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ABSTRACT: The value of taphonomic signatures as a source of paleoenvironmental information has been recognized
at local and regional environmental scales. In environmentally heterogeneous shallow lakes, the habitat complexity
provides an opportunity to evaluate the potential use of taphonomy to uncover environmental differences among
within-lake sub-environments. In this contribution, the composition and preservation of diatom assemblages from five
sub-environments (free-floating and attached macrophytes, water column, open waters, and littoral sediments) were
analyzed in a Pampean shallow lake (Nahuel Ruca, Argentina). Sub-environments differed in depth, macrophyte
coverage, and water composition, being these differences reflected both by the composition and preservation of diatom
assemblages. Diversity, fragmentation, and dissolution were higher in planktonic and open-waters sedimentary
assemblages, whereas fragmentation dominated in littoral sediments. Epiphytic assemblages were the least diverse
and showed the best preservation. Compositional and taphonomic indices were significantly correlated, suggesting
common environmental controls on the species composition and preservation at local scales. The joint analysis of
compositional and taphonomic variations in the recent sedimentary record of Nahuel Ruca demonstrated the
usefulness of taphonomic analyses to uncover subtle paleoenvironmental variations, which could be overlooked if only
traditional compositional analyses are performed. We concluded that both taphonomic analyses and a holistic
consideration of ecologically meaningful taxa should be considered in order to improve paleoenvironmental
reconstructions in environmentally heterogeneous shallow lakes.

INTRODUCTION

Paleoenvironmental research focuses largely on the use of biological
remains as proxies of past environmental conditions (Battarbee 2000). In
doing so, paleoenvironments are usually inferred from the composition of
fossil assemblages, whose environmental significance can be qualitatively
or quantitatively addressed in modern settings (Smol 1992; Birks 1998).
As such, the quality of paleoenvironmental reconstructions relies on an
accurate assessment of the completeness of the fossil record, which is in its
vast majority biased and dampened to some degree (Kidwell and Flessa
1995). Taphonomic processes can add or remove information during the
decay of organisms, their incorporation into death assemblages, burial, and
early diagenesis during fossilization (Behrensmeyer et al. 2000). During
the last decades, paleoenvironmental research has grown increasingly
aware of the problems and potentialities of taphonomic biases, and a
number of articles signaling the impact of preservation on past
environmental inferences have been published for several biological
indicators (e.g., Mitchell et al. 2008; Ryves et al. 2009; Jackson 2012; De
Francesco et al. 2013; Hassan et al. 2014).

Although traditionally defined as the study of postmortem information
loss, our present view of taphonomy emphasizes not only the biases, but
also the positive contributions of preservational processes and the
biologically meaningful information that is contained in time-averaged,
ecologically mixed assemblages (Behrensmeyer and Kidwell 1985).
Among these, taphofacies analysis (i.e., facies defined on the basis of
diagnostic taphonomic traits; Speyer and Brett 1986) has been a major
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focus for working on the postmortem sedimentology and biology of death
remains (Behrensmeyer et al. 2000). These studies underscore the non-
random relationship between taphonomic signatures (i.e., the summary
description derived from the full suite of taphonomic attributes) and
environmental conditions in modern settings, highlighting the feasibility of
reconstructing paleoenvironments from taphonomic analyses (Parsons and
Brett 1991). Accordingly, contemporary taphofacies studies have focused
both in understanding how individual taphonomic processes alter dead
remains, and the scales at which unique taphonomic signatures can be
recognized (Staff and Powell 1990). Overall, these positive contributions of
taphofacies analyses have emphasized the relevance of analyzing
taphonomic signatures as a working tool for complementing composition-
ally based paleoenvironmental research both in marine (e.g., Tomasovych
and Zuschin 2009 and references therein) and continental settings (e.g.,
Tietze and De Francesco 2017 and references therein).

The scale of analysis of taphonomic signatures is highly variable, as
variability in death-assemblage structure and preservation is usually
observed at different spatial scales, varying from local changes over
centimeters to regional variation over kilometers or more (Staff and Powell
1990). At local scales, variability can be promoted by subtle gradients in
environmental or sedimentological parameters, but also by taphonomic
factors acting during and after deposition (e.g., Earle et al. 1988; Charles et
al. 1991; Link et al. 1994; Adler and Hiibener 2007). The interaction
between these factors can produce large within-habitat variability that can
even obscure regional tendencies if it is overlooked (Hassan 2015a). This
local variability can be significant in shallow lakes, in which the extensive
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Fic. 1.—Map of the study area. A) Location of Nahuel Ruca Lake in the Buenos Aires province (Argentina). B) Satellite image of the lake.

development of the littoral zone relative to the pelagic zone provides a wide
suite of available microhabitats that promote the growth of diverse and
productive periphytic and benthic communities (Wetzel 2001). The
development of pelagic communities can also be promoted in these lakes,
as the occurrence of intermittent mixing events allows the resuspension of
planktonic taxa, preventing their sinking (Bennion et al. 2010). Given their
environmental variability, it is highly probable for these within-lake
compartments to pose differential environmental constraints for death-
assemblage preservation, which could imprint distinctive taphonomic
signatures on their respective biological remains. Besides its paleoenvir-
onmental potential, the study of within-lake taphonomic signatures has
been largely overlooked in shallow lake taphonomic research, which is
scarce and mainly focused on regional gradients (e.g., Ryves et al. 2006;
Tietze and De Francesco 2017).

Diatoms (Bacillariophyceae) are one of the most ubiquitous biological
indicators used to assess paleoenvironmental changes in shallow lakes.
They occupy a variety of habitats within these lakes, developing distinctive
and stable populations in pelagic, epiphytic, and benthic habitats (Bennion
et al. 2010). Besides compositional differences, this environmental
variability often results in variable diatom valve preservation, which may
be conditional upon their life form; for example, floating remains (such as
plankton) may tend to be easily reworked and distributed through the lakes
sub-environments, whereas epiphytic and benthic taxa may more easily
sink and become incorporated into the sediments near their source areas
(De Nicola 1986; Frey 1988; Heggen et al. 2012; Hassan 2015b).
Moreover, as diatom dissolution and breakage are strongly dependent on
the chemical and physical properties of the environment (e.g., Haberyan
1985; Ryves et al. 2013), differential preservation among within-lake sub-
environments could lead to distinctive taphonomic signatures of potential
paleoenvironmental application. Thus, recognizing within-lake taphofacies
can be a useful tool for identifying subtle environmental differences from
fossil diatoms in shallow lakes. Whether diatom assemblages are useful to

discriminate between within-lake taphofacies is still unknown, as is the
potential applicability of local variability in compositional and taphonomic
data for the identification of past sub-environments.

In the present contribution, the composition and preservation of
epiphytic and planktonic diatom assemblages were analyzed and compared
with surface-sediment and fossil remains in an environmentally heteroge-
neous shallow lake from the Argentinean Pampas. The taphonomic
signature of diatom valves from each lake sub-environment was analyzed
and their potential use as an indicator of past changes in lake dynamics was
quantitatively evaluated and compared to assemblages species composi-
tion. The potential applicability of within-lake diatom taphofacies to the
identification of past sub-environments was then evaluated through the
comparison of contemporary and fossil (last ca. 700 cal. years BP) diatom
assemblages, in order to provide actualistic tools for the comprehension of
past shallow lake dynamics.

MATERIAL AND METHODS
Field and Laboratory methods

Study Area.—Sampling was conducted in Lake Nahuel Ruca (37°37'S-
57°25'W; Fig. 1), a very shallow (max. depth = 60-90 cm; Hassan 2015b)
and small (245 ha) lake located in the southern Pampas of Argentina. This
shallowness favors the interaction between sediments and the water column
through wind-driven turbulence. The lake plant community is character-
ized by several species of emergent, floating and submersed macrophytes
(Stutz et al. 2010). The dominant species is the emergent bulrush
Schoenoplectus californicus (C.A. Mey.) Sojak, which forms a complete
ring around the lake (Fig. 1). Other emergent macrophytes that grow into
the shallowest zones are Zizaniopsis bonariensis (Balansa and Poitr.)
Speg., Hydrocotyle bonariensis Comm. ex Lam., H. ranunculoides L.f.,
Alternanthera philoxeroides (Mart.) Griseb., Solanum glaucophyllum
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TABLE 1.—Summary of environmental characteristics of Nahuel Rucad
(modified after Hassan 2015b). Values are mean = SD; minimum and
maximum values are given in parentheses. *Only one measurement

available.
Conductivity (mS/cm) 0.8 = 0.5 (0.3-1.6)
Salinity (ppt) 0.4 + 0.2 (0.1-0.8)
pH 8.1 £ 0.3 (7.4-8.5)
Dissolved oxygen (ppm) 7.5 = 2.7 (2.1-10.8)
Temperature (°C) 16.3 £ 7.3 (7.2-25.5)
COs* (mgL™ -
HCO;™ (mg L") 529.0 = 230 (303-849)
ClI' (mg L") 144.0 + 82 (91-266)
Hardness (mg L' of CaCO;) 250.0 = 127 (173-438)
Ca* (mg L") 30.7 + 16.5 (18.1-53.2)
Mg*t (mg L) 41.7 +29.7 (18.8-85.4)
S04~ (mg L™ 108.9 *+ 61.5 (27.4-169)
Si0, (mg L) 17.7 = 1.3 (16.8-18.6)
PO*, (mg L") 161.3£88.7 (98.6-224.0)
NO; (mg LY 67*
Depth (Open waters samples, cm) 78.7 = 8.8 (60-90)
Depth (Littoral samples, cm) 40.0 £ 14 (15-65)
Secchi depth (cm) 16.7 = 9.6 (5-40)

Desf., Bacopa monnieri (L.) Wettst., Polygonum punctatum Elliott,
Ranunculus apiifolius Pers., Triglochin striata Ruiz and Pav. and Phyla
canescens (Kunth) Greene (Stutz et al. 2010). Near the shore, the floating
species (i.e., duckweeds) Ricciocarpus natans (L.), Azolla filiculoides
Lam., Lemna valdiviana Phil. and Wolfiella lingulata (Hegelm.) form a
dense cover (Stutz et al. 2010). Myriophyllum elatinoides Gaudich. and
Ceratophyllum demersum L. develop submersed both in the deep (open
water) and littoral zones of the lake (Stutz et al. 2010).

When compared against other lakes worldwide, Pampean shallow lakes
show limnological characteristics that depart from most of those located in
temperate regions, such as having higher phosphorous, nitrogen, and
chlorophyll-a concentrations and much lower transparency, and therefore
they stand as upper extremes of the trophic-state gradient (Diovisalvi et al.
2015). This is the case of Nahuel Ruca, which exhibited very eutrophic,
turbid, and alkaline conditions during the sampling period (Table 1). Its
sediments are composed mainly by fine sands (30-60%) and mud (~ 40%;
Cristini et al. 2017, fig. 3), with maximum organic matter contents ranging
between 30 and 60% (Cristini et al. 2017). Overall, given its environmental
characteristics, Nahuel Ruca exhibits the typical physical and chemical
characteristics of Pampean shallow lakes, constituting a good model for the
study of these environments. Moreover, the availability of previous works
on environmental characteristics (Cristini et al. 2017) and diatom
assemblages (Hassan 2015b; Rojas and Hassan 2017) from this lake
demonstrate its environmental heterogeneity and variability in diatom
composition, signaling its usefulness as natural laboratory for the study of
within-lake taphofacies identification.

Field Methods.—The dataset was constructed to allow comparison
among the three main sub-environments inhabited by diatoms in shallow
lakes: sediments, water column, and dominant macrophytes. Sediment and
water-column samples were collected between December 2009 and
September 2010 as part of a previous study on live-dead agreement
(Hassan 2015a). In order to cover temporal variability in community
composition, sampling was carried out on a seasonal basis over a year.
During each visit, 12 sediment samples were randomly collected with a 7-
cm diameter piston core, from both littoral (six samples) and open-water
(six samples) areas. The upper centimeter of each core was sliced in the
field and preserved with alcohol 96%. Additionally, six 1 L samples of
subsurface water were collected with a Van Dorn sampler in the same
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FiG. 2.—Boxplots showing the 25-75 percent quartiles (box), median (horizontal
line), minimum and maximum values (error bars). A) Richness. B) Shannon
Diversity. C) Dominance indices comparing diatom assemblages from emergent/
submersed macrophytes (E), free-floating macrophytes (F), plankton (P), littoral
sediments (LIT) and open waters sediments (OW) from Nahuel Ruca Lake. Same
letters indicate no significant differences at the p-value listed in each plot, according
to ANOVA tests.
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FiG. 3.—Relative abundances of the dominant* diatom taxa in samples. A) Open
waters sediments. B) Littoral sediments. C) Plankton. D) Emergent/submersed
macrophytes. E) Free-floating macrophytes. *Taxa showing the highest 20 average
relative abundances in each sub-environment. Abbreviations: ACOP = Amphora
copulata; ADAL= Adlafia bryophila; AGRA = Aulacoseira granulata; ANGU = A.
granulata var. angustissima; ASPH = Anomoeonoeis sphaeropora; AVEN =
Amphora veneta; CPLA = Cocconeis placentula; CYME = Cyclotella meneghini-
ana; DPUE = Diploneis puella; EADN = Epithemia adnata; ENCY = Encyonema
sp. ; ESOR = Epithemia sorex; EUNO = Eunotia sp. ; FCAP = Fragilaria capucina;
FPYG = Fallacia pygmaea; GOMP = Gomphonema spp. ; HUNG = Hippodonta
hungarica; LHUN = Lemnicola hungarica; NASP = Navicula spp. ; NIAM =
Nitzschia amphibia; NISP = Nitzschia sp.; NPERE = Navicula peregrina; NREC =
N. recens; NSIG = Nitzschia sigma; NVEN = Navicula veneta; PBRE =
Pseudostaurosira brevistriata, PSUB = P. americana; PDEL = Planothidium
delicatulum; PLAN = P. lanceolatum; RABB = Rhoicosphenia abbreviata; RGIB =
Rhopalodia gibba; SLON = Staurosira longirostris; SOVA = Surirella ovalis;
SROR = S. rorata; SYAC = Synedra acus; TFAS = Tabularia fasciculata.
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sampling points where open waters sediments were sampled. Macrophytes,
on the other hand, were sampled between August 2013 and September
2014 in order to complement this previous sampling (Rojas 2016; Rojas
and Hassan 2017). Five macrophyte taxa were selected and sampled during
the whole year in three sampling points from the littoral zone: A.
filiculoides, C. demersum, H. ranunculoides, R. natans, and S.
californicus. The selected macrophyte taxa were chosen to represent the
dominant species observed during the sampling period, as well as to cover
the whole variability of life forms: emergent (S. californicus), submersed
(C. demersum), rooted-floating (H. ranunculoides) and free-floating (4.
filiculoides and R. natans). At each sampling point, pieces of S.
californicus stems were removed using scissors, while whole specimens
of the remaining macrophytes were collected by hand and stored in 96%
alcohol. Overall, the final data set comprised a total of 129 samples (48 of
surface sediments, 24 of water, and 57 of macrophytes) which covered both
the temporal and spatial variability in diatom composition existing in the
lake.

Laboratory Methods.—Water samples were centrifugated to allow
floating diatoms to decant, and the supernatant was discarded before
chemical processing. The resulting samples, as well as sediment and
macrophyte samples, were oxidized with 30% hydrogen peroxide at 80°C
until no further reaction was observed, washed several times with distilled
water and stored. After complete homogenization, a subsample was
transferred to a coverslip and air-dried, and permanent slides were made
using Naphrax®. On each slide, at least 300 diatom valves were counted
across random transects using a Leica DM500 light microscope (LM) at
1000X magnification. Taxa were identified to the lowest possible
taxonomic category following Lange-Bertalot et al. (1996), Krammer
and Lange-Bertalot (1997, 1999, 2004a, 2004b), Metzeltin and Lange-
Bertalot (1998, 2007), Rumrich et al. (2000), Metzeltin et al. (2005),
Levkov (2009), and Sar et al. (2009).

Preservation of the whole assemblages was evaluated under 1000X
magnification using 300 diatom valves per sample. Two taphonomic
variables: (1) degree of fragmentation and (2) dissolution (sensu Ryves et
al. 2009) were determined in each sample in a three-grade scale. For each
variable, specimens were classified as good (0 = best preservation; < 10%
alteration), fair (1 = intermediate, between 10 and 50% alteration), and
poor (2 = poorest; > 50 % alteration) both for fragmentation and
dissolution independently. The dominant species Cyclotella meneghiniana
Kitzing, Aulacoseira granulata (Ehrenberg) Simonsen, A. granulata var.
angustissima (Muller) Simonsen, Cocconeis placentula Ehrenberg,
Hippodonta hungarica (Grunow) Lange-Bertalot, Metzeltin and Witkow-
ski and Lemnicola hungarica (Grunow) Round and Basson were selected
as target taxa and evaluated for both taphonomic variables. As diatom
preservation is strongly dependent on valve morphology and, consequently,
on taxonomy (Barker 1992; Ryves et al. 2009), the use of these target taxa
allowed to assess changes in preservation independently of the assemblage
composition. Given their morphological differences, the raphe and
rapheless valves of both monoraphid taxa (L. hungarica and C. placentula)
were analyzed separately.

Data Analyses

Compositional Comparisons.—Previous analyses of epiphytic diatoms
inhabiting Nahuel Ruca lake (Rojas 2016; Rojas and Hassan 2017) showed
strong differences in composition between free-floating and the rest of the
host macrophytes (emergent, submersed, and rooted-floating). Epiphytic
assemblages on the free-floating species Azolla filiculoides and Riccio-
carpus natans were dominated by Lemnicola hungarica, whereas the
remaining macrophytes (the emergent Schoenoplectus californicus, the
submersed Ceratophyllum demersum and the rooted-floating Hydrocotyle
ranunculoides) were dominated by Cocconeis placentula (Rojas and
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Hassan 2017). Hence, in order to simplify the comparisons with
sedimentary and planktonic assemblages, epiphytic assemblages were
clustered into two groups for analytical purposes: assemblages living on 4.
filiculoides and R. natans (free-floating assemblages, F) and those living
on S. californicus, H. ranunculoides, and C. demersum (attached
macrophytes, E). In order to compare the specific composition of diatom
assemblages among epiphytic, planktonic, and sedimentary sub-environ-
ments, different aspects of assemblages structure were considered. First,
the raw number of taxa (S), Shannon-Wiener Diversity (H’) and
Dominance (1-Simpson index) indices were calculated (standardized at a
sample size of n =300 individuals). Differences in richness, diversity, and
dominance between the three assemblages were evaluated through ANOVA
tests, which allowed testing the null hypothesis of no difference among
indices means, after checking for the assumptions of homoscedasticity and
normality with Levene’s and Shapiro-Wilk tests, respectively. Diversity
indices and further ANOVA tests were performed using the software PAST
version 3.14 (Hammer et al. 2001).

Second, a PCoA (Principal Coordinates Analysis) was performed in
order to summarize the multivariate data into a bidimensional plot. PCoA
is a multivariate technique that extracts orthogonal directions of variation
from a multivariate data set, but is not restricted to using Euclidean
distances, and can be based on Bray-Curtis distances (Lep$ and Smilauer
2003). Species were fitted as vectors in PCoA axes 1 and 2 space (which
points in the direction of maximal correlation with species abundance)
using the function “add.spec.scores” from the package BiodiversityR
version 2.8-0 (Kindt 2017). Analysis of Similarities (ANOSIM) was
applied to the data in order to test if the composition of diatom
assemblages varied significantly among the groups (Birks 2012). PCoA
and ANOSIM were performed using R version 3.3.0 (R Development Core
Team 2016).

Taphonomic Comparisons.—For each target taxon, all valves counted
in each lake sub-environment were pooled and randomly resampled 100
times using Monte Carlo random permutations, with a minimum sample
size of 50 valves. Permutations were performed using the “sample”
function in R version 3.3.0 (R Development Core Team 2016). The
obtained taphonomic variables were used to calculate the F dissolution (F4)
and breakage (F},) indices (Ryves et al. 2009, 2013), which compare the
ratio of undamaged valves (undissolved/unbroken) to all valves counted.
The indices vary from 0 to 1, with F =1 indicating all valves are perfectly
preserved and F = 0, indicating all valves appear dissolved/broken under
LM. To maximize potential information from more dissolved valves, the
Diatom Dissolution Index (DDI; Ryves et al. 2006) was applied, which
compares the assemblage to its dissolution endpoint:

St # (S 1)

DDI =
N x (Smax — 1)

where 7 is the number of valves in the preservational stage, S (good, fair, or
poor), and N is the total number of valves classified. Smax is the highest
dissolution stage that valves in the assemblage can reach. DDI varies from
0 (perfect preservation) to 1 (all valves at the highest dissolution stage).
Additionally, the Diatom Fragmentation Index (DFI) was also calculated
by applying the same equation to fragmentation data (Hassan et al. 2014).

Differences in the degree of preservation (Fg4, Fy,, DDI, and DFI indices)
of total diatom assemblages between epiphytic, planktonic, and sedimen-
tary assemblages were evaluated through Kruskal-Wallis tests, followed by
Mann-Whitney post-hoc comparisons, which allowed testing the null
hypothesis of no difference between indices medians, using the software
PAST version 3.14 (Hammer et al. 2001). This non-parametric test was
applied as the normality and homoscedasticity assumptions required by
ANOVA were not met by the data, according to Levene’s and Shapiro-Wilk
tests.

G.S. HASSAN ET AL.

Comparison of Taphonomic and Compositional Patterns.—Two
approaches were applied to evaluate the relationship between composi-
tional and taphonomic data. First, the correlation between inter-sample
taphonomic distances (Manhattan distances among every pair of sites,
calculated from the matrix of four taphonomic indices) and species
compositional similarities (Bray-Curtis dissimilarities among propor-
tional assemblages composition for every pair of sites) was evaluated in
order to establish if the relation between both datasets is positive
(Tomasovych and Zuschin 2009). The analysis was based on Pearson
linear correlation coefficients, and performed using the software PAST v.
3.14 (Hammer et al. 2001). Second, Procrustean Rotation Analysis
(PRA, Peres-Neto and Jackson 2001) and the associated PROTEST
permutation test (Jackson 1995) were used to evaluate the concordance
of PCoA ordinations of compositional (based on Bray-Curtis distances)
and taphonomic (based on Manhattan distances) datasets. PRA allows
comparing two separate ordinations, as it holds one set of sample
coordinates fixed and finds the best fit of the second set of points to this
using rotations, re-scalings, and translations (Birks 2012). PROTEST is a
permutation-based procedure (Jackson 1995), which assesses the degree
of concordance between two matrices, producing a correlation-like
statistic derived (m;,) and an associated P value indicating the likelihood
of the relationship occurring by chance (Bae et al. 2014). Vector
residuals represent the distance of each sampling site between the two
superimposed ordinations, and indicate the degree of similarity in the
position of each site between both ordinations (Bae et al. 2014). In order
to assess for differences in PRA concordance among the five lake sub-
environments, the length of the vector residuals among these was tested
using Kruskal-Wallis analysis of variance followed by Mann-Whitney
post-hoc tests (Zar 2010), using the software PAST v. 3.14 (Hammer et
al. 2001). PRA and PROTEST were carried out in R version 3.3.0 (R
Development Core Team 2016), using the package “vegan” version 2.4-
2 (Oksanen et al. 2017).

Application to the Fossil Record—Fossil data on Nahuel Ruca
diatom assemblages composition and taphonomy (DDI and DFI profiles)
from a 70 cm core covering the last ca. 700 cal. yrs BP was obtained
from Hassan et al. (2014). Diatom compositional zones in the sequence
were defined using constrained hierarchical clustering based on Bray-
Curtis distance matrices, with clusters constrained by stratigraphic order.
The statistical significance of the diatom zones was assessed using the
‘broken stick” model (Bennett 1996) with the package “rioja” version
0.9-9 (Juggins 2016). Two approaches were applied in order to assess the
usefulness of the obtained contemporary compositional and taphonomic
data for reconstructing past environmental changes in Nahuel Ruca
Lake. First, the average distance between fossil and contemporary
compositional data from littoral and open water assemblages was
calculated based on Bray-Curtis. For each fossil level, a LIT/OW Index
was calculated as the difference between average Bray—Curtis similarities
to littoral and open waters samples, respectively. The index was
constructed as a measure of whether the fossil assemblage was more
likely produced by a diatom community living in the littoral or open-
waters zones, and was then used to assess for changes in the dominance
of littoral or open waters sub-environments, being positive values
indicative of dominant littoral conditions. Additionally, the minimum
Bray-Curtis distance (MIN BC) between fossil and modern samples was
calculated. Second, taphonomic comparisons among fossil and contem-
porary samples were conducted by plotting the DDI and DFI values
obtained for the target taxa Cyclotella meneghiniana in a bivariate plot.
Similarity in diatom valves preservation among assemblages was
inferred by the qualitative analysis of samples proximity in the plot.
All analyses and graphs were performed in R version 3.3.0 (R
Development Core Team 2016).
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RESULTS
Compositional Comparisons

Richness and Diversity Indices—Richness, diversity, and dominance
of diatom assemblages significantly differed among sub-environments
(Fig. 2). Overall, planktonic and sedimentary assemblages showed similar
values for all indices and differed from the epiphytic ones. Richness and
Shannon diversity were lower in epiphytic assemblages than in planktonic
and sedimentary ones. Dominance, on the other hand, was significantly
higher in epiphytic assemblages, whereas it exhibited the lowest values in
sediments. Within epiphytic assemblages, free-floating assemblages were
the least diverse and also exhibited the highest dominance of all
macrophytes.

Assemblages Composition—A total of 112 diatom taxa were
identified in the 127 samples analyzed. Sub-environments differed in
assemblage composition, particularly in their dominant taxa (Fig. 3). The
first two axes of the PCoA ordination plot explained a 55.2% of the total
variance in the dataset. The PCoA plot revealed noticeable differences in
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the species composition of assemblages among the five sub-environments
considered (Fig. 4A). Both epiphytic assemblages showed considerable
separation in the ordination space, whereas planktonic and sedimentary
assemblages showed more overlap (Fig. 4A).

Further plotting of species scores on the PCoA plot revealed that
differences among these groups of samples were controlled by differences in
the proportional abundances of dominant taxa in each sub-environment (Fig.
4B). PCoA axis | separated epiphytic from the other three assemblages
mainly as a consequence of the dominance of Cyclotella meneghiniana,
Aulacoseira granulata, Rhoicosphenia abbreviata, Hippodonta hungarica,
Pseudostaurosira brevistriata, and P. americana in sedimentary and
planktonic samples. PCoA axis 2 separated epiphytic assemblages on free-
floating vegetation from the rest of the macrophytes, given their differences
in the percentages of the dominant taxa L. hungarica, Encyonema
silesiacum, and C. placentula. These differences were particularly
significant for L. hungarica, which reached high abundances in free-floating
macrophytes (mean: 33+4%), but was present in much lower percentages in
the rest of the macrophytes (mean: 3.5%+1.7%), as well as in littoral (mean:
1.7+2%), open-waters (mean: 0.77+0.15%), and planktonic assemblages
(mean: 0.44£0.1%; p < 0.0001). Results of ANOSIM test indicated that the
observed differentiation between both free-floating and emergent/submersed
epiphytic assemblages was also significantly different between them (p <
0.0001). Differences between planktonic and sedimentary assemblages were
also significant; although only when lower significance levels were
considered (p < 0.05).

Taphonomic Analyses

DDI vs. DFI scatterplot signaled fragmentation as the main taphonomic
factor influencing the preservation of diatom assemblages in Nahuel Ruca.
DDI values ranged between 0 and 0.14, while DFI reached values of up to
0.45 (Fig. 5A). Examination of F4 indicated that most valves were pristine,
as they did not exhibit any dissolution mark. Values of Fy, on the other
hand, were more variable, and indicated the occurrence of valve
fragmentation (Fig. 5B).

Taphonomic comparison of the different sub-environments analyzed
exhibited significant differences in the preservation of diatom valves (Fig.
5A-5C). Overall, epiphytic assemblages (both free-floating and attached)
showed the best preservation, displaying low DDI and DFI values (Fig. 5B,
5C). Littoral assemblages exhibited low DDI values, when compared to open
waters and plankton valves (Fig. 5B), but presented significant differences
with those assemblages when fragmentation was analyzed (Fig. 5C).

The examination of DDI results of target taxa indicated patterns of
preservation similar to those of total assemblages (Fig. 6). Most target taxa
showed higher DDI values in open-waters (C. meneghiniana) and
planktonic assemblages (Aulacoseira spp., H. hungarica, Fig. 6A),
whereas than evidences of dissolution in epiphytic assemblages were
almost negligible for C. placentula, but significant for L. hungarica (Fig.
6B). Results of DFI, on the other hand, showed differences among diatom
taxa. Fragmentation of the planktonic taxa C. meneghiniana, A. granulata,
A. granulata var. angustissima, and the benthic H. hungarica did not show
evident differences among the substrates analyzed (Fig. 6A), whereas than
the epiphytic C. placentula and L. hungarica showed higher fragmentation
in sedimentary and planktonic assemblages, displaying better preservation
in epiphytic assemblages (Fig. 6B). Lemnicola hungarica also showed
preservational differences between the raphe and rapheless valves, the
latter being less susceptible to both dissolution and fragmentation (Fig.
6B).

Comparison of Taphonomic and Compositional Patterns

Correlation between variation in total assemblages preservation and
variation in species composition was significantly positive (r = 0.34, p <
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hoc tests.

0.0001; Fig. 7). According to PRA and PROTEST results, the concordance
of the PCoA plots for taphonomic and compositional data was highly
significant (m;, = 0.70, p < 0.001). Examination of the PRA ordination
plot allowed analysis of deviations in site position between both datasets
(Fig. 8). Overall, sites showed variation in the PRA residuals, with some

samples having long vectors indicating low agreement (particularly some
LIT and OW samples). The direction of vector displacement showed that
epiphytic samples (both E and F) were more variable in their assemblage
composition than in their taphonomic attributes, as they tend to converge to
very good preservation. Sedimentary and planktonic samples (OW, LIT,

—

Fic. 6.—Boxplots of DDI and DFTI indices calculated on selected target taxa. Abbreviations: LIT = littoral sediments; OW =open waters sediments; P = plankton; F = free-
floating macrophytes; E = emergent/submersed macrophytes. Same letters indicate no significant differences at p < 0.0001, according to Kruskal-Wallis and Mann-Whitney

post hoc tests.
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and P), on the other hand, showed the opposite tendency: samples were
more dispersed when taphonomic attributes were used for ordination, while
compositional data resulted in clustered sample ordinations. However, no
significant differences in the mean residual distances between the five lake
sub-environments were found when vector lengths were compared with the
Kruskal-Wallis test (p = 0.23).

Application to the Fossil Record

Cluster Analysis and the subsequent broken-stick model allowed
definition of seven significant diatom zones (DZ) in Nahuel Ruca core.
Those taxa reaching abundances of 5% in at least one sample were
presented in the stratigraphic plot, as they are usually considered the lowest
abundance limit for excluding rare taxa in diatom-based paleo-reconstruc-
tions. Yet, in the present study, we also plotted the distribution of the
ecologically meaningful taxon Lemnicola hungarica, even as it reached a
maximum of 1.6% of total diatom abundance in the core. Significant
relationships between L. hungarica and duckweed have been demonstrated
for a variety of climatic conditions and waterbody types in many parts of
the world, and it can be reliably considered as an indicator of past free-
floating plant dominance (Emson et al. 2017; Rojas and Hassan 2017).
Hence, including this taxon in the analysis allows evaluation of past
duckweed coverage and avoids possible methodological biases in
paleoreconstructions due to this conventional simplification (Fig. 9).
Although the zones were defined on the basis of diatom compositional
changes, examination of taphonomic profiles also showed noticeable
differences in preservation among zones. Moreover, comparison of fossil
and contemporary assemblages composition showed increased similarities
between modern and fossil samples towards the top of the core, and
allowed inferences on changes in the ratio between littoral and open waters
during the last 700 cal. years BP (Fig. 9).

DZ 1 (70-58 cm) was dominated by brackish/freshwater taxa, such as
Cyclotella meneghiniana, Cocconeis placentula, and Nitzschia amphibia,
with low proportions of Aulacoseira granulata at the basal samples. MIN
BC fluctuated around 0.6 in this zone. Examination of the LIT/OW index
indicated a gradual tendency towards littoral-dominated conditions in this
zone. The preservation of diatom valves was low, as shown both by high
DDI and DFI values (Fig. 9).
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DZ 11 (56-38 cm) presented increased percentages of the brackish and
benthic Pseudostaurosira americana, while the epiphytic C. placentula
diminished towards the top of the zone. MIN BC decreased from 0.6 at the
base to 0.45 at the upper levels of the zone. The LIT/OW index indicated a
gradual return to open-water conditions, which coincided with a noticeable
diminution of valve dissolution (Fig. 9).

DZ 111 (36-32 c¢m), DZ VI (30-28 cm), and DZ V (26-24 cm) were
characterized by rapid changes in diatom composition, shifting from levels
almost entirely dominated by C. meneghiniana in DZ 111, followed by a
peak of Staurosira longirostris (up to 80% in DZ VI), which was later
replaced by a more diverse assemblage, characterized by a tychoplanktonic
assemblage formed by C. meneghiniana and freshwater Aulacoseira spp.
taxa. MIN BC showed a peak in DZ VI, reaching values of 0.8. The LIT/
OW index also showed strong fluctuations along these zones, with a
dominance of open-water associated conditions, linked to a new increase in
the DDI and DFI values (Fig. 9).

DZ VI (22-18 cm) was dominated by a mixture of epiphytic diatoms,
such as Epithemia adnata, E. sorex, and C. placentula. Low proportions of
L. hungarica were also recorded in this zone, which was related to an
increase in the littoralization, according to LIT/OW index. MIN BC ranged
between 0.6 and 0.5. The preservation of valves improved significantly in
this zone, as they showed the lowest DDI and DFI values from the whole
sequence (Fig. 9).

DZ VII (16-10 cm) was dominated by C. meneghiniana and A.
granulata, accompanied by A. granulata var. angustissima, Hippodonta
hungarica, Navicula peregrina, and small proportions of Pseudostaur-
osira brevistriata, P. americana, C. placentula, and L. hungarica. MIN
BC showed the lowest values of the whole sequence in this zone, ranging
between 0.35 and 0.42. In these topmost sedimentary levels, diatom valves
were well preserved, showing the same low DDI and DFI values that
characterized DZ VI, and indicating a dominance of open-waters
conditions at the point of extraction of the core according to the LIT/
OW index (Fig. 9).

Comparison of taphonomic indices between contemporary and fossil
assemblages allowed identification of modern analogs for past diatom
preservation (Fig. 10). Several fossil samples showed high similarities to
within-lake modern assemblages when preservation was considered.
Among them, samples from the topmost zone of the core (DZ VII)
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overlapped with modern planktonic and littoral samples, given the low A number of fossil levels, however, showed DDI and DFI values higher
values of DDI and DFI shown by diatom assemblages, which were the best  than that recorded in modern assemblages of the lake, lacking analogues in
preserved of the entire sequence. Most of the samples of DZ VI and DZ II  the dataset (Fig. 10). These levels corresponded mainly to DZ I and DZ 111,
overlapped with open waters modern samples, as they showed slightly = which contained the most dissolved assemblages from the whole sequence,
higher DDI and DFI values (Fig. 10). with DDI values ranging from 0.35 to 0.7 (Fig. 9). These most extremely
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dissolved levels had no analogs in the modern dataset, as valves of C.
meneghiniana in modern Nahuel Rucé sediments reached maximum DDI
values of ~ 0.3 (Fig. 6A). Therefore, in order to search for modern
analogues for these poorly preserved fossil samples, taphonomic data from
three previously studied Pampean brackish lakes with average salinities
between 4 and 13 ppt (Puan, Cochico, and Monte lakes; Hassan and De
Francesco in press) were incorporated to the plot. Samples from these lakes
covered the whole range of DDI and DFI values found in the fossil record,
providing good analogues of past taphonomic conditions for those levels
with no analogues in the within-lake dataset, as suggested by the observed
closeness between samples in the plot (Fig. 10).

DISCUSSION
Compositional Comparison among Within-Lake Sub-Environments

Diatom assemblages showed significant differences in diversity and
composition among within-lake sub-environments. Diversity and richness
were higher in planktonic and sedimentary assemblages, whereas
dominance showed higher values in epiphytic samples. These differences
can be related both to the intrinsic characteristics of living communities
and to differences in time-averaging among sub-environments. Sedimen-
tary death assemblages constitute time-averaged representations of living
communities and integrate dead-valve inputs over long periods of time,
capturing demographic and environmental stochasticity and leading to
assemblages with high species richness (Kidwell 2002; Tomasovych and
Kidwell 2009). These inputs can include not only autochthonous benthic
valves (those inhabiting the bottom sediments), but also valves from other
within-lake sub-environments, as epiphytic taxa living upon macrophytes
or planktonic species inhabiting the water column, and consequently
increasing diversity and richness in sedimentary assemblages (Smol 1981;
Hassan 2015b). Moreover, the strong interaction between the bottom
sediments and the water column in these wind-stressed shallow lakes can
explain the similarity in diversity and richness shown by planktonic and
sedimentary assemblages (Fig. 9). Given their very shallow depths,
sediment mixing in these lakes is periodically induced by waves and
bioturbation (Larsen and MacDonald 1993), leading to the consequent
mixing and resuspension of associated diatom valves. Epiphytic biofilms,
on the other hand, constitute sheltered environments bound by a mucilage
that reduces the interaction between epiphytic communities and the
surrounding environments (Hoagland et al. 1993). In addition, low species
richness and diversity has been previously reported for diatom assemblages
found on free-floating macrophytes, and attributed to the specific
ecological and biological requirements of epiphytic diatoms to tolerate
and thrive in the water-surface zone habitat, characterized by high light
intensities, wind disturbance and temperature fluctuations (Emson 2015).
Epiphytic assemblages in Nahuel Ruca were dominated by epiphytic
diatom taxa, which contributed between 70% and 88% to the total diatom
composition, and can be considered as autochthonous assemblages. The
proportion of planktonic, tychoplanktonic and benthic diatom valves in
epiphytic assemblages was low, as has been previously reported in other
Pampean shallow lakes (e.g., Bauer et al. 2007; Rodriguez et al. 2011),
suggesting a low input of allochthonous valves in epiphytic sub-
environments when compared to sedimentary and planktonic assemblages.

Ordination of samples from the different sub-environments through
PCoA also showed a strong compositional similarity between sedimentary
and planktonic assemblages. Littoral, open waters and planktonic
assemblages were mainly dominated by the tychoplanktonic species C.
meneghiniana, A. granulata, and A. granulata var. angustissima. The
dominance of these taxa both in the sediments and the water column may
be explained by their life-form, as they occur intermittently in the water
column after being swept up from the bottom (Smol and Stoermer 2010),
favoring their lateral displacement among within-lake sub-environments.
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This is particularly true for the heavy, silicified cells of Aulacoseira spp.
that sink rapidly in non-turbulent water columns (Bradbury 1975).
Increased turbulence in a lake can favor this genus over other planktonic
species (Dong et al. 2008). Hence, the turbulence characterizing wind-
stressed Pampean shallow lakes promotes the development of Aulacoseira
spp. and populations of other tychoplanktonic species, causing their valves
to be widely distributed both in benthic and planktonic habitats, as they are
subjected to natural sinking-resuspension cycles.

Epiphytic taxa inhabiting macrophyte biofilms were also represented in
low proportions in sedimentary and planktonic assemblages. As littoral
habitats in Nahuel Ruca lake cover approximately 50% of the lake surface
(Rojas and Hassan 2017), epiphytic assemblages would be expected to
represent a similar percentage of sedimentary assemblages. This was not
the case, as demonstrated by the low proportional abundances of the
dominant epiphytes in sediments. This is the case of L. hungarica, which
although dominating free-floating mats in percentages of 30-50%, only
reached up to 5% in sedimentary assemblages. Comparable results have
been recently reported by Emson et al. (2017) when studying diatom
assemblages in duckweed-dominated ponds. In those environments, L.
hungarica also occurred at relatively low percentages (< 5%) in
sediments, despite its marked dominance in life assemblages. Hence, our
results support the potential of L. hungarica as indicator of past duckweed
coverage, even when present at low percentages in sediments. This
highlights the relevance of including rare diatom taxa (which are usually
ignored in diatom stratigraphic plots) when reconstructing lacustrine
paleoenvironments. In the case of L. hungarica, its presence (even at very
low percentages) would be a reliably good indicator of duckweed coverage,
a valuable information that is lost when using only the dominant species
(i.e., those over 5% of total abundance; Emson et al. 2017), as is usually
the case with diatom-based paleoenvironmental reconstructions.

The reasons for the under-representation of L. hungarica in surface
sediments are uncertain, and should be addressed through experimental
studies. As C. placentula, the epiphytic taxa dominating in rooted and
submersed macrophytes, is well represented in sediments, these low L.
hungarica abundances could be related to the particular characteristics of
its frustule and/or the environmental conditions prevailing below the
duckweed mats (Emson 2015). Comparison of DDI and DFI values of both
species suggests preservation is the probable cause of this L. hungarica
under-representation. Raphe valves of L. hungarica found in the plankton,
open waters, and littoral sediments exhibited the highest DDI and DFI
values among all taxa analyzed (up to 0.5 and 0.9, respectively), being the
rapheless valves slightly better preserved (up to 0.24 and 0.5, respectively).
These taphonomic indices are particularly high when compared to C.
placentula, which showed maximum DDI and DFI values of ~ 0.1 and ~
0.5, respectively (Fig. 6B). It has been pointed out that epiphytic diatoms
adapted to high grazing pressures, such as C. placentula, tend to develop
highly silicified frustules which are difficult for grazers to break (Hamm et
al. 2003). Consequently, these taxa are less susceptible to breakage and
dissolution than less silicified taxa, becoming differentially preserved in
sediments (Sawai 2001). Lemnicola hungarica, on the other hand, is
adapted to the sheltered microenvironments below duckweed mats, where
grazing pressures are lower, and consequently, less silicified valves are
developed. As diatom preservation depends highly on the thickness,
ornamentation, and surface/volume ratio of the frustules (e.g., Van
Cappellen et al. 2002), differential preservation due to intrinsic factors
could be exerting a significant bias in the representation of this taxa in
shallow waterbodies, such as Nahuel Ruca Lake.

Taphonomic Comparisons

Fragmentation was identified as the main taphonomic factor influencing
the preservation of diatom assemblages in Nahuel Rucé Lake. This result is
not surprising, however, as diatom fragmentation is mostly induced by
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LITTORAL SEDIMENTS

Fi6. 11.—Summary of the taphonomic processes taking place in the different sub-environments of Nahuel Ruca Lake.

sediment reworking and resuspension, which have been already mentioned
as a significant environmental trigger in these shallow, wind-stressed lakes.
In fact, higher fragmentation has been associated with high energy
environments, such as littoral and shallow lacustrine zones (Round 1964,
Flower and Nicholson 1987). The effect of grazing has also proven to be
significant in causing frustule breakage (Haberyan 1985). Therefore,
biological and physical environmental variables, such as fetch, depth, wind
speed, and grazers abundance may play a key role in explaining diatom
fragmentation in Nahuel Ruca and other Pampean shallow lakes.
Dissolution effects, on the other hand, were less noticeable in the
dataset, and examination of Fy4 indicated that most valves were pristine.
Although dissolution significantly differed among sub-environments
(being higher in plankton and open water sub-environments), the relatively
low DDI values indicated a minor effect of this taphonomic factor on
diatom preservation. These results agree with those expected for freshwater
lakes, as dissolution is highly dependent on water chemistry, particularly
on salinity and hardness (Barker 1992; Ryves et al. 2006; Roubeix et al.
2008). In Pampean shallow lakes, high salinity, carbonate, bicarbonate, and
pH values, as well as low silica concentrations proved to be the main
triggers of Cyclotella meneghiniana dissolution at regional scale (Hassan
and De Francesco in press). In fact, the water composition of Nahuel Ruca
(characterized by nearly circumneutral pH and low carbonate content)

represented good conditions for diatom preservation at regional scales,
resulting in the lowest DDI and F, indices among all the studied lakes (see
Table 2; Hassan and De Francesco in press). Hereafter, as Nahuel Ruca is a
freshwater lake (Cristini et al. 2017), dissolution of diatom valves is not a
key factor for the preservation of assemblages.

Taphonomic comparison among sub-environments showed significant
differences in the preservation of diatom valves, both in their dissolution
and fragmentation (Fig. 11). Epiphytic assemblages (both free-floating and
attached) showed the best preservation, as shown by the lowest DDI and
DFI values of all the assemblages analyzed. These results were expected,
however, as epiphytic assemblages were mostly composed of autochtho-
nous valves which, being protected by the epiphytic biofilm structure and
the sheltered areas among macrophytes (Rojas and Hassan 2017), tend to
be less subjected to the taphonomic biases generated by physical and
chemical environmental factors than planktonic and sedimentary assem-
blages. Benthic and planktonic sub-environments, on the other hand,
constitute less stable habitats in which sediment reworking poses physical
constraints to diatom preservation (Hassan 2015b), as was evident in the
Nahuel Ruca dataset. Among these, littoral assemblages exhibited the
lowest DDI values, as marks of dissolution were more evident in open
waters and planktonic valves. This difference can be related to within-lake
gradients in water chemistry characterizing the lake. Water chemistry
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shows a horizontal zonation in Nahuel Ruca (Cristini et al. 2017), with a
littoral zone characterized by lower pH and carbonate concentrations,
conditions that would prevent diatom dissolution and favor preservation
(Barker et al. 1994; Hassan and De Francesco in press). Open waters and
water column, on the other hand, are characterized by higher pH and
carbonate/bicarbonate concentrations (Cristini et al. 2017), which could
explain the higher frequency of dissolution marks exhibited by diatom
assemblages in these sub-environments. Therefore, despite being low,
dissolution was significantly higher in open waters and plankton, being
probably enhanced by the continuous reworking and mixing exerted by
wind action in the lake.

Fragmentation marks were more frequent in littoral sub-environments.
This result can be related to the very shallow depths characteristic of this
environment (less than 60 cm), which would enhance the impact of
sediment reworking on frustule breakage (Round 1964; Flower and
Nicholson 1987). Moreover, given the high productivity associated to these
densely vegetated areas, the littoral sub-environment can support abundant
populations of macroinvertebrates (Gonzalez-Sagrario and Ferrero 2013),
which are mostly restricted to these shallow and vegetated zones (Tietze
and De Francesco 2017; Gonzalez-Sagrario et al. 2018). As diatom
breakage is strongly related to grazing (Haberyan 1985), the highest DFI
values found in the littoral sediments can be also explained by biological
action through grazing activity. Examination of DFI results also showed
differences in preservation among the different taxa analyzed: while
tychoplanktonic taxa such as C. meneghiniana, A. granulata, and A.
granulata var. angustissima were evenly fragmented among sub-
environments, the epiphytic species C. placentula and L. hungarica
showed higher fragmentation in sedimentary and planktonic assemblages.
Thus, besides taxa life-form, examination of valve fragmentation
constitutes a useful tool to differentiate between autochthonous and
allochthonous taxa within epiphytic biofilms, with implications for
environmental biomonitoring based on epiphytic communities in these
shallow lakes.

Taphonomic Versus Compositional Patterns

The significant correlation between variation in total assemblages
preservation and variation in species composition found in the present
study suggests the existence of common environmental causes in the
structuration of these patterns at local scales. This relation indicates that the
same environmental factors can control both the assemblage structure (i.e.,
richness, diversity, and proportional abundances) and preservation (i.e.,
dissolution and fragmentation) of taxa in within-lake sub-environments.
This was particularly noticeable in epiphytic assemblages, which were
dominated by epiphytic species adapted to the special conditions of
macrophyte mats, and also exhibited a distinctive taphonomic signature
characterized by good preservation as a consequence of the protected
conditions prevailing within mats. These results are coincident with
patterns found at regional scales in Pampean shallow lakes, where C.
meneghiniana preservation and assemblages composition were also
significantly and positively correlated along a strong salinity gradient
(Hassan and De Francesco in press). At these regional scales, diatom
assemblage composition and preservation were strongly linked to salinity
and ionic composition, which play a role not only in structuring living
diatom communities but also in controlling the postmortem dissolution and
fragmentation of valves (Barker et al. 1994; Ryves et al. 2006). In that
study, dissolution proved to be a more sensitive indicator of salinity
differences among lakes than shifts in relative abundances of diatom taxa,
enhancing the paleoenvironmental significance of diatom taphonomic
signatures at long environmental gradients (Hassan and De Francesco in
press).

At the short environmental gradients covered in the present study, the
link between preservation and composition also highlighted the capability
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of diatom taphonomic signatures to capture environmental differences at
local scales, these being related to differences in depth, macrophyte
coverage, and water composition among sub-environments. For instance,
while compositional analysis through PCoA showed a strong overlap
between littoral, open waters and planktonic assemblages, littoral
assemblages showed a particular taphonomic signature that differentiated
them from the assemblages from other sub-environments. This was
particularly evident when examining the PROCRUSTES plot, in which
sedimentary and planktonic samples appeared clustered when composi-
tional data was used in ordination, while taphonomic attributes led to
vector displacements, which separated littoral samples from open waters
and planktonic ones. Therefore, even as the differences in diatom
assemblages composition between the three sub-environments lead to
overlapped ordinations, littoral taphonomic signatures were different
enough to separate these assemblages in an ordination space. Under such
circumstances, combining taphonomic and compositional analyses would
allow to uncover subtle within-lake environmental gradients not identifi-
able when only compositional analyses are performed. In this case,
compositional analyses would allow to discriminate among different
microhabitats, leading to paleoenvironmental inferences that would not be
possible from taphonomic analyses only.

Epiphytic assemblages, on the other hand, showed the opposite pattern
in PROCRUSTES plot, as they were more variable in their assemblage
composition than in their taphonomic attributes. This result implies that,
even as assemblages from different macrophytes (i.e., free-floating and
attached) differed in their dominant taxa (L. hungarica and C. placentula,
respectively), they tended to converge in the taphonomic plot because of
similar preservation. Hence, independently of the identity or life-form of
the host-macrophyte, epiphytic biofilms constitute microhabitats that
facilitate diatom preservation, preventing fragmentation by reworking
and sediment resuspension. The low preservation of some epiphytic taxa
(such as L. hungarica) in surface sediments suggests that these taxa can be
easily attacked by taphonomic factors once the biofilms are destroyed.
Hence, although the good preservation of diatoms within biofilms
encourages the study of epiphytic assemblages in biomonitoring studies
of contemporary communities, it does not promote the preservation of
epiphytic taxa once incorporated to the lakebed, where they suffer strong
taphonomic alteration.

Overall, the results demonstrate that the relative importance of
taphonomic and compositional data in unraveling environmental gradients
in shallow lakes strongly depends on the ecological and environmental
conditions of the habitat under study. Consequently, accompanying
paleoenvironmental studies with local and regional analyses on actualistic
taphonomy will increase significantly the potential information provided
by past taphonomic tendencies, by providing data on the environmental
significance of diatom taphonomic signatures under different environmen-
tal circumstances. Overall, it becomes clear that diatom-based paleoenvir-
onmental reconstructions should incorporate taphonomic analyses in order
to increase the quality of the inferences and provide insights into the past
shallow lake dynamics.

Application to the Fossil Record

The joint analysis of compositional and taphonomic fluctuations allowed
reconstruction of paleoenvironmental changes during the late Holocene in
Nahuel Ruca Lake. In the last ca. 700 cal. years BP, the lake evolved from
brackish to freshwater conditions, as shown by changes in both species
composition of diatom assemblages and taphonomic signatures. Besides
this tendency towards decreasing salinity, diatom zones also showed an
alternation between open-waters dominated paleoenvironments character-
ized by high diatom dissolution and low agreement between modern and
fossil assemblages (DZI, DZ 11I-V), and zones indicating higher littoral
development and increased similarity to modern assemblages (D ZII and
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DZ VI), characterized by a better preservation of frustules. Dominance of
well-preserved planktonic assemblages was recorded in the topmost levels
of the core (DZ VII), indicating the establishment of the modern lake
conditions.

Brackish conditions at the base of the core are mainly suggested by the
high dissolution of C. meneghiniana valves. DDI values inferred for these
levels were comparable to those of valves found in brackish Pampean
lakes, such as Monte and Cochico lakes, characterized by salinities of 7.7
and 8.2 ppt, respectively (Hassan and De Francesco in press). However,
these higher DDI values can also be related to post-burial conditions, as
valve dissolution in saline lakes can also be exacerbated by chemical
processes linked to post-depositional circulation of saline and/or alkaline
interstitial and groundwaters (Reed 1998). These brackish conditions,
however, are only partially suggested when assemblage composition is
considered alone. This is because the dominant taxa are mostly euryhaline
species adapted to a wide range of salinity conditions (e.g., C.
meneghiniana, C. placentula, N. amphibia) with the consequent reduced
value for salinity bioindication (Hassan et al. 2011). In fact, only the
presence of rare taxa (< 1%), such as Campylodiscus clypeus, Craticula
halophila, Navicula salinicola, Nitzschia vitrea, and Synedra platensis,
suggested brackish conditions. Results of constrained ordinations showed
that the DDI constitutes a stronger indicator of salinity than species
composition in Pampean lakes (Hassan and De Francesco in press). While
this environmental variable only explained 11.7% of the variance in diatom
composition (p = 0.07), it explained 77% of DDI variability (p < 0.001).
In the case of Nahuel Ruca, the high salinity conditions suggested by high
DDI values were coincident with the presence of halophilous taxa.
Therefore, the combination of both independent sources of evidence
provided reliable data to propose higher salinities in the lake at ca. 700 cal.
years BP.

Modern conditions were recorded in the topmost 18 cm of the
sedimentary record, as indicated by the specific composition of the
assemblages, which showed the lowest Bray-Curtis distances to modern
assemblages of the whole succession. These assemblages were very well
preserved, being equivalent in terms of dissolution and fragmentation to
those of modern planktonic samples. Diatom assemblages were dominated
by Cyclotella meneghiniana, Aulacoseira granulata, and A. granulata var.
angustissima, which were the dominant taxa in modern planktonic and
open-waters habitats. Moreover, low proportions of L. hungarica in these
levels signal the recent development of the duckweed mats in the lake
(Emson et al. 2017). This result is consistent with plant macroremains
studies, which indicated increased abundances of Azolla filliculoides
megaspores and Lemna seeds in the upper 20 cm of a Nahuel Ruca core
(Stutz et al. 2010). According to age-models available for Nahuel Ruca,
these levels would represent the last ca. 70 years BP (Stutz et al. 2014), and
coincide with the increase of human activity in the region, particularly of
agriculture (Rennella and Quirds 2006). In fact, in Nahuel Ruca a dam was
built in the 1950s (Rodolfo Castanas personal communication) on the
outflow stream of the lake, when agricultural activities intensified in the
area. This dam controlled the lake water level, bringing more stable
environmental conditions for flora and fauna development than previously
recorded. Previous study of late Holocene assemblages from the nearby
Lonkoy Lake (Hassan 2013) also showed increased proportions of L.
hungarica in the topmost 18 cm of the sedimentary record, which were
associated with assemblages indicative of increased nutrient loadings in the
lake. It has been suggested that increased nutrient inputs from land
fertilization lead to rapid increase of Lemna productivity in ponds and that
duckweed cover is related to eutrophication (Emson 2015). Therefore, the
presence of L. hungarica can be interpreted as indicator of human-induced
eutrophication in Pampean lakes, and the recent environmental conditions
that are very different from the natural fluctuations that characterized the
Holocene history of these lakes.

G.S. HASSAN ET AL.

CONCLUSION

Results of the present study indicated a strong interaction between the
main sub-environments inhabited by diatoms in the shallow Nahuel Ruca
Lake. This interaction was mainly mediated by the water column, which
served as a vehicle for the transport of resuspended sediments from within-
lake sub-environments and its redistribution among them. Even epiphytic
assemblages, which were mostly composed of autochthonous valves,
incorporated allochthonous diatoms that originated in sedimentary and
planktonic assemblages. This effect was noticeable when analyzing
compositional similarities between littoral, open waters and planktonic
sub-environments, which showed a high overlap in PCoA multivariate
space, although the effect was not strong enough to lead to a complete
homogenization of assemblages among them.

Compositional similarities were coupled with similarities in the
taphonomic signatures of the valves. Both characteristics were significantly
correlated in the dataset. This correlation signals the existence of common
environmental constrains for diatom assemblages composition and
preservation at within-lake local scales, enhancing the usefulness of
diatom taphonomic analysis when conducting compositional studies. In the
present work, dissolution was lower and fragmentation higher in the
shallower littoral areas, whereas planktonic and open waters sediments
showed the opposite pattern. The differences among sub-environments
were better delineated by taphonomic, rather than compositional
differences, with reworking and water chemistry being the main drivers
of these differences. Therefore, it becomes clear that including taphonomic
analyses in paleoenvironmental studies provides a useful and independent
source of information even when short environmental gradients are
covered.

Finally, the application of the contemporary compositional and
taphonomic dataset increased the extent of paleoenvironmental inferences
made from a core covering the last ca. 700 cal. years BP from Nahuel Ruca
history. These analyses allowed us to infer increased salinity conditions
towards the base of the core that could be overlooked if only composition
of assemblages were addressed. Moreover, the prevalence in modern
assemblages of very low percentages of L. hungarica, even in littoral
sediments adjacent to dense duckweed mats, also demonstrated the
importance of considering rare taxa in compositional analyses of
paleoenvironments. Overall, we conclude that both taphonomic analyses
and a holistic consideration of ecologically meaningful taxa should be
considered in order to lead to improved tools for paleoenvironmental
reconstructions in environmentally heterogeneous shallow lakes.
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