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As entomophilous plants, water lilies (Nymphaea) and spatterdocks (Nuphar) have low pollen
production, thus can be under represented in the sediment record. These macrophytes produce
distinctly shaped sclerenchyma tissue referred to as stone-cells, trichosclereids, astrosclereid or
simply sclereids. This study examines the utility of using sclereids from common species from
the Nymphaeaceae Family as an alternative proxy to their pollen. Histological studies of fresh
tissues of Nymphaea odorata and Nuphar lutea revealed that each has distinct sclereids and that
there has been confusion in the application of terminological used to designate their morphology.
Some paleoecological reports have referred to Nymphaeaceae sclereids as trichosclereids, but
our histological studies show that the cells are more appropriately classified as polyramous,
astrosclereids, librosclereids and rhizosclereids. We also determined if palynological processing
affects sclereid morphology or the efficiency of their retrieval. Tissues from both species were
treated using HCL, KOH, acetolysis and HF and found that only the sclereids from N. lutea
survived chemical treatments in a detectable form. Our study shows that sclereids from N. lutea
can be a useful indicator of its presence while the chance of observing sclereids from N. odorata
in pollen preparations is very low, severely limiting the utility of the latter as a paleoecological
indicator. Another limitation to using sclereids as a proxy is that they originate from plant
tissues, which require extended acetolysis treatments for; if they aren’t released from this matrix
they stay hidden inside the tissue. Thus extended acetolysis treatments may be required to release
sclereids from peat. Finally, we examined sclereid abundance in sediments from a slough in the
Florida Everglades to determine if abundance of Nymphaeaceae sclereids correlates with
Nymphaeaceae pollen and we find no significant correlation. Additional analyses are required to
determine if empirical relationships exist amongst plant populations, pollen, sclereids and
environmental conditions. A clear report of chemical treatments used and processing times are
critical to verify results of studies utilizing sclereids.



Introduction

As entomophilous plants, water lilies (Nymphaea) and spatterdocks (Nuphar) have low
pollen production (Faegri and Iversen, 1989), thus can be under represented in the sediment
record (Warner, 1989). This makes the reconstruction of wetlands problematic, since aquatic
macrophytes are common in these environments. However, the tissue remains of these plants can
be used to reconstruct their abundance through time. In addition, some macrophytes produce
sclerenchyma tissue resistant to natural decay, named sclereids (Tschirch, 1889), which can be
identified to the correct taxa (Rao and Banerjee, 1979). Of these, members of the water lily or
Nymphaeaceae family produce distinctly shaped sclerenchyma tissue referred to as stone-cells
(Warner, 1989), trichosclereids (Davidson et al., 2005, Kuhry, 1997, Miola et al., 2006, Pals et
al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa et al., 1992, Rikke et al., 2007, Shuman et
al., 2009), astrosclereid (Eide et al., 2006) or simply sclereids (Arsenault et al., 2007, Warner,
1989). After searching three bibliographic databases it was found that the use of sclereids in
paleoecology has not been carefully reviewed nor tested. This study examines the utility of using

sclereids from Nuphar lutea and Nymphaea odorata as an alternative proxy for their pollen.

Nymphaeaceae sclereids appear as isolated cells which differ from neighbouring plant
tissues, signifying they are easily distinguished from other cells by their size, shape and thickness
of their wall (Fahn, 1974). They are composed of complex polymers of lignin, cellulose (Warner,
1989) and impregnated by calcium oxalate crystals (Bercu, 2003, Ogden, 1974). In the
Nymphaeaceae family, sclereids are contained in the petioles, peduncles and leaves, where they
act as branched support cells (Gaudet, 1960, Ogden, 1974)- possibly functioning as

reinforcements for aerenchyma channels in the leaf and stem (Brodribb et al., 2010). Some



propose that sclereids cause the plant tissue to be coarse and gritty making it less favourable for
consumption by herbivores or insects, suggesting an adaptation against herbivores (Bercu, 2003,

Mauseth, 1988).

Our understanding of the ontogeny and distribution of sclereids within plants has evolved
since the early work by Tschirch who categorized sclereids by their shape into 4 groups:
brachysclereids, macrosclereids, osteosclereids and astrosclereids (Tschirch, 1889). Rao and
Bhupal (1973) later adjusted the typology differentiating sclereid groups by their shapes and
sizes. Rao and Banerjee (1979) applied the typology of Rao and Bhupal (1973) in a study of
foliar sclereids of the Nymphaeaceae family to determine if it was possible to use them for
familial classification. They reported that Nuphar leaves have polyramous sclereids (Figure 1:
#39-42) and Nymphaea leaves have fusiform (Figure 2: #18-21) to polyramous (Figure 1: #39-
42) sclereids, while previous studies by Conard (1905) and Malaviya (1962) classified them as
astrosclereids (Figure 1: #30-31) and/or trichosclereids (Figure 1: #37-38). In a much earlier
study, Gaudet (1960) had examined Nymphaea odorata peduncular and petiolar sclereids and
described them as “I”” or “H” shaped (Figure 3). More recently Bercu (2003) described the

sclereids from his specimens of Nuphar lutea and Nymphaea alba as trichosclereids.

The terminology and classification of sclereids has been inconsistently applied in
paleoecological studies. Some investigators have called them “sclereids” (Arsenault et al., 2007,
Warner, 1984), “astrosclereids” (Eide et al., 2006), or “trichosclereids” (Davidson et al., 2005,
Kuhry, 1997, Miola et al., 2006, Pals et al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa et
al., 1992, Rikke et al., 2007, Shuman et al., 2009). The first paleoecological study I have found
that identifies Nymphaeaceae sclereids is by Pals et al. (1980), which was identified as unknown

non-pollen palynomorph “Type 129” (Figure 4). Pals et al. (1980) determined that the taxonomic
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affinity of Type 129 was the Nymphaeaceae family and referred to it as a trichosclereid, but do
not cite their source. Apparently independently, Warner (1984) later used the term sclereid citing
back the source of his classification to a plant anatomy textbook by Ogden (1974) which, was
produced before the classification of some of the Nymphaeaceae species by Rao and Benerjee
(1979). This may explain why Warner did not classify the sclereids as polyramous or fusiform
and may be the reason for the similar treatment by Pals et al. (1980). The limitation of the
classification of Rao and Banerjee (1979) to only foliar sclereids has probably added to
confusion regarding Nymphaeaceae sclereids and the presence of petiolar and peduncular
sclereids was probably overlooked in the past. Thus there is a need to examine the morphology
of sclereids in peduncles and petioles as their tissues are as important a contribution to the

sedimentary record as leaves.

A search of paleoecological literature in Scopus, ISI and Google Scholar using the terms
sclereid, trichosclereid, and astrosclereid, identified 11paleoecological studies that report
Nymphaeaceae sclereids (Arsenault et al., 2007, Davidson et al., 2005, Eide et al., 2006, Kuhry,
1997, Miola et al., 2006, Pals et al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa et al.,
1992, Rikke et al., 2007, Shuman et al., 2009, Warner, 1984), but variably as part of the
palynological or macrofossil component (Table 1). Some researchers identified them on their
pollen slides (Arsenault et al., 2007, Pals et al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa
et al., 1992, Shuman et al., 2009, Warner, 1984) and others report them in macrofossil samples
(Davidson et al., 2005, Eide et al., 2006, Kuhry, 1997, Miola et al., 2006, Rikke et al., 2007).The
size of sclereids, 100-400 pm (Warner, 1989), probably explains their presence in both types of

samples as it spans the range targeted in both palynological and macrofossil studies.



Although recognized and reported, the use and documentation of Nymphaeaceae
sclereids are considerably variable. Two studies include no reference for identification and make
no interpretation of sclereid abundance (Eide et al., 2006, Rikke et al., 2007). Three studies do
provide a reference for their identification, but apparently make no use of sclereids for
environmental interpretation (Kuhry, 1997, Miola et al., 2006, Pokorny et al., 2000). Shuman et
al. (2009) and Davidson et al. (2005) utilize sclereids for their interpretation, but reference no
source for their identification. Of the 11studies reporting Nymphaeaceae sclereids, only four
studies both utilize sclereids in their interpretation and provide a reference for their identification
(Arsenault et al., 2007, Pals et al., 1980, Ralska-Jasiewiczowa et al., 1992, Warner, 1984).
Because of the irregularity of the consideration of Nymphaeaceae sclereids in paleoecological
reports, I cannot be certain if the low number of paleoecological studies that include sclereids is
due to their rarity in samples, lack of recognition of their morphology, or lack of knowledge of

what conditions they indicate.

Those who have reported sclereids have made variable and contradictory interpretations
of sclereid abundances. Both Pals et al. (1980) and Shuman et al. (2009) mention that the
abundance of Nymphaeaceae trichosclereids corresponds with abundance of Nymphaeaceae
pollen, but Pals et al. (1980) show a trend with Nuphar pollen and Shuman et al. (2009) shows a
trend with Nymphaea pollen. This would mean that sclereids could be an alternative to the rare
Nuphar and Nymphaea pollen as suggested by Warner (1989). However, some have concluded
that sclereid abundances are driven by environmental factors, since Nymphaeaceae species grow
in specific aquatic environments. Pokorny et al. (2000) concluded that the presence of
trichosclereids indicated the presence of permanent water bodies. Ralska-Jasiewiczowa et al.

(1992) associated the increased abundance of trichosclereids to a rise in temperature of a lake in



central Poland. Arsenault et al. (2007) assumed that increased abundance of sclereids indicated
increased nutrient concentrations associated with decreased water levels, with the confirmation
of other indicators, such as sediment lithology were necessary. Rikke et al. (2007) suggested that

increases in trichosclereid indicated the colonization of flooded areas.

Chemical treatments and sieving could affect the retrieval and recognition of sclereids.
These paleoecological studies which have included sclereids in their study have also used
different techniques to concentrate their fossils (Table 1). Six of these studies cite techniques
from the textbook by Faegri and Iversen (1989 and 1975), Davidson et al. (2005) cites
techniques from the textbook by Moore et al. (1991), Pokorny et al., (2000) cites both textbooks
and Kuhry (1997) does not reference his techniques, but does describe them. Of the 6 studies
which have found sclereids on their pollen slides, one study does not give any details on the
chemicals used to concentrate their pollen samples (Shuman et al., 2009) and only 2 mention that
they sieved their samples (Arsenault et al., 2007, Warner, 1984). Of the 5 studies which have
found sclereids in their macrofossil samples, 2 studies do not mention chemicals used to process
their samples (Davidson et al., 2005, Rikke et al., 2007). Acetolysis, regularly used to
concentrate pollen, dissolves cellulose and lignin (Hesse and Waha, 1989) and sclereids are
composed of complex lignin and cellulose polymers. Yet, 6 studies utilized acetolysis and
sclereids were still visible on their pollen slides (Arsenault et al., 2007, Pals et al., 1980, Pokorny
et al., 2000, Ralska-Jasiewiczowa et al., 1992, Shuman et al., 2009, Warner, 1984) or within their
macrofossil samples (Davidson et al., 2005, Eide et al., 2006, Kuhry, 1997, Miola et al., 2006,
Rikke et al., 2007). Some researchers employ acetolysis for extended periods (Willard et al.,

2004), which could degrade sclereids beyond recognition, and this may explain the low number



of studies reporting them. Additonnaly the size of these sclereids could exclude them from pollen

slides.

In this study I attempt to isolate some of the factors that have complicated the use and
interpretation of Nymphaeaceae sclereids. First I utilize fresh tissue of two common species,
Nuphar lutea and Nymphaea odorata, that are found across North America and in many types of
habitats (Conard, 1905, Padgett, 2007) and dissect their tissues to determine if their morphology
varies between species or within tissue. I hypothesize that sclereids shape does not vary within

plant tissues and that sclereids of the two species can be differentiated.

Secondly, I use fresh tissue of these two species to determine if palynological processing
affects sclereid morphology or the efficiency of their retrieval, by employing acetolysis
treatments of varied duration and comparing sieved and unsieved subsamples. I hypothesize that
sieving excludes them from pollen slides and that acetolysis, which is a conventional pollen
processing procedure, degrades them to the point where they cannot be differentiated from the

organic matter surrounding them.

Finally, I examine sclereid abundance in sediments from a slough in the Florida
Everglades to determine if abundance of Nymphaeaceae sclereids correlates with Nymphaeaceae

pollen.



Methods

Morphology of sclereids

This study utilized both living specimens and sediments known to hold Nymphaeaceae
pollen. Fresh tissues of Nuphar lutea and Nymphaea odorata were collected from 2 different
areas. Some specimens of N. odorata were collected in June from a marsh located near
Stanstead, Quebec (45° 05'41"N, 72° 05' 31"W). Additional specimens of N. lutea and N.
odorata were collected in August from a stream near Opeongo Lake in Algonquin Provincial
Park, Ontario (45° 38' 01"N, 78° 21' 24"W). Longitudinal and transversal cross sections were
prepared from the peduncle, petiole, and flowers and leaves of all specimens, and examined at
400x magnification. Samples of fresh plant tissues were dried in an oven at 65 °C until brittle

and ~2.0 g of dried tissue was subsampled for the analyses described below.

Sclereid shapes were also examined from dried tissues of both species treated with 10%
KOH in a hot water bath for 10 min. Prior to this treatment Lycopodium tablets (Stockmarr,
1971) were added to each sample and ~20 ml of HCI] was added to dissolve the tablet. Samples
were centrifuged and rinsed with distilled water between chemical treatments. A subsample from
the final aliquot was mounted in glycerine jelly on a microscope slide and examined at 400x
magnification. Sclereid shape was classified using the typology published by Rao & Bhupal

(1973).

Testing the Effects of palynological processing

The effect of palynological treatment on sclereid morphology was determined using dried

subsamples from the peduncle, petiole, and flowers and leaves from N. lutea and N. odorata.



Prior to other chemical treatments a tablet of Lycopodium marker spores (Stockmarr, 1971) was

added to each sample dissolved with 10% HCI, and rinsed.

The effect of a succesion of chemical treatments was tested using ~ 20 ml of KOH,
glacial acetic acid, acetolysis, HF, and HCI with centrifugation and distilled water rinses between
steps, except where noted. First, samples were treated with a solution of 10% of KOH in a hot
water bath for 10 min. Samples were dehydrated with glacial acetic acid (use of fresh tissue
required careful mixing and 20 min for full dehydration) before proceeding directly with
acetolysis (no rinsing). The acetolysis solution was prepared using nine parts acetic anhydride
and one part H,SO4. Samples were placed in a hot water bath for 3 min while being
occasionally stirred, decanted and mixed with glacial acetic acid without rinsing (for 10 min).
Samples were then treated with HF and placed in a hot water bath for 20 min, with occasional
stirring. Next samples were treated with 10% HCI and placed in a hot water bath and
occasionally stirred for 5 min. Samples rinsed with distilled water, stained with Safranin and

rinsed again before mounting onto slides using glycerine jelly.

The effect of acetolysis timing alone was investigated by varying the hot water bath
duration. About 0.2¢g fresh tissue from each plant part from both species was placed into test
tubes. Samples were then held in a hot water for 3, 5 and 10 min, rinsed and mounted using the

steps described above.

Testing the Effect of sieve size

To examine the effect of sieve size on sclereid retrieval, sediment samples known to
contain Nymphaeaceae pollen were processed using same techniques described above.
Duplicates of each sample were processed with and without sieving at 125 um. Sediment were
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subsampled from a core taken from Shark River Slough in the Florida Everglades in the
conservation area 3B near Tamiami Trail (25° 45' 25"N, 80° 38' 23"W). Sloughs are the wettest
sites in the Everglades and contain floating aquatics such as Nymphaea, Nuphar, and Utricularia
(bladderwort). Nearby are marshes vegetated primarily by sawgrass (Cladium), sedges
(Cyperaceae) and true grasses such as reed (Phragmites), mannagrasses (Glyceria striata),
sloughgrass (Beckmannia syzigachne), and whitetop (Rhynchospora floridensis) (Loveless,
1959). The first layer of the core was composed of a waterlily-Sawgrass peat, followed by a marl
layer and the bottom layer was a waterlily-Sawgrass peat. The marl boundaries were dated and
this high decomposition episode lasted around 100 years. The sediment core was sectioned
following its general lithology and every layer was placed in identified Ziploc bags. The core
was 65 cm long and 8 subsamples of 1 g of sediment were taken for processing. Two were taken
from the top peat layer, 3 from the marl and 3 other from the bottom peat layer (Table 2). Two of
the subsamples taken from the marl are located at the peat/marl and marl/peat transition zone, the

other was taken from the middle.

Nymphaeaceae sclereid interpretation

To determine if abundance of sclereids varied with environmental conditions, different
paleoenvironments were studied, as interpreted from the lithology of the Shark River Slough
sediment core. Two samples were taking from a surface peat layer, 3 from a marl layer and 3
from the lower peat layer. The marl layer spans about 15 cm of the core. The samples and data
used for this part of the research were gathered from the experiment on the effect of sieving, the
pollen and sclereid counts from unsieved and sieved samples were added together, since the
parametric and nonparametric paired t-test showed no significant change in pollen percentages

for each taxa and sclereid between sieving methods. This created a much more reliable pollen
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count for the 8 depths that were analysed. In addition, a surface sample was added to the data, to
test for any underrepresented taxa in the pollen counts. The surface sample was conventionally
processed and sieved at 125 pm. To verify if there is any correlation between pollen and sclereid

counts, a statistical test was used.

Microscope and statistical analyses

Pollen and plant spores were identified using Kapp et al., 2000, McAndrews et al., 1973,
Moore et al., 1991, and Willard et al., 2004, along with reference slides in the McGill
paleoenvironmental lab. A minimum of 275 pollen and plant spores were counted in each
sample. Only whole Pinus pollen was counted, single bladders were excluded. All shapes of
sclereids were categorized and counted. Only sclereids with the longest axis >50 um were
counted. Pollen and sclereid percentages were based on the total pollen sum. Statistical analyses
were performed with PASW Statistics (SPSS) for Windows, Release Version 18.0, (SPSS, Inc.,

2009).
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Results

Sclereid morphology

The shape and location of sclereids within plant tissues of the N. lutea specimens
collected from Quebec and Ontario were similar and the same star shapes were found throughout
the peduncle and petiole tissues (Figure SA-D). The observation of the foliar sclereids was more
challenging, but these sclereids seem star shaped (Figure SE-F). The size of unfragmented star
shaped sclereids from N. lutea ranged from 600-300 pm. Using Rao and Bhupal’s (1973)
typology, they would be classified as astrosclereid or polyramous sclereids (Figure 1:30-31 and

39-42).

The sclereids found in my histological study of the N. odorata specimens were long and
pin-shaped, rather than star shaped (Figure 6). These pin shaped sclereids are oriented parallel to
the length of the peduncle and petiole, thus appear circular in cross-section (Figure 6A-D). Their
length ranges from 1000-2000 um and their width ranges from 10 — 60 um. A distinguishing
feature is a small protrusion at the mid-point of the sclereid (Figure 6E). Foliar sclereids differ
from those in the petiole or peduncle and they are three times wider and branched (Figure 6F).
Rao and Banerjee (1979) described N. odorata foliar sclereids from leaves as fusiform to
polyramous. However, the morphology of sclereids from the peduncles (Figure 6C-E) and
petioles (Figure 6A-B) I studied, more resemble polyramous (Figure 1: #39-42) and
librosclereids (Figure 1: #34-36), than fusiform ones (Figure 2: #18-21). The foliar sclereids in
the specimens | examined (Figure 6F) resemble ramiform (Figure 1: #24-29) or rhizosclereid

(Figure 1: #24-26) rather than fusiform types (Figure 2: #24-26). Also, the sclereids from the
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petiole and peduncle resemble the same sclereids described by Gaudet (1960) in the same species

(Figure 3).

The hot KOH treatment reduced the differences amongst sclereids. The sclereids from N.
lutea peduncle are symmetrical star shaped astrosclereids (Figure 7A) and resemble the sclereids
found during dissection (Figure 5A). After treatment, two types of sclereids were retrieved from
the peduncle of N. odorata (Figure 7B). One resembles the librosclereids visible in live tissue
(Figure 6A) and the other is an irregular star shaped sclereid, or polyramous sclereids, not
observed in the live tissues. The sclereids from the petiole of both species are also different
(Figure 7C-D). Again, N. lutea has symmetrical astrosclereids (Figure 7C) and N. odorata has
long jagged librosclereids (Figure 7D). Foliar sclereids are also different between both species
(Figure 7E-F). N. lutea has polyramous foliar sclereids (Figure 7E), but N. odorata has jagged
and wide “T” shaped sclereids or rhizosclereid (Figure 7F). The sclereids found in the flower
tissues are very similar, they both have sclereids ranging between astrosclereids to polyramous
(Figure 7H-I). There is less variation of the shape of sclereids in N. lutea (astrosclereids and
polyramous sclereid); on the other hand, N. odorata sclereids are variable within its tissue

(librosclereids, polyramous, astrosclereid and rhizosclereids).

Effect of conventional pollen processing on sclereids

Sclereids of the two genera were conventionally processed with the combination of KOH,

acetolysis and HF and very different results were found (Figure 8).

Conventional pollen processing had little effect on N. lutea (Figure 8E-H), but
dramatically altered N. odorata sclereids (Figure 8A-D). The straight librosclereids of N.
odorata became undulated and almost unidentifiable. The polyramous sclereids found during the
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KOH processing (Figure 7B) were not found. The foliar sclereids found in histological
examinations (Figure 6F) and after KOH (Figure 7F) were not visible after chemical processing.
N. lutea sclereids found in all tissues, including the flower tissues were composed of the same
astrosclereids or polyramous sclereids (Figure 8E-H). The sclereids found during the dissection
(Figure 5) and the sclereids found after KOH processing (Figure 7A) are identical to these. The
pollen from this species is also found after processing (Figure 8H). It would be safe to indicate

that conventional pollen processing for pollen does not affect N. lutea sclereids.

Variation in duration of hot acetolysis treatment alone had distinctively different effects
on N. lutea and N. odorata sclereids (Figure 9). Sclereids from N. odorata were severely affected
by an acetolysis treatment after 3 and 5 min (Figure 9A-B). The shape of the pin shaped sclereids
was no longer observed after 5 min of acetolysis (Figure 9A). After 10 min, few sclereids were
visible (Figure 9C). After 10 min acetolysis, N. lutea peduncular sclereids and pollen were still
abundant and identifiable as the star shape was still visible, even though sclereids showed partial

dissolution (Figure 9E-H).

Pollen and sclereids found in Shark River slough

The major pollen and sclereids counted in unsieved and sieved sediment samples are
listed in Table 2 and the absolute count of all taxa can be found in appendix A. The major taxa
found in order of abundance were: Chenopodiaceae/ Amaranthaceae type (ChenoAm), Pinus,
Nymphaea, Sagittaria and Morella. Abundance of other taxa was low, and only two Nuphar

grains were found in all sediment samples (Appendix A).

The sclereids found had a variety of shapes and sizes (Figure 10 and 11) and fell into
three morphological groups (Table 2). Type 1 sclereids were star shaped (Figure 10A-D), but it
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was impossible to classify them as polyramous or astrosclereids, since they are more altered then
those found within fresh plant material. The Type 2 sclereids were “H” or “bone” shaped (Figure
10E-H). This sclereid type was difficult to classify, since the “H” shape resembles a
trichosclereid in the typology (Figure 1: #37-38), but the middle section of the Type 2 sclereids
seem much longer compared to arms that extent outwards from the middle, however the middle
section of the trichosclereids in Rao and Bhupal (1973) are much smaller compared to the arms
(Figure 1:#37-38). Also, these sclereids resemble somewhat the rhizosclereids depicted in the
typology (Figure 1:#24-26). Sclereids that did not appear to have any general shape were
categorized as Type 3 (Figure 11), and because of their high abundance, only sclereids with a

dimension >50 pum were counted.

The effect of sieving on pollen and sclereid abundance

There is not much difference when sieved samples of major taxa (ChenoAm, Pinus and
Nymphaea) are compared against unsieved samples on a 1:1 plot (Figure 12). The majority of the
data points for ChenoAm are near the 1:1 line suggesting that this taxon isn’t better represented
in either sample. The majority of the data points for Pinus, Nymphaea, Morella and Sagittaria
are below the 1:1 plot suggesting that these taxa are better represented in sieved samples. The
change in percentages of Pinus, Nymphaea, Morella and Sagittaria is accompanied by the
decreasing amount of other pollen category in sieved samples (m=2.39). This means that sieving
increases the percentages of major taxa while decreasing percentages of other taxa like Nuphar,
Cephalanthus, Cyperaceae or Poaceae (Appendix 1). The size of ChenoAm grains ranges from
12-20 pm, which is much smaller than the other taxa, which were: Pinus 35-50 um, Nymphaea

20-30 um, Morella 20-35 pum, Sagittaria 20-30 um. This would mean that taxa with bigger
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pollen grain sizes are better represented in sieved samples and smaller taxa with high percentages

like ChenoAm are unaffected by sieving.

A paired correlation test indicates that the percentages of most pollen taxa and sclereid
types in sieved compared to unsieved samples were significantly correlated (p<0.05), with the
exception of Sagittaria and Type 2 sclereids. Finally, a paired sample t-test confirms there is no

difference in percentage of taxa or sclereid types in sieved vs. unsieved samples (p>0.05).

The variation of unsieved and sieved sclereid and pollen percentages through depth is
illustrates in Figure 13. Type 1 sclereids are more abundant in the peat while the abundance of
Type 2 in unsieved samples is greatest in the marl layer (Figure 13). Samples that weren’t sieved
had large sclereids ranging from 50-1000 um (Figure 10A-B and Figure 11A-C) and samples
that were sieved had sclereids that were less than 125 pm (Figure 10C-D and Figure 11D). Type

2 sclereids were the same size for either method and ranged from 100-150 um (Figure 10E-H).

Overall, the relative abundance of Nymphaea pollen, sclereids and markers abundance to
total pollen does not seem to vary much when we compare samples that were sieved to those that
were unsieved (Figure 13). Nymphaea pollen has its largest variation between 15-20 cm and at
this point the variation is at its maximum of 13%. After, sieved to unsieved variations stay below

5%. The 3 sclereids types vary less than Nymphaea pollen (Figure 13).

In addition, all sclereid types have a mean absolute difference through depth below + 3%
and the Nymphaea pollen and Lycopodium markers are above 4%. It seems that sieving has not
affected the Type 1 sclereids percentages very much within the core. However, Type 2 sclereids
were severely affected at 64 cm, the absolute difference is about 15% (Figure 13). This very
large difference drives the absolute mean difference of this fossil, therefore making this last point

15



an outlier. In brief, it seems that the exotic Lycopodium markers and most pollen from major taxa
have much more variation in percentages through depth between sieving methods than the

sclereid types.

Sclereid interpretation

There are no significant relationships between sclereids and Nymphaea pollen percentages
(Pearson’s correlation coefficients produced a p>0.5). The Nymphaea pollen percentage is at a
minimum at the lower level of the marl, suggesting that this species was less abundant or
produced less pollen. Within the marl deposit, Nymphaea gradually increases in abundance until
it reaches a plateau. If we compare sclereid types to Nymphaea pollen, Type 1 sclereids seem to
follow the same pattern as Nymphaea pollen during the marl episode. Type 2 sclereid abundance

shows a different pattern, peaking in the middle of the marl deposit (Figure 13).
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Discussion

Sclereid morphology

The limitation of the earlier classification of Rao and Banjerjee (1979) to foliar sclereids
meant that the variability of sclereids in N. lutea and N. odorata was left unrecognized. My
analysis reveals many other types of sclereids. In N. lutea, sclereid shape varies amongst the
petiole, peduncle, and leaves and flowers. Peduncular and petiolar sclereids are symmetrical and
are astrosclereids; sclereids from the leaves are less symmetrical and are polyramous sclereids.
N. odorata sclereids not only vary between tissues, but in some tissues there is more than one

type of sclereid.

My analyses indicate that the two most common water lily species: Nuphar lutea and
Nymphaea odorata, as noted by Rao and Banerjee (1979), do not have trichosclereids. Neither
histological examination, nor KOH treatment and nor conventional processing revealed
trichosclereids retrieved from tissues of N. lutea or N. odorata. Yet, many paleoecological
studies have referred to Nymphaeaceae sclereids as trichosclereids (Davidson et al., 2005,
Kuhry, 1997, Miola et al., 2006, Pals et al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa et
al., 1992, Rikke et al., 2007, Shuman et al., 2009). I suspect that the use of the term
"trichosclereid" probably originates with the reports by Pals et al. (1980) and who appropriately
indicated that the "trichosclereids" were associated with the Nymphaeaceae, but misused the
sclereid terminology. The more appropriate terms would have been polyramous or astrosclereid
for N. lutea and librosclereid, ramiform, rhizosclereids or polyramous for N. odorata. More
importantly, some studies have associated "trichosclereids" with Nymphaea (Shuman et al.,

2009), yet sclereids of the most common Nymphaea species, N. odorata are unlikely to be visible
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after the acetolysis treatments used by most palynologists. This opens the possibilities for

misinterpretation of a species' presence.

Effect of pollen processing on sclereids

Sclereids of N. odorata were difficult to identify after conventional pollen processing
because their shape was lost (Figure 8 A-C). The pollen processing step that caused this was
acetolysis, verified by the acetolysis experiment (Figure 9A-C). On the other hand, N. lutea
sclereids resist conventional pollen processing and are easily identified after extended acetolysis
treatments (Figure 8 and 9). The differential survival of the sclereids of these species is probably
due to their shapes. The star shaped N. lutea sclereids have less surface area for their volume
than “pin” shaped or librosclereids. Because N. lutea can survive long acetolysis treatments, this
species is most likely the source of the star-shaped sclereids observed by earlier researchers
(Arsenault et al., 2007, Davidson et al., 2005, Eide et al., 2006, Kuhry, 1997, Miola et al., 2006,
Pals et al., 1980, Pokorny et al., 2000, Ralska-Jasiewiczowa et al., 1992, Rikke et al., 2007,
Shuman et al., 2009, Warner, 1984). After conventional processing it is impossible to
differentiate between astrosclereids and polyramous sclereids, but the star shape can be

recognized.

The ability to detect resistant sclereids seems unaffected by sieving as a paired t-test
showed no significant difference between sclereids percentages in sieved and unsieved sediments
from the Everglades Slough sediments (p>0.05). Sieving may increase visibility within pollen
slides and this would make small sclereids easier to see. On the other hand, if samples are not

sieved, visibility is decreased and only large sclereid >125 um are counted. If a researcher
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prefers not to sieve, the same amount of sclereids will be counted, however their size will be

larger.

Sclereid interpretation

There was no correlation between sclereid types and Nymphaea pollen (Pearson
correlation coefficient p>0.05). Type 2 sclereids are abundant in the marl layer (Figure 13), but
their source is unknown,; it is quite possible that they originated from Nymphaea leaves (Figure
7F) or from an entirely different species. They are abundant in the middle of the marl layer and
this is possibly caused by the response of this species of origin to drier condition. Nymphaeaceae
species respond to decreased water levels by growing aerial leafs rather than “lily pads™ (Titus
and Sullivan, 2001). This means that during drier conditions there are more aerial leaves and less
aquatic leaves (lily pads). An increase in aerial leaves would also increase the abundance of
sclereids, since aerial leaf have been shown to have a higher density of sclereids (Etnier and

Villani, 2007).
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Conclusions

In paleocological literature, the taxonomic affinity of Nymphaeaceae sclereids has been
confused. They have been referred to as sclereid, astrosclereid, trichosclereid without verifying if
the term fits the correct classification from Rao and Bhupal (1973). Some paleoecological studies
have referred to Nymphaeaceae sclereids as trichosclereids, however the sclereids found within
common species of this family (N. lutea and N. odorata) are not trichosclereids. Furthermore, the
sclereids from these species can be differentiated before conventional pollen processing, but only
the sclereids from N. lutea can survive pollen processing in a detectable form. As a result,
sclereids from N. lutea can be a useful indicator of its presence in sediment, but the major
limitation to using sclereids as a proxy is that they originate from plant tissues; if they aren’t
released from this matrix they stay hidden inside the tissue. Acetolysis treatments digest organic
matter and sclereid retrieval is dependent on this treatment to release sclereids from peat. The
chance of observing sclereids from N. odorata in pollen preparation is very low, thus have low
utility as a paleoecological indicator. Additional analyses are required to determine if empirical
relationships exist amongst plant populations, pollen, sclereids and environmental conditions. A
clear report of chemical treatments used and processing times are critical to verify results of

studies utilizing sclereids.

Maximizing retrieval of Nuphar sclereids can be obtained by prolonged acetolysis

treatment, however, long acetolysis treatments can also degrades pollen (Moore et al., 1991).

The interpretation of these sclereids is also problematic, star shaped sclereids are easily counted
on pollen slides, but their size is variable and one can encounter excessive amounts of sclereid

fragments during counting.
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Sclereids are not only found in peat layer, in the current study sclereids were retrieved
from a marl layer and it was found that Type 2 sclereid percentage peaked in this deposit.
Because the origin of Type 2 sclereids is unknown, the peak in the marl layer cannot be
interpreted. Nevertheless, I suggest two explanations: 1) The increase in abundance of this type
of sclereids is probably due to the biological adaptation of the plant species the sclereid
originates from, 2) during the marl period there were increased decompositions rates, which
decomposed the tissue matrix the sclereids were trapped in, consequently more sclereids were

released from the organic matter during pollen processing.
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Table 1. Comparative paleoecological concentration methods based on studies which have found sclereids in their microfossils and

macrofossils samples

Microfossils Macrofossils
Study
Chemicals Sieving Chemicals Sieving
0, : 0, _

Kuhry, 1997 HCI, 10% KOH, Acetolysis, 10% Na

pyrophosphate, and Bromoform-alcohol None reported Hot 5% KOH > 150 pm
Pokorny et al., 2000 Acetolysis and cold 35% HF 24 hrs None reported 5% KOH 5min [200-700] um

10% HCI, HF overnight, Hot 6% KOH 10
Warner, 1934 min, Acetolysis 1 min and Sodium

Hexametaphosphate [7-250] um Cold 6% KOH ovemight > 250 um

0, 0, o

Arsenault, 2004 IQA) HCl, Hot. 10% KOH 10 min, Hot HF 12

min, acetolysis [7-500] pm None reported None reported
Shuman et al., 2009 Faegri and Iversen (1989) None reported None reported > 125 um
Pals et al., 1980 KQH, Acetolysis, HF, Hot 5% KOH 5-10 .

min None reported Hot 5% KOH 5-10 min >160 um
Ralska-Jasiewiczowa et al., 1992 e85, Aesiiel s 2 15T -

alcohol None reported None reported None reported

Standard procedures (Fagri, 1989)
Rikke B., 2007 including HF to dissolve small inorganic

particles None reported None reported > 140 um

Davidson et al., 2005

None reported

None reported

None reported

[350-150] pum

Eide et al., 2006

Method B of Berglund and Ralska-

Jasiewizowa (1986) None reported Na4P207H20 1 hour or 10% KOH > 125 um
Miola et al., 2006 10% HCl_, hot 10% NaOH, cold 50% HF, .
acetolysis <200 um Hot 10% NaOH few min >200 um

* Shaded boxes are where sclereids were found
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Table 2. Palynomorph counts from Everglades Slough sediments

. ChenoAm  Pinus Nymphaea Sagittaria Morella Oth.er Total Grains Lycopodium Type.l Type.z Type.3 Tota.l
Lithology = Depth (cm) Grains sclereids sclereids  sclereids sclereids
Us* s US S US S u-s S US S US S u-s S u-s S u-s S u-s S u-s S u-s S
Peat 15-18 66 35 61 61 63 102 9 16 30 42 92 57 321 313 137 139 18 10 5 1 12 6 35 17
Peat 24-26 120 104 89 146 32 5 20 4 6 11 39 19 306 340 42 67 9 17 8 13 18 37 35 67
Marl 32-33 121 170 62 79 32 23 7 20 15 26 68 22 305 340 55 90 7 19 6 9 8 13 21 41
Marl 36-40 172 121 83 125 32 25 4 11 5 2 34 29 330 313 100 134 14 7 53 46 4 70 57
Marl 44-47 192 198 71 8 6 1 21 14 6 2 26 17 322 329 141 166 2 5 0 2 9 3 16
Peat 47-49 300 283 24 21 13 28 2 6 0 O 4 17 343 355 27 16 6 2 4 6 16 8
Peat 53-55 233 223 46 50 41 29 6 8 1 0 10 10 337 320 22 30 9 6 7 22 4 38 11
Peat 63-65 235 235 40 47 20 29 6 6 0 0 13 9 314 326 18 25 50 28 52 63 66 165 99
Total 1439 1369 476 616 239 303 75 85 63 83 286 180 2578 2636 542 667 115 94 135 77 133 145 383 316
Mean 180 171 60 77 30 38 9 11 8 10 36 23 322 330 68 83 14 12 17 10 17 18 48 40

* U-Sis Unsieved and S is Sieved
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Figure 1. Polymorphic or branched sclereid topology from Rao and Bhupal (1973). Ramiform
sclereids (#24-29): Rhizosclereid (#24-26 and I-shaped sclereid (#27-29); Astrosclereids (#30-
31): Astrosclereids (#30-31), Ophiurosclereid (#32-33), Librosclereid (#34-36) and
Trichosclereid (#37-38); Polyramous sclereids (#39-42); Idiofibrosclereid (#43). Figure adapted
from Rao and Bhupal (1973).
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Figure 2. Other sclereid typess from Rao and Bhupal (1973). Spheroidal (#1-7). Vesiculose
Sclereid (#8-11), Vermiform Sclereid (#12-15), Palosclereids (#16), Osteosclereids (#17),
Fusiform Sclereid (#18-21), Filiform Sclereid (#22-23). Figure adapted from Rao and Bhupal
(1973).
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Figur 3. Petiolar sclereids from Nymphaea odorata from a study by Gaudet (1960). A)
Described as an “I”” shaped sclereids. B) Described as an “I”” to “H” shaped sclereid. C)
Described as an “H” shaped sclereid. Figures adapted from Gaudet (1960).
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Figure 4. Type 129 Trichosclereids from Nymphaeaceae from a study by Pals et al. (1980). The
same author mentions that the total diameter is 0.2-0.3 mm. Figures adapted from Pals et al.
(1980).
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Figure 5. Shape and size of sclereids found within plant tissues of N. lutea. A) Cross-section of
the peduncle showing star-shaped sclereids. B) Transverse-section also showing star-shaped
sclereids. C) Cross-section of the petiole showing star-shaped sclereids. D) Transverse-section of
the petiole also showing star-shaped sclereids. E) Cross-section of the leaf or lily-pad showing
star-shaped sclereids. F) Star-shaped sclereid found within the leaf tissue.
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Figure 6. Shape and size of sclereids found within plant tissues of N. odorata. A) Cross-section
of the petiole with a long Pin shaped sclereid. B) Transverse-section of the petiole with long
sclereids forming the structure of the tissue. C) Cross-section of the peduncle with no noticeable
sclereids. D) Same as C) but a closer look at the round cross-sections of sclereids indicating that
within Nymphaea odorata long sclereids run parallel to the stem. E) Transverse-section of the
peduncle showing long sclereids. F) Cross-section of the leaf or lily-pad, showing a large cluster
of sclereids with different shapes than the petiole and peduncle.
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Figure 7. Sclereids from N. lutea tissues on the left and N. odorata tissues on
the right after a 10 min KOH treatment. A-B) Peduncular sclereids. C-D)
Petiolar sclereids. E-F) Leaf sclereids. H-1) flower sclereids
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Figure 8. N. odorata and N. lutea sclereids and Lycopodium after
conventional pollen processing. A-D) N. odorata sclereids: A)
Peduncular sclereids, B-C) petiolar sclereids and D) N. odorata pollen
with a Lycopodium maker. E-H) N. lutea sclereids: E) Peduncular

sclereids, F) petiolar sclereids, G) foliar sclereids and H) flower
sclereids.
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Figure 9. N. odorata and N. lutea sclereids after 5 min and 10 min
acetolysis treatment. A- B) N. odorata peduncular sclereids after 5 min of
acetolysis, the oxalate crystals are still visible. C) N. odorata peduncular
sclereids after 10 min of acetolysis. D) N. odorata pollen after 10 min of
acetolysis. E-G) Peduncular sclereids of N. lutea after 10 min of
acetolysis: G) The star shape is still noticeable even in heavily affected
sclereids. H) Pollen of N. lutea after 10 min of acetolysis.
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Figure 10. Sclereids from Everglades Slough sediments. A-D) Type 1 sclereids
or Star shaped sclereids: A-B) are from unsieved samples and C-D) are from
sieved samples (125 um mesh). E-H Type 2 sclereids or Bone shaped: E-F) are
from unsieved samples and G-H) are from sieved samples (125 um mesh).
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Figure 11. Sclereids from Everglades slough sediments, all of these sclereids were classified as
Type 3 sclereids, since their form is severely altered and they do not seem to have a defined star
or “H” shape, they are however long. A-B) Possible libroseclereids from Nymphaea. C) Very
altered sclereid, the oxylate crystals are still visible. D) Possible fragment from a star shaped
sclereid or a librosclereid.
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Figure 12. Scatter plots which show relationship between unseived and sieved samples for pollen from Everglades Slough sediments.
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Figure 13. Pollen plot through depth comparing pollen, sclereid types and Lycopodium markers for unsieved and sieved samples from Everglades
Slough sediments. Lycopodium markers are not included in the total pollen count.
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Appendix A.

Florida Everglades Shark River Slough Unsieved samples
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