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A procedure to calculate probability limits for the inference that
the absence of a taxon from a woodrat (Neotoma) midden implies
bsence from the paleolandscape uses paired samples of modern
egetation communities and paired samples of paleocommunities.
ssumptions are: (1) each member of a sample pair is an inde-
endent measure of the same vegetation assemblage; (2) behav-

oral patterns of woodrats are the same as each midden in a paired
ample is constructed; and (3) the probability of fossilization is
ero when a taxon is absent from the vegetation. The procedure
rovides a logical test of data consistency: the upper probability

imit of making a false inference should be greater than the lower
imit. Averaged over 140 plant taxa, the upper and lower proba-
ility limits for a false inference were 11 and 7%, respectively.
ore than 70% of taxa passed the logical test, indicating a reliable

rocedure. For many taxa that failed the logical test, four potential
xplanations account for this failure, two of which can be solved by
imply increasing sample sizes. Using analogous assumptions, the
rocedures are applicable to other types of stratigraphic sampling
uch as macrofossils from sediment cores or fossils from biostrati-
raphic units. © 2000 University of Washington.

Key Words: biostratigraphy; woodrat (Neotoma) middens;
aleovegetation; missing fossils; Great Basin vegetation.

INTRODUCTION

When a particular fossil is found in a properly sampled
dated stratum, the fundamental tenet of biostratigraphy is
the organism was located within the area and was pr
during the time period represented by that stratum. How
when fossils of an organism are not found in a sample, w
not sure if that organism was truly absent from that tim

Supplementary data for this article may be found on the journal home
(http://www.academicpress.com/qr).
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locale or if that organism simply was not preserved. The ab
to differentiate true absence from the vagaries of fossiliza
and sampling is critical for interpretation of the fossil rec
(Holland 1995), such as when modeling biotic response
climate change (e.g., Grayson and Livingston, 1993; B
1996) or testing evolutionary theories (e.g., Boucot, 1
Brett et al., 1996; McKinneyet al., 1996). Statistical tech

iques can assess the completeness of the fossil record
nd Sepkoski, 1999), determine endpoints of stratigra
anges (Marshall, 1994; Solow, 1996), and define comm
ssemblages of taxa (Bennington and Bambach, 1996

hese approaches generally require large data sets with ac
tratigraphic ranges to be used effectively.
In this paper, we describe a procedure to calculate

robability that the absence of a taxon from a stratigra
ample provides reliable information about its absence
he paleolandscape. The concept is developed based upo
acrofossils recovered from woodrat (Neotoma) middens in
estern North America and respective assumptions relat

he construction of the middens. However, with broader
itions of terms and analogous assumptions, the proc
otentially is applicable to other paleobiological data sets,
s macrofossils from sediment cores or fossils from bios
raphic units. We demonstrate the utility of this procedur
stimating the probabilities of making correct (true) and in
ect (false) inferences about the absence of more than 140
axa from the paleolandscape.

METHODS, ASSUMPTIONS, AND MATERIALS

Four possible states exist concerning the presence or ab
of a taxon in a stratigraphic sample and in the contempo
ous vegetation:

(1) true presence,denoted as (1,1), present in the stra
and present in the surrounding vegetation;

ge

sr.
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(2) false presence,denoted as (1,0), present in the stra
ut absent from the surrounding vegetation;
(3) false absence,denoted as (0,1), absent from the stra

ut present in the surrounding vegetation;
(4) true absence,denoted as (0,0), absent from the stra

nd absent from the surrounding vegetation.

Note that we use the term “vegetation” in this paper to indi
he plants within the specific geographic area around the
en from which the fossils in a midden sample are deriv
lthough our concerns, as stated above, involve how to i
ret absence from a stratum, the concerns from the persp
f probabilistic support are really the probability of making
orrect inference (Popper, 1991). A correct or true inferen
ade for the first and fourth states, i.e., for true presence

or true absence. Thus, the probability of a true infere
enoted asp(T), is the sum of the probabilities for states (1
nd (0,0), which are denotedp(1,1) andp(0,0), respectively

p~T! 5 p~1,1! 1 p~0,0!. (1)

he false inference is made for the states of false presenc
alse absence; thus, the probability of a false inference,p(F), is
he sum ofp(1,0) andp(0,1):

p~F! 5 p~1,0! 1 p~0,1!. (2)

owever, the theoretical value for false presence,p(1,0), is
ero. For a fossil to occur in the stratum when it is absent
he vegetation, we must invoke extraordinary mechanisms
nknown events orad hochypotheses. In practice, we rec
ize that unknown events occur, but their probability is ne
ible (otherwise, we would know them). Although false p
nce in the vegetation can occur if proper sampling proce
re not followed (e.g., different strata are mixed together)
cenario represents a sampling error rather than a true p
ility that the state (1,0) occurs. Given thatp(1,0) is no
etectably different from zero (i.e., unknown events are
eedingly rare),p(F) reduces to

p~F! 5 p~0,1!. (3)

s a robust test of these equations, two independent dat
ere used that coetaneously estimated an upper limit a

ower limit for both p(T) andp(F).
The first data set consists of 27 paired samples of the m

egetation assemblage. One sample of each pair consists
axa present in a recent midden sample (radiocarbon date,200
r B.P. or an uncemented midden sample), and the oth
rom our survey of modern vegetation within a 100-m radiu
he midden. The 100-m survey is based upon studies of w
at foraging (Wells, 1983; Betancourtet al.,1986). The unde
ying assumption for pairing samples is that each sample
ndependent measure of the same vegetation assemblag
te
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requency of each of the four possible states is compute
ach individual taxon by summing across all paired sam

hen dividing by the total. If we assume that each freque
stimates the probability for each respective state, thenp(T) is
omputed from Eq. (1) andp(F) is computed from Eq. (3
owever, the observed frequency of false presence (i.
resent in the recent midden material but not observed i
egetation) may be detectable for some species. Unk
vents orad hochypotheses do not need to be invoked for
cenario to occur. Rather, the false presence can be exp
y differences in how woodrats and people sample the v

ation. Woodrats sample the vegetation both over a perio
any years (Thompson, 1985, 1990) and potentially w
ore complete exploration of the area. In contrast, our o

ations generally are made at one time with a more lim
overage of the potential source area. For example, a nu
f short-lived species were not observed near one of
revious midden locales during a series of drought year
ere observed during a single wet year (Nowaket al.,1994a)
hus, these spatial/temporal differences in vegetation sam
etween woodrats and people may result in a detectabl
uency of false presence. If we assume that these occurr
f false presence represent ambiguous cases (i.e., the
epresent unknown events or they may represent human
ling errors), then Eq. (3) underestimates the value ofp(F) and
epresents the estimated lower limit ofp(F) (probability esti
ate 4 in Table 1). On the other hand, if all occurrences o

alse presence were due to human sampling errors (i.e.,
ad sampled better, we would have found the species i
egetation), thenp(1,0) should be added top(1,1) before Eq
1) is used with the paired samples of modern vegetatio
alculatep(T). This revision represents the estimated up
imit for p(T) (1 in Table 1).

The second data set utilizes 35 paired samples of pale
tation, where each pair of midden samples was from the

ocale and had similar radiocarbon dates (i.e., the stan
rror bars associated with the radiocarbon dates overlap
ith the modern samples, the frequencies of four pos
tates are computed across all these pairs of fossil midde
ach individual taxon and are used as probability estimate
ach state. Beforep(T) andp(F) are derived, two assumptio
eed to be explicitly stated: (1) each pair of fossil mid
amples represents two independent samples of the sam
eovegetation assemblage, and (2) behavioral patterns
oodrats were similar as both middens were constru
iven these assumptions, we expect that if a species is p

n one sample of the pair, it should also be present in the o
ikewise, if the species is absent from one sample of the

t should be absent from the other. These states are di
nalogous to true presence and true absence, and even
e do not have direct observations of the vegetation

requency of these states are estimates ofp(1,1) andp(0,0).
nfortunately, cases where the taxon occurs in one memb

he pair but not in the other are ambiguous. These ambig
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may represent either one of the false states (i.e., false pre
or false absence) or errors due to false assumptions (e.g
vegetation did change between the deposition of the strat
thus our assumption of the same vegetation is false, or
variations in woodrat behavior, such as feeding prefere
occurred). Because the sampling techniques are design
minimize stratigraphic sampling errors (Spauldinget al.,1990;
Nowak et al., 1994b), sampling error is assumed to be ne
gible. Thus, the estimate ofp(T) computed from the foss

idden data using Eq. (1) underestimates the true value op(T)
ecause some of the ambiguous cases should have bee
1,1), and these sample pairs represent the estimated
imit for p(T) (probability estimate 2 in Table 1). For the pai
amples of paleovegetation, Eq. (2) must be used to com
(F) and represents the estimated upper limit forp(F) (3 in

Table 1).
Two issues need to be addressed concerning the unde

assumption that paired samples represent the same vege
First, we explicitly define “vegetation” for woodrat middens
those plants located within 100 m of the midden, with
unstated assumptions that woodrats forage that far bu
further and that this value is the same among all anim
Although 100 m is reasonable given previous studies of w
rat foraging behavior (Wells, 1983; Betancourtet al., 1986),
we need to consider whether an error in this assumption
to systematic biases in the results or simply increases ra
sampling error. Systematic bias invalidates our techn
whereas increased random error influences the sample
needed to get a valid result. Our method already takes
account the potential scenario where woodrats sample be
100 m and a plant only exists at distances greater than 1
from the midden. This scenario results in a false presence
as indicated above for the paired samples of modern ve
tion, we treat these as human sampling error and use
information to estimate the lower limit forp(F). Nonetheles
this scenario is unlikely to exist because the odds of a parti
plant species always lying just outside 100 m from the mid
for the 10- to 100-year period of midden stratum construc
at all of the midden locales is effectively zero. Similarly,
potential scenario that leads to a false absence (i.e., woo
never forage to 100 m and a particular plant species al

TAB
Equations to Estimate Probabil

Probability estimate Source o

1. p(T): upper limit Recent midden/mode
2. p(T): lower limit Midden/midden paleov
3. p(F): upper limit Midden/midden paleo
4. p(F): lower limit Recent midden/moder

a Sources of data and equations used to calculate probabilities of trp(
middens:p(1,1) is theprobability of an individual taxon being present in b
p(1,0) is theprobability of present in the first sample but absent in the sec
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exists outside the foraging range but within 100 m of
midden) is also unlikely to occur. Interestingly, the problem
defining “vegetation” is less severe for the paired sample
paleovegetation because we simply need to assume th
geographic area sampled by woodrats was the same si
both midden samples of the pair. Thus, our definition
vegetation likely affects sampling error, but it does not lea
systematic error.

The second issue regarding paired samples representi
same vegetation concerns variations in vegetation throu
time caused either by natural processes or by impac
historical land use. Because each member of a sample pai
not represent exactly the same time period, a direct
change in vegetation potentially could result in a system
error. Our technique already incorporates the scenario wh
species has been lost due to historic land use changes, i.
state of false presence, where a plant is present in a m
midden but not in our modern vegetation survey. Furtherm
our technique also accounts for vegetation changes be
each sample of paired paleovegetation middens, i.e., the
of false presence and false absence are summed to estim
upper limit of p(F). Although the scenario of a false abse
for paired modern samples, i.e., a species invaded the
scape after midden construction was completed, is a rea
concern, our results do not indicate a systematic error fo
species (see Graminoid Herbs section below). A factor in
study that helps reduce the potential for systematic error is
the mean difference in age between paired samples is ap
imately 80 yr, which is within the decades-to-century t
integration that occurs during construction of a midden stra
(Thompson, 1985, 1990). Hence, the time period repres
by each sample of a pair overlapped for most paired sam
and a directional change in vegetation is more likely to incr
sampling error than to introduce a systematic bias.

A list of sample locales, midden identification numbers,
radiocarbon ages is archived with Academic Press. In add
the complete data sets for 4 taxa (Amsinckia tessellata, Chae
actis douglasii, Cordylanthus ramosus,andCordylanthusspp.)
are also archived with Academic Press to provide det
examples of our data analyses.

1
for True and False Inferencesa

ta Equation

egetation pairs p(1,1) 1 p(0,0) 1 p(1,0)
etation pairs p(1,1) 1 p(0,0)
etation pairs p(1,0) 1 p(0,1)
egetation pairs p(0,1)

and of false,p(F), inferences for plant macrofossils retrieved from woo
samples that comprise a pair;p(0,0) is theprobability of absent in both sample
; andp(0,1) is theprobability of absent in the first sample but present in the sec
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RESULTS

Tree Taxa

Estimates of the upper and lower limits forp(T) and p(F)
ere computed for 20 tree taxa that were present in
odern and paleovegetation samples. Of these taxa, fou

ies were relatively abundant in both data sets (i.e., occurr
t least 15% of the pairs in each data set; Table 2A).Pinus
onophyllaand Juniperus osteospermaoccurred most fre
uently in the pairs. The occurrence over all four species
ver both data sets averaged 39% of the sample pairs (
A). Lower probability limits for a true inference were grea

han 90% for these species. Upper probability limits for a f
nference were less than 10% for all relatively abundant sp
nd low (less than 3%) for two species (Cercocarpus ledifoliu
ndJuniperus osteosperma). Averaged over all four tree sp
ies, the mean probability of a false inference was less
%. For these relatively abundant trees, the upper proba

imit was greater than or equal to the lower limit, as would
xpected from logic. This simple, logical test of the inte
onsistency of the results indicates that these probability
ates are reliable for all four species. Given that the u

imit for p(F) was between 0 and 10% for the trees and tha
methodology provides reliable probability estimates, we
clude that the inference “absent from a particular woo
midden implies absence from the paleovegetation” is false
than 10% of the time for these abundant tree species.

Eleven tree species occurred, on average, in only 7% o
paired vegetation samples (Tables 2B and 3B), and some
specimens could only be identified to the genus or family l
(Tables 2C and 3C). As with the more abundant tree spe
the estimated probability of a false inference was less than
for all these relatively rare tree taxa. However, three sp
(Juniperus occidentalis, Populus tremuloides,and Salix
scouleriana) failed the logical, internal consistency test that
upper probability limit is greater than or equal to the lo
limit. Upon close inspection of the data, we noticed that
member of a pair may have plant specimens identifiable t
species level, but the other member would have speci
only identifiable to a higher taxonomic level. Thus, a pote
explanation for why these three species failed the logica
was that the genus/family-level specimens actually were
respective species but could not be identified to the sp
level because they lacked sufficient diagnostic characteri
To test this potential explanation, we recalculated the pr
bility limits for these species assuming that the genus/fa
taxa represented specimens at the species level. For boJu-
niperus occidentalisand Salix scouleriana,the recalculate
upper and lower limits forp(F) were 0.000; thus, both spec
now passed the logical test. ForPopulus tremuloides,the
probability estimates did not change with the recalculati
and the logical test still failed for this species. Thus, limit
our ability to identify some plant specimens introduces s
uncertainty in the procedure for at least some species.
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Shrub Taxa

Thirteen shrub species were relatively abundant in the
and occurred on average in almost half the sample pairs
bles 2D and 3D). Mean values of upper and lower limit
p(F) for these shrubs were greater than those for trees, an
species had a lower limit for a false inference over 2
Averaged over all the abundant shrub species, the proba
of a false inference was between 10 and 20%. Two sp
(Holodiscus dumosusandTetradymia glabrata) failed the log
ical test. ForHolodiscus,the upper and lower probability limi
were close to each other, and a single change of a false ab
to either a true absence or a true presence would be suf
for Holodiscusto pass the logical test. Thus, the logical tes
this species seemingly failed due to random chance, and
tional sample pairs would likely resolve the probability e
mates.

Thirteen shrub species were relatively rare in either on
both sets of samples (Table 2E). The probability limits
these species were greater than those of the abundant s
and onlyEriogonum microthecumhad a value forp(F) greate
than 20%. However, only half of these species passe
logical test (Table 3E). For five of the six species that failed
logical test, their occurrence in paleovegetation samples
less than 10% and was also less than half that in mo
samples. Thus, the probability estimates based on the m
vegetation sample pairs (i.e.,p(T) upper limit andp(F) lower
limit) are more reliable than those based on the paleovege
sample pairs because of the greater sample size. Addi
paleovegetation sample pairs are needed to make bette
mates of the lower limit ofp(T) and the upper limit ofp(F). For
the sixth species that failed the logical test (Petrophyton cae
spitosum), its occurrence in samples was less than 5%, an
upper and lower limits were so close in value that a si
change between true and false inference would chang
logical test from failure to pass. Because the logical tes
Petrophyton caespitosumseemingly failed due to rando
chance, additional sample pairs again would resolve the
ability estimates.

Four of the shrub genus/family taxa were relatively abun
in the vegetation samples (Table 2F), whereas three
relatively rare (Table 2G). (Note that although live plant sp
imens of the generaChrysothamnusandEphedracan be dis
tinguished to the species level, plant specimens from mid
cannot be readily differentiated; thus we pooled the spe
and genus-level data.)Chrysothamnusand Ephedraoccurred
in at least one member of 70–100% of the sample pairs an
a probability of a false inference between 10 and 30%, w
was similar to that for many of the most abundant sh
species. Only one of these seven taxa (Epilobiumspp.) failed
the logical test. Like many of the rare shrub species,Epilobium
spp. occurred much more frequently in modern samples,
gesting that additional paleovegetation samples are need
make more reliable estimates of the upper limit forp(F).



TABLE 2
Probability Estimates of True and False Inferences for Individual Taxa

Growth form and relative abundance

Probability estimatesb

Logical testc

Frequency (%)a p (true inference) p (false inference)

Modern samples Paleoveg. samples Upper limit Lower limit Upper limit Lower limit

A. Tree: abundant species
Cercocarpus ledifolius 15 17 1.000 0.971 0.029 0.000 pass
Juniperus osteosperma 74 77 1.000 1.000 0.000 0.000 pass
Pinus monophylla 44 46 0.963 0.943 0.057 0.037 pass
Prunus virginiana 15 20 1.000 0.914 0.086 0.000 pass

B. Tree: rare species
Abies concolor 7 6 1.000 1.000 0.000 0.000 pass
Alnus incanav. tenuifolia 7 6 1.000 1.000 0.000 0.000 pass
Cornus sericea 11 9 1.000 0.971 0.029 0.000 pass
Juniperus occidentalis 7 3 0.926 1.000 0.000 0.074 —
Pinus contorta 11 9 1.000 0.943 0.057 0.000 pass
Pinus jeffreyi 11 9 1.000 0.943 0.057 0.000 pass
Populus balsamifera 7 6 0.963 0.943 0.057 0.037 pass
Populus tremuloides 4 3 0.963 0.971 0.029 0.037 —
Salix exigua 7 6 1.000 1.000 0.000 0.000 pass
Salix scouleriana 7 3 0.926 0.971 0.029 0.074 —
Sambucus ceruleus 7 6 1.000 0.971 0.029 0.000 pass

C. Tree: genus/family taxa
Juniperusspp. 4 3 1.000 1.000 0.000 0.000 pass
Pinaceae 15 11 1.000 0.914 0.086 0.000 pass
Populusspp. 7 6 0.963 0.943 0.057 0.037 pass
Salix spp. 7 14 1.000 0.971 0.029 0.000 pass
Sambucusspp. 7 9 1.000 0.971 0.029 0.000 pass

D. Shrub: abundant species
Artemisia tridentata 100 66 0.778 0.743 0.257 0.222 pass
Atriplex confertifolia 59 54 1.000 0.829 0.171 0.000 pass
Brickellia microphylla 85 60 0.815 0.714 0.286 0.185 pass
Ericameria nanus 70 49 0.926 0.686 0.314 0.074 pass
Grayia spinosa 67 46 0.852 0.800 0.200 0.148 pass
Holodiscus dumosus 19 17 0.852 0.886 0.114 0.148 —
Leptodactylon pungens 30 29 0.926 0.857 0.143 0.074 pass
Purshia tridentata 37 37 1.000 0.886 0.114 0.000 pass
Ribes velutinum 41 31 0.926 0.800 0.200 0.074 pass
Rosa woodsii 41 46 0.889 0.743 0.257 0.111 pass
Salvia dorrii 26 37 0.963 0.914 0.086 0.037 pass
Symphoricarpos oreophilus 19 29 0.926 0.857 0.143 0.074 pass
Tetradymia glabrata 52 40 0.741 0.829 0.171 0.259 —

E. Shrub: rare species
Amelanchier alnifolia 7 3 1.000 1.000 0.000 0.000 pass
Arceuthobium divaricatum 11 9 1.000 0.971 0.029 0.000 pass
Artemisia dracunculus 15 11 1.000 0.943 0.057 0.000 pass
Artemisia spinescens 22 6 0.963 1.000 0.000 0.037 —
Atriplex canescens 11 11 0.963 0.914 0.086 0.037 pass
Eriogonum heermannii 33 9 0.815 0.943 0.057 0.185 —
Eriogonum microthecum 26 9 0.741 0.914 0.086 0.259 —
Gnaphalium microcephalum 7 3 1.000 0.971 0.029 0.000 pass
Kochia americana 22 6 0.815 0.943 0.057 0.185 —
Petrophyton caespitosum 4 3 0.963 1.000 0.000 0.037 —
Prunus andersonii 11 20 1.000 0.914 0.086 0.000 pass
Symphoricarpos longiflorus 11 3 1.000 1.000 0.000 0.000 pass
Tetradymia canescens 22 9 0.889 0.943 0.057 0.111 —

F. Shrub: abundant genus/family taxa
Artemisia(sec. Tridentatae) 100 100 1.000 0.943 0.057 0.000 pass
Asteraceae 37 66 1.000 0.571 0.429 0.000 pass

NOWAK, NOWAK, AND TAUSCH148



Growth form and relative abundance

Probability estimatesb

Logical testc

Frequency (%)a p (true inference) p (false inference)

Modern samples Paleoveg. samples Upper limit Lower limit Upper limit Lower limit

Chrysothamnus{ viscidiflorus,
nauseosus} d 100 83 0.741 0.714 0.286 0.259 pass

Ephedra{ nevadensis, viridis} d 70 69 0.889 0.686 0.314 0.111 pass
G. Shrub: rare genus/family taxa

Epilobiumspp. 19 6 0.852 0.943 0.057 0.148 —
Ribesspp. 4 6 1.000 0.943 0.057 0.000 pass
Rubusspp. 7 3 1.000 0.971 0.029 0.000 pass

H. Dicot herb: abundant species
Amsinckia tessellata 70 66 0.852 0.771 0.229 0.148 pass
Chaenactis douglasii 41 26 0.852 0.857 0.143 0.148 —
Cryptantha pterocarya 19 29 1.000 0.886 0.114 0.000 pass
Cryptantha torreyana 19 31 1.000 0.714 0.286 0.000 pass
Mentzelia albicaulis 41 63 1.000 0.714 0.286 0.000 pass
Phacelia humilis 19 23 1.000 0.829 0.171 0.000 pass

I. Dicot herb: rare species
Chaenactis stevoides 7 11 0.963 0.886 0.114 0.037 pass
Collinsia parviflora 15 14 1.000 0.943 0.057 0.000 pass
Cordylanthus ramosus 4 3 0.963 0.971 0.029 0.037 —
Cryptantha affinis 11 6 1.000 0.943 0.057 0.000 pass
Cryptantha circumscissa 15 11 0.889 0.886 0.114 0.111 pass
Cryptantha gracilis 7 26 1.000 0.771 0.229 0.000 pass
Cryptantha nevadensis 7 6 1.000 0.971 0.029 0.000 pass
Eatonella nivea 4 23 1.000 0.857 0.143 0.000 pass
Erodium cicutarium 44 14 0.963 0.914 0.086 0.037 pass
Galium aparine 7 29 0.963 0.829 0.171 0.037 pass
Glyptopleura marginata 4 3 1.000 0.971 0.029 0.000 pass
Lappula redowski 15 14 0.889 0.857 0.143 0.111 pass
Lithospermum ruderale 7 3 1.000 0.971 0.029 0.000 pass
Microseris lindleyi 4 3 1.000 0.971 0.029 0.000 pass
Mirabalis bigelovii 7 6 1.000 0.971 0.029 0.000 pass
Phacelia crenulata 22 14 1.000 0.914 0.086 0.000 pass
Phacelia glandlifera 7 11 1.000 0.914 0.086 0.000 pass
Phacelia incana 7 17 1.000 0.829 0.171 0.000 pass
Plagiobothrys kingii 11 26 1.000 0.800 0.200 0.000 pass
Polygonum douglasii 11 23 1.000 0.800 0.200 0.000 pass
Smilacina stellata 7 3 0.926 0.971 0.029 0.074 —
Stephanomeria spinosa 41 3 0.630 0.971 0.029 0.370 —

J. Dicot herb: abundant genus/family
taxa

Astragulusspp. 52 31 0.741 0.714 0.286 0.259 pass
Boraginaceae 26 34 1.000 0.743 0.257 0.000 pass
Castilleja spp. 15 31 1.000 0.771 0.229 0.000 pass
Chenopodiumspp. 59 89 1.000 0.743 0.257 0.000 pass
Claytoniaspp. 15 26 0.926 0.857 0.143 0.074 pass
Cryptanthaspp. 33 23 0.778 0.800 0.200 0.222 —
Descurainiaspp. 26 51 0.926 0.543 0.457 0.074 pass
Eriogonumspp. 37 43 0.815 0.686 0.314 0.185 pass
Lupinusspp. 44 63 1.000 0.571 0.429 0.000 pass

K. Dicot herb: rare genus/family taxa
Allium spp. 15 6 0.889 0.943 0.057 0.111 —
Amaranthusspp. 7 11 0.926 0.886 0.114 0.074 pass
Arabis spp. 11 6 0.889 0.971 0.029 0.111 —
Arenaria spp. 11 20 1.000 0.857 0.143 0.000 pass
Asterspp. 11 17 1.000 0.857 0.143 0.000 pass
Balsamorhizaspp. 11 11 0.963 0.886 0.114 0.037 pass
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Growth form and relative abundance

Probability estimatesb

Logical testc

Frequency (%)a p (true inference) p (false inference)

Modern samples Paleoveg. samples Upper limit Lower limit Upper limit Lower limit

Brassicaceae 22 9 0.778 0.914 0.086 0.222 pass
Cactaceae 7 31 1.000 0.771 0.229 0.000 pass
Caryophyllaceae 4 3 0.963 0.971 0.029 0.037 —
Chamaesycespp. 4 6 1.000 0.971 0.029 0.000 pass
Cirsium spp. 41 14 0.889 0.971 0.029 0.111 —
Crepsisspp. 11 11 0.963 0.914 0.086 0.037 pass
Fabaceae 7 9 1.000 0.914 0.086 0.000 pass
Galium spp. 4 14 1.000 0.886 0.114 0.000 pass
Gayophytumspp. 19 3 0.815 0.971 0.029 0.185 —
Geraniaceae 4 3 1.000 0.971 0.029 0.000 pass
Geraniumspp. 7 6 0.963 0.971 0.029 0.037 —
Gilia spp. 26 14 0.852 0.886 0.114 0.148 —
Helianthusspp. 4 20 1.000 0.800 0.200 0.000 pass
Lepidiumspp. 19 6 0.926 0.943 0.057 0.074 —
Lomatiumspp. 19 3 0.815 0.971 0.029 0.185 —
Machaerantheraspp. 19 3 0.852 1.000 0.000 0.148 —
Malacothrix { californica,

sonchoides} d 11 3 0.963 0.971 0.029 0.037 —
Nyctaginaceae 4 3 1.000 0.971 0.029 0.000 pass
Oenotheraspp. 22 14 0.889 0.886 0.114 0.111 pass
Penstemonspp. 37 9 0.778 0.914 0.086 0.222 —
Phaceliaspp. 15 14 0.926 0.914 0.086 0.074 pass
Polygonumspp. 4 14 1.000 0.857 0.143 0.000 pass
Scrophulariaceae 7 34 1.000 0.686 0.314 0.000 pass
Sphaeralceaspp. 7 6 0.963 0.943 0.057 0.037 pass
Stephanomeriaspp. 4 3 0.963 0.971 0.029 0.037 —
Thelypodiumspp. 26 3 0.741 0.971 0.029 0.259 —
Utica spp. 7 6 1.000 0.971 0.029 0.000 pass
Valerianaceae 7 3 1.000 0.971 0.029 0.000 pass
Viola spp. 4 9 1.000 0.943 0.057 0.000 pass

L. Graminoid herb: abundant species
Bromus tectorum 93 20 0.704 0.914 0.086 0.296 —
Oryzopsis hymenoides 78 77 0.704 0.657 0.343 0.296 pass
Sitanion hystrix 96 57 0.333 0.629 0.371 0.667 —
Stipa comata 19 17 0.815 0.886 0.114 0.185 —

M. Graminoid herb: rare species
Agropyron spicatum 15 14 0.889 0.914 0.086 0.111 —
Carex aurea 4 3 1.000 0.971 0.029 0.000 pass
Elymus cinereus 41 3 0.593 1.000 0.000 0.407 —
Poa sandbergii 70 11 0.370 0.943 0.057 0.630 —
Stipa speciosa 81 9 0.370 0.943 0.057 0.630 —

N. Graminoid herb: genus/family
taxa

Agropyronspp. 4 14 1.000 0.857 0.143 0.000 pass
Bromusspp. 7 6 1.000 0.943 0.057 0.000 pass
Carexspp. 22 9 0.852 0.943 0.057 0.148 —
Equisetumspp. 7 6 0.926 1.000 0.000 0.074 —
Poa spp. 26 17 0.852 0.914 0.086 0.148 —
Poaceae 96 80 1.000 0.743 0.257 0.000 pass
Stipaspp. 11 34 1.000 0.743 0.257 0.000 pass

a Percentage of paired samples that each taxon occurred in for 27 paired samples of modern vegetation and 35 paired samples of paleovegetation. Note that
a taxon had to occur in only one member of a pair to be counted.

b Probabilities of true inference,p(T), and of false inference,p(F), calculated as described in Table 1.
c Simple, logical test that the upper probability limit is greater than or equal to the lower limit. Taxa that did not pass this test are indicated by dashes.
d Plant macrofossils cannot be differentiated to the species level.
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Dicot Herb Taxa

Six dicot herb species were relatively abundant, and twe
two were relatively rare in the vegetation samples (Table
and 2I). The lower limits of a false inference were sim
between these two groups and averaged less than 5% (T
3H and 3I). However, the upper limit of a false inference
abundant dicot herbs averaged twice that of the rare sp
Over 80% of the dicot herb species passed the logical tes
the upper probability limit is greater than or equal to the lo
limit. Of the four species that failed the test, three spe
(Chaenactis douglasii, Cordylanthus ramosus,and Smilacina
stellata) had nearly identical upper and lower limits and t
likely failed the test due to random chance. The other sp
(Stephanomeria spinosa) was much more abundant in mod
samples than in the paleovegetation samples. For all
species, additional samples would likely help resolve the p
ability estimates. The importance of additional sample p
also is suggested by data forCordylanthus ramosus.An addi-
ional 8% of the paleovegetation pairs had plant specimen
ould only be differentiated to the genus level. If we ass
hat theCordylanthusspp. specimens are actuallyCordylan-
hus ramosusand pool these data, then the upper limit ofp(F)
ncreases to 0.086 and the taxon passes the logical test.

The probability of false inferences for abundant dicot h
enus/family taxa was relatively high and averaged betwe

TAB
Mean Probability Estimates for Taxa Group

Growth form and relative abundance

Frequency (%)a

Modern samples Paleoveg. sa

A. Tree: abundant species 37 40
B. Tree: rare species 8 6
C. Tree: genus/family taxa 8 9
D. Shrub: abundant species 50 42
E. Shrub: rare species 16 8
F. Shrub: abundant genus/family

taxa 77 80
G. Shrub: rare genus/family taxa 10 5
H. Dicot herb: abundant species 35 40
I. Dicot herb: rare species 12 12
J. Dicot herb: abundant genus/family

taxa 34 43
K. Dicot herb: rare genus/family

taxa 11 10
L. Graminoid herb: abundant species 72 43
M. Graminoid herb: rare species 42 8
N. Graminoid herb: genus/family

taxa 25 24

a Percentage of paired samples that taxa occurred in for modern ve
abundance combination.

b Mean probabilities of true inference,p(T), and of false inference,p(F), o
c Percentage of taxa within each growth form/relative abundance com
y-
H
r
les

r
es.
at
r
s

s
es

ur
b-
rs

at
e

b
10

nd 30% (Table 3J), whereas that for relatively rare
veraged less than 10% (Table 3K). Five genera (Cryptantha
alium, Phacelia, Polygonum,andStephanomeria) also con

ained other plant specimens that were identified to the sp
evel and occurred in both modern and paleovegetation
les. Data for these genus/species can be pooled in two
1) assume that the genus-level specimens actually w
articular species and recalculate probability estimates fo

ndividual species; (2) pool all individual species with
enus-level data and recalculate probability estimates fo
enus. Interestingly, the first method only slightly narrowed
ifference between upper and lower probability estimate
n individual species because genus-level specimens
ere in the same sample as species-level specimens
econd method also generally narrowed the difference be
pper and lower probability estimates, except forCryptantha
pp. ForCryptanthaspp., the upper limit ofp(F) increased t
.343 and the lower limit decreased to 0.111, and the g

hen passed the logical test. In addition, twelve genera
lant specimens that were identified to the species lev
odern samples only (data not shown). For five generaAl-

ium, Cirsium, Machaeranthera, Penstemon,andUtica), com-
ining the modern-only data with the genus-level data had
ffect on the probability estimates for the genera. For
enera (Balsamorhiza, Crepis, Descurainia, Gilia, Lepidiu

3
by Relative Abundance and Growth Form

Probability estimatesb

Logical testc

p (true inference) p (false inference)

les Upper limit Lower limit Upper limit Lower limit

0.991 0.957 0.043 0.009 100
0.980 0.974 0.026 0.020 73%
0.993 0.960 0.040 0.007 100%
0.892 0.811 0.189 0.108 85

0.935 0.958 0.042 0.065 54

0.908 0.728 0.272 0.092 100%
0.951 0.952 0.048 0.049 67
0.951 0.795 0.205 0.049 83

0.963 0.905 0.095 0.037 86%

0.910 0.714 0.286 0.090 89%

0.944 0.920 0.080 0.056 66%
0.639 0.772 0.229 0.361 25

0.644 0.954 0.046 0.356 20

0.947 0.878 0.122 0.053 57%

ation and paleovegetation, averaged over all taxa within each growthve

all taxa within each growth form/relative abundance combination.
ation that passed the logical test.
LE
ed

mp
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and Lupinus), pooling the modern-only data with the gen
level data narrowed the difference between the upper and
probability estimates. For the last genus (Eriogonum), includ-
ng modern-only data greatly increased the lower limit ofp(F)
o 0.593 and caused the logical test to fail.

raminoid Herb Taxa

Graminoid herb species had the greatest lower limit
alse inference as well as the highest percentage of specie
ailed the logical test (Tables 2L, 2M, 3L, and 3M). At
enus/family level, probability estimates for graminoid he
ere similar to those of the other growth forms, but over 4
f the taxa still failed the logical test of data consistency (T
N). These greater probability estimates at higher taxon

evels suggest that our inability to differentiate among spe
or the fossil material may be a major reason that so m
raminoid herbs failed the logical test. Random chance
mall sample sizes for paleovegetation also likely accoun
ome data inconsistencies. Regardless of the reason, our
o make inferences about the absence of graminoid herbs
he vegetation when they are absent from a midden sam
ow for many graminoid taxa. For example, even forOryzopsis
ymenoides,which occurred in almost 80% of the sample p
nd passed the logical test, a false inference would be
ver 30% of the time.
The occurrence ofBromus tectorumand the dicot her

rodium cicutarium in “paleovegetation” samples initial
eems incongruous, as these two species were introduce
orth America by Europeans. However, all the midden s
les that contained these species were less than 120 yea
hich would be consistent with their recent and rapid in
ions. For example, Mensing and Byrne (1998) docume
hat the range expansion ofE. cicutariumnear Santa Barbar
alifornia, was so rapid that it actually preceded settleme
panish missionaries. These two taxa also provide in
bout the potential for systematic errors between paired
les caused by directional changes in vegetation (see ab
oth taxa potentially represent the scenario of a false ab

or paired modern samples, i.e., species invaded the land
fter midden construction was completed. However,E. cicu-

arium passed the logical test and had a low probability
alse inference (Table 2I). Thus, systematic error from d
ional changes in vegetation did not occur in all cases whe
ight expect it and, hence, did not compromise our assum

hat paired samples represent the same vegetation.

DISCUSSION

We have demonstrated a reliable method to estimat
upper and lower limits for the probability of false inference
the absence of an individual plant from the paleolands
when that plant’s fossils are absent from woodrat midd
Averaged over all taxa, the probability of a false inferenc
-
er

a
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between 7 and 11%. For some taxa, such asJuniperus os
teospermaand Pinus monophylla,the probability of a fals
nference is even lower, in these cases between 0 and 6%
ther taxa, especially graminoid herbs, the probability

alse inference can be higher, in some cases greater than
ur method also provides a simple, logical test of internal
onsistency. Seventy-two percent of the taxa passed thi
ndicating a high degree of reliability for the probability e

ates. The method is especially robust for species tha
elatively abundant. For all abundant species except gram
erbs, 87% passed the logical test.
This procedure is also generally reliable for relatively

axa (i.e., taxa that occurred in less than 15% of the sa
airs). Fewer rare species passed the logical test tha
elatively abundant species (74% for all rare species e
raminoid herbs versus 87% for abundant). However, the

ower and upper limits ofp(F) for rare species (0.041 a
0.063, respectively) werelessthan those for abundant spec
(0.076 and 0.168), which suggests that the probability of m
ing false inferences for rare species is lower than tha
abundant species. The smaller estimates ofp(F) for rare spe
cies seems, at first, counterintuitive. Because a rare spec
the vegetation is expected to have a low abundance i
respective midden strata, the portion of each stratum ac
sampled is unlikely to contain the species. Thus, the sta
true presence, (1,1), is expected to be at least as rare as th
of false absence, (0,1). On the other hand, the state o
absence, (0,0), should be the most abundant state fo
species. Because the probabilistic support for making a co
inference includes both true presence and true absence, th
of a low valuep(1,1) plus a high valuep(0,0) yields a numbe
much greater thanp(0,1). Thus, lower probabilities for ra
species are rational.

For many of the taxa that failed the logical test of d
consistency, we have presented three explanations for
they failed. First, some plant macrofossils lack diagno
characteristics that allow identification to the species le
Consequently, we lacked definitive verification that the spe
was present in the second member of a paired sample, a
sample pair was incorrectly classified as false absence. I
fication limitations appeared to be important for two tree
cies (Juniperus occidentalisand Salix scouleriana) and for a
number of dicot and graminoid herb taxa. Pooling species-
and genus-level data often narrowed the difference bet
upper and lower probability limits and was sufficient for so
taxa to pass the logical test. A second explanation for
discrepancies is random chance (i.e., the upper and
probability limits are so close that a single change from f
absence to true presence is sufficient for the taxon to pa
logical test). Random chance may be especially importan
relatively rare taxa, as exemplified by the dicot herbCordy-
lanthus ramosus.As sample size increases, we expect tha
upper and lower limits will converge toward the actual pr
ability of a false inference. Thus, even though an abun
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taxon may fail the logical test because of random chance
estimates of a false inference may still be reasonable ap
imations ofp(F). Third, some taxa occurred much more
quently in the modern vegetation samples than in the p
vegetation samples. In these cases, we expect that prob
estimates based on modern vegetation data are more re
than those based on paleovegetation samples, and add
paleovegetation pairs are needed to resolve the upper lim
a false inference.

A fourth explanation for why taxa failed the logical test m
be the selectivity of woodrats against particular taxa. Woo
middens generally are accurate representations of specie
ness in the animal’s environment (Dial and Czaplewski, 19
but not necessarily of their abundance. When woodrats s
against a certain taxon, then we expect a high occurren
false absences in the paired samples of modern vegetatio
present in the modern vegetation survey but absent from
recent midden sample) but a low occurrence of false abs
in the paleovegetation samples (i.e., equally rare in each
den sample). Hence, the occurrence of the taxon in the m
samples should be much greater than in the paleovege
samples. Furthermore, the lower limit ofp(F), which is derived
from the modern sample pairs, should be much greater tha
upper limit p(F), which is derived from the paleovegetat
pairs. Some taxa that failed the logical test, such as the s
Eriogonum heermanniiandE. microthecumand the dicot her
Stephanomeria spinosa,had data that fit this pattern. Howev
the extent that woodrats select against these taxa is unk
and requires additional studies. Thus, for taxa that are av
by woodrats, the probability estimates derived from the m
ern sample pairs (i.e., upper limitp(T) and lower limitp(F))
are reliable, which is similar to the conclusion reached in
preceding paragraph for taxa that occur much more frequ
in modern pairs, but we do not expect that additional pa
vegetation pairs would help resolve the data discrepanc
woodrats selectedfor a taxon, this effect should have only
small influence on probability estimates because: (1)
method is based upon presence/absence data rather than
dance, and (2) the method already accounts for the sta
false presence.

Although inferential and statistical methods are availab
evaluate gaps in the fossil record (Blattet al., 1991), ou
method has four advantages compared to existing techn
First, the evaluation of a particular taxon is made indepen
of features derived from characteristics of the stratum, su
from the paleoenvironment or from association with other t
The only requirement for our method is that the pair of sam
is representative of the same locale and time period. Se
accuracy of the probability estimates generally can be
creased simply by increasing sample size. As sample
increases, the upper and lower probability limits forp(F), as
well as those forp(T), converge (except for taxa that a
selected against by the woodrats). Third, the methodo
provides an internal consistency check of the results, w
he
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also highlights taxa that may need additional sampling. Fin
the procedure has high reliability for both relatively abund
and relatively rare taxa.

Our method can be applied readily to other types of s
graphic sampling, such as the analysis of macrofossils
sediment cores or of fossils from biostratigraphic units. T
cally, broader application will require broader definitions
terms and analogous assumptions. In an example of a br
definition, where we would use the term “vegetation” oth
would use the term “landscape” to indicate the biota with
specific geographic area from which the fossils in a st
graphic sample are derived. Thus, the landscape for m
samples is the area within 100 m of the midden, but
landscape encompasses the area within 30 m of the p
shore for conifer macrofossils from sediment cores (Dun
die, 1987). An assumption analogous to “behavioral patter
woodrats are the same as each midden in a paired sam
constructed” is “depositional and compressional character
are the same for both stratigraphic samples.” Clearly,
technique is most useful for extant taxa. For extinct specie
method does not provide an internal check of the results,
is still useful because the worst possible cases (lower lim
true inference and upper limit of false inference) are estim
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