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Calibration of the zooplankton community size spectrum as an
indicator of change in Canadian Shield lakes
Lauren Emily Barth, Brian John Shuter, William Gary Sprules, Charles Kenneth Minns,
and James Anthony Rusak

Abstract: Developing the crustacean zooplankton community size spectrum into an indicator of change in lakes requires
quantification of the natural variability in the size spectrum related to broad-scale seasonal, annual, and spatial factors.
Characterizing seasonal patterns of variation in the size spectrum is necessary so that monitoring programs can be designed to
minimize the masking effects that seasonal processes can have on detecting longer-term temporal change. We used a random
effects model to measure monthly, annual, and interlake variability in the slope (i.e., relative abundance of small and large
organisms) and centered height (i.e., total abundance) of the crustacean zooplankton normalized abundance size spectrum from
1981 to 2011 among eight Canadian Shield lakes. Consistent with theoretical predictions, the slope was a relatively stable
characteristic of the zooplankton community compared with the height, which varied significantly among lakes. We identified
a seasonal signal in height and slope and used a mixed effects model to characterize the linear rate of change from May to
October; there was an overall decline in height and an overall increase in slope. Seasonal variance was greater than annual
variance for both the height and the slope, suggesting that long-term monitoring of lakes and interlake comparisons using
zooplankton size spectra should be based on temporally standardized sampling protocols that minimize the effects of seasonal
processes. We recommend sampling the zooplankton community in midsummer because this results in size spectrum estimates
close to seasonal mean values.

Résumé : L’utilisation du spectre de tailles de communautés de zooplancton crustacé comme indicateur de changement dans les
lacs nécessite la quantification de la variabilité naturelle dans le spectre de tailles associée à des facteurs saisonniers, annuels et
spatiaux à grande échelle. La caractérisation des motifs saisonniers de variation dans le spectre de tailles est nécessaire pour
concevoir des programmes de surveillance qui minimisent les effets de masquage que peuvent exercer des processus saisonniers
sur la détection de changements à long terme. Nous avons utilisé un modèle d’effets aléatoires pour mesurer la variabilité
mensuelle, annuelle et entre lacs de la pente (c.-à-d. l’abondance relative des organismes de petite et grande taille) et la hauteur
centrée (c.-à-d. l’abondance totale) du spectre d’abondance selon la taille normalisé de zooplancton crustacé de 1981 à 2011 pour
huit lacs du Bouclier canadien. Conformément aux prédictions théoriques, la pente s’avère une caractéristique relativement
stable de la communauté de zooplancton comparativement à la hauteur, qui varie significativement entre les lacs. Nous relevons
un signal saisonnier dans la hauteur et la pente et utilisons un modèle à effets mixtes pour caractériser le taux linéaire de
changement de mai à octobre; il en ressort une baisse globale de la hauteur et une hausse globale de la pente. La variance
saisonnière est plus grande que la variance annuelle tant pour la hauteur que pour la pente, donnant à penser que la surveillance
à long terme de lacs et les comparaisons entre lacs qui font appel aux spectres de tailles du zooplancton devraient reposer sur des
protocoles d’échantillonnage à normalisation temporelle qui minimisent les effets de processus saisonniers. Nous recomman-
dons l’échantillonnage des communautés de zooplancton au milieu de l’été puisque cela produit des estimations du spectre de
tailles s’approchant des valeurs moyennes saisonnières. [Traduit par la Rédaction]

Introduction
Many indicators have been developed to provide information

about the composition, structure, or function of aquatic ecosys-
tems (Great Lakes Water Quality and Science Advisory Boards
2013). However, a key challenge has been to identify a set of indi-
cators that are simple to implement, easy to interpret, and pro-
vide useful information about the state of these systems. The
International Joint Commission (2014) identified a small number
of ecosystem indicators for the Great Lakes basin ecosystem that

includes physical (e.g., water level and temperature), chemical
(e.g., phosphorus), and biological (e.g., aquatic invasive species
and harmful, nuisance algae) indicators. Lower food web produc-
tivity and health were regarded as core indicators that focus on
the efficiency of energy transfer from phytoplankton to fish.
Thus, simple food web metrics of lower trophic levels may provide
valuable tools for monitoring the condition of lakes over the long
term.

Zooplankton are an integral part of aquatic systems, providing
the bridge between phytoplankton primary production and fish.
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Zooplankton communities are sensitive to changes in both their
prey source and their predators, reflecting a balance of food web
processes in their size and taxonomic composition (Mills and
Schiavone 1982; Hansson et al. 2007). Their taxonomic composi-
tion, production, and average body size have been shown to be
sensitive indicators of lake trophy (Jeppesen et al. 2000), the intro-
duction of non-native invasive species (Yan et al. 2001), acidifica-
tion (Jeziorski et al. 2008), and climate features (Richardson 2018).
Accordingly, zooplankton community metrics offer a promising
avenue for the development of indicators of perturbation in both
top-down and bottom-up processes.

The body size of individuals is a relatively simple metric to
obtain, and it is a fundamental trait that is correlated with many
physiological and ecological phenomena. The size of an individual
scales with variables such as its metabolic rate, life history char-
acteristics, diet breadth, mortality rate, somatic and population
growth rates, and trophic position (Peters 1983; Cohen et al. 1993;
Jennings et al. 2001). The usefulness of body size indicators to
monitor fish communities (e.g., the large fish indicator; Modica
et al. 2014) and detect alterations in food web structure (e.g., mean
body size of zooplankton; Gorokhova et al. 2016) is well known.
However, zooplankton size-based indicators tend to be coarse-
scale metrics of mean body size of the community (Xu et al. 2001)
or taxonomic group (e.g., cladocerans; Yan et al. 2008), and focusing
solely on mean body size can obscure important information about
the structure and functioning of these size-structured food webs.

The size spectrum, first introduced by Sheldon and Parsons
(1967) to describe the distribution of organism abundance or bio-
mass as it relates to body size, has become an important tool for
understanding size-structured communities. This method in-
volves grouping individuals into logarithmically equal size bins
irrespective of their taxonomy (Blanco et al. 1994). The primary
structure of the size spectrum typically follows a log–log relation-
ship between abundance (or normalized biomass) and body size
that is linear with a slope of approximately –1 — a pattern that is
consistent with a steady state condition of roughly equal biomass
within logarithmically equal size bins (Sprules and Barth 2016).
This relationship reflects energy losses through food webs due to
size-dependent metabolic and predation rates (Rossberg 2012). Pri-
mary production in pelagic systems is dominated by single-celled
algae with high population growth rates (McGarvey et al. 2016).
Herbivores and predators typically increase in size at each step up
in trophic level (Jennings et al. 2001), but energy is lost due to
individual feeding and metabolic costs at each of these energy
transfer points (Peters 1983). This translates into less energy avail-
able to higher trophic levels. These energetic and ecological allo-
metric relationships help explain the universal observation that
small individuals are more abundant than large ones in aquatic
ecosystems. Thus, the size spectrum of a community represents a
“basic underlying ecosystem condition or pattern” that is con-
strained by the physiological and ecological limits that all individ-
uals within an aquatic ecosystem share (Gamble et al. 2006;
Sprules 2008).

The ubiquity of a spectral slope of –1, observed in a wide range
of ecosystems (Sprules and Barth 2016), spurred interest in exam-
ining whether the primary structure of the size spectrum could be
used to identify a perturbation that has shifted the size spectrum
away from its steady-state condition. The use of a linear model to
characterize the size spectrum simplifies this type of analysis to
assessing change in just two easily interpretable parameters —
the slope of the line and its height (i.e., the abundance at the
center of the size spectrum): the height reflects the overall abun-
dance of organisms in the community, while the slope reflects the
relative abundance of small and large organisms (Ahrens and
Peters 1991). Empirical size spectra have been used extensively as
indicators of exploited fish communities because fishing practices
are generally size-selective, targeting the largest fish, which
changes the slope of the fish community size spectrum (Blanchard

et al. 2005; Emmrich et al. 2011; McCann et al. 2016). However,
there is mixed evidence about whether the size spectrum of lower
trophic levels or complete pelagic communities can be used as
indicators of perturbation. There is empirical evidence support-
ing the notion that size spectral slopes are constant, with height
varying systematically with lake characteristics (Boudreau and
Dickie 1992; Gamble et al. 2006; Sprules 2008). On the other hand,
there is also a body of evidence suggesting that the slope varies
systematically with lake characteristics (Sprules and Munawar
1986; Ahrens and Peters 1991; Moore and Suthers 2006). Hence,
there is a need to characterize the natural variability in the size
spectrum of lower trophic levels before it can be developed into a
tool to monitor aquatic ecosystems.

In this paper we test the utility of the zooplankton size spec-
trum as an indicator of ecosystem change using a long-term data
set on zooplankton communities in lakes from south-central On-
tario that vary in environmental and ecological characteristics
through time and among lakes (Molot and Dillon 2008; Yan et al.
2008; Yao et al. 2013). We measure the relative variance in the
slope and the height of the zooplankton normalized abundance
size spectrum (NASS) associated with temporal (months and years)
and spatial (among lakes) variability in the data set. We expect
that parameters of the zooplankton size spectrum will be most
strongly associated with spatial variability, as others have found
for zooplankton communities (Kratz et al. 1987; Patalas 1990;
Rusak et al. 2002), but that the slope of the size spectrum will be
more conserved than the height given the relatively narrow range
of parameter values governing size-dependent ecological pro-
cesses that structure energy flow in aquatic communities
(Boudreau and Dickie 1992; Sprules 2008). We also expect the
community size spectrum to reflect typical seasonal patterns in
zooplankton with greater slopes and heights in the spring, caused
by high abundance of smaller species, to shallower slopes and
reduced heights in the summer, reflecting greater abundances of
larger species (Sommer et al. 1986).

A second objective of our study was to identify the optimal time
of year to sample zooplankton — when the zooplankton NASS
parameters deviated the least from their seasonal average —
by determining the magnitude and consistency, across years
and lakes, of seasonal patterns in the height and slope of the
zooplankton NASS. We aim to evaluate the sensitivity of the
zooplankton size spectrum to ecological changes and make
recommendations about methodological considerations for long-
term monitoring programs using zooplankton community size
spectra.

Methods

The study lakes
The eight Dorset Environmental Science Centre (DESC) long-

term study lakes are similar to one another in many limnological
characteristics (Table 1). They are small (<100 ha), nutrient-poor
lakes in forested watersheds located in the Haliburton–Muskoka
region on the southern edge of the Precambrian Shield in central
Ontario, Canada (Fig. 1) (Rusak et al. 1999; Molot and Dillon 2008).
Six of these lakes are dimictic and become strongly stratified by
July, whereas Dickie Lake stratifies weakly and Heney Lake does
not stratify at all (Table 1) (Rusak et al. 1999). There are many
important differences among these lakes. For example, the abun-
dance of the most dominant macroinvertebrate predator in tem-
perate lakes, (i.e., Chaoborus, the phantom midge) varies widely
(Table 1; Pawson and McEachern 1987). These lakes vary greatly in
their sensitivity to acid deposition and to total phosphorus (TP)
load attributable to shoreline development. Both Blue Chalk and
Red Chalk Lake are reference systems because they are clear,
dimictic lakes that have been unaffected by shoreline develop-
ment, acid rain, or invasive zooplanktivores (Yan et al. 2008).
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These eight lakes were chosen to be representative of Canadian
Shield lakes in south-central Ontario.

Description of data
Field sampling and crustacean zooplankton identification

counting and measurement techniques have been documented
elsewhere (Rusak et al. 1999; Yan et al. 2008). Except for Dickie,
Harp, and Plastic lakes, zooplankton samples were collected
monthly during the ice-free season beginning in 1980. Harp and
Plastic lakes were sampled every 2 weeks, while Dickie Lake was

sampled monthly until 1988 and then every 2 weeks thereafter.
Each sample was a bathymetrically weighted composite sample
formed by taking four to seven vertical hauls with a 12.5 cm dia-
meter, 80 �m mesh, conical, metered net from predetermined
depths to the surface from a station located over the point of
maximum depth in each lake. The lengths and number of hauls
were chosen so that the lake strata contributed to the composite
sample in approximate proportion to their volume.

A minimum of 250 individual crustacean zooplankton within
each sample were identified to species or suborder (immature

Table 1. Physical, chemical, and biological attributes of the eight Dorset Environmental Science Centre (DESC) study lakes.

Lake Lat. (N) Long. (W) Ao zmax zmean Secchi TP DOC pH Strat. Stress Chaob.

BC 45°12= 78°56= 52.4 23.0 8.5 6.8 4.24 2.26 7.02 S 8.0
CB 45°13= 78°59= 34.4 27.0 8.9 3.0 5.40 6.66 6.25 S A 133.2
CN 45°05= 79°02= 56.7 25.0 9.2 3.3 6.55 5.46 6.19 S A 8.6
DE 45°09= 79°05= 93.6 12.0 5.0 2.9 8.06 6.37 6.58 W A, P 65.1
HP 45°23= 79°07= 71.4 37.5 13.3 4.5 4.82 4.66 6.85 S P, NIS 0.1
HY 45°08= 79°06= 21.4 5.8 3.3 4.3 6.22 4.01 6.07 A A 0.3
PC 45°11= 78°50= 32.1 16.3 7.9 7.7 3.40 2.51 6.03 S A 58.8
RCM 45°11= 78°56= 44.1 38.0 16.7 5.6 3.90 3.39 6.89 S 0.2

Note: Lake abbreviations: Blue Chalk (BC), Chub (CB), Crosson (CN), Dickie (DE), Harp (HP), Heney (HY), Plastic (PC), and Red Chalk–main basin (RCM). Geographic
and morphometric characteristics (surface area (Ao, ha), maximum depth (zmax, m), and mean depth (zmean, m)) are from Rusak et al. (1999). Secchi depth (Secchi, m),
total phosphorus (TP, �g·L−1), and dissolved organic carbon (DOC, mg·L−1) are mean values calculated over biweekly to monthly collected data in June–August of
2005–2009 (provided by J. Rusak, Ontario Ministry of Environment and Climate Change, unpublished data, 2018). Strength of summer stratification (Strat.: strong (S),
weak (W), or normally absent (A)) and lake stress (Stress: acidification (A), high phosphorus loading from shoreline development (P), and introduction of nonindig-
enous species (NIS)) are from Yan et al. (2008). Chaoborus abundance (Chaob.: no.·m−3) represents the mean concentration, weighted by lake area and volume, from ten
stations sampled in fall (from Pawson and McEachern 1987).

Fig. 1. Locations of the Dorset study lakes in central Ontario, Canada, in reference to main roads and the Dorset Environmental Science
Centre (geospatial data sources: Great Lakes Information Network (GLIN), hydroLAKES database (Messager et al. 2016), CanMap RoutLogistics
Ontario by DMTI Spatial Inc., 2011, and ESRI Inc., 2012).
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copepods), measured for body length, and counted (Yan et al.
2008). The smallest crustacean zooplankton in our data set are
copepod and calanoid nauplii and copepodites, bosminid clado-
cerans, Alona spp., Chydorus spp., Alonella spp., Pleuroxus spp., and
Scapholeberis kingi. Larger zooplankton include cyclopoid and
calanoid copepods and the cladocerans Holopedium glacialis,
Polyphemus pediculus, Daphnia spp., Sida crystallina, and Bythotrephes
longimanus. Leptodora kindtii was the largest zooplankton identified
in the samples. Since daytime sampling was used, it is likely that
L. kindtii’s biomass was underestimated. However, L. kindtii was
found in 6% of the study lake samples, suggesting that their fre-
quency of occurrence within these lakes is quite low. Once ad-
justed for underestimation of L. kindtii > 5 mm daytime biomass
(Horppila et al. 2017), the percentage of total zooplankton biomass
that is made up of L. kindtii > 5 mm, on average, is between 6%
and 7%. Hence, we have slightly underestimated the biomass of
L. kindtii > 5 mm but feel this would not introduce much bias into
our results nor alter the patterns our analyses have revealed.

Construction of the zooplankton normalized abundance
size spectrum (NASS)

For each zooplankton sample collected over the study period
(1980–2011), we constructed the NASS. We decided to express zoo-
plankter size as equivalent spherical diameter (ESD: diameter
(�m) of a sphere that has the same cross-sectional area as the
silhouette of a zooplankter), thus permitting direct comparison of
our data with data generated by automated plankton counters
(optical plankton counter (OPC) and Laser Optical Plankton Coun-
ter (LOPC); Herman 1988, Herman et al. 2004). To convert each
zooplankton length measurement into mass, we first calculated
the area (A) of an ellipse having the length measurement (L) and
aspect ratio (f) of a particular zooplankton (one of us (WGS) devel-
oped a ratio of 7.6 for Leptodora kindtii, whereas ratios of 1.6 and 3
were used for all other cladocerans and copepods, respectively;
Finlay et al. 2007).

(1) A �
� × L2

f

Then, we determined the diameter of a sphere having the same
cross-sectional area (ESD).

(2) ESD �
�4 × A

�
× 1000

Next, we used eq. (3) to find the volume of an ellipsoid with major
axis = ESD and minor axis = ESD/f:

(3) V �
� × ESD3

6 × f 2 × 106

where V is the biovolume (�L). Finally, we converted V into fresh
mass (�g) assuming a specific gravity of 1. We set the minimum
mass over which the NASS was calculated to 0.2458 �g (2–2.024 �g)
because this was the smallest mass that was found in 95% of the
samples. We removed 68 samples from our data set that had min-
imum masses greater than 0.2458 �g, leaving us with 1852 sam-
ples. The NASS was calculated by grouping all zooplankton
masses into a log2 series of mass intervals beginning at a mini-
mum mass of 2–2.024 �g (lower bound of first mass bin) and ending
at the maximum mass in each sample, counting the number of
zooplankton within each mass interval, and dividing by the vol-
ume of water filtered and the linear width of the mass bin. Divid-
ing by the linear width of the mass bin normalizes the abundance
within each bin (hence “normalized” abundance size spectrum)

by removing the dependency of abundance on the width of the
mass bin (White et al. 2008).

To characterize the shape of the linear zooplankton NASS, we
used ordinary least squares (OLS) regression to estimate the slope
(no.·L−1·�g−2) and the normalized abundance (no.·L−1·�g−1) at the
midpoint of the eighth mass bin (25.476 �g; i.e., the “height” of
the spectrum). This bin is roughly at the centre of the log size
range and is uncorrelated with the slope, thus providing an
independent measure of the relative total abundance of the
size-structured community (Daan et al. 2005). To remove any am-
biguity, we will use the term “OLS slope” when we refer to the
slope of the NASS estimated using OLS regression. Despite recom-
mendations for using the maximum likelihood estimate (MLE) of
the type I Pareto exponent over the OLS slope to describe the
decline in abundance with body size (White et al. 2008; Sprules
and Barth 2016; Edwards et al. 2017), we found that the MLE is
much more affected by residual variation around the NASS than is
the OLS slope, so we used the latter (see Appendix A).

Statistical analyses
One of our primary objectives was to compare, using a common

currency, the magnitude of variation in spectrum parameters as-
sociated with variation in time (months and years) and space
(among lakes). We accomplished this by treating month, year, and
lake as random effects in a random effects model designed to
partition the variance in the height and the OLS slope of the NASS
into separate portions due to variation in month, year, and lake
(i.e., seasonal dynamics, temporal processes, and limnological
lake characteristics, respectively; Fig. 2A). We went on to quantify
the average seasonal pattern in the height and OLS slope of the
NASS and determined whether it varied among lakes and years
(Fig. 2B).

In this second analysis, since the factor month likely has a
consistent effect on the zooplankton size spectrum because of
periodicity in seasonal processes, we treated integer month as a
fixed quantitative effect in a mixed effects model, with year and
lake as random effects. We expected this model structure would
capture the linear rate of change in the height and the OLS slope
over the months of May to October. Finally, we determined the
months in which the zooplankton NASS parameters deviated the
least from the seasonal average (Fig. 2C). For each lake and year,
we calculated the seasonal mean log2 height and OLS slope and
subtracted these values from the observed value of log2 height
and OLS slope for a particular month, lake, and year combination.
We treated month as a categorical fixed effect and estimated the
average deviation for each month from the seasonal mean in a
fixed effects model. All random and mixed effects models were fit
with the lmer function in the lme4 R package, while the fixed
effects model was fit with the gls function in the nlme R package
(Bates et al. 2017; Pinheiro et al. 2017).

We created conceptual illustrations to aid in interpretation of
each random, mixed, and fixed effects analysis (Fig. 2). Random
effects models (Fig. 2A) are used to the estimate the variance (�2) in
a response (e.g., spectrum height) associated with changes in a
factor of interest (e.g., month). The grey arrows indicate the devi-
ation from the grand mean (b0; e.g., the grand mean spectrum
height) associated with a single instance of the random effect of
month, year, or lake. The grey dashed curves indicate a random
distribution of the response, where all random effects are point
estimates from a vector of normally distributed values with a mean
of zero and variances estimated by the model (i.e., b � N(0, �2). The
width of the dashed curve indicates the relative influence on the
grand mean of each effect (small, medium, and large).

Mixed models (Fig. 2B) estimate both fixed and random effects.
The fixed effect represents the linear rate of change in the re-
sponse (e.g. OLS slope) across the variable month and character-
izes the seasonal pattern consistent among the eight lakes and
over the 30 years. The random effect of lake, for example, esti-
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mates the variability around the grand mean seasonal pattern
associated with the variable lake. This is illustrated by the eight
dashed grey lines, with each line representing one of the eight
lakes. The random effect of lake can affect the elevation (i.e.,
intercept) of the line (Fig. 2Bi), the slope (�1) of the line (Fig. 2Bii),
or both. The random lake effect on the intercept and (or) slope is
modelled by a normal distribution of values that reflect the rela-
tive variability in the intercept and slope observed among the
lakes. Each of the grey dashed lines in Fig. 2Bi or Fig. 2Bii represent
the grand mean seasonal pattern adjusted by a single randomly
selected value from the normal distribution modelling the vari-
ability in the intercept or slope due to the factor lake.

Fixed effect models (Fig. 2C) can be used to estimate means.
When the factor (e.g., month) affecting a response (e.g., deviation
from seasonal mean OLS slope) has specific values or characteris-
tics (e.g., the month of May is typically colder), a fixed effect anal-

ysis based on maximum likelihood estimation is used to
determine the mean and variability in the deviation from the
seasonal mean OLS slope for each month.

Since we did not know the structure of the models needed for
the first two parts of our analyses, we followed the procedures
outlined in chapter 5 of Zuur et al. (2009) to determine the random
components of these models. We created a set of 19 candidate
random effects models, 14 candidate mixed effects models, and
one fixed effects model. A detailed description of all candidate
model components is provided in Appendix A (see Tables A1–A3).
We selected the best-fit models using the minimum corrected
Akaike information criterion (AICc), which balances the trade-off
between model complexity and model fit. AICc values were com-
puted using the AICc function in the MuMin R package (Bartoń
2015). Models with AICc differences (�i(AICc)) < 2, where �i(AICc) is
calculated as the minimum AICc value of the candidate models

Fig. 2. Objectives for each of the three types of analyses with conceptual illustrations. Random effects models (A) are used to the estimate the
variance (�2; width of curve indicating effect size) in a response (e.g., spectrum height) associated with changes in a factor of interest (e.g.,
month). Mixed models estimate both fixed (solid black line) and random (dashed grey lines) effects (B). The fixed effect represents the global
seasonal pattern, while the random effect estimates variability in the seasonal pattern due to a factor of interest (e.g., lake) either through
effects on the elevation (i.e., intercept) of the line (i), the slope (�1) of the line (ii), or both. Fixed effect models (C) can be used to estimate
means. This is illustrated with the mean response (e.g., deviation from seasonal mean OLS slope) (solid circles) and standard error (bars) for
each level of the factor (e.g., month).
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subtracted from each models AICc value, are models with substan-
tial support as the “best” model compared with other candidate
models (Burnham and Anderson 2004).

We used restricted maximum likelihood (REML) to estimate all
effects in the first two analyses and maximum likelihood to esti-
mate the fixed effects in the third analysis. In the mixed effect
analysis, we centered integer month by subtracting seven from
each month value (months May to October numbered 5 to 10, then
subtract 7 = –2 to 3, respectively) to allow for a meaningful inter-
pretation of the intercept of the model as the value of the re-
sponse variable in July when most of the lakes are strongly
stratified. Note, we use the REML estimate of the slope to charac-
terize the linear rate of change in the NASS parameters over the
season, which is different from the OLS slope, one of the NASS
parameters. Our measures of model goodness of fit were the mar-
ginal and conditional coefficient of determination (RM

2 and RC
2,

respectively). RM
2 and RC

2 represent the proportion of variance ex-
plained by the fixed model components and the full model (i.e.,
random and fixed components), respectively (Nakagawa and
Schielzeth 2013). RM

2 and RC
2 were computed using the sem.mod-

el.fits from the R package piecewiseSEM (Lefcheck 2016).
To compare variance components, we calculated both the total

and relative variance explained per component. Total variance is
the portion of the overall variance in the response variable attrib-
utable to a particular component of the model. For the random
effects models, total variance is equivalent to the intraclass corre-
lation coefficient. This coefficient for the month and year factors
represent the synchronicity of these lakes over the season and
across years (Rusak et al. 2002). Relative variance explained is a
more intuitive metric than the total variance explained for deter-
mining which factors are important in accounting for variability
in the response variable. It is calculated as follows: variance ex-
plained by a specific factor in the model / total variance explained
by the model.

After the “best” model was identified, normality and homosce-
dasticity of the residuals were visually assessed using a normal
probability plot and a residual versus fitted values plot, respec-

tively. There were no patterns in the residuals that indicated
heteroscedasticity, and the residuals approximated a normal
distribution. However, one to five observations with unusually
large residuals were removed and models were refit.

Results

Random effects model: partitioning variability
Model selection using AICc revealed two “best” random inter-

cept models that explained variability in the height of the NASS.
These models included independent random effects of month,
year, and lake, as well as their two-way interactions. The differ-
ence between the two models is the inclusion of a three-way
interaction term (see Tables A1 and A4). We will limit the
presentation of our results to the model including the three-way
interaction. For the OLS slope of the NASS, the best random inter-
cept model resembled that found for the height with the three-
way interaction term. The random effects models explained 73%
of total variability in the height and 39% of total variability in the
OLS slope of the NASS (Table 2). The coefficient of variation (CV)
for the height and the OLS slope provides relative measures of
variance; the observations of height were more dispersed than
that of the OLS slope (CVheight = 25%, CVSlope = 12%).

For the height of the zooplankton NASS, the component that
explained the largest amount of relative variance in these data
was lake, suggesting that much of the variability in the height
explained by the model was spatial in origin (Table 2; Fig. 3A). The
year × lake random effect explained the second largest amount of
relative variation in the height, but still much less than the lake
effect, indicating that there was a lake-specific temporal effect
that introduces asynchrony in the height among these lakes over
time (Fig. 4). There does appear to be a small “global” temporal
effect that influences the height in a similar way among lakes. The
factor month explained the third largest amount of relative vari-
ation in the height, indicating that there was a global seasonal
signal among these lakes, where the height from each lake tended
to respond to seasonal dynamics in a consistent way (Fig. 5). The
relatively small amount of variance explained by the month × year

Table 2. Variance components and estimates of grand mean height
and OLS slope of the zooplankton NASS from the best random inter-
cept models.

Component
Grand
mean

Var.
(×100)

SD
(×100)

% tot.
var.

% rel.
var.

Height of the NASS (no.·L−1·�g−1)
Month 2−4.616 13.58 36.84 9.9 13.6
Year 9.53 30.87 6.9 9.5
Lake 45.86 67.72 33.3 45.8
Month × year 7.05 26.55 5.1 7.0
Month × lake 4.73 21.74 3.4 4.7
Year × lake 14.65 38.27 10.6 14.6
Month × year × lake 4.70 21.69 3.4 4.7
Residual 37.66 61.37 27.3

OLS slope of the NASS (no.·L−1·�g−2)
Month −1.029 0.10 3.09 6.8 17.2
Year 0.06 2.53 4.5 11.5
Lake 0.01 0.96 0.7 1.7
Month × year 0.06 2.37 4.0 10.1
Month × lake 0.05 2.21 3.5 8.8
Year × lake 0.16 4.01 11.4 28.9
Month × year × lake 0.12 3.49 8.6 21.9
Residual 0.86 9.27 60.7

Note: Total variance (Var.) was calculated as a sum of the variance explained
by each component. Percent total variance explained (% tot. var.) is equivalent to
the intraclass correlation coefficient (ICC; refer to Table A2). Percent relative
variance explained (% rel. var.) was calculated relative to the amount of variance
explained by the model (i.e., not including residual variance). SD, standard
deviation.

Fig. 3. Mean ± standard error of the height (A) and OLS slope (B) of
the zooplankton NASS for each of the Dorset lakes (Lake ID)
averaged across years and months (n = 175 to 353 for each lake). Lake
abbreviations: BC, Blue Chalk; CB, Chub; CN, Crosson; DE, Dickie;
HP, Harp; HY, Heney; PC, Plastic; RCM, Red Chalk – main basin.
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and month × lake interactions suggest that the seasonal pattern of
height does not vary much among years or lakes. The variance
explained by the month × year × lake interaction was relatively
minor, indicating that the year-specific seasonal height pattern
did not vary much among lakes.

By contrast, the lake component explained the least amount of
variance in the OLS slope (Table 2; Fig. 3B). Thus, there appears to
be little spatial variability in the OLS slope among these lakes.
There seems to be a global seasonal signal in the OLS slope, as
approximately 17% of the relative variability was explained by the

Fig. 4. Long-term patterns in the yearly mean ± standard error estimate of the height of the zooplankton NASS, 1980–2011. Lake abbreviations
as in Fig. 3.

Fig. 5. Seasonal pattern in the height of the zooplankton NASS, showing mean ± standard error of the height across the months of May to
October for each of the Dorset lakes (n = 24 to 63 for each lake and month combination). Lake abbreviations as in Fig. 3.
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factor month (Figs. 6 and A2). However, the lake- and year-specific
seasonal signal is greater than the global seasonal signal, as 40.8%
of the relative variance is caused by the month × lake, month ×
year, and the month × year × lake interactions. This suggests that
the seasonal signal of the OLS slope varies in a complex manner
especially across lakes and years. There is little evidence of syn-
chrony in the fluctuations of the OLS slope among lakes over years
(i.e., small global year effect). The year × lake interaction ex-
plained the largest percentage of relative variance in the OLS
slope, implying that temporal variation was lake-specific (Fig. 7).
Owing to a large proportion of the relative variance attributed to
these complex interactions in this model, it is difficult to make
clear interpretations of OLS slope dynamics in terms of spatial,
temporal, and seasonal processes. Furthermore, there is high re-
sidual variation and weak global patterns, suggesting that there is
little synchrony in the OLS slope, at least within the effects mea-
sured.

Mixed effects model: describing seasonal pattern
To capture the global seasonal pattern in the height and the OLS

slope, we looked at how these parameters changed over the
months of May to October using mixed effects models. Plotting
the mean ± SE (across lakes and years) of these parameters reveals
a trend of decreasing height and increasing OLS slope over the
ice-free season (Fig. A2). There is some evidence of curvature in the
seasonal trend of both the height and the OLS slope. However,
most of the seasonal pattern does appear to be linear. Hence, we
explored whether this global linear change in height and OLS
slope over the season was consistent across lakes and years by
adding random effects to the linear seasonal trend in our mixed
effects models (Fig. 2B).

The best mixed effects model for both the height and the OLS
slope is commonly referred to as a random intercept (Fig. 2B.i.)
and slope (Fig. 2B.ii.) model where each random factor can have an
effect on both the intercept and the slope (Zuur 2009). The final
model includes an intercept (i.e., grand mean response), the average

linear change in the response (e.g., OLS slope) with the random
effects of year and lake, and their two-way interaction, on this
linear change and the intercept (Tables A1 and A5). Since we cen-
tered the values for integer month (Cmonth) on “July”, the mean
height or OLS slope in July is represented by the intercept esti-
mate for the model.

Very little relative variability explained by the random factors
was attributable to their effects on the linear rate of change in
both the height and the OLS slope (sum of percent relative vari-
ance explained = �4% and �8%, respectively; Table 3). Most of
the relative variability explained by these random factors was
through their effects on the intercept (i.e., the mean height or
mean OLS slope in July; �96% and �92%, respectively; Table 3).

When looking at the intercepts in the mixed effects models, we
find similar results as the random effects models. The mean
height in July appears to be most affected by factors related to
among-lake differences (Table 3). There is some evidence of a
small global temporal effect. However, the year × lake interaction
suggests that there is a stronger lake-specific temporal effect in-
fluencing the mean height in July. The mean OLS slope in July does
not appear to be influenced by among-lake differences. There is
a global temporal effect, but the strongest effect comes from
the year × lake interaction, suggesting that the relative variabil-
ity explained by the model is largely driven by lake-specific,
annual-scale factors on the intercept once seasonality is con-
trolled.

It must be noted that the random effects models for both the
height and the OLS slope of the NASS had lower AICc values than
the corresponding mixed effects models (Tables A4 and A5). There
was also a relatively large decline in the amount of total variability
in the OLS slope explained by the mixed effects model relative to
the random effects model (from �39% down to �23%), while there
was only a small decline in explained total variability for the
height (from �70% down to �63%).

Fig. 6. Seasonal pattern in the OLS slope of the zooplankton NASS, showing mean ± standard error of the OLS slope across the months of May
to October for each of the Dorset lakes. Lake abbreviations as in Fig. 3.
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Fixed effects model: minimizing seasonality
We wanted to determine in which months zooplankton sam-

pling efforts should be focused to minimize the influence of sea-
sonal dynamics of the zooplankton community on the estimates
of the size spectrum parameters. For the height, we found that
sampling early to midseason (except June) produced height esti-
mates that were relatively similar to the seasonal mean (Fig. 8A;
Table A7). However, later in the season (September to October),

estimates of height were significantly lower than the seasonal
mean. For the OLS slope, sampling from June to September pro-
duced estimates that were roughly similar to the seasonal mean
OLS slope (Fig. 8B). However, sampling in May produced signifi-
cantly steeper (i.e., more negative) estimates of OLS slope than the
seasonal mean, while sampling in October produced significantly
shallower (less negative) estimates of the OLS slope compared
with the seasonal mean.

Fig. 7. Long-term patterns in the yearly mean ± standard error estimate of the OLS slope of the zooplankton NASS, 1980–2011. The dotted
black vertical line in panel (E) identifies the year when Bythotrephes longimanus invaded Harp Lake. Lake abbreviations as in Fig. 3.

Table 3. Fixed effect estimates for the intercept and linear rate of change (Lin.�) of the “best” mixed effects model as
well as variance estimates for the random factors in the mixed effects model for the height and the OLS slope of the
zooplankton NASS.

Fixed
effect
name

Fixed
effect
estimate

Random
factor
name

Random effect
on intercept
or Lin.�

Variance
(×1000)

SD
(×100)

% total
variance

% relative
variance

Height of the NASS
Intercept −4.511
Lin.� −0.179

Year Intercept 93.10 30.51 7.7 12.5
Lin.� 14.45 12.02 1.2 1.9

Lake Intercept 463.74 68.10 38.3 62.4
Lin.� 3.86 6.22 0.3 0.5

Year × lake Intercept 157.62 39.70 13.0 21.2
Lin.� 10.25 10.12 0.8 1.4

Residual 467.39 68.37 38.6

OLS slope of the NASS
Intercept −1.036
Lin. � 0.014

Year Intercept 0.99 3.14 7.5 32.6
Lin.� 0.03 0.52 0.2 0.9

Lake Intercept 0.14 1.19 1.1 4.7
Lin.� 0.07 0.83 0.5 2.3

Year × lake Intercept 1.67 4.09 12.6 55.1
Lin.� 0.13 1.15 1.0 4.4

Residual 10.21 10.11 77.1

Note: Details for calculation of total variance, percent total variance, and relative variance explained is described in Table 2.
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Discussion
Our analyses of the zooplankton size spectra in eight south-

central Canadian Shield lakes showed that the OLS slope of the
NASS varied much less than the height. Of the variance accounted
for by our models, the height varied largely according to among-
lake differences, while the OLS slope varied in a complex manner
with most of the relative variance partitioned into the interac-
tions. Residual error was quite high for the OLS slope models,
suggesting that there was much unexplained variability. We iden-
tified a signal of systematic month-to-month change for both the
height and the OLS slope with the random effects models. The
linear decline in the height over the season appeared to be rela-
tively consistent across lakes and years, as indicated by the mixed
effects model, while the linear increase in the OLS slope was not.

Spatial, temporal, and seasonal variability

Height
Both random and mixed effects models accounted for relatively

similar amounts of variability in the height, explaining about ⅔ of
the total variance in the height. In regard to partitioning variabil-
ity among spatial and temporal broad-scale factors, our results are
consistent with our predictions. We found a predominance of
spatial- over temporal-scale factors influencing the variance in
height with 33% of the total variability occurring among lakes.
Rusak et al. (2002) partitioned variance in pelagic crustacean
zooplankton abundance for ten functional groups (e.g., large
calanoids and small cladocerans) and four large taxonomic aggre-
gates (e.g., cyclopoid copepods) among years, lakes, regions, and
their interactions. Their data set comprised 22 lakes in three re-
gions of central North America sampled over a period of 5 to
18 years. Similar to our results, they found that spatial variation
dominated their analysis, with among-lake variation (within re-

gion) explaining the largest amount of variance (on average �50%
of total variance explained) and regional variation explained
about half that found among lakes. This consistency with our
results suggests that the height of the zooplankton spectrum is a
good proxy for zooplankton abundance patterns.

It is generally thought that top-down (i.e., predation) pressures
exert the strongest influence on the body size composition of
zooplankton communities (O’Brien 1979), while the interaction
between bottom-up (i.e., nutrient) and top-down forces influence
the abundance of zooplankton communities (McQueen et al.
1989). Thus, exploration of lake-specific factors accounting for the
observed variability in the height should look at both bottom-up
factors related to lake morphometry and lake trophy and top-
down factors such as fish predation pressure.

The second largest component explained by the random effects
model, although much less than the lake component, was the
interaction between year and lake (�11% total variability). This
implies asynchrony in the interannual fluctuations of zooplank-
ton community abundance among lakes within the same region.
The zooplankton communities within these lakes have been ex-
posed to both a changing climate and changes in water quality
over time (e.g., ice cover (Yao et al. 2013), pH (Yan et al. 2008),
dissolved organic carbon (Keller et al. 2008), TP (Eimers et al.
2009), and calcium (Molot and Dillon 2008)). We observed a small
global interannual effect on the height (6.8% total variability) in-
fluencing all lakes in a similar manner, which may be in response
to regional and global climate related variables. Synchrony in
year-to-year fluctuations in the abundance of certain zooplankton
species has been related to both global (El Nino – Southern Oscil-
lation, Madden–Julian Oscillation) and regional (temperature,
precipitation, ice cover) climate variables (Rusak et al. 2008). The
stronger lake-specific annual effect on the height suggests that

Fig. 8. Mean deviation from seasonal mean (value – seasonal mean) for the height (A) and the OLS slope (B) of the NASS across the season
(n = 278 to 327 for each month). Error bars represent 95% confidence intervals. Error bars that cross the solid line identify months in which,
on average, the seasonal mean is equal to the monthly height or OLS slope value.
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either lakes within the same region may be responding differently
to the same climate forcing or there is variability in the magni-
tude and direction of water quality changes among these lakes
affecting the zooplankton communities differently, or some com-
bination of the two.

We identified synchrony in the month-to-month fluctuations of
the height among the Dorset lakes (�10% total variability). The
decline in the height over the ice-free season appears to be a
relatively conserved pattern among years and lakes (Fig. A2A).
Given the only slightly better fit of the random versus mixed
effects model for the height, we believe that the decline in height
over the season is a real phenomenon reflecting patterns in nutri-
ent flux and planktonic seasonal succession. Our observation of
greatest heights in spring and then a decline over the season is
consistent with seasonal successional patterns in zooplankton
abundance (Sommer et al. 1986). In spring there is a high input of
fresh water from snow melt carrying nutrients and organic com-
pounds from the watershed into the lake (Mcknight et al. 1990).
Nutrients contained within this snow melt runoff can be an order
of magnitude greater than that in rain event loads. This allochtho-
nous input combined with spring turnover results in high total
phytoplankton and zooplankton abundances after ice-out (Judd
et al. 2005). As these nutrients become depleted, and with less
allochthonous input from rainwater, there is a shift toward larger
inedible phytoplankton and total abundance of zooplankton de-
clines (Sommer et al. 1986).

OLS slope
The random effects model explained much less total variance in

the OLS slope (�39%) compared with the height. The mixed effects
model, which fit a linear trend to the change in OLS slope over the
ice-free season, did a poor job of explaining that variability
(�23%). Thus, the residual error for both random and mixed ef-
fects models was quite high. The OLS slope of the zooplankton
size spectrum did not vary by much, and the variation it did
exhibit was not well captured by our spatial and temporal broad-
scale factors. Since our factors were broad, incorporating all
among-lake, -month, and -year variables, it may be that within-
lake processes are generating the unexplained variance in the
relative abundance of large- and small-bodied zooplankton.
Within-lake spatial heterogeneity in zooplankton is generated by
a variety of biological (e.g., predator avoidance) and physical (e.g.,
wind-induced water circulation) drivers over a wide range of spa-
tial scales (Folt and Burns 1999). Since zooplankton samples were
collected from a single station located at the deepest spot for each
of the study lakes, within-lake spatial variability in different sizes
of zooplankton could be responsible for most of the variance
observed being partitioned into the residuals.

For the OLS slope, we did not find a predominance of spatial-
over temporal-scale factors as we had predicted. In fact, very little
variability in the OLS slope was spatial in origin (0.7% total vari-
ability). The study lakes are similar in terms of geologic history,
bedrock, surface area, and climate, but they differ in mean depth
and their abundance of planktivorous fish and invertebrates,
which has been shown to strongly influence the size composition
of zooplankton communities (O’Brien 1979; Dini and Carpenter
1992; Lagergren et al. 2008). Despite the strong evidence toward
top-down pressures exerting strong control over zooplankton
community body size, which differs considerably for the study
lakes, we found no evidence that OLS slope reflects this trophic
organization. Sprules (2008) compared the full pelagic commu-
nity size spectra (phytoplankton, zooplankton, fish) of Lake On-
tario with that of the tropical Lake Malawi in Africa, two
completely different lakes with the only similarity being their
size. He noted that the size spectra were remarkably similar and
that slopes fitted to these size spectra were not significantly dif-
ferent. These observations of very different lake communities
producing indistinguishable size spectra imply an inherent

regulation of the abundance–body size relationship of biological
communities beyond fine-scale ecological interactions.

We found a small amount of year-to-year variation in OLS slope
that was consistent among lakes (4.5% total variability), but, as
with the height, the interaction between year and lake effects was
greater (11.4%). Thus, temporal variation in the OLS slope tends to
be lake-specific. Interannual variability in the relative abundance
of small- and large-bodied zooplankton could be related to
changes in environmental characteristics of these lakes. Some
investigators have found that the slope of the plankton size spec-
trum becomes flatter (less negative) with increasing lake produc-
tivity (i.e., phosphorus) (Sprules and Munawar 1986; Ahrens and
Peters 1991). In productive systems, nutrients entering at a high
rate are quickly cycled through nanoplankton with high turnover
rates to produce a relatively high abundance of zooplankton graz-
ers. This results in a greater amount of energy transferred up the
food web to larger organisms. In less productive systems, nutri-
ents entering at a lower rate are cycled through nanoplankton
more slowly, producing a lower abundance of zooplankton graz-
ers (Sprules and Munawar 1986). Thus, decline in TP in these al-
ready nutrient-poor Canadian Shield lakes could have profound
consequences on energy flow up the food web, which may be
reflected in the variability in the OLS slope we observed through
time.

Most of the variance in the OLS slope that was explained by our
model was associated with month-to-month variability. There was
a small amount of seasonal variability that was consistent among
lakes (6.8% total variance), but most of this variability was parti-
tioned into the interactions (�16% total variance), suggesting that
the seasonal signal was quite variable among lakes and through
time. The random effects model is clearly better at explaining
variability in OLS slope, suggesting that a fixed linear increase
does not well capture the seasonal dynamics in the OLS slope.

The increase in the OLS slope observed over the season appears
to be strongly influenced by a single month, May (Fig. A2). We
performed a post hoc one-way analysis of variance (ANOVA) on the
OLS slope using month as the predictor variable for each lake.
Results of pairwise comparisons using Tukey’s HSD test showed
that three of the eight lakes (Blue Chalk, Harp, Red Chalk) showed
significantly lower OLS slopes in May compared with all other
months, while the rest of the months did not significantly differ
from each other. Heney Lake did not significantly differ in OLS
slope across any months. The last four lakes (Chub, Crosson,
Dickie, Plastic) displayed fluctuating patterns across months, with
three of these lakes showing a common trend of significantly
lower OLS slopes in May compared with months later in the sea-
son. The patterns we observed in the OLS slope across the eight
study lakes have been observed by other researchers. Random
seasonal fluctuations in the plankton size spectrum slope was
observed by Gasol et al. (1991), while steeper slopes in early spring
compared with the rest of the season was noted by Gaedke (1992).
Gaedke (1993) explained their observation of steep slopes in
spring as an indication of inefficient energy transfer to higher
trophic levels because of differences in generation times of the
organisms involved in the food web. Zooplankton that respond
quickly to the spring phytoplankton bloom are generally small,
fast-growing herbivores that do not efficiently couple the energy
pathway between trophic levels, resulting in a more negative
slope. However, as larger herbivores with longer generation times
become more abundant, the energy contained within the phyto-
plankton spring bloom is efficiently grazed upon and transferred
up the food web to larger organisms, resulting in a less negative
slope. Our results suggest that spring conditions can influence the
zooplankton community size spectrum in a way that produces a
steeper OLS slope, but the seasonal trend of the slope can be quite
variable among lakes.
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Inferences for sampling protocols
We have assessed seasonal variability in both the height and the

OLS slope of the zooplankton NASS. Seasonal variance is greater
than annual variance for both parameters, suggesting that long-
term monitoring of lakes and interlake comparisons using zoo-
plankton size spectra should standardize sampling protocols to
minimize the effects of seasonal processes. If we assume the sea-
sonal mean estimates of the height and the OLS slope reflect the
zooplankton community near steady state, then sampling the
zooplankton community in July–August tends to produce size
spectrum estimates that tend to, on average, cancel out any ef-
fects of the seasonal succession processes occurring within zoo-
plankton communities. Sampling earlier in the season could
produce slope estimates significantly steeper than the seasonal
mean, while sampling later in the season could produce height
estimates significantly lower than the seasonal mean. These re-
sults can be generalized to other temperate lakes that exhibit
seasonal changes in nutrient concentrations related to the spring
thaw and turnover. All of the lakes we included in our analyses are
relatively small, oligotrophic Canadian Shield lakes, but Gaedke
(1992) also observed a similar seasonal pattern in the slope in Lake
Constance, a large, deep, meso-eutrophic lake in Europe. Hence, a
steep slope in spring appears to be a relatively common feature of
temperate lakes. It is preferable to sample a lake multiple times
throughout the ice-free season, but for large surveys, such as that
by the Ontario government’s Broad-scale Monitoring (BsM) pro-
gram, the number of lakes that can be visited each year is limited
by the frequency of sampling. If the objective of a sampling pro-
gram is to compare or monitor a large number of lakes, then the
ability of the size spectrum to reflect average-lake conditions is
improved if sampling of zooplankton communities is focused on
midsummer.

If the zooplankton size spectrum is to be used as a monitoring
tool, we must first demonstrate that it actually responds to envi-
ronmental perturbations. Theory predicts that perturbed spectra
will return to a steady state if there are no further perturbations,
with the time course of recovery being dependent on many size-
based interactions and processes and their parameter values (Law
et al. 2009; Rossberg 2012). One of the study lakes, Harp Lake, was
invaded by the zooplanktivorous spiny water flea, Bythotrephes
longimanus, in 1993, which caused major changes in the crustacean
zooplankton community (Yan and Pawson 1997). With the Dorset
data set, we have a known perturbation with multiple years of
data before and after the invasion. This allows us to assess the
ability of the OLS slope to respond to a strong perturbation as well
as theoretical predictions about the ephemeral nature of per-
turbed spectra. The Harp Lake time series shows an abrupt change
in the OLS slope of the zooplankton size spectrum in 1993, with a
recovery to pre-invasion values by the next year (Fig. 7E). This
observation highlights the stability of the slope of the size spec-
trum, but suggests that it will respond to a strong perturbation.

Conclusion
There is interest in using the size spectrum of lower trophic

levels as a long-term monitoring tool and indicator of environ-
mental perturbation (International Joint Commission 2014). The
utility of the zooplankton size spectrum as an indicator depends
on (i) its ability to reflect the structure and function of a system
(Dale and Beyeler 2001) and (ii) our ability to distinguish between
the typical range of variation related to spatial and temporal pro-
cesses and the variation associated with extreme events (e.g.,
invasion of Bythotrephes) and long-term changes related to distur-
bance (e.g., reduction in lake ice cover; Magnuson 2007). Hence,
we quantified the typical range of variation in the size spectrum
parameters to determine by how much we can expect these pa-
rameters to vary in relation to broad-scale factors. Our results
show that the OLS slope was relatively stable compared with the

height and that the variability we could account for with the
factors in our model was related to processes that occur on a
month-to-month scale. In contrast, the variance in the height was
largely driven by among-lake differences. Our observation of the
OLS slope reflecting a strong perturbation (i.e., Bythotrephes inva-
sion) and then bouncing back to pre-invasion values is consistent
with theoretical predictions about spectrum dynamics. The stability
of the size spectrum suggests that the ability to detect perturba-
tions using zooplankton size spectra requires frequent monitor-
ing of the zooplankton community. Thus, long-term monitoring
of lakes using zooplankton size spectra will require inexpensive
and quick sampling and processing methods that allow for in-
creased frequency of lake visits and number of lakes monitored.
The next step in developing the zooplankton size spectrum into a
monitoring tool is to identify the finer-scale factors that are re-
lated to the variance in the height and the OLS slope we have
observed. This will provide insight into the ability of the height
and the slope to reflect the ecological state of a system, as well as
the different types of perturbations that could be detected.
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Appendix A

Comparison of the OLS slope of the NASS with the MLE
Pareto exponent

There has been criticism over binning methods used to esti-
mate the slope of the size spectrum. It has been recommended
that the exponent of the type I Pareto distribution be estimated
using maximum likelihood estimation (MLE), over the ordinary
least squares (OLS) slope of the normalized abundance size spec-
trum (NASS), to describe the decline in abundance with body size,
but this recommendation is based on simulations of idealized
linear spectra (White et al. 2008; Edwards et al. 2017). Thus, we
explored which estimate is a better predictor of the decline in
abundance with body size for spectra derived from real data.

Using an independent data set of 299 Canadian Shield lakes
collected by the Broad-scale Lakes Monitoring (BsM) Program of
the Ontario Ministry of Natural Resources and Forestry (OMNRF)
(Sandstrom et al. 2013), we constructed the NASS from zooplank-
ton community samples that were processed with an optical
plankton counter. The NASS was constructed over eight mass bins
corresponding to a mass range of 22.654–210.654 �g (lower bound of
first bin – upper bound of last bin), which equates to an equivalent
spherical diameter (ESD) of 338.97–2152.50 �m. The OLS slope of
the NASS was computed for each size spectrum. Over the same
mass range, we computed the MLE of the type I truncated Pareto
exponent using White et al.’s (2008) formula.

For each of the 299 lakes, we fit both a first- and second-order
polynomial to the NASS using OLS regression and estimated the fit
of the linear and quadratic model using the coefficient of deter-
mination (R2). Size spectra often show secondary domes or qua-
dratic patterns in nature (Sprules and Barth 2016). We took the
difference between the quadratic and the linear R2 and arranged
these differences in descending order. The top 75 lakes (greatest
difference) were designated as NASS with a quadratic structure
and the bottom 75 lakes as a linear structure.

We computed two paired t tests to determine whether the OLS
slope of the NASS and the MLE of the Pareto exponent were sig-
nificantly different from each other when the NASS had (i) a qua-
dratic structure and (ii) a linear structure. We found that the
Pareto exponent and the OLS slope of the NASS were significantly
different from each other for both the linear structure (mean
difference = –0.09, t = –2.84, df = 74, p value = 0.005) and the
quadratic structure (mean difference = –0.47, t = –8.18, df = 74,
p value < 0.0001). However, the effect size observed was small for
the linear NASS analysis (Cohen’s d = 0.33; Sawilowsky 2017) and
large for the quadratic NASS analysis (Cohen’s d = 0.94), suggest-
ing that the OLS slope and the Pareto exponent are more similar
when the NASS has a linear structure.

Next, for each of the lakes we plotted the NASS fitted with the
OLS regression line (Figs. A1A–A1B) as well as their corresponding
rank-frequency plots fitted with a power law using the maximum
likelihood estimate of the truncated Pareto exponent (Figs. A1C–
A1D). A common feature of the nonlinear NASS lakes was an over-
estimation of the abundance of large-bodied zooplankton using
the Pareto exponent (Figs. A1C–A1D), whereas estimates using the
OLS slope of the NASS match observed data quite well (Figs. A1A–
A1B). Thus, it appears that the OLS slope is a good descriptor of the
decline in abundance with body size for all spectra, whereas the
MLE is appropriate only for near linear spectra.

Random, mixed, and fixed effects models
To address our main objectives, we used (i) a random effects

model to quantify the relative variance in the NASS OLS slope
and the NASS height attributable to differences in month, year, and
lake; (ii) a mixed effects model to determine the magnitude and

consistency, across years and lakes, of seasonal patterns in the
NASS height and NASS OLS slope; and (iii) a fixed effects model to
identify those months where the NASS parameters deviated the
least from their seasonal average. Since we did not know the
random components to include in the random and mixed effects
models, we used the procedure outlined in Zuur et al. (2009) to
identify the most parsimonious model that explained variance in
the height and the OLS slope of the NASS.

For the first two parts of our analyses, we created a set of
19 candidate random effects models, 14 candidate mixed effects
models, and one fixed effect model (Table A1). We have provided a
detailed description of all model components for the random
(Table A2) and mixed (Table A3) effects models. We used the min-
imum corrected Akaike information criterion (AICc) to select the
best random and mixed effects model. Models R18 and R19
(Table A1) were found to be the best random effects models for
explaining variability in the height of the NASS, while model R19
was the single best random effects model for the OLS slope
(Table A4). Model M12 (Table A1) was found to be the best mixed
effects model for both the height and the OLS slope of the NASS
(Table A5).

There was a significant global seasonal trend in both the height
and the OLS slope of NASS over the months of May to October
(Table A6; Fig. A2). There was a decline in the height and an in-
crease in the OLS slope over the season. For the OLS slope of the
NASS, a common feature of the lake-specific seasonal pattern is
steeper (more negative) OLS slopes early in the season. The lake-
specific seasonal pattern in the height of the NASS resembles that
of the observed global seasonal pattern. Most lakes display a gen-
eral decline in NASS height over the season.

For our third analysis we calculated the seasonal mean NASS
log2 height and NASS OLS slope and subtracted these values from
the observed value of NASS log2 height and NASS OLS slope for a
particular month, lake, and year combination. We treated month
as a categorical fixed effect and estimated the average deviation
for each month from the seasonal mean in a fixed effects model.
The coefficient for each month is an estimate of the deviation of
that month from the overall seasonal mean value for the depen-
dent variable.

We found that the height of the NASS was relatively similar to
the seasonal mean height earlier in the season (May and July;
Table A7), whereas estimates of height later in the season (September
to October) were significantly lower than the seasonal mean.
The OLS slope was similar to the seasonal mean from June to
September, but sampling in May produced significantly steeper
(i.e., more negative) estimates of OLS slope than the seasonal
mean, while sampling in October produced significantly shal-
lower (less negative) estimates of the OLS slope compared with the
seasonal mean (Table A7).
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Fig. A1. Zooplankton normalized abundance size spectrum (A–B) fitted with the ordinary least squares (OLS) regression line (dashed line) for
two Ontario lakes and their corresponding rank-frequency plots (C–D), which gives the rank of body mass (�g), on a log2 axis, and the number
of values ≥ mass fitted with a power law using the maximum likelihood estimate of the truncated Pareto exponent (dotted line).
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Fig. A2. Mean ± standard error of the seasonal pattern in the height
(A) and OLS slope (B) of the zooplankton NASS averaged across years
and lakes (n = 278 to 327 for each month).

Table A1. List of candidate random, fixed, and mixed effects models
used in model selection for the first two analyses.

Model No. Model expression

Random effects models
R1 Ym = B0 + b0m + em

R2 Yy = B0 + b0y + ey

R3 Yl = B0 + b0l + el

R4 Ymy = B0 + b0m + b0y + emy

R5 YYl = B0 + b0y + b0l + eyl

R6 Yml = B0 + b0m + b0l + eml

R7 Ymyl = B0 + b0m + b0y + b0l + emyl

R8 YYl = B0 + b0l + b0y(l) + eyl

R9 Yml = B0 + b0l + b0m(l) + eml

R10 Ymy = B0 + b0y + b0m(y) + emy

R11 Ymyl = B0 + b0y + b0l + b0m(y) + emyl

R12 Ymyl = B0 + b0m + b0l + b0y(l) + emyl

R13 Ymyl = B0 + b0y + b0l + b0m(l) + emyl

R14 Ymyl = B0 + b0l + b0y(l) + b0m(y(l)) + emyl

R15 Yml = B0 + b0m + b0l + b0ml + eml

R16 Ymy = B0 + b0m + b0y + b0my + emy

R17 YYl = B0 + b0y + b0l + b0Yl + eyl

R18 Ymyl = B0 + b0m + b0y + b0l + b0my + b0ml + b0yl + emyl

R19 Ymyl = B0 + b0m + b0y + b0l + b0my + b0ml + b0Yl + b0myl + emyl

Fixed and mixed effects models
M1 Ym = B0 + B1m + em

M2 Ymy = B0 + B1m + b0y + emy

M3 Yml = B0 + B1m + b0l + eml

M4 Ymyl = B0 + B1m + b0y + b0l + emyl

M5 Ymyl = B0 + B1m + b0y + b0l + b1l + emyl

M6 Yml = B0 + B1m + b0l + b1l + eml

M7 Ymyl = B0 + B1m + b0y(l) + emyl

M8 Ymyl = B0 + B1m + b0y(l) + b0l + b1l + em

M9 Ymyl = B0 + B1m + b0y(l) + b0l + emyl

M10 Ymyl = B0 + B1m + b0y + b0l + b1y + emyl

M11 Ymyl = B0 + B1m + b0y + b0l + b1y + b1l + emyl

M12 Ymyl = B0 + B1m + b0y + b0l + b1y + b1l + b0Yl + b1Yl + emyl

M13 Ymy = B0 + B1m + b0y + b1y + emy

M14 Ymyl = B0 + B1m + b0y(l) + b0l + b1y(l) + b1l + emyl

M15 Ymyl = B0 + B1m + b0y(l) + b0l + b1y(l) + emyl

Note: Fixed and random effects in the models are identified by “B” and “b”,
respectively. b0y indicates a random effect on the intercept (B0), while b1 indi-
cates a random effect on the slope (B1). Bold model numbers identify the best
random (R) and mixed (M) effects models.
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Table A2. Description of variables specified in all candidate random effects models.

Notation Name Description

Ymyl Dependent variable In analyses of the “height” of the normalized abundance size spectrum (NASS), this is the height estimated
at size bin eight for each month (m), year (y), and lake (l) combination; in analyses of the slope of the NASS,
this is the OLS slope estimated for each month, year, and lake combination.

B0 Model intercept In random effects analyses of NASS height, this is the grand mean of height across months, years, and lakes;
in random effects analyses of NASS OLS slope, this is the grand mean of OLS slope across months, years,
and lakes.

b0m Independent random
month effect

Deviation from the grand mean for the mth month, where b0m � N�0, �m
2 �. A large �m

2 implies that most of
the variance in the NASS parameters is seasonal in origin. When expressed as the total variance explained
by the month component (i.e., intraclass correlation coefficient (ICC) for month), it estimates the
synchrony across lakes of seasonal fluctuations in the NASS parameters. This is referred to as a “global”
effect because it is consistent across lakes.

b0y Independent random
year effect

Deviation from the grand mean for the yth year, where b0y � N�0, �y
2�. This is the temporal variance

component, �y
2. When expressed as the total variance explained by the year component (i.e., ICC for year),

it estimates the synchrony across lakes of yearly fluctuations in the NASS parameters. This is also referred
to as a “global” effect, as it represents the among-year variance component consistent across lakes.

b0l Independent random
lake effect

Deviation from the grand mean for the lth lake, where b0l � N�0, �l
2�. This is the spatial variance component,

�l
2, which estimates the amount of variance among lakes. This component would be best related to

limnological characteristics of the lakes.
b0m(y) Nested random effect

of month within
year

Deviation from the grand mean for the mth month nested within the yth year after the effect of year has
been accounted for independently, where b0m�y� � N�0, �m�y�

2 �. �m�y�
2 estimates the amount of variance among

months within years, and a large �m�y�
2 implies that there are large month-to-month fluctuations in the

dependent variable within the same year. This nested structure means that there is no independent effect
of month. The effect of month can only be interpreted within a given level of year.

b0(l) Nested random effect
of year within lake

Deviation from the grand mean for the yth year nested within the lth lake after the effect of lake has been
accounted for independently, where b0y� l� � N�0, �y� l�

2 �. �y� l�
2 estimates the amount of variance among years

within the same lake, and a large �y� l�
2 suggests that there are large year-to-year fluctuations in the

dependent variable within a lake. This nested structure means that there is no independent effect of year.
The effect of year can only be interpreted within a specific level of lake.

b0m(l) Nested random effect
of month within
lake

Deviation from the grand mean for the mth month nested within the lth lake after the effect of lake has
been accounted for independently, where b0m� l� � N�0, �m� l�

2 �. This nested structure implies that there is no
global seasonal effect. Instead, the seasonal effect is specific to each lake. A large �m� l�

2 suggests that there
are large month-to-month fluctuations in the dependent variable within a lake.

b0m(y(l)) Nested random effect
of month within
year within lake

Deviation from the grand mean for the mth month within the yth year nested within the lth lake after the
independent effect of lake and the nested effect of year within lake have been accounted, where
b0m�y� l�� � N�0, �m�y� l��

2 �. A large �m�y� l��
2 indicates that there are large month-to-month fluctuations in the

dependent variable within the same year for a given lake.
b0ml Random effect of the

interaction
between month
and lake

Deviation from the grand mean for the mth month and the lth lake after these effects have been accounted
for independently, where b0ml � N�0, �ml

2 �. �ml
2 estimates the additional variance due to the dependency

between month and lake. A large �ml
2 could arise if all or most of the lakes exhibit asynchrony in their

seasonal pattern of variation.
b0my Random effect of the

interaction
between month
and year

Deviation from the grand mean for the mth month and the yth year after these effects have been accounted
for independently, where b0my � N�0, �my

2 �. �my
2 estimates the additional variance due to the dependency

between month and year. A large �my
2 could arise if all or most years exhibit asynchrony in their seasonal

pattern of variation.
b0yl Random effect of the

interaction
between year and
lake

Deviation from the grand mean for the yth year and the lth lake after these effects have been accounted for
independently, where b0yl � N�0, �yl

2 �. �yl
2 estimates the additional variance due to the dependency

between year and lake. A large �yl
2 could arise if all or most lakes experience asynchrony in their year-to-

year pattern of variation.
b0myl Random effect of the

interaction among
month, year, and
lake

Deviation from the grand mean for the mth month, yth year, and the lth lake after the independent effects
and the two-way interaction effects have been accounted for, where b0myl � N�0, �myl

2 � and �myl
2 estimates

the remaining variance associated with month, year, and lake. A large �myl
2 could arise if seasonal

fluctuations are lake-specific and differ from year to year.
emyk Residual random

error
Describes how the OLS slope or the height observed for month m, year y, and lake l differs from that

predicted by the model, and emyl � N�0, �2�, where �2 is the residual variance component.

Note: The residual term in all models represents the deviation of the height or OLS slope observed for month m, year y, and lake l from that predicted by the model,
where emyl � N�0, �e

2�. All random effects and residual error terms are point estimates from a vector of normally distributed values with a mean of zero and variances
estimated by the model (Hansen et al. 2015).
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Table A3. Description of variables specified in all candidate mixed effects models.

Notation Name Description

Ymyl Dependent variable In analyses of the “height” of the normalized abundance size spectrum (NASS), this is the height
estimated at size bin eight for each month, year, and lake combination; in analyses of the
slope of the NASS, this is the OLS slope estimated for each month, year, and lake
combination.

B0 Model intercept In mixed effects analyses of NASS height, this is the mean height at size bin eight in July
averaged across all L lakes and Y years; in mixed effects analyses of NASS OLS slope, this is the
mean OLS slope in July averaged across all L lakes and Y years.

B1 Model slope In mixed effects analyses of NASS height, this is average linear rate of change in height over the
season for all Y years and L lakes; in mixed effects analyses of NASS OLS slope, this is average
linear rate of change in OLS slope over the season for all Y years and L lakes. A significant
fixed effect suggests that there is synchrony among lakes in the seasonal pattern of the NASS
height or the NASS OLS slope (i.e., a “global” seasonal pattern).

b0y and b1y Independent random year
effect on the model
intercept and model
slope

A random effect in a mixed effects model can have an effect on both the model intercept (i.e.,
B0) and the model slope (i.e., B1) (i.e., the fixed effects). b0y is the random year effect on the
model intercept representing the deviation from the mean response in July for the yth year,
and b1y is the random year effect on the model slope representing the deviation from the
mean seasonal linear rate of change in the response for the yth year, where
b0y � N�0, �0y

2 � and b1y � N�0, �1y
2 �. A large �0y

2 could arise if there is synchrony across lakes in
the yearly fluctuations of the model intercept (i.e., mean NASS height or NASS OLS slope in
July), while a large �1y

2 could arise if there is synchrony across lakes in the yearly fluctuations
of the model slope (i.e., linear rate of change in the NASS height or the NASS OLS slope over
the season). This would suggest that variability in the model intercept and model slope is
driven by annual-scale factors.

b0l and b1l Independent random lake
effect on the model
intercept and model
slope

b0l is the random lake effect on the model intercept (i.e., B0) representing the deviation from the
mean response in July for the lth lake, and b1l is the random lake effect on the model slope
(i.e., B1) representing the deviation from the mean seasonal linear rate of change in the
response for the lth lake, where b0l � N�0, �0 l

2 � and b1 l � N�0, �1 l
2 �. A large �0 l

2 implies that there
is a strong lake-specific component influencing the model intercept (i.e., mean NASS height or
NASS OLS slope in July), while a large �1 l

2 means that there is a strong lake-specific component
influencing the model slope (i.e., linear rate of change in the height or the OLS slope over the
season).

b0yl and b1yl Random effect of the
interaction between
year and lake on the
model intercept and
model slope

b0yl and b1yl are the random effects of the interaction between the yth year and the lth lake on
the model intercept (i.e., B0) and model slope (i.e., B1), respectively, where b0yl � N�0, �0yl

2 � and
b1yl � N�0, �1yl

2 �. A large �0yl
2 could arise if there is asynchrony across lakes in the year-to-year

fluctuations of the model intercept (i.e., mean NASS height or NASS OLS slope in July), while a
large �1yl

2 could arise if there is asynchrony across lakes in the year-to-year fluctuations of the
model slope (i.e., linear rate of change in the NASS height or the NASS OLS slope over the
season). This would suggest that there is little predictability in the seasonal patterns of the
size spectrum.

b0y(l) and b1y(l) Nested random effect of
year within lake on the
model intercept and
model slope

b0y(l) is the random year(lake) effect on the model intercept (i.e., B0) representing the deviation
from the mean response in July for the yth year nested within the lth lake, and b1y(l) is the
random year(lake) effect on the model slope (i.e., B1) representing the deviation from the
mean seasonal linear rate of change in the response for the yth year nested within the lth
lake, where b0y� l� � N�0, �0y� l�

2 � and b1y� l� � N�0, �1y� l�
2 �. �0y� l�

2 estimates the amount of variance in
the mean NASS height or NASS OLS slope in July among years within the same lake, and �1y� l�

2

estimates the amount of variance in the seasonal linear rate of change in NASS height or
NASS OLS slope among years within the same lake. Large �0y� l�

2 could arise if there is
asynchrony in the year-to-year fluctuations of the model intercept (i.e., mean NASS height or
NASS OLS slope in July) within a lake, and a large �1y� l�

2 could arise if there is asynchrony in the
year-to-year fluctuations of the model slope (i.e., linear rate of change in the NASS height or
the NASS OLS slope over the season) within a lake.

emyl Random residual error Describes how the observations of NASS height or NASS OLS slope across months differ from
that which is predicted by the model for month m, year y, and lake l.

Note: Details as in Table A2.
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Table A4. Results of random effects model selection using the mini-
mum corrected Akaike information criterion (AICc).

Model df AICc �i(AICc)
Akaike
weight RC

2 (%)

Height of the NASS
R1 3 5659.1 1110.0 0.0 12.0
R2 3 5735.5 1186.4 0.0 8.6
R3 3 5254.8 705.7 0.0 32.6
R4 4 5542.6 993.6 0.0 21.2
R5 4 5100.4 551.4 0.0 40.5
R6 4 5011.8 462.8 0.0 42.9
R7 5 4813.8 264.7 0.0 51.1
R8 4 5053.8 504.7 0.0 48.1
R9 4 5015.2 466.2 0.0 43.1
R10 4 5644.5 1095.4 0.0 20.9
R11 5 4877.3 328.3 0.0 54.3
R12 5 4727.9 178.9 0.0 59.0
R13 5 4805.8 256.7 0.0 51.8
R14 5 4982.1 433.0 0.0 64.8
R15 5 4985.0 435.9 0.0 44.2
R16 5 5540.1 991.1 0.0 23.1
R17 5 5013.7 464.7 0.0 48.4
R18 8 4549.1 0.0 0.7 66.6
R19 9 4551.0 1.9 0.3 67.0

OLS slope of the NASS
R1 3 –2703.0 226.7 0.0 7.7
R2 3 –2686.2 243.5 0.0 7.5
R3 3 –2613.6 316.0 0.0 1.4
R4 4 –2785.5 144.2 0.0 14.1
R5 4 –2701.8 227.9 0.0 9.4
R6 4 –2715.1 214.6 0.0 9.2
R7 5 –2802.5 127.2 0.0 15.9
R8 4 –2739.6 190.1 0.0 18.1
R9 4 –2710.8 218.9 0.0 10.5
R10 4 –2736.0 193.6 0.0 15.4
R11 5 –2754.4 175.3 0.0 17.5
R12 5 –2853.9 75.8 0.0 25.1
R13 5 –2803.3 126.4 0.0 17.6
R14 5 –2778.1 151.6 0.0 39.1
R15 5 –2731.8 197.9 0.0 11.8
R16 5 –2792.6 137.1 0.0 16.8
R17 5 –2760.7 169.0 0.0 18.6
R18 8 –2920.8 8.9 0.0 32.8
R19 9 –2929.7 0.0 1.0 41.4

Note: A total of 19 random intercept models (R1–R19) were fit using either the
log2 height (no.·L−1·�g−1) or the OLS slope (no.·L−1·�g−2) of the NASS as the re-
sponse variable. The �i(AICc) was calculated as the minimum AICc value of the
19 models subtracted from each models AICc value. Akaike weights represent
the normalized relative likelihood of a model, and the model fits were assessed
using the conditional coefficient of determination (RC

2). Best models are those
with �i(AICc) < 2 and are shown in bold.

Table A5. Results of mixed effects model selection using the mini-
mum corrected Akaike information criterion (AICc).

Model df AICc �i(AICc)
Akaike
weight RM

2 RC
2

Height of the NASS
M1 3 5687.3 1027.3 0 7.8 7.8
M2 4 5579.9 919.9 0 7.8 16.6
M3 4 5056.2 396.2 0 7.1 39.7
M4 5 4873.8 213.8 0 7.2 47.8
M5 7 4866.6 206.6 0 5.7 55.8
M6 6 5051.9 391.9 0 5.7 48.7
M7 4 4965.2 305.2 0 7.4 53.5
M8 7 4785.1 125.1 0 5.6 62.4
M9 5 4795.8 135.8 0 7.1 55.8
M10 7 4818.4 158.4 0 6.8 53.1
M11 9 4808.4 148.4 0 5.4 60.2
M12 12 4660.0 0.0 1 5.1 69.4
M13 6 5558.4 898.4 0 7.5 22.9
M14 9 4736.3 76.3 0 5.1 69.0
M15 7 4738.0 78.0 0 6.1 64.0

OLS slope of the NASS
M1 3 –2660.7 185.3 0 3.8 3.8
M2 4 –2744.3 101.7 0 3.5 10.8
M3 4 –2672.0 174.0 0 3.7 5.2
M4 5 –2760.5 85.5 0 3.5 12.6
M5 7 –2772.4 73.5 0 3.9 15.9
M6 6 –2681.3 164.7 0 4.1 8.3
M7 4 –2803.6 42.3 0 3.4 21.3
M8 7 –2817.9 28.1 0 3.9 23.4
M9 5 –2804.2 41.8 0 3.4 21.4
M10 7 –2764.8 81.2 0 3.6 13.0
M11 9 –2775.8 70.1 0 3.9 16.3
M12 12 –2846.0 0.0 1 3.6 31.5
M13 6 –2748.4 97.6 0 3.6 11.1
M14 9 –2822.0 24.0 0 3.6 31.2
M15 7 –2813.2 32.7 0 3.4 29.9

Note: One fixed effect model (M1) and 14 mixed effect models (M2–M15) were
fit using either the log2 height (no.·L−1·�g−1) or the OLS slope (no.·L−1·�g−2) of the
NASS as the response variable. Models M1–M15 were fit with restricted maxi-
mum likelihood (REML) and compared to determine the random structure of the
“best” model. Goodness of fit for the fixed and total model components were
assessed using the marginal and conditional coefficient of determination, re-
spectively (RM

2 and RC
2). Details as in Table A4.

Table A6. Mean estimates ± standard error (SE) of intercept and linear
rate of change (Lin.�) from the mixed effects model M12 for the height
and the OLS slope of the NASS (note the log2 scale for the intercept of
the model containing the response height).

Estimate SE df t value p value

Height
Intercept –4.511 0.249 7.7 –18.1 <0.0001
Lin.� –0.179 0.033 17.6 –5.4 <0.0001

OLS slope
Intercept –1.036 0.008 18.8 –131.7 <0.0001
Lin.� 0.014 0.004 8.3 4.0 0.0035

Note: Significance tests were one-sample t tests on each fixed effect to deter-
mine whether the coefficient was significantly different from zero.
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Table A7. Mean estimate ± standard error (SE) of the difference be-
tween the observed height or the OLS slope of the NASS and the
seasonal mean value for each lake.

Coefficient Estimate SE t value p value
Relative to
seasonal mean

Height of the NASS
May 0.088 0.055 1.6 0.1109 =
June 0.286 0.054 5.3 <0.0001 >
July 0.094 0.054 1.7 0.0834 =
August 0.109 0.038 2.9 0.0043 >
September –0.387 0.055 –7.1 <0.0001 <
October –0.772 0.056 –13.8 <0.0001 <

OLS slope of the NASS
May –0.060 0.008 –7.7 <0.0001 <
June –0.001 0.008 –0.1 0.945 =
July 0.022 0.008 2.9 0.004 >
August –0.002 0.005 –0.3 0.7462 =
September 0.011 0.008 1.5 0.1407 >
October 0.029 0.008 3.6 0.0003 >

Note: For each lake and year, we calculated the seasonal mean log2 height and
OLS slope and subtracted these values from the observed value of log2 height
and OLS slope. Generalized least squares models using maximum likelihood
estimation were fit to these data to estimate the fixed effects (i.e., the mean
difference). One-sample t tests on the mean difference were used to determine
whether the mean difference for a month was significantly different from zero.
Symbols display the relationship of the height or OLS slope value relative to the
seasonal mean for a lake (=, equal to seasonal mean; <, less than season mean;
>, greater than seasonal mean).
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