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Abstract Modeling of invasive species’ potential
distributions is critical for preventing new invasions.
Distribution models use environmental characteristics
of observed distributions to determine the suite of
conditions that allows invasion. Some variables are
directly related to species’ biological needs, while
others are surrogates that do not directly influence
distributions. For aquatic invasive species (AIS) with
calcified shells and exoskeletons, one common limiting factor is the chemical restriction on forming
calcium carbonate (CaCO3), which is usually represented by conductivity or dissolved calcium. We
predicted that conductivity and calcium would not
serve as accurate surrogates for CaCO3 saturation
state, which is more directly linked to calcification
potential. To test this prediction, we fit classification
trees to field surveys of northern Wisconsin lakes for
three calcifying AIS—rusty crayfish (Orconectes
rusticus), banded mystery snail (Viviparus georgianus), and Chinese mystery snail (Cipangopaludina
chinensis). Along with lake area, variables associated
with calcification were the best predictors of species
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distributions. Even though saturation state is the most
biologically mechanistic variable, it did not improve
model predictions or explain more variability in
species presence than its surrogates. Overall, surrogates are sufficient for species distribution modeling in
these lakes that exhibit a wide range of chemical
states.
Keywords Aquatic invasive species  Distribution
models  Calcification  Saturation state  Orconectes
rusticus  Cipangopaludina chinensis  Viviparus
georgianus

Introduction
Invasive species are a main driver of biodiversity loss
(Sala et al., 2000) and can cause changes in ecosystem
function (Vitousek, 1990). These changes can disrupt
the delivery of ecosystem services (Pejchar & Mooney, 2009) and result in significant economic costs
(Pimentel et al., 2005). Freshwaters seem to be
especially vulnerable to the impacts of invasive
species (Sala et al., 2000). Identifying vulnerable sites
prior to their invasion enables efficient prevention
efforts, which are significantly cheaper than control
efforts after an invasion has occurred (Leung et al.,
2002). These predictions often involve estimating the
habitat suitability of sites using data on their environmental characteristics (Vander Zanden & Olden,
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2008), which may be directly or indirectly related to a
species’ biological requirements (Austin, 2007).
One factor that often limits the distributions of
many aquatic taxa is the amount of available dissolved
calcium and carbonate that are needed to form and
maintain calcium carbonate (CaCO3) exoskeletons
(e.g., Capelli & Magnuson, 1983; Ramcharan et al.,
1992; Olden et al., 2006; Oliveira et al., 2010). Both
calcium and bicarbonate are at least partially supplied
from ambient water, although some organisms may
internally store CaCO3 to be used when needed (Horne
et al., 2009; Akiva-Tal et al., 2011; Marin et al., 2012).
Low concentrations of dissolved calcium can impose
limits on CaCO3 mineralization, so dissolved calcium
and correlated parameters are used in biological
models. However, these models ignore carbonate,
which also controls rates of calcification (Langdon
et al., 2000). In contrast, the CaCO3 saturation state
(often denoted by X, unitless) describes the potential
for precipitation or dissolution (Doney et al., 2009).
Saturation state is defined as the product of the
concentrations of the reactants divided by a solubility
product which depends on temperature, salinity,
pressure, and the particular mineral phase of the


 0
compound (X ¼ Ca2þ CO2
3 =Ksp ), where values
above 1.0 indicate the potential for precipitation, and
values below 1.0 indicate the potential for dissolution
(Doney et al., 2009). Saturation state is thus a
biologically mechanistic variable that could be used
in distribution models and forecasting. In ocean
acidification research, CaCO3 saturation states have
been used to explain and predict declines of calcifying
corals and other marine taxa (Hoegh-Guldberg et al.,
2007; Doney et al., 2009). Although saturation states
are equally applicable in freshwater, they have been
rarely measured or used in distribution models.
Instead, distribution models for freshwater species
have relied on more easily measurable and more
widely available surrogates for CaCO3 saturation
state. However, the effects of surrogate usage in
general are often not evaluated (Austin, 2007), so
effects on model accuracy are unknown. For CaCO3
saturation state, surrogate variables include dissolved
calcium, conductivity, hardness, and alkalinity. These
variables have been shown in cross-site studies and
experiments to correlate with species distributions
(Herbst et al., 2008; Boets et al., 2013), mortality
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(Hammond et al., 2006), shell or carapace strength
(Czarnołe˛ski et al., 2006; Glass & Darby, 2009), and
predation success (Lewis & Magnuson, 1999; Czarnołe˛ski et al., 2006) for various calcifying taxa, so they
may adequately substitute for saturation state. However, their correlation with saturation state is not
perfect (Fig. 1a, b; data from sampled lakes), and thus
some of the variance in these responses may be better
described by saturation state. One study that did
explicitly use saturation state found that it was an
important predictor of habitat suitability for the
invasive golden mussel (Limnoperna fortunei) in
Brazilian rivers, although saturation state was not
important in large North American rivers where
calcium and pH tended to be well above the golden
mussel’s physiological threshold (Oliveira et al.,
2010), but comparisons were not made to other
calcification variables.
Two taxa that form CaCO3 structures are aquatic
crustaceans and gastropods. In North American temperate lakes, three common invasive species in these
groups are the rusty crayfish (RC; Orconectes rusticus,
Girard 1852), the Chinese mystery snail (CMS;
Cipangopaludina chinensis, Gray 1863, also called
Bellamya chinensis, Smith, 2000), and the banded
mystery snail (BMS; Viviparus georgianus, Lea
1834). Together, these are three of the most common
aquatic invasive species in our study region in terms of
number of lakes invaded (Latzka, unpublished data).
The impacts of RC are broad and well studied, and
include competition with and extirpations of native
crayfish (Olden et al., 2006), predation on benthic
invertebrates, and ecosystem-level shifts caused by the
consumption and destruction of macrophytes (Lodge
et al., 1994; Hansen et al., 2013). The snails (CMS and
BMS) are potentially less harmful (Johnson et al.,
2008; Solomon et al., 2009), but their impacts are not
well studied, and they can sometimes reach very high
abundances (i.e.,[280 BMS/m2; Latzka, unpublished
data).
We hypothesized that the calcification of these
species is linked closely to saturation states, causing
distribution models based on saturation state to
outperform those based on surrogates. Specifically,
we expected predictions for lakes with near-threshold
calcification conditions to be improved by saturation
state (Fig. 1c, d). We tested this hypothesis using a

Author's personal copy
Hydrobiologia (2015) 746:197–208

199

Fig. 1 a, b Scatterplots of surrogates (conductivity (a) and
calcium (b)) and saturation state, with values plotted on the log
scale and raw values shown on the axes. Solid lines indicate the
regression lines (conductivity: P \ 0.001, R2 = 0.72; calcium:
P \ 0.001, R2 = 0.78), dashed lines indicate a hypothetical
threshold at a saturation state of 1.0 (log of sat. state = 0), and
the brackets indicate the range in values surrogates may take at
that threshold. c, d Hypothetical classification trees demonstrate
a potential consequence of this variation in the surrogate around

the biological threshold. In c the tree based on conductivity
alone incorrectly predicts 10 of 80 lakes, whereas in d saturation
state allows these lakes to be predicted correctly, even if the
surrogate or another variable forms the first node of the tree.
Each split in the tree lists the variable and its associated
threshold, which determines which branch to follow for a given
lake. The resulting nodes, their presence/absence predictions,
and the number of lakes misclassified out of the total in that node
are noted in the boxes

survey of lakes that span a calcification gradient for the
presence of these three invasive species. We constructed distribution models for each and analyzed the
predictive abilities of three calcification variables:
conductivity, dissolved calcium concentration, and
CaCO3 saturation state.

large drainage lakes that vary in their relative groundwater input (Kratz et al., 1997). Thus, significant
gradients of dissolved calcium and pH (and thus
calcification potential) exist, potentially constraining
the distributions of many invasive species in the region.
Data collection

Materials and methods
Site description
The Northern Highlands Lake District (NHLD;
45°540 N, 89°380 W) in Wisconsin contains approximately 1,500 lakes, to which AIS are perceived as a
dominant threat (Beardmore et al., unpublished data).
AIS are spread primarily by recreational boaters (Rothlisberger et al., 2010). These lakes vary in landscape
position, with many small bog lakes, seepage lakes, and

During the summers of 2010 and 2011, we sampled 81
NHLD lakes for BMS, CMS, and RC and for several
water chemistry variables related to calcification. We
selected sites that varied along a calcification gradient
while controlling for other variables that influence
invasibility, using a stratified random sample of lakes
at least 1 ha in surface area. Lakes were first stratified
by the presence or absence of a boat launch, then by
high or low conductivity (since conductivity data were
available prior to sampling; using a 3rd quartile
cutoff), then by large or small (3rd quartile cutoff)
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surface area, resulting in eight unique strata. At
least 10 lakes from each stratum were chosen for
sampling.
At each site, the presence or absence of each species
was determined using snorkel surveys and crayfish
traps. We conducted timed snorkel surveys, with
30-min snorkels at the primary boat launch or access
point on each lake, and 10-min snorkels at each of five
sites that were selected to represent the littoral habitat
variability (e.g., substrate type, bathymetry, shoreline
morphometry) present in the lake. We searched for
both crayfish and snails when snorkeling. Crayfish
were collected in Gee-style minnow traps with widened openings baited with beef liver (Capelli &
Magnuson, 1983). At each of the five sites, we placed
two four-meter transects perpendicular to shore
beginning between 0.5- and 1-m depth, with three
minnow traps placed evenly along each transect. Traps
were collected after one night, and all crayfish were
identified.
We also measured several water chemistry variables
related to calcification potential at each lake. We
measured conductivity, temperature, and pH using a
Thermo Scientific Orion 5* Plus handheld meter
between 1- and 2-m depth in the center of each lake.
To minimize the error associated with field measurements of pH, we stored the pH electrode in electrode
storage solution between lakes, and conducted a threepoint calibration at values of 4, 7, and 10 at least once
every 3 days. Secchi depth was also measured at this
location. For measures of dissolved inorganic and
organic carbon (DIC/DOC) and dissolved calcium, we
collected filtered water samples (through 0.70 lm
polycarbonate filter) from 0.5 m below the surface.
Thirty mL samples were stored in sealed glass
containers with zero head space to estimate DIC/
DOC concentrations and a second container with
50 ml of filtered sample was acidified with 0.5-ml
ultrapure concentrated hydrochloric acid to estimate
calcium concentrations. All samples were stored on ice
while in the field, and subsequently refrigerated until
laboratory analysis. DIC/DOC samples were analyzed
with a Shimadzu TOC-V-csh Total Organic Carbon
Analyzer and calcium samples with an inductively
coupled plasma optical emission spectrophotometer
(North Temperate Lakes LTER Research Protocol:
http://lter.limnology.wisc.edu/research/protocols).
For each lake, we calculated the carbonate concentration according to the equation
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½CO3  ¼

Ct  Ka1  Ka2
Ka1  Ka2 þ Ka1  ½H þ  þ ½H þ 

2

from Butler (1991), based on our measurements of
DIC (converted to a molar concentration Ct) and pH
(converted to [H?]). We assumed temperatures of
25°C for values of Ka1 (4.47 9 10-7) and Ka2
(4.68 9 10-11). Calculated carbonate concentrations,
measured calcium concentrations, and Ksp constants
were then used to calculate saturation state


 0
(X ¼ Ca2þ CO2
3 =Ksp ). We chose the Ksp constant
by assuming a temperature of 25°C and the calcite
mineral phase of CaCO3: Ksp = 3.36 9 10-9. We
used the calcite form because calcite is present in the
crayfish cuticle (Roer & Dillaman, 1984) (unknown
for CMS and BMS). However, using aragonite instead
would not affect our conclusions.

Data analysis
We used classification and regression tree (CART)
analyses to model the presence/absence of these
species among 79 sampled lakes (two omitted due to
contamination of water samples). We investigated
how each calcification variable affected the structure
and performance of the best trees. CART analysis
repeatedly splits a dataset into increasingly homogenous groups with respect to some response variable
(De’ath & Fabricius, 2000). CART produces a
sequence of binary questions (i.e., is the lake above
or below a certain concentration of calcium?) about
the data that can be visualized as a tree (De’ath &
Fabricius, 2000). Data inputs are flexible, as CART
works well with both continuous and categorical
predictors, even if some are non-normal or collinear,
as well as with linear and nonlinear relationships
(Prasad et al., 2006). The optimal tree is produced by
finding the sequence of splits that explains the most
variation in the response variable while limiting the
number of splits by how much variation each explains
(De’ath & Fabricius, 2000). For this analysis, classification trees have the added advantage of being able
to use a single variable at multiple levels in a tree.
Since we sampled a broad range of lake types, we
expected that conductivity and calcium would as
reliable as saturation state at the tops of trees, where
the broad range of calcification potential could be split
into smaller groups. However, we also expected that
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groups of lakes with calcification conditions near
biological thresholds, which would occur further
down the tree, may be better predicted by saturation
state (Fig. 1c, d). In line with this idea, we expected
that calcium and conductivity would perform similarly
to saturation state in predicting presence/absence at
the tops of trees across broad ranges of the variables,
but that saturation state would enable more accurate
predictions further down the trees (Fig. 1c, d). CART
depicts these complex relationships in simple trees,
making detecting and understanding them easier than
in analogous methods like logistic regression.
We ran classification (presence/absence response)
trees for each species. Independent variables were
related to calcification (conductivity, calcium, and
saturation state), boater access (public access presence, distance to road, distance to highway), and
other lake characteristics (area, maximum depth,
Secchi depth). We chose these variables because they
account for the likelihood of initial introductions
(boater access) and establishment (suitability associated with calcification and lake characteristics). Other
than the highly correlated calcification variables, these
variables are not collinear, with variance inflation
factors all below 2.3. In each tree, we required a
minimum of 5 lakes in each node to reduce spurious
splits caused by low sample sizes. We created the
initial trees to minimize misclassification rates and
then pruned to prevent overfitting. We pruned to the
final trees by running a ten-fold cross-validation,
where 9/10 of the dataset were used to build a tree that
made predictions for the remaining 1/10, and repeated
for each fold. This cross-validation process allows
estimation of the error associated with each potential
split in the tree. Splits that have high error are then
likely to be pruned back. We pruned trees to minimize
the overall relative risk (defined as the sum of the
relative error in the tree and a cost associated with
having too many variables) (Therneau et al., 2014).
However, two trees remained overfit after this process,
and two were over-pruned so that they had no splits
and just one node, due to low species prevalence. In
these cases, we re-pruned the full trees by requiring
any additional split in the model to account for a
decreased misclassification rate of at least 4 (5%; for 3
trees), and 9 lakes (11%; 1 tree). For each species, we
constructed trees with two different sets of independent variables. First, we constructed trees with one
calcification variable each, and evaluated changes in
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tree structure and performance. Second, we constructed trees using all variables in order to determine
which calcification variables were selected in the best
overall trees. To evaluate tree performance, we
calculated Cohen’s Kappa for each tree to measure
the accuracy of the trees’ predictions (Landis & Koch,
1977; Fielding & Bell, 1997; Mouton et al., 2010),
However, since tree complexity was not consistent
among the variables used in each tree, Kappa’s could
not be compared among trees to evaluate whether
surrogates improved trees overall.
Instead, we calculated each variable’s overall importance by including all variables into a single model for
each species and evaluating their isolated effects on
misclassification rates. At any split, we allowed the
primary variable to be substituted out for another
variable, and monitored the increase in misclassification
rate. This substitution was done for each split in the tree
with each variable. In this way, we quantified a
variable’s importance as the sum of its effects on the
tree’s total goodness of fit (number classified correctly)
at all of the splits in which the variable was either used or
substituted in for another variable (Breiman et al., 1984;
Therneau et al., 2014). Importance values for a split are
the increase in the number of lakes correctly predicted
compared to predictions based on majority rule, where
all lakes are given the majority response value. We use
these importance values to evaluate how well each
calcification variable performed in the trees, using both
pruned and unpruned trees. All analyses were performed
in R version 2.15.2 (R Development Core Team, 2012)
using the rpart package (Therneau et al., 2014; R
package version 4.1–4.8), which was shown to perform
well for ecological predictions (Prasad et al., 2006).

Results
CMS were the most common of the three species—
present in 39 of 79 lakes (49.4%)—followed by RC
in 26 (32.9%), and BMS in 22 lakes (27.8%)
(Fig. 2). Conductivity ranged from 12.2 to
163.2 lS/cm
(mean = 71.9;
median = 73.3;
SD = 42.4) (Fig. 3a). Dissolved calcium ranged
from 0.5 to 29.4 mg/l (mean = 8.2; median = 8.2;
SD = 6.0) (Fig. 3b). Calculated saturation states
ranged from 2 9 10-6 to 15.33 (mean = 1.33,
median = 0.19, SD = 25) (Fig. 3c). Twenty-two
of the 79 sampled lakes had saturation states above
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Fig. 2 Maps of surveyed lakes and the presence (black points)
or absence (white points) of a banded mystery snail, b Chinese
mystery snail, and c rusty crayfish in Vilas and Oneida counties

of Wisconsin, USA. Inset indicates the surveyed counties in
dark gray within the Laurentian Great Lakes region, USA

Fig. 3 Boxplots of calcification variables and others used in
classification trees. The first row displays those variables that are
related to calcification potential: a conductivity, b dissolved
calcium, c saturation state, and d pH, which is kept out of the
classification trees because it is used in calculating saturation

state. The second row shows other potentially important
variables including: e lake area, f distance to highway, g distance
to nearest road, h maximum depth, and i Secchi depth. Boxplots
display minimum, 1st quartile, median, 3rd quartile, and
maximum non-outlier observations

1.0 indicating potential for purely chemical precipitation of CaCO3. CMS were least limited by
saturation state as they were present in lakes with

saturation states as low as 0.0002, while both RC
and BMS were limited to lakes with saturation state
above 0.04.

123

Author's personal copy
Hydrobiologia (2015) 746:197–208

203

Fig. 4 Classification trees for each species (by row: a–c banded
mystery snail, d–f Chinese mystery snail, g–i rusty crayfish) and
for each calcification variable that was used (by column: a, d,
g; conductivity: b, e, h; calcium: c, f, h saturation state). Shaded
boxes indicate trees that were selected as the best overall trees

when all calcification variables were included in model fitting,
as well as for the corresponding calcification variable on its own.
Tree structure follows that shown and described in Fig. 1 and
units of measure are shown in Fig. 3

The classification trees were able to describe much
of the variation in each species’ distribution (Fig. 4).
Minimum misclassification rates of the best pruned
trees were 12/79 (15.2%) for BMS, 18/79 (22.8%) for
CMS, and 11/79 (13.9%) for RC. Pruning resulted in
trees that were fairly simple, as no tree had more than
four nodes, and five had just two nodes (single split).
However, additional gains in predictive accuracy in
more complex trees were not large enough to justify
additional splits. Two trees—those for CMS based on

calcium and saturation state—did have more accurate,
complex structures using our initial pruning technique.
However, the additional splits were likely unreliable.
In their lower branches, the CMS tree based on
calcium predicted lakes with moderate calcium levels
(1.2–1.6 mg/l) to be more likely to contain CMS than
those with higher levels (1.6–5.3 mg/l). Similarly, the
tree based on saturation state predicted lakes nearer to
highways to be less likely to contain CMS. Since these
results were likely cases of overfitting, we used
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additional pruning to produce more reliable trees, each
of which has four nodes. Unlike trees for CMS, those
for BMS tended to be over-pruned: two of the trees
from the initial pruning process had just a single node
(no splits). In these cases, the secondary pruning
method selected trees with just one split to generate
predictions. The trees selected as best overall when all
calcification variables were included were the saturation state model for BMS (Fig. 4c) and conductivity
models for CMS (Fig. 4d) and RC (Fig. 4g). None of
these models contained more than one calcification
predictor.
The structures of the trees reveal how each variable
affects the species’ distribution. In each of the trees
predicting BMS distributions (Fig. 4a–c), the first split
was based on area, where lakes larger than 189 ha were
predicted to contain BMS. For conductivity and
calcium, area formed the only split (Kappa = 0.55 for
each). When saturation state was included in the tree
(Kappa = 0.64), it became an important variable to
distinguish between BMS presence and absence in large
lakes, where large lakes with saturation states below 3.8
were still predicted to be absent of BMS. However,
saturation state’s inclusion only led to two additional
accurate predictions (Fig. 4a–c). For CMS (Fig. 4d–f),
the first node in the trees was always the calcification
variable. When conductivity was used, (Kappa = 0.47),
it formed the only split with a threshold of 67 lS/cm
determining presence/absence. In those based on calcium
(Kappa = 0.54)
and
saturation
state
(Kappa = 0.55), additional splits were made by maximum depth, the presence of public access, and distance
to highway, where CMS presences tended to be
associated with shallower, accessible lakes near highways, assuming they had sufficient calcification conditions. Like those of CMS, the trees for RC (Fig. 4g–i)
also included calcification variables at their first nodes.
Again, conductivity (Kappa = 0.68) formed the only
split in its tree, where RC were predicted to be present in
lakes above 102 lS/cm. Similarly, the saturation state
tree for RC (Kappa = 0.61) had only one split, where
RC were predicted to be present in lakes with saturation
state values above 0.27. In the tree based on calcium
(Kappa = 0.68), the calcium threshold was 8.1 mg/l,
but predictions for high-calcium lakes also depended on
maximum depth, where RC were associated with lakes
deeper than 8.4 m.
The predictive abilities of each variable are made
apparent in our analysis of variable importance.
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Along with lake area, the calcification variables had
the most predictive power, although less so for BMS
(Fig. 5). Conductivity was the most important
predictor for CMS and RC in pruned trees (Fig. 5b),
although calcium was slightly better for CMS in
unpruned trees (Fig. 5a). Area was the best predictor
for BMS in both pruned and unpruned trees (Fig. 5).
Saturation state was consistently important, but was
never the best predictor (Fig 5). This general result
was consistent in both unpruned (Fig. 5a) and
pruned trees (Fig. 5b).

Discussion
Classification trees for BMS, CMS, and RC all
performed well in predicting species occurrence, with
all Kappa’s falling between 0.47 and 0.68, where
models with Kappa’s below 0.4 are considered poor,
between 0.4 and 0.75 are good, and above 0.75 are
excellent (Landis & Koch, 1977). Although each
species exhibited distributions that were described in
part by calcification variables, our expectation that
saturation state would improve classification trees was
not supported. Instead, the best overall trees identified
by misclassification rate and Kappa used saturation
state only for BMS and instead used conductivity for
CMS and RC (Fig. 3). In trees where all calcification
variables were included, our results analyzing variable
importance demonstrated that conductivity and calcium were at least as good as saturation state at
predicting species occurrence (Fig. 5). Due to the
heterogeneity in landscape position in our study region
that drives heterogeneity in calcification conditions
(Kratz et al., 1997), the importance of calcification
variables in the models is not surprising. In a different
region where habitat suitability is more limited by
other variables, such as dissolved oxygen or temperature, these would likely be more important in
classification trees. We also found the same general
outcome using multiple logistic regressions (results
not shown), but CART allowed for easy visual
evaluation of our expectation that predictions for
lakes with near-threshold conditions would improve
when saturation state was used as a variable (Fig. 1).
We predicted that saturation state would improve
the accuracy of distribution models for lakes with
near-threshold conditions, since extremely high or low
values of calcification would be adequately
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Fig. 5 Calculated importance for each variable used in each
a unpruned and b pruned classification trees, the latter of which
are displayed in Fig. 4. A variable’s importance is the sum of the
decrease in error (number misclassified) using the variable
either as a primary node, or as a substitute for the primary

splitting variable. Values of variable importance can be thought
of as the number of lakes correctly predicted by the model due
specifically to that variable, where the improvement at a split is
measured against assigning all lakes the majority response value

represented by surrogates (Fig. 1c, d). Calcification
values formed the first node of classification trees for
CMS and RC but not for BMS, which was better
predicted by lake area. However, nodes further down
the trees were rarely used to describe near-threshold
calcification conditions (Fig. 4). The one exception
was for BMS, whose classification tree had area as the
initial node with a threshold of 189 ha. Lakes below
that threshold were then predicted by saturation state,
where lakes below 3.8 were typically absent of BMS.
However, this tree only predicted two more lakes
correctly than those based on area alone. For CMS and
RC, calcification variables were only used at the first
nodes, indicating that their distributions were best
described by the wide calcification gradient alone, and
that using saturation state to make predictions for lakes
with near-threshold conditions did not improve the
models.
Our results may have been influenced by our
snapshots of lake conditions, which may have
disregarded the much more variable environment
that the organisms actually experience. We made all
of our measurements during midday in the summer.
However, seasonal changes in temperature and

metabolism-driven diel changes in pH likely cause
changes in saturation state that are independent of
changes in conductivity and dissolved calcium.
Additionally, changes in precipitation and relative
groundwater contribution to these lakes could cause
all variables to vary by changing the delivery of
weathering-derived bicarbonate, calcium and other
solutes (Webster et al., 2000). These dynamics cause
carbonate and pH to vary at multiple scales—diel,
seasonal, annual, and decadal—simultaneously
(Hanson et al., 2006). Thus, saturation state likely
follows similar complex dynamics, and may not be
adequately represented by a one-time measurement.
Populations may be linked more closely to seasonal
minima/maxima or average conditions than to
snapshots. Furthermore, this one-time measurement
is unlikely to be perfectly accurate if there was error
in our estimates of pH or DIC, both of which are
included in the calculation of saturation state. These
sources of variability and uncertainty in our estimate
of saturation state may partially explain why species
occurrences were often better predicted by conductivity or calcium, but nonetheless do not change our
conclusion that these surrogates adequately replace

123

Author's personal copy
206

our estimates of saturation state in distribution
models.
In addition to influencing species distributions, the
calcification conditions of a lake influence organismal
and population-level processes. Crawling speed and
aerial respiration of snails decrease when the potential
for calcification is low, while cutaneous respiration
increases (Dalesman & Lukowiak, 2010). Shell
strength of snails and mussels is compromised at low
levels (Czarnołe˛ski et al., 2006; Glass & Darby, 2009).
High shell strength deters predation from fish and
crayfish (Lewis & Magnuson, 1999; Czarnołe˛ski et al.,
2006), so poor calcification conditions may also
enable higher predation rates or altered antipredator
behaviors, which was shown for RC at low calcium
conditions (Edwards et al., 2013). These organismal
and population-level responses to low calcification
potential are likely to be more sensitive to minute
differences in saturation state than species distributions, which are controlled by the integration of
variable abiotic and biotic conditions and, for introduced species, the propagule pressure or colonization
potential. We did not test for organismal or population-level effects, but may have been more likely to
see different responses to our calcification variables
than we did using species distributions.
Although saturation state was not the best predictor,
it was selected in classification trees that achieved low
misclassification rates and high Kappa’s. While
thresholds of conductivity and dissolved calcium are
often determined experimentally (i.e., what is the
lowest calcium level in which a species can survive?)
or through distribution models (i.e., at what level of
calcium is there a significant change in the probability
a species will be present?), thresholds for saturation
state are unknown for most freshwater species. Our
results allow us to infer distribution-based thresholds,
but not the true biological thresholds. Since other
collinear variables may limit a species’ presence at
any one location, the true suitability threshold may not
be revealed in a species distribution. In classification
trees, saturation state formed thresholds at values of
3.8 for BMS (after accounting for lake area), 0.00015
for CMS, and 0.27 for RC (Fig. 4). These values are
likely higher than their physiological thresholds
because lakes with low saturation state that may be
suitable are also smaller and less likely to receive
propagules. Similarly, invasion of the golden mussel
in Brazilian rivers is considered low-risk only where
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saturation state is below 0.0001 (Oliveira et al., 2010).
To calculate saturation states, we used Ksp’s for the
calcite mineral phase, whereas saturation states for
aragonite under the same conditions are lower. These
results may indicate that the actual suitability thresholds for each species may be below 1.0, indicating that
they may maintain CaCO3 exoskeletons even when
chemical conditions may favor dissolution. Indeed, all
three species did occur in lakes with saturation states
below 1.0 (minima of 0.00015 for CMS, and 0.04 for
BMS and RC).
Suitability thresholds of saturation state below 1.0
for calcifying organisms are not unprecedented.
Corals are able to up-regulate pH, which effectively
increases saturation state at the site of calcification
(McCulloch et al., 2012). Crayfish may be able to
construct hard carapaces by forming gastroliths—
extracellular calcium carbonate storage deposits—that
store amorphous calcium carbonate in which the
calcium is readily available prior to molting (AkivaTal et al., 2011). Additionally, the enzyme carbonic
anhydrase has been demonstrated to be important in
CaCO3 formation in many taxa including mollusks,
crustaceans, birds, and others (Common, 1941; Costlow, 1959; Freeman, 1960; Giraud, 1981; Henry &
Kormanik, 1985). Carbonic anhydrase increases the
supply of bicarbonate and carbonate ions (Horne et al.,
2002; Maren, 2006) and mobilizes CaCO3 reserves
during calcification (Istin & Girard, 1970; Henry &
Kormanik, 1985), allowing for mineralization even
when ambient carbonate supplies are low (Horne et al.,
2002). However, maintenance and construction of
CaCO3 in sub-optimal conditions may be energetically
costly, so populations may persist but be impacted in
other ways, as discussed above. By focusing on
species presence and absence, our study ignored other
potential impacts of low saturation states on individuals and populations. Future research could test
whether populations are affected by measuring exoskeleton strength or structure, mortality due to predation, and behavioral traits like crawling speed across a
range of saturation states.
A core objective of this work was to determine
whether biologically mechanistic variables can
improve species distribution models that traditionally
use surrogate variables. Surrogates may often be used
in models because they are more easily measurable
and thus available for a higher number of sites than
mechanistic variables. Data on many environmental
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variables at broad spatial scales are becoming increasingly easy to access (via remote sensing for instance).
Data availability for a higher number of sites and over
longer time periods enables models with better spatial
and temporal coverage, but these may come at the cost
of accuracy at specific sites or times if surrogate
variables are used. In our study, surrogate measures of
the potential for calcification were at least as powerful
in distribution models as the mechanistic variable they
replaced. In fact, conductivity may the best variable
related to calcification to use in distribution models
across lakes with a broad range of calcification
potential because it is the most easily measured.
However, comparing across narrower ranges of calcification potential or using alternative responses such
as species abundance may lead to different conclusions about the effectiveness of surrogates. Similarly,
not all mechanistic variables may be as reliably
replaced by surrogates, so their use in distribution
models ought to be continually evaluated.
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