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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
absence from the paleolandscape uses paired samples of modern
vegetation communities and paired samples of paleocommunities.
Assumptions are: (1) each member of a sample pair is an inde-
pendent measure of the same vegetation assemblage; (2) behav-
ioral patterns of woodrats are the same as each midden in a paired
sample is constructed; and (3) the probability of fossilization is
zero when a taxon is absent from the vegetation. The procedure
provides a logical test of data consistency: the upper probability
limit of making a false inference should be greater than the lower
limit. Averaged over 140 plant taxa, the upper and lower proba-
bility limits for a false inference were 11 and 7%, respectively.
More than 70% of taxa passed the logical test, indicating a reliable
procedure. For many taxa that failed the logical test, four potential
explanations account for this failure, two of which can be solved by
simply increasing sample sizes. Using analogous assumptions, the
procedures are applicable to other types of stratigraphic sampling
such as macrofossils from sediment cores or fossils from biostrati-
graphic units.  © 2000 University of Washington.
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locale or if that organism simply was not preserved. The abilit
to differentiate true absence from the vagaries of fossilizatio
and sampling is critical for interpretation of the fossil recorc
(Holland 1995), such as when modeling biotic responses
climate change (e.g., Grayson and Livingston, 1993; Bec
1996) or testing evolutionary theories (e.g., Boucot, 199¢
Brett et al., 1996; McKinneyet al., 1996). Statistical tech-
niques can assess the completeness of the fossil record (Fc
and Sepkoski, 1999), determine endpoints of stratigraph
ranges (Marshall, 1994; Solow, 1996), and define communi
assemblages of taxa (Bennington and Bambach, 1996), |
these approaches generally require large data sets with accul
stratigraphic ranges to be used effectively.

In this paper, we describe a procedure to calculate tt
probability that the absence of a taxon from a stratigraph
sample provides reliable information about its absence fro
the paleolandscape. The concept is developed based upon p
macrofossils recovered from woodrdiigotoma middens in
western North America and respective assumptions related
the construction of the middens. However, with broader def
nitions of terms and analogous assumptions, the procedt
potentially is applicable to other paleobiological data sets, sut
as macrofossils from sediment cores or fossils from biostra
graphic units. We demonstrate the utility of this procedure b
estimating the probabilities of making correct (true) and incot

When a particular fossil is found in a properly sampled angct (false) inferences about the absence of more than 140 pl

dated stratum, the fundamental tenet of biostratigraphy is

thaka from the paleolandscape.

the organism was located within the area and was present

during the time period represented by that stratum. However,

when fossils of an organism are not found in a sample, we
not sure if that organism was truly absent from that time

METHODS, ASSUMPTIONS, AND MATERIALS

are . . .
or Four possible states exist concerning the presence or abse

of a taxon in a stratigraphic sample and in the contemporan

Supplementary data for this article may be found on the journal home paggs Vegetation:

(http://www.academicpress.com/qr).
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and present in the surrounding vegetation;
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(2) false presencedenoted as (1,0), present in the straturftequency of each of the four possible states is computed f
but absent from the surrounding vegetation; each individual taxon by summing across all paired sample

(3) false absenceajenoted as (0,1), absent from the straturtien dividing by the total. If we assume that each frequenc
but present in the surrounding vegetation; estimates the probability for each respective state, pif€his

(4) true absenceglenoted as (0,0), absent from the straturgomputed from Eq. (1) ang(F) is computed from Eq. (3).
and absent from the surrounding vegetation. However, theobservedfrequency of false presence (i.e.,
esent in the recent midden material but not observed in tl

(Note that we use the term' ‘fvegetatlon in this paper to 'nd'ca&getation) may be detectable for some species. Unknov
the plants within the specific geographic area around the ml;fftients olad hochypotheses do not need to be invoked for thit

den from which the fossils in a midden sample are OlerlVec&enario to occur. Rather, the false presence can be explai

Although our concerns, as stated above, involve how to 'nt?fkiﬁ(jifferences in how woodrats and people sample the veg

pret absence from a stratum, the concerns from the perspec{' n. Woodrats sample the vegetation both over a period

of proba}bilistic support are really the probability of making th?nany years (Thompson, 1985, 1990) and potentially with
correct inference (Popper, 1991). A correct or true mferencedﬁ)re complete exploration of the area. In contrast, our obse
made for the first and fourth states, i.e., for true presence E\R‘ﬂions generally are made at one time with a more limite

for true absenc'e. Thus, the probability' .o.f a true inferencgOveragle of the potential source area. For example, a numt
denoted ap(T), is the sum of the probabilities for states (l,lz)f short-lived species were not observed near one of o

and (0,0), which are denotgx(1,1) andp(0,0), respectively: previous midden locales during a series of drought years b

were observed during a single wet year (Novedlal., 1994a).
p(T) = p(1,1) + p(0,0). (1) Thus, these spatial/temporal differences in vegetation sampli
between woodrats and people may result in a detectable fi
The false inference is made for the states of false presence a[]gncy of false presence. If we assume that these occurren
false absence; thus, the probability of a false inferep(f€), is  of false presence represent ambiguous cases (i.e., they n

the sum ofp(1,0) andp(0,1): represent unknown events or they may represent human sg
pling errors), then Eq. (3) underestimates the valug(bj and
p(F) = p(1,0) + p(0,1). (2) represents the estimated lower limit pfF) (probability esti-

mate 4 in Table 1). On the other hand, if all occurrences of tr
However, the theoretical value for false presemu,,0), is false presence were due to human sampling errors (i.e., if v
zero. For a fossil to occur in the stratum when it is absent fronad sampled better, we would have found the species in t
the vegetation, we must invoke extraordinary mechanisms, igegetation), thep(1,0) should be added tp(1,1) before Eq.
unknown events oad hochypotheses. In practice, we recog{(1) is used with the paired samples of modern vegetation -
nize that unknown events occur, but their probability is negﬁ:alculatep(T)_ This revision represents the estimated uppe
gible (otherwise, we would know them). Although false presimit for p(T) (1 in Table 1).
ence in the vegetation can occur if proper sampling proceduresShe second data set utilizes 35 paired samples of paleove
are not followed (e.g., different strata are mixed together), thigation, where each pair of midden samples was from the sa
scenario represents a sampling error rather than a true prabgale and had similar radiocarbon dates (i.e., the stande
bility that the state (1,0) occurs. Given thpa¢1,0) is not error bars associated with the radiocarbon dates overlap). .
detectably different from zero (i.e., unknown events are ewith the modern samples, the frequencies of four possib

ceedingly rare)p(F) reduces to states are computed across all these pairs of fossil middens
each individual taxon and are used as probability estimates 1
p(F) = p(0,1). (3) each state. Beforg(T) andp(F) are derived, two assumptions

need to be explicitly stated: (1) each pair of fossil midder
As a robust test of these equations, two independent data setsiples represents two independent samples of the same
were used that coetaneously estimated an upper limit andeavegetation assemblage, and (2) behavioral patterns of t
lower limit for both p(T) and p(F). woodrats were similar as both middens were constructe
The first data set consists of 27 paired samples of the mod&iven these assumptions, we expect that if a species is pres
vegetation assemblage. One sample of each pair consists ofithene sample of the pair, it should also be present in the othe
taxa presentin a recent midden sample (radiocarbon<d2® Likewise, if the species is absent from one sample of the pa
yr B.P. or an uncemented midden sample), and the otheritishould be absent from the other. These states are direc
from our survey of modern vegetation within a 100-m radius @nhalogous to true presence and true absence, and even tho
the midden. The 100-m survey is based upon studies of woade do not have direct observations of the vegetation, tf
rat foraging (Wells, 1983; Betancouet al., 1986). The under- frequency of these states are estimatep(df, 1) andp(0,0).
lying assumption for pairing samples is that each sample is @nfortunately, cases where the taxon occurs in one member
independent measure of the same vegetation assemblage.thbeair but not in the other are ambiguous. These ambiguiti
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TABLE 1
Equations to Estimate Probability for True and False Inferences

a

Probability estimate Source of data Equation

1. p(T): upper limit Recent midden/modern vegetation pairs p(1,1) + p(0,0) + p(1,0)
2. p(T): lower limit Midden/midden paleovegetation pairs p(1,1) + p(0,0)

3. p(F): upper limit Midden/midden paleovegetation pairs p(1,0) + p(0,1)

4. p(F): lower limit Recent midden/modern vegetation pairs p(0,1)

@ Sources of data and equations used to calculate probabilities ofpfTig,and of falsep(F), inferences for plant macrofossils retrieved from woodrat
middensp(1,1) is theprobability of an individual taxon being present in both samples that comprise @(&i0) is theprobability of absent in both samples;
p(1,0) is theprobability of present in the first sample but absent in the secondh@nd) is theprobability of absent in the first sample but present in the seconc

may represent either one of the false states (i.e., false presesists outside the foraging range but within 100 m of the
or false absence) or errors due to false assumptions (e.g., rifidden) is also unlikely to occur. Interestingly, the problem o
vegetation did change between the deposition of the strata alafining “vegetation” is less severe for the paired samples
thus our assumption of the same vegetation is false, or lajgsleovegetation because we simply need to assume that
variations in woodrat behavior, such as feeding preferencggographic area sampled by woodrats was the same size
occurred). Because the sampling techniques are designegdéh midden samples of the pair. Thus, our definition o
minimize stratigraphic sampling errors (Spauldetgl.,1990; vegetation likely affects sampling error, but it does not lead t
Nowak et al., 1994b), sampling error is assumed to be neglsystematic error.
gible. Thus, the estimate qi(T) computed from the fossil  The second issue regarding paired samples representing
midden data using Eq. (1) underestimates the true valp€l9f same vegetation concerns variations in vegetation throughc
because some of the ambigl_Jous cases should hgve been glate caused either by natural processes or by impacts
(1,1), and these sample pairs represent the estimated I0Wgforical land use. Because each member of a sample pair d
limit for p(T) (probability e_stimateZin Table 1). For the paireg, 4t represent exactly the same time period, a direction
samples of paleovegetation, Eq. (2) must be used t0 COMPYRnge in vegetation potentially could result in a systemat
p(F) and represents the estimated upper limit gF) (3 N or6r"Our technique already incorporates the scenario wher
Table 1_)' ) species has been lost due to historic land use changes, i.e.,
Two issues need to be addressed concerning the underlyéﬁgte of false presence, where a plant is present in a mod
assumption that paired samples represent the same vegetaﬂﬂaden but not in our m’odern vegetation survey. Furthermor

First, we explicitly define “vegetation” for woodrat middens a8 i technique also accounts for vegetation changes betwe
those plants located within 100 m of the midden, with the g 9 9

unstated assumptions that woodrats forage that far but each sample of paired paleovegetation middens, i.e., the sta

further and that this value is the same among all animaPs.false presence and false absence are summed to estimate

Although 100 m is reasonable given previous studies of woo pper limit of p(F). Although the scenario of a false absenc

rat foraging behavior (Wells, 1983; Betancoettal., 1986), or paired modern samples, i.e., a species invaded the lar

we need to consider whether an error in this assumption lea{&Pe after midden construc_:non was completeq, is a realis
to systematic biases in the results or simply increases randBfyicern. our result_s dp not |nd|cate_ a systematic error for €
sampling error. Systematic bias invalidates our techniquP€Cies (see Graminoid Herbs section below). A factor in ol
whereas increased random error influences the sample Sy thathelps reduce the potential for systematic error is tr
needed to get a valid result. Our method already takes iffft¢ mean difference in age between paired samples is appre
account the potential scenario where woodrats sample beydR@tely 80 yr, which is within the decades-to-century time
100 m and a plant only exists at distances greater than 100"Hggration that occurs during construction of a midden stratu
from the midden. This scenario results in a false presence, 4&hompson, 1985, 1990). Hence, the time period represent
as indicated above for the paired samples of modern vege¥-each sample of a pair overlapped for most paired sample
tion, we treat these as human sampling error and use tRRd a directional change in vegetation is more likely to increas
information to estimate the lower limit fqu(F). Nonetheless, sampling error than to introduce a systematic bias.

this scenario is unlikely to exist because the odds of a particularA list of sample locales, midden identification numbers, an
plant species always lying just outside 100 m from the middéadiocarbon ages is archived with Academic Press. In additio
for the 10- to 100-year period of midden stratum constructidhe complete data sets for 4 tax@ngsinckia tessellata, Chaen-
at all of the midden locales is effectively zero. Similarly, thectis douglasii, Cordylanthus ramosus)dCordylanthusspp.)
potential scenario that leads to a false absence (i.e., woode®s also archived with Academic Press to provide detaile
never forage to 100 m and a particular plant species alwagamples of our data analyses.
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RESULTS Shrub Taxa

Tree Taxa Thirteen shrub species were relatively abundant in the da

Estimates of the upper and lower limits fp¢T) and p(F) and occurred on average in almost half the sample pairs (T
were computed for 20 tree taxa that were present in bd¥es 2D and 3D). Mean values of upper and lower limits o
modern and paleovegetation samples. Of these taxa, four spié) for these shrubs were greater than those for trees, and t
cies were relatively abundant in both data sets (i.e., occurrecsecies had a lower limit for a false inference over 20%
at least 15% of the pairs in each data set; Table BNus Averaged over all the abundant shrub species, the probabil
monophyllaand Juniperus osteospermaccurred most fre- Of a false inference was between 10 and 20%. Two speci
quently in the pairs. The occurrence over all four species affdolodiscus dumosusndTetradymia glabratafailed the log-
over both data sets averaged 39% of the sample pairs (TaBf test. FoiHolodiscusthe upper and lower probability limits
3A). Lower probability limits for a true inference were greateyere close to each other, and a single change of a false abse
than 90% for these species. Upper probability limits for a fal$@ €ither a true absence or a true presence would be suffici
inference were less than 10% for all relatively abundant specfé§ Holodiscusto pass the logical test. Thus, the logical test fo
and low (less than 3%) for two specid@ddrcocarpus ledifolius this species seemingly failed due to random chance, and ad
andJuniperus osteospermaAveraged over all four tree spe-tional sample pairs would likely resolve the probability esti
cies, the mean probability of a false inference was less th&lates.

5%. For these relatively abundant trees, the upper probabilityThirteen shrub species were relatively rare in either one «
limit was greater than or equal to the lower limit, as would beoth sets of samples (Table 2E). The probability limits fo
expected from logic. This simple, logical test of the interndhese species were greater than those of the abundant spe«
consistency of the results indicates that these probability egtd onlyEriogonum microthecurhad a value fop(F) greater

mates are reliable for all four species. Given that the uppé&an 20%. However, only half of these species passed tl
limit for p(F) was between 0 and 10% for the trees and that thgical test (Table 3E). For five of the six species that failed th
methodology provides reliable probability estimates, we colfgical test, their occurrence in paleovegetation samples w
clude that the inference “absent from a particular woodrkgss than 10% and was also less than half that in mode
midden implies absence from the paleovegetation” is false l&g&mples. Thus, the probability estimates based on the mod
than 10% of the time for these abundant tree species. ~ vegetation sample pairs (i.g(T) upper limit andp(F) lower

Eleven tree species occurred, on average, in only 7% of tii@it) are more reliable than those based on the paleovegetati
paired vegetation samples (Tables 2B and 3B), and some plg@tple pairs because of the greater sample size. Additior
specimens could only be identified to the genus or family levealeovegetation sample pairs are needed to make better e
(Tables 2C and 3C). As with the more abundant tree specigtes of the lower limit op(T) and the upper limit op(F). For
the estimated probability of a false inference was less than 108¢ sixth species that failed the logical teBe{rophyton cae-
for all these relatively rare tree taxa. However, three speciggitosun), its occurrence in samples was less than 5%, and tf
(Juniperus occidentalis, Populus tremuloideand Salix upper and lower limits were so close in value that a singl
scouleriana failed the logical, internal consistency test that thehange between true and false inference would change t
upper probability limit is greater than or equal to the lowdpgical test from failure to pass. Because the logical test fc
limit. Upon close inspection of the data, we noticed that orfeetrophyton caespitosuraeemingly failed due to random
member of a pair may have plant specimens identifiable to tbleance, additional sample pairs again would resolve the pro
species level, but the other member would have specimeaility estimates.
only identifiable to a higher taxonomic level. Thus, a potential Four of the shrub genus/family taxa were relatively abundai
explanation for why these three species failed the logical tést the vegetation samples (Table 2F), whereas three we
was that the genus/family-level specimens actually were th@atively rare (Table 2G). (Note that although live plant spec
respective species but could not be identified to the specigens of the gener@hrysothamnusind Ephedracan be dis-
level because they lacked sufficient diagnostic characteristitisguished to the species level, plant specimens from midde
To test this potential explanation, we recalculated the prob@nnot be readily differentiated; thus we pooled the specie
bility limits for these species assuming that the genus/famiand genus-level dataGhrysothamnusnd Ephedraoccurred
taxa represented specimens at the species level. ForJbethin at least one member of 70—100% of the sample pairs and h
niperus occidentalisand Salix scoulerianathe recalculated a probability of a false inference between 10 and 30%, whic
upper and lower limits fop(F) were 0.000; thus, both speciesvas similar to that for many of the most abundant shru
now passed the logical test. F&opulus tremuloidesthe species. Only one of these seven takpilobiumspp.) failed
probability estimates did not change with the recalculationthe logical test. Like many of the rare shrub spedigsiobium
and the logical test still failed for this species. Thus, limits ispp. occurred much more frequently in modern samples, su
our ability to identify some plant specimens introduces songesting that additional paleovegetation samples are needec
uncertainty in the procedure for at least some species. make more reliable estimates of the upper limit [igF).
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TABLE 2

Probability Estimates of True and False Inferences for Individual Taxa

Probability estimatés

Frequency (%)

p (true inference)

p (false inference)

Growth form and relative abundance Modern samples  Paleoveg. samples  Upper limit  Lower limit ~ Upper limit ~ Lower limltogical test
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
Sambucuspp. 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
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Probability estimaté’s

Frequency (%)

p (true inference)

p (false inference)

Growth form and relative abundance Modern samples  Paleoveg. samples  Upper limit ~ Lower limit ~ Upper limit  Lower limltogical test
Chrysothamnugviscidiflorus,
nauseosys 100 83 0.741 0.714 0.286 0.259 pass
Ephedra{nevadensis, viridis' 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
Chenopodiunspp. 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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TABLE 2—Continued

Probability estimaté’s

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

Growth form and relative abundance Modern samples  Paleoveg. samples  Upper limit ~ Lower limit ~ Upper limit  Lower limltogical test

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 —
Chamaesycspp. 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
Gayophytunspp. 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,
sonchoideg* 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
Penstemorspp. 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
Sphaeralceapp. 7 6 0.963 0.943 0.057 0.037 pass
Stephanomeriapp. 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 —
Equisetunspp. 7 6 0.926 1.000 0.000 0.074 —
Poaspp. 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

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

® Probabilities of true inferencey(T), and of false inferencey(F), calculated as described in Table 1.

¢ 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 das!

4 Plant macrofossils cannot be differentiated to the species level.
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TABLE 3
Mean Probability Estimates for Taxa Grouped by Relative Abundance and Growth Form

Probability estimaté’s

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

Growth form and relative abundance Modern samples  Paleoveg. samples  Upper limit  Lower limit  Upper limit ~ Lower limitogical test

A. Tree: abundant species 37 40 0.991 0.957 0.043 0.009 100%
B. Tree: rare species 8 6 0.980 0.974 0.026 0.020 73%
C. Tree: genus/family taxa 8 9 0.993 0.960 0.040 0.007 100%
D. Shrub: abundant species 50 42 0.892 0.811 0.189 0.108 85%
E. Shrub: rare species 16 8 0.935 0.958 0.042 0.065 54%
F. Shrub: abundant genus/family

taxa 77 80 0.908 0.728 0.272 0.092 100%
G. Shrub: rare genus/family taxa 10 5 0.951 0.952 0.048 0.049 67%
H. Dicot herb: abundant species 35 40 0.951 0.795 0.205 0.049 83%
I. Dicot herb: rare species 12 12 0.963 0.905 0.095 0.037 86%
J. Dicot herb: abundant genus/family

taxa 34 43 0.910 0.714 0.286 0.090 89%
K. Dicot herb: rare genus/family

taxa 11 10 0.944 0.920 0.080 0.056 66%
L. Graminoid herb: abundant species 72 43 0.639 0.772 0.229 0.361 25%
M. Graminoid herb: rare species 42 8 0.644 0.954 0.046 0.356 20%
N. Graminoid herb: genus/family

taxa 25 24 0.947 0.878 0.122 0.053 57%

# Percentage of paired samples that taxa occurred in for modern vegetation and paleovegetation, averaged over all taxa within each growtte forr
abundance combination.

® Mean probabilities of true inferencp(T), and of false inferencegy(F), over all taxa within each growth form/relative abundance combination.

¢ Percentage of taxa within each growth form/relative abundance combination that passed the logical test.

Dicot Herb Taxa and 30% (Table 3J), whereas that for relatively rare tax
0 .
Six dicot herb species were relatively abundant, and Meng\_;_rage(;:?ss :_hanpl?/o (Tabled3é<t). Fhlve gen@a/glﬁtantha,
two were relatively rare in the vegetation samples (Tables ium, ~haceflia, Folygonunand Step ‘?‘”O”?e_rwa S0 con-
ined other plant specimens that were identified to the spec

and 2I). The lower limits of a false inference were simil | and 4'in both mod d pal tai
between these two groups and averaged less than 5% (Ta &' and occurred In both modern and paieovegetation sal
es. Data for these genus/species can be pooled in two wa

3H and 3I). However, the upper limit of a false inference fof :
abundant dicot herbs averaged twice that of the rare specied, 35SUMe that the genus-level specimens actually were
Over 80% of the dicot herb species passed the logical test tRafticular species and recalculate probability estimates for t
the upper probability limit is greater than or equal to the lowdpdividual species; (2) pool all individual species with the
limit. Of the four species that failed the test, three speci@§nus-level data and recalculate probability estimates for t
(Chaenactis douglasii, Cordylanthus ramosasgd Smilacina 9€NUs- Interestingly, the first method only sllghFIy narrowed th
stellatg had nearly identical upper and lower limits and thudifference between upper and lower probability estimates ft
likely failed the test due to random chance. The other specf individual species because genus-level specimens of
(Stephanomeria spinopavas much more abundant in modervere in the same sample as species-level specimens. T
samples than in the paleovegetation samples. For all fgigcond method also generally narrowed the difference betwe
species, additional samples would likely help resolve the pro#Pper and lower probability estimates, except @yptantha
ability estimates. The importance of additional sample pais®p. ForCryptanthaspp., the upper limit op(F) increased to
also is suggested by data f6ordylanthus ramosusn addi- 0.343 and the lower limit decreased to 0.111, and the gen
tional 8% of the paleovegetation pairs had plant specimens tHzgn passed the logical test. In addition, twelve genera h:
could only be differentiated to the genus level. If we assunfdant specimens that were identified to the species level
that theCordylanthusspp. specimens are actualordylan- modern samples only (data not shown). For five genéfa (
thus ramosusind pool these data, then the upper limip¢F) lium, Cirsium, Machaeranthera, PenstemamndUtica), com-
increases to 0.086 and the taxon passes the logical test. bining the modern-only data with the genus-level data had littl
The probability of false inferences for abundant dicot heréifect on the probability estimates for the genera. For si
genus/family taxa was relatively high and averaged betweendénera Balsamorhiza, Crepis, Descurainia, Gilia, Lepidium,
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and Lupinug, pooling the modern-only data with the genusbetween 7 and 11%. For some taxa, suchlasiperus os-
level data narrowed the difference between the upper and loweospermaand Pinus monophyllathe probability of a false
probability estimates. For the last gen&si¢gonun), includ- inference is even lower, in these cases between 0 and 6%. |
ing modern-only data greatly increased the lower limip(f) other taxa, especially graminoid herbs, the probability of .

to 0.593 and caused the logical test to fail. false inference can be higher, in some cases greater than 4(
Our method also provides a simple, logical test of internal da
Graminoid Herb Taxa consistency. Seventy-two percent of the taxa passed this te

o , .. indicating a high degree of reliability for the probability esti-
Graminoid herb species had the greatest lower limit of flates. The method is especially robust for species that &

false inference as well as the highest percentage of species Fg?altively abundant. For all abundant species except graminc
failed the logical test (Tables 2L, 2M, 3L, and 3M). At thenerbs 87% passed the logical test.

genus/family level, probability estimates for graminoid herbs This procedure is also generally reliable for relatively rare

were similar to those of the other growth forms, but over 40%, o (i.e., taxa that occurred in less than 15% of the samg

of the taxa still failed the logical test of data consistency (Tab irs). Fewer rare species passed the logical test than 1
3N). These greater probability estimates at higher taxono. Eiatively abundant species (74% for all rare species exce

levels sugggst that our inability to diff_erentiate among SPeClgpaminoid herbs versus 87% for abundant). However, the me
for the fossil material may be a major reason that so mal er and upper limits ofp(F) for rare species (0.041 and

graminoid herbs failed the logical test. Random chance aa_cb63’ respectively) werlessthan those for abundant species

small sample size_s for paleovegetation also likely account f@f.076 and 0.168), which suggests that the probability of mal
some data inconsistencies. Regardless of the reason, ourak“l, false inferences for rare species is lower than that fc

to make inferences about the absence of graminoid herbs frgR}, ,4ant species. The smaller estimatep(6}) for rare spe-

the vegetation Wh?n t.hey are absent from a midden Sampleci'és seems, at first, counterintuitive. Because a rare species
low for many gram|n0|d taxg. For example, even@nyzopsis . the vegetation is expected to have a low abundance in t
hymenoidesyhich occurred in aimost 80% of the sample palrF‘espective midden strata, the portion of each stratum actua

and passed the logical test, a false inference would be m%%?‘npled is unlikely to contain the species. Thus, the state

over 30% of the time. ) true presence, (1,1), is expected to be at least as rare as the <
The occurrence oBromus tectorumand the dicot herb of false absence, (0,1). On the other hand, the state of tr

Erodium cicutariumin “paleovegetation” samples initially absence, (0,0), should be the most abundant state for r

Seems incongruous, as these two species were inf[roduced gbtgcies. Because the probabilistic support for making a corre
North Amerlca_by Europeans. .However, all the midden S@Kference includes both true presence and true absence, the ¢
ples that contained these species were less than 120 years&lg,mw valuep(1,1) plus a high valug(0,0) yields a number

which would be consistent with their recent and rapid inv%uch greater thap(0,1). Thus, lower probabilities for rare
sions. For example, Mensing and Byrne (1998) documentglgecieS are rational.

that_ the_range expansjon Bt _cicutariumnear Santa Barbara, " -, many of the taxa that failed the logical test of dat:
California, was so rapid that it actually preceded settlement %nsistency, we have presented three explanations for w

Spanish missionaries. These two taxa also prowd_e 'nS'QHEy failed. First, some plant macrofossils lack diagnosti
about the potentlgl for systematic errors betwgen paired S§lRa acteristics that allow identification to the species leve
ples caused by Q|rect|onal changes in Vegetat'on (see abc)\Cf‘ansequently, we lacked definitive verification that the specie
Both taxa potentially represent the scenario of a false abse present in the second member of a paired sample, and
for palrgd modern samples, .., species invaded the '?‘”dscé‘%me pair was incorrectly classified as false absence. Ider
aftgr midden construc.uon was completed. Howeﬁer,qpu- fication limitations appeared to be important for two tree spe
tarium passed the logical test and had a low probability of &es Quniperus occidentaliand Salix scoulerianpand for a

fglse mference.(TabIe 2'_)' Th_us, systemqtlc error from dlreﬁ'umber of dicot and graminoid herb taxa. Pooling species-lev

thnal change_s in vegetation Q|d not occur in gll cases where W8d genus-level data often narrowed the difference betwe

might e_xpect it and, hence, did not compromise our assumptllgaper and lower probability limits and was sufficient for some

that paired samples represent the same vegetation. taxa to pass the logical test. A second explanation for da

discrepancies is random chance (i.e., the upper and low

DISCUSSION probability limits are so close that a single change from fals

absence to true presence is sufficient for the taxon to pass

We have demonstrated a reliable method to estimate tbgical test). Random chance may be especially important fi
upper and lower limits for the probability of false inference orelatively rare taxa, as exemplified by the dicot h€brdy-

the absence of an individual plant from the paleolandscalamthus ramosusAs sample size increases, we expect that th

when that plant’s fossils are absent from woodrat middensgpper and lower limits will converge toward the actual prob

Averaged over all taxa, the probability of a false inference &bility of a false inference. Thus, even though an abunda
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taxon may fail the logical test because of random chance, thiso highlights taxa that may need additional sampling. Finall
estimates of a false inference may still be reasonable apprthxe procedure has high reliability for both relatively abundar
imations ofp(F). Third, some taxa occurred much more freand relatively rare taxa.
quently in the modern vegetation samples than in the paleo-Our method can be applied readily to other types of strat
vegetation samples. In these cases, we expect that probabditgphic sampling, such as the analysis of macrofossils fro
estimates based on modern vegetation data are more reliaadiment cores or of fossils from biostratigraphic units. Typi
than those based on paleovegetation samples, and additiaadlly, broader application will require broader definitions o
paleovegetation pairs are needed to resolve the upper limit ferms and analogous assumptions. In an example of a broa
a false inference. definition, where we would use the term “vegetation” other
A fourth explanation for why taxa failed the logical test mayvould use the term “landscape” to indicate the biota within
be the selectivity of woodrats against particular taxa. Woodrsppecific geographic area from which the fossils in a strat
middens generally are accurate representations of species rgilaphic sample are derived. Thus, the landscape for midd
ness in the animal’s environment (Dial and Czaplewski, 199®amples is the area within 100 m of the midden, but th
but not necessarily of their abundance. When woodrats selletdscape encompasses the area within 30 m of the pon
against a certain taxon, then we expect a high occurrencesbbre for conifer macrofossils from sediment cores (Dunwic
false absences in the paired samples of modern vegetation (d&, 1987). An assumption analogous to “behavioral patterns
present in the modern vegetation survey but absent from theodrats are the same as each midden in a paired sample
recent midden sample) but a low occurrence of false absencesstructed” is “depositional and compressional characteristi
in the paleovegetation samples (i.e., equally rare in each mate the same for both stratigraphic samples.” Clearly, ot
den sample). Hence, the occurrence of the taxon in the mod&rohnique is most useful for extant taxa. For extinct species, t
samples should be much greater than in the paleovegetatiethod does not provide an internal check of the results, but
samples. Furthermore, the lower limitpfF), which is derived is still useful because the worst possible cases (lower limit ¢
from the modern sample pairs, should be much greater than thee inference and upper limit of false inference) are estimate
upper limit p(F), which is derived from the paleovegetation
pairs. Some taxa that failed the logical test, such as the shrubs ACKNOWLEDGMENTS
Eriogonum heermannandE. microthecunand the dicot herb
Stephanomeria spinoshad data that fit this pattern. However, we thank J. Lyons-Weiler for help in formalizing the probability estimates:
the extent that woodrats select against these taxa is unknawallen, L. Bellis, C. Biggart, M. Brown, J. Menasco, T. Morgan, and M.
and requires additional studies. Thus, for taxa that are avoidégjrison for heflp Vl;IitIh f'alb and field work; andl_R-dTh?tmfion and an ?noﬁx]/
HR H H reviewer 1or mmen nan riier ar man rnpt.
by wootats, the probabilty estimates derived from the mofJES ever ot conerts o an eer dratof e maruscrot
ern sample pairs (I'e" upper l"m(T) and lower |Im|tp(F)) Service, and the Nevada Agricultural Experiment Station.
are reliable, which is similar to the conclusion reached in the
preceding paragraph for taxa that occur much more frequently
in modern pairs, but we do not expect that additional paleo-

vegetation pairs would help re$0|ve the data dISCrepanCy‘Bgcck, M. W. (1996). On discerning the cause of the late Pleistocene megafe
woodrats selectetbr a taxon, this effect should have only a pg extinctionsPaleobiology22, 91-103.

small in_ﬂuence on probability estimates because: (1) Opnnington, J. B., and Bambach, R. K. (1996). Statistical testing for palec
method is based upon presence/absence data rather than abdsmmunity recurrence: Are similar fossil assemblages ever the sam
dance, and (2) the method already accounts for the state dfalacogeography, Palaeoclimatology, Palaeoecol®gy, 107-133.
false presence. Betancourt, J. L., Van Devender, T. R., and Rose, M. (1986). Comparison

Although inferential and statistical methods are available toP!ant macrofossils on woodraNgotomasp.) and porcupineBfethizon

. . dorsatum middens from the western United Statdsurnal of Mammalogy

evaluate gaps in the fossil record (Blat al., 1991), our o %cc"0n
m_ethOd has four_advantages_ compared t_O eXIStmg tGChmqqﬁzﬁ’t, H., Berry, W. B. N., and Brande, S. (1991). “Principles of Stratigraphic
First, the evalu_atlon ofa part|cular_ ta_xon is made independenfnaysis.” Blackwell Scientific, Boston.
of features derlveq from characteristics O_f the stratum, suchg@sicot, A. J. (1996). Epilogualacogeography, Palaeoclimatology, Palaeo-
from the paleoenvironment or from association with other taxa.ecology127,339-359.
The only requirement for our method is that the pair of samplesgtt, C. E., Ivany, L. C., and Schopf, K. M. (1996). Coordinated stasis: Al
is representative of the same locale and time period. Second@yerview.Palaesogeography, Palaeoclimatology, Palaeoecolbgy, 1-20.
accuracy of the probability estimates generally can be iRial, K. P., and Czaplewski, N. J. (1990). Do woodrat middens accuratel
creased simply by increasing sample size. As sample Sizéepresentthe animals’ environments and diets? The Woodhouse Mesa stu
. - - In “Packrat Middens—The Last 40,000 Years of Biotic Change” (J. L.
increases, the upper and lower probability limits fgF), as

Betancourt, T. R. Van Devender, and P. S. Martin, Eds.), pp. 43-58. Uni
well as those forp(T), converge (except for taxa that are of arizona Press, Tucson.

selected against by the woodrats). Third, the methodolog¥nwiddie, P. W. (1987). Macrofossil and pollen representation of conifero
provides an internal consistency check of the results, whichrees in modern sediments from WashingtBrology68, 1-11.
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