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Abstract

Diatoms play a key role in the development of quantitative methods for environmental
reconstruction in lake ecosystems. Diatom-based calibration datasets developed dur-
ing the last decades allow the inference of past limnological variables such as TP, pH
or conductivity and provide information on the autecology and distribution of diatom5

taxa. However, little is known about the relationships between diatoms and climatic
or geographic factors. The response of surface sediment diatom assemblages to abi-
otic factors is usually examined using canonical correspondence analysis (CCA) and
subsequent forward selection of variables based on Monte Carlo permutation tests
that show the set of predictors best explaining the distributions of diatom species. The10

results reported in 40 previous studies using this methodology in different regions of
the world are re-analyzed in this paper. Bi- and multivariate statistics (canonical cor-
relation and two-block partial least-squares) were used to explore the correspondence
between physical, chemical and physiographical factors and the variables that explain
most of the variance in the diatom datasets. Results show that diatom communities15

respond mainly to chemical variables (pH, nutrients) with lake depth being the most
important physiographical factor. However, the relative importance of certain param-
eters varied along latitudinal and trophic gradients. Canonical analyses demonstrated
a strong concordance with regard to the predictor variables and the amount of variance
they captured, suggesting that, on a broad scale, lake diatoms give a robust indication20

of past and present environmental conditions.

1 Introduction

Paleolimnological techniques have been recognized as one of the most powerful meth-
ods in the reconstruction of past conditions for continental waters. Lake sediments
faithfully record changes that have occurred both within a lake and within its watershed25

(Chen et al., 2008; Edulnd and Ramstak, 2006). Diatom-based predictive models, us-
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ing weighted-averaging (WA), partial least squares (PLS) and/or weighted-averaging
partial least squares (WA-PLS) regression and calibration, are routinely developed for
inferences of water chemistry worldwide. These models are based on the premise that
diatoms present in the top sediments represent present-day lake conditions, while bot-
tom samples generally represent pre-industrial conditions (Korsman and Birks, 1996;5

Dixit et al., 2002). Transfer functions are based on the relationship between diatom as-
semblages in surface sediments and the environmental variable of interest in a control
set of lakes spanning a wide environmental gradient (Kirilova et al., 2008). This allows
for reconstruction of past environmental conditions, which can be applied to investiga-
tions of recent climate change and human impacts (Saunders et al., 2008). As a first10

step, autecological parameters of the diatom species must be determined by relating
modern limnological variables to surface sediment diatom assemblages (Reavie et al.,
1995; Reid, 2005). Currently, a large number of diatom taxa have well-defined optima
and tolerances (Beyene et al., 2014).

The multiple factors influencing diatom distributions often make it difficult to obtain15

strong calibrations for particular limnological variables because interacting effects in-
fluence changes in diatom community composition over time. For instance, the role of
direct and indirect effects of environmental and climatic factors on diatoms is much de-
bated (Kirilova et al., 2008; Shinneman et al., 2010). Diatom species distributions are
expected to display latitudinal gradients, reflecting the crucial role of diatoms in con-20

trolling mixing and temperature regimes in lakes (Reid, 2005; Vyverman et al., 2007;
Blanco et al., 2014). Although lakes sharing climatic characteristics within a given phys-
iographic region are predicted to change in similar ways, limnological response to ex-
ternal forcing is often spatially complex and depends on local catchment-scale char-
acteristics (Ryves et al., 2004; Perren et al., 2009). A number of studies have used25

assumptions about the distribution of diatom taxa based on ecological preferences in-
ferred from different world regions, leading to speculative interpretations (Shinneman
et al., 2009). This practice is particularly inadvisable with respect to variables related
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to trophic status (Denys, 2007). Finally, often-neglected biotic interactions may also
become important regulators of lake diatom communities (Bennion, 1994).

Many paleolimnological studies focus on identifying a set of environmental variables
that contribute most to determining the structure of diatom assemblages. Ordination
in reduced space allows the inference of quantitative information on the relationship5

among taxa, environmental variables and sampling sites. Ordination methods, includ-
ing direct and indirect gradient analyses, are generally used to reveal the relationship
between diatom and environmental stressors (Yang et al., 2001). In particular, Canon-
ical Correspondence Analysis (CCA) is by far the most common method used in the
literature for studies involving many response and predictor variables (Birks and Birks,10

1998). Taxa often exhibit unimodal responses to environmental gradients (Birks and
Birks, 1998), and CCA assumes a unimodal response and is considered theoretically
and ecologically sounder, as well as statistically more robust, than linear-based tech-
niques (Pienitz et al., 1995). CCA assesses the simultaneous influence of multiple
environmental variables on diatom assemblages (Dixit and Smol, 1994), identifying15

a subset of variables that explain statistically significant variation in the diatom species
distributions (Ng and King, 1999). The subset is typically selected based on the results
of distribution-free Monte Carlo permutation tests. In many cases, an automatic forward
selection procedure is used to objectively select a subset of explanatory variables; this
method is applicable even when the initial dataset contains more explanatory variables20

than sampling sites, which is often the case in ecology (Blanchet et al., 2008).
Despite the widespread use of such multivariate methods, little effort has been made

to determine the relative importance of different predictors over a large geographical
scale. Quantitative models for a many variables are demonstrated to have limited spa-
tial transferability (Álvarez-Blanco et al., 2011; Juggins, 2013). This study explores the25

relative impact of key abiotic factors on diatom composition by jointly analyzing the re-
sults presented in different studies covering a broad range of limnological and climatic
conditions. The primary goal is to assess how the amount of variance captured by each
predictor changes across different environmental and geographical gradients.
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2 Materials and methods

A total of 40 studies on the response of surface sediment diatom assemblages to abi-
otic factors, which used the CCA-Monte Carlo method, were collected from recent lit-
erature using Google Scholar. These included primarily scientific papers and disser-
tations and reports. The following information was extracted from each reference: (a)5

the sample size, (b) the geographic coordinates (WGS84) of the study sites (in the
case of several sites, the average centroid), (c) the main environmental descriptors
(physical, chemical and morphometric) and (d) the variance captured by each of these
predictors in the response (diatom) dataset. In most studies, the data had been previ-
ously screened to remove (a) environmental variables that had little or no influence10

on diatom distributions, (b) samples with particularly unusual diatom assemblages
and/or environmental characteristics and (c) redundancies in environmental variables
(Reavie et al., 1995; Yang et al., 2005). Variables measured in less than 10 studies
were excluded from subsequent analyses, so that 18 variables were finally considered
(Table 1). These data were arranged in two variable/site (18×40) matrices: one with15

environmental data (hereafter “predictor” matrix), and another with the percentage of
variance explained by the corresponding variable in each study (hereafter “criterion”
matrix). Missing data were substituted with column medians. Most variables did not fol-
low normal distributions (Kolmogorov–Smirnov test, p < 0.05); therefore, the data were
Box–Cox transformed to satisfy the assumptions of parametric statistics (Legendre and20

Legendre, 2012).
The statistical relationship between both matrices was explored using three com-

plementary techniques: (a) simple bivariate Spearman rank correlations, (b) canonical
correlation analysis (CCorA) and (c) two-block partial least squares (2BPLS). The latter
two methods allow for assessment of the relationship between two sets of variables.25

CCorA is a multivariate generalization of multiple regression analysis that calculates
overall correlations between the variable sets by first extracting the canonical factors
from both groups and then finding linear combinations such that the correlation be-
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tween the variables is maximized (Gould et al., 1986; Muma et al., 2011). A detailed
description of this technique is available in Thompson (Thompson, 1984). In contrast,
2BPLS, as described in Rohlf and Corti (2000) is used to determine the combinations
of variables in the two matrices that account for most of the covariation present be-
tween the variable sets. The method is based on the singular value decomposition of5

the correlation matrix between the variable matrices which are treated symmetrically.
These statistical analyses were conducted using Statistica v. 10.0 (StatSoft, 2011) and
PAST v. 3.01 (Harper et al., 2001) software, respectively.

3 Results

The number of samples analyzed in each study varied from 1 to 186, with a median10

value of 53 and a total of 2490 samples considered in the present meta-analysis. Ta-
ble 1 presents the descriptive statistics of the predictor and criterion matrices. There
is a strong bias in the distribution of lakes analyzed; only 15 % of the papers collected
studied Southern Hemisphere lakes. Moreover, 63 % of the studies involved systems
situated above parallel 45◦ N/below parallel 45◦ S. No reports were found concerning15

African or Antarctic lakes, and the Neotropical ecozone is represented by a single study
(Hassan et al., 2009).

The canonical correlation coefficient between the weighted sums of scores in each
matrix was statistically significant (R = 0.99, p = 0.02 for the first and only significant
canonical root). 87.18 % of the variance was extracted from the predictor variables20

which, on average, accounted for 48.75 % of the variance in the variables of the crite-
rion matrix. Three variables in the criterion set – alkalinity, dissolved oxygen and total
nitrogen – correlated highly with this first canonical root (squared canonical factor load-
ings: 0.54, 0.53 and 0.38, respectively, Fig. 1). With certain exceptions (TP, pH), the
direction and relative magnitude of canonical weights were in agreement with those25

of the canonical loadings (Fig. 1). With respect to 2BPLS results, the first dimension
accounted for 40 % of the total covariance between both sets, and variable loadings
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followed the same trends as CCorA canonical loadings (Fig. 1). Figure 2 presents
a joint plot of CCorA and 2BPLS scores, showing for both analyses a linear relation-
ship between predictor and criterion sets and an unbiased distribution of residuals,
thus confirming that no major violations of canonical correlation assumptions were
present. However, points with scores above two units in both axes could be considered5

as outliers because they fall outside the 95 % confidence ellipses. A re-examination of
the original data confirmed that these points correspond to deep lakes (Zm > 18 m):
Sacrower See (Kirilova et al., 2008; Kirilova, 2009) and Lake Kenyir (Rouf et al., 2008),
where the variables with high loadings (see above) captured unusually large amounts
(> 40 %) of variance in their respective datasets. In this regard, it was observed that10

the amount of variance explained by alkalinity and dissolved oxygen was positively
correlated to lake depth (ρ = 0.88 and 0.84, respectively, p < 0.05).

pH was selected as a significant explanatory variable in 78 % of the analyzed stud-
ies and was the variable that explained most of the variance in the diatom dataset
in 29 % of the papers (Table 1). Other important limnological variables included con-15

ductivity and total phosphorus and nitrogen concentrations. Mean depth was the only
relevant physiographical variable, selected in 44 % of the studies. However, in terms of
amount of variance explained, lake area captured a larger proportion than any other
forward-selected environmental variable, with a median of 8.10 % of variance explained
throughout the studied systems.20

The importance of certain predictors varied geographically. The percentage of vari-
ance captured by elevation and water temperature was significantly higher (ρ = 0.86
and 1.00, respectively, p < 0.01, Fig. 3) in high-latitude lakes, whereas pH showed
a unimodal response to latitude, peaking at 53◦ N (Abitibi clay belt area, Canada,
Enache and Prairie, 2002). No general trends were observed with respect to total phos-25

phorus (Fig. 4), which reached maximum percentages in NW and NE North America.
The relevance of certain variables (pH, silica) decreased along the trophic gradient
(ρ = 0.42 and 0.95, respectively, p < 0.05, Fig. 5).
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4 Discussion

Aquatic ecosystem management requires the examination of long-term data to assess
past conditions, natural variability and the response of aquatic systems to natural or
anthropogenic disturbances (Enache and Prairie, 2002). This approach has largely
developed since the creation of modern datasets of biological assemblages and asso-5

ciated environmental data, allowing the quantitative estimation of the past environment
(Birks and Birks, 1998). Many studies demonstrate that diatoms can provide valuable
paleoenvironment and paleoclimate proxy data because they are sensitive indicators
of past lake conditions that are at least indirectly related to climate. Different regression
and calibration techniques that relate diatoms in surface sediments to measured lake-10

water characteristics have been developed to provide quantitative environmental re-
constructions required in such studies (Pienitz et al., 1995; Korsman and Birks, 1996).
Diatoms have rapid immigration and replication rates, which allow them to respond
quickly to changes in the aquatic environment. In many studies, surface sediment di-
atoms and annual mean water quality data are preferred because the surface sediment15

record is composed of a number of different ecotypes and was deposited over a long
period of time (Dixit and Smol, 1994; Yang et al., 2005).

The analysis presented here indicates that, in general, both physical environmental
conditions and lake-water chemistry show strong statistical relationships with diatom
community composition. Particularly, it provides evidence of a strong relationship be-20

tween diatoms and pH – due to the direct physiological influence of pH on diatoms
(Chen et al., 2008) – especially in oligotrophic systems (Fig. 5). Nutrients also cap-
ture important fractions of variability in diatom assemblages across a large range of
trophic levels (Bennion, 1994; Reavie et al., 1995; Blanco et al., 2014). However, the
relative importance of nutrients depends on supply rates and on the order in which they25

are consumed, so that limiting nutrient elements exhibits greater importance in diatom
community development (Dong et al., 2012). Particularly, a poor performance of TP
may reflect the coexistence of N and P limitation in the studied systems (Reid, 2005).
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On the other hand, most diatom assemblages appear to be unresponsive to a number
of factors related to trophic status (e.g., nitrates, ammonia). Two alternative explana-
tions can be considered: (a) diatom assemblages from eutrophic lakes are generally
more homogeneous (Chen et al., 2008), and the diatom–chemistry relationship is con-
strained in such low-diversity communities (Denys, 2007); or (b) individual data sets5

were either too small or did not encompass sufficiently large environmental gradients
to accurately predict these variables (Antoniades et al., 2005).

CCorA and 2BPLS results are similar with respect to predictor variables and the
amount of variance they explained in the diatom assemblages. Both of the multivariate
canonical analyses performed for this study show alkalinity and dissolved oxygen as10

the variables with the highest loadings and weights (Fig. 1). The relatively low scores
of other important predictors such as pH or nutrients may be due to the multicollinearity
(Kuylen and Verhallen, 1981) detected in the predictor matrix; in most pairwise com-
parisons, pH, conductivity, TP and TN were mutually correlated. The observed differ-
ences between canonical factor loadings and weights for alkalinity, pH and elevation15

(Fig. 1) can indicate nonlinear relationships between variables. That is, the relation-
ships among other variables are stronger in cases (studies) scoring high and low on
these variables. Finally, TP acts as a “suppressor” variable (sensu Schaninger et al.,
1980), removing part of the variance among other predictors uncorrelated with the
canonical scores.20

Lake depth appears as the most important physiographical variable in terms of av-
erage variance captured; this factor is related to the amount of variance explained by
alkalinity and dissolved oxygen. According to Shinneman et al. (2010), a strong correla-
tion between depth and alkalinity may lead to spurious results due to unrelated changes
in one of these confounding variables. Other studies (Ryves et al., 2004; Tibby, 2004)25

also indicate that the conditional variance explained by TP, pH, and depth may not be
independent. Furthermore, certain diatom species are found predominantly in shallow
lakes (Shinneman et al., 2009) where the proportion of non-planktonic taxa will be com-
paratively larger so that derived species optima may differ from those in deeper water
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because of greater variability of environmental conditions and stronger interaction of
physical or biological factors (Denys, 2006). In shallow lakes, climate can also obscure
or exaggerate the nutrient enrichment process because the heat and energy is more
easily transferred within the lake than in larger, deeper systems (Dong, 2010).

The analyzed dataset presented an uneven distribution of lakes along the latitudinal5

gradient, thus preventing statistically accurate interpretations of the results. This con-
firms that, with the exceptions of Europe and North America, the relationship between
diatoms and environmental data has been poorly documented (Hassan et al., 2009).
Rühland and Smol (2002) highlight the need to define environmental optima and toler-
ances of diatom taxa in new geographical regions to build robust and meaningful infer-10

ence models. In general, although diatom assemblage composition is related to climatic
patterns (Weckström and Korhola, 2001), the potential influence of geographical factors
has been underestimated (Enache and Prairie, 2002; Yang et al., 2003; Álvarez-Blanco
et al., 2011). Climate has a profound effect on diatom dynamics, affecting diatom com-
munities via its links with nutrient availability (Kirilova et al., 2008). In fact, geographical15

features have been found to explain significant amounts of the species variance (Reid,
2005). Contrary to our observations (Fig. 3), it has been noted (Schmidt et al., 2004)
that the percentage of diatom distribution explained by water temperature is relatively
lower in high latitude lakes. The effect of such confounding gradients on model per-
formance has received surprisingly little attention (Juggins, 2013), and the interaction20

between limnological and geographical factors on lake ecosystems cannot be resolved
until long-term monitoring datasets that include ecological communities and environ-
mental variables become available (Dong, 2010). Additionally, many diatom datasets
covering broad geographical areas and ecological gradients have, by necessity, been
constructed by combining samples analyzed by different analysts (Birks and Birks,25

1998), thus introducing a source of bias in subsequent inferences.
By compiling published data at a pan-continental scale, it has been possible in this

paper to confirm the major predictors configuring lake diatom assemblages world-
wide. However, often-neglected factors such as stratification or silica cycling patterns
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(Ryves et al., 2004) may also be important. Attempts at precise predictions of di-
atom responses to climatic variables would require complex models incorporating in-
formation on species interactions and dispersal (Weckström and Korhola, 2001). Data
gained from monitoring surveys would also be a useful complement to paleolimno-
logical records in understanding how diatom communities respond to environmental5

changes (Kirilova et al., 2008). Regardless, future attempts to perform comparable
meta-analyses would benefit from larger sample sizes and increased variable gradient
ranges.
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Table 1. Descriptive statistics of the analyzed dataset (n = 40). Variable medians and ranks,
and percentage of variance explained in the diatom assemblages.

Median % of variance a b

[rank] explained
(median [rank])

Latitude (absolute) 51 [5–76]
Longitude (E) 8 [(−159)–173]
Elevation (m a.s.l.) 258 [0–4290] 5.25 [1.00–13.8] 19.51 2.44
Mean depth (m) 7.10 [0.39–51.05] 5.1 [1.20–31.00] 43.90 7.32
Area (km2) 0.23 [0.01–369.00] 8.10 [1.50–25.00] 12.20 2.44
pH 7.75 [5.80–9.11] 7.17 [0.00–40.00] 78.05 29.27
Alkalinity (mEqL−1) 7.40 [0.08–3471.78] 0.00 [0.00–17.00] 17.07 9.76
DOCc (mgL−1) 7.57 [0.50–22.80] 5.10 [0.00–16.00] 14.63 0.00
Conductivity (µScm−1) 234.73 [10.12–88 068.51] 3.48 [0.00–37.00] 39.02 24.39
Turbidity (NTU) 7.08 [1.40–121.60] 1.21 [0.00–3.58] 12.20 0.00
Water T (◦C) 13.39 [5.90–29.64] 0.61 [0.00–18.00] 26.83 0.00
O2 (mgL−1) 10.84 [7.66–90.70] 1.90 [0.00–32.00] 17.07 2.44
TNd (mgL−1) 0.89 [0.22–3.44] 2.97 [0.00–13.20] 36.59 4.88
Ammonia (mgL−1) 0.03 [0.00–38.80] 0.00 [0.00–7.20] 7.32 0.00
Nitrates (mgL−1) 0.05 [0.00–30.00] 0.00 [0.00–10.10] 9.76 0.00
TPe (mgL−1) 0.06 [0.00–0.36] 4.70 [0.00–23.00] 43.90 12.20
SRPf (mgL−1) 0.03 [0.00–2.60] 3.40 [0.00–21.90] 19.51 4.88
Silica (mgL−1) 1.93 [0.23–46.72] 2.20 [0.00–22.00] 17.07 0.00

a Percentage of papers where the variable was forward-selected (CCA-Monte Carlo test).
b Percentage of papers where the variable accounted for the most variance explained.
c Dissolved organic carbon.
d Total nitrogen.
e Total phosphorus.
f Soluble reactive phosphorus.
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Figure 1. Factor loadings and weights resulting from the CCorA and 2BPLS analyses for vari-
ables in the criterion matrix.
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Figure 2. Canonical and 2BPLS scores for variables in the predictor and criterion sets (first
canonical root/dimension). Data fitted to 95 % confidence ellipses.
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Figure 3. Percentage of variance captured by elevation, water temperature and pH along the
latitudinal gradient. Data fitted to distance-weighted least squares curves.
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Figure 4. Amount of variance explained by the concentration of total phosphorus in lake diatom
assemblages worldwide. Data were interpolated using the inverse distance weighting (IDW)
method.
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Figure 5. Percentage of variance captured by pH and silica concentration along the trophic
gradient. Data fitted to distance-weighted least squares curves.
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