Using fossil leaves as paleoprecipitation indicators: An Eocene example
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ABSTRACT

Estimates of past pecipitation are of broad interest for many areas of inquiry, including
reconstructions of past envionments and topographyclimate modeling, and ocean aiulation
studies.The shapes and sizes of living leaveseahighly sensitive to moistue conditions, and
assemblages of fossil leaves of flowering plants haveat potential as paleopecipitation indi-
cators. Most quantitative estimates of paleomcipitation have been based on a multivariate data
set of morphological leaf characters meased from samples of living vegetation tied to climate
stations. Howeverwhen tested on extant fagsts, this method has consistently ovestimated pre-
cipitation. We present a simplerapproach that uses only the mean leaf aa of a vegetation
sample as a pedictor variable but incorporates a broad range of annual pecipitation and gee
graphic coverage into the pedictor set. The significant relationship that results, in addition to
having value forpaleoclimatic reconstruction, refines understanding of the long-observed posi
tive relationship between leaf aga and precipitation. Seven pecipitation estimates forthe
Eocene of thaNVestern United $ates are revised as lowethan previously published but emain
far wetter than the same aeas todayAbundant moisture may have been an impdant factor in
maintaining warm, fr ost-free conditions in the Eocene because of the majaie of watervapor
in retaining and transporting atmospheric heat.

INTRODUCTION forests, with the result that both mean annual and growing season precipita
Fossil leaves are a rich source of information about past rainfah are consistently overestimatedifle 1).

because the morphologies of living leaves, and leaf size in partiatdar An alternative to methods based on CLAMR reexamination of the

greatly influenced by available moisture (Raunki&®84; Richards, 1996). positive univariate relationship between leaf area and annual precipitation

Because leaves transpire water into the atmosphere and have a high rgigetfb, 1968; Dilcherl973; Dolph and Dilchefi980a, 1980b; Hall and

surface area to volume, plants in drier climates tend to have smaller le®vesine, 1981; Givnish, 1984). Givnish (1984) quantified this relationship

because they cannofafd the elevated water loss required to maintaifor a broad range of forest types in SoAtherica, Costa Rica, and

large leaves (Givnish, 1984vailable waterwhich is controlled by many Australia and found it to be significant. Preliminary tests of Givsish’

factors including precipitation, evapotranspiration, temperature, seasoeqliations with new data gave promising results, leading to the revised and

ity, and soil conditions, appears to be the primary control on the size oégpanded analysis presented here.

average leaf (Givnish, 1984; Richards, 1996). Mean annual precipitation is

a proxy for available water that is both readily available from climate sta

tions and applicable to a wide variety of reseaftte emphasis of this

paper is therefore on the correlation between mean annual precipit

(MAP) and leaf morphology

TABLE 1. PRECIPITATION IN LIVING FORESTS, ESTIMATED FROM
MULTIPLE REGRESSION ANALYSIS OF THE CLAMP DATA SET

Recent paleoprecipitation estimates have been bas¥dblbeis Forest Estimated Actual
(1993) Climate Leaf-Analysis Multivariate Program (CLAMP), whic (cm) (cm)
ordinates a multivariate data set of leaf-morphologic characters scored (1) Uganda, woodiand 2437 164" 1247 60.5
modgrn vegetat?ongl samples that are a.ssoc.iated .with.clime.tte static g; gg:{‘:;’i(gf)gr;%?arigsfgrﬁsatﬁonal Park g?g, gggg 13%143'9
provide a quantitative framework for estimating climatic varialles. 4y panama, Barro Colorado Island 494% 2617
CLAMP samples are primarily from Norfkmerican forests, and few are¢ (5 Puerto Rico, Guanica Forest 162* 86.0"
from the moist tropics. Estimates of MARd other variables such as grow  (6) Pennsylvania, York County 260° 104"
ing season precipitation have been derived either using CL@&WbFe, (7) Pennsylvania, Allegheny National Forest 258° 116”

Notes: Uganda data from Jacobs and Deino (1996); Costa Rica data

1994; Herman and Spicer996, 1997) or multiple regression analysis , ! ¢
from Burnham (1997). Estimates (1-3) used multiple regression models of

the CLAMPdata set (Wg and Greenwood, 1993; Greenwood, 19¢

Gregory and Mclintosh, 1996). Most of these authors have noted the-ap
imate nature of the statistical fits andyed caution when interpreting
results. Only the multiple regression approach has been tested on |

*E-mail: wilfp@nmnh.si.edu.

Geology;March 1998; v26; no. 3; p. 203-206; 3 figures; 3 tables.

Wing and Greenwood (1993). Estimates (4-7) are from “subsamples” of Wilf
(1997), multiple regression model of Wilf (1996).

*Mean annual precipitation.

*Three-month growing-season precipitation.

$Total growing season precipitation. For the Pennsylvania samples,
mean annual precipitation is therefore estimated as > 258 cm.
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LEAF AREA AND PRECIPITATION? DISCUSSION

We selected fifty vegetation samples from living forests for our pre  Leaf-area analysis, a univariate method, is more significant and has an
dictor set (&ble 2), encompassing a wide variety of climates and vegataelose to or greater than those of various multivariate models based on the
tion. No samples were included from areas with few climate data, extrebhleAMP data set (Whg and Greenwood, 1993; Gregory and Mclintosh,
winter cold and dry growing seasons, severe human modification, hi¢#96; Herman and Spicé996).The benefits of using data from more than
salinity, or marked nutrient deficiencies. Samples with fewer than t&6e major area are clear (Fig. 2). None of the six subsets of data covers the
species were excluded because above this value regression statistics were

highly similar, but below about 16 species the fit deteriorated. Plants TABLE 2. SUMMARY DATA FOR PREDICTOR SAMPLES

were not native, dicotyledonous, woodyd leaf-bearing were excluder

. L . . Sample Mean annual Mean In Number of
whenever they could be identified as such from species lists, as were precipitation  (leaf area,  species
groves, which typically inhabit saline environments. Ground herbs w (cm) mm’) measured
uniformly excluded. (1) SSA, Monte scrub 10-30 3.94

The mean of the natural logarithms of the spetse$'areas (MinA) (&) TSA. Thom scrub 15-40 5.83

. L. o (3) SSA, Arid Chaco woodland 30-40 4.50

was estimated for each sample_ln either of two ways: directly from l¢ (4 15’ Thom forest 40-70 7.03

area measurements when possible, for seven samplies,the other 43  (5) SSA, Western Chaco forest 45-70 5.85
samples, from the proportions of species reported in each of the tradit (6) Ghana, rainfall zone 1 50-75 7.62 17
RaunkiaeiWebb size categories (Raunkiae®34;Webb, 1959; Fig. 1; gg j:ﬂ::g: gj::;fe?n“gzsman g gg g'li ;Z

'I'_able 2). For compou_nq leaves, Ie_aflets were used instead of leaves. (g ssa, Central Chaco forest 70-90 6.56
size classes were originally nged into one, separate values for the tv (10) Puerto Rico, Guanica Forest 86 6.49 126
size classes were log-interpolated. (11) Ghana, rainfall zone 2 75-100 777 94

: : (12) SSA, Transition forest 80-100 6.92

For the direct measurement appro_ach, we used either actual n (13) TSA, Deciduous forest 80-120 8.00
urements.of leaf area or length gnd width .data from manuals, SUL (14) pennsylvania, York County 104 7.79 56

mented with U.S. National Herbarium material. For the |aditea values (15) SSA, Eastern Chaco forest 90-120 6.82
for each species were calculated as the mean of the natural log areas (éﬁ) Ma’V'a"?rlim"hsonr"ag t m 8.27 27

= nvironmental Hesearc enter
smallest and Igest Iea_lves, where leaf area was approximated as t (17) Jamaica, Dry evergreen thicket 142 723 58
thirds lengthx width (Cain and Castro, 1959he MinAfor the 43 samples  (18) Ghana, rainfall zone 3 100-125 7.95 309
scored with size categories was MIr/3 g p, whereg, represents the  (19) St. John, woodland 113 6.63 173
seven means of the natural log areas of the size categories (2.12, Eg?; §SA’ Gf"er.y fCXITSth Ntl. Forest 10?;1330 3'32 47
. ennsylvania, egheny . Foresi .
6.51,. 8.91, 9.1, 10.9, and 13.1), amﬁ represents the proportions o (22) St. John, moist forest 120 6.95 207
species in each categoBecause the size classes are mostly a geome (23) Ghana, rainfall zone 4 125-150 8.08 457
series with a factor of nine, the lower bound of leptophyll was taken as (24) Costa Rica site 7 151 7.86 30
upper bound divided by nine, and the upper bound of megaphyll a: gg; g°:iz Q!g:;;";’ga 123 g-(‘)g ;g
T . . . . . . .. 0. ([ B

lower bound multiplied by nine (Givnish, 198%his computation is simi (27) Costa Rica site 6 160 8.9 37
lar to Givnishs “average width” (Givnish, 1984) and to the leaf size ind (28) Ghana, rainfall zone 5 150-175 8.15 495
(LSI) of Wolfe and Upchurch (1987As a cross check, we converted i (29) Costa Rica site 28 174 7.69 19
directly measured samples to Raunki#égbb categories; changes ii (30) Costa Rica site 29 174 7.95 16
derived MInAwere small (maximum of 0.24) (81) Costa Rica site 27 17 810 27
e ! esm _ 24) (32) Costa Rica site 25 185 8.90 23
The highly significant fit of MInAas a function of mean annual pre (33) Ghana, rainfall zone 6 175-<200 8.23 375

cipitation is shown in Figure Zhe fit can be inverted for paleoclimatic pur (34) Nigeria, Omo Forest Reserve 208 8.62
poses so that MAR the dependent variable: IN(MAP) = 0.548 MIrA gg; gg::: g:gz z::: 22 ggg g'g‘; ?g
0.768,r 2= 0.760, standard error = 0.359(1,48) = 152p = 1015 Wewill (37) Costa Rica site 22 253 .91 1
refer to the application of the preceding as leaf-area andlgsigjuality of ~ (38) Costa Rica site 4 254 9.20 24
fit is lower when In(MAP) is regressed against USI£ 0.720,F = 124).  (39) Panama, Barro Colorado Island 261 8.07 627
We also compared the slope of the relationship of MAR function 22‘1’; 3?;! mgzi’i’t‘:gfe'em ggg g'j; ! 2309
of the percentage of species with Ie_trge leaves in our data set to that (49 costa Rica site 20 204 8.74 23
CLAMP data set ofNolfe (1993; Fig. 3). Because the percentages (43) Puerto Rico, Bisley Watersheds 350 7.95 131
species in the two largest size categories in CLAMB. 1) are values (44) Costa Rica site 7 365 8.50 19
closely associated with moisture ¢4é, 1993), a steeper slope in th 82; ggz:: 2:2: ::::12 ggg g':z 23
CLAMP data set than in ours might explain the consistent pattern ef 0 (47) costa Rica, Osa secondary 430 9.29 18
estimated MAReen iTable 1. For the CLAMEata set, the percentage ¢ (48) Costa Rica, Osa ridge 435 8.47 18
large leaves was taken as the summed percentage of mesophylls 1 (49) Costa Rica site 2 460 9.24 29
{50) Mexico, Los Tuxtlas 464 8.50 64

(Fig. 1) and for our data set as the summed percentage of mesop
macrophylls, and megaphyllEhe comparison is not exact because t
CLAMP mesophyll 1 category includes the upper part of the Raunki:
Webb notophyll category (Fig. Tjhe result of this mismatch should be thi
most CLAMPsites have a higher percentage of species wijh laaves at
a given MARhan do our sites, and that the slope in question is lower ir
CLAMP data set than in our data set. Instead, the reverse is true: the
within CLAMP is significantly higher (Fig. 3)Ve suggest that this steey
slope causes overestimated mean annual precipitatible (T).

1All supporting data and an overlay for measuring leaves are availabM/fifom
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Notes: SSA = subtropical South America; TSA = tropical South America
(Sarmiento 1972). When a range of annua! precipitation was given, the midpoint
value was analyzed (187.5 for Ghana zone 6). Number of species given when
precisely known. Numbered Costa Rica sites correspond to site numbers in Dolph
and Dilcher (1980a), climate data from Holdridge et al. (1971). Leaf areas for
samples 10, 16, 19, 22, 39, 43, and 50 calculated from direct measurements;
otherwise from size categories. Samples 14 and 21 are “subsamples” of Wilf (1997);
samples 10, 19, 22, 39, and 43 are “samples” of Wilf (1997). Ghana data: Hall and
Swaine (1981); Jamaica: Loveless and Asprey (1957); Puerto Rico: Little and
Wadsworth (1964); Little et al. (1974); Acevedo-Rodriguez and Woodbury (1985);
Chinea et al. {1993); Maryland: unpublished data furnished by G. Parker; St. John:
Acevedo-Rodriguez (1996); Costa Rica samples 25, 47, 48: Gentry (1969); Dolph
and Dilcher 1980b; Nigeria: Richards (1939, 1996); Panama: Croat (1978); Brazil:
Cain et al. (1956); Mexico: Bongers et al. (1988); Bongers and Popma (1990).
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entire range of either axis, but the subtrends are subpaidlllelit the EOCENE EXAMPLE
CentralAmerican subset are primarily either above or below the trendline, Geological data have long indicated that the early to early middle
which reflects some combination offdifences in primary data collectionEocene of the U.SVestern Interior was much warmer than toedh gen-
and real variation among forests. For example, the low MfrtheWest erally frost-free winters (e.g., Roehl&893). Proxy paleoprecipitation data
Indian samples may result from the drying and destructfeetsfof high are critical for improving understanding of this unusual time pevitag
winds.The overall trend is probably not linear for the driest or the wettestd Greenwood (1993) presented M&sEmates based on the CLAM&a
climates, where biological stresses are maximixethe dry end, MInA  set for six early and middle Eocene floras fromlestern Interior and one
appears to decline abruptlyf tife regression line (Fig. 2Jery wet climates from theWest Coast, using two predictors, the percentages of species having
typical of cloud forests were not sampled. Cloud forest leaves can be n{iighrip-tips and (2) leaves in the mesophyll 2 category (Figih&)size cat-
smaller than leaves at lower and drier elevations in the same region (egptizations were made from a data set of length and width measurements of
Howard, 1969)The lack of extreme values of MARour data set should the fossil leaves. Using these same data, we derived MidAeestimated
therefore be noted by ecologists, but this omission is probably unimporaieo-MAPfor the fossil samples with leaf-area analysis.
in the context of paleoprecipitation because desert and cloud forest floras All seven revised estimates are lowal{le 3).The greatest change is
are very rare in the fossil record. for Bear Pawwhich drops by more than half and is the only case where

The scatter in the regression (Fig. 2) mandates that leaf-area anadyaigdard error bars of the original and revised estimates do not overlap; Bear
be used with caution. Estimates based on several contemporaneous Resihas the highest percentage of species with drip-tips (bbéaevised
samples are preferable to those from single sampéestrivigly advise the estimates rank in a logical fashion. Chalk Bip€alifornia, emeyes as the
use of supplemental data, including the distributions and characteristiosattest sample, which is consistent with its being the only site near the
coals, clays, red-beds, and evaporites and the judicious analyses of fosa#t. Green Rivethe youngest sample, ranks driest in both analyses, in
flora and fauna belonging to ¢gr extant clades with narrow moisture toleraccord with floristic evidence and vast evaporitic deposits in parts of the
ances. Care must be taken with samples of fossil leaves to accounBfeen River Formation indicating intermittent dry periods (MacGinitie,
taphonomic removal of lge leaves prior to deposition (Greenwood, 1992)969; Roehlerl993) The Bear PanSepulcherKisinger Lakes, and/ind

River samples are intermediate both in age and in estimatecbbABen

147 4 1+ 4 A
M 500
Figure 1. Two systems of leaf- 124 g g o =
area classification, shown on " i -]
natural log scale: Raunkiaer - Ma Me2 5 400 ¢ o "D/
Webb (Webb, 1959) and  g~4q | = e
CLAMP (Climate Leaf-Anal y- £ = 300- PP
sis Multiv ariate  Program: £ Me S
Wolfe, 1993). CLAMP siz es N Me1 3 o O
were measured fr om Wolfe @ 87 No Mi3 Ef .
: P () T 200
(1993, p. 25) using digitizing fud ) - Z2 O
tablet. Abbreviations: Le = <C Mi Mi2 =
leptoph yll, Na=nanophyll, Mi ‘g 64 £ 100
= micr ophyll, No = notoph ylI, E'.) Mid 3 o— CLAMP
Me = mesoph yll, Ma =macro- T N = - -O- -This paper
phyll, Mg = megaph yll (Lel = c 44 a Le2 0 pap
“leptoph yll 1,” etc.). Cutoff e (T 2'0 4'0 6I0 8|0 100
values (in mm 2): 25, 225, Le o . .
2025, 4500, 18225, 164025 o Le1 %Species with large ieaves
(Raunkiaer -Webb); 19,91, 392, v v _ _ N
1420, 3516, 6226 (CLAMP). Figure 3 Re_gressmns of mean annual precipitation (MAP) vs. percent
of species with lar ge leaves for CLAMP data set (W olfe 1993) and leaf-
0 T area analysis data set of this paper (T able 2). For CLAMP: MAP =
Raunkiaer-- CLAMP 6.18(%mesoph yll 1 + %mesoph yll 2) + 47.5, r2 = 0.439. For leaf-area
Webb analysis: MAP = 3.77(%mesoph ylls + %macr ophylls + %megaph ylis) +

47.0,r2=0.554. Difference in slope is significantat ~ p <0.001 level, using

equality test of Sokal and Rohlf (1995, p. 498).

* Subtropical S. America O West Africa
O Tropical S. America @ North America

10 et s - Contal Americ TABLE 3. ESTIMATED MEAN ANNUAL PRECIPITATION
FOR SEVEN EARLY AND MIDDLE EOCENE FLORAS
- 9] Flora (Ma)* Wing and
(3]

Eg?ézfzérgﬂ; ?'\;Illrr:zt)ugzl E o Greenwood'(1 993) This paper
a function of mean < (cm) {cm)
annual precipitation o Bear Paw (49-51) 277 130 +56.1,-39.2
(MAP): MInA = 1.39 < 7 Sepulcher (50-51) 195 136 +58.8,-41.0
In(MAP) + 0.786, r2 = S Camels Butte (53-55) 162 157 +67.6,-47.2
0.760, standar d error =61 Chalk Bluffs (50-52) 241 160 +68.9,-48.1
=0.572, F(1,48) = 152, £ Green River (45-48) 116 84 +36.2,-25.3
p = 10715, Data from S 57 Kisinger Lakes (49-50) 129 110 +47.4,-33.1
Table 2. < Wind River (50-51) 149 104 +44.8,-31.3

41 *Age estimates from Wing and Greenwood (1993).

'Standard error is £58.0 cm.
g 2 3 2 5 p 7 fSingle standard errors shown are asymmetrical because they

In (Mean Annual Precipitation, cm) were converted from logarithmic units.
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the older Camels Butte and the younger Green River samples, possieiynanA. B., and SpiceR.A., 1996, Palaeobotanical evidence for a warm Creta-
indicating a regional drying trend. ceousArctic Ocean: Nature, 380, p. 330-333.

. - A . HermanA. B., and SpiceR.A., 1997, New quantitative paleoclimate data for the
_T_he revised estimates, although Io,v@hndlcate much more humid Late CretaceouArctic: Evidence for a warm polar ocean: Palaeogeography
condltlpns than are f_ounq at basinal elevations of the same areag\ateay PalaeoclimatologyPalaeoecology. 128, p. 227—251.
vapor is the most significant of the greenhouse gases, contributing twHdlridge, L. R., Grenk&V. C., Hathewayw. H., Liang,T., andTosi, JA., Jr, 1971,
three times the atmospheric heat retention of carbon dioxide in the modern EOYGSt ?g'fonments in tropical life zongspilot study: Oxford, Pggamon
atmo .g., Bigg, i ress, 147 p. . . .
¢ Sp:][ere (e g_blBlgg ]HQQWaterfvapo.r IS allso the _age_nt ﬁf Iatelntéle oward, RA., 1969,The ecology of an elfin forest in Puerto Rico, Bidies of stem
ransport, a possible mechanism of continental warming in the early Eocene growth and form and of leaf structure: Journal oftreold Arboretum, v50,

(Sloan et al., 1995). High humidity may help to explain the frost-free nature p. 225-261.

of early to middle Eocene climates in the western Uniteg:S Jacobs, B. FFand DeinoA. L., 1996, Test of climate-leaf physiognomy regression
models, their application to two Miocene floras from Kenya, *éd3°Ar dat-
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