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Abstract

In quantitative phytolith analysis, chance error associated with insufficient counts can
affect the robustness of the interpretation, whether it is vegetation reconstruction or
taxonomic differentiation. It is therefore vital to choose a count size that will ensure
statistically reliable results, while minimizing the time expended. Numerical statistical
methods (bootstrapping) that have become available over the past few decades have
made it possible to model even complex phytolith assemblages with relative ease.
This study used bootstrapping as well as analytic statistical formulas to evaluate the
influence of count size on vegetation reconstruction by means of two commonly used
indices, D/P (tree cover index) and Iph (aridity index). The analysis indicates that the
count size needed to ensure statistical precision depends on the question as well as the
observed assemblage composition. Importantly, it is the count of specimens relevant
to a specific ratio or other index (“index-specific” count) that matters, whereas the
total count is less important. Based on these results, some general guidelines for

choice of count size and for the use of statistics in phytolith analysis are suggested.

Keywords: Phytolith analysis; sampling; count size, statistical inference,

bootstrapping.
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1. Introduction

Applying phytolith analysis to understand vegetation structure or temporal/spatial
changes in vegetation structure inherently relies on quantitative comparison between
assemblages. More precisely, it involves comparison of counts of different
morphotypes or classes of morphotypes to summarize the information stored in the
soil record of biosilica. Thus, a change from grassland to forest is reflected in
phytolith assemblages as an increase in forest indicator forms relative to grass
phytoliths; a change from cool-season grassland to warm-season grassland is
indicated by a change in the ratio of morphotypes typical of these grass groups; an
increase in land-use may be marked by a relative increase in phytoliths from
domesticated palm species (e.g., Barboni et al., 2007; Kondo et al., 1994; Runge,
1999; Shulmeister et al., 2001). Several indices have been devised to express both
absolute and relative aspects of vegetation type. For example, the tree cover index,
D/P, uses the ratio of certain forest indicator phytoliths to grass phytoliths to give a
measure of vegetation structure in absolute terms (a D/P ratio >1.82=forest; Bremond
et al., 2005a) and in relative terms (a decrease in the D/P ratio signals an opening up
of the landscape; e.g. Alexandre et al., 1997; Bremond et al., 2005a). Other commonly
used indices include the aridity index (Iph=tall vs. short grass savannah), and the
climatic index (Ic=Cj vs. C4 grasslands) (e.g., Alexandre et al., 1999; Bremond et al.,
2005b; Diester-Haass et al., 1973; Twiss et al., 1987). A variety of multivariate
analytic methods currently in use (e.g., Blinnikov et al., 2001; Boyd et al., 1998;
Kealhofer, 1996; Prebble and Shulmeister, 2002) likewise rely on differences between

absolute or relative abundances among assemblages for reconstructing vegetation
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change, as do the traditional relative frequency diagrams/tables (e.g., Rovner, 2001;
Runge, 1999; Strémberg, 2004).

Similarly, plant taxonomic differentiation based on phytoliths often uses
quantitative comparisons of relative frequencies of morphotypes. For example,
archaeologists seeking to distinguish the phytoliths of a domesticated grass from those
of its wild sister taxa employ comparative size statistics, relative frequencies, or
morphotype ratios (Pearsall, 1978; Pearsall, 1982; Piperno, 1984). Several recent
studies have used explicitly quantitative approaches to estimate morphotype
frequencies or morphotype shape and size as a means to separate highly complex and
redundant phytolith assemblages produced by different taxa (e.g., Ball et al., 1996;
Carnelli et al., 2004; Fujiwara, 1993; Pearsall and Piperno, 1990; Piperno and
Stothert, 2003; Zhao et al., 1998).

For both of these applications of quantitative phytolith analysis, the validity of
the inference hinges on the statistical significance of a certain abundance, ratio, or
difference between samples (Ball et al., 1996, 1999). This needed statistical
significance depends largely on the number of phytoliths used for calculation, making

count size an essential consideration for the phytolith researcher.

1.1. Biases produced by insufficient count size

Count size, the number of phytolith specimens tallied on a slide, is the last in the long
series of steps of sub-sampling that occurs when a soil assemblage or a plant sample
is processed and analyzed for phytoliths. Each of these steps may introduce biases and
errors that render the final sub-sample non-representative of the original assemblage

(e.g., Fredlund, 1986; Lentfer and Boyd, 1999; Stromberg, 2007); the phytolith count
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is no different. Simply put—and assuming that errors during sub-sampling in the field
and laboratory can be eliminated and “truly” random counts are obtained (such as in
the 60-field scan procedure; see Dinan and Rowlett, 1993; Pearsall, 2000)—an
insufficient number of specimens can, purely by chance, lead to misrepresentation of
forms. This, in turn, may result in erroneous vegetation inference (in the case of
paleoecological analysis) or size statistics (in the case of morphological
quantification).

Hence, the goal must be to reach a count that will generate statistically robust
measurements. However, a single phytolith extraction commonly yields thousands, if
not millions, of specimens, making it an enormous chore to count them all. The desire
to achieve reliable data must therefore be weighed against the time invested in
counting and return in terms of information. Concerns regarding insufficient count
size (usually referred to as “sample size”) are shared with other disciplines of
paleoecology and paleontology, where it has attracted considerable attention in the
literature (e.g., Alroy, 2000; Foote, 1992; Raup, 1975; Stanton and Evans, 1972).
Indeed, several publications have specifically addressed the task of finding the
optimal count size given the trade-off between statistical precision and efficiency
(Birks and Birks, 1980; Faegri et al., 1989; Jamniczky et al., 2003; Maher, 1972; Rull,

1987; Wolff, 1975).

1.2. Previous work on count size in phyvtolith analysis

Among phytolith researchers using phytoliths to differentiate plant taxa, Ball and

colleagues (Ball et al., 1996, 1999) have devised formulas to quantitatively estimate

the count sizes needed to ensure the statistical significance of their results. They
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calculated the minimum number of phytoliths they had to measure to yield a £5%
wide 90% confidence interval around the sample mean for a give variable. Depending
on the variable, this number varied between 5 and 160 measured phytoliths for each
taxon. Other authors have applied statistical measures such as confidence intervals to
ensure the robustness of their phytolith-based taxonomic interpretation (e.g., Pearsall
and Piperno, 1990; Piperno, 2006).

In contrast, workers using phytoliths for paleoecological reconstruction
seldom treat the issue of count size in much detail (but see Albert and Weiner, 2001;
Pearsall, 2000; Zurro and Madella, this issue). Moreover, counts differ widely among
studies (see also review in Piperno, 2006). Count sizes range from approximately 100
to 800 per sample, although counts of 5,000 phytoliths have been reported (Piperno
and Becker, 1996). Most commonly, the number of specimens tallied per sample lie in
the 200-400-range (e.g., Alexandre et al., 1997; Blinnikov et al., 2002; Carter, 2000).
Authors use different, or no specific, criteria for when to stop counting. Some count a
certain number of grass silica short cell phytoliths, a specified number of glass beads
for absolute estimates of phytolith abundance, or an a priori assigned total number of
phytolith morphotypes. However, it is rare that a statistical motivation for the chosen
count size is provided. An exception is Pearsall (2000), who judged that 200 grass
silica short cell phytoliths is an acceptable minimum number to get a representative
count. She based this estimate on comparisons between tallies of 100, 150, 200, 250,
300, 350, and 400 silica short cells from Hawaiian vegetation types, and concluded
that assemblage patterns of occurrences remained fairly constant for counts >200. In
their study of cave deposits in Israel, Albert and Weiner (2001) arrived at a similar
number by tallying incrementally higher counts of phytoliths and comparing with

results from a very high count size (800 specimens). They noted that many less
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abundant forms were lost in sums below 200 specimens. Piperno (1988) has also
pointed out that tallies in excess of 200 may be necessary for certain samples to
capture rare but ecologically significant forms.

In addition, few phytolith workers today use statistics to validate their
estimates (see discussion in Pearsall, 2000). The various indices discussed above are
in most cases reported without standard error or confidence intervals (e.g., Alexandre
et al., 1999; Fearn, 1998; Stromberg, 2002, 2003; Twiss et al., 1987, but see Bremond
et al., 2005a, 2005b). The same is true for the traditional relative frequency diagrams
and tables (e.g., Kondo et al., 1994; Rovner, 2001), and assemblage data used in
paleoecological multivariate analysis (e.g., Blinnikov et al., 2001; Kealhofer, 1996).
Similarly, statistical hypothesis testing is rarely employed to underscore a certain
interpretation (but see Chiswell, 1984, cited in Pearsall, 2000).

Piperno (2006) provided general guidelines for appropriate count sizes for
phytolith analysis based on empirical experience and comparisons with the
palynological literature. However, as I will argue below, palynological methods for
determining adequate count sizes are not always appropriate for the types of questions
that concern phytolith researchers. Therefore, a quantitative study to estimate the
minimum phytolith count that will secure a reliable (statistically precise) vegetation
inference in a variety of cases is sorely needed. The purpose of this paper is to provide

such a study.

1.3. Concerns for determining adequate count size in phytolith analysis

Count size is a function of the structure of the data in hand (see discussion below), but

also the question and the type of measurement that will provide the appropriate
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answer. Thus, the quantities regularly employed in paleoecology and
paleontology—absolute frequencies, diversity estimates, taxon/type richness, relative
abundances—all require different count sizes for statistical robustness (Rull, 1987, see
also Jiroutek et al., 2003, for discussion). The focus in paleozoology and traditional
paleobotany (macrofossil and palynomorph studies) is often on documenting diversity
(taxon/type richness + type equitability/evenness) (e.g., Falcon-Lang, 2003; Wing et
al., 1995). Adequate count sizes for these types of studies are usually determined by
means of sampling curves, where the number of taxa or types making up an
assemblage is plotted against the number of specimens counted (see discussion in
Jamniczky et al., 2003; Rull, 1987; Zurro and Madella, this issue). An adequate count
size is determined as the point where a large fraction of the taxa/types have been
encountered, causing the curve representing the sampling effort to level out. In other
words, significantly higher count sizes will not return much in terms of more counted
taxa/types. The sufficient count size'is thus established both on the number of
taxa/types in the assemblage (richness) and on their relative abundance distribution
(evenness). In assemblages with high evenness, the appropriate count size can be
expected to be lower, whereas in assemblages with a few very common taxa and
many rare taxa, the sampling curve levels off very slowly, requiring higher count
sizes (Jamniczky et al., 2003; Rull, 1987).

Zurro and Madella (this issue) explore the use of sampling curves to estimate
appropriate count sizes. However, there are several reasons why a different approach
may be more useful for applications within phytolith analysis such as vegetation
reconstruction. First, due to the multiplicity and redundancy inherent in phytolith
production, there is not a one-to-one correspondence between number of phytolith

morphotypes and the number of plant taxa represented in an assemblage (Piperno,
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1988; Rovner, 1971). Therefore, the count size determined by sampling curves is a
function of the number of different phytolith morphotypes, not plant taxa, contained in
an assemblage. An inherent problem with this method is that phytolith workers differ
widely in how finely they subdivide the morphological spectrum encountered in
phytolith assemblages in plants or in soil samples, and also in which morphotypes
they count. Some authors consider only a very low number of morphotype classes for
vegetation inference (e.g., 7 in Alexandre et al., 1997); others subdivide all, or certain,
morphotypes into a large number of classes (e.g., Brown, 1984; Carnelli et al., 2004).
For example, Bremond et al. (2005a, 2005b) combine all dumbbell-shaped grass silica
short cells into one class, whereas other authors split this morphotype class into
several subclasses (e.g., Fredlund and Tieszen, 1997; Piperno and Pearsall, 1998;
Strémberg, 2005). Different numbers of morphotype classes will undoubtedly result
in different sampling curves and consequently arrive at different optimal count sizes,
in particular because a lower number. of (broader) morphological classes will also
likely correspond to higher evenness. This variation will lead to some arbitrariness in
assigning count size. Another more critical problem is that not all morphotypes are
necessarily relevant for vegetation reconstruction. Consequently, the count size
achieved using sampling curves may be unnecessarily high, especially if the
assemblage has low evenness. Capturing every morphotype may not be required for
the research question. If the question at hand is “how many types of phytoliths are
present in this assemblage?,” sampling curves are clearly the right tool for finding the
adequate count size. However, for the questions that are often central to phytolith
analysis, such as “what is the proportion of phytoliths indicative of cool-temperate

grasses to phytoliths of tropical grasses?” the use of sampling curves to determine the
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count sizes that will provide robust vegetation or taxonomic inference seems
inappropriate.

Another common focus within palynology has been to find the count size that
allows statistical precision of relative abundances or absolute frequencies (e.g., Birks
and Birks, 1980; MacDonald, 1996; Mosimann, 1965). Note that absolute frequencies
will not be treated herein; see Pearsall (2000) for further discussion. Traditionally,
palynologists have used confidence intervals (usually 95%) for relative frequencies to
indicate at which grain count reliable estimates of assemblage composition have been
reached (e.g., Faegri et al., 1989; MacDonald, 1996; Maher, 1972). Counts are viewed
as sufficient when the width of the confidence interval does not change significantly
with increasing counts or when it is “acceptable” following some a priori criterion
determined by the investigator (Maher, 1972; Rull, 1987). This stopping point will
depend on the overall count size and the relative frequency of the palynomorph type
of interest. If more than one type is considered, both richness and evenness of taxa in
the sample as a whole has to be taken into account (Maher, 1972; Mosimann, 1965;
Rull, 1987). Thus, samples with low taxon richness and high evenness require lower
counts (on the order of 200 grains, Rull, 1987), while large count sizes are essential
for reliable estimates of taxa with very low frequencies (1620 grains for a taxon with
a relative abundance of 1%, Rull, 1987). Mosimann (1965), Maher (1972), and Rull
(1987) described practical methods for finding the appropriate tally and evaluating
statistical precision of percentages for palynomorph assemblages modeled as
multinomial distributions.

Phytolith analysis builds on the same general principles as the study of spores
and pollen. Nevertheless, it is not necessarily clear how Maher’s (1972) nomograms

and Mosimann’s (1965) equations can be used for the questions that interest the
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phytolith researcher. Recently published, more complex criteria for optimizing count
size within palynology are also not directly applicable to phytolith analysis (e.g.,
Lytle and Wahl, 2005).The rare use of statistics in published phytolith work is a likely
indication of this circumstance.

How should we determine what is a sufficient count size for phytolith-based
vegetation reconstruction or taxonomic differentiation? Both of these endeavors
involve quantifying the relative abundances of sets of morphotypes, which, in a finite
phytolith count, may vary due to sampling error. Accordingly, phytolith researchers
must ask themselves: how many phytoliths must be counted until the relationship
between these morphotypes in the sample is precisely recorded, or at least robust
enough that the resulting vegetation/taxonomic inference is not substantially
influenced by chance error? Statistical precision can be measured using confidence
intervals. Thus, in statistical terms, the question becomes: what count size is
necessary to obtain an “acceptable” confidence interval on the ratio/proportion of
interest? What is “acceptable” depends on the statistical precision needed to answer a
particular question.

The dilemma facing the phytolith worker when trying to assign confidence
intervals is that statistical analytic modeling of indices such as D/P, Ic, and Iph is not
trivial. Ratios and proportions compound the sampling error of each of the
measurements that go into calculating them, making them relatively inaccurate; in
addition, the resulting metrics are often not normally distributed (Sokal and Rohlf,
1981). Another problem arises because phytolith assemblages consist both of
morphotypes relevant to the question at hand, “diagnostic” morphotypes, and of other,
“non-diagnostic” morphotypes. For example, for D/P, “diagnostic” morphotypes

consist of globular granulates of woody dicotyledons, grass silica short cells,

10
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cuneiform bulliform cells, and acicular hair cells; “non-diagnostic” morphotypes may
include various morphotypes from dicotyledons, palms, sedges, as well as ubiquitous
or unknown forms (Table 1). As a result, the sum and frequency of the diagnostic
morphotypes may vary in each counted sample (e.g., table 2 in Bremond et al.,
2005b). This additional variation is referred to as an unconditional case in statistical
terms. Taking the unconditional case into account is important because it may yield
slightly wider confidence intervals, at least at low counts (D. Freedman, University of
California at Berkeley, 2004, personal communication). However, because it
substantially complicates calculations of confidence intervals using conventional
analytic statistical formulas (Freedman et al., 1998; D. Freedman, University of
California at Berkeley, 2004, personal communication), resampling statistics has
emerged in the past few decades as an alternative approach (e.g., Efron, 1979;

Mooney and Duval, 1993).

1.4. Resampling

Resampling is a set of non-parametric statistical methods by which data simulation
instead of analytic formulas is used to estimate the precision of a parameter of the
population (the “true” phytolith assemblage), for example the mean, median, and
variance (Good, 2006; Simon, 1997). In bootstrapping, the resampling technique used
herein, samples are drawn randomly and with replacement from the available data
(the phytolith count). This is repeated thousands of times, modeling the physical
process of conducting the same experiment or sample protocol over and over again
(e.g., tossing a coin, or counting 100 phytoliths). Unlike conventional analytic

statistics, bootstrapping involves no assumptions about the background universe (e.g.,

11
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normality and homogeneity of variance), other than the assumption of random
sampling (Mooney and Duval, 1993; Simon, 1997; Simon and Bruce, 1991). Because
bootstrapping is numeric, rather than analytic, it is by definition inexact, but it has the
advantage of being less abstract than conventional statistical methods. For these
reasons, bootstrapping can deal with complex distributions that are hard to model
mathematically using analytic statistical approaches and data for which parametric
assumptions cannot be made. For most probabilistic and statistical questions,
resampling methods such as bootstrapping have been shown to give equally good or
superior results compared to conventional statistics; exceptions include situations
dealing with low probabilities, low count sizes, and missing data (Mooney and Duval,
1993; Simon, 1997; Simon and Bruce, 1991).

The primary goal of this paper is to assign general guidelines for determining
appropriate count sizes for paleoecological analysis using phytoliths; a secondary goal
is to provide suggestions for how to add statistical power to phytolith assemblage
interpretation. To accomplish these goals, I apply analytic statistical formulas as well
as bootstrapping to theoretical phytolith assemblages to determine how the precision
of vegetation inference based on phytolith ratios varies with count size. I used the tree
cover index (D/P) and the aridity index (Iph) as examples of commonly used phytolith
indices for paleoecological reconstruction. However, the results can be applied
generally within phytolith analysis, whether concerning vegetation inference or
taxonomic differentiation. To explore how the value of the “true” assemblage D/P and
Iph affects confidence interval width, several different hypothetical phytolith
assemblage compositions are examined. The results are discussed with reference to
recent studies employing D/P and Iph and similar indices for reconstructing

vegetation (Bremond et al., 2005a, 2005b; Stromberg, 2005). Specifically, I

12
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investigate how the addition of confidence intervals to published D/P and Iph values

affects vegetation interpretation (Bremond et al., 2005b).

2. Methods

It can be hypothesized that the width (and shape) of the confidence interval (C.1.) for
a certain index (D/P, Iph) measured in a phytolith assemblage varies depending on:
(1) the level of confidence (90%, 95%, 99% etc.).

(2) the count of “diagnostic” morphotypes; that is, the count used to estimate the
assemblage index, hereafter referred to as the index-specific count (n;);

(3) the total count size, that is, how many “non-diagnostic’(non-index-specific)
morphotypes (ND) are included (conditional case vs. unconditional case);

(4) the method of calculating the C.1. (analytic formulas vs. bootstrapping); and

(5) the “true” value of the index being measured (D/P, Iph).

The level of confidence is set to 95% in this study, in accordance with its
common use in other disciplines of paleoecology (e.g., Lytle and Wahl, 2005).The
confidence intervals were simulated for several different index-specific count sizes
(n=10, 25, 50, ..., 2000; see Figs. 1,2, Supplementary Tables 1,2).

For both indices, several different cases were investigated to test the influence
of variables (3)-(5) above on the C.I. (Table 1). For the D/P index, the effect of non-
index-specific phytoliths was tested by calculating the C.1.s and sampling errors for
two different cases. In the first case, only the index-specific morphotypes (conditional
case) were included; in the second case, the index-specific morphotypes and a chosen
percentage of non-index-specific morphotypes were included (unconditional case).

For the unconditional case, the proportion of non-index-specific phytoliths (ND) was

13
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set to 50%, but note that this will vary with chance error. This value is a reasonable
estimate in light of a modern dataset consisting of 61 samples from West Aftrica, in
which non-index-specific phytoliths for D/P made up 53% of the total count
(Bremond et al., 2005b). Similarly, in 94 Cenozoic phytolith assemblages from North
America the count of morphotypes not used to reconstruct tree cover constitutes 19-
67%, with an average of 47% (Stromberg, 2005). To explore the influence of
calculation method, C.I.s were computed using both analytic formulas and
bootstrapping for both the conditional and unconditional case.

For the Iph index, bootstrapping was used to simulate the C.1.s for the
conditional case and for two different unconditional cases, ND=70% and ND=90%, to
further explore variation due to inclusion of non-index-specific morphotypes in the
overall count. The latter values are based on Bremond et al. (2005b), who reported
that non-index-specific morphotypes for Iph make up 50-93% (mean=71%; 24
samples) in assemblages from shrub savanna with short grasses and 42-86%
(mean=67%; 28 samples) in assemblages from tree/shrub tall-grass savanna. In short-
grass steppe with shrubs, non-index-specific morphotypes for Iph constitute 83-97%
(mean=90%; 7 samples); in semi-deciduous forest, the non-index-specific count for
Iph amounts to 95-97% (mean=96%; 2 samples); these numbers are similar to values
in Alexandre et al. (1997). In addition, C.Is for the conditional case was calculated
using analytic statistical formulas (see Table 1).

The variation in C.Ls due to the “true” value of D/P and Iph was explored
using a range of representative values for each index. Typical values for D/P and Iph
are given by recently published analyses of phytolith assemblages from modermn
vegetation types in West Africa (Bremond et al., 2005a, 2005b). Emphasis was placed

on these studies because they report a large number of assemblages, provide all, or
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part of, the raw data, and link their phytolith data with estimates of tree cover based
on Leaf Area Index (LAI), pollen data, Moderate Resolution Imaging
Spectroradiometer satellite data (MODIS), or all three (Barboni et al., 2007; Bremond
et al., 2005a, 2005b; Cournac et al., 2002; Vincens et al., 2000). Also, the definition
of D/P has changed since earlier modern analogue work in Africa (e.g., Alexandre et
al., 1997). The definition of the tree cover index used by Bremond et al. (2005a,
2005Db) follows the original use in Alexandre et al. (1997), but excludes smooth and
wavy elongates. Thus, it is now defined as D/P=ligneous dicotyledon phytoliths /
Poaceae phytoliths, where ligneous dicotyledon phytoliths=globular granulate, and
Poaceae phytoliths=grass silica short cells (bilobate, cross, saddle, rondel,
crenate)+cuneiform bulliform cell+acicular hair cell (Table 1) (Bremond et al.,
2005a).

According to these studies, tall-grass savanna with a MODIS tree cover value
of 1-34% (mean=13%; 28 samples) yields a D/P ranging from 0 to 0.49 (mean=0.07)
(Bremond et al., 2005b). Dense tree/shrub tall-grass savanna, with a LAI of 0-~1.2
and a MODIS tree cover value of 46-60% (Barboni et al., 2007), yields D/P values of
0.65-1.16 (mean=0.92; 5 samples) (Bremond et al., 2005a). Forest vegetation, ranging
from young A/bizia forest to mature Rinorea forest with an LAI of ~1.5-~4 and
MODIS tree cover values of 79-82% (Barboni et al., 2007), produces D/P values of
1.82-5.13 (mean=2.86; 15 samples) (Bremond et al., 2005a). Alexandre et al. (1997)
reported D/P as high as 13.1 (recalculated using the current definition of D/P).

Based on this research, the following approximate values can be stated as
rough guidelines for use of D/P in Africa: D/P<0.5 denotes a savanna or grassland
(tree cover<40%); D/P~1 (0.65-1.16) corresponds to a dense savanna or woodland

(tree cover~50%), and D/P=2 (>1.82) denotes a forest (tree cover>>~60%). To take
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into account the typical distribution of phytolith morphotypes in these assemblages,
five theoretical D/P ratios were chosen for the study: 0.1, 0.5, 1, 2, and 9.

The aridity index is defined as Iph=Chloridoideae phytoliths / (Chloridoideae
phytoliths + Panicoideae phytoliths), where Chloridoideae phytoliths=saddle and
Panicoideae phytoliths=bilobate+cross (Table 1) (Bremond et al., 2005b). Diester-
Haass et al. (1973) determined that an Iph>40% signified dry grasslands, whereas
Alexandre et al. (1997) stated that an Iph of approximately 30% separates tall and
short grass communities in West Africa. I use Iph=20(%1.4) % as the boundary
between tall grass savannas (Iph=2.5-24%, mean=10%; 28 samples) and short grass
savannas (Iph=12-73%, mean=31%; 24 samples), based on the analysis of 61
assemblages in Bremond et al. (2005b). The theoretical values of Iph chosen for this
study were 10%, 20%, and 30%, respectively.

The bootstrapping simulations were preformed using Resampling Stats 5.0

software (www.resample.com) with 10,000 replicates for each D/P and Iph value and

count size, and 95% C.1.s were determined in each case. The scripts for these
simulations in Resampling Stats are available upon request from the author. The
deviation due to sampling error from the sample D/P and Iph was calculated as (index
95%max — INdE€X 950smin)/2. The analytic statistical formulas used to calculate the 95%
C.Ls are given in Table 1.

For each theoretical D/P and Iph value and count size, the upper and lower
limits of the C.I.s were examined in light of the interpretive scheme reviewed above
(Bremond et al., 2005a, 2005b), to evaluate how the interpretation of habitat structure
may change due to sampling error.

To further demonstrate how the addition of C.IL.s to phytolith analysis may

affect the robustness of paleoecological interpretation, C.I.s were calculated for
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published D/P and Iph index values using both analytic formulas (conditional case)
and bootstrapping (unconditional case). For reasons elaborated above, focus was
placed on the well-studied West African modern analogue dataset published by

Bremond et al. (2005b).

3. Results

3.1. Effect of index-specific count size on C.1. width

For both the D/P and Iph index, the width of the C.1. decreases asymptotically with
the number of diagnostic phytoliths counted (Figs. 1,2, Supplementary Tables 1,2).
For the values of the Iph index studied herein and for values of D/P<0.5, the C.I.
curves flatten out at index-specific count sizes above approximately 200 diagnostic
phytoliths (Figs. 1d,e,2) (c.f. Rull, 1987). This marks the point at which the C.I.
interval width does not change much with increasing count size; thus, counting more
diagnostic phytoliths will not markedly improve the accuracy of the index
measurement. For values of D/P<2 and D/P>>2, this index-specific count is closer to

250 and 300 diagnostic phytoliths, respectively (Fig. 1a-c).

3.2. Effect of total count size on C.1. width

For D/P, calculation of 95% C.I. using analytic formulas for the conditional and

unconditional case gave identical results at all count sizes (Fig. 1, Supplementary

Table 1). When bootstrapping was used, simulation for the conditional and
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unconditional case, respectively, also yielded matching C.1.s at count sizes above 25-
50 diagnostic phytoliths. At lower index-specific count sizes, unconditional
bootstrapping gave C.1.s that are often substantially wider than conditional
bootstrapping, but note that there is also some fluctuation due to the inexact nature of
the resampling procedure. For Iph, the relative proportion of non-diagnostic phytoliths
[ND=0% (conditional), ND=70% or ND=90%] does not appear to affect the width of
the bootstrapped C.I. at any of the index-specific count sizes investigated (Fig. 2,
Supplementary Table 2). Importantly, at index-specific count sizes of >200, total

count size (conditional vs. unconditional case) is irrelevant.

3.3. Effect of C.1. calculation method (analytic formulas vs. bootstrapping) on C.1

width and shape

For the Iph index, analytic formulas and bootstrapping yielded C.1.s of roughly equal
width above the lowest index-specific count-sizes (Fig. 2, Supplementary Table 2).
However, the discrepancy in width between C.I.s produced by the two calculation
methods differs slightly depending on the value of the Iph index itself. Thus, at higher
values of Iph (30% and 50%, the latter not shown) and very low counts (<25),
bootstrapping produced C.L.s that are 2-4 percentage units wider than C.I1.s computed
by analytic formulas. Note that, at low values of Iph (10%; Fig. 2¢), the finite samples
involved in bootstrapping led to C.L.s that are truncated at O and, therefore, more
narrow than analytic C.Ls.

Similarly, for D/P, analytic formulas and bootstrapping generated C.1.s of
equal width above a certain index-specific count. Below this count, bootstrapping

produced C.Ls that are markedly wider (Fig. 1, Supplementary Table 1). The critical
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index-specific count varies strongly depending on the value of D/P: the higher the
value of D/P, the higher number of diagnostic phytoliths that must be counted to yield
C.Ls of similar width as those calculated through analytic statistics. For example, at
D/P=0.1, the critical index-specific count is ~25; at D/P=2, it is ~75; and at D/P=9, it
is ~300 (Fig. 1, Supplementary Table 1).

Not only the width, but also the shape, varies somewhat between C.1L.s
computed using the two different methods (Figs. 1,2). Whereas analytic formulas
generated symmetrical C.I.s, bootstrapping simulation resulted in C.I.s that were more
or less asymmetrical, and more so at lower index-specific counts. The reasons for this
difference are that bootstrapped C.1.s must have a lower boundary of 0 and they tend
to be somewhat skewed. This tendency for bootstrapped C.Ls (along with the random
fluctuation of the C.I. width, producing an asymptote that is not entirely smooth) is a
result of the finite sample size at low counts and thus reflects a “real” aspect of the
sampling procedure. For most values of Iph (~20-80%), this phenomenon does not
lead to any major differences between C.1.s generated through analytic and
resampling methods, respectively, above very low index-specific count sizes (>10).
When Iph is close to 0%, the trend is more pronounced, resulting in markedly larger
sampling error towards higher values. For Iph values close to 100% (data not shown),
the sampling error is larger towards smaller values. Note that these differences are
only important at low index-specific counts (<50).

For D/P, the C.Ls are always skewed towards the higher values and become
more so at higher values of D/P, even at high index-specific count sizes (>100). Thus,
the boundaries of the bootstrapped C.1.s can be substantially shifted relative to those
generated through analytic statistics. For example, for D/P=2 and at a count of 200

diagnostic phytoliths, the 95% C.1I. calculated with analytic formulas is 1.4-2.6,
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compared to a bootstrapped 95% C.1. of 1.5-2.7. Note that, for D/P=9, the upper limit
of the bootstrapped 95% C.1. increases from the smallest index-specific count sizes;
in reality, it should start from positive infinity. This phenomenon is likely a function
of the way the bootstrapping algorithm handles division by 0.

It can be concluded that, in terms of C.I. width, the choice of calculation
method is less important above lower index-specific count sizes; at a count size of 200
diagnostic phytoliths analytic statistics and bootstrapping yield C.I.s of comparable
width. On the other hand, the asymmetrical nature of bootstrap C.I.s may create
marked differences in C.I. boundary positions even at higher index-specific count

sizes (e.g., 200).

3.4. Effect of the value of the index being measured (D/P, Iph) on C.1. width

The width of the C.1I. for Iph is strongly dependent on the value of Iph itself, at any
given index-specific count size and regardless of calculation method (Fig. 2,
Supplementary Table 2). It is largest for [ph=50% (data not shown), and smallest
when Iph approaches 0 or 100% (data not shown for the latter). Thus, the width of the
95% C.I. at an index-specific count size of 50 is over 50% wider for Iph=30%
(C.1.=26%) than for Iph=10% (C.1.=17%), using unconditional bootstrapping (Fig.
2a,c). This is true even at very high index-specific count sizes (Supplementary Table
2); at an index-specific count of 2000, the C.I. is 40% wider at Iph=30% (C.1.=3.8%)
than at Iph=10% (C.1.=2.7%).

The C.1.s of D/P get wider for higher values of the D/P ratio, at any given
index-specific count size. However, if calculated as a percentage of the D/P index

value, the C.I. is at its most narrow when D/P=1. Thus, at an index-specific count size
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of 100, the width of the C.I. for D/P=1 is 1.2 (corresponding to 121% of the D/P ratio)
whereas for D/P=0.1, it is 0.2 (196% of the D/P ratio), and for D/P=9, it is 38.7 (430%
of the D/P ratio); a difference in C.I. width persists at higher index-specific count

sizes.

3.5. Application to previously published studies

Calculations of 95% C.1.s for D/P ratios reported in Bremond et al. (2005b) resulted
in relatively small sampling errors for most of the samples from open vegetation
(savanna and steppe), despite index-specific count sizes that are often well below 200
(Fig. 3a). This relates to the fact that most counts are from assemblages with
D/P<<0.1. In contrast, the samples with higher D/P (>0.4) have very wide C.Ls, high
index-specific count sizes notwithstanding. In the case of the assemblages with D/P
close to 0.5 (samples S.91, 83-127),.the sampling error is large enough that the upper
limits of the 95% confidence intervals fall outside the range of values characteristic of
“open savanna” (>0.5) (Fig. 3a). For the samples with D/P>4, the C.Ls are very large
(£~40%), but are above the limit for closed forest vegetation (D/P>1.82) (Fig. 3b).
Calculation of the 95% C.Ls for Iph indices for the same dataset (Bremond et
al., 2005b) showed that, out of 31 samples from vegetation dominated by short
grasses [disregarding the samples with non-typical Iph values (<20%)], 13 have C.1.s
with lower limits below the boundary Iph value of 20% (Fig. 4). The same is true for
one of the two samples from forest vegetation, which has an Iph value of 35%.
Similarly, of the 28 samples from tall-grass savanna (ignoring samples with Iph
values >20%), four samples have wide enough C.L.s that their upper C.I. limits fall

above the 20% boundary. In many cases, this phenomenon is a consequence of low
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index-specific count sizes, that is, less than ~100 Chloridoideae + Panicoideae
phytoliths (e.g., the forest sample, S.155, for which n;=10, Fig. 4; Bremond et al.,
2005b). In other cases, the C.1.s are reasonably narrow, but the Iph value is close to
the 20% boundary (e.g., sample 82-79, with n=165, Fig. 4).

Note that the C.I.s calculated using analytic formulas (conditional case) and
bootstrapping (unconditional case), respectively, do not differ substantially in width
(Figs. 3,4). However, for D/P, the bootstrapped C.1.s are regularly shifted towards

higher values, a tendency that is particularly noticeable for high D/P values (Fig. 3b).

4. Discussion

4.1. Confidence intervals

The accuracy of vegetation reconstruction or taxonomic differentiation using
phytoliths depends on the sampling error of the indices or other quantitative
measurements being used. The sampling errors and corresponding confidence
intervals vary in width, shape and symmetry as a function of several factors. One of
the factors affecting the size of the sampling error is the level of confidence (90%,
95%, etc.), another is the type of measurement used (e.g., proportions such as Iph vs.
ratios such as D/P). The simulation study conducted in this paper highlighted two
other factors that vitally influence confidence interval width, namely (1) the number
of diagnostic specimens counted (index-specific count) and (2) the value of the index
under investigation (see also Jiroutek et al., 2003; Maher, 1972; Rull, 1987). In

contrast, at reasonably large index-specific count sizes (>>25), the total specimen
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count (conditional or unconditional case) does not significantly affect the width of the
confidence interval; neither does the C.1. calculation method (analytic statistics vs.
bootstrapping) (Figs. 1,2).

The symmetry and shape of the confidence interval, on the other hand, depend
on how the sampling errors are computed. Both analytic formulas and resampling
methods are approximations that work best at high index-specific count sizes (e.g.,
Freedman et al., 1998; Simon, 1997), but bootstrapping has the advantage that it
captures the skewed distribution of sampling errors that results from dealing with
finite samples. Note that C.1.s calculated using an alternative analytic method, log-
odds ratio, are also skewed to some extent (data not shown). In many cases, for
example when proportions are examined, these differences are a potential problem
only for boundary values of the index, close to 0 and 100%, and at low index-specific
count sizes (Fig. 2c¢, see also Fig. 4). In other cases, such as for the D/P ratio, variation
in confidence interval shape and symmetry.is apparent for all values of the index and
the choice of C.I. calculation method becomes important for robust assemblage
interpretation (Fig. 1, see also Fig. 3).

There are several implications of these results. First, it is not possible to report
a fixed sampling error for a particular index (e.g., Bremond et al., 2005a, 2005b)
because the sampling error will vary with index-specific count size and value of the
index in question. Second, and more importantly, determination of adequate count
sizes should focus on the index-specific count (n;), not the overall tally. Even if as
much as 600 phytoliths are counted overall, the confidence interval of the particular
index might be unacceptably wide if the index-specific count is substantially below

200. Furthermore, if several assemblage indices are to be investigated, the index-
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specific count size should be adjusted to that which involves the smallest fraction of
the overall count.

So how many index-specific morphotypes should be counted? Tallies of at
least 200-250 diagnostic specimens ensure relatively constant confidence interval
widths for a wide range of values for indices such as Iph and D/P (Figs. 1,2) (Rull,
1987) and should therefore generally produce statistically reliable estimates for
assemblage analysis. Exceptions are D/P values >>2, for which counts in excess of
300 diagnostic phytoliths are necessary to meet the criterion of stable C.I. width (Fig.
1a). A count of 200 phytoliths correspond broadly with previous recommendations
(Piperno, 1988; Pearsall, 2000; Albert and Weiner, 2001), but note that these authors
did not distinguish index-specific count from total count in their analyses.

Although assigning index-specific counts of >200 as a general guideline for
phytolith analysis may seem straightforward, it is not without problems. A count of
200 Chloridoideae + Panicoideae phytoliths for calculation of the Iph index could
correspond to overall counts of 2000 phytoliths, depending on the relative abundance
of index-specific phytoliths. To count that many phytoliths seems unreasonable.
Instead, focus must be placed on how much statistical robustness is needed to yield an
unambiguous interpretation of the data, given a particular set of analytic rules. Rules
for analysis may include that the confidence interval for an index must be of a
predetermined, “acceptable” width, or that it should not cross a certain boundary
value (e.g., Iph=20%; Bremond et al., 2005b). To decide on which analytic rules to
use, it is important to understand how the variation of confidence interval width and
symmetry affects the interpretation of phytolith assemblages. Because the influence of

index-specific count size and value of index differ when the index of interest is a ratio

24



Strémberg

(e.g., D/P) and a proportion (e.g., Iph), respectively, I will discuss these cases
separately.

The ability to use Iph for vegetation reconstruction is influenced by index-
specific count size and the value of the index. For assemblages with an Iph value
close to 0% (or 100%), chance error associated with low index-specific count size
(but >50) does not significantly alter vegetation inference. At an index-specific count
of 100, the sampling error is as low as £6%; at 200, it is at £4%, providing a fairly
precise interpretation of the abundance of short grasses. Moreover, the narrow C.1s
calculated for such low values of Iph ensures a consistent interpretation (correct or
not), whether 50 or 2000 diagnostic phytoliths are counted, namely that the phytolith
assemblage reflects a tall grass savanna (Iph<20%; Bremond et al., 2005b) (Fig. 2c).
Note that, because 10% is fairly close to 0%, the exact confidence interval limits
computed for the smaller count sizes are at best approximate; this applies irrespective
of whether bootstrapping methods or analytic statistical formulas are used (Brown et
al., 2001; Simon and Bruce, 1991; P. Bruce, 2004, personal communication).

When the Iph index is 30% (or 50%), the deviation due to sampling error is
larger for all index-specific count sizes making the interpretation more dependent on
the number of diagnostic specimens counted (Fig. 2a, Supplementary Table 2). Thus,
at a count of 100 index-specific phytoliths, the sampling error is £9%, and at 200, it is
still high, +6%. As a consequence, at least 100 index-specific phytoliths must be
counted to ensure that the interpretation is unambiguously short-grass savanna
(Iph>20%; Bremond et al., 2005b). For phytolith assemblages with values of Iph
close to the boundary value of 20%, interpretation is particularly sensitive to index-
specific count size. Even at index-specific counts of >>200, the sampling error is

>+5% (corresponding to a standard error of roughly 3%) and a high index-specific
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count is needed for unambiguous interpretations. For instance, for an assemblage with
Iph=15%, an index-specific count of at least 200 (resulting in a total count of >800
phytoliths) is required to confidently classify it as this vegetation type (see below for
further discussion).

The interpretation of D/P is also dependent on the value of the index in
addition to index-specific count size, but the sampling errors behave differently than
for Iph. At very high and very low values of the index (D/P>>1 and D/P<<1), the size
of the sampling error relative to the D/P value itself increases dramatically (Fig. 1a,e,
Supplementary Table 1). This tendency is particularly striking for high-values of D/P,
where it is coupled with a protracted asymptote of the C.I. curve (higher index-
specific counts are needed to reach constant C.I. widths; Fig. l1a). Furthermore, the
C.Ls for these “extreme” D/P ratios remain very wide relative to the D/P value even at
very high index-specific count sizes. At D/P=9 the sampling error is +2.1 at an index-
specific count of 800 (well beyond the point where C.1. width stabilizes),
corresponding to 24%. In these cases, exact estimations of D/P values will simply
not be possible. It follows that precise evaluation of the degree of tree cover reflected
in an assemblage may also not be realistic. However, although the high (and low) D/P
ratios are imprecise, it is possible to make unambiguous interpretations at relatively
low index-specific count sizes because the range of values that define the vegetation
types are also wide relative to the D/P values. For instance, for a typical forest
assemblage with a D/P of about 3, a count as low as 75 diagnostic phytoliths will
produce a 95% confidence interval of 1.85-5.41, falling above the defined D/P
boundary value for closed forests (>1.82) (Bremond et al., 2005a). In contrast, for a
count with a D/P close to one (e.g., D/P=0.9, average for phytolith assemblages from

dense savanna), it is necessary to count >300 diagnostic morphotypes to ensure that
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the 95% C.Ls falls within the interpretive boundaries of this vegetation category
(0.65-1.16; Bremond et al., 2005a). Again, when interpretation hinges on a narrowly
defined range of values, many more diagnostic morphotypes may have to be counted
to achieve an adequate confidence interval width.

This is particularly true when the value of D/P approaches the interpretive
limits of vegetation types. For example, for a forest assemblage with D/P=2, the
assemblage composition estimate varies between 1.5 and 2.7 due to chance error at an
index-specific count of 200. The lower end of this 95% confidence interval falls well
below the range of the D/P values interpreted as reflecting a closed forest by Bremond
et al. (2005b). It would likely not be interpreted as forest, but perhaps as some kind of
forest-grassland intermediate, such as the Margarita ecotone (Bremond et al., 2005a).
Indeed, a count size of 2000 diagnostic phytoliths is needed to ensure that the 95%
confidence interval falls above this interpretive boundary.

The possible risks of not making certain that index-specific count sizes are
adequate for the index being used for vegetation reconstruction are illustrated by
previously published work using D/P and Iph (Figs. 3,4) (Bremond et al., 2005b).
Calculations of 95% C.1.s for the Iph indices reported in Bremond et al. (2005b)
showed that, in several cases, a combination of low index-specific counts (<<100
Chloridoideae + Panicoideae phytoliths) and narrow interpretive boundaries results in
C.Ls that encompass Iph values typical of both short grass-dominated vs. tall grass-
dominated vegetation. Had these been fossil samples with unknown source
vegetation, there is a significant risk that they would have been misclassified simply
due to chance error. On the other hand, the 95% C.1.s calculated for the D/P values of
the two forest samples (S.155, 83-151) in Bremond et al. (2005b) demonstrates how

even very wide C.1.s can sometimes be adequate for a robust assemblage
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interpretation, as long as the interpretative boundaries are generous (Fig. 3b). These
differences in the sensitivity of the analysis linked to count size and interpretative
rules emphasize the necessity to determine satisfactory count sizes on a case-by-case
basis. This is especially important in modern analogue studies attempting to devise
guidelines for analysis of fossil phytolith samples (e.g., Barboni et al., 2007; Bremond

et al., 2005b).

4.1. Statistical tests

Whereas the width of the confidence interval may be of importance for precision of an
estimated ratio/proportion, another perhaps more important concern is that different
interpretations of a sample are mutually exclusive. That is, the count size has to be
large enough and the associated confidence interval narrow enough that an alternative
interpretation can be ruled out, or that the difference between two samples can be
detected (“event rejection”; Jiroutek et al., 2003).

Appropriate count sizes for these types of problems can be ascertained through
statistical hypothesis testing, which also has the benefit of being less theoretically
ambiguous than C.Ls (e.g., Freedman et al., 1998). Bootstrapping is a simple way to
accomplish this for both the conditional and unconditional case, and is recommended
for ratios such as D/P to account for their skewed C.1. shape. However, for conditional
inference (at reasonable index-specific count sizes, see above), various analytic
statistical methods are also available (see e.g., Freedman et al., 1998; Sokal and
Rohlf, 1981).

The first case of event rejection is when a sample is compared to an alternative

interpretation which has been determined a priori based on, for example, modern
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analogue work. For instance, one may ask: what is the probability that a phytolith
count with an D/P-ratio of 0.7 does not in reality derive from a soil phytolith
assemblage from a densely wooded savanna, but from an open savanna (an
assemblage with D/P<0.5)? In other words, how likely is it that chance error related to
count size is throwing off the paleovegetational interpretation? This question can be
investigated by performing a one-sided test, in which the null hypothesis is that
D/P=0.5 (or less, but D/P=0.5 represents the null hypothesis that is closest to the
sampled value of D/P). The analysis can be performed for either the unconditional or
conditional case by means of bootstrapping. Thus, unconditional inference via
bootstrapping, with ND=50% and a=0.025, shows that a count of 150 diagnostic
phytoliths is sufficient (p-value is consistently <0.025) to reject the null hypothesis
that the sample represents open savanna vegetation. In Fig. 1d, the distinction is
illustrated by a lack of overlap between the 95% confidence interval for D/P=0.5 and
a line representing D/P=0.7; at lower counts, there is a clear overlap. The hypothesis
can also be tested using analytic statistics, by means of a Chi-square test (conditional
case) or a one-sample t-test (conditional or unconditional case) (e.g., Freedman et al.,
1998; Sokal and Rohlf, 1981; Zar, 1999). Note that all these tests, including
bootstrapping, require reasonably large index-specific count sizes and index values
that are not “extreme” to give precise estimates (D. Freedman, 2007, University of
California, Berkeley, personal communication). “Extreme” values for D/P are close to
0 or infinity and for Iph close to 0 or 100%.

One might also have two samples with different observed D/P ratios (e.g., 0.5
and 1, respectively), and be interested in knowing what the probability is that they
derive from soil phytolith assemblages with identical ratios of ligneous dicotyledon

phytoliths to Poaceae phytoliths. This type of event rejection tests might be relevant
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for comparisons between samples hypothesized to derive from vegetation growing
under different climates or under varied human disturbance (e.g., Piperno and Becker,
1996; Scott, 2002). The null hypothesis could be that the “true” D/P ratio is
intermediate between the two observed values, in this case that D/P is approximately
0.75. A one-tailed test for the difference in means, using unconditional inference
(bootstrapping; ND=50%; a=0.025) shows that an index-specific count on the order
of 140 for each sample is sufficient to reject the null hypothesis (p-value consistently
<0.025). That is, it demonstrates that the samples likely contain different ratios of -
ligneous dicotyledon phytoliths to Poaceae phytoliths. Analytic statistical formulas
can also be used for these tests, for example Fisher’s exact test (conditional case) or
two sample t-tests (conditional or unconditional case) (e.g., Freedman et al., 1998;
Sokal and Rohlf, 1981; Zar, 1999). The same reservations regarding count size as
stated above apply for this kind of test (D. Freedman, 2007, University of California,
Berkeley, personal communication).

These comparisons confirm the statements of previous authors that different
problems require different count sizes (e.g., Jiroutek et al., 2003; Piperno, 1988; Rull,
1987), with event rejection requiring somewhat smaller count sizes than if the aim is a

particular confidence interval width (or both, Jiroutek et al., 2003).

4.2. General implications for phytolith analysis

Although vegetation analysis or taxonomic differentiation based on quantitative

considerations are often supplemented with qualitative indices, such as presence of

key indicator taxa (e.g., Trichomanes, Piperno, 1993), paleoecological analysis using

phytoliths is fundamentally a quantitative exercise. Consequently, the findings
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presented herein should be kept in mind. Close attention to count size is especially
important for vegetation or climate indices with narrowly defined threshold values
[D/P, Ic, Iph, fan-shaped index (Fs); e.g., Barboni et al., 1999; Bremond et al.,
2005b]. In these cases, unambiguous interpretation requires a very high degree of
statistical precision. It may be argued that quick-scanning, which is often used to
confirm a vegetation pattern established from a smaller number of specimens (e.g.,
Pearsall, 2000), would alleviate the need for high counts of diagnostic specimens.
However, eyeballing is effective only for samples with very clear distribution of
morphotypes (with e.g., 90% grass phytoliths); it is less helpful in more unclear cases,
such as for assemblages with a D/P close to one.

Considering the trade-off between high count sizes and scanning time, it
should be of interest to phytolith workers to determine the count size that will ensure
statistically significant results. At the very least, we should strive to put standard
errors or confidence intervals on counts or otherwise provide statistical power to
observed patterns and interpretations. As even complex assemblages can be
reasonably modeled using resampling, the ardor and complex assumptions of analytic
statistics that long hampered palynologists (see Maher, 1972 for discussion) should no
longer stand in the way. The flexibility of numeric methods allows count size to be
determined on a case-by-case basis, as recommended by Piperno (1988), whether
dealing with questions requiring the use of confidence intervals or hypothesis testing.

However, the current study also suggests some general guidelines for phytolith
analysis that require statistical precision in the form of confidence intervals, or a
combination of confidence intervals and event rejection. Thus, it seems that an index-
specific count of 200 phytoliths is a reasonable minimum number to aim for. When

this count is reached, if the assemblage appears to be clearly dominated by one

31



Strémberg

morphotype class over another (e.g., has an D/P value close to 0), it is likely safe to
stop counting and just quick-scan the slide for rare morphotypes. The robustness of
the pattern could be checked using, for example, bootstrapping methods. Note that
quick-scanning can be done on a more qualitative basis, or the counts of rare
diagnostic morphotypes can be incorporated into the total count by calculating a ratio
between the rare morphotypes and one of the more abundant morphotypes (see e.g.,
Lytle and Wahl, 2005). By contrast, if the D/P value is closer to 1, it might be
necessary to count in excess of 200 diagnostic phytoliths. The general rule is that
quadrupling of the sample size of diagnostic specimens cuts the standard error in half
(Freedman et al., 1998). Alternatively, the vegetation interpretation must be made
more conservative or general, to allow for some chance error. For example, a sample
with an observed D/P ratio of 0.67 at an index-specific count of 200 can only safely
be interpreted as either a densely wooded savanna or more open savanna (95%
confidence interval=0.5-0.9). I took this more general approach in two recent studies
on Cenozoic vegetation change in the Great Plains of North America (Stromberg,
2005) and Turkey and surrounding areas (Stromberg et al., 2007). The interpretation
of vegetation was fundamentally based on the relative change in abundance of
phytoliths from forest indicator taxa and from open-habitat grasses (see Stromberg,
2004), respectively, rather than on fixed proportions. Although the individual habitat
descriptions were by necessity fairly vague, the pattern of change is statistically
robust, showing an unambiguous shift from relatively closed habitats to more open
vegetation (Fig. 5) (Stromberg, 2005; Stromberg et al., 2007: Fig. 5).

Note that these guidelines are valid not just for use of indices in phytolith
analysis, but also for calculating C.I.s for the relative frequency of individual

morphotypes (it is the same as calculating Iph for the conditional case), and
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interpretation of relative frequency diagrams (e.g., Runge, 1999). For determination
of sufficient count sizes for more complicated quantitative applications, such as
multivariate statistical analysis (e.g., Blinnikov et al., 2001), see for example Lytle

and Wahl (2005).

5. Conclusions

In this study I evaluated what factors influence measures of statistical precision, in the
form of confidence intervals, for two indices that are commonly used in vegetation
and climate reconstruction, the tree cover index (D/P) and the aridity index (Iph). The
factors investigated were count size, index value, and confidence interval calculation
method (conventional analytic statistical methods and bootstrapping). The simulations
showed that the factors that are most important for determining C.I. width are (1) the
number of diagnostic phytoliths (index-specific count), and (2) the value of the index.
In contrast, the total tally of phytoliths is not important for statistical power. C.1I.
shape depends on calculation method used, with bootstrapping producing more
realistic, skewed C.Ls.

Because of this variation in statistical precision, the interpretation of an
assemblage can vary widely simply due to chance error if an insufficient count of
diagnostic phytoliths is made. Similarly, if too few diagnostic phytoliths have been
tallied, a postulated difference between samples may not be statistically significant. A
count of 200 diagnostic phytoliths appears to be a good starting point, but it is not
necessarily appropriate or sufficient. This is because what constitutes an adequate

count size is influenced both by the question at hand and the observed assemblage
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composition. Thus, analyses that demand precision in the form of narrow C.1.s for
indices require higher tallies of diagnostic phytoliths than studies that seek simply to
establish the difference between phytolith assemblages (event rejection). Also,
vegetation inference is more statistically robust for assemblages with a clearly skewed
morphotypes distribution (90% ligneous dicotyledons phytoliths vs. 10% Poaceae
phytoliths) than for more evenly composed assemblages.

For these reasons, it is essential to determine the appropriate count size for
each study individually (see also Piperno, 1988). As shown herein, bootstrapping is a
simple way to do so. If high index-specific counts are not an option, bootstrapping
methods are also suitable to evaluate the precision of a given interpretation. More
generally, numeric approaches allow for the incorporation of statistics as a basic

ingredient in phytolith analysis.
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Tables:

Table 1. Cases and methods tested in this study.

Analytic statistical formula ° Bootstrapping
Index Definition ? Index-specific Non-index specific morphotypes Index Conditional Unconditional ~ Conditiona Uncondi-
morphotypes b (ND) value case case 1 case tional case
D/P  D/P; D=globular Palm phytoliths (globular 0.1, CIL= Cl = X X
. granulates; P=grass  echinate); various phytoliths from 0.5; 1; £1.96*SE; SE= +1.96*SE,; SE= (ND=50%)
where D=Ligneous ©,_. e
dicotvledon silica short cells forest indicator taxa (see 2,9  SQRT((D/P)*2 SQRT((D/P)*2
b Ziths and (bilobate, cross, Stromberg, 2004); sedge *(L(D*P))* *(1/AD*P) *(
i)’:}fl’toaceae saddle, rondel, phytoliths (epidermal plate with (1/ny)) I/N)*(D+P
. crenate)+cuneiform  cone-shapes), phytoliths that are )
phytoliths . .
bulliform produced by various plants (e.g.,
cell+acicular hair cell elongate psilate), various
unknown mornhotvnes. etc.
Iph  Chlor/(Chlor+Pan); Chlor=saddle; All non-Chloridoideae and 10%; Cl= n/a X X
where Pan=bilobatetcross  Panicoideae phytoliths 20%; +1.96*SE; SE= (ND=70%;
Chlor=Chloridoidea 30%, MQ.* ND=90%)
¢ phytoliths and (SQRT(((1-

Pan=Panicoideae (Iph/100)) *
phytoliths (Iph/100))/ny))

* Definitions for D/P and Iph taken from Bremond et al. (2005a, 2005b).

® Morphotypes as far as possible described using the International Code for Phytolith
Nomenclature (ICPN Committee 1.0: Madella et al., 2002).

¢ Formulas from Zar, 1999; D. Freedman, 2007, University of California, Berkeley,
personal communication. SE = standard error; n; = index-specific count; N = total
count (diagnostic + non-diagnostic); SQRT = square root; * = power of. For other

abbreviations, see text.
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Figure captions:

Fig. 1. The influence of count size on the sampling error for the tree cover index, D/P,
estimated by 95% confidence intervals (C.1.s). Above a certain index-specific count
size, bootstrapping simulation produces C.I.s of roughly equal width as analytic
statistical formulas and for both conditional and unconditional cases. However, the
count size necessary to achieve similar C.I. width increases with higher values of D/P.
Also, whereas analytically estimated C.I.s are symmetrical around the D/P value,
bootstrap C.I.s are skewed towards higher values. a. D/P=9. b. D/P=2. ¢. D/P=1. d.
D/P=0.5. e. D/P=0.1. Note that the scale of the Y-axis (D/P) varies among images.

See Supplementary Table 1 and text for explanation.

Fig. 2. The influence of count size on the sampling error for the aridity index, Iph,
estimated by 95% C.1.s. C.I.s calculated using analytic statistical formulas
(conditional case) and bootstrapping (unconditional case) have similar width above
the lowest index-specific count sizes (>10). The bootstrapped C.I.s for the conditional
case are not shown, but are very similar to other bootstrapped C.I.s (see
Supplementary Table 2). As for the D/P index, analytically estimated C.1.s are
symmetrical around the Iph value, and bootstrap C.1.s are skewed towards higher
values of Iph close to 0% (the opposite is true of values of Iph close to 100%). a.
Iph=30%. b. Iph=20%. ¢. Iph=10%. Note that the scale of the Y-axis (Iph) varies

among images. See Supplementary Table 2 and text for explanation.
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Fig. 3. Tree cover index (D/P) values in West African phytolith assemblages from
Bremond et al. (2005b) with 95% confidence intervals calculated using analytic
formulas (conditional case; see Table 1) and bootstrapping (unconditional case). The
vegetation type observed at the sampled site is noted above the sample values. a.
Samples from savanna and steppe vegetation. Samples S.91 and 83-127 have C.1.s
that are wide enough that their interpretation is ambiguous. b. The two samples from
semi-deciduous forest have very wide C.I.s but can be unambiguously interpreted,
because their C.1. limits fall well above the defined D/P boundary value for forest.-See

text for further explanation.

Fig. 4. Aridity index (Iph) values in West African phytolith assemblages from
Bremond et al. (2005b) with 95% confidence intervals calculated using analytic
formulas (conditional case; see Table 1) and bootstrapping (unconditional case). The
vegetation type observed at the sampled site is noted above the sample values. Several
Iph values have C.1.s that are wide enough that their interpretation is ambiguous. Note
that sample S.155 from semi-deciduous forest is not an example of this despite its
very wide C.I.s due to low index-specific counts (nj=<20); this sample has very high
D/P value (Fig. 3b) and would unambiguously be interpreted as forest. See text for

further explanation.

Fig. 5. Habitat openness estimates (FI-t ratio) in Cenozoic phytolith assemblages from
Nebraska/eastern Wyoming with 95% confidence intervals calculated using
bootstrapping (unconditional case). Samples are arranged roughly in stratigraphical
order: NE1-NES = Late Eocene; NE7-NE21 = Oligocene; NE22-NE52 = Miocene.

Younger assemblages have FI-t ratios around or below 50%, indicating a shift

48



Strémberg

towards more open vegetation, such as savanna or woodland. The FI-t ratio is
calculated as the proportion of phytoliths indicative of forest indicator taxa (e.g.,
woody and herbaceous dicotyledons, palms, conifers, ferns) and the sum of these
phytoliths and grass silica short cells (FI-t ratio) (Stromberg, 2005; Stromberg et al.,

2007). See text for further explanation.

Supplementary table captions:

Supplementary Table 1. The influence of count size on sampling error for the tree
cover index, the D/P ratio ®.

*Sampling error estimated as half of the 95% C.I. width. n; = index-specific count; N
= total count; SE= standard error. See Table 1 for analytic formulas used and text for

further explanation.

Supplementary Table 2. The influence of count size on sampling error for the aridity
index, Iph .

* Sampling error estimated as half of the 95% C.I. width. n; = index-specific count; N
= total count; SE= standard error. See Table 1 for analytic formulas used and text for

further explanation.
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Supplementary Table 2. The influence of count size on sampling error for the aridity index, Iph *.

Strémberg

Analytic statistical formulas

Bootstrapping

Conditional case (ND=0%)

Conditional case (ND=0%) Unconditional case (ND=70%)

Unconditional case (ND=90%)

Iph Iphosema  Iphosemax  Sampling Iphosomn  Iphosemas  Sampling N Iphossomn  Iphoswmas  Sampling N Iphosomn  1phosmax  Sampling
(%) (%) (%) error (%) (%) error (+%) (%) (%) error (+%) (%) (%) error (%)
(£1.96SE%)

30 10 1,6 58,4 28,4 0,0 60,0 30,0 33 0,0 60,8 30,4 100 0,0 60,0 30,0
25 12,0 48,0 18,0 12,0 48,0 18,0 83 12,1 50,0 19,0 250 11,3 50,0 19,3
50 17,3 42,7 12,7 18,0 42,0 12,0 167 17,3 43,2 12,9 500 17,9 43,8 13,0
75 19,6 40,4 10,4 20,0 40,0 10,0 250 19,7 40,9 10,6 750 19,0 40,2 10,6

100 21,0 39,0 9,0 22,0 39,0 8,5 333 20,4 39,7 9,7 1000 21,3 38,9 8,8
150 22,7 37,3 73 22,7 373 73 500 22,4 372 7.4 1500 22,1 38,0 8,0
200 23,6 36,4 6,4 23,5 36,5 6,5 667 23,6 35,8 6,1 2000 24,2 36,3 6,0
250 24,3 35,7 5,7 24,0 36,0 6,0 833 24,2 36,0 5,9 2500 24,1 35,6 5,7
300 24,8 35,2 52 25,0 34,8 49 1000 24,8 35,1 5,1 3000 24,8 354 53
350 25,2 34,8 48 24,7 34,9 5.1 1167 25,6 34,9 4,6 3500 25,4 34,5 4,6
400 25,5 34,5 4,5 25,5 34,5 4,5 1333 254 34,8 4,7 4000 25,5 34,6 4,6
450 25,8 34,2 42 25,6 34,7 4,6 1500 25,8 33,9 4,0 4500 26,2 343 4,0
500 26,0 34,0 4,0 25,4 34,3 4,5 1667 26,1 33,9 3,9 5000 26,1 33,8 3,9
550 26,2 33,8 3,8 26,2 33,9 39 1833 26,1 33,8 3,9 5500 26,4 34,1 3,8
600 26,3 33,7 3,7 26,2 33,8 3,8 2000 26,5 33,7 3,6 6000 26,3 33,5 3,6
650 26,5 33,5 3,5 26,6 33,5 3,5 2167 264 33,6 3,6 6500 26,5 33,5 3,5
700 26,6 334 34 26,7 33,5 34 2333 264 33,2 34 7000 26,7 33,5 34
750 26,7 33,3 3.3 26,6 333 33 2500 26,6 33,2 33 7500 27,0 333 3,1
800 26,8 33,2 32 26,9 33,4 33 2667 26,8 33,5 3,4 8000 27,0 33,0 3,0
850 26,9 33,1 3,1 26,9 32,9 3,0 2833 26,8 33,2 32 8500 27,1 332 3,0
900 27,0 33,0 3,0 27,0 33,1 3,0 3000 26,9 333 32 9000 27,0 333 3,2
950 27,1 32,9 2,9 27,1 32,9 2,9 3167 27,0 32,8 2,9 9500 27,3 33,0 2,8
1000 27,2 32,8 2.8 27,3 33,1 2,9 3333 27,3 32,9 2,8 1110000 27,2 32,8 2,8
1500 27,7 32,3 2,3 27,9 32,3 2,2 5000 27,5 32,2 2,4 15000 27,9 32,4 2,3
2000 28,0 32,0 2,0 28,0 32,0 2,0 6667 27,9 32,0 2,0 20000 28,2 32,0 1,9

20 10 -4,8 44,8 24,8 0,0 50 25,0 33 0,0 50 25,0 100 0,0 50 25,0
25 43 35,7 15,7 8,0 36,0 14,0 83 48 35,9 15,5 250 5,1 35,1 15,0
50 8,9 31,1 11,1 10,0 31,0 10,5 167 9,4 32,6 11,6 500 9,4 32,0 11,3
75 10,9 29,1 9,1 12,0 29,3 8,7 250 11,1 29,9 9,4 750 11,1 29,4 9,1

100 12,2 27,8 7.8 12,5 28,0 7.8 333 12,6 28,7 8,1 1000 12,5 27,8 7,7
150 13,6 26,4 6,4 13,3 26,7 6,7 500 13,9 26,2 6,2 1500 14,1 26,9 6,4
200 14,5 25,5 5,5 14,5 26,0 5,8 667 14,3 25,7 5,7 2000 14,4 257 5,6
250 15,0 25,0 5,0 15,2 25,2 5,0 833 15,0 25,0 5,0 2500 15,3 2551 49
300 15,5 24,5 4,5 15,7 24,7 4,5 1000 15,6 25,1 4,8 3000 15,5 24,7 4,6
350 15,8 24,2 42 15,9 243 42 1167 16,1 24,1 4,0 3500 16,0 24,5 43
400 16,1 23,9 3,9 16,3 23,8 3,8 1333 16,1 24,0 4,0 4000 16,0 24,0 4,0
450 16,3 23,7 3,7 16,2 23,8 3,8 1500 16,3 23,6 3,7 4500 16,4 23,9 3,8
500 16,5 23,5 3,5 16,2 234 3,6 1667 16,5 23,4 3,5 5000 16,6 23,8 3,6
550 16,7 23,3 3,3 16,5 23,6 3,5 1833 16,8 23,1 32 5500 16,7 23,5 3.4
600 16,8 23,2 3,2 16,8 233 33 2000 16,9 23,4 3,2 6000 16,9 23,2 32
650 16,9 23,1 3,1 17,0 22,9 3,0 2167 16,9 23,3 3,2 6500 16,8 ) 32
700 17,0 23,0 3,0 16,9 2351 3,1 2333 17,1 23,1 3,0 7000 17,2 23,2 3,0
750 17,1 22,9 2,9 17,2 22,7 2.7 2500 17,2 22,9 2,8 7500 17,2 22,9 2,9
800 17,2 22,8 2,8 17,3 22,9 2,8 2667 17,1 22,7 2,8 8000 17,5 22,7 2,6
850 17,3 22,7 2,7 17,4 22,8 2,7 2833 17,4 22,9 257 8500 17,6 22,9 2,7
900 17,4 22,6 2,6 17,3 22,8 2,7 3000 17,3 223 2,6 9000 17,3 22,7 2,7
950 17,5 223 2.3 17,5 22,8 2,7 3167 17,5 22,6 2,6 9500 17,4 22,4 2.3
1000 17,5 22,5 2,5 17,6 22,5 2,5 3333 17,5 22,4 2,5 10000 17,4 22,6 2,6
1500 18,0 22,0 2,0 18,1 22,1 2,0 5000 18,1 22,1 2,0 15000 18,0 22,1 2,1
2000 18,2 21,8 1.8 18,2 21,9 1,8 6667 18,3 207 1,7 20000 18,2 21,7 1,7

10 10 -8,6 28,6 18,6 0,0 30 15,0 33 0,0 333 16,7 100 0,0 30 15,0
25 -1,8 21,8 11,8 0,0 24,0 12,0 83 0,0 23,8 11,9 250 0,0 21,7 10,9
50 1,7 18,3 8,3 2,0 18,0 8,0 167 3,1 19,2 8,1 500 2,0 18,8 8,4
75 3,2 16,8 6,8 4,0 17,3 6,7 250 3,9 17,1 6,6 750 3,8 17,0 6,6

100 4,1 15,9 59 5,0 16,0 55 333 42 16,2 6,0 1000 4,4 16,0 5,8
150 52 14,8 48 53 15,3 5,0 500 52 15,1 49 1500 5,6 15,0 4,7
200 5,8 14,2 4,2 6,0 14,5 43 667 6,1 14,6 4,2 2000 6,0 14,6 43
250 6,3 13,7 3,7 6,4 14,0 3,8 833 6,3 13,9 3,8 2500 6,4 13,8 3,7
300 6,6 13,4 34 7.0 13,3 32 1000 6,8 13,6 34 3000 7,0 13,5 3.3
350 6,9 13,1 3,1 6,9 13,4 33 1167 7.1 13,1 3,0 3500 7,0 13,1 3,1
400 7.1 12,9 2,9 7.3 13,0 2,9 1333 70 12,9 3,0 4000 7.3 12,9 2,8
450 72 12,8 2,8 7,1 12,9 2,9 1500 7.2 13,0 2,9 4500 73 12,7 2,7
500 7.4 12,6 2,6 7.6 12,6 2,5 1667 74 12,8 2,7 5000 7.4 12,5 2,5
550 7,5 12,5 2,5 7.5 12,5 2,5 1833 7,6 12,5 2,5 5500 7.4 12,5 2,5
600 7,6 12,4 2,4 7.8 12,3 2,2 2000 7,7 12,5 2,4 6000 7,6 12,6 2,5
650 7,7 12,3 2,3 7.8 12,2 2,2 2167 7,7 12,4 2,3 6500 7.8 12,4 2,3
700 7.8 12,2 2,2 7,9 12,3 2,2 2333 79 12,3 2,2 7000 7.8 12,2 2,2
750 79 12,1 2,1 8,0 12,3 2,1 2500 79 12,3 2,2 7500 8,0 12,3 2,2
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