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Abstract Water chemistry and surface sediments
were analyzed from 41 shallow lakes representing
three previously-defined hydrological categories in
the Slave River Delta, Northwest Territories, Can-
ada, in order to identify relationships between
hydrological and limnological conditions and their
associations with recently deposited diatom assem-
blages. Evaporation-dominated lakes are physically
removed from the influence of the Slave River, and
are characterized by high alkalinity and high
concentrations of nutrients and ions. In contrast,
flood-dominated lakes tend to receive a pulse of
floodwater from the Slave River during the spring
thaw and have low alkalinity and low concentrations
of most nutrients and ions. Exchange-dominated
lakes are variably influenced by floodwaters from
the Slave River and seiche events from Great Slave
Lake throughout the spring thaw and open-water
season, and are characterized by a broad array of
limnological conditions that are largely dependent
on the strength of the connection to these sources of
floodwater. Specific diatom ‘indicator’ taxa have
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been identified that can discriminate these three
hydrological lake categories. Evaporation-dominated
lakes are associated with high relative abundance of
common epiphytic diatom taxa, while diatoms
indicative of flood- and exchange-dominated lakes
span a wide range of habitat types (epiphytic,
benthic) but also include unique planktonic diatoms
(Stephanodiscus and Cyclostephanos taxa) that were
not found in surface sediments of evaporation-
dominated lakes. The planktonic diatom taxa orig-
inate from the Slave River, and thus are indicative
of river influence. In complex, remote, freshwater
ecosystems like the Slave River Delta, integration of
results from hydrological and limnological ap-
proaches provides a necessary foundation to assess
present, past and future hydroecological responses to
changes in river discharge and climate.

Keywords Slave River Delta - Hydrology -
Limnology - Surface sediments - Diatoms -
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Introduction

Deltas are highly productive landscapes, and include
important aquatic ecosystems that are responsive to
spatial and temporal variability of river discharge and
flooding (e.g. Lewis et al. 2000; Junk 2005). Due to
strong control of river connection on the physical,
geochemical and biological conditions of floodplain
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lakes (English et al. 1997; Hay et al. 1997; Lesack
et al. 1998; Prowse and Conly 2001, 2002; Squires
and Lesack 2001, 2002, 2003; Squires et al. 2002;
Spears and Lesack 2006; Brock et al. 2007; Wolfe
et al. 2007b), there is concern regarding the down-
stream effects of human (Nilsson et al. 2005) and
hydro-climatic (Overpeck et al. 1997; Serreze et al.
2000) alteration of river hydrology on the ecological
state of floodplain and delta lakes and wetlands
(Prowse and Conly 2001; Junk 2005; Schindler and
Donahue 2006; Schindler and Smol 2006). Conse-
quently, there is increasing need to develop improved
and scientifically rigorous methods for the assessment
and prediction of potential impacts of multiple
stressors on deltaic environments. This need is
particularly acute for remote, northern deltas as there
is limited scientific knowledge of ecosystem hydroe-
cology, and the data that exist are usually too short
and too sparse to distinguish the relative roles of
natural and anthropogenic changes. Such is the case
for the Slave River Delta, one of three major deltas
within the Mackenzie River Drainage System in
northern Canada, which is thought to have undergone
considerable drying as a result of regulation of the
Peace River upstream (English et al. 1997; Fig. 1).
Periodic flooding has created a landscape with high
biological productivity and diversity of plant species
that provides important feeding, staging, and breed-
ing habitats for a large number of waterfowl, muskrat,
and other wildlife (English et al. 1997). The natural
resources of this ecosystem are also of central
importance to the livelihood and socio-cultural
integrity of the indigenous community of Fort
Resolution, NWT (Wolfe et al. 2007a).

The limnological conditions in lakes of the
Mackenzie Delta and the Peace-Athabasca Delta,
two other major deltaic ecosystems in the Mackenzie
River Drainage Basin, are strongly regulated by the
frequency of flooding and the degree of connection
between floodplain lakes and their associated rivers
(Hay et al. 1997; Squires et al. 2002; Wolfe et al.
2007b). Although deltaic sediments may be chal-
lenging for paleoenvironmental interpretations due to
their highly dynamic nature (e.g. Michelutti et al.
2001), they are providing important records of
environmental change (Sakaguchi et al. 2006; Zalat
and Servant Vildary 2007) and a wealth of informa-
tion about past flood events and the dynamic
hydrological, geochemical and biotic responses to
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such events (Hay et al. 1997, 2000; Hall et al. 2004;
Wolfe et al. 2005, 2006). Biological communities
have been shown to be useful paleo-indicators of
hydroecological change in these environments, but
developing scientifically robust interpretations re-
quires understanding and quantifying contemporary
relationships between basin hydrology, environmen-
tal conditions and biological communities of delta
lakes (Hall et al. 2004; Wolfe et al. 2005, 2007b).
Diatoms are particularly useful biomonitors for such
studies, because they are sensitive to changes in
physical, chemical and biological conditions and
microhabitat availability (Hay et al. 1997; Hall et al.
2004). In the Peace-Athabasca Delta, for example,
epiphytic taxa dominate in closed-drainage lakes,
whereas planktonic taxa and non-epiphytic taxa (e.g.
benthic and tychoplanktonic Fragilaria taxa) prolif-
erate in turbid open-drainage lakes and under flood
conditions (Hall et al. 2004). Previous studies in the
Mackenzie Delta (Hay et al. 1997, 2000) and the
Peace-Athabasca Delta (Hall et al. 2004) have found
strong relationships between diatom communities and
the hydrolimnological conditions of delta lakes,
which are important for accurate interpretations of
hydroecological changes from diatom assemblages
analyzed in sediment cores. While no such study has
been conducted for the Slave River Delta, extensive
hydrological studies have been undertaken that have
identified three main groups of lakes based on the
major hydrological processes that control their water
balances (Brock et al. 2007, detailed below).

In this study, we determine if hydrological differ-
ences among lakes in the Slave River Delta result in
predictable differences in physical and chemical
characteristics of lakes, and if these differences are
related to the composition of diatom assemblages in
recently-deposited surficial lake sediments. Our
approach is to: (1) quantify relationships between
basin hydrology and limnological conditions, and
determine if limnological conditions differ among the
three hydrological lake categories, (2) identify the
main environmental gradients associated with the
composition of diatom assemblages contained in
surface sediments and determine whether diatom
assemblage composition differs among the hydrolog-
ical lake categories and (3) identify the diatom taxa
that best discriminate among the hydrological
lake categories. Results from this study provide a
scientific framework for effective biomonitoring of
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Fig. 1 Location of the
Slave River Delta and
sampling sites, including
rivers (R1, R2, R3) and
Great Slave Lake (SD42,
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hydroecological changes in the Slave River Delta and
for quantifying roles of river hydrology, human
impacts and climatic changes over decadal to
millennial time scales from ongoing and future
paleolimnological analyses.

Site description

The Slave River Delta is located at the mouth of the
Slave River in the Northwest Territories (61°15’ N;
113°30’ W) where it enters Great Slave Lake (Fig. 1).
The delta consists of a large wetland complex with
numerous river channels, marshes, fens, bogs,
swamps and forests. Scattered throughout this land-
scape are a multitude of small, shallow (<5 m) ponds

and lakes (hereafter referred to collectively as lakes)
that span broad hydrological gradients and support
extensive macrophyte growth.

Including non-active areas of sedimentation, the
delta is 170 km long by 70 km wide, extending north-
northwest from the Slave River rapids at the south end
to Great Slave Lake at the north end (Milburn and
Prowse 1998). The entire delta covers an area of
8,300 km?, but much of it is no longer active
(Vanderburgh and Smith 1988). The active part of
the delta is arcuate, spans an area approximately
400 km?, and is prograding into Great Slave Lake
through a system of active distributaries (Prowse et al.
2002). Natural levees in this area of the delta are
between 0.1-1.5 m above Great Slave Lake low
summer water levels, making lakes in the outer delta
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more susceptible to flooding by the Slave River,
whereas the upstream relict portion of the delta has
levee heights greater than 2.5 m which impede most
river floodwaters (English et al. 1997). The extent and
frequency of flooding can vary considerably, but
periodic spring ice-jams are the main mechanism that
promotes river flooding into Slave River Delta lakes
(Prowse et al. 2002).

English et al. (1997) divided the active delta into
biogeographical zones based on vegetation patterns
and geomorphological differences (e.g. levee height),
but this has limited application for assessing hydro-
ecological changes in lakes because it assumes that all
lakes within a zone are influenced by similar hydro-
logical processes. More recently, Brock et al. (2007)
examined the roles of major hydrological processes
(including precipitation, snowmelt runoff, river flood-
ing, Great Slave Lake seiche events and evaporation)
on the water balances of lakes in the Slave River Delta
using water isotope tracers and identified three distinct
hydrological lake categories. The water balances of
flood-dominated lakes, located in the active part of the
delta, are strongly influenced by Slave River flood-
water during the spring melt. Evaporation-dominated
lakes, located in the older non-active part of the delta,
receive spring snowmelt and evaporation becomes the
over-riding process controlling lake water balances
during the remainder of the open-water season.
Exchange-dominated lakes are located along the
Slave River and delta front adjacent to Great Slave
Lake and receive periodic inputs throughout the spring
and open-water seasons from channel connections with
the Slave River or Great Slave Lake water during
seiche events, resulting in variable water balances
depending on the strength of these connections.

The hydrological classification by Brock et al.
(2007) was based on seasonal isotopic data collected
during thaw season 2003. Notably, Slave River
discharge during spring break-up of 2003 was
average compared to 46 years of gauge data at the
nearest hydrometric station. This feature is important
for our study, because both the hydrological classi-
fication (based on water samples collected in 2003),
which is strongly influenced by Slave River spring
discharge, and surface sediments used in this study
(collected in September 2002), which integrate
diatoms deposited over a few years, likely reflect
average contemporary hydrological and hydroeco-
logical conditions of the delta.
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Materials and methods
Sample collection and laboratory analyses

The water bodies in this study are the same as those
sampled and analyzed by Brock et al. (2007). River
sites include the Slave River (site R3) and two of its
distributaries (sites R1 [East Channel] and R2 [Jean
River]). Water samples from Great Slave Lake
(SD42) were collected 100 m offshore of the outer
delta to characterize the chemistry of seiche input
waters to exchange-dominated basins. The 41 lakes
sampled encompass the three hydrological categories
(flood-dominated [n = 10], evaporation-dominated
[n = 25], and exchange-dominated [n = 6]), as defined
by Brock et al. (2007) (Fig. 1).

Water and surface sediment samples were col-
lected with the aid of a helicopter in September 2002.
Water samples were collected from the central or
deepest part of 41 delta lakes, while three river
samples were collected at mid-channel (in all cases
from 10 cm below the water surface). In situ
limnological measurements (water depth, tempera-
ture, pH and conductivity) were recorded at each
sampling site and water samples were collected for
standard chlorophyll and chemical analyses (dis-
solved phosphorus (dP), total phosphorus (TP), total
nitrogen (TKN), nitrate + nitrite (NO3 + NO,)
dissolved organic carbon (DOC), colour, major ions
(Ca**, Mg®*, K*, Na*, CI™, SO3"), dissolved silica
(S8i0,), and alkalinity). Large particles were removed
prior to analyses of water chemistry and chlorophyll
by passing water through a 650 pm screen. The water
was then filtered and the particles retained by a
0.7 pm filter were frozen and analyzed for chloro-
phyll-a (chl-a) using standard spectrophotometric
methods (Jeffrey et al. 1997). Water samples (1 1)
for chemical analyses were kept at 4°C and sent to the
Water Chemistry Laboratory, University of Montreal,
for analysis using methods described in Environment
Canada (1996) within 3-5 days of collection.

Surface sediment samples (0O—1 cm) were collected
at the time of water sampling from the same 41 delta
lakes at the central or deepest part of each basin using
a mini-Glew gravity corer (Glew 1991), and were
stored in Whirl-pak™ bags at 4°C until processed for
subsequent analyses. Microscope slides for diatom
analysis were prepared from wet sediment samples by
acid digestion following standard methods (Hall and
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Smol 1996). For each sample, a minimum of 400
diatom valves were identified and enumerated along
transects using a Zeiss Axioskop II Plus compound
microscope with differential interference contrast
optics (1000x magnification, numerical aper-
ture = 1.30). Diatom taxonomy followed Krammer
and Lange-Bertalot (1986-1991). Diatom data were
expressed as taxon relative abundances (%) of the
total sum of diatom valves in each sample.

Numerical methods

Prior to numerical analyses, all limnological variables
were tested for non-normal distribution by construct-
ing histograms using the computer program SPSS
version 12.0, and deviation from normality was
assessed visually. To correct for skewed distributions,
In (x + b) transformation (where b is 0.5 X the
minimum non-zero value) was applied to
NO3 + NO,, TP, colour, SiO,, K and chl-a. Diatom
species that were encountered at <3 sites and with a
maximum abundance <1% were classified as rare
taxa and were omitted from numerical analyses to
avoid the influence of taxa whose distributions were
poorly characterized by the samples we analyzed.
Diatom percent abundance data were square-root
transformed to reduce the influence of dominant taxa.
Principal Components Analysis (PCA), an indirect
gradient, multivariate ordination technique, was used
to assess the main limnological differences among
hydrological lake categories. Rivers were included
passively and lakes were coded in ordination plots
based on Brock et al.’s (2007) hydrological catego-
ries (flood-, evaporation- and exchange-dominated).
Analysis of variance (ANOVA) was used to assess
limnological differences (P < 0.05) among river
sites (including Great Slave Lake) and the three
hydrological lake categories. ANOVA analyses
included post hoc tests (P < 0.05) based on Tukey’s
HSD test statistic using SPSS version 12.0.
Detrended Correspondence Analysis (DCA) was
performed on the diatom data to quantify the gradient
length (in SD units) of the first axis, which was used
to determine if linear or unimodal based ordination
methods were most appropriate for analyzing the
diatom data. All gradient lengths were <2 standard
deviation units, therefore, linear ordination tech-
niques (PCA and Redundancy Analysis (RDA)) were
employed (Birks 1995). PCA was used to assess

distributions of surface sediment diatom assemblages
among the hydrological lake categories. Direct gra-
dient ordination by RDA was used to identify
relationships between the surface sediment diatom
assemblages and the limnological gradients among
the lakes. RDA was performed using forward selec-
tion (and Monte Carlo tests with 999 permutations) to
determine a subset of variables that explained signif-
icant (P < 0.05) and independent amounts of
variation in the diatom data (ter Braak and Smilauer
2002). Sample scores (or surface sediment diatom
assemblages) in the ordination diagrams were coded
a priori according to the three hydrological lake
categories to visualize variation in limnological
conditions and diatom assemblage composition
among the categories. All ordinations were per-
formed using CANOCO version 4.5 (ter Braak and
Smilauer 2002).

Analysis of Similarities (ANOSIM), a non-para-
metric multivariate test that is analogous to a one-
factor ANOVA (Clarke and Warwick 2001), was
used to determine if the composition of surface
sediment diatom assemblages differed among the
three hydrological lake categories. The sample
statistic (Global R value) reflects the observed
difference among groups of samples contrasted with
the difference among replicates within each group of
samples. A Global R value of zero indicates that the
similarity between and within groups of samples is
the same on average. A value of one, on the other
hand, indicates that all the replicates within a group
of samples are more similar to each other than any
replicates from different groups of samples (Clarke
and Warwick 2006). Within- and across-group rank
Bray—Curtis dissimilarities were computed (5000
permutations) and the distribution of these values
was compared to the initial rank dissimilarity and
reported as the Global R value (Clarke and Warwick
2006). For example, if a Global R value was
significantly greater than zero (P < 0.05), this would
indicate that differences in diatom assemblages
between hydrological categories are greater than
variability within the hydrological categories.

Similarity Percentage tests (SIMPER; Clarke and
Warwick 2006) were performed to identify specific
diatom taxa that accounted for the greatest observed
differences between hydrological categories. Taxa
contributing >2% of the average Bray—Curtis simi-
larity within a hydrological category were considered
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‘indicator’ taxa that are most representative of that
hydrological category. ANOSIM and SIMPER anal-
yses were performed using the program PRIMER
version 6.1.5 (Clarke and Warwick 2006). In a final
step, Canonical Variates Analysis (CVA), a form of
multiple discriminant analysis (Birks et al. 1975), was
used to assess if the ‘indicator’ taxa identified by
SIMPER analyses significantly discriminate
(P < 0.05) the three Slave River Delta hydrological
lake categories. The CVA was performed by using
the SIMPER-identified diatom taxa as explanatory
variables and hydrological lake categories (coded as
dummy variables for each site) as the response
variables. These data were used in a Canonical
Correspondence Analysis with Hill’s scaling focused
on inter-species distances and run using Monte Carlo
tests with 999 permutations to assess the significance
of the CVA axes.

Results

Physical and chemical limnological
characteristics

Lakes in the Slave River Delta are shallow (mean
maximum depth = 126 cm; range: 30-280 cm), high
in nutrients (mean TP = 48.85 ug 17'; range: 15.3—
175.3 pg 1" and mean TKN = 1299.64 ug 1"'; range:
308.3-2637.7 ng 171), alkaline (mean pH = 7.99;
range: 7.4-8.4), and contain relatively high concen-
trations of major ions (Table 1). One exception is
SD30 (Ring Lake), a relatively deep (Znax = 10 m)
oxbow lake that is continuously connected to the
Slave River by a single channel (Fig. 1). Great Slave
Lake, the Slave River and its distributaries have high
concentrations of TP (mean = 111.79 pg 1™'; range:
30.9-285.0 pg 17') and SO4 (mean = 6.01 mg 1™ ";
range: 5.6-7.0 mg 17'), while most other chemical
parameters are relatively low compared to the lakes
(Table 1). Although TP concentrations are high at the
river sites, dP concentrations are low
(mean = 5.06 pg 17'; range: 3.0-8.1 pg 1), indicat-
ing that most of the phosphorus is in particulate
forms. Since chl-a concentrations are low
(mean = 2.61 pug 1'; range: 2.37-2.84 ug 1'), most
of the phosphorus is contained in the suspended
mineral sediments rather than phytoplankton and
other suspended biota.
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Principal Components Analysis of the water
chemistry data showed that lakes differed mainly
along gradients of concentrations of nutrients (N, P,
DOC), ions, alkalinity and chl-a (Fig. 2). Eigenvalues
for the first and second PCA axes were 0.787 and
0.213 respectively, and explained all of the variation
in the data set. TKN, TP, dP, DOC, Colour, chl-a, K,
Mg, alkalinity and conductivity were all strongly and
negatively correlated to axis 1, while pH and Na were
closely associated with axis 2. Concentrations of
Si0,, Ca, Cl, SO4 and NO3 + NO, contributed nearly
equally to the variation along the first and second
PCA axes. The main gradient of variation among
sites (axis 1) separates lakes that have no river
influence (evaporation-dominated lakes) from those
that receive periodic inputs of water from the Slave
River or Great Slave Lake (flood- and exchange-
dominated lakes). Evaporation-dominated lakes tend
to have high alkalinity and high concentrations of
nutrient and ions. Exceptions are lakes SD8 and
SD32, which were classified as evaporation-domi-
nated (Brock et al. 2007) but had water chemistry
more typical of flood-dominated lakes (Fig. 2). The
PCA plot also shows that evaporation-dominated
lakes have the broadest range of limnological condi-
tions. In contrast, flood-dominated lakes cluster more
tightly along the main PCA axis (axis 1), character-
ized by high concentrations of CI and SO, and low
concentrations of nutrients, whereas exchange-dom-
inated lakes are distributed along axis 1 spanning a
broader range of nutrient and ion concentrations. The
exchange-dominated lakes SD30, SD39 and SD41
plot close to the rivers indicating their water chem-
istries are similar to that of river water, characterized
by low concentrations of nutrients, ions, chl-a and
alkalinity. However, other exchange-dominated lakes
possess quite different limnological properties. Lakes
SD28 and SD17 plot near the evaporation-dominated
lakes due to moderately high nutrient and ion
concentrations and alkalinity, while SD10 is chem-
ically similar to flood-dominated lakes, due to
relatively high pH and concentrations of Cl and
SO, (Fig. 2).

Concentrations of several nutrients (TKN, dP,
DOC) and major ions (K, SO,) differ significantly
(P < 0.05) among flood-, exchange- and evapora-
tion-dominated lake categories (Fig. 3), while some
variables (e.g. pH and concentrations of NO3 + NO,,
Cl and chl-a [not shown]) did not vary significantly.
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Table 1 A summary of selected hydrological, physical and
chemical limnological characteristics of Slave River Delta

rivers + Great Slave Lake (values inside the square brackets,
n = 4) recorded in September 2002

lakes (values outside the square brackets, n = 41) and

Variable Units Mean SD Maximum Minimum

Zmax cm 126.00* 54.7% 280.00% 30

pH 7.99 [8.13] 0.25 [0.02] 8.42 [8.16] 7.38 [8.11]
Conductivity pS cm ™2 257.00 [175.00] 48.00 [18.00] 375.00 [201.00] 145.00 [164.00]
Alkalinity Leq 17! 3227.89 [1437.39] 622.01 [117.29] 4494.04 [1591.65] 1668.61 [1341.95]
Na mg 17! 9.59 [7.11] 2.81 [0.42] 16.12 [7.69] 4.24 [6.68]

K mg 17! 7.69 [0.76] 5.52 [0.047] 27.48 [0.83] 1.56 [0.73]
Mg mg 17! 15.12 [5.56] 4.42 [0.35] 24.88 [6.07] 6.62 [5.28]
Ca mg 17! 37.95 [24.58] 8.46 [1.80] 61.78 [27.25] 21.01 [23.41]
Cl mg 17! 6.31 [7.73] 3.53 [0.51] 22.79 [8.38] 2.13 [7.14]
SOy mg 17! 2.25 [6.01] 1.75 [0.63] 7.94 [6.95] 0.12 [5.61]
SiO, ne 1! 2357.29 [3196.85] 2627.14 [170.13] 10256.26 [3438.88] 87.07 [3040.61]
colour ABS 0.08 [0.02] 0.05 [0.00] 0.21 [0.02] 0.02 [0.02]
DOC mg 17! 22.65 [4.63] 10.82 [0.27] 43.89 [4.96] 5.51 [4.40]
TKN pg 17! 1299.64 [313.67] 597.65 [198.58] 2637.72 [608.95] 308.25 [187.33]
NO; + NO, pg 17! 7.89 [5.39] 18.20 [3.87] 86.01 [11.10] 0.01 [2.56]
TP pg 171 48.85 [111.79] 37.27 [118.90] 175.26 [285.03] 15.32 [30.87]
dp pg 171 18.00 [5.06] 10.43 [2.26] 41.44 [8.11] 2.50 [2.98]
chl-a pg 17! 7.80 [2.61] 10.95 [0.22] 57.57 [2.84] 0.64 [2.37]

# SD30 (a large, deep, partially cut-off meander of the Slave River) Z,,., values excluded; with SD30 included Mean = 147 cm,

SD = 146.8 cm, and Maximum = 1,000 cm

River sites and Great Slave Lake had significantly
lower alkalinity, conductivity and K concentration
compared to the three hydrological categories of
deltaic lakes. Similar, but non-significant tendencies
occurred for concentrations of TKN, dP, DOC, Na
and Mg, whereas TP, SiO, and SO, were higher in
rivers. Generally, concentrations of nutrients and the
majority of ions are higher in evaporation-dominated
lakes relative to flood- and exchange-dominated
lakes. Exchange-dominated lakes have the lowest
values and are most similar to river sites compared to
lakes in the other hydrological categories (Figs. 2, 3).

Relationships between surface-sediment diatoms
and hydroecological conditions

A total of 88 diatom taxa from 23 genera were found
in the surface sediment samples collected from the 41
study lakes (Appendix). Most of the diatom taxa
encountered typically occupy epiphytic and benthic
habitats and have been reported from spatial surveys
of shallow lakes and ponds in the Mackenzie and
Peace-Athabasca deltas (Hay et al. 2000; Hall et al.

2004). Planktonic diatoms (e.g. Cyclostephanos spp.,
Stephanodiscus minutulus (Kiitzing) Cleve & Moller,
S. parvus Stoermer & Hakansson) were found at low
to modest relative abundance in most flood- and
exchange-dominated lakes, but were largely absent
from lakes in the evaporation-dominated hydrological
category.

Ordination of the diatom data by PCA showed that
composition of surface sediment assemblages differs
among the hydrological lake categories (Fig. 4).
Eigenvalues for the first and second axes were 0.167
and 0.118 respectively, and explained 28.5% of the
variation in the data set. The main gradient of
variation separated diatom assemblages in the river-
influenced lakes (flood- and exchange-dominated;
positioned to the left in Fig. 4) from evaporation-
dominated lakes (positioned to the right). Surface
sediment diatom assemblages in river-influenced
lakes (flood- and exchange-dominated categories)
included taxa that occupy a wide diversity of habitats
(e.g. river-borne planktonic taxa (Cyclostephanos
spp- and Stephanodiscus spp.), benthic taxa
(Gyrosigma attenuatum (Kiitzing) Rabenhorst and
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Fig. 2 Principal
components analysis (PCA)
ordination diagram
illustrating the relative
position of Slave River
Delta lakes (n = 41) with
respect to three
hydrological lake categories { THN LnTP
and 17 physical/chemical
variables. River sites and
Great Slave Lake are
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Rhopalodia gibba (Ehrenberg) O. Miiller) and a
variety of common epiphytes (Navicula and Nitzschia
taxa)). Composition of diatom assemblages overlaps
considerably between flood- and exchange-domi-
nated lakes. Surface sediment diatom assemblages
of evaporation-dominated lakes generally cluster as a
discrete group with positive axis 1 scores, and are
almost entirely composed of common epiphytic taxa
such as Navicula minima Grunow, Nitzschia amphi-
bia Grunow, and taxa belonging to Achnanthes,
Cocconeis and Gomphonema. One exception to this
pattern is lake SD32, which has a diatom assemblage
that is more similar to those of flood-dominated lakes
(i.e. with modest abundance of Cyclostephanos PAD
sp. 2, Gyrosigma attenuatum and Rhopalodia gibbay).

Three lakes (SD7, SD13 and SD24) are conspic-
uous in the PCA because they are positioned high on
axis 2, clearly separated from the other sites (Fig. 4).
Although these lakes have quite different water
chemistry (i.e. they are positioned far apart in the
PCA performed on water chemistry variables; see
Fig. 2), their diatom assemblages are all dominated
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by small benthic Fragilaria taxa (e.g. F. pinnata
Ehrenberg, F. pinnata var. intercedens Ehrenberg, F.
construens (Ehrenberg) Grunow, F. construens var.
venter (Ehrenberg) Grunow and F. construens f.
binodis (Ehrenberg) Grunow).

Ordination by RDA identified five variables (TKN,
TP, K, Mg and SiO,) that explained significant and
independent amounts of variation in the surface
sediment diatom assemblages among sites (Fig. 5).
The eigenvalues of the first two RDA axes
(41 = 0.129, 2, = 0.061) were both significant
(P < 0.05) and captured 46.2% and 21.8% of the
variation in the species-environment relationships,
respectively. Concentrations of TKN, TP and K are
highly correlated with the first RDA axis (intraset
correlations = 0.781, 0.735 and 0.700, respectively)
and SiO, shows the strongest correlation with the
second axis (intraset correlation = 0.575), while Mg
contributes nearly equally to the variation along both
the first and second axes (intraset correlations = 0.252
and 0.275, respectively). The first RDA axis mainly
separated diatom assemblages typical of evaporation-
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Fig. 3 Box plots of selected chemical variables for river sites
(includes Slave River distributaries and Great Slave Lake) (R;
n = 4), flood-dominated (F; n = 10), exchange-dominated (Ex;
n = 6), and evaporation-dominated (Ev; n = 25) lakes. Outliers
(solid dots) are samples outside the 5th and 95th percentiles.

dominated lakes (higher nutrient and ion concentra-
tions and dominated by Navicula minima, Nitzschia
amphibia and Achnanthes taxa) from assemblages
typical of river-influenced (flood- and exchange-
dominated) lakes (lower concentrations of nutrients
and ions that were dominated by Gyrosigma atten-
uatum, Rhopalodia gibba, and taxa of the genera
Navicula, Nitzschia, Cyclostephanos and Stephano-
discus). To a lesser degree, the second RDA axis
separated the diatom assemblages of flood-dominated
lakes (positioned in the lower left quadrant, associ-
ated with relatively low concentrations of SiO, and
relatively abundant Navicula libonensis Schoeman
and Cocconeis taxa) from exchange-dominated lakes
(positioned in the upper left quadrant, associated with
higher concentrations of SiO, and abundant Eunotia
bilunaris (Ehrenberg) Mills, Fragilaria capucina var.
gracilis (Oestrup) Hustedt and Cymbella taxa).
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Small case letters (a, b, c, d) are used to identify limnological
variables with statistically significant differences (P < 0.05) in
mean values between the hydrological categories based on
ANOVA tests

In terms of diatom assemblage composition
(Fig. 4) and relationships between water chemistry
and diatom assemblage composition (Fig. 5), lake
SD32 shares more affinity with lakes in the flood-
dominated hydrological category than the evapora-
tion-dominated lakes. This appears to be a singular
inconsistency in relating the limno-ecological data to
the hydrological classification of lakes developed by
Brock et al. (2007) from analysis of stable isotopes in
point-in-time lake water samples. Consequently, lake
SD32 was placed in the flood-dominated hydrological
category for subsequent ecological analyses.

Composition of surface sediment diatom assem-
blages differed significantly among all three hydro-
logical lake categories of the Slave River Delta, as
assessed by ANOSIM tests (Table 2). Analysis by
SIMPER identified a number of unique ‘indicator’
diatom taxa that can discriminate among hydrological

@ Springer



542

J Paleolimnol (2008) 39:533-550

1.0

s024 0
807 3
-] 50053 '
a2z
n
1
an;
SD.I’ T
508
o n
2
»
2 oM o LA - =
- licss o o "
=} 10 os0we ; -
" somw T® spu g o0 ™ w87 o Al
o~ pam Loy THLana i s B -3 . ol
2 tod 8500 Lo son oSz T
= 5027
é s0a1 g @508 o Osow g i o " = 5
. Oso2
sD28 5038 5002‘ SD 19 oszn 3
e e o s O 2t "
s040 5035 O o 34
. > oz o B o1 g, 1 s
L] .
mee = ot 270 £
s
sgz @ Flocd-Dominated 2
© ® Exchange-Dominated
=} O Evaporation-Dominated pe 74
7
gL 1.0-1.0 1.0

Axis 1=0.167

Fig. 4 Principal components analysis (PCA) of sedimentary
diatom taxa (n = 88) from lakes in the Slave River Delta
(n = 41). Site scores are located in the left panel and diatom

taxa scores are located in the right panel. Numbers correspond
with taxon names provided in Appendix

Q
-~
=]
SO 1
spig® LnSi02
506 " 28
D0 @ 4 19
a1 0® Wl
fe) 8 *
sD24 : L 7
5038 SD28 SD17 o 87 7

e @ 5036 i ar a1178
sz 5039 o7 o = 2 e T

@ sDE|S018 1)
8 503 % o o%es EH 10 o o2 7 i
o e spmcfsote 050 spu & M 3
n 78 B LAl | 8
o i L} s 8 .. a2
@ TKN hon *
é SD 40 ®w m b u %

s5g® S0 35 - % -
sD1@ LnTP B
S04 a8 s | 4
sou® o Mg o  LaK 1 a’® n
5028 o S0 sD22 6 g
50 o i "
5018
-]
L]
s089 02
@ Flood-Dominated
@ Exchange-Dominated
=] © Evaperation-Dominated
-1.0 1.0-1.0 1.0

Axis 1=0.129
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lake categories (i.e. the taxa that accounted for >2%
of the average Bray—Curtis similarity within groups;
Fig. 6a). Diatom taxa identified as indicators of a
particular hydrological lake category account for
98% of the similarity within that category although
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the left panel and diatom taxa scores are located in the right
panel. Numbers correspond with taxon names provided in
Appendix

several diatom taxa, mainly those occupying epi-
phytic habitats, were identified as indicators of more
than one hydrological lake category (Fig. 6b). Nav-
icula minima and Nitzschia amphibia were identified
as unique indicators of evaporation-dominated lakes,
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Table 2 Summary of analysis of similarities (ANOSIM) test
results used to compare composition of surface-sediment (0—
1 cm) diatom assemblages from flood-dominated (n = 11),

exchange-dominated (n = 6) and evaporation-dominated
(n = 24) lakes in the Slave River Delta

Lake category R-statistic P-value
Global test: All hydrological categories 0.492 0.001
Pairwise tests: Flood vs. exchange 0.531 0.001

Flood vs. evaporation 0.458 0.001

Exchange vs. evaporation 0.459 0.003

whereas Eunotia bilunaris (Ehrenberg) Mills, Fragi-
laria capucina var. gracilis, Nitzschia perminuta
(Grunow) M. Peragallo, Cyclostephanos cf. tholifor-
mis Stoermer, Hakansson & Theriot and Stephano-
discus minutulus were uniquely associated with
exchange-dominated lakes. Navicula libonensis,
Gyrosigma attenuatum, Rhopalodia gibba and
Cyclostephanos PAD sp. 2 were identified as unique
indicators of flood-dominated lakes. Most of the
‘indicator’ diatom taxa occupy epiphytic and benthic
habitats, with the exception of the centric diatoms
Cyclostephanos cf. tholiformis, Stephanodiscus min-
utulus (exchange-dominated) and Cyclostephanos
PAD sp. 2 (flood-dominated), which originate from
the Slave River and Great Slave Lake (M.A. Sokal,
personal observation).

Canonical Variates Analysis provided evidence that
the ‘indicator’ taxa identified by the SIMPER analysis
account for significant (p < 0.05) discrimination
among the hydrological lake categories. Eigenvalues
of the first two CVA axes are 0.876 and 0.832,
respectively, and explain 85.3% of the variance among
hydrological lake categories. Thus, the threshold
criteria used in our SIMPER analyses (i.e., diatom
taxa contributing >2% of the average Bray—Curtis
similarity within groups) successfully identified ‘indi-
cator’ taxa that distinguish hydroecological conditions
of lakes within the Slave River Delta.

Discussion

The hydrological settings of lakes in the Slave River
Delta are associated with distinctly different limno-
logical conditions and composition of diatom assem-
blages in surface sediments, as summarized in
Table 3. Differences are most pronounced between
lakes that are influenced by the Slave River or Great
Slave Lake (flood- and exchange-dominated lakes)

and lakes that are removed from the influence of the
river (evaporation-dominated lakes). This is not
surprising given the fact that a strong influence of
river flood water on the limnology and ecology of
floodplain lakes has been observed in both the
Mackenzie Delta (Hay et al. 1997, 2000; Squires
and Lesack 2002; Squires et al. 2002) and the Peace-
Athabasca Delta (Hall et al. 2004; Wolfe et al.
2007b). Evaporation-dominated lakes possess water
balances controlled by precipitation, snowmelt runoff
and evaporation (Table 3). As a result, they are
limnologically most dissimilar to the rivers and are
highly dominated by epiphytic diatoms. In contrast,
flood- and exchange-dominated lakes receive inputs
of river or Great Slave Lake water which lower their
concentrations of nutrients, chl-a, the majority of ions
and alkalinity, and their diatom assemblages include
a variety of epiphytic diatoms, but most notably
include unique benthic and planktonic taxa (Table 3).

A strong relationship exists between the hydro-
logical lake category and water chemistry, indicating
the hydrological setting strongly regulates limnolog-
ical properties (Fig. 2; Table 3). The diatom assem-
blages preserved in the surface sediments also show
strong and statistically significant differences in
hydro-limnological conditions among all three hydro-
logical lake categories (Figs. 4 and 5). Thus, the
isotope-based classification by Brock et al. (2007)
captures major limnological and hydroecological
differences among lakes of the Slave River Delta.
The only consistent exception is lake SD32 which
had a diatom composition typical of lakes with flood-
dominated hydrology, even though it was categorized
by Brock et al (2007) as an evaporation-dominated
lake. This suggests that the isotope-based criteria
used to classify this lake were strongly influenced by
short-term effects of summer evaporation as this lake
did not flood in the spring of 2003. However, diatoms
incorporated in surface sediments indicate that over
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diatom taxa meeting this criterion for only one hydrological
category, whereas panel (b) includes taxa meeting the criterion
for more than one hydrological category
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Table 3 Summary of Slave River Delta lake hydrology, limnology and diatom ‘indicator’ taxa

Slave River Delta hydrological lake categories

Flood-dominated Exchange-dominated Evaporation-dominated
Hydrological inputs Rp+S+P Rp+Ry+S+P S+P
Hydrological outputs Or+E Or+On+E E
Limnological characteristics | nutrients || nutrients 1 nutrients

| chl-a 1] chl-a 1 chl-a

| ions 1] ions 1 ions

| alkalinity 1| alkalinity 1 alkalinity
Diatom ‘indicator’ taxa Navicula libonensis, Eunotia bilunaris, Navicula minima,

Gyrosigma attenuatum, Fragilaria capucina var. gracilis, Nitzschia amphibia

Rhopalodia gibba,
Cyclostephanos
PAD sp. 2

Nitzschia perminuta,
Cyclostephanos cf. tholiformis,

Stephanodiscus minutulus

Hydrologic inputs and outputs from lakes are based on data from Brock et al. (2007), where R = River inputs during elevated (spring
flood) flow conditions (Rg) and normal summer flow conditions (Ry), S = Catchment-sourced snowmelt inputs, P = Thaw season
precipitation, O = Surface outflow during elevated (spring flood) flow conditions (Op) and normal summer flow conditions (Oy), and
E = Surface water evaporation. Dominant processes are shown in bold. Limnological conditions for the exchange-dominated lakes
reflect those with generally strong and persistent connections with the Slave River or Great Slave Lake (incl. SD30, SD39, SD41)

longer timescales this lake behaves more like flood-
dominated lakes. All of the other evaporation-dom-
inated lakes tend to have the highest concentrations
of nutrients and several ions, which can be best
explained by increased evaporative enrichment of
ions and internal recycling of nutrients in the absence
of river flooding (e.g. Hay et al. 1997). The diatom
assemblages in evaporation-dominated lakes have
high relative abundances of common epiphytes, a
feature that is consistent with observed clear water
conditions of low phytoplankton abundance and
extensive macrophyte coverage throughout all or
most of these lake basins. These diatom assemblages
are associated with high concentrations of nutrients
(TKN and TP) and ions (K and Mg), similar to
findings by Hall et al. (2004) for closed-drainage
lakes in the Peace-Athabasca Delta which are anal-
ogous to evaporation-dominated lakes in the Slave
River Delta. Hay et al. (2000) also identified that
similar epiphytic diatom assemblages typified the
analogous high-closure lakes in the Mackenzie Delta
that support dense macrophyte beds in the absence of
strong flood influence.

In flood-dominated lakes, flooding from rivers is
typically restricted to the spring melt season, but
exchange-dominated lakes periodically re-connect to
the river or are inundated with water from Great

Slave Lake during seiche events throughout the open-
water season (Brock et al. 2007). Consequently,
limnological conditions of exchange-dominated lakes
tend to be more variable compared to lakes of the
other hydrological categories. Additionally, local
geographic factors (e.g. distance to river and Great
Slave Lake, sill elevation, presence of channel
connections) likely influence the frequency and
magnitude of flooding of lakes in the exchange-
dominated category. Thus, it is not surprising that
lakes in the exchange-dominated category encompass
a broad range of limnological conditions that over-
laps to some extent with lakes of hydrological
categories at the two extremes (evaporation- and
flood-dominated). For example, lakes SD30, SD39
and SD41 have limnological characteristics similar to
river sites, suggesting that at the time of sampling, the
Slave River was flowing into SD30 and water from
Great Slave Lake was entering SD39 and SD41 at the
outer portion of the delta. Contrary to this, SD17 and
SD28 (both of which have channel connections to the
Slave River) were limnologically more similar to
evaporation-dominated lakes at the time of sampling,
suggesting their channels were acting as outflows
or disconnected entirely. Diatom assemblages in
exchange-dominated lakes are associated with high
levels of SiO, which is consistent with prolonged
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river connection and high concentrations of SiO, in
river water. Although flood-dominated lakes receive
SiO,-rich flood waters in the spring, the effects
appear to be short-lived as is suggested by the
separation of flood- from exchange-dominated lakes
along a SiO, gradient (Fig. 5).

Increased river influence often results in decreased
light transparency, macrophyte coverage and percent
abundance of epiphytic diatoms in open-drainage
lakes of the Peace-Athabasca Delta and no-closure
lakes of the Mackenzie Delta, which are continuously
flooded by rivers and thus highly turbid (Hay et al.
2000; Squires et al. 2002; Hall et al. 2004). However,
this situation does not appear to be the case in the Slave
River Delta, and such lakes do not exist or at least were
not sampled in our study. Flood- and exchange-
dominated lakes remain dominated by macrophytes
and epiphytic diatom taxa (as are evaporation-domi-
nated basins), in spite of high minerogenic turbidity,
and are more similar to restricted-drainage lakes in the
Peace-Athabasca Delta and low-closure lakes in the
Mackenzie Delta which receive periodic flooding (Hay
1997; Hall et al. 2004).

Diatom assemblages in most lakes in this study are
dominated by epiphytic taxa, reflecting the large
habitat space (macrophyte surface area) available in
these shallow deltaic ponds that support prolific
macrophyte growth. Many of the epiphytic diatom
taxa were distributed broadly among lakes of more
than one hydrological category, and thus these taxa
are likely unable to distinguish changes in hydrolog-
ical status of lakes in the Slave River Delta.
Importantly, however, we have identified specific
‘indicator’ taxa that can discriminate the three
hydrological lake categories (Table 3). The epiphytic
diatoms Navicula minima and Nitzschia amphibia are
associated with evaporation-dominated lakes and are
almost non-existent in flood- or exchange-dominated
lakes. Both of these species are relatively abundant in
high-closure lakes of the Mackenzie Delta (Hay et al.
2000) and are indicators of closed-basin lakes in the
Peace-Athabasca Delta (Hall et al. 2004). Diatoms
indicative of flood- and exchange-dominated lakes
span a much wider range of habitat types including
epiphytic, planktonic, tychoplanktonic and motile
benthic taxa (Fig. 6). The planktonic ‘indicator’ taxa
Cyclostephanos cf. tholiformis, Stephanodiscus min-
utulus (exchange-dominated) and Cyclostephanos
PAD sp. 2 (flood-dominated) are important indicators
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of connectivity to rivers and Great Slave Lake, and
similarly they have been associated with high river
connectivity in the Peace-Athabasca Delta (Hall et al.
2004). Curiously, Cyclostephanos cf. tholiformis is
found in lakes with exchange-dominated hydrology
but not in lakes with flood-dominated hydrology,
while the opposite pattern occurs for Cyclostephanos
PAD sp. 2, but it is difficult to identify a mechanism
responsible for this apparent phenomenon because
both taxa are commonly found in Slave River
plankton samples.

Conclusions

We demonstrate that variations in basin hydrology
correspond with differences in limnological condi-
tions and composition of diatom assemblages in the
surface sediments of lakes in the Slave River Delta.
The distinct composition of water chemistry and
diatom assemblages among hydrological categories
indicates that the lake classification scheme of Brock
et al. (2007) based on stable isotope results from the
open-water season of 2003 also captures major
limnological and ecological differences (Table 3).
In the absence of river flooding, evaporation-domi-
nated lakes have the highest concentrations of several
ions and nutrients and these clear water, macrophyte
dominant systems have high relative abundances of
common epiphytic diatoms such as Navicula minima
and Nitzschia amphibia. In contrast, flood-dominated
lakes have relatively low concentrations of most ions
and nutrients, while exchange-dominated lakes have
the lowest average concentrations of most ions and
nutrients, but tend to be more variable as a result of
varying influence by the Slave River and Great Slave
Lake. Sedimentary diatom taxa indicative of flood-
and exchange-dominated lakes span a wider range of
habitat types when compared to evaporation-domi-
nated lakes, and include the planktonic taxa Cyclo-
stephanos cf. tholiformis, Stephanodiscus minutulus
(exchange-dominated) and Cyclostephanos PAD sp.
2 (flood-dominated) which are important indicators of
river connectivity in the Slave River Delta.

Our approach has integrated the use of water
isotope tracers and chemistry to characterize present
hydrolimnological conditions, and demonstrated the
potential of sedimentary diatom assemblages as
bioindicators of hydrological changes and as proxy
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indicators of past hydroecological conditions in the
Slave River Delta. Knowledge gained from this
formative study is being used in biomonitoring and
paleolimnological investigations of the Slave River
Delta to further understanding of the complex
interactions among hydrology, limnology, and aqua-
tic ecology in this freshwater ecosystem. In particu-
lar, ongoing multi-proxy (stable isotopes, diatoms,
plant macrofossils) paleolimnological studies at sev-
eral lakes situated throughout the delta will use the
information provided by this study to assess the
relative roles of river discharge, frequency of ice-jam
floods, climatic variability and geomorphic change on
the Slave River Delta ecosystem. This is necessary
for anticipating responses to climate change and

human modifications of upstream river systems,
including effects of river regulation by the WAC
Bennett Dam and consumptive water use by the
Athabasca Oil Sands operations.
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Appendix Diatom taxa (n = 88) found in >3 of the SD study lakes (n = 41) at > 1% abundance in at least one lake, including
number of occurrences, mean and maximum relative abundance. Taxon numbers correspond to those presented in Figs. 4 and 5

Taxon Taxon name Number of Mean relative =~ Maximum relative
number occurrences abundance abundance
1 Achnanthes conspicua Mayer 13 0.31 3.14
2 Achnanthes hungarica (Grunow) Grunow 21 0.67 6.63
3 Achnanthes lanceolata var. frequentissima Lange-Bertalot 38 3.79 16.81
4 Achnanthes lanceolata var. rostrata Hustedt 6 0.29 3.98
5 Achnanthes minutissima Kiitzing 40 9.69 38.34
6 Amphora libyca Ehrenberg 35 1.28 4.81
7 Amphora pediculus (Kiitzing) Grunow 20 1.21 16.53
8 Amphora veneta Kiitzing 14 0.26 2.27
9 Caloneis bacillum (Grunow) Cleve 13 0.20 1.48
10 Caloneis silicula (Ehrenberg) Cleve 9 0.15 1.23
11 Cocconeis placentula small (<15 pm) 39 7.26 31.03
12 Cocconeis placentula var. euglypta Ehrenberg 5 0.09 1.40
13 Cocconeis placentula var. placentula Ehrenberg 40 10.84 31.88
14 Craticula halophila (Grunow) Cleve 29 0.72 5.00
15 Cyclostephanos cf. tholiformis Stoermer, Hakansson & Theriot 8 0.55 10.17
16 Cyclostephanos PAD sp. 2 Hall et al. (2004) 11 1.18 9.60
17 Cymbella microcephala Grunow 22 0.77 3.08
18 Cymbella minuta Hilse 15 0.24 1.26
19 Cymbella proxima Reimer 10 0.11 1.00
20 Diatoma moniliformis Kiitzing 4 0.04 1.06
21 Diatoma tenuis Agardh 4 0.07 1.42
22 Epithemia adnata (Kiitzing) Brébisson 38 2.31 8.86
23 Epithemia turgida (Ehrenberg) Kiitzing 23 0.56 242
24 Eunotia bilunaris (Ehrenberg) Mills 29 0.59 2.09
25 Eunotia implicata Norpel, Lange-Bertalot & Alles 9 0.12 1.26
26 Eunotia incisa W. Smith ex Gregory 14 0.24 1.82

@ Springer



548 J Paleolimnol (2008) 39:533-550

Appendix continued

Taxon Taxon name Number of Mean relative =~ Maximum relative
number occurrences abundance abundance
27 Fragilaria brevistriata Grunow 8 0.13 2.30
28 Fragilaria capucina var. gracilis (Oestrup) Hustedt 30 1.14 12.16
29 Fragilaria capucina var. rumpens (Kiitzing) Lange-Bertalot 22 0.66 491
30 Fragilaria capucina var. mesolepta (Rabenhorst) Rabenhorst 34 2.81 11.65
31 Fragilaria construens (Ehrenberg) Grunow 6 0.11 2.19
32 Fragilaria construens f. binodis (Ehrenberg) Grunow 5 0.10 1.62
33 Fragilaria construens var. venter (Ehrenberg) Grunow 10 0.25 4.00
34 Fragilaria famelica (Kiitzing) Lange-Bertalot 11 0.41 6.26
35 Fragilaria pinnata Ehrenberg 21 2.74 45.05
36 Fragilaria pinnata var. intercedens Ehrenberg 9 1.06 18.53
37 Gomphonema acuminatum Ehrenberg 27 0.69 3.14
38 Gomphonema angustatum (Kiitzing) Rabenhorst 4 0.08 1.14
39 Gomphonema angustum Agardh 34 2.19 6.87
40 Gomphonema clavatum Ehrenberg 38 1.67 5.10
41 Gomphonema gracile Ehrenberg 19 0.53 4.38
42 Gomphonema minutum Agardh 34 1.70 5.20
43 Gomphonema parvulum (Kiitzing) Kiitzing 24 0.45 2.28
44 Gomphonema truncatum Ehrenberg 24 0.78 2.95
45 Gyrosigma attenuatum (Kiitzing) Rabenhorst 17 1.12 15.44
46 Navicula capitata var. capitata Ehrenberg 16 0.53 3.92
47 Navicula cryptocephala Kiitzing 40 3.18 9.88
48 Navicula cryptotenella Lange-Bertalot 40 2.43 9.05
49 Navicula cuspidata (Kiitzing) Kiitzing 22 0.27 1.45
50 Navicula laevissima Kiitzing 11 0.21 1.85
51 Navicula libonensis Schoeman 28 1.08 7.73
52 Navicula menisculus Schumann 8 0.23 6.60
53 Navicula minima Grunow 24 5.00 56.00
54 Navicula minuscula var. muralis (Grunow in Van Heurck) Lange- 4 0.06 1.22
Beralot in Lange-Bertalot & Rumrich

55 Navicula oblonga (Kiitzing) Kiitzing 18 0.35 3.14
56 Navicula pupula Kiitzing 39 3.33 11.90
57 Navicula radiosa Kiitzing 37 1.62 7.28
58 Navicula SD sp. 1 13 0.66 8.51
59 Navicula seminuloides Hustedt 3 0.05 1.09
60 Navicula seminulum Grunow 8 0.22 393
61 Navicula submuralis Hustedt 7 0.20 2.84
62 Navicula subplacentula Hustedt 14 0.30 3.00
63 Navicula trivialis Lange-Bertalot 24 0.79 4.66
64 Navicula veneta Kiitzing 21 0.48 2.73
65 Neidium ampliatum (Ehrenberg) Krammer 23 0.29 1.23
66 Nitzschia acicularis (Kiitzing) W. Smith 13 0.35 2.95
67 Nitzschia amphibia Grunow 28 1.57 6.32
68 Nitzschia fonticola Grunow 6 0.10 1.96
69 Nitzschia gracilis Hantzsch 6 0.08 1.37

@ Springer



J Paleolimnol (2008) 39:533-550

549

Appendix continued

Taxon Taxon name Number of Mean relative ~ Maximum relative
number occurrences abundance abundance
70 Nitzschia liebetruthii Rabenhorst 27 0.48 1.41

71 Nitzschia palea (Kiitzing) W. Smith 41 3.71 14.59

72 Nitzschia paleacea Grunow 30 0.69 2.96

73 Nitzschia perminuta (Grunow) M. Peragallo 17 0.39 3.14

74 Nitzschia radicula Hustedt 28 0.52 3.18

75 Nitzschia recta Hantzsch 27 0.85 3.92

76 Nitzschia sigmoidia (Ehrenberg) W. Smith 15 0.22 1.96

77 Pinnularia interrupta W. Smith 6 0.09 1.32

78 Pinnularia microstauron (Ehrenberg) Cleve 19 0.34 1.62

79 Rhopalodia gibba (Ehrenberg) O. Miiller 22 0.90 5.85

80 Stauroneis anceps Ehrenberg 29 1.06 13.07

81 Stauroneis phoenicenteron (Nitzsch) Ehrenberg 19 0.23 2.21

82 Stauroneis SD sp. 1 9 0.18 2.18

83 Stephanodiscus minutulus (Kiitzing) Cleve & Moller 22 0.74 4.68

84 Stephanodiscus parvus Stoermer & Hakansson 13 0.20 1.60

85 Surirella angusta Kiitzing 0.13 2.00

86 Surirella minuta Brebissonii ex Kiitzing 5 0.05 1.20

87 Synedra ulna var. acus Ehrenberg 16 0.25 1.42

88 Tabellaria flocculosa (Roth) Kiitzing 0.15 1.89
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