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ENOUGH IS ENOUGH, OR MORE IS MORE? TESTING THE INFLUENCE OF
FORAMINIFERAL COUNT SIZE ON RECONSTRUCTIONS OF PALEO-MARSH

ELEVATION

Andrew C. Kemp1,*, Alexander J. Wright2, and Niamh Cahill3

ABSTRACT

Salt-marsh foraminifera are sea-level proxies used to quan-
titatively reconstruct Holocene paleo-marsh elevations (PME)
and subsequently relative sea level (RSL). The reliability
of these reconstructions is partly dependent upon counting
enough foraminifera to accurately characterize assemblages,
while counting fewer tests allows more samples to be pro-
cessed. We test the influence of count size on PME re-
constructions by repeatedly subsampling foraminiferal as-
semblages preserved in a core of salt-marsh peat (from
Newfoundland, Canada) with unusually large counts (up to
1595). Application of a single, weighted-averaging transfer
function developed from a regional-scale modern training set
to these ecologically-plausible simulated assemblages gener-
ated PME reconstructions at count sizes of 10–700. Recon-
structed PMEs stabilize at counts sizes greater than ∼50
and counts exceeding ∼250 tests show little return for the
additional time invested. The absence of some rare taxa in
low counts is unlikely to markedly influence results from
weighted-averaging transfer functions. Subsampling of mod-
ern foraminifera indicates that cross-validated transfer func-
tion performance shows only modest improvement when more
than ∼40 foraminifera are counted. Studies seeking to un-
derstand multi-meter and millennial scale RSL trends should
count more than ∼50 tests. The precision sought by studies
aiming to resolve decimeter- and decadal-scale RSL variabil-
ity is best achieved with counts greater than ∼75. In most
studies seeking to reconstruct PME, effort is more produc-
tively allocated by counting relatively fewer foraminifera in
more core samples than in counting large numbers of indi-
viduals. Target count sizes of 100–300 in existing studies are
likely conservative and robust. Given the low diversity of salt-
marsh foraminiferal assemblages, our results are likely appli-
cable throughout and beyond northeastern North America.

INTRODUCTION

Reconstructions of Holocene relative sea level (RSL) are
valuable (for example) in constraining and testing geophysi-
cal models of glacio-isostatic adjustment (e.g., Peltier, 1996;
Engelhart et al., 2015); identifying large earthquakes that
uplifted or submerged coasts (Nelson, 2013); quantifying
the anomalous nature of recent global mean sea-level rise
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(e.g., Kopp et al., 2016); calibrating models that predict fu-
ture changes (e.g., Bittermann et al., 2017); and interpret-
ing coastal evolution (e.g., Mallinson et al., 2011). A pri-
mary source of Holocene RSL reconstructions is salt-marsh
sediment preserved in the coastal stratigraphic record be-
cause the vertical distribution of salt marshes is intrinsi-
cally linked to tidal elevation (e.g., Redfield & Rubin, 1962;
Bloom & Stuiver, 1963). Consequently, the remains of plants
and microfossils that live within salt marshes are widely em-
ployed as proxies for sea level (e.g., Scott & Medioli, 1978;
Donnelly, 2006; Horton & Edwards, 2006).

Salt-marsh foraminifera are used to reconstruct RSL
through reasoning by analogy in which assemblages pre-
served in Holocene sediment are compared to their modern,
observable counterparts to determine the tidal elevation of
a former salt-marsh surface (termed paleo-marsh elevation;
PME). Often, PME is quantitatively reconstructed using
transfer functions, which are empirical equations derived
from a modern training set (Sachs et al., 1977) that relate the
abundance of foraminifera (or another group of microfossils
such as diatoms or testate amoebae) to tidal elevation.
In Holocene RSL reconstructions, the most commonly
used transfer functions are weighted averaging (WA) and
weighted averaging partial least squares (WA-PLS; Bar-
low et al., 2013; Kemp & Telford, 2015). Although these
techniques represent populations using proportions (and
are consequently blind to the underlying count size) there
is a risk that foraminiferal assemblages are not adequately
characterized (i.e., taxa proportions are inaccurate and/or
rare species are incorrectly deemed absent) and the resulting
PME is spurious. Therefore, the accuracy and precision of
RSL reconstructions generated using transfer functions is
partly dependent on counting enough tests to adequately
characterize fossil assemblages that are typically low di-
versity. For example, in a regional-scale dataset of modern
foraminifera comprised of 394 samples collected at 19 salt
marshes between northern California and British Columbia,
a total of 17 taxa were identified of which just five made
up 94% of the ∼125,000 counted individuals (previously
published datasets compiled in Kemp et al., 2018a).

Due to the low diversity of foraminiferal assemblages
in salt marshes it is common practice to target counts of
100–300 individuals per sample (e.g., Scott & Leckie, 1990;
Horton & Edwards, 2006; Southall et al., 2006; Hawkes
et al., 2010; Callard et al., 2011). However, in studies
seeking to reconstruct RSL, researchers strive to achieve
a practical balance between the number of individual
foraminifera and the number of samples that can be counted
in a project’s timeframe. It remains unclear how many
foraminifera should be counted in the specific case of ap-
plying widely-used transfer functions to assemblages of
salt-marsh foraminifera to reconstruct PME and what the
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INFLUENCE OF COUNT SIZE 267

Figure 1. (A) Location of study site at Big River in eastern Newfoundland, Canada. The modern training set of salt-marsh foraminifera for
Newfoundland consists of samples from multiple transects at Big River, Hynes Brook, and Placentia. The locations of five other regional-scale mod-
ern training sets are shown with summary data about the number of sites, samples, and taxa that comprise each dataset. Maritime Canada (Scott
& Medioli, 1980; Scott et al., 1981; Patterson et al., 2004;); Maine (Gehrels, 1994); Connecticut (compiled from multiple studies in Kemp et al.,
2015); Southern New Jersey (Kemp et al., 2013b); North Carolina (Kemp et al., 2009). (B–E) Diversity measured in individual samples across the six
regional-scale modern training sets (grey) and in the Big River core (white) using (from top to bottom): the Shannon index, total number of taxa, taxa
exceeding 5% of the assemblage, and taxa exceeding 10% of the assemblage. Diversity calculated after taxonomic standardization to support compa-
rability among studies. Notably all calcareous species were combined as were all species of Ammobaculites and Haplophragmoides, while Jadammina
macrescens/Balticammina pseudomacrecens and Trochammina inflata/Siphotrochammina lobata were combined. Box plots represent the median (solid
horizontal line), 25th and 75th percentiles (hinges), and the largest value no further than 1.5 times the interquartile range from the hinge (approximately
a 95% confidence interval for comparing medians; whiskers).

quantitative effect of counting fewer (or more) individuals
may have on the resulting RSL record and why.

To provide insight into how count size influences the accu-
racy and precision of PME reconstructions generated using
salt-marsh foraminifera-based transfer functions, we reana-
lyzed assemblages preserved in a core of salt-marsh sediment
deposited during the past ∼3000 years at Big River, New-
foundland (Fig. 1; Kemp et al., 2018b). This core is unusual
because of the large number of foraminifera (average of 471,
range from 4–1595) that were counted in individual samples.
We repeatedly subsampled these empirical counts to gener-
ate ecologically-plausible fossil assemblages of variable size

and then applied a single WA transfer function to each as-
semblage. We compared the resulting PME reconstructions
across count sizes to infer the practical influence of count
size on Holocene RSL reconstructions generated using salt-
marsh foraminifera and WA transfer functions.

DATASETS

A modern training set that quantifies the relationship
between salt-marsh foraminifera and tidal elevation in
Newfoundland was previously generated from three sites
(Big River, Hynes Brook, and Placentia; Fig. 1; Kemp
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268 KEMP AND OTHERS

Figure 2. Performance of a transfer function (weighted averaging
with classical deshrinking) under cross-validation (1000 bootstrapping
cycles). The transfer function was empirically derived from a modern
training set of 134 paired observations of foraminiferal assemblages in
surface sediment and tidal elevation from three sites in Newfoundland.
The dashed 1:1 line represents parity between observed and predicted
elevations (expressed as a standardized water level index; SWLI, where
a value of 100 is local mean tide level and 200 is the highest occurrence
of foraminifera).

et al., 2017b; Wright et al., 2011). This dataset consists
of 134 samples, in which 29,421 foraminifera from 12
taxa were identified. The five most abundant taxa (cu-
mulatively 99.3% of counted individuals) were Jadammina
macrescens/Balticammina pseudomacrescens (56%; these two
species were combined to ensure taxonomic consistency
among studies), Miliammina fusca (28%), Tiphotrocha com-
primata (7%), Trochammina inflata (6%), and Haplophrag-
moides spp. (4%). Six taxa had relative abundances greater
than 5% in at least one sample (those named above plus
Siphotrochammina lobata). We retain Jadammina macrescens
(as opposed to Entzia macrescens; Filipescu & Kaminski,
2008) because of its ubiquitous use in the literature pertain-
ing to salt-marsh foraminifera and RSL. Since the samples
in the modern training set were collected from sites with dif-
ferent tidal ranges, sample elevation is expressed as a stan-
dardized water level index (SWLI; e.g., Horton et al., 1999),
where a value of 100 equates to local mean tide level and 200
is the highest occurrence of foraminifera at each site. This
modern dataset provided the empirical observations neces-
sary to build a transfer function (Fig. 2).

Core F25 from Big River, Newfoundland (Figs. 1 and
3) comprises ∼3 m of salt-marsh peat within which are
thin (<5 cm) and discontinuous lenses of fine-grained clas-
tic material (Kemp et al., 2018b). Radiocarbon ages from
42 depths in the core coupled with recognition of pol-
lution trends of known age in downcore elemental and
isotopic profiles constrain the history of sediment accu-
mulation and demonstrate that the core spans the past
∼3000 years. Foraminifera were enumerated from 152, 1-
cm-thick samples between the surface and a depth of 3.02 m
(Fig. 3). These samples yielded 12 taxa with count sizes from
4–1595 individuals (mean of 471). Large count sizes indi-

cate that the populations of foraminifera in core samples
are likely accurately described (Lytle & Wahl, 2005). Al-
though a count of any size from a subsample of sediment
may be affected by random error, this influence is likely neg-
ligible because sample preparation (sieving, suspension in
water, division using a wet splitter, resuspension, and pipet-
ting) physically randomizes tests. Furthermore, samples with
a thickness of 1 cm typically represent years to decades of
sedimentation, which time averages assemblages to negate
the influence of factors such as seasonality (e.g., Horton,
1999; Murray & Alve, 2000) and patchiness (e.g., Swallow,
2000; Kemp et al., 2011). Of the 71,552 counted individu-
als in core F25, Jadammina macrescens/Balticammina pseu-
domacrescens (57%), Tiphotrocha comprimata (15%), Mil-
iammina fusca (14%), Haplophragmoides spp. (9%), and
Trochammina inflata (4%) cumulatively made up 99% of
identified specimens. There is a high degree of analogy be-
tween assemblages preserved in the Big River core and those
in the modern training set (Kemp et al., 2018b).

METHODS

We developed a transfer function for reconstructing PME
at Big River by using the 134 surface samples as a mod-
ern training set (Fig. 2). Input for the transfer function was
the relative abundance of foraminifera expressed as propor-
tions and elevation in SWLI units. The transfer function
used WA because this specific numerical technique is widely
used in studies seeking to reconstruct RSL (Barlow et al.,
2013) and because extension of the model to include par-
tial least squares (WA-PLS) offered little improvement in
performance (e.g., Birks, 1995; Juggins & Birks, 2012). Re-
ported results are for classical de-shrinking and were gen-
erated through cross validation (1000 bootstrapping cycles).
This transfer function was subsequently applied to all fos-
sil assemblages to reconstruct PME. Therefore, variability
among reconstructions arises only from the composition of
fossil assemblages and not from the specific transfer function
used.

The transfer function was first applied to fossil assem-
blages characterized by all counted individuals to pro-
duce the “original” PME reconstruction. We then simulated
ecologically-plausible assemblages of variable count size (n)
by randomly drawing individual foraminifera from the orig-
inal counts at each of the 152 sampled depths in the core.
Drawing was done without replacement, meaning that an
individual test could not be included twice in any randomly-
generated assemblage and that the probability of any re-
maining test being drawn was updated after each draw (e.g.,
Quinlan & Smol, 2001). This approach approximates the
physical randomization of tests during sample preparation
and is more realistic than sampling with replacement, which
allows an individual to be included more than once in a sim-
ulated assemblage (e.g., Heiri & Lotter, 2001; Lytle & Wahl,
2005; Payne & Mitchell, 2009). After drawing n individuals,
taxon abundances were transformed into proportions and
application of the WA transfer function generated a PME
reconstruction with sample-specific (∼1σ) uncertainty (units
of SWLI) using 1000 bootstrapping cycles. This procedure
was repeated 100 times to create a large dataset of PME
reconstructions at count size n. We used several values for
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INFLUENCE OF COUNT SIZE 269

Figure 3. Foraminifera enumerated from 1-cm thick samples of sediment in core F25 from Big River, Newfoundland. Taxon abundance (cu-
mulatively these taxa comprise 99% of counted individuals in the core) are shown as percentages for ease of comparison among samples, but count
size is presented. BpJm = Balticammina pseudomacrescens/Jadammina macrescens; Tc = Tiphotrocha comprimata; Hs = Haplophragmoides spp.; Ti =
Trochammina inflata; Mf = Miliammina fusca. Paleo-marsh elevation was reconstructed using a weighted averaging (WA) transfer function applied to
full counts, where the relationship between foraminifera and tidal elevation was empirically determined from a regional-scale modern training set of
134 samples from Big River, Hynes Brook, and Placentia. SWLI = standardized water level index where a value of 100 corresponds to local mean tide
level (MTL) and 200 is the highest occurrence of foraminifera (200). Modified from Kemp et al. (2018b).

n (10, 20, 30, 40, 50, 75, 100, 125, 150, 175, 200, 250, 300,
350, 400, 450, 500, 600, 700). If a core sample had original
counts less than n, no assemblage was simulated and PME
was not reconstructed. At each value of n and depth in the
core we summarized the 100 PME reconstructions using the
range (difference between the highest and lowest PME re-
constructions) as a measure of variability. The proportion
of PME values that fell within the uncertainty bounds of the
original reconstruction and then within 10 cm was employed
as a measure of accuracy. The 10-cm threshold approximates
the likely scale of climate-driven sea-level variability during
the past ∼2000 years (e.g., Kopp et al., 2016) and is there-
fore illustrative of the precision sought by some Holocene
RSL reconstructions. We plot these parameters against n to
infer how count size influences reconstructions because a
break in slope likely indicates diminishing return for addi-
tional foraminifera counted.

We calculated the number of taxa present in each
randomly-generated assemblage and compared it to the cor-
responding number of taxa identified in the full counts.
This comparison enabled us to estimate the probability that
all taxa in each sample and at each count size were in-
cluded in the simulated assemblage. From this data we es-
timated the odds (probability of having all taxa present di-

vided by the probability of not having all taxa present)
across all depths that a simulated assemblage with count
size n would capture the presence of all taxa. To demon-
strate how count size influences assemblage diversity, we
calculated odds ratios among all possible pairs of count
size.

Our approaches to examining how count size influences
PME reconstructions and assemblage diversity implicitly as-
sume that the original counts provide an accurate repre-
sentation of the true proportions of taxa and that all taxa
were captured by those counts. By extension we assume
that the original PME reconstruction arising from the full
counts is accurate. These assumptions are likely reasonable
given the physical mixing of tests during sample prepara-
tion coupled with the large count sizes that make it unlikely
that taxa were missed or their relative proportions materi-
ally misrepresented (Buzas, 1990; Fatela & Taborda, 2002;
Lytle & Wahl, 2005). In addition to PME, reconstructing
RSL using salt-marsh sediment requires the elevation and
age of each core sample to be established (through leveling to
tidal datums and dating/age-depth modeling, respectively),
which is achieved independently of estimating PME from as-
semblages of foraminifera using a transfer function. There-
fore, examining only PME reconstructions is appropriate for
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Figure 4. Two examples of paleo-marsh elevation (PME) reconstructions generated by simulating 100 assemblages of foraminifera at different
counts sizes and applying the regional-scale weighted averaging transfer function (A is a sample from 64 cm in the Big River core where eight taxa were
identified, and B is sample from 214 cm in which four taxa were present). The analysis was performed for count sizes up to 700 individuals, but results
are shown only up to a count size of 400 for clarity of presentation. PME reconstructed using all counted individuals (“original”) is represented by a
horizontal dashed line and accompanying uncertainty envelope (∼1σ; shaded). Box plots represent the median (solid horizontal line), 25th and 75th

percentiles (hinges), and the largest value no further than 1.5 times the interquartile range from the hinge (approximately a 95% confidence interval
for comparing medians; whiskers).

determining the effect of count size on Holocene RSL recon-
structions.

RESULTS

Transfer Function Development and Application

The WA transfer function used to reconstruct PME from
assemblages of foraminifera preserved in the Big River core
was generated from a regional-scale modern training set.
Performance of the model under cross-validation demon-
strates that observed elevations (i.e., measured at the time
of sample collection) are strongly correlated with those pre-
dicted by the transfer function (R2 = 0.69; Fig. 2). The
root mean square error of prediction (RMSEP; ∼1σ) was
±19.71 SWLI, which at Big River equates to approximately
±0.16 m, or ±15% of great diurnal tidal range (mean lower
low water to mean higher high water). Mean/maximum bias
was 0.41/20.0 SWLI and model skill was 55.9. This perfor-
mance is typical of transfer functions that relate salt-marsh
foraminifera (or diatoms, testate amoebae) to tidal eleva-
tion across a wide geographic, geomorphic, and ecological
range of study sites and regions (see, for example, table 3 of
Barlow et al., 2013) and indicates that the model can accu-
rately reconstruct PME.

We applied the WA transfer function to fossil assemblages
in the Big River core (characterized using all counted indi-
viduals) to generate PME reconstructions with uncertainties
(Fig. 3). Except for one sample, the midpoint of all PME
reconstructions lay above mean tide level and below the
highest occurrence of foraminifera. Samples with high abun-
dances of Miliammina fusca returned reconstructed PME

lower than ∼150 SWLI. In contrast, samples with high rel-
ative abundances of Jadammina macrescens/Balticammina
pseudomacrescens, Haplophragmoides spp., Trochammina in-
flata, and/or Tiphotrocha comprimata generated correspond-
ingly high PME reconstructions. These results are ecologi-
cally plausible because they are consistent with the distribu-
tion of key taxa on modern salt marshes across and within a
wide range of regions including Newfoundland (Kemp et al.,
2017b), the Atlantic coast of North America (e.g., Scott &
Medioli, 1978; Goldstein & Watkins, 1999; Edwards et al.,
2004; Barnett et al., 2019), and beyond (e.g., Jennings & Nel-
son, 1992; Horton, et al., 2005; Strachan et al., 2015; Kemp,
et al., 2017a). The mean uncertainty of PME reconstruc-
tions was ±19.5 SWLI (∼1σ) with a standard deviation of
0.09 SWLI. Although the transfer function returns sample-
specific errors, the low degree of variability among samples
indicates that most uncertainty arises from quantifying the
modern relationship between foraminifera and elevation
in an empirical dataset rather than from applying the WA
model to fossil assemblages (e.g., Juggins & Birks, 2012).

Paleo-marsh Elevation Reconstructions From
Simulated Assemblages

We simulated 100 assemblages of foraminifera for each
depth in the Big River core and for each count size of
n individuals by randomly sampling the counted popula-
tion. Application of the WA transfer function to each simu-
lated assemblage generated a PME reconstruction. Figure 4
shows illustrative examples of this approach from two
depths in the Big River core, chosen because they provide
a contrast in diversity (eight and four taxa, respectively) and
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have large original counts (852 and 1273 individuals, respec-
tively). The sample at 64 cm (Fig. 4A) yielded eight taxa
of which five accounted for 98.4% of counted individuals.
The original PME reconstruction for this sample was 167.85
± 19.51 SWLI. When only ten foraminifera were randomly
selected, PME reconstructions ranged from 133.5 to 184.9
SWLI and 10% of simulations lay outside the error bounds
of the original reconstruction. Even a modest increase in
count size caused a marked reduction in the range of re-
constructed PME and improved convergence with the origi-
nal reconstruction. When simulations comprised 20 or more
individuals, all PME reconstructions fell within the uncer-
tainty of the original reconstruction. With 75 or more indi-
viduals, 85% or more of simulations yielded a PME within
10 cm (±4.5 SWLI) of the original reconstruction. A similar
pattern occurs for the lower-diversity (four taxa were present
at abundances of 8.4–70.6%) sample at 214 cm (Fig. 4B).

At the 152 sampled depths in the Big River core, small
count sizes result in a large range of reconstructed PME
among the 100 simulations (Fig. 5A). For example, where
an assemblage is ten foraminifera, the difference between the
highest and lowest reconstructed PME for a single depth can
exceed 100 SWLI, although for 95% of depths this range is
less than 80 SWLI and the median range across all depths is
40 SWLI. In contrast, for foraminiferal assemblages consist-
ing of 700 individuals, the range among simulations is small
(less than ∼5 SWLI for 95% of depths). The reduction in
PME variability among simulations shows a break between
counts of approximately 75 and 150 individuals, indicating
that PME reconstructions stabilized and became insensitive
to larger counts.

The percentage of simulations that generated a PME re-
construction within the uncertainty bounds of the original
reconstruction (Fig. 5B) increases sharply with count size.
For assemblages of ten individuals, 62–100% (median 96%,
5th percentile of 72%) of simulations at any single depth re-
produced the original PME reconstruction within its uncer-
tainty. When assemblages comprised 30 individuals, at least
93% of simulations at any single depth lay within the uncer-
tainty range of the original reconstruction (median 100%,
5th percentile of 96%). This result suggests that a count size
of ∼30 individuals can generate a PME reconstruction that
is unlikely to be statistically distinguishable from one based
on a much larger population for most samples in the Big
River core. However, the uncertainty threshold of ±19.71
SWLI is relatively broad and in studies seeking to recon-
struct subtle changes in late Holocene RSL, this degree of
variability may be larger than the paleoenvironmental signal
being investigated. When the uncertainty threshold was nar-
rowed to 10 cm (equivalent to ±4.5 SWLI), the general re-
lationship between count size and the percentage of simula-
tions that agreed with the original reconstruction remained,
but the break in slope occurred at approximately 100–150
individuals rather than at ∼30 (Fig. 5C).

Assemblage Diversity

The original counts of foraminifera in the Big River core
yielded diversity for individual samples that ranged from one
to eight taxa (Fig. 3; Shannon index less than 1.57), while
simulated assemblages frequently included fewer taxa. The

Figure 5. Influence of count size on reconstructions of paleo-
marsh elevation (PME) generated by applying the regional-scale
weighted-averaging transfer function to simulated assemblages of
foraminifera in the Big River core. Light grey lines represent results
for individual depths in the core (total of 152 samples), while black
lines are computed across all depths. (A) The absolute difference (in
units of standardized water level index; SWLI) between the minimum
and maximum PME reconstructions generated in 100 repeated simu-
lations at each count size. Ranges converted to meters are applicable
only to the Big River core and assume a constant tidal range through
time. (B) Percentage of the 100 simulations at each count size where
reconstructed PME lies within ±19.71 SWLI of the original recon-
struction. At Big River this equates to an absolute elevation range
of approximately ±0.17 m. (C) Percentage of the 100 simulations at
each count size where reconstructed PME lies within ±10 cm of the
original reconstruction. At Big River this equates to approximately
±4.5 SWLI.
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Figure 6. (A) The probability of finding all taxa in a simulated as-
semblage, where the original full counts are assumed to be sufficiently
large that they capture all taxa that were physically present in a sample.
Presented values are the mean calculated across 100 simulations at each
depth (thin grey lines). The sample from a depth of 206 cm is labeled
because of its unusually low probability, which is discussed in the text.
The solid black line is a mean calculated across all depths, and labeled
dashed lines show percentiles of samples. (B) Relative odds of finding
all taxa in a sample among all possible pairs of count sizes. Values (pro-
vided in individual cells with shading that corresponds to intervals; val-
ues greater than ten are rounded to the nearest whole number) are the
odds ratio calculated across all depths and all simulations.

probability of finding all taxa in a simulated assemblage gen-
erally increases with count size (Fig. 6A). At a count size
of 50 individuals, the mean probability (across all 152 sam-
ple depths) of including all taxa in a simulated assemblage
is 0.29. This probability increases to 0.44 with a count size
of 100 and to 0.65 at a count size of 200. Notably, even at
very large count sizes there remains a high likelihood that
some taxa are incorrectly assumed to be absent. For exam-
ple, when 700 individuals are included in the simulated as-

semblage, the probability of capturing all species is 0.84 on
average and approximately one quarter of samples yielded a
probability of less than 0.75. In one case (sample at a depth
of 206 cm; Fig. 6A), only 15 of the 100 simulated assem-
blages that included 700 foraminifera captured all species.
A total of 1595 foraminifera were counted from this sam-
ple, including a single test of Siphotrochammina lobata and
a single test of Polysacammina ipohalina. For comparison,
there were 991 tests of Jadammina macrescens/Balticammina
pseudomacrescens, 238 of Haplohragmoides spp., and 158 of
Tiphotrocha comprimata (Fig. 3). It is therefore unsurprising
that a count of 700 (which represents less than half of the
counted individuals) would usually fail to capture all taxa.
The stability of PME reconstructions at lower counts indi-
cates that the absent taxa exert little influence on PME re-
constructions generated using WA transfer functions.

The relationship between the count size and the probabil-
ity of finding all taxa in a sample is expressed as an odds
ratio among all possible pairs of count size (Fig. 6B). This
ratio provides a convenient means to judge how much ex-
tra ecological information is (or is not) provided by count-
ing more foraminifera, which is assumed to correspond lin-
early to time invested. If base counts are low, then there is
a diminishing return for time invested. For example, count-
ing 20/150/700 foraminifera increases the odds of finding
all taxa by 1.5/7.9/34.1 times compared to a count size of
ten, which corresponds to 2/15/70 times more time having
to be invested. In contrast, when base counts are higher
there is a more linear relationship between count size and the
odds of finding all taxa. For example, compared to counting
50 tests, investing 50% more time to count 75 tests yields
a corresponding 50% increase in the odds of finding all
taxa. Likewise, investing 14 times more effort to count 700
foraminifera yields odds of finding all taxa that are 13 times
better (Fig. 6B). This result indicates that counts lower than
∼50 foraminifera likely produce unstable taxa proportions,
while counts greater than ∼50 begin to generate assemblages
in which taxa proportions are similar to those in the full
counts, except for the absence of some rare taxa.

DISCUSSION

Applicability to Other Regions

The influence of count size on PME reconstructions
is likely influenced by assemblage diversity, such that
a higher/lower diversity assemblage could be more/less
sensitive to count size. In the most extreme case, a true
mono-specific assemblage would generate the same PME
reconstruction regardless of count size. Diversity in modern
assemblages of salt-marsh foraminifera is often greater at
mid-latitudes than at high latitudes, where some regions
have a bipartite division into low and high salt-marsh assem-
blages that are each characterized by a near-monospecific
assemblage (e.g., Kemp et al., 2013a, 2017a). Since New-
foundland is a (relatively) high-latitude, low-diversity region,
our results may not be applicable to higher-diversity regions.

Along the Atlantic coast of North America, there are
several regional-scale datasets relating modern salt-marsh
foraminifera to tidal elevation that were developed to re-
construct Holocene RSL (Fig. 1). Although it is difficult
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to control across datasets for factors such as the number
and geomorphic type of sites, distribution of samples within
a site, the preferred taxonomy of individual workers (e.g.,
lumpers versus splitters), and sample preparation protocols
(e.g., sieve sizes), there are broad latitudinal trends in di-
versity (Fig. 1). Higher/lower latitude regions typically have
lesser/greater diversity as measured using the Shannon in-
dex (Fig. 1B) or simply by the number of recorded taxa in
the entire dataset (Fig. 1C), suggesting that our analysis may
not be representative of, or applicable to, regions outside of
maritime Canada and New England. However, PME recon-
structions generated using WA transfer functions are inher-
ently influenced more by abundant taxa than by rare taxa
(weighting of taxa by their ecological tolerance rather than
abundance is rarely used in PME reconstruction). Individual
samples in modern training sets are typically dominated by
few taxa even in regions with relatively high overall diversity
(Wright et al., 2011). From North Carolina to Newfound-
land there is little variability among regions in the number
of taxa that make up at least 5% (Fig. 1D) /10% (Fig. 1E)
of the assemblage. In this context, there are only minor spa-
tial differences in the diversity of salt-marsh foraminiferal
assemblages and therefore our results are likely applicable to
other regions.

Influence of Missing Taxa

Some taxa are absent in simulated assemblages with low
counts when they are known to be present from the orig-
inal assemblage (Fig. 6A). Fatela & Taborda (2002) used
the binomial distribution to estimate that a count of 100
individuals had a probability greater than 0.95/0.99 of in-
cluding a species that comprised 3%/5% of the assemblage.
Subsequently, they concluded that paleoenvironmental in-
ferences based on species with an abundance greater than
5% are robust at count sizes of 100 or more. In contrast,
Buzas (1990) discussed how other studies using the bino-
mial distribution concluded that 300 specimens should be
counted to accurately characterize the occurrence of taxa
that make up ∼10% of an assemblage (e.g., Patterson &
Fishbein, 1989) and that this count size subsequently took
on “an almost magical significance.” This is perhaps why
it is so common for studies seeking to reconstruct PME
from salt-marsh foraminifera set a target of counting 300
specimens (e.g., Scott & Leckie, 1990; Jennings & Nelson,
1992; Culver et al., 1996; Javaux & Scott, 2003; Edwards
et al., 2004; Callard et al., 2011). In a wide-ranging review
of sampling benthic foraminifera, Schönfeld et al. (2012)
adopted the convention of Patterson & Fishbein (1989)
that 300 individuals should be counted, but noted explicitly
that in lower-diversity, marginal-marine environments (salt
marshes would meet this criterion) counts of 100 may be suf-
ficient. The binomial distribution was also used to provide
confidence intervals on proportional taxa abundances esti-
mated at different count sizes, including specific applications
to salt-marsh foraminifera (Wright et al., 2011; Edwards &
Wright, 2015).

Since PME reconstructions generated using WA transfer
functions are inherently driven by abundant rather than rare
taxa, it is unlikely that the absence of some taxa in our
simulated assemblages materially affected the correspond-

ing estimates of PME. This is evidenced by stability in
PME reconstructions being achieved at lower counts (∼50;
Fig. 5) than stability in the probability of finding all taxa,
which remained less than ∼0.85 for most samples even at
a count size of 700 (Fig. 6A). Similar patterns were ob-
served in studies that examined how count sizes of other mi-
crofossils influenced quantitative paleoenvironmental recon-
structions generated using transfer functions. For example,
Larocque (2001) showed that temperature reconstructions
derived from chironomids stabilized at counts of 50, de-
spite counts of 90 yielding four to seven more taxa per sam-
ple. Similarly, Payne & Mitchell (2009) used counts of tes-
tate amoebae in peatlands to reconstruct water table depth
and recognized that most samples only have one taxon that
makes up more than 25% individuals, and consequently, the
number of taxa present in simulated assemblages plateaus
at counts of ∼50, but more than 150 individuals must be
counted to record all taxa. Even with some taxa being ab-
sent, transfer functions produced stable reconstructions of
water table depth with counts of 50–100 testate amoebae
because they are insensitive to the abundance (and indeed
absence) of rare taxa. Notably, the microfossil assemblages
in these studies have a greater diversity (e.g., 48 taxa in the
dataset used by Larocque, 2001) than assemblages of salt-
marsh foraminifera and are therefore likely more sensitive
to missing taxa. Studies of foraminifera in environments
other than salt-marshes also recognized that fewer than 300
specimens could be counted to accurately characterize as-
semblages. For example, Culver (1988) sought to establish
the zonation of benthic foraminifera in the Gulf of Mex-
ico with respect to water depth and showed that analysis of
species- and genera- (with and without rare genera) level as-
semblages yielded comparable results with the implication
that rare taxa exerted little influence on paleoenvironmental
reconstructions and that counts of 50–100 were reasonable
(with the explicit caveat that even lower counts would likely
be suitable for low-diversity assemblages of foraminifera on
marshes). Likewise, Karlsen et al. (2000) showed that simi-
lar paleoenvironmental trends were produced from benthic
foraminifera in the Chesapeake Bay at counts of 100 and
300. We conclude that the absence of rare taxa of salt-marsh
foraminifera at low counts does not distort PME reconstruc-
tions generated by transfer functions. However, ecological
studies, or those relying on qualitative analysis of indicator
species to estimate PME using salt-marsh foraminifera, may
need to count more than ∼300 individuals to ensure that
fewer than 5% of samples have missing taxa (Fig. 6A).

Modern Transfer Function Performance

The largest source of uncertainty in PME reconstructions
is typically mis-specification in the WA model when it is de-
veloped from a modern training set that imperfectly cap-
tures biological variability (termed the S2 error; Juggins &
Birks, 2012). Consequently, a large proportion of sample-
specific uncertainties in PME reconstructions arises from
the underlying WA transfer function rather than its appli-
cation to fossil assemblages. Since one metric used to assess
the influence of count size is the proportion of PME recon-
structions that fall within the uncertainty range of the orig-
inal reconstruction, we investigated how count size affects
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Figure 7. Effect of count size on transfer function performance as measured using cross-validated (A) R2, (B) root mean square error of prediction
(RMSEP, units of standardized water level index; SWLI), (C) mean bias, (D) maximum bias, and (E) model skill. Grey circles are results from 100
different weighted-averaging transfer functions generated at each count size by random subsampling of assemblages in the original modern training
set. These simulations are summarized by the overlying box plots that represent the median (solid horizontal line), 25th and 75th percentiles (hinges),
and the largest value no further than 1.5 times the interquartile range from the hinge (approximately a 95% confidence interval for comparing medians;
whiskers). Performance of the original transfer function that used all available counts is shown for comparison (horizontal dashed lines).

transfer function performance by randomly subsampling as-
semblages in the modern training set (Fig. 7). A narrow
range of n (10, 20, 30, 40, 50, 58) was tested because count
sizes in the Newfoundland modern training set (mean of
220 individuals, range of 58–758) are typically lower than in
core F25 from Big River. By limiting the count size to 58 (or
fewer) foraminifera, we ensured that all transfer functions
used the same modern samples and that variability in model
performance arises solely from count size. At each value of n,
100 simulated assemblages were generated and used to con-
struct a WA transfer function. Standard performance met-
rics (cross-validated R2, RMSEP, mean/maximum bias, and
skill) are used to compare models.

The cross-validated R2 of the original WA transfer func-
tion was 0.69 with a RMSEP of ±19.71 SWLI (Fig. 2). This
model had a mean/maximum bias of 0.41/20.0 SWLI and
skill of 55.9. At count sizes of ten foraminifera, WA trans-
fer functions performed less well than the original model,
as evidenced by lower R2 (average of 0.63 with a standard
deviation of 0.03 across the 100 simulations) and skill (aver-
age of 43.0 with a standard deviation of 6.8), coupled with
higher RMSEP (average of 22.77 SWLI with a standard de-
viation of 1.4 SWLI) and maximum bias (average of 20.2
SWLI with a standard deviation of 4.0 SWLI). There was lit-
tle discernible difference in mean bias. Increasing the count

size from ten to 30 individuals notably improved model per-
formance across all metrics except mean bias, but count sizes
greater than 40 showed only modest further improvement of
R2, RMSEP, maximum bias, and skill (Fig. 7). This trend
indicates that the performance of WA transfer functions is
only marginally improved by counting more than ∼50 in-
dividual foraminifera, at least in low-diversity regions such
as Newfoundland. This result supports decisions made in
other studies to remove samples with counts of less than
∼40 foraminifera from modern training sets prior to build-
ing transfer functions (e.g., Edwards et al., 2004; Southall
et al., 2006; Barnett et al., 2016), but suggests that using a
higher threshold may unnecessarily remove data (e.g., Haller
et al., 2019). Even in microfossil groups with greater diver-
sity than salt-marsh foraminifera in Newfoundland a simi-
lar correlation between transfer function and count size was
demonstrated. In Payne & Mitchell (2009), transfer func-
tion performance stabilized at or before counts of ∼50 in
datasets of testate amoebae that included up to 18 differ-
ent taxa (compared to 12 in the Newfoundland modern
training set and Big River core) from contrasting peatlands
in Alaska, Scotland, Greece, and Turkey. Similarly, Heiri
& Lotter (2001) showed that the performance of transfer
functions relating temperature to assemblages of chirono-
mids stabilized at counts of ∼50 individuals. We conclude
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that the uncertainty of PME reconstructions in the Big River
core is unlikely to be reduced by counting more modern
foraminifera and consequently that our assessment of the
influence of count size, based on how many simulations lie
within the uncertainty thresholds (Figs. 5B, C), is robust and
likely not influenced by count sizes in the underlying modern
training set. The stability of transfer function performance
across several key metrics at counts over ∼30 (Fig. 7) indi-
cates that skilled models and accurate PME reconstructions
can likely be generated using modern training sets in which
assemblages are characterized by considerably lower counts
than are usually targeted (e.g., Scott & Leckie, 1990; Horton
& Edwards, 2006; Southall et al., 2006; Hawkes et al., 2010;
Callard et al., 2011). A downward revision of target count
size would enable more modern samples to be counted (e.g.,
Hayek & Buzas, 2010; Grand Pre et al., 2011), and this re-
allocation of effort may help to better capture natural vari-
ability within and among salt marshes, facilitate more de-
tailed examination of replication (e.g., Buzas 1970; Buzas
et al., 2002), and to expand the geographical, geomorphic,
and ecological range of modern analogs that are available to
interpret fossil assemblages against.

Implications for Holocene RSL Reconstructions

In the broadest sense, efforts to reconstruct Holocene RSL
can be divided into two types based on the scale (vertical
and chronological) of changes that are under investigation.
Studies that aim to reconstruct (multi-) meter scale RSL
trends often utilize discrete, radiocarbon-dated sea-level in-
dex points, and the uncertainty of PME reconstructions
from WA transfer functions is small compared to the RSL
signal (perhaps with the exception of regions with extremely
large tidal ranges). These RSL changes can take place on
centennial to millennial timescales along passive coastal
margins dominated by glacio-isostatic adjustment (e.g., Hor-
ton & Edwards, 2006; Engelhart et al., 2011; Shennan et al.,
2018), or be abrupt (minutes) in the case of co-seismic sub-
sidence on active margins where great (M > 8) megathrust
earthquakes occur (e.g., Nelson et al., 1996; Shennan &
Hamilton, 2006; Briggs et al., 2014). In contrast, studies
that aim to reconstruct centennial- and decimeter-scale RSL
trends in the late Holocene (e.g., Gerlach et al., 2017; Bar-
nett et al., 2019) often utilize a sequence of stratigraphically-
ordered samples from a single core where the accumulation
history is constrained by an age-depth model and uncer-
tainty in PME reconstructions is relatively large compared
to the underlying RSL signal. This is particularly true after
detrending RSL reconstructions to remove the contribution
from long-term subsidence, for example, in an attempt to
isolate smaller, climate-driven signals. Consequently, these
two types of study have different tolerances to the accu-
racy and precision of reconstructions and the influence of
count size is partly dependent upon the resolution sought by
investigations.

The precision of PME reconstructions is principally
determined during construction of the WA transfer function
using a modern training set and is relatively insensitive to
count size (Fig. 7; Heiri & Lotter, 2001; Larocque, 2001;
Payne & Mitchell, 2009). Therefore, count size in fossil
samples influences accuracy rather than precision, and vari-

ability among PME reconstructions is an appropriate means
to gauge how count sizes may influence proxy RSL records
and their interpretation. With counts of ∼30 foraminifera,
more than 95% of PME reconstructions lie within the uncer-
tainty of the original reconstruction and all reconstructions
with a count size of ∼75 meet this criterion (Fig. 5B). This
result suggests that counting ∼50 or more foraminifera is
likely sufficient for generating sea-level index points because
variability among PME reconstructions is low enough that
RSL trends are unlikely to be misrepresented or wrongly
interpreted. Similarly, efforts to reconstruct earthquake-
induced subsidence (RSL rise) on the order of a meter that
are typically associated with tidal-flat sediment overlying
high salt-marsh peat (Hawkes et al., 2011; Engelhart et al.,
2013; Milker et al., 2016) can likely generate accurate PME
reconstructions using counts of ∼50 foraminifera. Climate-
driven sea-level trends during the late Holocene were on
the order of tens of centimeters (e.g., Lambeck et al., 2004;
Woodroffe et al., 2012; Kopp et al., 2016) and variability in
PME reconstructions of similar magnitude are observed for
single samples if count sizes are less than ∼75. Variability of
PME reconstructions for single samples at a low count size
will usually yield correspondingly high variability among or-
dered samples in a core (Heiri & Lotter, 2001). There is a risk
that this variability arising from low counts will be incor-
rectly interpreted as meaningful RSL changes. However, the
likelihood of this misinterpretation is reduced by identifying
RSL trends on the basis of coherent patterns in foraminiferal
abundances and PME across multiple samples (Gehrels &
Woodworth, 2012; Cahill et al., 2015), rather than by treat-
ing every change in PME from one sample to the next as a
true RSL change. As such, smoothing of PME reconstruc-
tions downcore can often negate the influence of low count
sizes in individual samples (Heiri & Lotter, 2001). This ef-
fect could be examined more formally and quantitatively by
comparing RSL reconstructions developed from more/fewer
samples in which fewer/more individual foraminifera were
counted as a means to test how finite effort is best allocated
between counting additional foraminifera or additional
samples. We recommend that at least 75 foraminifera are
counted in studies that aim to produce high-resolution and
near-continuous RSL reconstructions and that a sample (or
group of samples) with anomalous PME are revisited to
increase count size as a means to determine if reconstructed
trends are ecologically and physically robust or artifacts of
count size (there is no reason why count sizes cannot vary
greatly among samples). Alternatively, future studies could
use our simulations to approximate the potential influence
of count size given the number of salt-marsh foraminifera
that were counted, or to estimate how many should be
counted given a chosen tolerance for PME variability,
missing taxa, or another count-dependent characteristic of
PME reconstructions. In this context, counts of 100–300
salt-marsh foraminifera in studies of Holocene RSL history
are conservative and the corresponding reconstructed RSL
trends are unlikely to be artifacts of count size.

CONCLUSIONS

We investigated the influence of count size on recon-
structions of PME (and subsequently RSL) generated by
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applying a WA transfer function to assemblages of
foraminifera preserved in Holocene salt-marsh sediment.
The WA transfer function was constructed from a regional-
scale modern training set of salt-marsh foraminifera in New-
foundland, Canada and applied to ecologically-plausible as-
semblages of foraminifera generated by repeatedly subsam-
pling counted populations (up to 1595 individuals, mean of
471) at 152 discrete depths in a sediment core that accumu-
lated during the past ∼3000 years. The count size of simu-
lated assemblages ranged from 10–700 individuals. Our re-
sults indicate that PME reconstructions become insensitive
to increasing count size when ∼50 individuals are used to
characterize the assemblage. At counts greater than ∼30,
approximately 93% of PME reconstructions from simulated
assemblages lie within the uncertainty of the original PME
reconstruction based on all available counts. However, when
the threshold for similarity is lowered to 10 cm (similar to the
resolution sought by studies of late Holocene RSL change)
approximately 100–150 individuals must be counted. In sim-
ulated assemblages with lower counts, some rare taxa are er-
roneously deemed absent, but this has little effect on PME
reconstructions generated using WA transfer functions be-
cause they are dominated by abundant taxa. Our results
are similar to those reported for higher diversity groups
of microfossils such as testate amoebae and chironomids
and the low-diversity nature of individual samples of salt-
marsh foraminifera likely means that our recommendations
are applicable beyond Newfoundland. When reconstruct-
ing PME, we recommend allocating effort to counting rel-
atively fewer foraminifera in more samples of core material
rather than generating large counts from fewer core sam-
ples. We further tested the influence of count size on the
cross-validated transfer function performance (R2, RMSEP,
mean/maximum bias, and skill) by simulating assemblages
of different count sizes. These experiments show that the ac-
curacy and precision of transfer functions developed from
modern samples in which ∼40 or more foraminifera were
counted show little variability. Existing studies that typically
targeted count sizes of 100–300 foraminifera in modern and
fossil assemblages are conservative, and the resulting RSL
reconstructions are unlikely to be artifacts of counting too
few foraminifera.
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