
Multiple regression analysis con“rmed that temperature,
chlorophyll a, lake area, and lake depth all had
signi“cant effects on phytoplankton diversity, explaining
more than 50% of the total variation in the data set
(Table 1). More speci“cally, phytoplankton diversity
showed an increasing saturating relationship with lake
chlorophyll a (Fig. 2D), increased with temperature
(Fig. 2E), increased with lake area (Fig. 2F), and
decreased with lake depth (Table 1). Interestingly,
nitrogen and phosphorus failed to enter the regression
equation once lake chlorophylla was included (Table 1),
probably because the chlorophyll a concentration
showed high collinearity with total phosphorus (Fig.
2G) and total nitrogen (Fig. 2H). Furthermore, chloro-
phyll a decreased with lake depth (Fig. 2I).

All local environmental variables showed large-scale
variation across the landscape of the USA. For instance,
temperature decreased with latitude and altitude but
increased with longitude, chlorophyll a decreased with

altitude but increased with longitude, and lake depth
decreased with longitude (Table 2).

Drivers of phytoplankton diversity

We used a structural equation model to disentangle
the complex network of direct and indirect effects on
phytoplankton diversity. Our initial model included all
plausible pathways between phytoplankton diversity,
the local environmental variables and geographical
coordinates (Fig. 3A). We trimmed the initial model
by removing all non-signi“cant pathways, until we
arrived at a “nal model in which all pathways were
signi“cant (Fig. 3B; Appendix B: Table B2). The order
of deletion of the nonsigni“cant pathways and their
signi“cance values are presented in Appendix B (Table
B1). The adjusted goodness-of-“t index (AGFI) of the
trimmed model was AGFI ¼ 0.92, indicating a good “t
of the model to the data (Schermelleh-Engel et al. 2003).

The path-coef“cients of the “nal model showed that
most environmental variables, except total phosphorus,

FIG. 2. Patterns of species richness and phytoplankton biomass. Species richness of freshwater phytoplankton as a function of
(A) latitude, (B) longitude, (C) altitude, (D) productivity, (E) temperature, and (F) lake area. Phytoplankton biomass (measured as
chlorophyll a) as a function of (G) total phosphorus concentration, (H) total nitrogen concentration, and (I) lake depth. Data
points correspond to individual lakes. Regression lines show best linear “ts (in A…C, E…I) and quadratic “t (D). All regression lines
are highly signi“cant (P , 0.001).
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TABLE 1. Multiple regression analysis of phytoplankton species richness (dependent variable) as a
function of environmental variables.

Regression
variables

Partial regression
coef“cients Standard error

Standardized
coef“cients P

Constant 0.539 0.059 ,0.001
Temperature 0.028 0.002 0.401 ,0.001
Chlorophyll a 0.483 0.060 0.826 ,0.001
(Chlorophyll a)2 � 0.120 0.024 � 0.490 ,0.001
Lake area 0.063 0.012 0.174 ,0.001
Lake depth � 0.110 0.027 � 0.163 ,0.001

Model summary R2 ¼ 0.54; P , 0.001

Notes: We used stepwise multiple regression with forward selection of variables. Environmental
variables investigated in the regression analysis were lake area (km2), lake depth (m), water
temperature (8C), total phosphorus (TP; mg/L), total nitrogen (TN; mg/L), the interaction term
TN 3 TP, Secchi depth (m), chlorophylla concentration (lg/L), and the square of chlorophyll a
concentration. Environmental variables were selected only ifP , 0.001 and are listed in the order
of entry into the model. Species richness, lake area, lake depth, total phosphorus, total nitrogen,
Secchi depth, and chlorophylla concentration were log-transformed prior to the analysis.

TABLE 2. Multiple regression analysis of each environmental variable as function of geographical
location.

Variables
Partial regression

coef“cients Standard error
Standardized
coef“cients P

Temperature (modelR2 ¼ 0.73, P , 0.001)
Constant 41.896 0.908 ,0.001
Longitude 0.105 0.009 0.346 ,0.001
Latitude � 0.312 0.019 � 0.413 ,0.001
Altitude � 1.916 0.176 � 0.316 ,0.001

Chlorophyll a (model R2 ¼ 0.13, P , 0.001)
Constant 1.842 0.169 ,0.001
Longitude 0.008 0.002 0.211 ,0.001
Altitude � 0.131 0.038 � 0.181 0.001

Lake area (modelR2 ¼ 0.10, P , 0.001)
Constant 1.07 0.318 0.001
Latitude � 0.041 0.007 � 0.284 ,0.001
Longitude � 0.018 0.003 � 0.303 ,0.001
Altitude � 0.211 0.062 � 0.182 0.001

Lake depth (model R2 ¼ 0.16, P , 0.001)
Constant � 0.424 0.119 ,0.001
Longitude � 0.012 0.001 � 0.397 ,0.001

Secchi depth (modelR2 ¼ 0.18, P , 0.001)
Constant � 0.595 0.126 ,0.001
Altitude 0.135 0.028 0.246 ,0.001
Longitude � 0.006 0.001 � 0.219 ,0.001

Total nitrogen (model R2 ¼ 0.30, P , 0.001)
Constant 0.48 0.124 ,0.001
Longitude 0.011 0.001 0.433 ,0.001
Latitude 0.017 0.003 0.258 ,0.001
Altitude � 0.119 0.024 � 0.231 ,0.001

Total phosphorus (modelR2 ¼ 0.06, P , 0.001)
Constant � 1.095 0.025 ,0.001
Altitude � 0.173 0.029 � 0.247 ,0.001

TN 3 TP (model R2 ¼ 0.33, P , 0.001)
Constant � 0.577 0.148 ,0.001
Longitude � 0.013 0.001 � 0.426 ,0.001
Altitude 0.168 0.029 0.269 ,0.001
Latitude � 0.017 0.003 � 0.219 ,0.001

Notes: We used stepwise multiple regression with forward selection of variables. Geographical
location was characterized by three regression variables: latitude, longitude, and altitude (km). The
regression variables were selected only ifP , 0.001 and are listed in the order of entry into the
model. Lake area, lake depth, total phosphorus, total nitrogen, Secchi depth, and chlorophylla
concentration were log-transformed prior to the analysis.
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varied along latitudinal, longitudinal and/or altitudinal
gradients. Furthermore, phytoplankton species richness
increased with lake area, and showed a strong positive
relationship with lake chlorophyll a (Fig. 3B; Appendix
B: Table B2). In addition, lake chlorophyll a had a
negative quadratic effect on species richness, consistent
with the saturating relationship in Fig. 2D. The
geographical variables latitude, longitude and altitude
also had direct effects on species richness (Fig. 3B).
Total phosphorus concentration and lake depth did not
display a signi“cant direct effect on phytoplankton
diversity, but had indirect effects on phytoplankton
diversity due to their effects on lake chlorophyll a.
Interestingly, temperature did not have a signi“cant
effect on species richness in the structural equation
model, neither directly nor indirectly, whereas it did
have a signi“cant effect in the multiple regression
analysis.

To evaluate whether the direct effects of geographical
variables (longitude, latitude and altitude) on species
richness might suppress effects of environmental vari-
ables, we also performed a SEM analysis without direct
pathways from the geographical variables to species
richness (Fig. 3C). In this case, direct effects of

temperature and lake depth on species richness became
signi“cant. Note that most other pathways in the two
structural equation models (Fig. 3B, C) were very
similar, which indicates that these pathways were robust.

DISCUSSION

The role of local environmental variables

Our results show that the diversity of freshwater
phytoplankton displays strong biogeographical varia-
tion across the United States (Fig. 1, Fig. 2). Visual
inspection of the data (Fig. 2D…F), multiple regression
analysis (Table 1) and structural equation modeling
(Fig. 3) all indicate that these large-scale biodiversity
gradients are largely mediated by geographic variation
in local environmental factors such as lake productivity
(chlorophyll a concentration), lake area, and possibly
lake depth and water temperature.

Of all variables included in our study, lake chlorophyll
a had the largest effect on phytoplankton biodiversity.
Moreover, both the multiple regression analysis and the
structural equation model identi“ed a signi“cant qua-
dratic term for lake chlorophyll a. This “nding suggests
either a saturating or unimodal productivity…diversity
relationship, as has also been documented in many other

FIG. 3. Structural equation model explaining direct and indirect effects of latitude, longitude, and altitude on phytoplankton
species richness. (A) Initial model illustrating all plausible interaction pathways in the study system. (B) Final model obtained by
trimming of the initial model. (C) Final model obtained by trimming of the initial model without direct pathways from longitude,
latitude and altitude to species richness. The values along the pathways represent standardized path coef“cients, red arrows indicate
negative effects, and blue arrows positive effects.
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studies of terrestrial, marine and freshwater biodiversity
(Grime 1973, Rosenzweig 1995, Waide et al. 1999,
Dodson et al. 2000, Mittelbach et al. 2001, Irigoien et al.
2004). Earlier studies demonstrating unimodal produc-
tivity-diversity relationships in freshwater phytoplank-
ton typically included very productive lakes (Dodson et
al. 2000), whereas our data set contained only few highly

productive waters with chlorophyll a concentrations .

100 lg/L. This may explain why a decrease of diversity
at high chlorophyll a levels is not very pronounced in
our data set (Fig. 2D). In turn, chlorophyll a concen-
tration showed a strong positive relationship with total
nitrogen and total phosphorus (Fig. 2G, H), which is
expected because nitrogen and phosphorus are impor-

FIG. 3. Continued.
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APPENDIX A

References describing EPA methods and their data (Ecological ArchivesE092-183-A1).

APPENDIX B

Development of the structural equation model (Ecological ArchivesE092-183-A2).

SUPPLEMENT

Data on phytoplankton species richness and environmental variables used in this study (Ecological ArchivesE092-183-S1).
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