate metrics,
revealed that aggregate variability was low during the two intervals of 1980 to 1992,
high during the 1993 to September 1995 interval immediately following invasion, and
intermediate–low from October 1995 onwards.

Examining community variability, through the combined consideration of aggregate and
compositional variability, revealed that only immediately following invasion by
Bythotrephes were both aggregate and compositional variability high. As shown in
Figure 4.5, in which both aggregate and compositional variability of Harp Lake were fit
onto the framework based on that of Micheli et al. (1999), this corresponded to an
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asynchronous pattern of community variability during the time interval of 1993 to
September 1995. The three other time intervals all fell within the stasis pattern of
community variability, although the community variability during the final interval of
October 1995 to 2000 was closer to the pattern of synchrony than the two pre-invasion
intervals. The interval immediately prior to the 1993 invasion exhibited neither unusual
nor high aggregate or compositional variability, and actually had the lowest mean
aggregate variability of all four time intervals, due to a decrease in biomass CV.

Figure 4.5 Standardised community variability as represented by the combination of aggregate and
compositional variability over the four intervals of the study period, each represented by a circle (1:
1980–Jun 1990, 2: Jul 1990–1992, 3: 1993–Sep 1995, 4: Oct 1995–2000). The dashed lines represent
the bounds between the four types of variability patterns (synchrony, asynchrony, stasis and
compensation) while the dotted lines indicate the bounds between low, intermediate (inter.), and
high aggregate and compositional variability.

4.5 Discussion
Significant shifts in the aggregate and compositional zooplankton variability of Harp
Lake reveal a period of transitory high variability, significantly greater than normal
system variability, during the 1993–1995 period immediately post-invasion. Taxonomic
studies have previously identified a rapid reduction in zooplankton species richness, and
significant changes in the abundance and mean Cladoceran size, in Harp Lake following
invasion (Yan and Pawson 1997; Yan et al. 2001, 2002), before these metrics stabilised
from 1995 (Yan et al. 2001). Here we see evidence of this stabilisation in the LOPCmeasured data, as the aggregate and compositional variability metrics return to
intermediate–low values from 1995 until the conclusion of the study period in 2000.
External validation by RDA and indicator species analyses also reveal taxonomic
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significance of the size-centric Harp Lake MRT results, with RDA analysis identifying
ten species that were significantly affected by the introduction of Bythotrephes to Harp
Lake, as represented by the binary variable constructed from the timing of the most
significant MRT split, while the indicator species analysis revealed that seven of the ten
were significant species prior to invasion while the remaining three were significant
post-invasion.

MRT analysis on nearby reference lakes of Red Chalk and Blue Chalk revealed that
neither reference lake exhibited a statistically significant split in their species
composition data around the time of the 1992–1993 split observed in the Harp Lake
LOPC dataset. Varying temporal patterns in total variance were also observed amongst
the three lakes, suggesting there was no clear regional trend in total variance over the
study period. These differences, and that both Red Chalk and Blue Chalk lakes
exhibited similar water chemistry (Yan et al. 2008) and algal composition dynamics
(Paterson et al. 2008) over the study period, strengthen the argument that the significant
split in the LOPC data during 1992–1993 and the subsequent observations in aggregate
and compositional variability dynamics within Harp Lake are attributable to the unique
driver of invasion by Bythotrephes within the lake.

The dual consideration of aggregate and compositional variability provides a means to
extend our knowledge by assessing the ecological effects of invasion by Bythotrephes
on the community as a whole and as a collection of varyingly sized organisms. In the
two pre-Bythotrephes periods the general community variability pattern was one of
stasis, which in a stable environment may be indicative of either strong consumer selflimitation or strong competitive interactions (Micheli et al. 1999). During the period of
high aggregate and compositional variability immediately after invasion, the community
variability shifted to a pattern of asynchrony. Asynchrony has been demonstrated to be
the dominant pattern in communities in which an intermediate time lag exists between
predator and prey (Micheli et al. 1999). This is interesting to note, given that in addition
to showing that the zooplankton community of Harp Lake stabilised from 1995
following the period of significant change following invasion, Yan et al. (2001) also
found marked changes in the phenology of Bythotrephes in Harp Lake post-1995. These
changes may have played a role in the shift from asynchrony after October 1995 when
the system returned to a pattern of stasis, albeit one that was closer to synchrony than
the two pre-Bythotrephes patterns, given that synchrony has been shown to be a
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dominant pattern in communities for which no time lag exists between predator and
prey (Korpimaki 1994).

The asynchronous dynamics immediately following invasion also suggest the presence
of competitive interactions between species of varying sensitivity to the stressor of
Bythotrephes invasion. The role of biotic interactions in facilitating asynchronous or
compensatory dynamics when a community experiences an environmental fluctuation
has been demonstrated theoretically (Doak et al. 1998; Ives et al. 1999; Ives and
Cardinale 2004) though empirical investigations are rare (Descamps-Julien 2005;
Downing et al. 2008). In the case of Harp Lake, it appears likely that indirect responses
to the invasion expressed through biotic or trophic interactions were acting in
conjunction with direct organism responses to result in community asynchrony
(Downing et al. 2008).

The presence of compensatory or asynchronous dynamics have also been shown to
stabilise ecosystems (Tilman et al. 1998; Ives et al. 1999; Ives and Cardinale 2004),
though this stability may be dependent on the manner in which the community responds
to the initial stressor. While general loss of species within a community may decrease
its ability to exhibit compensatory or asynchronous dynamics—and thus buffer against
further environmental changes—in the future, an ordered loss of species most sensitive
to the stressor will result in a community with greater overall tolerance to its effects
(Ives and Cardinale 2004). Additionally, the role of biotic interactions and resulting
compensation or asynchrony in response to a stressor can also mask the sensitivity of a
given species to the community stressor, and enhance the difficulty in predicting how
the system may then respond to further changes (Ives and Cardinale 2004). The
asynchrony identified here, in conjunction with the loss of species previously identified
(Yan et al. 2001) during the period immediately following Bythotrephes invasion, may
suggest that the more apparently stable Harp Lake community post-1995 is one with
greater tolerance to Bythotrephes but which may be more sensitised to future stressors.
It is also possible that widespread calcium loss (Jeziorski et al. 2008) across the
softwater boreal lake system in which Harp is located has reduced the resilience of lakes
to the threat of invasion by Bythotrephes, found to have much lower calcium
requirements than its prey (Kim et al. 2012). As argued by Ives and Cardinale (2004),
such potential sensitivities within an ecosystem highlight the importance of a wholeecosystem approach to conservation of biodiversity, as stressor-induced loss of species
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may result in previously insignificant species playing critical roles in buffering against
future stressors.

The changing roles of species within systems undergoing change is also highlighted
here in the MRT external validation results. Of the seven species identified as
significant during the 1980–1992 period, Bosmina longirostris, Chydorus sphaericus,
Eubosmina tubicen and Diaphanosoma birgei were the dominant cladoceran taxa within
Harp Lake during the 1980s and all but Bosmina longirostris disappeared following
invasion (Yan and Pawson 1997). Of the three species identified here as being
significant during 1993–2000, the abundances of both Daphnia galeata mendotae and
Leptodiaptomus sicilis increased appreciably in Harp Lake post-invasion (Yan and
Pawson 1997; Yan et al. 2001). Species that were significant prior to invasion have
been replaced by fewer newly significant species, and it remains to be seen how this
new hierarchy may respond to future stressors.

This study has implications for the use of organism body size as a metric in the study of
invasion-induced community dynamics, and for the LOPC as a means to collect high
resolution zooplankton community data. The consistency between this work and
previous studies into changes of the zooplankton community following invasion by
Bythotrephes, and more importantly the increased insight into community dynamics this
new approach provides, give clear value to the more automated method of collecting
zooplankton body size data by processing samples through a LOPC. The LOPC based
method allows for rapid counting and measuring of all zooplankton within the 105–
35000 μm ESD size range, as opposed to the more time consuming method of manually
identifying, counting and measuring zooplankton from subsamples. It also does not
require as high a level of biological expertise as the traditional process of identifying,
counting and measuring. The price of this gain in time efficiency and requisite expertise
is a lack of species-specific data in the resulting LOPC data set, and the continued value
of taxonomic data collection is recognised. As shown here, the benefits of analysing
high resolution LOPC-collected data relating to zooplankton samples in their entirety,
and not only subsamples of species of interest, not only allows us to more deeply
investigate community-wide zooplankton dynamics such as variability but can also be
easily, and constructively, related to traditional taxonomic data. Looking ahead, there is
also scope to extend the approach presented here to LOPC data collected in situ, thus
extending the data collection to capture those taxa which may be difficult to catch or
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retain by net, and also allowing for changes in the vertical and horizontal spatial
distribution of zooplankton communities to be assessed.

This study clearly demonstrated a significant shift from normal system variability in
both aggregate and compositional variability metrics within a zooplankton community,
triggered by colonization by the invasive species Bythotrephes longimanus. Studying
the combined effects of changes in aggregate and compositional variability, as primarily
measured through organism body size, provided insights into community dynamics in
the lead up to, during, and following the invasion that were not apparent through
previous consideration of species metrics alone. The importance of increasing the
knowledge base of the effects of Bythotrephes invasion is clear, given the current lack
of an appropriate management strategy for its removal from invaded systems, the
generally inevitable nature of such invasions once they have begun (Ricciardi et al.
2011), and the rapid spread of Bythotrephes through Ontario coupled with the
prevalence of lakes in the region with suitable habitat for Bythotrephes (Yan et al.
2001). Such work provides managers with information about the possible ecological
consequences to expect if their system should become invaded, and may be used to
develop effective management and monitoring strategies for invaded systems and
prevent further ecosystem degradation by future stressors on the potentially newly
sensitised systems.
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Chapter 5
General discussion and conclusions

Harp Lake (C. H. Mines 2008)

5 General discussion and conclusions
This study had the overarching aim of increasing understanding of zooplankton spatial
and temporal dynamics through the development of high resolution data collection
methods, with an LOPC serving as the primary data collection technology. This goal
was approached in three separate yet related ways—by examining common emerging
LOPC methodologies and measurement error sources (Chapter 2); through in situ
deployment of the LOPC to examine spatial zooplankton dynamics over varying abiotic
forcing regimes (Chapter 3); and through using the LOPC to process historical
zooplankton samples to examine long-term temporal dynamics within a zooplankton
community (Chapter 4). Chapters 2–4 each contain separate aims and conclusions,
although results from one feed into another and all results combine to paint a
comprehensive picture about the zooplankton dynamics over a wide range of spatial and
temporal scales within Harp Lake, and which may also be extended to assist researchers
of other freshwater systems.

5.1 Methodological advances
A number of advances in the methodology of LOPC application in freshwater systems
have arisen from this research. Results regarding the role of <300 μm ESD particles in
the accuracy of LOPC-analysed zooplankton data, as presented in Chapter 2, have two
separate implications for LOPC users. Firstly, it was found that biomass values
calculated from data collected by LOPC in conjunction with Sample Circulator, for our
Harp Lake study site, may be assumed to consist entirely of zooplankton, despite
generally greater abundance values when compared to conventionally-analysed datasets.
The discrepancies between abundance values resulting from the two different data
collection methods are attributed to the LOPC detecting particles such as smaller
Cladocera such as Bosmina freyi, copepod nauplii and large rotifers that were not
included in the conventional microscopic analysis. Both data collection methods are
dependent upon the net haul technique, given that the LOPC is used to analyse the exact
same samples as were analysed microscopically, and as such it is recognised that netbased sampling errors are being carried through to the LOPC analysis. Nonetheless, the
Sample Circulator provides a relatively straightforward means by which to analyse
historical samples, or those for which in situ detection is not possible or practical, and
the results presented in Chapter 2 complement previous work by extending the range of
confidence in LOPC accuracy down to the lower limit of the instrumentation, when
134

used with the Sample Circulator. These results also allowed for the confident
application of the LOPC to analyse the historical zooplankton datasets, as presented in
Chapter 4, without a need to truncate the data prior to analysis.

Secondly, while it may be assumed that all biomass values calculated from data
collected by LOPC in conjunction with Sample Circulator may be attributable to
zooplankton, it was found that LOPC-detected <300 μm ESD particle data may also
include non-zooplankton particles, and additional investigations into quantifying this
potential source of sampling error within freshwater systems are required. It is,
however, also recognised that this potential sampling error is unlikely to seriously
impact the results of general zooplankton distribution studies, providing that two
recommendations are followed— wherever possible LOPC data should be examined by
size fraction; but, if aggregated zooplankton metrics are of interest, total biomass values
are to be examined in preference to total abundance values, given the considerable
proportion of <300 μm ESD particles when detected in situ. It is not recommended that
any size fraction of detected particles be excluded from analysis as a matter of course.
These recommendations were carried out, and further reinforced, within the subsequent
research presented in Chapter 3. Examination of the dynamics of aggregated
zooplankton metrics confirmed that the significant abundances of the smaller (<350 μm
ESD) size fractions result in these particles having the greatest influence on total
abundance dynamics, while the less abundant larger particles had the greatest influence
on total biomass dynamics, both temporally and spatially. More detailed information
regarding the distribution dynamics of the zooplankton community was revealed
through examining the data as separated by size fraction, as opposed to aggregate
metrics, which allows for the LOPC-analysed data to both be utilised comprehensively
and to readily complement taxonomic investigations.

This complementation is demonstrated within Chapters 3 and 4, in which analysis of
LOPC-detected body size metrics provided valuable insights into community dynamics
that were not apparent through previous consideration of species metrics alone, and
which also confirmed community dynamics previously demonstrated within taxonomic
studies. It is not the intention of this thesis to argue for the abolition of taxonomic
approaches to zooplankton community research, as it is recognised that such studies
continue to provide critical ecological information. The value in investigating organism
body size within zooplankton community dynamic studies is, however, continually
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reinforced throughout the research presented here. This is particularly true of Chapters 3
and 4, in which body size was found to both influence how the LOPC-measured
zooplankton of Harp Lake were distributed over the fine- to coarse-scale, and to provide
valuable indicators of ecosystem dynamics over the long-term within Harp Lake,
respectively. These results support the use of both body size fractionated metrics, and
community size spectra metrics, as ecological indices that aggregate over species and
facilitate temporal and spatial ecosystem comparisons. As such, there are convincing
reasons behind the use of body size metrics in the investigation of zooplankton
community dynamics that reach beyond the convenience of measurement by LOPC.

Just as this research supports the use of body size metrics, it similarly supports use of
the LOPC as a means to collect zooplankton organism and community data at an
appropriately high resolution with which to analyse multiple scales within the resulting
datasets. LOPC usage continues to expand, with currently approximately 60 LOPCs in
use worldwide, and as with any scientific apparatus—particularly one as recently
developed as the LOPC—continual methodological development is important. The
research here is expected to be of real benefit to future LOPC users, and there is still
much scope for further work as the field continues to develop.

5.2 Zooplankton heterogeneity
As intended, this research has not only reinforced the long-held understanding that
zooplankton tends to heterogeneity across multiple scales, but has contributed to its
somewhat modest quantification to date. Spatial heterogeneity was first briefly
demonstrated in Chapter 2, through examining vertical zooplankton dynamics over a 24
hour period, as measured in situ at the deep point of Harp Lake. Although not the
explicit purpose of the chapter, vertical heterogeneity characteristics of in situ
particles—primarily measured at the fine-scale—were found to be influenced by their
size and transparency, and changes over the diel cycle were also clearly apparent.

Dynamics in zooplankton heterogeneity were more explicitly examined in Chapter 3, in
which horizontal as well as vertical dynamics were quantified within Harp Lake over
the fine- to coarse-scale, while temporal dynamics in vertical heterogeneity were
examined over the micro- to small-scale. The degree to which horizontal zooplankton
heterogeneity was expressed during the transect LOPC deployment, particularly through
the significant shifts in locations of maximal abundance of the larger size fractions,
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clearly demonstrated how the regular deep-point Harp Lake sampling regime can miss
not only the fine- and micro-scale dynamics, due to the inherent resolution of the data
collection technique, but also the small-scale dynamics due to its single sample location.
The temporal shifts in horizontal aggregation, driven by shifts in abiotic driving forces,
imply that a clear understanding of the underlying dynamics in the drivers of
zooplankton heterogeneity is required to identify appropriate sampling locations if
single net hauls are to continue as the primary means of zooplankton data collection. A
more appropriate methodological shift, however, would be one towards higher
resolution sampling across multiple scales, such as that applied here, although the
merits of continual taxonomic monitoring are also recognised.

Temporal heterogeneity dynamics investigations were also extended into the large- and
meso-scales within Chapters 2 and 4, whereby system-wide shifts in the zooplankton
community were demonstrated to coincide with the discovery of Bythotrephes within
Harp Lake, through the examination of twenty years of zooplankton data. Quantification
of temporal heterogeneity within aggregate and compositional zooplankton metrics
allowed for a deeper understanding of community-level changes resulting from
biological invasion, with the LOPC allowing for rapid processing of high resolution
zooplankton data with no general requirement of taxonomic expertise. Extending the
zooplankton investigation into the large- and meso-scales provided a suitable temporal
context within which to separate invasion-induced shifts in community dynamics from
normal system variability. The resulting findings not only provided insight into past
community dynamics but also provided indications of future consequences of the
biological invasion, which again reinforces the need for adequately scaled monitoring
within such systems.

5.3 Application of findings to other systems
While the research presented here is applicable to other small freshwater lakes, much of
the knowledge gained may also be transferrable to larger, and marine, systems. All
methodological results are expected to be applicable to the majority of aquatic systems,
but site-specific characteristics must always be considered prior to deployment, given
that no apparatus is ideal in all conditions. For instance, results regarding the nature of
<300 μm ESD particles as measured by LOPC are expected to apply to the majority of
systems, including marine, but conditions such as high turbidity due to weather
conditions, or clogging of nets by high concentrations of algal matter, are likely to
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influence the resulting LOPC datasets. Conversely, while the field calibration technique
presented in Chapter 2 was developed for freshwater conditions, it is possible that
particular marine sites may have sufficiently diverse zooplankton to necessitate
applying the technique for confident calculation of LOPC-derived biomass values. It is
also anticipated that the results from field calibration within Harp Lake over the twenty
year study period will support future work investigating the relationship between the
length:width ratio f of a zooplankton community, its size distribution and composition,
and whether f may eventually serve as a useful indicator of such community metrics
across all systems.

The exploration of zooplankton community dynamics through the dual examination of
long-term aggregate and compositional variability is not only applicable to other aquatic
systems, but also to terrestrial communities. Similarly, while it allows for dynamics to
be explored following environmental perturbations such as biological invasion, it can
also serve as a management tool to monitor community dynamics such that fluctuations
may be rapidly detected or even anticipated. An interesting next step to this research
would be to compare the community dynamics demonstrated here with those of other
communities that have experienced invasion by Bythotrephes, but a lack of long-term
datasets is an unfortunate, and common, obstacle to this objective.

It may be argued that any multi-scale quantification of zooplankton heterogeneity is a
valuable contribution to research in this presently limited field, and in this way the
techniques and results presented here are expected to be of general benefit to most
researchers of zooplankton spatial and temporal distribution. It remains to be seen
whether we may ever fully understand the complexities of dynamics across the scale
continuum within aquatic systems. Through investigations such as this, however, we
can continue to take strides towards this goal, improving our collective knowledge and
redeveloping our aquatic management strategies such that we may all enjoy the
benefits—be they financial, environmental or social—of aquatic systems into the future.
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