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On the benefits of being redundant: low compositional fidelity of
diatom death assemblages does not hamper the preservation of
environmental gradients in shallow lakes

Gabriela S. Hassan

Abstract —Comparisons between death assemblages and their source living communities are among the
most common actualistic methods of evaluating the preservation of compositional and environmental
information in fossil assemblages. Although live-dead studies have commonly focused on
marine mollusks, the potential of diatoms to preserve ecological information in continental settings has
been overlooked. Thus, little is known about the nature and magnitude of the taphonomic
biases affecting live-dead agreement of diatom assemblages, despite their extensive application as
modern and fossil bioindicators in paleoecological and paleoenvironmental reconstructions.
In this study, I analyzed three live-dead data sets in order to evaluate the compositional and environ-
mental fidelity exhibited by diatom death assemblages in shallow lakes. I find that diatom
death assemblages (DAs) do differ significantly in their taxonomic composition from living assemblages
(LAs), mainly as a consequence of (1) differences in the temporal resolution between time-
averaged DAs and non-averaged LAs, and (2) differential preservation of diatom taxa related to the
intrinsic properties of their valves. Despite compositional dissimilarities, DAs were able to capture
the same environmental gradients as LAs, with high significance. This decoupling between live-dead
agreement in community composition and community response to gradients can be related
to the existence of at least two mutually exclusive subsets of species that significantly captured compo-
sitional dissimilarities based on the full set of the species in the three lakes. This functional redundancy
implies that the between-sample relationships of living assemblages can be significantly
preserved by DAs even if some taxa are removed by taphonomic processes. The preservation of
environmental gradients thus does not require good preservation of all living taxa. Structural
redundancy compensates for the loss of compositional fidelity caused by postmortem processes in the
diatom data set.
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Introduction (TomasSovych and Kidwell 2009a). Understand-

ing the extent of this distortion constitutes a

Death assemblages (i.e., the taxonomically
identifiable dead or discarded organic remains
present in the surficial mixed layer of a land-
scape [Kidwell 2013]) are temporally coarse
accumulations in which individuals belonging
to past and present generations co-occur. These
are dynamic open systems, where dead indivi-
duals are removed by the action of diverse
postmortem processes while newly dead indi-
viduals are constantly incorporated (Kidwell
and Tomasovych 2013). As a result of tapho-
nomic biases and time-averaging, the ecologi-
cal and environmental signals stored by the
original living community can become dis-
torted to some degree in death assemblages

© 2015 The Paleontological Society. All rights reserved.

https://doi.org/10.1017/pab.2014.10 Published online by Cambridge University Press

topic of primary interest in paleoecological and
palecenvironmental research, because it allows
discriminating taphonomic from biologically
meaningful changes in fossil assemblages’ diver-
sity and composition (Kidwell and Bosence
1991; Behrensmeyer et al. 2000; Tomasovych
and Kidwell 2009a). Moreover, the recogni-
tion of death assemblages as historical archives
of community and ecosystem composition
has extended the relevance of live-dead
studies to the fields of ecology and conserva-
tion biology (Kidwell 2013; Kidwell and
Tomasovych 2013).

Live-dead comparisons are the most com-
mon actualistic methods of evaluating the
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preservation potential of ecological informa-
tion (Kidwell 2013). They have mostly focused
on compositional fidelity (i.e., preservation
of composition, richness and abundance
[Tomasovych and Kidwell 2009a, 2011]),
whereas works on environmental fidelity (i.e.,
the ability of death assemblages to detect
environmental gradients) have been particu-
larly scarce (e.g., Stanton 1976; Overpeck et al.
1985; Miller 1988; Gavin et al. 2003; Hassan
et al. 2008; Tomasovych and Kidwell 2009Db).
Most of these have been studies of macroscopic
organisms, such as mollusks (see Kidwell 2001,
2002a,b; Kidwell 2013 for review), corals (e.g.,
Pandolfi and Minchin 1996; Greenstein and
Pandolfi 1997; Edinger et al. 2001), brachio-
pods (e.g., Carroll et al. 2003; Tomasovych
2004; Krause et al. 2010), mammals (e.g.
Western and Behrensmeyer 2009; Terry
2010a,b), and higher plants (e.g., Sugita 1994;
Zhao et al. 2006; Sims and Cassara 2009).
Works on microorganisms have been mostly
restricted to foraminifera (e.g.,, Scott and
Medioli 1980; Bernhard 2000; Murray and
Pudsey 2004) and ostracods (e.g., Park et al.
2003; Alin and Cohen 2009; Michelson and
Park 2013). Only a few works have been
conducted in to assess live-dead agreement in
sedimentary diatoms (Wilson and Holmes
1981; Oppenheim 1987; Sawai 2001; Hassan
et al. 2008). As a consequence, little is known
about the nature and magnitude of the tapho-
nomic biases affecting live-dead agreement of
diatom assemblages, despite their extensive
application as modern and fossil bioindicators
in paleoecological and paleoenvironmental stu-
dies (see Smol and Stoermer 2010 for a review).

The influence of taphonomic processes on
the preservation of diatoms has been largely
recognized (e.g., Lewin 1961; Barker 1992;
Flower 1993; Sawai 2001; Ryves et al. 2009).
Postmortem processes such as mixing, dissolu-
tion, and breakage can significantly bias the
composition of the assemblages, and thus
affect quantitative and qualitative paleoenvir-
onmental inferences (Haberyan 1985; Flower
1993; Ryves et al. 2006, 2009, 2013). Severe
valve breakage has been associated with high-
energy environments (Beyens and Denys 1982;
Flower 1993; Sawai et al. 2009), grazing effects
(Haberyan 1985; Hamm et al. 2003; Austin
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et al. 2005), and compaction and drying of
sediments (Flower 1993). Valve dissolution
occurs when diatom remains are exposed to
water with low concentrations of dissolved
silica, and it is strongly related to the salinity,
pH and temperature of the surrounding med-
ium (Flower and Ryves 2009). Because diatoms
occupy a variety of habitats within lentic envir-
onments, their preservation potential is also
related to their life form; for example, free-living
planktonic taxa are expected to be more suscep-
tible to transport and dissolution than periphytic
taxa attached to rocks or plants (Sawai 2001).
Moreover, because diatom dissolution and break-
age are strongly dependent on the thickness,
ornamentation, and surface-area-to-volume ratio
of the valves (Lewin 1961; Haberyan 1985; Van
Cappellen et al. 2002), differential preservation
can exert significant bias on the composition of
diatom assemblages by destroying fragile species
(Ryves et al. 2003, 2013).

Given these findings, diatom assemblages
subjected to such a wide array of taphonomic
biases might be expected to exhibit low live-dead
compositional fidelity. In fact, if the variability
introduced by taphonomic processes exceeds the
original biological variability, then the capability
of death assemblages to preserve the ecological
information of the living community might
be completely obliterated. Likewise, these tapho-
nomic processes might shift the record of the
responses of diatom assemblages to environ-
mental gradients, thus testing the assumptions
of paleoecological and paleoenvironmental
analyses. However, if living communities exhibit
structural redundancy (i.e., more than one
mutually exclusive subset of species significantly
captures community structure based on the full
set of species [Clarke and Warwick 1998]), live-
dead agreement in the response of assemblages
to environmental gradients can be preserved
even under conditions of low compositional
fidelity (Tomasovych and Kidwell 2009b).
Given their high richness and diversity, most
diatom data sets are likely to display structural
redundancy, thus allowing hypotheses about a
decoupling between community response to
environmental gradients and community com-
position. The ability to assess such a decoupling
therefore becomes a key issue in live-dead
research.
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In this contribution, I analyzed three live-dead
data sets in order to evaluate the compositional
and environmental fidelity exhibited by diatom
death assemblages in shallow lakes. Three main
points are addressed: (1) the ability of the death
assemblages to preserve the composition of
the original living community (compositional
fidelity); (2) the ability of the death assemblages
to preserve the original responses of living
communities to environmental gradients (envi-
ronmental fidelity); and (3) the presence of
structural redundancy in the living communities
and its relationship to compositional and envi-
ronmental fidelity. I use these results to examine
whether there is decoupling between composi-
tional and environmental fidelity in diatom
death assemblages and then discuss the implica-
tions for paleocenvironmental reconstructions.

Material and Methods

Field and Laboratory Methods

Sampling  Strategy.—The  study  was
conducted in three shallow lakes located in
the southeastern Pampa plain (Buenos Aires
province, Argentina), close to the Atlantic
coast: (1) Los Carpinchos (LC, 37°3'34"S; 57°
19'56"W), (2) Las Mostazas (LM, 37°9'57"S; 57°
14’50"W), and (3) Nahuel Rucéd (NR, 37°37'21"
S; 57°25'42"W). The climate is temperate humid
or sub-humid with a mean annual temperature
of 15°C and a mean annual precipitation of
1100mm (Feijo6 and Lombardo 2007). The
studied lakes have a surface of approximately
250 ha and maximum depths of 1.5-2m. They
are located along a north-south gradient
covering a distance of approximately 60km
(Fig. 1). The three lakes are located in private
farms, and the watersheds have been subjected
to agricultural use for the past several decades.
In each lake, sampling was carried out on a
seasonal basis over a year. The sampling was
designed in order to allow comparison between
the two main habitats represented in each lake:
the highly vegetated littoral zone (LIT) and the
open waters area (OW). During each visit, six
surface sediment samples were randomly
collected with a piston core from both the LIT
and the OW areas. Given the very low water
levels, Las Mostazas became very muddy
during the summer, preventing access to the
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sampling area. This was mostly a consequence
of the settling of suspended sediments in its
extensive and very shallow littoral area during
the dry season. Hence, the LM data set included
data from only three fieldtrips. Hence, the final
data set comprised a total of 132 surface
sediment samples (LC: 48; NR: 48; LM: 36)
each one representing a live-dead pair. The top
lcm of each core was sliced in the field and
preserved with alcohol.

Each sample was mounted on Brunel aqua-
tic mounting medium and examined under
a light microscope (1000x magnification)
in order to determine relative abundances
of diatom cells with intact chloroplasts (i.e.,
Living Assemblages, LA) and empty valves
(i.e., Death Assemblages, DA), as well as the
taxonomic composition of each assemblage.
Estimation of the abundances of living diatoms
for live-dead comparisons and bioassessment
studies has largely relied on counts of cells
containing intact chloroplasts (e.g., Owen et al.
1979; Pryfogle and Lowe 1979; Wilson and
Holmes 1981; Oppenheim 1987; Sawai 2001;
Hassan et al. 2008; Gillett et al. 2009). Although
the criteria for “intact” chloroplasts are rather
subjective, it is not difficult to distinguish
cells with full, apparently intact chloroplasts
from those in various stages of condensation
or breakdown (ie., sparse, small green
droplets scattered within the cell [Stockner and
Lund 1970]). This methodology is based on the
assumption that upon death, the nonsiliceous
components of a diatom deteriorate, leaving
empty frustules, as diatom protoplasm degrades
rapidly under typical biostratinomic conditions
(Pryfogle and Lowe 1979). Nonetheless, it is
impossible to equate robust chloroplasts with a
living cell without culturing individual cells
(Stockner and Lund 1970), which I did not do
in this study. However, in cases where the
preservation of cytoplasmic structures in the
fossil record is exceptional—often as a result of
modern displacement along the sedimentary
column due to invertebrate burrowing activity
(Stockner and Lund 1970)—the chloroplast are
usually condensed (Wolfe et al 2006; Tanimura
et al. 2006). Moreover, good agreement between
chloroplast-bearing cell counts and cultures in
some freshwater lakes indicated that at least in
these lakes the chloroplast counts are a realistic
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measure of algal viability in recent sediments
(Stockner and Lund 1970). As a consequence,
although exceptional preservation may lead to
an overestimation of diatom viability in this
study, this error should be minimal because only
intact chloroplasts were considered.

In order to avoid sample size effects, valves
were counted until 200 valves of both LAs and
DAs were reached. Taxa were identified to the
lowest possible taxonomic category following
standard floras (see Hassan 2013).

In some cases, because the samples had not
been chemically cleaned and were mounted in
aquatic mounting medium, it was not possible
to distinguish morphologically similar species,
particularly in the LAs, where cytoplasmic
contents were present. This methodological
problem can lead to artificially introduced
differences in richness and diversity between
DA and LA. In order to prevent this effect
and allow a direct comparison of DA and
LA, valves of some problematic taxa (such
as certain species belonging to the genera
Nitzschin and Navicula) were grouped at the
generic level in both LAs and DAs.

Environmental Variables—Six replicate measure-
ments of conductivity, temperature, oxygen, pH
and Secchi disk transparency (an estimative of
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Location of the studied lakes: Nahuel Ruca (NR), Los Carpinchos (LC) and Las Mostazas (LM).

turbidity, Wetzel 2001) were taken seasonally
at each lake with portable instruments. Water
depth was measured with a meter stick at each
sampling point (both littoral and open-water).
Additionally, one subsurface water sample (1L)
was taken in the center of each lake in each
survey in order to determine chemical parameters
through standard methods (APHA 1992). Water
samples were collected in polyethylene bottles
and stored in ice until they were transported to the
laboratory. Water samples were analyzed within
15 days of collection for concentrations of nitrate
(NO3), sulfate (SO3), chloride (CI), fluoride (F),
phosphate (POY"), carbonate (CO3?), bicarbonate
(HCO;3), magnesium (Mg*"), calcium (Ca*),
silica (S5i0,), and hardness (mg L™ CaCO;
Table 1).

Data Analyses

Compositional Fidelity.—In order to evaluate
the live-dead agreement in species composition,
I analyzed four different aspects of life and
death diatom assemblages:

1. Fidelity in richness and diversity: The raw
number of taxa (S; standardized at a sample
size of n =200 individuals) and the Shannon-
Wiener (H') and Simpson (I —D) diversity
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TaLE 1.  Summary of environmental information. Values are mean + SD; minimum and maximum values are given in
parentheses. LM, Las Mostazas; LC, Los Carpinchos; NR, Nahuel Ruca.

Sampling site

Environmental variable LM LC NR
Water chemistry
Conductivity (mS/cm) 3.3+0.7 (2.5-4.3) 22+1.2(1.34.3) 0.8+0.5 (0.3-1.6)

pH

Dissolved oxygen (ppm)

Temperature (°C)
CO3 (mgL™)
HCOj3 (mg L™
ClI" mg L™

Hardness (mg L™ of CaCOs)

Ca*" (mgL™)

ng (mg L™

SO;™ (mg LY

SiO, (mg L

PO; (mg/L)

NOj3 (mg/L)
Physical characteristic

9.7+0.4 (9.1-10.3)
8.8+4.4 (2.7-14.6)
182+4.1 (14.3-24.5)
174 + 145 (51-333)
664 + 87 (569-740)
822 +120 (750-961)
286+ 83 (190-334)
60.4+10.9 (54.1-73.0)
32.3+17.5 (13.1-47.5)
188 + 34 (153-220)
18.7+11.9 (9.7-32.3)
40.7 +8.9 (35-51)
146.5+30.4 (125-168)

108.9 +13.9 (90-130)

8.7+0.8 (7.7-10.0)
5.6+4.0 (0.1-9.3)
18.5+7.8 (10.2-32.5)
46 +92 (0-183)
743 + 135 (583-894)
877 + 1053 (270-2450)
128 +92 (13-229)
163+ 11.5 (1.0-27.5)
209 +16.9 (2.4-38.5)
90 + 84 (1-188)
52.1+48.3 (9.4-111.0)
18.1+3.3 (15.8-20.4)
45.4+ 8.4 (40.0-55.1)

92.7 +35.6 (40-150)

8.1+0.3 (7.4-8.5)

7.5+27 (2.1-10.8)

16.3+7.3 (7.2-25.5)
0

529 +230 (303-849)
144 + 82 (91-266)
250 + 127 (173-438)
30.7+16.5 (18.1-53.2)
41.7+29.7 (18.8-85.4)

108.9 +61.5 (27.4-169)
17.7 +1.3 (16.8-18.6)
161.3 + 88.7 (98.6-224.0)
67%

78.7 +8.8 (60-90)

Depth (open-water samples, cm)
Depth (littoral samples, cm)
Secchi depth (cm)

73.3+13.8 (50-100)
28.6 + 6.4 (20-40)

57.4+23.0 (20-90)
35.6+21.2 (10-70)

40 + 14 (15-65)
16.7+9.6 (5-40)

*Only one measurement available.

indices were calculated for LAs and DAs in
each sample using the package “vegan”
version 2.0-7 (Oksanen et al. 2013) in R
version 3.0.1 (R Development Core Team
2013). Differences in richness and diversity
between both assemblages were evaluated
with two-sample permutation tests using
the permTS function in “perm” package
version 1.0-0.0 (Fay and Shaw 2010), which
allowed testing the null hypothesis of no
difference between means of diversity in LAs
and DAs.

. Fidelity in species composition (pairwise
similarity): Two similarity measures were
calculated in order to capture different
components of species turnover among
pairs of LAs and DAs: (1) Bray-Curtis
similarity (BC) based on untransformed
proportional data, which is sensitive to
changes in dominant taxa; and (2) Sorensen
index (S) based on presence/absence data,
which gives equal weights to abundant and
rare taxa (Tomasovych and Kidwell 2009a).
In order to analyze the patterns of distribu-
tion of the main diatom taxa across LAs and
DAs, I plotted the relative abundances
of dominant taxa (i.e., taxa which reached
20% in at least one sample and occurred
in at least 50% of the samples) in LAs
against the relative abundances in DAs.
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The significance of the differences between
relative abundance in LAs and DAs in taxa
that appreciably deviate from the 1:1 line
was analyzed using Kruskal-Wallis tests,
using the program PAST version 1.78
(Hammer et al. 2001).

. Live-dead differences in multivariate dispersions:

I used a modified analysis of homogeneity in
multivariate dispersions (HMD; Tomasovych
and Kidwell 2011) in order to test for
differences in live-dead multivariate disper-
sions in the total assemblage and between
LIT and OW sites separately. This approach
allows differentiating between the effects
of premortem and postmortem processes
on time-averaged assemblages. The analysis
was based on two dissimilarity measure-
ments: (1) Jaccard dissimilarity based on
presence/absence data, which reflects
the probability that two randomly chosen
species from two assemblages do not belong
to any species shared by both assemblages,
and (2) Horn-Morisita dissimilarity, based
on untransformed proportional abundances,
which reflects the probability that two ran-
domly drawn individuals from two assem-
blages do not belong to the same species
(Tomasovych and Kidwell 2011). The HMD
approach developed by TomaSovych and
Kidwell (2011) was applied using R version
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3.0.1 (R Development Core Team 2013). In
order to evaluate the degree of overlap
between the multivariate spaces occupied
by LAs and DAs, Principal Coordinates
Analyses (PCoA) were applied to the
different data sets using both Jaccard and
Horn-Morisita indices as similarity measures
through the program Past v 1.78 (Hammer
et al. 2001). Bivariate plots of dissimilarity
between LAs and their centroid vs. dissim-
ilarity between DAs and the centroid of LAs
were constructed in order to evaluate the
magnitude of the deviation of each data set
from the expected line of good agreement
(Tomasovych and Kidwell 2011).

Environmental Fidelity.—I used two different
approaches to evaluate the degree to which
DAs capture the original environmental
patterns affecting the structure of LAs:

1. Within-lake environmental fidelity: Assessing
the ability of death assemblages to capture
the intrinsic environmental compartmenta-
lization (littoral vs. open waters) of each
lake involved three approaches. First, differ-
ences in diversity and richness between
littoral and open-water LAs and DAs were
tested with two-sample permutation tests
using the permTS function in “perm”
package version 1.0-0.0 (Fay and Shaw
2010), which allowed testing the null
hypothesis of no difference between means
of diversity in littoral and open-water LAs
and between littoral and open-water DAs.
Second, to test for differences in the disper-
sion between littoral and open waters, I
used tests of homogeneity of multivariate
dispersions (Anderson 2006), analyzing liv-
ing and dead assemblages separately. Dis-
persions are represented by distances of
samples to their environment centroid (i.e.,
centroid of littoral and open-water sites) in a
Euclidean space, calculated with PCoA.
Dissimilarity matrices for life and death
assemblages were constructed based on the
Horn-Morisita index and tested under 999
permutations using the betadisper func-
tion in the package “vegan” version 2.0-7
(Oksanen et al. 2013). Finally, I used gradient
analysis to assess the ability of life and
death assemblages to capture environmental
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gradients in depth and vegetation coverage.
Relative frequencies of taxa were square-root-
transformed prior to gradient analyses in
order to stabilize their variances. Composi-
tional gradient length of the species data was
estimated by means of Detrended Correspon-
dence Analysis (DCA, detrending by seg-
ments, rare taxa down-weighted) in order to
determine whether ordination techniques
assuming linear or unimodal species distri-
butions were most appropriate. In general, if
the gradient length is greater than 2 standard
deviation (SD) units, a unimodal response
model is considered more appropriate. As
gradient lengths resulted long enough (>2
SD, Supplementary Table 5), I used Canoni-
cal Correspondence Analysis (CCA, focused
on interspecies distances, rare taxa down-
weighted) with forward selection option to
assess and compare the degree to which the
variation in proportional abundance in life
and death assemblages is explained by these
environmental variables. The statistical sig-
nificance was assessed by unrestricted
ANOVA-like permutation tests (full model)
involving 199 permutations. All ordinations
were performed using the package “vegan”
version 2.0-7 (Oksanen et al. 2013).

. Between-lake environmental fidelity: In order

to evaluate the ability of diatom death
assemblages to preserve the environmental
gradients captured by life assemblages at a
regional scale, LAs and DAs from the three
lakes were combined and their relationship
to environmental variables examined. Only
open-water samples (for which measure-
ments of conductivity, pH, and Secchi
depth were taken) were included in the data
set. Two CCA analyses (one for LAs and
the other for DAs) were performed on the
combined data set in order to assess
and compare the percentage of variance
explained by major environmental vari-
ables. Partial CCAs (run with one explana-
tory variable at each time) were applied in
order to calculate the percentage of variance
explained by each environmental parameter
in LAs and DAs. All analyses were per-
formed as detailed in the previous section
using the package “vegan” version 2.0-7
(Oksanen et al. 2013).
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Structural Redundancy.—I used the stepwise
procedure BVSTEP (Clarke and Warwick 1998)
in order to analyze the structural redundancy
within living communities. The procedure
allows an “analytical peeling” of the data set,
which involves selecting the smallest subset
of species for which the Spearman rank
correlation (p) with sample similarities for the
full species set exceeds a predetermined value.
I selected a threshold of p=0.75, given the
moderate species richness found (63-85 species),
following Tomasovych and Kidwell (2009b).
Once the first species subset was identified,
I evaluated further subsets of species that
could replicate the full community pattern, by
excluding the first subset unit and rerunning the
algorithm for the reduced species matrix against
the full set. BVSTEP was run using 50 random
starts and an initial number of trial species of 30,
and the significance of rank correlations were
estimated with permutation tests (999 random
permutations) using the PRIMER v. 6.0 package
(Clarke 1993).

Results

Compositional Fidelity

Fidelity in Richness and Diversity.—Shannon-
Wiener and Simpson indices, comparing total
(littoral + open waters) LAs and DAs, showed
significant differences both in Los Carpinchos
(LC) and Nahuel Rucd (NR), but were not
significant in assemblages from Las Mostazas
(LM; Supplementary Table 1). Similar results
were found when LAs and DAs were compared
separately for littoral and open waters, which
showed significant differences in all indices both
in LC and NR, but only between Simpson
indices in LM (Supplementary Table 1).
Boxplots showed that richness and Shannon
diversity were higher in LC and NR than in LM
(Fig. 2). In these two lakes, richness and diversity
were higher in DAs than in LAs in both littoral
and open waters (Fig. 2). The ratio of dead to live
species ranged from 0.63 to 1.5 in LM, from 0.87
to 29 in LC, and from 0.87 and 2.23 in NR.
Mean values were 1.1 in LM and 14 in LC
and NR, meaning that in these two lakes
death assemblages were on average 40% more
species rich than their corresponding living
communities.
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Fidelity in Pairwise Similarity.—Samples from
LM exhibited a significantly higher fidelity in
LAs-DAs pairwise distances both in species
abundance (Bray-Curtis) and in presence/
absence (Serensen), when compared with NR
and LC (p <0.001; Fig. 3). Several taxa showed
noticeable deviation from the 1:1 line when
proportional abundances of the dominant
species in the LAs were plotted against
proportional abundances of the same species
in the DAs, both in littoral and in open-water
samples, although biases were more evident in
NR and LC than in LM (Fig. 4). Most of the taxa
from LM showed similar proportional
abundances in LAs and DAs, fitting the 1:1
line of the plot relatively well (Fig. 4). The only
two exceptions were the epiphytic Cocconeis
placentula, which had significantly higher
abundances in DAs, from both littoral and
open waters (p<0.001), and the benthic
Nitzschia amphibia, which had significantly
higher abundances in littoral LAs (p <0.05).

DAs from LC showed significantly higher
abundances in Cocconeis placentula (OW and
LIT: p<0.0001); and Navicula peregrina (OW:
p<0.01; LIT: p<0.0001). On the other hand,
two taxa were significantly more abundant in
LAs in this lake: Aulacoseira granulata var.
angustissima (OW and LIT: p<0.0001); and
Pseudostaurosira subsalina (LIT: p <0.05).

In Nahuel Ruca there was significant devia-
tion of the 1:1 line. Three species were more
abundant in both littoral and open-water DAs:
C. placentula (OW and LIT: p < 0.0001), Navicula
peregrina (OW: p <0.05; LIT: p <0.0001), ) and
Surirella spp. (OW: p<0.01; LIT: p<0.05).
Cyclotella meneghiniana and Aulacoseira granulata
were more abundant in littoral waters (p <0.001
for both species). Other taxa had significantly
higher proportional abundances in LAs, such as
Aulacoseira granulata var. angustissima (OW:
p<0.05; LIT: p<0.0001) and Pseudostaurosira
subsalina (OW and LIT: p < 0.05; Supplementary
Table 2).

Live-dead  Differences  in  Multivariate
Dispersions—The HMD tests indicated that
total LD variation was significantly larger
than premortem variation in the three lakes
when based on presence-absence data
(Jaccard) and in two of the three lakes when
based on relative abundances (Horn-Morisita),
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suggesting that DAs do not occupy the same
portions of multivariate space, and thus differ
from LAs. Overall, DAs were significantly
over-dispersed (i.e., the variance from the
centroid of LAs was larger among DAs than
among LAs, Supplementary Table 3).
Live-dead agreement in multivariate disper-
sions was higher in Las Mostazas lake, where
marginally significant differences were found
when the Jaccard index was used (p=0.03,
Supplementary Table 3), but not with Horn-
Morisita (p=0.21, Supplementary Table 3).
Although DAs were significantly over-dis-
persed, the magnitude of postmortem variation
was relatively low (0.05). The magnitude of LD
variation explained by premortem variation was
higher for analyses using Jaccard (0.83; Fig. 5)
than for those based on Horn-Morisita (0.74;
Fig. 6) (Supplementary Table 3). Similar results
were obtained when LD comparisons were
performed separately between Las Mostazas
LIT and OW habitats; over-dispersions were
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significant when based on Jaccard index
(LIT p=0.001; OW p=0.03) but not with
Horn-Morisita index (LIT p=0.22; OW p=0.1;
Supplementary Table 3). Premortem variation
explained a high percentage of total LD varia-
tion both when the Jaccard index (LIT ratio=
0.77; OW ratio=0.76; Fig. 6, Supplementary
Table 3) and when the Horn-Morisita index
(LIT ratio=0.80; OW ratio =0.63; Supplemen-
tary Table 3, Fig. 7) was used.

In Los Carpinchos the magnitude of LD
change in the composition of the diatom
assemblages was higher than in Las Mostazas.
DAs were significantly over-dispersed both
in Jaccard and in Horn-Morisita analyses
(p=0.001, Supplementary Table 3). The mag-
nitude of postmortem dispersion was rela-
tively low (0.06 based on Jaccard index and
0.14 based on Horn-Morisita index), and the
magnitude of total LD variation explained by
premortem variation was higher for Jaccard
(0.79) than Horn-Morisita analyses (0.58).
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Similarly, when analyses were performed on
LIT and OW assemblages separately, the com-
position was over-dispersed in all cases (Sup-
plementary Table 3). Postmortem variation
was equivalent to that found on the total data
set, for both types of analyses (Jaccard: LIT
ratio=0.07, OW ratio=0.08; Horn-Morisita:
LIT ratio=0.14; OW ratio =0.13). Premortem
variation was better able to explain total LD
variation when the Jaccard index was used
(LIT ratio=0.77; OW ratio =0.74; Fig. 6, Sup-
plementary Table 3) than when the Horn-
Morisita index was used (LIT ratio =0.57; OW
ratio =0.54; Fig. 7, Supplementary Table 3).
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In Nahuel Rucé deviations in LD composi-
tions were also significant (Supplementary
Table 3). In this lake, DAs were significantly
over-dispersed when total and LIT assem-
blages were considered, but not when analyses
were based on OW samples (Supplementary
Table 3). Overall, analyses based on Jaccard
index yielded very similar results, with
postmortem biases ranging between 0.05 and
0.09 and ratios of premortem to total LD var-
iation between 0.72 and 0.86 (Supplementary
Table 3). Results of analyses based on Horn-
Morisita yielded postmortem biases ranged
between 0.05 and 0.16 and ratios of premortem
to total LD variation between 0.47 and 0.91
(Supplementary Table 3).

Bivariate plots (Fig. 7) showed that sites
from Las Mostazas fall along the expected line
of correlation for good agreement, or slightly
above it, as expected from within-habitat time-
averaging (Tomasovych and Kidwell 2011).
A few sites are located above this expected
line, indicating that they are over-dispersed—
because the variance from the centroid of LAs
is larger among DAs than among LAs—and
are subjected to significant postmortem biases
and/or between-habitat time-averaging. This
effect was more notable when sites of Los
Carpinchos and Nahuel Rucd were plotted
(Fig. 7), as a high number of sites fell above the
expected line of agreement. In these lakes,
postmortem processes have significantly
affected the composition of DAs, both when
presence/absence and when abundance data
are considered. Additionally, a number of sites
fell into the lower triangular area plus the dark
gray shaded band above the line of unity,
indicating that live-dead differences could be
explained entirely by within habitat time-
averaging (Fig. 7).

Environmental Fidelity

Within-lake Environmental Fidelity.—Richness
of LAs showed no significant differences
between LIT and OW in any of the lakes
(Supplementary Table 1). In contrast, both
diversity indices showed significantly higher
values in open-water than in littoral LAs in
Las Mostazas, but no significant differences in
LAs from the other two lakes (Fig. 2, Supple-
mentary Table 1). For DAs, on the other hand,
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comparing multivariate ordinations of living (white circles) and death (black squares) assemblages in total, littoral, and

open-water samples from the three lakes.

there were significantly higher values or
richness and diversity in littoral assemblages
than in open-water assemblages for Nahuel
Rucd and Los Carpinchos, but not for Las
Mostazas (Fig. 2, Supplementary Table 1).

The test for homogeneity of multivariate dis-
persions showed a general similarity between
the dispersions of LIT and OW assemblages,
both in LAs and in DAs of the three lakes. Non-
significant results were obtained in all tests,
except for LAs in Las Mostazas, where margin-
ally significant results were obtained (F=4.24;
p=0.047; Supplementary Table 4).

According to CCA ordinations, depth and
vegetation cover have similar effects on the
composition of living and death diatom
assemblages, as the proportion of composi-
tional variation explained by these environ-
mental parameters and their significance were
similar for both DAs and LAs (Supplementary
Table 5). Correlations between species and
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environmental variables were also well
preserved in DAs (Supplementary Table 5).
The ordination plots show similar segregation
of LIT and OW sites both in DAs and in
LAs, as well as similar lengths and directions
of the depth and vegetation cover gradients
(Fig. 8).

Between-lake Environmental Fidelity.—Results
of CCA analyses indicated that death
assemblages capture environmental gradients
better than life assemblages. The proportion
of compositional variation explained by the
environmental variables was higher in DAs
(20.6%) than in LAs (16.1%, Supplementary
Table 6).

Correlations between species and environ-
mental variables were high and well preserved
in DAs, and ordinations were significant in
both cases (Supplementary Table 6). Partial
CCAs indicated that conductivity was the
strongest variable, explaining 9.85% of the
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variance in LAs, followed by depth (4.66%), and their corresponding significance increased
Secchi depth (2.20%), and pH (2.14%; Supple- noticeably in DAs: although conductivity
mentary Table 7). The percentage of variance remained the strongest explanatory variable
explained by these environmental variables (12.26%), it was followed by depth (10.66%)
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and pH (10.66%), whereas Secchi depth
explained only 3.55% of the variance (Supple-
mentary Table 7). Hence, DAs captured envir-
onmental gradients better than LAs, particularly
for the pH gradient, which explained a higher
percentage of variance in DAs with respect
to LAs. The ordination plots showed similar
segregations of sites from the three lakes both in
DAs and in LAs (Fig. 9).

Structural Redundancy

The application of “analytical peeling” to the
data sets of the three lakes showed that living
diatom assemblages present structural redun-
dancy; at least two different subsets of species
significantly replicated the community struc-
ture of the full assemblage in each lake at
p=0.75 (Table 2).

In Las Mostazas, the first subset comprised
only two taxa, the planktonic Cyclotella mene-
ghiniana and the benthic Nitzschia amphibia,
and achieved a high correlation (p=0.90,
p <0.001). The second subset also reached the
correlation threshold (p=0.75, p <0.001) and
comprised 11 taxa, which included planktonic
(i.e., Melosira varians), benthic (i.e., Amphora
coffaeformis, A. copulata, A. tumida, Bacillaria
paxillifer, Navicula peregrina, Navicula sp.,
Nitzschia sigma, Tryblionella hungarica), and
epiphytic taxa (i.e., Epithemia adnata, Synedra
acus). The correlation of the third subset,
comprising 12 taxa, was significant but below
the correlation threshold (p=0.65 p<0.001,
Table 2).

The first subset from Los Carpinchos data set
comprised two planktonic taxa (Cyclotella mene-
ghiniana and Aulacoseira granulata var. angustis-
sima), which attained high rank correlation to
the total assemblage (p=0.80, p <0.001). The
second subset also presented a correlation
above the threshold (p=0.76, p<0.001), and
included five taxa: the planktonic Aulacoseira
granulata and Melosira varians, the epiphytic
Epithemia adnata, and the benthic Nitzschia
amphibia and Nitzschia spp. The third subset
was composed of 24 taxa, and presented a
significant but low correlation with the total
assemblage (p =0.65, p < 0.001).

For the Nahuel Ruca data set two subsets
were identically correlated with the total data
set (p=0.77, p<0.001). One subset comprised
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two taxa: the planktonic Aulacoseira granulata
var. angustissima and the benthic Navicula
peregrina. The second subset comprised five
taxa: the planktonic Aulacoseira granulata, the
benthic Hippodonta hungarica, and the periphy-
tic Epithemia adnata, Pseudostaurosira subsalina
and Staurosira longirostris. The third subset
yielded a low but significant correlation
(p=0.50, p<0.001) and was composed of 22
taxa (Table 2).

Discussion

Low Compositional Fidelity of Death Diatom
Assemblages

The different estimates of compositional
fidelity indicate a broadly unfaithful represen-
tation of living diatom communities by death
assemblages: LAs and DAs were significantly
different in richness, diversity, and multivari-
ate dispersions in two of the three shallow
lakes analyzed (NR and LC). Furthermore, for
several taxa the proportional abundances were
significantly different between LAs and DAs,
becoming either under- or overrepresented in
the latter.

Biases in the fidelity of richness and diversity
were related to significantly higher numbers
of taxa and higher values of Shannon and
Simpson indices in DAs than in LAs. These
results are in agreement with live-dead studies
focused on mollusks, which demonstrated that
sedimentary death assemblages contain far
more species than the local living communities
(see Kidwell 2002a and references therein).
Excess of richness in DAs could be an artifact of
insufficient sampling of the LA: given the
patchy or ephemeral nature of some living
populations, they might be excluded from the
data set when the sampling period is short or
the environmental heterogeneity is not fully
covered (Kidwell 2002a). Even when I sampled
living diatom communities on a seasonal basis,
the samples collected in each lake would
represent only snapshots of the full seasonal
variability, which can be high in diatoms given
their very short generation times (on the order
of hours to a few days, Baars 1981). DAs, on the
other hand, constitute time-averaged represen-
tations of living communities and integrate
dead-valve inputs over long periods of time,
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capturing demographic and environmental
stochasticity and leading to time-averaged
species richness (Kidwell 2002a; Tomasovych
and Kidwell 2011). Enrichment of death assem-
blages can also be related to the input of valves
from lake sub-environments not included
in the sampling strategy, such as epiphytic
taxa living upon macrophytes (e.g., Cocconeis
placentula). Hence, it is expected that, given
longer sampling periods and more inten-
sive sampling of all lake sub-environments,
pooled living community richness and diver-
sity values would more closely approximate
those of the DAs.

HMD indicated that species composition of
DAs significantly differed from that of LAs
in the three lakes when based on presence-
absence data (Jaccard) and in two of the three
lakes when based on proportional abundances
(Horn-Morisita). Although a small proportion
of this over-dispersion can arise from within-
habitat time averaging (Tomasovych and
Kidwell 2011), many samples were significantly
affected by postmortem biases in species compo-
sition. This additional variation in assemblage
composition can be created by (1) time-averaging
within one or multiple successive habitats
(environmental condensation), (2) differential
turnover and preservation among species, and
(3) human modification of the living community
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within the window of time-averaging (Toma-
Sovych and Kidwell 2011; Kidwell 2013). By
examining the differences in the proportional
abundances of taxa between living and death
assemblages I was able to identify a group of
species that were significantly under- or over-
represented in death assemblages. Most of the
taxa whose proportional abundances were
higher in DAs than in LAs (ie., Navicula
peregrina, Surirella striatula, Aulacoseira granu-
lata, Cyclotella meneghiniana) are characterized
by highly silicified and robust valves (Barker
1992). On the other hand, valves of taxa with
significantly lower abundances in DAs than in
LAs (i.e., Nitzschia amphibia, Pseudostaurosira
subsalina, Aulacoseira granulata var. angustis-
sima) are weakly silicified and more prone to
fragmentation given their elongated shape and
denser areolation patterns (Haberyan 1985).
These live-dead differences in abundance,
linked to strong differences in the intrinsic
durability of species, are consistent with pre-
servational bias as opposed to other possible
bias sources. Moreover, given their very
shallow nature, the lake floors are likely subject
to significant reworking of sediments as a
consequence of wind action. The resulting
turbulence would favor breakage and subse-
quent dissolution of valves (Ryves et al. 2006).
Because the probability of a diatom valve’s
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TABLE 2.

rank-correlation values (p) are given. All correlations significant at p <0.001.
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Taxonomic composition of species subsets from the peeling procedure for the three lakes studied. Spearman

Las Mostazas Los Carpinchos Nahuel Ruca
Subset1 p=0.90 p=0.80 p=0.77
Cyclotella meneghiniana, Nitzschia ~ Cyclotella meneghiniana, Aulacoseira  Aulacoseira granulata var. angustis-
amphibia granulata var. angustissima sima, Navicula peregrina
Subset2 p=0.75 p=0.76 p=0.77
Amphora coffaeformis, A. copulata,  Aulacoseira granulata, Epithemia Aulacoseira granulata, Epithemia
A. tumida, Bacillaria paxillifer, adnata, Melosira varians, Nitzschia adnata, Hippodonta hungarica,
Epithemia adnata, Melosira var- amphibia, Nitzschia spp. Pseudostaurosira subsalina,
ians, Navicula peregrina, Navicula Staurosira longirostris.
sp., Nitzschia sigma, Synedra acus,
Tryblionella hungarica.
Subset3 p=0.65 p=0.65 p=0.50

Anomonoeis sphaerophora, Caloneis
westii, Cocconeis placentula, Crati-
cula ambigua, Melosira varians,
Navicula peregrina, Nitzschia sca-
laris, Nitzschia sigma, Nitzschia
tryblionella, Plagiotropis sp., Pla-
nothidium delicathulum, Sellaphora
pupula

Amphora coffaeformis, A. copulata,
Amphora sp., A tumida, A. veneta,

Anomoeoneis sphaerophora, Campi-

lodiscus clypeus, Cymbella pusilla,

Epithemia sorex, Eunotia sp., Fallacia
meridionalis, F. pygmaea, Gompho-

nema lanceolatum, G. paroulum,
Gomphonema spp., Hippodonta
hungarica, Mastogloia elliptica,

Melosira sp., Navicula brasiliensis,
N. peregrina, Nitzschia perminuta,
N. tryblionella, N. vitrea, Thalassio-

Amphora pediculus, A. veneta,
Anomoeoneis sculpta, A. sphaero-
phora, Aulacoseira muzzanensis,
Cyclotella meneghiniana, Epithe-
mia sorex, Eunotia sp., Gompho-
nema olivacea, G. parvulum
Melosira varians.,

Nitzschia amphibia, N. scalaris,
Plagiotropis sp., Pleurosira laevis,
Rhopalodia gibba, R. gibberula,
R. musculus, Roicosphenia cur-
vata, Surirella ovalis, Thalassiosira

sira sp.

sp., Tryblionella hungarica.

breaking is strongly related to its length /width
ratio and pore row frequency (Haberyan 1985),
differential breakage of taxa in these shallow
lakes is probably responsible for the observed
deviations in proportional abundances. More-
over, variation in the fidelity exhibited by
the three lakes may also be explained by the
differential breakage of dominant taxa: the
greater fidelity found in Las Mostazas could be
related to lower proportional abundance of the
fragile Aulacoseira granulata var. angustissima
in the LAs than either Nahuel Rucd or Los
Carpinchos.

Live-dead mismatches in marine mollusk
assemblages have also been related to human
impact: if anthropogenic stressors have altered
LA composition during the window of time-
averaging, a significant live-dead difference
might arise if the DA retains memory of pristine
environmental conditions (Kidwell 2013).
The three studied lakes lie in the Argentinian
Pampas, an area of intensive agricultural activ-
ity during the past 30 years. Although diatom
analyses of Holocene sedimentary sequences
in pampean lakes have described evidence of
increased nutrient loading in recent sediments
(Hassan 2013), the high sedimentation rates and
very short generation times of diatoms raise
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doubts about the ability of surface-sediment
death assemblages to represent pre-impact
conditions. According to previous paleoenvir-
onmental research, the topmost 10-20 cm of
the cores record modern lake conditions;
pre-historical assemblages are buried below this
core depth (Hassan 2013). Moreover, the taxo-
nomic differences between LAs and DAs do not
indicate a selective replacement of taxa accord-
ing to their nutrient preferences. Although more
testing is needed, it appears that pre-impact
diatom DAs in this study would be outside the
window of time-averaging for surface-sediment
DAs in this study; the live-dead mismatch is
more probably related to differential preserva-
tion of taxa than to anthropogenic effects.

Environmental Fidelity

Living diatom assemblages varied along
environmental gradients in the studied lakes.
Results of CCA indicated that environmental
variables exert significant influence on the
community composition of LAs at both local
and regional scales. Remarkably, despite the
low compositional fidelity of DAs to LAs, DAs
were able to capture the same environmental
gradients as LAs with high significance. What
is more, the percentage of variance in diatom
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composition explained by the environmental
variables was higher in DAs than in LAs, both
in analyses based on single lakes and those
using total data sets, indicating that DAs were
more sensitive to environmental gradients
than were living assemblages. This better
performance of DAs over LAs has also been
mentioned in mollusk-based environmental
fidelity studies, and has been related to the
capability of DAs to capture community
composition (especially rare species) over
longer temporal durations, given the homo-
genization of demographic and environmental
stochasticity, which can blur composition of
living assemblages over short durations (see
Tomasovych and Kidwell 2009b and references
therein). Overall, this good agreement implies
that past environmental conditions inferred from
fossil diatom assemblages would be even more
accurate than those based on a single sampling
of the original living community, thus support-
ing one of the main assumptions of diatom-
based paleoenvironmental reconstructions.

The surprising result of low live-dead agree-
ment in assemblage composition and yet good
live-dead agreement in assemblage response to
gradients can be explained by the presence of
structural redundancy in living diatom com-
munities. This redundancy was inferred from
the existence of at least two mutually exclusive
subsets of species that significantly captured
compositional dissimilarities based on the full
set of species in the three lakes (at p=0.75).
Such redundancy in environmental informa-
tion implies that the between-sample relation-
ships of living assemblages can be significantly
preserved by DAs even if some taxa are
randomly removed by taphonomic processes
or are missed during sampling (Tomasovych
and Kidwell 2009b). Preservation of environ-
mental gradients does not require good pre-
servation of all living taxa, because structural
redundancy can compensate for compositional
fidelity that is lost through postmortem
biases in the diatom data set. For example, the
underrepresentation of Aulacoseira granulata
var. angustissima in DAs of Nahuel Ruca is
compensated by the overrepresentation of A.
granulata in the same assemblages, as both taxa
are grouped in two subsets with identical
significant correlations to the total data set
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(Table 2). Nevertheless, this structural redun-
dancy does not necessarily imply functional
redundancy (Clarke and Warwick 1998): the
different subsets might respond identically to
some environmental gradients (those tested) but
differently to others (Tomasovych and Kidwell
2009b). The good preservation of environmental
gradients observed in diatom assemblages here
thus does not imply similar results for environ-
mental characteristics that weren’t considered in
this study, such as nutrient status or longer
conductivity and pH gradients.

Conclusions

Analysis of compositional and environmen-
tal fidelity of three diatom data sets from
shallow lakes revealed that death assemblages
do differ significantly in their taxonomic com-
position from living assemblages. This differ-
ence is probably mainly a consequence of
(1) differences in the temporal resolution
between time-averaged DAs and non-averaged
LAs, and (2) differential preservation of diatom
taxa related to the intrinsic properties of their
valves, specifically the overrepresentation of
robust species and underrepresentation of fra-
gile ones. Because diatom assemblages are
characterized by a wide variability of cell sizes,
valve forms, and ornamentation, effects of
differential preservation would be variable and
highly dependent on the taxonomic composition
of the local community. The significant effects of
taphonomic constraints on compositional fide-
lity found here enhance the importance of
considering the relative preservation potential
of diatom taxa when conducting paleoenviron-
mental studies. What is more, the role of
fragmentation in structuring sedimentary dia-
tom assemblages in these wind-stressed shallow
lakes requires further investigation.

Compositional dissimilarities notwithstand-
ing, DAs were able to preserve environmental
gradients with high fidelity, mainly as a con-
sequence of the structural redundancy exhibited
by diatom LAs. This is good news for diatom-
based paleoenvironmental studies, as it implies
that multi-species diatom assemblages would be
able to preserve environmental information
even in situations of low compositional fidelity.
However, because redundancy is an emergent
property of communities, the decoupling
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of compositional and environmental fidelity
would not favor paleoenvironmental inferences
based on interpretation of autecological (ie.,
ecology of single taxa) data. In contrast, statis-
tical inference models derived from contempor-
ary species-environment relationships would be
more likely to benefit from multi-species redun-
dancy. Overall, knowledge on the taphonomic
constraints on the sedimentary record of each
diatom species is crucial for understanding the
usefulness and limitations of these taxa as
archives of past environmental conditions.

The scope of the conclusions of this study is
somewhat limited by the number and nature of
the sites included in the data set. Because
diatom preservation is strongly linked to
pH, temperature, ionic strength, sediment
reworking, and resuspension (e.g.,, Lewin
1961; Flower and Nicholson 1987; Flower
1993; Barker 1992; Ryves et al. 2006), different
physico-chemical conditions may lead to dif-
ferent patterns of live-dead agreement. This
work focused on diatoms from alkaline, fresh-
to brackish eutrophic shallow lakes, which are
numerous in the South American Pampas and
constitute the primary source of paleoenviron-
mental information and, consequently, of
modern-analogue data sets (Garcia-Rodriguez
et al. 2009). Hence, whether the results or
conclusions apply to a wider range of lakes of
different physical and chemical characteristics
requires further study. Unfortunately, the
dearth of diatom live-dead calibration studies
in freshwater settings prevents discussion of
these results in a wider context, and thus
enhances the need for more studies on diatom
fidelity in continental settings worldwide.
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