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Abstract: The distribution patterns of surface sediment diatom assemblages from 49 lakes were used to explore the
relationship between limnological variables and diatom assemblages as well as to assess an ecological classifica-
tion system as a tool for the management and conservation of Icelandic freshwaters. Lakes were limnologically
diverse ranging from deep, oligotrophic, ionically dilute lakes, to shallow lakes with a wide range of nutrient and
ionic contents. Physical conditions (depth, surface area, surface water temperature) and nutrient and ion concentra-
tions differed significantly among ecological lake categories (i.e., plateau, spring-fed, direct-runoff, valley, glacial,
and coastal lakes) (ANOVA, p <0.05). Diatom assemblages were taxonomically diverse (329 taxa) with strong
representation of planktonic, benthic and periphytic forms. Small benthic Fragilaria sensu lato (19 species and
varieties) were the most abundant with combined abundances > 20 % in all but 4 of the lakes, most likely due to the
generally cold lake water conditions in this subarctic region. Variation in diatom distributions was best explained by
the combination of mean depth (influencing littoral versus planktonic habitats), surface water temperature, specific
conductivity, alkalinity, total organic carbon, total nitrogen and SiO, in a canonical correspondence analysis (CCA).
However, these variables did not explain distribution patterns amongst small benthic Fragilaria taxa, although
some weak relationships between some taxa and these variables were evident. Distinct diatom assemblages and
limnological properties among ecological lake categories support the classification of Icelandic freshwaters based
on major topographic, geological and hydrological characteristics. More detailed inclusion of lake depth along
with lake basin form, as well as more refined categories of lake water origin and topographical positioning to better
approximate regional climatic conditions, may improve the ecological classification of Icelandic freshwaters for
conservation and management practices.

Key words: diatom ecology, ecological lake classification, Fragilaria, Iceland, limnology, North Atlantic, paleo-
limnology, subarctic lakes.

Introduction

Lakes located in subarctic regions are sensitive eco-
systems that represent ecologically and economical-
ly important freshwater resources. The physical and

chemical properties of subarctic lakes, and hence their
aquatic biota, are especially susceptible to both natural
and human-induced environmental impacts (Schindler
& Smol 2006). In Iceland, a subarctic island located
in the North Atlantic Ocean (Fig. 1), a combination
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Fig. 1. Location of lakes analysed in this study (numbers refer to lake names provided in Table 1) and zonation of five major
bedrock classes in Iceland (modified from Jéhannesson & Saemundsson 1998): 1-2) Historical (<0.0011 Ma) and postglacial
prehistoric (0.0011-0.01 Ma) basic and intermediate lavas; 3) Upper Pleistocene (0.01-0.8 Ma) basic and intermediate hyaloclas-
tite pillow lava, interglacial and supraglacial lavas; 4) Upper Pliocene and Lower Pleistocene (0.8-3.3 Ma) basic and intermediate
extrusive rocks; and 5) Upper Tertiary (> 3.3 Ma) basic and intermediate extrusive rocks.

of natural geomorphic, climatic and anthropogenic
impacts has profoundly altered the terrestrial land-
scape over the course of the Holocene (Gerrard 1991,
Maizels & Caseldine 1991). Such major environmen-
tal factors have undoubtedly influenced the limnology
and biology of lakes in the region. However, as with
other islands of the northern north Atlantic, contempo-
rary and long-term limnological and paleolimnologi-
cal data are limited (Anderson et al. 2004).
Large-scale and often catastrophic geomorphic
events are common in Iceland because it is situated
astride the geologically active Mid-Atlantic Ridge
(MAR), a zone of plate divergence in the Atlantic
Ocean. A 400-km long segment of the MAR is ex-
posed and crosses Iceland from the southwest to the
northeast, creating several volcanic zones with numer-
ous active central volcanoes (Saemundsson 1986) and
seismic epicentres (Einarsson 1986). Since deglacia-
tion ca. 10000 years ago, both land and lakes within
the volcanic zones have been reshaped by processes
related to postglacial volcanism and rifting (e.g., Sae-
mundsson 1992), including the deposition of lava and
ash over the landscape. Because of the volcanic origin

of Icelandic soils, they are mainly andosols, which are
easily weathered by streams, wind, ice, landslides and
major meltwater flood events from subglacial thermal
areas and volcanoes (Arnalds 1999). Areas flanking
the active volcanic zones have undergone extensive
soil erosion exposing underlying lava shields and con-
tributing to high sediment deposition oceanward to the
shelf around Iceland (Saemundsson 1986).
Postglacial climatic change has also influenced the
Icelandic landscape. Several sedimentological stud-
ies of marine sediment cores off the coast of Iceland
have documented significant climatic changes over the
Holocene (e.g., Andrews et al. 2001a, b, Jennings et
al. 2001, Andrews & Giraudeau 2003). Doner (2003)
determined that erosion cycles over the last 1000 years
in northwest Iceland are strongly linked to the North
Atlantic Oscillation (NAO) from sedimentological and
geochemical analysis of lake cores. In the same study,
increased erosion rates during the Little Ice Age are
inferred to have enhanced algal productivity via the in-
flux of limiting nutrients (Doner 2003). In response to
climate change, numerous glaciers throughout Iceland
have undergone several advances and recessions dur-
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ing the Holocene (Martin et al. 1991, Gudmundsson
1997), reshaping the landscape through moraine de-
posits, glacial meltwater flow and sand development.
In addition, cyclones are a common climatic distur-
bance, frequently reaching the southwest coast of Ice-
land, causing rapid, drastic changes in wind patterns
and precipitation (Einarsson 1984).

Human impacts have been substantial on terrestrial
and aquatic environments since European settlement of
Iceland ca. AD 870. Agricultural practices, including
deforestation, overgrazing and draining of wetlands,
have been major, long lasting contributors to the ex-
tensive losses of soil (Thorarinsson 1962, Thorsteins-
son & Arnalds 1992, Arnalds 1999, Olafsdéttir &
Gudmundsson 2002) and vegetative cover (Bjarnason
1978, Thorsteinsson & Arnalds 1992, Olafsdéttir &
Gudmundsson 2002) throughout Iceland. These fac-
tors along with hydroelectric development, road works
and diatomite extraction are considered to constitute
the main anthropological impacts on freshwater in Ice-
land (Malmquist 1998, Malmquist et al. 2001, WWF
2001, Olafsson et al. 2002a, Einarsson et al. 2004).
Other impacts on Icelandic freshwater ecosystems,
resulting in changed faunal diversity and altered food
web structures, include transplantations of salmonid
fish to fishless areas and opening access of salmonids
to upstream river sections (Malmquist 1998, Olafs-
son et al. 2002a) and, most recently, climate warming
(Malmquist et al., in press).

Future environmental changes on lakes and aquatic
biota in Iceland are likely in light of geological (e.g.,
volcanism and rifting) and climatic events, and con-
tinued human influences. Recognizing the wide range
of lake typology in Iceland, Gardarsson (1979) pro-
posed an ecological classification system for Icelandic
freshwater lakes to assist conservation efforts in con-
sideration of these potential impacts. This ‘lake type’
classification is based on major geological, topograph-
ical and hydrological features that potentially have a
large influence on the physical, chemical and biologi-
cal conditions of Icelandic lakes (Gardarsson 1979).
However, Gardarsson’s (1979) classification system is
qualitatively developed from the study of only a few
freshwater systems with limited measured data, and
this approach has not been formally tested for lakes.
Recently, background water quality and aquatic bio-
logical community data on a landscape scale has be-
come available to critically identify and monitor the
effects of future environmental change on lakes, as
well as to develop sound environmental impact as-
sessments and conservation strategies. In 1992, the
Ecological Survey of Icelandic Lakes (ESIL) was ini-

tiated to provide a standardized database of biological,
limnological, hydrological and geological information
on the main types of Icelandic lakes (Malmquist 1997,
1998, et al. 2000, 2001). Also, in 1995, an ecological
survey of running waters in Iceland was started (Gisla-
son et al. 1998, Olafsson et al. 2001, 2002b).

Studies of the modern distribution and commu-
nity composition of diatom assemblages in relation
to environmental conditions can provide important
ecological information to assess past lake responses
to environmental change in paleolimnological studies
(Stoermer & Smol 1999) and to aid in the management
of lakes (Smol 2008). Such studies exist for subarc-
tic regions throughout North America (e.g., Pienitz &
Smol 1993, Pienitz et al. 1995, Gregory-Eaves et al.
1999, Fallu et al. 2002, Riihland & Smol 2002, Wil-
son & Gajewski 2002, Riihland et al. 2003a, b) and
Europe (e.g. Weckstrom et al. 1997, Bigler and Hall
2002). Various chapters in Pienitz et al. (2004) provide
summaries for many of these regions. However, these
studies may not be directly applicable for use in Ice-
land, which presents a unique subarctic environment
with a very different climatic regime and geologi-
cal structure. Several early taxonomic studies of the
diatom flora of Iceland are reviewed in Foged (1974)
and Hallgrimsson (2007), but few have investigated
ecological preferences and/or distribution patterns
of diatoms in Icelandic lakes. Notably, Foged (1974)
published an extensive taxonomic treatise of mainly
freshwater epipelic, epilithic and epiphytic diatom
flora collected in 1954 from 170 localities in Iceland.
More recently, Jonsson (1992) provided a detailed ac-
count of the community structure and metabolism of
epilithic diatoms from Thingvallavatn, a large, oligo-
trophic lake in southwest Iceland.

This study explores the modern limnological char-
acteristics and diatom assemblages from the surface
sediments of 49 Icelandic lakes spanning a wide range
of environmental conditions from samples collected
between 1992 and 1998 as part of the Ecological Sur-
vey of Icelandic Lakes (ESIL) (Malmquist 1997, 1998,
Malmgquist et al. 2000). Observed distributional and
ecological trends in the diatom assemblages are then
used to assess the ecological classification system for
Icelandic freshwaters of Gardarsson (1979), and its
usefulness for effective conservation planning. Identi-
fied relationships between the composition of sedimen-
tary diatom assemblages and limnological conditions
provide an important framework for the use of diatoms
as paleolimnological indicators to assess the response
of Icelandic lakes to past natural- and human-induced
environmental change. Importantly, this work provides
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baseline data for future monitoring, conservation plan-
ning and environmental assessment of Icelandic lakes.

Study area

The 49 lakes in this study span a wide geographic area
to encompass the broad range of environmental condi-
tions that characterize Iceland. Iceland is a large subar-
ctic island (103,100 km?) located between the latitudes
of 63°23” and 66°32’ N and longitudes of 13°30” and
24°32’W in the North Atlantic Ocean (Fig. 1). Gla-
ciers cover approximately 11.5% of the landscape,
with the largest glacier, Vatnajokull, measuring about
8,400 km*. Lowlands and river plains (<200m a.s.l.)
occur mainly along the southern coastline, but ap-
proximately 75 % of the land is considered mountain-
ous with elevations greater than 200 m a.s.l. (CBD,
2001). Plateaus dominate the interior of Iceland along
a southwest to northeast transect of the exposed Mid-
Atlantic Ridge (MAR).

The climate of Iceland in the south and west is tem-
perate rainy with cool, short summers, while a snow
climate predominates in the north and central highland
regions. The occurrence of these two distinct climatic
regimes in Iceland, as well as weather, is largely in-
fluenced by both meteorological (e.g., oceanic and
atmospheric circulation patterns) and geographical
factors (e.g., topography, latitude, and sea ice extent)
(Einarsson 1984, Hanna et al. 2004). The North At-
lantic Drift and Irminger Current carry warm waters
northward along the south, west and north coasts of
Iceland meeting the cold East Greenland Current (East
Iceland Current), which flows southward along the
east coast. Similarly, warm temperate and cold polar
front air masses meet near Iceland. The convergence
of these major air masses often creates cyclones that
can cause rapid, drastic changes in Icelandic weather
(Einarsson 1984). Mean annual temperatures in the
southern and northern coastal lowlands ranges from
4-5°C and 3-4°C, respectively, and are slightly cooler
in inland and highland areas. The annual range of tem-
peratures in Iceland is small, ranging from 9-11°C
near the coasts, and 12-13°C in most inland regions
(Einarsson 1984, Hanna et al. 2004). Mean annual
precipitation is variable within short distances, but
is generally highest (often greater than 4,000 mm) in
the southeast falling ahead of cyclones that typically
arrive from the southwest of Iceland. Lowest annual
precipitation (less than 600 mm) occurs in the north
and northeast.

Lava formations that are rich in easily weathered
basalts dominate the bedrock of Iceland. The five major

bedrock classes (modified from Jéhannesson & Sae-
mundsson 1998) include: 1) Historical (<0.0011 Ma)
basic and intermediate lavas; 2) Postglacial prehistoric
(0.0011-0.01 Ma) basic and intermediate lavas; 3) Up-
per Pleistocene (0.01-0.8 Ma) basic and intermediate
hyaloclastite pillow lava, interglacial and supraglacial
lavas; 4) Upper Pliocene and Lower Pleistocene (0.8—
3.3 Ma) basic and intermediate extrusive rocks; and 5)
Upper Tertiary (>3.3 Ma) basic and intermediate ex-
trusive rocks (Fig. 1).

Soils are of volcanic origin formed by the rapid
weathering of volcanic glass and crystalline parent
materials, and are mainly basaltic in composition
(Arnalds 1999). They exhibit typical andic properties
with generally high concentrations of carbon, low bulk
density, and lack cohesion because of low concentra-
tions of clay minerals (Wada 1985). Icelandic soils are
highly unstable and are strongly influenced by vol-
canic activity, cryogenic processes and active erosion
(Arnalds 1999). Erosion is extreme in many areas of
Iceland, creating approximately 40 000 km? of barren
landscapes with infertile desert soils (Arnalds 1999).
Recent studies suggest that erosion and related inwash
events into lakes has been a major problem since the
early Holocene (e.g., Caseldine et al. 2006, Wooller et
al. 2008).

The 49 lakes in this study span a wide range of physi-
cal settings with differing bedrock geology and hydrol-
ogy, as described by the ecological lake type categories
proposed by Gardarsson (1979) and modified by the
Ecological Survey of Icelandic Lakes (ESIL) working
group (Malmquist 1997, 1998, Malmquist et al. 2000).
The lake type categories include: 1) spring-fed lakes;
2) plateau lakes; 3) direct-runoff lakes; 4) valley lakes;
5) glacial lakes; and 6) coastal lakes. ‘Spring-fed’ lakes
are found mostly in catchments dominated by postgla-
cial and younger palagonite bedrock formations and
are fed by cold-water spring-inlets that are character-
ized by annually stable temperatures and nutrients.
‘Spring-fed’ lakes display a wide range of depths and
sizes, but are generally rich in dissolved nutrients and
minerals. ‘Plateau’ lakes are mostly situated on vege-
tated heaths in the unpopulated highlands (~200—400 m
a.s.l.) in catchments primarily of lower Pleistocene
and Tertiary bedrock origin. The lakes are typically
shallow, with moderate to high specific conductance,
and are often buffered by direct runoff in vegetated
wetland systems. ‘Direct-runoff’ lakes are similar to
‘plateau’ lakes in that they are generally shallow but,
by contrast, they are situated in poorly vegetated and
mostly barren highlands at higher elevations (>400m
a.s.l.) and have relatively lower conductivities. ‘Val-
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ley’ lakes are large, deep, dilute lakes mostly situated
in narrow valleys. Bedrock conditions and source of
water origins are variable, but valley lakes are usually
fed by direct runoff on poorly vegetated catchments of
lower Pleistocene and Tertiary bedrock. ‘Glacial’ lakes
are fed by glacial meltwater and are highly silted and
turbid. Finally, ‘coastal’ lakes are low elevation lakes
(0-10m a.s.l.) that are proximal to coastal areas, and
are saline due to marine inputs.

Methods

Sample collection

Limnological measurements were done and surficial sediments
were collected from the deepest part of 49 lakes in Iceland in
late-July to mid-September 1992-1998 by the Ecological Sur-
vey of Icelandic Lakes (ESIL) working group. The lakes were
selected primarily according to lake size and depth, type of bed-
rock in the catchment and elevation to provide a representative
set of lakes that span major physical gradients in Iceland. In
each lake, a single sediment sample was collected with a Kajak
corer, and the topmost 1-2 cm sediment layer retained and kept
unfixed in a brown glass bottle in darkness until later analy-
ses. Temperature, pH and conductivity were measured at the
coring sites at 40—-150 cm below surface. A water sample (1 L)
was taken from each lake at the coring site at 20-40 cm below
surface and the samples kept frozen for later analyses of chemi-
cal variables. Chemical analyses were conducted on unfiltered
water samples at the Norwegian Institute of Water Research in
Oslo. The environmental data set included 10 physical variables
[latitude (LAT), longitude (LONG), altitude (ALT), mean depth
(MD), maximum depth (Z,,), volume (VOL), surface area
(SA), discharge (DISCH), drainage area (DRAIN), surface wa-
ter temperature (TEMP)], 19 chemical variables [specific con-
ductivity (COND), alkalinity (ALK), pH, total organic carbon
(TOC), total phosphorus (TP), total nitrogen (TN), PO,-P, NH,-
N, NO;-N, SiO,, Mg, Na, Ca, K, CL, F, Al, Fe, SO,], and 3 cat-
egorical variables [location (LOC), bedrock (BED), ecological
lake type (TYPE)] (Table 1). Location (LOC) refers to the gen-
eral geographical position (north, northeast, west, southwest,
west fjords, east) of the sample lakes. Bedrock classes are mod-
ified from Johannesson & Saemundsson (1998) and lakes have
been assigned to one of 6 ecological lakes type (TYPE) classes
from the classification scheme for Icelandic freshwaters pro-
posed by Gardarsson (1979) and modified by Malmquist et al.
(2000). TYPE classes include: 1) plateau lakes; 2) direct-runoff
lakes; 3) spring-fed lakes; 4) valley lakes; 5) glacial lakes, and
6) coastal lakes. Few of the lakes could be classified into a mix-
ture of two categories. Notable examples are Lake Svartdrvatn
and Vifilsstadavatn, both classified as plateau lakes in Table 1,
but these are also quite strongly influenced by spring-fed inlets.
Lake Apavatn could also be classified as a mixture of spring-fed
and direct-runoff. Lake Mdsvatn could also be classified as a
mixture plateau, direct run-off and valley.

Diatom sample preparation and enumeration

Samples for diatom analysis were prepared by acid digestion
using standard methods (Wilson et al. 1996). Following acid

digestion, many of the diatom samples contained long chains
(often more than 20 valves) of small, benthic diatoms of the
genera Fragilaria, Staurosira, Staurosirella and Pseudostau-
rosira (see Table 2 for taxonomic synonyms; formerly of the
genus Fragilaria and herein collectively referred to as Fragi-
laria sensu lato). Long chains of these taxa caused difficulties
in taxonomic identification of morphologically similar valves,
an uneven distribution of valves across the coverslip, and the
potential over-representation of Fragilaria sensu lato in the
diatom counts. Therefore, problematic samples were sonicated
prior to counting to disperse the Fragilaria sensu lato valves,
resulting in a more even distribution of diatoms across the cov-
erslip and greater numbers of valves positioned in valve view
on the slide. Diatom valves were then identified and counted
(~500 per sample) across transects of the coverslip at 1000x
magnification using a Leitz DMRB light microscope fitted with
differential interference optics (numerical aperture = 1.30). Pri-
mary taxonomic references for diatom identification included
Foged (1974, 1981) and Krammer & Lange-Bertalot (1986—
1991). Although diatom nomenclature continues to change, and
new names continue to be debated, we have primarily used the
taxonomic systems cited above to be consistent with the many
Arctic and Subarctic diatom calibration sets published by our
lab (and others). For some of the common taxa, we also supply
synonyms of more recently used designations in Table 2.

Numerical analyses

Chemical variables with missing values or values below detec-
tion limits in more than 10 % of the lakes were eliminated from
the environmental data set (i.e., DISCH, DRAIN, PO,-P, NH,-
N, NO;-N, F, Al). Otherwise, variables with missing values [pH
(1 lake), ALK (3 lakes)] were replaced by the mean for that
variable (and so would not influence our statistical analyses)
and values below detection limits were set to the detection limit
value. To correct for skewed distributions, log transformations
were applied to MD, Z,,,, COND, Mg, TOC, TN, Na, Fe, K, Cl,
and SO,, and SiO, was square-root transformed. Transforma-
tion of LAT, LONG, ALT, VOL, AREA, and TP did not correct
the strongly skewed distributions of these variables, and they
were eliminated from the data set.

Diatom taxa were expressed as relative abundances. Only
those taxa with a relative abundance of at least 1 % in one lake
and present in a minimum of 3 lakes were retained for further
analyses. The relative abundances of all diatom taxa were square
root transformed to stabilize variances and optimize the signal
to noise ratio in the data following Brooks & Birks (2000) in all
statistical analyses.

Three lakes were removed from statistical analyses (ANO-
VA, multivariate ordinations) reducing the original 49-lake data
set to 46 lakes. These included the only two ‘coastal’ lakes,
Hoépid (41) and Hlidarvatn (51), which were saline due to
strong marine influence (Table 3), and had extreme environ-
mental influence on COND (> 20 times influence) in a prelimi-
nary canonical correspondence analysis (CCA) of the diatom
and environmental data. Also removed from statistical analyses
was the deepest lake (maximum depth = 111.5m), Lagarfljét
(59), the only proglacial lake, which was an outlier on the first
axes in a preliminary principle components analysis (PCA) of
the environmental variables, and displayed > 10 times influence
on MD and Fe in a preliminary CCA.

Pearson correlation with Bonferroni-adjusted probabili-
ties was used to determine significant relationships (p <0.05)
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between measured environmental variables. Limnological
differences between TYPE categories of Icelandic lakes (i.e.,
‘plateau’, ‘direct-runoff’, ‘spring-fed’, and ‘valley’) were as-
sessed using Analysis of Variance (ANOVA). ANOVA analy-
ses included post hoc tests (p <0.05) based on Bonferroni test
statistics. Pearson correlations and ANOVA analyses were per-
formed using the computer program SPSS version 11.0. Prin-
cipal components analysis (PCA), an indirect gradient, multi-
variate ordination technique, was used to further explore the
relationships between environmental variables and assess the
main direction of variation in limnological conditions between
Icelandic lakes.

Detrended correspondence analysis (DCA, Hill & Gauch
1980) with detrending by linear segments and non-linear re-
scaling of axes was used to explore the main distributional
patterns of diatom taxa among the training-set lakes and to as-
sess the compositional gradient lengths of the ordination axes.
The gradient length of the first DCA axis was 3.0 suggesting
unimodal responses of the species data. Therefore, canonical
correspondence analysis (CCA, Jongman et al. 1995), a mul-
tivariate direct gradient ordination technique, was used to as-
sess contemporary relationships between the diatoms and the
measured physical and chemical environmental conditions of
the training-set lakes. The minimum set of environmental vari-
ables that significantly explained the variation in diatom dis-
tributions used in the CCA were determined using the meth-
ods suggested by Birks et al. (1990) and Hall & Smol (1992).
Briefly, the environmental data set was reduced by: 1) eliminat-
ing significantly correlated variables determined using Pearson
correlation with Bonferroni-adjusted probabilities (p <0.05)
that did not explain a significant additional amount of variation
in the diatom assemblages in a series of partial CCAs (i.e., one
variable was chosen as the sole explanatory variable and each
correlated variable was used as the sole covariable); 2) only in-
cluding variables that explained a significant and independent
amount of the variation in the data set determined by a series of
ordinations constrained to a single environmental variable; and
3) using a forward selection procedure to identify variables that
account for additional, significant amounts of variation in the

diatom data. In the final CCA, rare taxa were downweighted
and species scores were scaled to be weighted averages of the
sample scores. Significance testing was based on Monte Carlo
permutation tests (999 permutations).

All multivariate ordinations (PCA, DCA, CCA) were per-
formed using the computer program CANOCO, version 4.0
(ter Braak & Smilauer 1998), and lakes were coded a priori
in the ordination biplots into TYPE (i.e., plateau, direct-runoft,
spring-fed, valley, coastal, and glacial lakes) categories follow-
ing Gardarsson’s (1979) ecological classification scheme for
Icelandic freshwaters. The two ‘coastal’ lakes [H6pid (41) and
Hlidarvatn (51)] and one ‘glacial’ lake [Lagarflj6t (59)] were
included as passive samples in the PCA and CCA ordinations.

Analysis of similarities (ANOSIM) was used to determine
whether the diatom assemblages differ significantly among
groups of lakes with different TYPE categories. ANOSIM is a
non-parametric test analogous to multivariate one-factor analy-
sis of variance (ANOVA) (Clarke & Warwick 1994). In the pro-
cedure, within- and across-group rank dissimilarities (based on
Bray and Curtis similarities) are computed and compared to the
initial rank dissimilarity, and reported as the R-statistic (Clarke
& Warwick 1994). An R-statistic significantly greater than zero
(p <0.05) based on permutation tests (5000 permutations) indi-
cates that differences between pairs of groups are greater than
differences within each group. The contribution of individual
diatom taxa to the average dissimilarity (Bray and Curtis simi-
larities) between TYPE categories of lakes was then calculated
using Bray and Curtis similarities. The above analyses were
performed using the statistical package PRIMER version 4.0
beta (Clarke & Warwick 1994).

Results

Physical and chemical characteristics

The study lakes spanned a wide range of sizes, from
0.2 to 53.0 km> Similarly, the variation in lake depth

Table 4. Pearson correlation matrix of selected transformed environmental variables for the 49 Icelandic lakes set. Bolded values
are significant (p <0.05) based on Bonferroni-adjusted probabilities.

MD Zmax TEMP TN TOC SiO, PH ALK COND Cl SO, Ca Fe K Mg Na
MD 1.00
Zmax 096 1.00
TEMP 029 0.29 1.00
TN -0.67 -0.70 -0.21 1.00
TOC -0.51 -0.51 -0.04 0.82 1.00
SiO, 043 052 0.18 -0.37 -0.47 1.00
PH -0.08 -0.01 -0.10 0.17 0.12 021 1.00
ALK -0.09 -0.01 -0.02 035 035 025 051 1.00
COND -0.20 -0.16 -0.02 0.56 0.57 0.08 032 053 1.00
Cl -0.01 -0.06 0.19 023 039 -028 -0.04 -0.01 048 1.00
SO, 0.19 0.19 -0.06 0.04 -0.03 037 005 022 039 038 1.00
Ca 0.00 0.07 008 029 026 034 046 070 063 0.12 034 1.00
Fe -0.53 -0.53 -0.19 074 0.63 -005 0.17 031 058 0.09 0.10 042 1.00
K -0.17 -0.14 -0.28 053 038 0.12 027 043 066 022 031 047 047 1.00
Mg -0.17 -0.13 0.03 044 056 0.05 020 042 059 023 027 0.67 054 053 1.00
Na -0.11 -0.09 0.02 036 032 019 040 046 077 049 049 046 040 0.51 0.35 1.00
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Fig.3. PCA ordination biplot showing
. the relative position of Icelandic lakes
o Zmax Sio, (n = 49) with respect to 16 measured
o limnological variables. Lakes are coded
' a priori into ecological TYPE catego-
1.0 +1.0  ries. ‘Glacial’ and ‘coastal’ lakes are

Axis 1 (L = 0.3599)

was also large ranging from 0.4 m to 111.5 m. Howev-
er, nearly half of the lakes were relatively small (mean
surface area < 2 km?) and shallow with depths less than
5 m (Table 3). Maximum depth (Z,,,,) and mean depth
(MD) were highly correlated (r = 0.96) and these
measures of depth were negatively correlated with to-
tal nitrogen (TN), total organic carbon (TOC) and Fe
(Table 4). ANOVA with Tukey ad hoc tests of TYPE
lake categories revealed that the ‘valley’ lakes, which
are mostly graben lakes located in southwest Iceland,
are significantly deeper than ‘plateau’, ‘direct-runoft’
and ‘spring-fed’ lakes (Fig. 2). Lagarfljot (59), the only
‘glacial’ lake in the data set, was the deepest lake with
a maximum depth of 111.5m.

TP concentrations (Table 3) range from 3 to 74 pug
I"'; however, 65 % of the lakes can be classified as oli-
gotrophic, with TP concentrations less than 10 pg 1™
As with TP concentrations, TN and TOC concentra-
tions are generally low in the study lakes with mean
concentrations of 167 pg I"' and 1.19 mg ™', respec-
tively. TN and TOC are positively correlated (Table 4),
and higher values of these variables (TN >200ug 1™,
TOC >2mg 1) occur only in a few of the shallow
(<2m) ‘plateau’ lakes (i.e., lakes 11, 22, 35, 52, 55,
and 56) (Table 3).

plotted passively.

The study lakes are generally circumneutral to al-
kaline (mean pH = 7.7, range = 6.4 — 11.1), and have
relatively high alkalinity (mean alkalinity = 0.41 meq
I, range = 0.08 — 0.82 meq 1) (Table 3).

Multivariate ordination of the measured limnologi-
cal variables (n = 16 following data screening) by PCA
revealed two main directions of variation in the Ice-
landic lakes’ data set (Fig. 3). The first axis (A, =0.36)
is defined primarily by gradients of ions and nutrients
(COND, TN, Fe, TOC, K, Mg, Na, and Ca), while
measures of lake depth (Z,,,,, MD), SO,, and SiO, best
account for the variation of lakes along the second axis
(A, =0.21). Together, the first two PCA axes explain a
relatively large portion (56.6 %) of the total variation
in the data set. Eigenvalues of the third and fourth axes
are relatively low (A;=0.103, A,=0.073) and explain-
ing only 17.6 % of the variation in measured limno-
logical variables, and are thus not discussed further.

Diatoms

The diatom flora identified in the surficial sediments
of the 49 Icelandic lakes was taxonomically diverse
and included a total of 329 taxa representing 14 genera
(Appendix 4.2 in Karst-Riddoch 2004). Of these taxa,
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139 were common in the data set with abundances of
at least 1 % in one lake and present in 3 lakes (Ta-
ble 5). Taxon identification numbers from Table 5 are
provided in parentheses after the taxon names in the
following discussion for reference. It should be noted
that Fragilaria construens and F. pseudoconstruens
were combined in the data set as F. pseudoconstruens/
construens (84) due to taxonomic difficulties in dif-
ferentiating these diatoms that occurred largely in gir-
dle view on the slides. The final reduced data set of
139 diatom taxa accounts for a minimum of 83 % of
the total diatom valves in the assemblages from the 49
Icelandic lakes.

Small benthic taxa of the genus Fragilaria sensu
lato were the most common and abundant diatoms in
the assemblages from Iceland, occurring in all of the
49 study lakes with combined relative abundances of
over 20 %, with the exception of 4 deep ‘valley’ lakes
(Z.nax >25m) (Fig. 4a). Benthic diatoms of the genus
Fragilaria sensu lato were highly diverse in the Ice-
landic lakes’ set, including 19 different species and
varieties. The most common small benthic Fragilaria
sensu lato taxa were F. brevistriata (67), F. construens
var. venter (75), F. pinnata (82), F. pseudoconstruens/
construens (84), F. parasitica (81), F. virescens var.
exigua (86), F. lapponica (79), and F. construens var.
binodis (74), which most strongly dominated the as-
semblages from the shallowest lakes (<5.0 m). High
relative abundances (50 — 98 %) of these few Fragilar-
ia spp. resulted in low species diversity indices (Hill’s
N2) of shallow lakes (< 5.0 m) in comparison to deeper
lakes in the data set (Fig. 4a). Other benthic Fragilaria
[i.e., E arcus (66), F. brevistriata var. inflata (68), F.
capucina and varieties (69-73), F. elliptica (78), F.
neoproducta (80) and F. pinnata var. intercedens (83)]
were also present in the diatom assemblages, but each
of these occurred in less than 10 of the lakes and with
generally low abundances (< 10 %).

Lakes with intermediate depths ranging from 5 to
25 m had the most taxonomically diverse diatom as-
semblages (Fig. 4a). In addition to small benthic Frag-
ilaria diatoms that strongly dominated the shallow
lakes, several other small benthic taxa, mostly from
the genus Achnanthes [e.g., A. minutissima (18), A.
lacus-vulcani (13), A. pusilla (25), A. lanceolata ssp.
[frequentissima (15), A. suchlandtii (28), A. didyma (8),
A. impexa (11), A. subatomoides (27), and A. gracilli-
ma (9)], but also Navicula minima (105) and Amphora
pediculus (32), were important components of the dia-
tom assemblages from lakes with intermediate depths
(Fig. 4b). Larger benthic and periphytic pennate dia-
toms [e.g., Tabellaria flocculosa (139), Nitzschia ac-

icularis (115), Cymbella silesiaca (58), N. dissipata
(117), Rhopalodia gibba (133), Diatoma tenuis (60),
and N. fonticola (118)] commonly associated with lit-
toral habitats occurred in many of the lakes with in-
termediate depths, but with comparatively low relative
abundances of less than 10 % (Fig. 4b).

The dominant planktonic diatoms included Cy-
clotella pseudostelligera (51), Asterionella formosa
(36), Aulacoseira subarctica (43), Fragilaria cf. cro-
tonensis (76) and C. comensis (47) (Fig. 4b).

Relationships between diatoms and measured
environmental variables

Of the 16 variables included in the final environmen-
tal data set (Z,,,, MD, TEMP, COND, pH, ALK, TN,
TOC, SiO,, Fe, SO,, Cl, K, Mg, Na, Ca), only pH and
SO, did not explain a significant independent por-
tion of variation in the diatom data in a series of con-
strained CCAs (p <0.05), and were therefore removed
from further analyses. Despite the large gradient in
pH, surprisingly this variable did not explain more of
the variation. Significant correlations (p <0.05, with
Bonferroni-adjusted probabilities) occurred between
Fe and TN, as well as Ca and ALK. COND, K, Mg,
and Na were also significantly correlated (p <0.05).
Following covariable analysis Fe, Ca, K, Mg, Na were
also removed from the data set because they did not
contribute significant explanatory power to the CCA
in addition to that explained by their correlated coun-
terparts. Forward selection of the remaining variables
further reduced the environmental data set to include
MD, COND, TOC, SiO,, TN, ALK, and TEMP as the
combination of variables that significantly explained
independent and additional variation in the diatom as-
semblages of the Icelandic study lakes.

The first four axes in the CCA constrained to the 7
forward-selected environmental variables captured
a moderate amount of variation in the species data
(23.8%), and explained a large proportion of the
variance in the diatom-environmental relationship
(79.9 %). Eigenvalues of the first three CCA axes
(A, =0.267, A,=0.147, A;=0.081) were significant
when tested with Monte Carlo permutations (999 per-
mutations, p <0.05). However, to simplify the ordi-
nation diagram, only the first two CCA axes are pre-
sented (Fig. 5a,b). All of the environmental variables
were significantly correlated to one of the first two
CCA axes with the exception of TOC, which was also
the only variable significantly correlated to the third
axis. In order of interset correlation strength, gradients
of MD, TN and TEMP are represented along the first
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Table 5. Common diatom taxa and authorities in the 49 Icelandic lakes including their actual (#occ) and effective (Hill’s N2)
number of occurrences, and maximum relative abundances (%max). Recently used synonyms for some of the taxa are provided in
Table 2.

No Taxon and authority # occ Hill’s N2 Yomax
1 Achnanthes acares Hohn & Hellermann 5 3.8 4.2
2 A. calcar Cleve 5 3.8 1.2
3 A. carissima Lange-Bert. 10 4.5 17.6
4 A. chlidanos Hohn & Hellermann 4 3.6 1.1
5 A. clevei Grun. 13 9.7 1.9
6 A. curtissima Carter 15 9.8 13.1
7 A. daonnensis Lange-Bert. 11 8.9 39
8 A. didyma Hust. 21 16.4 5.0
9 A. gracillima Hust. 15 11.9 6.1

10 A. grana Hohn & Hellermann 4 2.0 1.9

11 A. impexa Lange-Bert. 15 12.8 2.7

12 A. kuelbsii Lange-Bert. 3 2.7 29

13 A. lacus-vucani Lange-Bert. (in Lange-Bert. & Kram.) 33 232 10.6

14 A. laevis Oestrup 12 11.0 1.9

15 A. lanceolata ssp. frequentissima Lange-Bert. 28 21.7 4.0

16 A. lanceolata var. rostrata (Oestrup) Hust. 4 3.7 2.8

17 A. marginulata Grun. 14 11.8 1.9

18 A. minutissima Kiitz. 40 28.8 123

19 A. minutissima var. scotica (Carter) Lange-Bert. 2 1.9 32

20 A. nitidiformis Lange-Bert. 14 11.7 2.0

21 A. nodosa Cleve 9 8.5 1.2

22 A. oestrupi (Cleve-Euler) Hust. 17 15.8 1.2

23 A. peragalli Brun & Hérib. 8 6.9 2.0

24 A. petersenii Hust. 3 24 29

25 A. pusilla (Grun.) De Toni 27 22.0 3.8

26 A. saccula Carter 9 8.6 14

27 A. subatomoides (Hust.) Lange-Bert. & Archibald 21 12.6 14.4

28 A. suchlandtii Hust. 20 17.4 2.6

29 Amphipleura pellucida Kiitz. 14 114 1.9

30 Amphora inariensis Kram. 13 12.1 1.2

31 A. lybica Ehrenb. 12 10.2 1.2

32 A. pediculus (Kiitz.) Grun. 17 13.8 3.3

33 Anomoeneis brachyseira (Bréb.) Grun. 3 3.0 1.2

34 A. vitrea (Grun.) Ross 16 15.0 2.1

35 Asterionella formosa Hass. 23 16.4 12.0

36 Aulacoseira ambigua (Grun.) Simonsen 15 13.1 2.2

37 A. distans (Ehrenb.) Simonsen 9 6.8 1.5

38 A. alpigena (Grun.) Kram. 11 8.8 5.5

39 A. islandica (O. Miill.) Simonsen 3 2.9 2.0

40 A. italica (Ehrenb.) Simonsen 3 2.6 1.5

41 A. lirata (Ehrenb.) Ross 7 4.6 3.4

42 A. perglabra (Oestrup) Haworth 5 3.8 3.9

43 A. subarctica (O. Miill.) Haworth 21 13.9 64.0

44 Caloneis silicula (Ehrenb.) Cleve 8 6.7 1.5

45 Cocconeis neodiminuta Kram. 7 6.2 1.3

46 C. placentula var. euglypta Ehrenb. 2 6.2 13.2

47 Cyclotella comensis Grun. 9 11.0 17.5

48 C. distinguenda Hust. 14 5.1 2.3

49 C. distinguenda var. unipunctata (Hust.) Hak. & Carter 6 1.6 3.7

50 C. menenghiniana Kiitz. 3 2.5 2.1

51 C. pseudostelligera Hust. 28 22.1 26.9

52 C. tripartita Hak. 7 5.7 43

53 Cymbella cistula (Ehrenb.) Kirchn. 4 3.7 1.2

54 C. cymbiformis Agardh 5 4.7 1.2

55 C. descripta (Hust.) Kram. & Lange-Bert. 9 8.4 1.6

56 C. microcephala Grun. (in Van Heurck) 15 14.3 1.9

57 C. minuta Hilse (ex. Rabenh.) 8 5.3 1.2

58 C. silesiaca Bleish (in Rabenh.) 21 16.2 39

59 Diatoma mesodon (Ehrenb.) Kiitz. 10 7.7 1.6

60 D. tenuis Agardh 16 12.7 7.4

61 Diploneis elliptica (Kiitz.) Cleve 2 1.9 1.2

62 D. ovalis (Hilse) Cleve 4 3.7 1.5

63 Epithemia adnata (Kiitz.) Brebisson 11 9.3 2.7

64 Eunotia glacialis Meister 8 7.6 1.2

65 E. praerupta Ehrenb. 5 4.4 1.4

66 Fragilaria arcus (Ehrenb.) Cleve 12 9.4 4.5

67 F. brevistriata Grun. (in Van Heurck) 46 34.9 49.2

68 F brevistriata var. inflata (Pantocsek) Hust. 5 3.8 7.1

69 F. capucina Desm. 7 59 1.8

70 F. capucina var. gracilis (Oestrup) Hust. 13 9.0 4.1

71 F. capucina var. mesolepta (Rabenh.) Rabenh. 3 1.6 3.1

72 F. capucina var. perminuta (Grun.) Lange-Bert. 3 1.9 1.1
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Table 5. Continued.

No Taxon and authority # occ Hill’s N2 Jomax
73 F. capucina var. vaucheriae (Kiitz.) Lange-Bert. 34 24.7 9.5
T4 F. construens var. binodis (Ehrenb.) Grun. 16 13.2 25.0
75 F. construens var. venter (Ehrenb.) Hust. 45 33.5 33.8
76 F. cf. crotonensis Kitton 17 12.1 7.3
77 F. delicatissima (W. Smith) Lange-Bert. 4 3.5 1.3
78 F elliptica Schumann 7 5.8 15.7
79 F. lapponica Grun. 25 16.4 154
80 F. neoproducta Lange-Bert. 8 1.7 8.7
81 F parasitica (W. Smith) Lange-Bert. 2 21.5 11.7
82 F. pinnata Ehrenb. 29 323 40.3
83 F. pinnata var. intercedens (Grun. in Van Heurck) Hust. 46 3.3 2.4
84 F. pseudoconstruens Marciniak 4 27.9 49.2
85 F. tenera (W. Smith) Lange-Bert. 40 20.3 5.1
86 F. virescens var. exigua Grun. 25 18.4 66.6
87 F. nanana Lange-Bertalto 30 6.4 1.7
88 Frustulia rhomboides (Ehrenb.) De Toni 2 1.8 1.8
89 Gomphonema acuminatum Ehrenb. 9 7.4 2.1
90 G. angustatum Kutz. 2 1.0 2.1
91 G. angustum Agardh 4 34 2.5
92 G. parvulum Kutz. 2 1.0 1.6
93 Meloseira varians Agardh 2 0.0 2.1
94 Meridion circulare (Greville) Agardh 14 8.7 54
95 Navicula capitata Ehrenb. 7 5.9 1.4
96 N. cocconeiformis Gregory 12 10.2 1.5
97 N. cryptocephala Kiitz. 17 14.6 2.3
98 N. cryptotenella Lange-Bert. 7 6.5 1.5
99 N. elginensis (Gregory) Ralfs 3 2.7 1.1
100 N. gregaria Donkin 6 4.8 1.4
101 N. ignota var. palustris (Hust.) Lund 2 1.0 1.6
102 N. jaernefeltii Hust. 14 9.1 12.0
103 N. vitiosa Schimanski 3 2.5 6.0
104 N. laevissima Kiitz. 5 4.6 1.1
105 N. minima Grun. (in Van Heurck) 27 21.8 2.6
106 N. minuscula Grun. 4 3.6 1.5
107 N. pseudoscutiformis Hust. 10 9.4 1.3
108 N. pseudoventralis Hust. 4 3.8 1.4
109 N. pupula Kiitz. 14 12.8 2.3
110 N. radiosa Kiitz. 16 15.0 1.5
111 N. rhyncocephala Kiitz. 9 7.5 1.8
112 N. seminulum Grun. 10 8.1 2.0
113 N. submuralis Hust. 8 7.6 1.2
114 N. subrotundata Hust. 11 10.4 1.2
115 Nitzschia acicularis (Kiitz.) W. Smith 25 17.8 4.8
116 N. angustata Grun. 6 5.0 2.3
117 N. dissipata (Kiitz.) Grun. 19 15.8 3.1
118 N. fonticola Grun. (in Cleve & Moller) 15 12.0 3.4
119 N. frustulum (Kiitz.) Grun. 12 9.8 1.7
120 N. graciliformis Lange-Bert. & Simonsen 4 3.8 1.5
121 N. gracilis Hantzsch 17 13.9 1.9
122 N. inconspicua Grun. 18 14.9 1.6
123 N. linearis (Agardh) W. Smith 5 3.9 1.0
124 N. palea (Kiitz.) W. Smith 5 4.5 23
125 N. perminuta (Grun.) M. Peragallo 18 144 1.9
126 N. pura Hust. 13 10.9 2.3
127 N. sigmoidea (Nitzsch) W. Smith 3 1.0 2.3
128 Pinnularia borealis Ehrenb. 6 3.5 22
129 P. interrupta W. Smith 3 2.4 1.2
130 P, viridis (Nitzsch) Ehrenb. 7 5.8 2.7
131 Rhizosolenia longiseta Zach. 9 6.9 9.7
132 Roicosphenia abbreviata (Agardh) Lange-Bert. 4 29 1.6
133 Rhopalodia gibba (Ehrenb.) O. Miiller 16 14.0 2.7
134 Stephanodiscus minutulus (Kutz.) Cleve & Moller 11 7.1 17.2
135 S. parvus Stoermer & Hak. 14 9.2 9.9
136 Surirella bifrons Ehrenb. 6 5.2 1.5
137 Synedra biceps Kiitz. 9 6.4 29
138 S. ulna (Nitzsch) Ehrenb. 12 9.6 2.9
139 T. flocculosa (Roth) Kiitz. 29 21.6 3.8
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Fig. 5a. Distribution of 49 Icelandic lakes with respect to 7 environmental variables that best describe the variation in the diatom
assemblages in a canonical correspondence analysis (CCA). Lakes are coded a priori by ecological TYPE categories. ‘Glacial’ and
‘coastal’ lakes are plotted passively in the ordination biplot. Lake numbers correspond to the names provided in Table 1.

CCA axis, whereas ALK, COND, and SiO, gradients
are reflected along the second CCA axis.

Most of the small, benthic and periphytic diatoms of
the genera Achnanthes, Fragilaria sensu lato and Na-
vicula plot in the right quadrants of the CCA indicating
that these taxa are most common in shallower, cooler
lakes that are relatively more nutrient-rich (Fig. 5a,b).
Separation of these small benthic and periphytic taxa
along the second CCA axis reflects differences in the
influence of ionic composition and silica concentra-
tions on their distribution. Most small benthic Fragi-
laria sensu lato taxa including F. brevistriata (67), F.
brevistriata var. inflata (68), F. construens var. binodis
(74), F. construens var. venter (75), F. elliptica (78), F.
lapponica (79), F. parasitica (81), F. pinnata (82), and
E. pseudoconstruens/construens (84) have affinities
for relatively higher lakewater alkalinity, conductivity
and silica concentrations that best typify ‘spring-fed’
lakes in this data set.

In contrast to the small benthic Fragilaria, numer-
ous lightly silicified, small, benthic Achnanthes [e.g.,
A. acares (1), A. curtissima (6), A. kuelbsii (12), A.
lacus-vulcani (13), A. nodosa (21), A. oestrupii (22),
A. peragalli (23), A. saccula (26), and A.subatomoides
(27)] and Navicula [e.g., N. jaernfeldtii (106), N. lae-
vissima (108), N. pseudoscutiformis (112) and N. vi-
tiosa (107)] taxa display ecological preferences for
more dilute, less alkaline lakewater conditions and
lower concentrations of silica that characterize the

shallow (<5 m) ‘plateau’ lakes located in the west and
northwest of Iceland.

A diversity of other relatively small benthic and
periphytic taxa from several genera including Achnan-
thes, Cymbella, Gomphonema, Navicula and Nitzschia
cluster near the centre and lower left quadrant of the
CCA ordination (Fig. 5a,b) suggesting that these taxa
have an affinity for intermediate depth, temperature
and nutrient conditions relative to the ranges of these
variables represented by the Icelandic lakes’ set, but
prefer somewhat lower alkalinity and conductivity.
Distribution patterns of these diatoms are not strongly
associated with a particular TYPE class, but are most
abundant in the shallow, dilute ‘direct-runoff’ lakes.

Larger, more heavily-silicified pennate taxa such
as Amphora lybica (31), Diploneis ovalis (62), Epi-
themia adnata (63), Nitzschia sigmoidea (127), Pinnu-
laria borealis (128), Rhoicosphenia abbreviata (132),
Synedra biceps (137), S. ulna (138) and Tabellaria
flocculosa (139) are largely confined to the upper left
quadrant of the CCA biplot indicating their preference
for relatively deeper lakes with higher silica and ion
concentrations.

Most planktonic taxa [i.e., Asterionella formosa
(35), Aulacoseira islandica (39), A. italica (40), A. sub-
arctica (43), Cyclotella comensis (47), C. distinguenda
(48), C. distinguenda var. unipunctata (49), C. pseu-
dostelligera (51), C. tripartita (52), and Rhizosolenia
longiseta (131)] occur in deep, oligotrophic ‘valley’
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Fig. 5b. Distribution of common diatom
taxa (n = 126) in Icelandic lakes with re-
spect to 7 environmental variables that
best describe the variation in the diatom
assemblages in a canonical correspond-
ence analysis (CCA) as depicted in
Fig. 5a. Ellipses broadly encompass the
position of planktonic, large periphytic,
small benthic Fragilaria, and other -
small benthic/periphytic diatoms in the
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biplot. Species numbers correspond to
the names provided in Table 5.
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Table 6. Analysis of similarities (ANOSIM) results indicating differences between TYPE categories of lakes (‘plateau’, ‘direct-
runoff’, ‘spring-fed’ and ‘valley’) based on diatom assemblages. The sample statistic (Global R) = 0.348, p = 0.0.

Groups of TYPE lake categories

Sample statistic

Significance level

R) §2)
‘spring-fed’ vs. ‘direct-runoff’ 0.649 0.004 *
‘spring-fed’ vs. ‘plateau’ 0.196 0.027 *
‘spring-fed’ vs. ‘valley’ 0.733 0.000 *
‘direct-runoff’ vs. ‘plateau’ 0.125 0.176
‘direct-runoff’ vs. ‘valley’ 0.261 0.064
‘plateau’ vs. ‘valley’ 0.334 0.000 *

* statistical significance p <0.05

lakes with low ion concentrations that predominate in
the relatively warmer region of western Iceland, and
plot in the left quadrants of the CCA (Fig. 5a,b) at the
high end of the mean depth and temperature vectors.
Exceptions are Stephanodiscus minutulus (134) and S.
parvus (135), which are common indicators of produc-
tive lakewater conditions. Not surprisingly, these taxa
plot further to the right in the CCA ordination rela-
tive to other planktonic taxa indicating that they prefer
higher nutrient concentrations.

Supporting the patterns in diatom distributions
observed in the CCA, results from analysis of simi-
larities (ANOSIM) indicate that the composition of
sedimentary diatom assemblages differs significantly
among ecological TYPE categories of Icelandic lakes
(i.e., ‘spring-fed’, ‘direct-runoff’, ‘plateau’ and ‘val-
ley’) (Global R-statistic = 0.348, p <0.05) (Table 6).
Diatom assemblages from ‘spring-fed’ are signifi-
cantly different from those of both ‘direct-runoff” and
‘valley’ lakes, while ‘valley’, and ‘plateau’ lakes have
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Table 7. Contribution of Achnanthes, Fragilaria, Cyclotella and Aulacoseira spp. to the % dissimilarity of diatom assemblages
between pairs of TYPE categories of lakes identified as having significantly different diatom assemblages (refer to Table 6).

Lake TYPE Achnanthes spp. Fragilaria spp. Cyclotella spp. Aulacoseira spp.
Direct-runoff Average abundance 29.94 33.58 8.88 5.31
Spring-fed Average abundance 4.36 80.84 0.24 2.30

% of dissimilarity 35.74 18.14 5.75 10.39
Valley Average abundance 12.49 17.41 19.05 13.05
Spring-fed Average abundance 4.36 80.84 0.33 1.47

% of dissimilarity 20.75 22.63 11.97 5.13
Valley Average abundance 12.49 17.41 19.05 13.06
Plateau Average abundance 7.59 58.46 5.29 3.59

% of dissimilarity 21.59 21.3 11.56 5.25

significantly different assemblages. There are no sig-
nificant differences between the diatom assemblages
from ‘plateau’ and either ‘spring-fed’ or ‘direct-run-
off” lakes (Table 6). The relative amounts of small
periphytic Achnanthes spp., small benthic Fragilaria
spp., and planktonic Cyclotella spp. and Aulacoseira
spp. account for most of the dissimilarity (>60 %) be-
tween the diatom assemblages of TYPE categories of
lakes with significantly different diatom assemblages
(Table 7).

Discussion

General limnological conditions among Icelandic
lakes

The 49 lakes in this study display a wide range of physi-
cal and chemical properties (Table 3), reflecting the di-
verse limnological conditions of subarctic lakes in Ice-
land. The chemical composition (nutrients and ions)
of lakes from most other subarctic regions is strongly
influenced by vegetation gradients across circumpolar
or alpine treeline from forest to tundra ecozones. Eco-
tonal boundaries in these subarctic regions are largely
controlled by strong latitudinal and/or altitudinal gra-
dients in climate and the position of the Arctic Front.
In Iceland, however, climatic conditions do not follow
the typical strong latitudinal/altitudinal gradient ob-
served in most other subarctic environments. Rather,
climatic conditions in Iceland are more strongly influ-
enced by maritime factors related to oceanic currents,
which are modified to some extent by mountain topog-
raphy (Einarsson 1984, Hanna et al. 2004). Therefore,
unlike other subarctic regions that span circumpolar
treeline, variations in limnological conditions among
Icelandic lakes appear to be most strongly related to

differences in climatic conditions related to maritime
influence, bedrock geology, hydrology and lake mor-
phometry. Importantly, significant limnological differ-
ences are apparent among TYPE categories of lakes
following the ecological classification scheme for Ice-
landic freshwaters (modified from Gardarsson 1979).

Nutrients (TP, TN, TOC)

Higher TP concentrations indicative of mesotrophic to
eutrophic conditions (>20ug ™) occur only in rela-
tively shallow lakes (Z,,, <13m and MD <6.0m),
most of which are ‘plateau’ lakes and/or lakes locat-
ed at low elevation. An exception is the deep (Z,,« =
111.5m) ‘glacial’ lake Lagarfljét (59), which has high
concentration of TP (67 ug 1). The inverse relation-
ship between TP and lake depth most probably reflects
increasing effects of wind-induced resuspension of
minerals from the bottom sediments as the lakes get
shallower. TP in lake Lagarflj6t is likely minerogenic
originating from substantial glacial meltwater inputs,
also creating highly turbid lakewater conditions. De-
spite elevated TP concentrations, Lagarfljot (59) is
otherwise nutrient poor with low concentrations of TN
(59 ug I'") and TOC (0.33 mg I'").

Significantly greater concentrations of TOC in the
‘plateau’ lakes in comparison to the ‘direct-runoff’,
‘spring-fed’ and ‘valley’ lakes are likely due in part to
inputs from poorly-drained wetlands that character-
ize their catchments, and partly due to greater wind-
induced resuspension of minerals from the bottom
sediments of these generally shallow lakes. This is
supported by the significantly higher concentrations
of Fe in the more productive ‘plateau’ lakes, and the
significant positive correlation of TOC and Fe in the
data set (Fig.2, Table 4). Fe can be mobilized under
anoxic conditions that potentially develop in poorly
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drained wetland areas, forming complexes with DOC
that likely enter the lakes with direct runoff, thereby
contributing to the higher TOC and Fe in several of
the ‘plateau’ lakes. Comparatively less allochthonous
inputs of TOC to ‘direct-runoff’ and ‘valley’ lakes
are expected due to the poor vegetation and lack of
similar wetland systems in the catchments of these
lakes.

pH and major ions

High pH and alkalinity and the lack of significant dif-
ferences in these variables between TYPE categories
of lakes can be attributed to the predominance of eas-
ily weathered volcanic bedrock and soils throughout
Iceland that provide a rich source of alkalinity gener-
ating ions to the lakes. However, the concentrations of
several major ions (i.e., Ca, K, Mg, Na, Fe), which are
correlated to alkalinity and specific conductivity, vary
significantly among TYPE categories of Icelandic
lakes (Fig. 2). Not surprisingly, the two ‘coastal’ lakes
that receive significant marine aerosols are the most
ionically concentrated of the study lakes (Table 3).

‘Plateau’ and ‘spring-fed’ lakes generally have
greater concentrations of ions than the ‘valley’ and
‘direct-runoft’ lakes. Differences in ionic composition
between these TYPE categories of lakes appear to be
related to several factors including lake morphometry,
bedrock conditions, and hydrology. Evaporative con-
centration of ions is likely a chief mechanism result-
ing in the higher ionic content of the ‘plateau’ lakes,
which are generally shallow and located in dry inte-
rior regions of Iceland. By contrast, more elevated ion
concentrations in the ‘spring-fed’ lakes are most likely
attributed to local bedrock conditions. ‘Spring-fed’
lakes in this study are generally situated on ion-rich,
historical and postglacial basaltic bedrock formations
in southern Iceland, unlike the older bedrock that un-
derlies most of the other lakes in this study (Table 1).
Gislason et al. (1996) determined that fluxes and mo-
bility of elements from chemical weathering is greater
in younger postglacial rocks than older rocks because
they contain more soluble basaltic glass and gener-
ally have less vegetative cover. Therefore, chemical
weathering of soluble postglacial bedrock likely con-
tributes to greater inputs of ions to these lakes relative
to the ‘plateau’, ‘direct-runoff’ and ‘valley’ lakes that
are situated on older bedrock formations. Cool spring
waters do not likely contribute to the high ionic con-
centrations in ‘spring-fed’ lakes, as they are relatively
poor in dissolved inorganic carbon, calcium and mag-
nesium (Gislason et al. 1996).

Positioning of lakes in the PCA ordination diagram
clearly displays differences in the limnological condi-
tions of lakes among TYPE categories (Fig. 3). ‘Direct-
runoff’ lakes and ‘valley’ lakes cluster at the lower ends
of the nutrient and ion gradients consistent with their
relatively dilute lakewater conditions, but are separated
along the second PCA axis due to differences in lake
depth. As expected, the shallower ‘direct-runoft’ lakes
plot toward the low end of the MD and Z,, gradients,
while the deeper ‘valley’ lakes are positioned at the
higher ends of these gradients. ‘Spring-fed’ lakes are
placed to the right of the ‘direct-runoff” and ‘valley’
lakes indicating their relatively higher nutrient and ion
concentrations. An exception is Langisjor (57), which
is an exceptionally large (area = 25.7km?) and deep
(Znax = 73.5m) ‘spring-fed’ lake, and is more limno-
logically similar to the deeper ‘valley’ lakes. ‘Plateau’
lakes display the most scatter in the PCA ordination,
and overlap with the spring-fed lakes indicating that
they span a wider range of physical and chemical lim-
nological conditions than the other TYPE categories
of lakes. However, ‘plateau’ lakes are generally more
nutrient rich and ionically concentrated than lakes in
the other TYPE classes excluding the ‘coastal’ lakes.
Clustering of ‘plateau’ lakes into two groups is evident
in the PCA ordination and appears to be related to dif-
ferences in their geographic position in Iceland, and
hence prevailing climate condition. ‘Plateau’ lakes lo-
cated in warmer, wetter regions of northwest and west
Iceland tend to be shallower with higher nutrient and
lower ion concentrations relative to ‘plateau’ lakes that
are located in colder, drier regions in the south and NE
of Iceland.

Patterns in diatom flora among Icelandic lakes

General floristic composition of diatom assemblages

Both benthic and planktonic forms were well repre-
sented in the diatom assemblages largely owing to
the wide range of lake depths of the study lakes, and
hence the availability of both littoral and open water
habitats. Small benthic Fragilaria taxa (particularly F.
brevistriata, F. construens, F. construens var. venter, F.
pinnata, and F. pseudoconstruens) were predominant
in the diatom assemblages, however, most likely re-
flecting the generally cold lake water conditions that
characterize subarctic Icelandic lakes. The ability of
these Fragilaria spp. to tolerate and proliferate in cold
environmental conditions, often growing under ice
cover or in shallow moats of partially frozen ponds, is
well known (e.g. Smol 1988, Douglas & Smol 1999,
Lotter & Bigler 2000).
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Similar to other studies of shallow subarctic lakes,
planktonic diatoms were rare or absent in lakes less
than 5 m deep. Because some planktonic diatoms may
require stratification of the water column to maintain
their position in the photic zone, the lack of planktonic
diatoms in smaller, shallower lakes (<5 m) suggests
that these lakes may not thermally stratify, or may only
become weakly stratified during the open water sea-
son, or they are simply too shallow to support large
planktonic diatom communities. By contrast, plank-
tonic forms were important components of the diatom
assemblages in most of the deeper lakes (> 5 m), attain-
ing relative abundances of over 50 % in all of the deep-
est ‘valley’ lakes (>25m) (Fig. 4a). Lower abundance
of planktonic diatoms in many lakes, including deeper
lakes, may result from the influence of strong winds.
Due to the lack of forest cover, the lakes are exposed
to the effects of wind, which can prevent stratification
or cause stratification to break down. For example, in
Iceland’s largest lake, Lake Pingvallavatn, a relatively
weak thermocline may in some years develop at 20—
25 m depth for a month or two (July—August), but the
lake is, in most years, more or less mixed from bottom
up throughout the year due to wind mixing (Malmquist
et al. 2008).

Although abundant in similarly deep lakes belong-
ing to other ecological TYPE categories, planktonic
taxa represented less of the diatom assemblages from
these lakes in comparison to the ‘valley’ lakes. There
are several possible reasons for the comparatively
higher abundances of planktonic diatoms in the deep
‘valley’ lakes. First, ‘valley’ lakes are typically large,
deep graben lakes with steep-sided morphology, and
therefore have restricted littoral zones for the growth
of benthic diatoms in comparison to similarly deep,
non-graben lakes belonging to other TYPE catego-
ries. Because the diatom data are expressed as rela-
tive abundances, differences in the relative amounts of
benthic to planktonic habitats may largely explain the
higher proportions of planktonic diatoms in deep ‘val-
ley’ lakes in comparison to the similarly deep ‘pla-
teau’, ‘direct-runoff’ and ‘spring-fed’ lakes. Low light
conditions attributed to high minerogenic turbidity
from glacial meltwater inputs also likely contribute to
lower representation of planktonic diatoms in some of
the deep Icelandic lakes. For example, diatom assem-
blages from the two deepest lakes, Lagarfljot (59) and
Langisjoér (57) with maximum depths of 111.5m and
73.5, respectively, have relatively low percentages of
planktonic taxa (Fig. 4a) and are primarily dominated
by small benthic Fragilaria sensu lato taxa. Lagarfljét
(59) is a glacial-fed lake, and therefore receives highly

silted melt waters contributing to low light penetration
in this lake (Table 1). Lake Langisjor (57) is presently
a clear water lake under a strong influence of spring
inputs (Table 1), but prior to 1965 it received glacial
meltwater inputs from the largest glacier in Iceland,
Vatnajokull (Fig.1). While planktonic diatoms are
typically intolerant of low light levels, several small,
benthic Fragilaria sensu lato species have low light
requirements, competing well in lakes with low light
penetration associated with ice cover (Smol 1988,
Lotter & Bigler 2000), elevated DOC concentrations
(Riihland & Smol 2002) and minerogenic turbidity
(Karst-Riddoch et al. 2005a,b). Therefore, low light
availability in these turbid, glacier-influenced lakes
likely accounts for the proliferation of benthic, low-
light tolerant Fragilaria sensu lato taxa rather than
planktonic diatom forms that dominated the assem-
blages from other deep but clear water lakes. Finally,
the greater representation of planktonic diatoms in
deep ‘valley’ lakes than in similarly deep lakes be-
longing to different ecological lake categories may
reflect differences in the degree and duration of ice
cover. Increases in planktonic taxa in paleolimnologi-
cal studies have often been attributed to reduced ice-
cover conditions (e.g., Sorvari et al. 2002, Riihland
et al. 2003b, 2008, Smol et al. 2005). As previously
described, ‘valley’ lakes are primarily situated in rela-
tively warmer lowland areas of western Iceland, and
therefore likely have a shorter ice-covered season than
deep lakes elsewhere in Iceland.

Relationships between diatoms and measured
environmental variables

The distribution of diatoms among Icelandic lakes is
largely influenced by a combination of multiple lim-
nological variables that include lake depth and related
factors (such as water clarity, benthic versus plank-
tonic habitat availability, ice cover, stratification pat-
terns), surface water temperature, nutrients and ions
(Fig. 5a,b). These relationships between the common
diatom taxa and measured environmental variables are
largely similar to those observed in other similar stud-
ies of subarctic lakes spanning treeline. However, in
these other subarctic regions, differences in the chemi-
cal properties of lakes that most strongly influence the
composition of diatom assemblages has often been at-
tributed to catchment processes related to vegetation
gradients across circumpolar or alpine treeline from
forest to tundra ecozones. As previously described,
similar vegetation gradients do not exist in Iceland,
rather vegetation is non-arboreal; the landscape is
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dominated by mire vegetation mostly of European ori-
gin, or is barren due to infertile, desert-like soils and
extreme erosion. In the absence of strong vegetation
gradients, distinct patterns in the diatom assemblages
occur across groups of Icelandic lakes with different
TYPE classes. This suggests that the ecological clas-
sification scheme proposed by Gardarsson (1979) for
Icelandic freshwaters, although qualitatively based on
major differences in geographic and topographic lo-
cation, bedrock geology, and hydrology of the lakes,
captures the major environmental conditions influenc-
ing ecologically important limnological properties de-
termining the distribution of diatoms (Fig. 5a,b).

Ecological preferences of small benthic Fragilaria
sensu lato taxa for relatively higher nutrient concentra-
tions (TN, SiO,), alkalinity, and conductivity among
shallow, cold Icelandic lakes may have important im-
plications for diatom-based paleolimnological investi-
gations from cold subarctic and Arctic environments.
Small benthic Fragilaria sensu lato taxa are typically
described as generalists as they often occur in high
abundances over a wide range of habitats. In cold sub-
arctic, Arctic and alpine regions, sedimentary diatom
assemblages are frequently dominated by Fragilaria
sensu lato spp., which has been mostly attributed to
their tolerance of prolonged ice cover and other harsh
environmental conditions (e.g. Smol 1988, Douglas &
Smol, 1999, Lotter & Bigler 2000). For this reason,
changes in the relative abundances of Fragilaria sensu
lato diatoms from sedimentary records are often in-
terpreted as an indication of changes in the duration
and extent of ice cover in Arctic, subarctic and alpine
lakes. However, based on the above distribution pat-
terns of benthic Fragilaria sensu lato from subarctic
Icelandic lakes, as well as similar observations from
lakes spanning treeline in the Central Canadian Arctic
(Riihland et al. 2003a), downcore shifts in the abun-
dance of this group of diatoms may also reflect chang-
es in limnological conditions associated with nutrient
and ion concentrations.

Determination of ecological differences among
species of benthic Fragilaria is of interest for diatom-
based paleolimnological studies, particularly when
Fragilaria taxa dominate the sedimentary record, and
when the most significant changes in the diatom as-
semblages occur within this group. For example, in
a Fragilaria-dominated sedimentary record from
East Greenland, shifts between F. pinnata and F. con-
struens were concurrent with temperature changes in-
ferred from the Renland ice core (Cremer et al. 2001).
Based on these results, Cremer et al. (2001) suggested
that Fragilaria pinnata and F. construens might be

temperature-sensitive species, with the former indica-
tive of warmer conditions. Similarly, benthic Fragi-
laria dominated the diatom assemblages in a sediment
core from Lake Myvatn in Iceland (Einarsson et al.
2004), but causes of major shifts between species of
Fragilaria over the past ~2,300 years were not able
to be discerned. Among Icelandic lakes in this study,
small benthic Fragilaria taxa displayed weak or little
ecological preferences for the other measured environ-
mental variables, as evidenced by their close position-
ing in the CCA (Fig. 5a,b). This is further supported
by a lack of clearly defined differences in the distri-
bution patterns of individual Fragilaria taxa across
single measured environmental variables (including
surface water temperature) (Fig. 6), as well as results
from a series of CCAs constrained to a single vari-
able at a time. However, as expected, F. pinnata and
F. construens var. venter, two taxa often associated
with more severe ice conditions in Arctic lakes, did
tend to be more common in colder waters (Fig. 6¢,d).
Our overall conclusions would remain, based on the
available data, that many of these small benthic Fragi-
laria taxa are ecological generalists, but are especially
competitive in colder, more ice-covered environmental
conditions, as occur in some Arctic lakes (e.g. Douglas
& Smol 1999).

The affinity of larger pennate diatoms for the
deep, oligotrophic Icelandic lakes in this data set is
likely related to the greater availability of rocky lit-
toral habitat suitable for the growth of these relatively
larger attached diatom forms. Many similar taxa (e.g.,
Diploneis ovalis, Nitzschia sigmoidea, Synedra ulna,
Tabellaria flocculosa) were also identified in the epi-
lithic algal communities from the stony littoral zone
(0—10m depth) in Lake Thingvallavatn, a large deep
valley lake located in southwest Iceland (Jénsson
1992). In Lake Thingvallavatn, estimated net epilithic
production was high (188 ¢ C m™ yr™') in comparison
to other oligotrophic systems, with diatoms contribut-
ing approximately 50 % of the productivity (95 g C m™
yr") of the epilithic community from 0 to 18 m depth
(Jonsson 1992). Together with the predominance of
relatively large pennate diatoms in the assemblages
from most of the deeper oligotrophic Icelandic lakes
in this study, this suggests that the contribution of the
epilithic diatom community may be especially impor-
tant to the productivity of deep oligotrophic Icelandic
lakes.
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Comparison of diatom assemblages amongst the
Icelandic ecological lake TYPE categories

Comparisons between pairs of ecological lake TYPE
categories reveal that diatom assemblages from
‘spring-fed’ lakes differ from those of both ‘direct-
runoff” and ‘valley’ lakes, while ‘valley’ and ‘plateau’
lakes have significantly different assemblages (Table
6). The diatom assemblages from the more nutrient
rich, ionically concentrated ‘spring-fed’ lakes have
higher abundances of Fragilaria spp. and lower abun-
dances of Achnanthes, Cyclotella and Aulacoseira spp.
than both the oligotrophic, dilute ‘direct-runoff’ and
‘valley’ lakes (Table 7). These differences in diatom
species account for 68 % and 60 % of the dissimilarity
between the diatom assemblages from ‘spring-fed’ and
‘direct-runoff’ and ‘spring-fed’ and ‘valley’ lakes, re-
spectively. Similar relationships are observed between
the diatom assemblages of the ‘plateau’ lakes with
highly variable nutrient and ion concentrations and
the deeper, oligotrophic ‘valley’ lakes. Higher relative
abundances of small benthic Fragilaria sensu lato taxa
and lower abundances of Achnanthes, Cyclotella and
Aulacoseira spp. in the ‘plateau’ lakes relative to the
‘valley’ lakes account for 60 % of the dissimilarity be-
tween their diatom assemblages.

Significant differences were not found when com-
paring the diatom assemblages from ‘plateau’ with
either ‘spring-fed’ or ‘direct-runoff’ lakes (Table 6).
The lack of observed differences between these lake
TYPE categories is likely due to the highly variable
limnological conditions of the ‘plateau’ lakes relative
to the other lake TYPE categories (Figs 2, 3 and 5).
As previously described, the limnological conditions
and diatom assemblages of ‘plateau’ lakes appear to be
strongly influenced by geographic location (Fig. 5a,b).
‘Plateau’ lakes situated in colder, drier regions in
northeast Iceland are typically nutrient-poor, alkaline,
and possess diatom assemblages dominated by larger,
more heavily-silicified periphytic taxa. By contrast, in
warmer wetter climates of the north and northwest of
Iceland, diatom assemblages from more nutrient-rich
and ionically dilute ‘plateau’ lakes are characterized
by higher abundances of lightly-silicified small ben-
thic Fragilaria sensu lato, Achnanthes and Navicula
taxa.

Summary and conclusions

Analyses of modern limnological conditions and the
distribution of sedimentary diatom assemblages re-

vealed important ecological features of subarctic Ice-
landic lakes with a wide range of typologies. Based on
measurements of 16 environmental variables, the lakes
differed primarily along gradients of ionic composi-
tion and nutrient concentrations as well as lake depth.
Deep lakes were generally oligotrophic with relatively
low conductivity and concentrations of associated ions,
while shallow lakes (<5 m) exhibited a wide range of
nutrient and ionic composition. Differences in limno-
logical conditions of the lakes appear to be strongly
related to local climatic conditions, bedrock geology,
hydrology and lake morphometry. The wide range of
limnological settings with variable habitats for diatom
growth is reflected in the taxonomic diversity of the
diatoms. Distribution of diatom taxa among lakes was
best described by measured limnological gradients of
mean depth, conductivity, nutrients (TOC, SiO,, TN),
alkalinity, and surface water temperature. Small, ben-
thic Fragilaria sensu lato taxa were important com-
ponents of the diatom assemblages from most of the
lakes, consistent with the overall cold conditions and
extended periods of ice cover that characterize lakes in
this subarctic environment. Importantly, diatoms with-
in this complex displayed similar preferences for the
measured environmental variables in this study, sug-
gesting that differences in their relative abundances are
not closely related to, for example, concentrations of
major ions and nutrients in subarctic Icelandic lakes.
As suggested in previous paleolimnological studies
from polar regions, these taxa are likely generalists
that can survive harsh environmental conditions, and
so they may often thrive in, for example, ice covered
lakes, as other diatom taxa are less competitive in these
environments.

Limnological conditions and sedimentary diatom
assemblages were similar among lakes within ecologi-
cal classes of freshwater Icelandic lakes (i.e., ‘valley’,
‘spring-fed’, ‘plateau’ and ‘direct-runoft”) initially pro-
posed by Gardarsson (1979). “Valley’ lakes are large,
deep, oligotrophic basins primarily located in narrow
valleys in western Iceland. Diatom assemblages from
the ‘valley’ lakes are characterized by high abun-
dances of centric diatoms reflecting the availability of
clear water planktonic habitats, as well as relatively
large pennate taxa that occupy rocky littoral habitats
surrounding the lakes. ‘Spring-fed’ lakes found pre-
dominately in the southwest, south and northeast of
Iceland are relatively rich in dissolved nutrients most
likely originating from the cold-water springs that feed
them. Elevated ion concentrations in these lakes are
most likely due to inputs from weathering of soluble
bedrock that dominates in their catchments. Relatively
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high ion and nutrient concentrations, in combination
with cold environmental conditions, provide suitable
habitats for small benthic Fragilaria sensu lato dia-
toms that dominate the assemblages from ‘spring-fed’
lakes. The limnological conditions and diatom assem-
blages of ‘plateau’ lakes that are mostly situated in the
unpopulated highlands (~200-400 m a.s.l.) of western
and northeastern Iceland vary with respect to geo-
graphic location. In colder, drier regions of northeast
Iceland, ‘plateau’ lakes are nutrient-poor, alkaline, and
possess diatom assemblages dominated by larger, more
heavily-silicified periphytic taxa. By contrast, small
benthic diatoms (primarily of the genera Fragilaria,
Achnanthes and Navicula) dominate the assemblages
from more nutrient-rich and ionically dilute ‘plateau’
lakes in relatively warmer, wetter climates of the north
and northwest of Iceland. ‘Direct-runoff’ lakes have
similar limnic properties and diatom assemblages as
‘plateau’ lakes in north and northwest. Refinement
of the Gardarsson’s (1979) classification system as
a tool for lake management practices in Iceland may
be achieved by including more precise morphometric
data, especially lake depth and basin form, as well as
better-defined local climatic conditions and broader
categories of lake water origin.

Distinct limnological conditions and composition
of the sedimentary diatom assemblages from lakes
within ecological type classes (i.e., ‘valley’, ‘spring-
fed’, ‘plateau’ and ‘direct-runoff”) suggest that classi-
fication of Icelandic lakes based on major topographic,
geological and hydrological features may indeed cap-
ture important limnological and ecological differences
of the lakes. These findings are especially important
for lake management strategies because of the individ-
ualistic responses and differing sensitivities of Arctic
and alpine lakes to climatic and environmental change
(Anderson et al. 2004, Karst-Riddoch et al. 2005b).
Therefore, Icelandic lakes that are limnologically and
ecologically similar (with the same ecological TYPE
category) are more likely to respond in a comparable
way to climate change. However, the response of Ice-
landic lakes within these different ecological TYPE
categories to past environmental changes remains
largely unknown, but can now be determined using
diatom-based paleolimnological investigations and the
diatom autecological information gained in this study.
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