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ABSTRACT 

Erosion beveled the Laramide Front Range uplift in Colorado to a surface 

of low relief by the end of the Eocene. This study uses paleobotanic climate 

analysis techniques to determine the paleoelevation of this regional surface by 

examining the overlying 34.9 Ma Florissant flora. Multiple regression models 

explaining 93.4 % of the variance in mean annual temperature (MAT), 86.1 % of 

the variance in growing season precipitation (GSP) and 65.7 % of the variance in 

rainfall distribution were derived from J.A. Wolfe's dataset of 31 leaf 

physiognomic character states from 86 modern vegetation sites. When applied to 

a new collection of 29 species from the Florissant flora, estimates of MAT = 10.7 ± 

1.5 ec, and GSP = 55.6 ± 12.5 em, with precipitation occurring mostly during the 

growing season, are derived. This paleoclimate estimate is corroborated by data 

from late Eocene Sequoia affillis from Florissant. Higher mean ring width of the 

fossil trees as compared to modern counterparts can be explained by a climate 

with summer mean monthly temperatures ~ 14 ec and summer mean monthly 

rainfall> 1.5 em. 

The estimated MAT, when combined with coeval sea level MAT and 

terrestrial lapse rate, implies an elevation of 2.3- 3.3 km for Florissant, which is 

indistinguishable from the modern elevation of 2.5 km. The elevation of 

Florissant is tied to that of the Great Plains by the Wall Mountain Tuff, so the 

Great Plains were also high. The elevation was created either by underplating 

and/ or mass transfer in the Laramide, or by mantle uplift of crust thickened by 

pre-Laramide tectonics. 



14 

This elevation estimate implies that: 1) Pliocene uplift is not required to 

explain the present elevation. Thus, late Tertiary plateau uplift in the western 

US was not a contributing factor to the marked global cooling since 15 Ma; and 

2) in the late Eocene, regional surfaces of planation could be formed at 

elevations significantly above sea level but below tree line. The surface was 

possibly formed from a lack of storminess; a preponderance of small storm 

events will diffusively smooth topography. 
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INTRODUCTION TO THE DISSERTATION 
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Topography is one of the most important geophysical observations one 

can make on planetary bodies. Elevation is an obvious visual clue to the 

geologist that something is unusual about the crust and deserves attention. 

Absolute elevation, when combined with crustal thickness and gravity data, 

provides information on the state of stress of the crust. Elevation is an 

important measurement in other fields, also: the climatologist must have 

accurate elevation data in order to model atmospheric circulation. 

In the geologic record, paleo elevation data are much more difficult to 

obtain. Paleosea level is often identifiable because of the distinctive facies which 

occur in and near the coastal environment. Paleoelevation below sea level is 

also attainable; certain facies and certain organisms are characteristic of ranges 

of water depth. Much can be learned about basin tectonics by calculating a 

geohistory diagram, which plots the water depth represented by each successive 

unit in the basin. 

A "geohistory" diagram for uplifts would reveal much about tectonics, 

but unfortunately, terrestrial elevation data for the geologic past are generally 

lacking. Fission track data can be used to determine the exhumation of rocks, 

but surface uplift is the measurement of tectonic and climatic interest. (England 

and Molnar, 1990). The fission track ages and track lengths of minerals in rocks 

forming an uplift can be used to determine when those rocks passed the -100°C 

isotherm, or 3 - 4 km of burial. If data is obtained from an elevational transect, 

an idea of the amount of rock uplift can be obtained for that particular area. 

However, while the mean surface elevation of a mountain range decreases from 
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erosion, the future fission track transect might move up or down, depending on 

local amounts of erosion, as isostasy compensates for the regional average 

amount of material removed (England and Molnar, 1990). Thus fission track 

data give information on the cooling history of a certain crustal column, which 

does not necessarily represent the uplift history of an entire range. 

Of course, one of the advantages of reconstructing the history of the 

basins as opposed to uplifts is that the basins are areas of deposition and are 

preserving clues to their formation. Uplifts are eroding away, save some 

constructive volcanism. William Morris Davis thought the erosional landscapes 

of uplifted areas could be used to decipher tectonic history. In his geographical 

cycle, young landscapes were those that were recently uplifted: the uplands had 

modest relief which was deeply dissected. Mature landscapes developed as the 

streams continued to down cut and the greatest relief occurred in this stage. Old 

age low-relief landscapes, or peneplains, were created when the streams reached 

base level and through lateral planation, eroded the landscape to a surface of 

low relief. A peneplain was thus an indication that the land was close to sea 

level. If uplift occurred, the cycle began again. Thus, incision of a low relief 

surface was thought to be evidence of tectonic uplift. 

Geomorphic form can be an indicator of tectonics, but the problem with 

Davis' cycle was that climate change was not taken into account; the progression 

from dissected landscapes to high relief to low relief landscapes was presented 

as cyclical and inevitable. In the geologic record, response to uplift or drop in 

baselevel can be difficult to distinguish from a climate-induced increase of 

stream power. As of now one cannot look at a landscape and differentiate 
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between these driving forces. Other evidence must be presented in order to call 

upon one of these mechanisms for landscape change. 

An additional complication to deciphering tectonic history of uplifts is 

the interrelationship between climate and tectonics. Ruddiman and Kutzbach 

(1990) have shown how uplift of plateaus can affect climate. On the other hand, 

climate can affect tectonics: a roughening, erosive climate can increase the 

elevation of mountain peaks by removing material via deep canyons. Because of 

isostasy, the mean elevation decreases, but the elevation of the peaks increases 

(Molnar and England, 1990). So to infer tectonic history, not only does one need 

to know whether an observed geomorphic change is due to climate change or 

tectonics, one needs to know whether the climate change was due to tectonics, 

or the apparent tectonics were due to climate change! This chicken and egg 

situation is discussed in detail by Molnar and England (1990). 

The paleobotanic method of determining elevation, utilized in this 

dissertation, provides a way around the uplift versus climate change problem, 

and is the best method as of now of determining absolute surface paleoelevation 

of terrestrial environments. The method is based on the observation that climate 

cools as elevation increases. Because plant distribution is determined by 

climate, plant distribution then is also determined by elevation. This 

observation is not new, but recent work has made it useful to paleoelevation 

studies. 

Early workers using this concept compared the mean annual temperature 

(MAT) of a paleoflora, calculated by the floristic method, to the modem MAT 

for the area (Axelrod, 1966) or to paleoMAT when the area was thought to be at 

sea level (Axelrod and Bailey, 1976) and equated this to uplift. The floristic 
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method, in which the worker designates a closest living species to the fossil 

material, has been criticised for "its reliance on taxonomy andits assumption that 

the climate tolerance of the matching species did not change through geologic 

time (Chaloner and Creber, 1990). The paleoelevation calculation did not take 

into account global cooling; a decrease in MAT from the past to the present can 

be due to uplift, or it can be due to global cooling, like that which occurred 

during most of the Tertiary. Thus, these methods do not distinguish between 

cooling caused by tectonic versus climatic change. 

Wolfe and Schorn (1989) and Wolfe (1990; in press) introduced two 

important innovations: 1) climate change was taken into account by comparing 

MAT of a paleoflora in a tectonically active area to the MAT of a similarly aged 

flora from a tectonically stable area near sea level and 2) a dataset of 31 leaf 

physiognomic character states was collected, which when analyzed, allows more 

accurate estimates of MAT than the previous methods using floristics, a method 

which relies heavily on taxonomy, or single physiognomic character states. 

Response to climate and tectonics is still indistinguishable for a particular area, 

but in this method, the critical climatic variable (MAT) can be accurately 

calculated for both the tectonically active and a stable area. 

This dissertation uses and modifies this new paleobotanical method of 

determining paleo elevation to resolve a controversy about the tectonic 

development of the Southern Rocky Mountains of Colorado. Remnants of a late 

Eocene, low-relief surface cap the Southern Rockies at elevations of 2.4 - 3.0 km. 

This surface is dissected by deep, Pliocene-age canyons. William Morris Davis 

applied his geographical cycle to the physiography (Davis, 1911) (Figure 1.1); he 

hypothesized that the original mountains were eroded down a base level near 



I ••••••• 

__ ....-::~~~I::I" I:'"" '., 
~~~~ .. ,,'1:::::. 1 I~-~ .. ~~ _a..J.-:: 

'0. 

c· 

0.. 

Figure 1.1 The geographical cycle applied to the southern Rocky Mountains. a. Uplift 
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topography. From Davis (1911 . 
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sea level and then lateral planation formed the low relief surface. The region 

then underwent epeirogeny to attain the modern elevations of 2.5-3.0 km and 

this rejuvenated landscape was dissected. 

This explanation was thought to be supported by paleobotany. 

MacGinitie (1953) wrote the definitive description of the late Eoc2ne Florissant 

flora of the Front Range. This flora was deposited on a paleovalley on the late 

Eocene surface. He suggested the flora grew at elevations no more than 900 m. 

MacGinitie was obviously aware of Davis' argument, though he did not cite 

Davis, when he made his estimate. It is unclear whether the geomorphic 

evidence influenced his elevation estimate from the flora: 

''Purely geologic evidence is inadequate for assigning a definite altitude to the 
Florissant basin at the time when the flora was living. Judging from the amount 
of river cutting since the early Pleistocene in the valleys of the Rio Grande and 
Platte, it appears that an uplift of approximately 3000 feet has taken place in this 
time interval. The present elevation of the Florissant basin is about 9000 feet. 
That gives an elevation of 6000 feet at the beginning of the Pleistocene-Pliocene 
Orogeny .... There is every reason for believing that the broad uplift which has 
given the whole region its present altitude took place toward the close of the 
Tertiary ... the Florissant flora was in no sense a lowland flora. The plant 
association indicates a region of moderate elevation, probably not more than 
3000 nor less than 1000 feet. No flora of similar age is known ... with which a 
useful comparison can be made, with a view to gaining a more definite idea of 
elevation (MacGinitie, 1953, p.53) 

Subsequent workers (Epis and Chapin, 1975; Epis et aI, 1980; Trimble, 1980) used 

MacGinitie's elevation estimate to support the recent-uplift interpretation. 

However, the tectonics suggest otherwise. Crustal thickening occurred in 

the Southern Rockies from the late Cretaceous to the Eocene, so this would be 

the obvious time for elevation to be formed. Extension of the crust began in the 

Oligocene. Rifting does create narrow uplifted rift shoulders, but the major 

effect of extensional faulting is to thin the crust, which would reduce elevation. 
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Thus, based on what is known about the tectonics, the regional uplift would be 

expected before the late Eocene. 

This dissertation resolves the controversy of when the uplift occurred by 

using new methods of estimating paleoclimate and paleoelevation to reinterpret 

the Florissant flora. In Chapter 2, the opposing views of tectonic development of 

the Southern Rockies are described, and the paleobotanical elevation method is 

applied to the Florissant flora. The tectonic significance of the paleo elevation 

estimate of 2.2 - 3.3 km is discussed. This chapter appeared as Gregory and 

Chase (1992). The Tectonic and Geomorphic Implications section was authored 

by C.G. Chase while the rest of the paper was authored by KM. Gregory. 

Chapter 3 focuses on the multivariate regression method of determining 

paleoclimate. Models which predict mean annual temperature, growing season 

precipitation, and rainfall distribution are developed from J.A. Wolfe's dataset 

of 31 leaf physiognomic character states. A new collection of leaves from the 

Florissant Lake Beds is described and the paleoclimate is estimated. Sources of 

error in the paleoclimate and paleoelevation models are discussed. This chapter 

is the same as Gregory (in press), except the Florissant geology section is 

expanded in the dissertation version. 

In Chapter 4, late Eocene Sequoia affinis wood from the Florissant Lake 

Beds is analyzed using dendrochronologic techniques in order to derive 

additional paleoclimatic information. Descriptive statistics calculated from 

Sequoia affillis ring-width series, when compared to statistics from the closest 

living relatives, coast redwood and giant sequoia, provides infonnation on the 

late Eocene growing season climate, and the extent to which this climate limited 

the Florissant trees. 
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In Chapter 5, the late Eocene surface and the Laramide sedimentary 

record are discussed in order to gain insight into the tectonic and erosional 

history of the Southern Rockies. The paleogeography of the late Eocene erosion 

surface is summarized. Oligocene gravels are examined to determine the 

location of the continental divide. Also, Laramide sediments in the surrounding 

basins are used to estimate a sediment balance for the erosion surface. These 

data are combined with the new paleo elevation data discussed in previous 

chapters, and are used to distinguish between tectonic models of the evolution 

of the Southern Rocky Mountains, and to speculate on a mechanism for 

formation of the low-relief surface. 

Chapter 6 provides a summary of the important points made in each 

chapter and suggests future directions for the new field of terrestrial 

paleoal timetry. 
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CHAPTER 2 

TECfONIC SIGNIFICANCE OF THE ALTITUDE OF THE LATE EOCENE 

EROSION SURFACE 

Abstract 

Erosion beveled the Laramide Front Range uplift in Colorado to a surface 

of low relief by the end of the Eocene. This study uses Wolfe's (1990) new 

multivariate climate analysis techniques to determine the paleoelevation of this . 
regional surface by examining the overlying 35 Ma Florissant flora. A multiple 

regression model explaining 93.3% of the variance in mean annual temperature 

was developed using Wolfe's dataset of 31 leaf physiognomic character states for 

86 modern vegetation sites. These character states were scored on 29 species 

collected from one facies of the Florissant Lake Beds. The paleotemperature 

estimate of mean annual temperature = 10.7 ±1.5 °C derived from these data, 

when combined with sea level temperature and terrestrial lapse rate, implies a 

late Eocene paleoelevation of 2.4 - 2.7 km. Pliocene uplift is thus not required to 

explain the present elevation of 2.5 km. It is unclear when and why the Southern 

Rockies achieved this elevation. Magmatic crustal thickening can explain the late 

Eocene high elevation of the Southern Rockies, but neither this mechanism nor 

compressive thickening explain why the Great Plains, which are tied to the 

Florissant elevation by the Wall Mountain Tuff, were also high. This 

paleoelevation estimate indicates that regional surfaces of planation could be 

formed at high elevation in the Eocene, probably because of peculiarities of the 

Eocene climate. 
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Introduction 

After Laramide thrusting in Colorado, erosion beveled the highlands and 

filled the basins, forming a late Eocene erosion surface (Epis and Chapin, 1975). 

Remnants of this surface can be seen today as topography with low relief in the 

uplifts and as the unconformity between Laramide sedimentary rocks and 

Oligocene volcaniclastics in the basins (Dickinson et al., 1988). The elevation at 

which this surface formed is crucial to understanding the dynamics of formation 

of the Southern Rockies. Two schools of thought exist. Low-altitude proponents 

argue that the surface formed at 300-900 m, erosion kept pace with uplift during 

the Laramide Orogeny, and the present altitudes of over 2 km are mostly due to 

Pliocene epeirogeny (Epis and Chapin, 1975; Sahagian, 1987). High-altitude 

proponents argue that the surface formed at near present elevations, with only 

local changes in relief during Pliocene faulting (Molnar and England, 1990). 

Unfortunately, paleoelevation data for Colorado are lacking. Deposition of 

the Cretaceous Fox Hills Sandstone over what is now the Denver basin indicates 

the Front Range region was at sea level in the Cretaceous. However, this does 

not establish when the present high elevations developed. Fission track dates for 

the Front Range show that Precambrian rocks now at high altitude in the area 

have been above the 1000 isotherm, or 3 kIn burial, for 449 ± 57 Ma (C. Naeser, 

personal commun., 1992) but, again, these data do not place much constraint on 

uplift history. Some workers use Pliocene down cutting to infer regional uplift 

(Epis and Chapin, 1975), but incision alone does not prove epeirogeny; 

downcutting can be caused by climate change, local base level change, or 

drainage integration. 
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Paleobotanic methods can be used to detennine absolute surface altitudes 

and thus can resolve the late Eocene erosion surface elevation controversy. By 

analyzing the physiognomy, that is morphology and anatomy, of a fossil flora, 

one can determine the mean annual temperature (MAT). One can then calculate 

the altitude by comparing the paleoflora MAT to 'the coeval MAT at sea level 

and applying a terrestrial lapse rate. In this paper the MAT and elevation of the 

35 Ma Florissant flora will be determined using a new paleobotanic method. The 

Florissant paleovalley, eroded into Precambrian granite, was part of the 

southeasterly flowing drainage system on the late Eocene surface, and thus the 

flora represents surface elevation of the Front Range uplift. 

Determining Climate From Fossil Floras 

Previous work 

Two previous studies have examined the climate represented by the 

Florissant flora. MacGinitie (1953) assigned a climate by using floristics, a 

method that has been criticized because it relies on systematics and assumes the 

climatic tolerances of genera do not change through geologic time (Wolfe, 1978; 

Chaloner and Creber, 1990). 

The foliar physiognomic method is based on the observation that 

vegetation physiognomy adapts to climate and thus is similar in areas of similar 

climate (Wolfe, 1978). Physiologic studies show that leaf efficiency in different 

climate regimes is a function of characters such as size, shape, thickness, and 

margin type, and leaves tend towards maximizing efficiency (Givnish, 1987). For 

example, forests with MAT >25 °C have a distinctive leaf physiognomy of large, 

narrow, entire-margined (smooth-margined) leaves with attenuate apices (drip 
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tips), even though species composition varies from place to place (Wolfe, 1978). 

Physiognomy is preferable to floristics when calculating climate because (1) it 

represents a physiologic response to climate and thus can be applied further 

back in geologic time and (2) it is not dependent on systematics. 

Meyer (1986) examined the foliar physiognomy of MacGinitie's (1953) 

sample and assigned a vegetation type. Knowing the vegetation type allows 

calculation of MAT based on ,the temperature parameters of modem vegetation 

types (method based on Wolfe, 1978). However, Meyer's assignment to a 

vegetation type was qualitative; it would be preferable to have a quantitative 

method of determining temperature from physiognomy. 

Multiple regression model 

Wolfe has calculated the percent species displaying each of 31 leaf 

physiognomic character states for 86 modern vegetation sites in the Northern 

Hemisphere (Wolfe, 1992a). The character states were chosen because they had 

little taxonomic significance, thus their variance is due to climate (Wolfe, 1990). 

To make useful comparisons to fossil sites, modem vegetation samples typically 

contained <35 species collected from riparian as well as hills lope flora in a 

limited geographical area; taphonomic studies have shown leaves rarely travel 

more than 1 km from their source (Spicer, 1989). Sites were chosen close to 

climate stations so as to obtain accurate climatic data. In earlier studies, 

physiognomic data was only collected in mesic moisture regimes; this new 

dataset covers a wide range of precipitation values. Wolfe (1990; 1992a) used 

correspondence analysis on this dataset to infer correlation between sites and 

thus determine vegetation type and climate. 
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Multiple regression was used in this study to develop a predictive equation 

for MAT. The leaf character states in Wolfe's dataset were transformed with the 

standard arcsine transformation p' = arcsine "';p/l00 which stabilizes the 

variance of bounded data. Forward stepwise regression was perfonned in 

building the model. Three modem subalpine sites in Colorado, one at Wolf 

Creek Pass and two at Grand Lake, a reservoir, had anomalous residuals. The 

leaf physiognomy of these sites makes them appear much wanner than they 

actually are, so they significantly bias the regression line towards 

underpredicting temperatures for sites with MAT <15°C. In tenns of elevation, 

underpredicting temperature means that fossil floras would look cooler and 

therefore higher. The three outliers were dropped from the model, because they 

gave erroneous results for the majority of sites. 

Forward stepwise regression was again performed, and the resulting 

model explains 93.3% of the variance in MAT (Table 2.1). Examination of partial 

regression plots shows that each character contributes linearly to the result 

(Figure 2.1). MAT is not correlated with mean annual precipitation, so 

precipitation is not a lurking variable in this relationship. 

Florissant sample 

The Florissant Lake Beds represent up to 30 m of volcaniclastic sediments 

deposited in the Florissant paleovalley. The lower 15 m consists of fine-grained 

heterogeneous andesitic mudflows and reworked ash, with the uppermost 

mudflow containing Sequoia affinis stumps up to 5 m in diameter. These 

mudflows are overlain by 10 m of lacustrine sediments inclu.ding volcaniclastic 

siltstones and sandstones, diatomite-sapropel couplets, and pumice-augite beds; 



TABLE 2.1 Regression diagnostics for MAT model 
Leaf physiognomic Model T -ratio 
character coefficient 

(No teeth) 2 

Leptophyllous III 
Length: Width <1:1 
Apex emarginate 
Microphyllous II 
Constant 

10.4 
-15.0 

-8.68 
4.74 

-5.13 
16.1 

9.66 
-8.14 
-4.25 
3.82 

-2.19 

Rela tion to clima te'" 

If no teeth, then less water loss; adaptation to warm climate 
Size affects balance of photosynthesis vs. water loss 
L:W ratio affects balance of photosynthesis vs. water loss 
Premature end to leaf growth; adaptation to dry summer 
Size affects balance of photosynthesis vs. water loss 

Note: Regression diagnostics: R2 = 93.7%; R2 adjusted for 76 degrees of freedom = 93.3%; error 68% 
confidence interval = 1.50 °C; error 95% confidence interval = 2.94 °C; F ratio = 230. Residuals: 99% 
correlation with normal distribution; distribution random if plotted vs. predicted values. 

"'From Wolfe and Upchurch (1987) and J. Wolfe (1991, personal comrnun.) 
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Figure 2.1 Partial regression plots for the leaf physiognomic characters 
included in the multiple regression model. These plot ad~ted mean 
annual temperature vs. adjusted x where ad~ted = linear dependency 
of the other xs removed. In other words, the plots show the variable's 
individual contribution to the regression model after removing 
multicollinearity. The characters are arranged br significance as 
measured by t-ratio (see Table 2.1). A diagram 0 the leaf characteristic 
is shown to right of corresponding graph. 
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these units were deposited in a 12 km by 3 km lake formed when the paleovalley 

was dammed to the south (McLeroy and Anderson, 1966; Wobus and Epis, 

1978). The lacustrine sediments are overlain by a 5 m volcaniclastic 

conglomerate that has one K/ AI date of 34.9 Ma on biotite from a pumice-rich 

facies (Epis and Chapin, 1974; all K/ AI dates in this paper have been corrected 

for new constants). 

Palynology of the lake beds indicates the recurring volcanism had little 

effect on the regional vegetation (Hascall, 1988). Even so, units above possible 

large volcanic events were avoided, because recovery vegetation is often not in 

equilibrium with climate (Spicer, 1989). All leaves and leaf fragments 

encountered in diatomite-sapropel couplets from 65 em of section were 

collected. In the lab, 176 of these specimens were identifiable to 29 species. This 

number of species is sufficient for an accurate estimate of MAT; Wolfe estimates 

10 species are needed to characterize the physiognomy of a vegetation (Wolfe, 

personal commun.). The percent of species with each of the 31 character states 

was calculated for this sample with a size correction applied. D. Greenwood 

(unpublished) compared size of present-day canopy leaves to size of leaves 

deposited in neighboring lacustrine settings and found the deposited leaves 

were smaller by a 3:2 ratio; this bias was corrected for in the Florissant sample. 

The multiple regression model gives a MAT for Florissant of 10.7 ±1.5 °C (Table 

2.1). 

To investigate whether use of the multiple regression with samples from 

the literature gives appropriate MAT values, MacGinitie's sample was also 

scored. MacGinitie collected and described over 6000 leaves from Florissant 

identifiable to 97 species. The size correction was not applied, because 
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MacGinitie conducted a taxonomic rather than an ecological study and most 

likely favored larger leaves. The resulting scores from MacGinitie's sample were 

similar to scores from this study, as was the derived MAT of 11.6 ±1.5 °e. Thus, 

scoring samples in the literature should give an approximate result as long as a 

size correction is used only when appropriate. 

This temperature is consistent with the temperature inferred from mean 

ring width of Sequoia affinis preserved in the mudflows. These stumps are in situ 

as evidenced by the high percentage of vertical as opposed to horizontal stumps 

(Fritz and Harrison, 1985) and thus are representative of local climate. The 

Florissant trees show similar growth compared to modern Sequoia sempirvirens, 

which grows where MAT = 10-14 °C. Becaus(~ wood growth is a physiological 

response to climate (Fritts, 1976), the Florissant trees probably grew under a 

similar temperature range (Chapter 4). 

Determining Elevation 

Previous work 

Many workers used MacGinitie's (1953) elevation estimate for Florissant 

to say that the late Eocene erosion surface formed at 300-900 m; today, Florissant 

is 2500 m high. Because the late Eocene surface was relatively low, they then 

argued, Pliocene downcutting in the flanks of the Front Range must represent 

the timing of regional uplift (Epis and Chapin, 1975). The elevation estimate for 

Florissant is crucial to this argument because downcutting can be caused by 

climate change, local base level change, and/or drainage integration in addition 

to regional uplift. But how reliable is MacGinitie's estimate? 
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MacGinitie (1953) made a very qualitative estimate of altitude. He stated 

the Florissant assemblage "was in no sense a lowland flora. The plant association 

indicates a region of moderate elevation, probably not more than 3000 nor less 

than 1000 feet [300-900 m] ... no flora of similar age is known ... with which a 

useful comparison can be made, with a view to gaining a more definite idea of 

elevation." In other words, MacGinitie knew global climate needed to be taken 

into account to determine whether the flora was relatively cool, and thus high, 

or warm and low, but he did not have this information. To get a better estimate 

of the altitude, MacGinitie considered the Pliocene downcutting discussed 

above, which he thought gave "every reason for believing that the broad uplift 

which has given the whole region its present elevation took place toward the 

close of the Tertiary." Thus, MacGinitie did not base his estimate solely on 

paleobotany, and to cite his estimate to prove that Pliocene downcutting 

resulted from regional uplift is circular reasoning. 

This study 

More quantitative methods for determining elevation exist; we use the 

following equation from Meyer (1986): 

Elevation = (sea level MAT - flora MAT) + sea level, 

terrestrial lapse rate 

where sea level MAT = mean annual temperature at sea level coeval with the 

inland flora, (OC); flora MAT = MAT of inland flora (OC); terrestrial lapse rate = 
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vertical cooling rate of atmosphere above a land mass (OC/km); and sea level = 

sea level at the time of the inland flora relative to modern sea level (km). 

There are two ways in which this equation can be used to calculate 

elevation; both are used in this study. In method one, sea level temperature is 

projected to the local area of the inland flora (after Meyer, 1986). To derive this 

projected sea level temperature from coastal temperature, three factors must be 

considered. 

1. Continentality. Projected sea level temperature increases as one travels 

towards the continental interior (Meyer, 1986) because one moves away from the 

moderating influence of the ocean. In the western US, it is difficult to separate 

this correction from the effect of 

2. Elevated base level. Projected sea level temperature increases as base 

level increases in elevation because land at elevation introduces warm air at 

higher altitudes than if there were just an atmospheric column (Meyer, 1986). 

Presently, the change in projected sea level temperature due to continentality 

and elevated base level as one moves from the California coast to central 

Colorado is 6 °C with most of this effect occurring near the coast (Figure 2.2). 

Picking a continentality-elevated base level correction factor for Tertiary 

sites is somewhat ad hoc, because the effects of changing geography and climate 

are not yet understood. For example, one must consider that in late Eocene time 

the modern mountain barriers in California did not exist, and Nevada was less 

extended. Circulation patterns differed. As for elevated base level, its existence 

is not determinable until an elevation is estimated. Instead of picking a 

correction factor, the MAT calculated from the La Porte flora (Potbury, 1935) of 

northeastern California was used as representative of projected sea level 
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Figure 2.2 Mean annual temperature (MAT) at sea level in °C for modem 
western United States. Note that MAT increases inland due to effects of 
continentality and elevated base level. Redrawn after Meyer (1986). 
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temperature of Colorado. This is a reasonable proxy because the modem MAT 

of the La Porte area is comparable to the modern projected sea level temperature 

of northern Colorado. Of course, in the Tertiary, sea level was higher and La 

Porte would have been closer to marine climates than today, so using the flora 

might underestimate projected sea level temperature by I-2°C. The La Porte 

flora is found in stream-deposited tuffaceous rocks (potbury, 1935) that have 

K/ Ar dates of 33.1 and 33.3 Ma (Wolfe, 1992a) and therefore is coeval with 

Florissant. These deposits are not directly tied to marine rocks, thus the flora 

could have grown at some elevation. However, using modern temperatures in . 
northern California as an analog, only if the elevation at La Porte were greater 

than 500 m would significantly cooler temperatures occur. Applying the 

multiple regression model gives an MAT of 22.5 ±1.5 0C. The size correction 

was not used, because the flora was scored from the literature. 

3. Latitude. Because temperature decreases as latitude increases, projected 

sea level temperature needs to be adjusted for latitude. The present temperature 

gradient along the western coast of the U.S. is 0.33 °C/o latitude. Projecting the 

La Porte MAT to Florissant, which was 1 ° lower in latitude at 35 Ma, adds 0.33 

°C to the projected sea level MAT giving a result of 22.8 ±1.5 0C. The global 

mean local lapse rate of 5.89 °C/km is used for the terrestrial lapse rate term in 

the equation (Meyer, 1986). 

In method two, coastal temperature is not projected inland as in method 

one; instead, inland temperatures are compared directly to coastal temperatures 

(Wolfe, 1992b). The Goshen flora from west central Oregon (Chaney and 

Sanborn, 1933) was scored to represent coastal temperature. The Goshen flora 

was deposited in the volcaniclastic Fisher Formation which is interbedded with 
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the marine Eugene Formation, thus, the flora was coastal (Chaney and Sanborn, 

1933; Wolfe, 1992a). The overlying unit is K/ Ar dated at 32.0 Ma; other Goshen

type floras are dated at 34.8 ±1.2 Ma, 31 ±3 Ma, and 33.2 Ma, so the Goshen flora 

is considered to be 33 Ma (Wolfe, 1992a) and, thus, coeval with Florissant. 

Applying the multiple regression model gives an"MAT of 20.3 ±1.5 0c. The size 

correction was not used, because the flora was scored from the literature. 

Latitude was not corrected for, because although today there is generally an 

increase in MAT as one moves south along the coast, the increase is not uniform 

(Figure 2.2) and such a correction might overestimate coastal MAT (Wolfe, 

1992b). The mean regional lapse rate of 3.0 °C/kIn is used for the terrestrial 

lapse rate term (Wolfe, 1992b). 

For both calculations, errors are reported as 68% (one standard deviation) 

and 95% confidence intervals. Errors for the temperatures are taken from the 

regression model; an error of 0.5 °C/km was used for both lapse rates. 

Combined error is calculated assuming the denominator and numerator do not 

covary. Because in reality MAT and terrestrial lapse rate do covary, actual error 

will be less. A sea level of +0.2 km for 35 Ma was used (Haq et al., 1987). 

Both methods derive similar results, with 2.3 ±D.4 kIn (68% confidence 

interval) or ±D.7 kIn (95%) for the first method and 3.2 ±D.8 kIn (68%) or ±1.5 kIn 

(95%) for the second method. The 68% confidence intervals for both calculations 

overlap at 2.4 to 2.7 kIn. This estimated paleoaltitude represents a higher 

elevation than that estimated by MacGinitie (1953) and indicates that significant 

elevation existed in the late Eocene. Both results are similar to the present 

elevation of 2.5 km. 
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Elevations of additional floras 

This result is corroborated by other paleobotanical studies. Using 

different methods, Wolfe (1992b) and Meyer (1986) calculated paleoelevations of 

2.5 and 2.9 respectively for the Florissant flora. Meyer (1986) calculated an 

elevation of 3.0-3.8 km for the Marshall Pass flora in the Sawatch Range which 

fits with geologic evidence showing that this area was higher than Florissant in 

the late Eocene (Gregory, 1990). Floras in the Rio Grande rift may have been up 

to 1 km higher in the Oligocene than today (Meyer, 1986). However, unlike the 

Florissant flora, which grew on the late Eocene surface and thus represents a 

regional elevation, some of the Rio Grande rift elevation may represent 

construction from volcanism. Wolfe and Schorn (1989) calculated that the 

Creede flora from the Sanjuan Mountains was only 100-500 m lower than today, 

though, again, this paleo elevation may be constructional. 

Tectonic and Geomorphic Implications 

If this estimate is correct, that the late Eocene erosion surface at Florissant 

was above 2 km elevation at 35 Ma, the most direct implication is that Pliocene 

uplift of the Southern Rockies is not required to explain present elevations. 

Some Neogene uplift associated with local relief was created by the Rio Grande 

rift (Taylor, 1975), but the Pliocene fluvial incision of the Front Range must have 

been climatically rather than tectonically controlled (Molnar and England, 1990). 

Nor is Pliocene tectonic uplift required for the Great Plains, which are tied to the 

erosion surface at Florissant because the 37.5 Ma Wall Mountain Tuff present in 

the Florissant valley overlaps at least 40 km onto the Plains (Epis and Chapin, 

1975). There has been no more than 250 m vertical offset of the Front Range 
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erosion surface relative to the Plains since 36 Ma (Jacob and Albertus, 1985). The 

Florissant paleo elevation carries the implication that the Alvarado Ridge, 

defined by Eaton (1987) as the Southern Rockies and associated elevated 

topography on either side, has stood at approximately its present elevation since 

35Ma. 

Just when Florissant reached more than 2 km elevation and why is unclear. 

In Late Cretaceous, the area was at sea level. Between 65-50 Ma (Dickinson, et 

al., 1988), crustal shortening took place on parallel thrust systems in the 

Laramide Southern Rockies. West-dipping thrusts beneath the Front and 

Rampart Ranges (Jacob and Albertus, 1985) and the east-dipping Elkhorn

Williams (Bryant and Naeser, 1980) and Elk Range thrusts (Bryant, 1966) may 

each have contributed 10 km or more displacement. Compression with 30 km 

net thrust displacement would cause just under 20% shortening and would 

contribute only 1 km isostatic elevation. 

Injection of mantle-derived magmas could also cause crustal thickening 

and isostatic uplift. The formation of major caldera systems along the present 

and paleo-Continental Divide (Gregory, 1990) accompanied outpouring of the 

Wall Mountain Tuff, which probably originated at Mount Aetna in the present 

Sawatch Range (Epis and Chapin, 1975). The Mount Princeton batholith and 

Grizzly Peak caldera (Fridrich, et al., 1991) are coeval with deposition of the 

Florissant Lake Beds. If these major magma bodies resemble the Latir volcanic 

field of New Mexico, interpreted to be a result of voluminous injections of 

basaltic magma into the lower crust (Johnson, et al., 1990), they may have 

overlain 6-15 km thickening of the crust, contributing 1 to 2.5 kIn of isostatic 

elevation. Crustal extension associated with the Rio Grande rift did not start 
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until 29-27 Ma (Taylor, 1975) and, thus, is too young to have caused the 2.3 km 

elevation of Florissant at 35 Ma. 

Neither compressive nor magmatic crustal thickening in the Southern 

Rockies can explain Eocene elevation of the High Plains. Even with 100 km 

elastic thickness the flexural wavelength of the lithosphere is too short (Eaton, 

1987). These mechanisms also do not explain crustal thickness under the High 

Plains comparable to that under the Front Range and Bouguer gravity consistent 

with fairly local compensation of the High Plains elevation (Eaton, 1987, 

Angevine and Flanagan, 1987). Eastward shearing of lower crust by low-angle 

subduction (Bird, 1988) is attractive as it provides a mechanism for crustal 

thickening outside the zone of crustal shortening. It predicts, however, only 

about 1 km of elevation in central Colorado at 30 Ma. 

Whatever the origin of the surface uplift, one of the most remarkable 

implications of a 2.3 km paleo elevation for the late Eocene erosion surface at 

Florissant is the persistence of the topography of the Alvarado Ridge in the face 

of supracrustal and subcrustal degradation. Even at very conservative modern 

exhumation rates (Pinet and Souriau, 1988) of 0.06 mm/yr., 2 km should have 

eroded from the surface since 35 Ma. Some thickness of volcanic rocks has been 

removed from much of the surface, but the preservation of pumice at Florissant 

shows that any volcanic cover there could not have been more than 100 m thick. 

Florissant could not have been dammed since 35 Ma, because otherwise more 

sediment would have accumulated. Thus, the Florissant valley must have been 

integrated into the regional drainage system, and erosion at Florissant is 

representative of the exposed late Eocene surface. The average erosion rate in 

the Florissant region must be less than 0.003 mm/yr, only matched now by the 
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sluggish, low-elevation Lena River basin of Siberia (Pinet and Souriau, 1988). 

Persistence of the Southern Rockies topography for 35 m.y. also implies that the 

surface uplift was not of uppermost lithospheric thermal origin or the elevation 

would have significantly decayed, and major relaxation of topography by flow 

of a weak lower crust (Kruse, et al., 1991) seems unlikely here. 

A paleoelevation of 2.3 kIn for the late Eocene erosion surface at Florissant 

establishes that regional surfaces of planation could be formed at high elevations 

in the Eocene. High-level surfaces today are either constructional or incised or 

both, so the Eocene climate of central North America must have played a role 

(Molnar and England, 1990). Eocene climate was warmer and wetter than 

Pliocene climate (Crowley and North, 1991) so potential for both weathering and 

fluvial transport would seem to be high. The late Eocene surface was eroded, 

however, without marked incision. Streams draining the Southern Rockies 

might have been choked by volcanic debris, but the volcaniclastic output of the 

major Tertiary volcanic fields could not have contributed to formation of the 

surface because it lies below the volcanic rocks (Epis and Chapin, 1975). Indirect 

evidence for possible Eocene-Pliocene differences in climate and geomorphic 

processes comes from paleobotanic estimates of a low mean annual range of 

temperature in the Eocene, increasing to modern values at 13-14 Ma (T. Wolfe, 

unpublished) and a worldwide increase in Ah03 in marine sediments at 15 Ma, 

implying an increase in continental denudation (Donnelly, 1982). Perhaps the 

key climatic difference for the Eocene erosion surface was an absence of extreme 

storm events (Barron, 1989), which allows formation of smooth topography 

(Chase, 1992). The Front Range would not have its deep canyons today without 

violent events like the Big Thompson Canyon flood of 1976. 



CHAPTER 3 

PALEOCLIMATE AND PALEO ELEVATION OF THE FLORISSANT 

FLORA AS CALCULATED FROM LEAF PHYSIOGNOMY 

Abstract 
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The 34.9 Ma Florissant Lake Beds contain excellently preserved leaves 

which were deposited in the tectonically active Front Range region of Colorado. 

This study uses J.A. Wolfe's new multivariate climate analysis techniques to 

estimate the climate and elevation of the flora. Using Wolfe's dataset of 31 leaf 

physiognomic character states measured at 86 mod~rn vegetation sites, multiple 

regression models were developed which explain 93.4% of the variance in mean 

annual temperature; 86.1 % of the variance in growing season precipitation, and 

65.7% of the variance in rainfall distribution. These models were applied to a 

new collection of 29 species from one facies and one location of the Florissant 

Lake Beds; estimates of mean annual temperature = 10.7 ± l.5°C; growing 

season precipitation = 55.6 ± 12.5 em; and rainfall distribution = 0.14 ± 0.18, 

meaning rain fell predominantly during the growing season, were derived. 

Combining the mean annual temperature estimate with sea level temperature 

and lapse rate implies a late Eocene paleoelevation for Florissant of 2.3 - 3.3 km. 

The present elevation of Florissant is 2.5 km. Thus, climate change at Florissant 

since the late Eocene is primarily due to global cooling rather than elevation 

change. Presence of significant elevation in the late Eocene casts doubt on the 

hypothesis that regional uplift of the western U 5 contributed to global cooling 

in the last 15 Ma. 
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Introduction 

Paleofloras are a rich soUrce of paleoclimatic and paleoenvironmental 

information. Botanists agree that modern plant distribution depends on climate; 

the correspondence is obvious if one examines a map of vegetation types versus 

climate parameters (Creber and Chaloner, 1990). ·Climate at the earth's surface is 

in turn a factor of global circulation and regional and local topography. This 

interplay between climate and elevation has complicated the interpretation of 

fossil floras which grew in tectonically active regions, such as the 34.9 Ma 

Florissant flora of Colorado. 

The Florissant flora is one of the best known and most diverse floras from 

the late Eocene of the Rocky Mountains (Wing, 1987; Eocene/Oligocene 

boundary age from McIntosh et aI, 1992). The Florissant area underwent 

compression from the late Cretaceous to the Eocene during the Laramide 

Orogeny and is presently at an elevation of 2.5 km; thus, the flora might have 

grown well above sea level. The time at which the Laramide highlands attained 

their present elevation is of interest, because uplift of the western US has been 

proposed, along with uplift of the Tibetan Plateau, as a mechanism for global 

cooling since 15 Ma (Ruddiman and Kutzbach, 1991). The timing of elevation 

development also has implications for tectonic models of the Laramide Orogeny 

(Gregory and Chase, 1992). 

In order to address the problem of paleo elevation, the paleoclimate of the 

Florissant flora must first be determined as accurately as possible, and then 

compared to the coeval climate at sea level. This study uses new multivariate 

leaf physiognomic models to derive paleoclimate using the dataset of Wolfe (in 
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press). In the past, the floristic method or the univariate analysis of percentage 

of entire-margined dicot species has been used for paleoclimate inference. 

The floristic method relies heavily on systematics. However, pre

Quaternary plant material generally can be identified only to genus, not species 

(Chaloner and Creber, 1990). A genus, such as Quercus, often encompass species 

with a wide range of climatic tolerances; in some cases the living species may 

not fully represent the taxon's present or past climatic range for example as with 

cycads (Spicer and Parrish, 1986). Thus, identifying a fossil to genus is not 

always helpful. To overcome this problem, the worker designates a closest 

living species to the fossil material. However, no standardized method exists for 

matching a fossil to a modern species. In some cases, the match might be based 

on characters responding to climate as opposed to those with taxonomic 

significance (Wolfe and Schorn, 1990). After this match is made, the assumption 

is made that the climate tolerance of the matching species did not change 

through geologic time, which is often not the case. For these and additional 

reasons, the floristic method has been criticized (Wolfe, 1971; Wolfe and Schorn, 

1990; Chaloner and Creber, 1990). 

The foliar physiognomic method, on the other hand, is based on the 

observation that leaf physiognomy, that is morphology and anatomy, varies 

with climate. These changes are a response to growing conditions, not a 

reflection of available genetic material; Givnish (1987) documented how trends 

in effective leaf size and thickness changed for species in several genera and 

families over the growing season. 

Empirical relationships between leaf physiognomy and climate have been 

documented, most notably the positive linear correlation of increased entire-
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margined species in an assemblage with increased mean annual temperature 

(MAT) (Bailey and Sinnott, 1916; Wolfe, 1979). However, few physiologic 

studies exist that explain exactly how each factor affects photosynthesis. Many 

workers consider these physiognomic trends to be related to a climatic control 

on the balance between carbon gain and water loss (Givnish 1984; 1987; Givnish 

and Vermeij, 1976; Taylor, 1975). In a leaf, carbon gain is associated with water 

loss, because any structure that allows C02 molecules to be taken up allows 

H20 to transpire (Givnish, 1987). As the boundary layer between the leaf and 

the atmosphere increases in thickness, heat transfer between the leaf and the 

atmosphere is reduced and diffusion of CO2 and H20 is slowed (Givnish, 1987). 

Increasing the boundary layer also increases leaf temperature, which can 

increase photosynthesis and thus the amount of carbon fixed. The boundary 

layer around the leaf can be modified by changing leaf physiognomy; for 

example increasing the surface area increases the size of the boundary layer. 

Other factors, such as packing on a branch, are also reflected in leaf 

physiognomy. For example, if leaves are arranged in planar arrays, an elliptical 

shape is the most efficient (Givnish, 1984). 

These trends allow a climate to be characterized by a particular leaf 

physiognomy. For example, tropical rain forests (MAT> 25°C) have a 

distinctive leaf physiognomy of large, narrow, entire-margined leaves with 

attenuate apices (drip tips), even though species composition varies from place 

to place (Horn, 1971). Physiognomy is preferable to the floristic method when 

estimating climate because 1) it represents a physiologic response to climate and 

thus can be applied further back in geologic time and 2) it is not dependent on 

systematics. 
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Many paleobotanic investigations thus have used the percent entire

margined species in a flora to determine the MAT represented by an assemblage 

(Wolfe and Hopkins, 1967; Wing et aI, 1992). However, leaves may respond to 

climate in ways besides changing margin type, such as changing size. If these 

additional trends are included in physiognomic analysis, more accurate 

estimates of paleoclimate can be made. 

In order to see how different aspects of leaf physiognomy respond to 

climate, Wolfe scored 86 modern vegetation sites in the Northern Hemisphere 

including the continental US, Puerto Rico, and Japan for 31 leaf physiognomic 

states (Wolfe, in press). This study uses Wolfe's dataset and develops new 

predictive models for temperature and rainfall using multiple regression 

analysis. These new models have important implications for terrestrial climate 

reconstructions, because fossil floras are relied on heavily to estimate terrestrial 

paleoclimates. These paleoclimate data provide important constraints for 

paleoclimatic models. 

Once the climate is determined, new paleobotanic methods of estimating 

elevation can be used to determine paleoaltitude. Paleobotany provides the best 

method of elevation reconstruction presently available because plants respond 

to surface environment. Methods such as fission track dating are problematic 

because depth of burial, rather than absolute surface elevation, is calculated 

(Molnar and England, 1990), and geomorphic evidence is ambiguous. By 

determining elevation, paleoclimate data from tectonically active areas can be 

useful to both climatic and tectonic studies. 
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Florissant Geology 

Cretaceous through Eocene thrusting in Colorado created the Front Range 

uplift, which by the late Eocene was eroded to an erosion surface of low relief 

(Epis and Chapin, 1975). The Florissant paleovalley, located approximately 35 

km to the west of the Front Range bounding thrust (Figure 3.1), was eroded into 

1.02 Ga Pikes Peak Granite and drained the erosion surface southeastward 

(Wobus and Epis, 1978). Evidence for this paleodrainage includes scattered 

outcrops of the Wall Mountain Tuff and unconsolidated river gravels (Epis and 

Chapin, 1975; Wobus and Epis, 1978). The Wall Mountain Tuff, dated at 36.6 ± 

0.06 Ma (McIntosh et aI, 1992), was deposited from an ash flow event which 

followed the existing valleys on the erosion surface (Epis and Chapin, 1974). 

The gravels are correlated with the Eocene Echo Park Alluvium because of the 

lack of any volcanic material in the clasts or matrix and are thus thought to 

predate the Wall Mountain Tuff (Wobus and Epis, 1978). Field relations 

between the gravels and the Wall Mountain Tuff are ambiguous; the contact is 

either covered or close to vertical. After the Wall Mountain event, the drainage 

downcut as evidenced by later units which often outcrop topographically below 

the isolated outcrops of Wall Mountain Tuff. Before radiometric dating, these 

field relations were interpreted to mean the Wall Mountain Tuff, referred to as a 

trachyandesite, was the last eruptive unit in the Florissant area (MacGinitie, 

1953; Hutchinson and Kolm, 1987). Local relief in the Florissant area was on the 

order of 150 m as calculated on modern remnants of the erosion surface. 

The nearby Thirtynine Mile volcanic field then became active, depositing 

the lavas and volcaniclastic breccias of the Thirtynine Mile Andesite (Figure 3.2). 

Material from this volcanic center which deposited in the Florissant paleovalley 
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formed the Florissant Lake Beds, which represents up to 30 m of volcaniclastic 

sediments. Despite the name, not all of the units are lacustrine. 

The lower, pre-lacustrine tuff of the Florissant Lake Beds consists of up to 

15 m thickness of layered, cross-bedded, or massive ash-rich siltstones and 

sandstones and laterally and vertically heterogeneous matrix-supported 

conglomerates with fragments of vegetation and clasts of unflattened pumice 

and lithics. These units are interpreted to be mudflows and fluvially reworked 

ash beds deposited in the Florissant paleodrainage. The uppermost mudflow 

contains in situ Sequoia affinis stumps (MacGinitie, 1953) up to 5 m in diameter 

and smaller iu situ Ulmaceae (J. Landon, personal commun., 1991) stumps 

representing the floodplain vegetation. These stumps are iu situ as evidenced by 

the high percentage of vertical as opposed to horizontal stumps (Fritz and 

Harrison, 1985, chapter 3). 

These mudflows are overlain by up to 10 m of lacustrine sediments 

deposited after the Florissant drainage was dammed to the south by 

volcaniclastics from the Thirtynine Mile volcanic field (Figure 3.1). Water 

ponded in the drainage valley and formed a lake (Figure 3.1) (McLeroy and 

Anderson, 1966). There has been disagreement over whether the present extent 

of outcrops of the Florissant Lake Beds represent the full extent of the lake; 

location of the shoreline is important to ascertain because this information 

allows one to estimate the size of the lake and how close a fossil leaf collecting 

site would have been to the source vegetation. Both these factors are important 

to understanding the taphonomy of fossil deposits. MacGinitie (1953), cited in 

McLeroy and Anderson (1966) and Hutchinson and Kolm (1987), suggested the 

present outline of the Florissant Lake Beds, which forms a 20 km-Iong, 3 km-
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wide dendritic outcrop pattern, is due to faulting and "does not represent, in 

any sense, the old lake margin." He asserted that the contact between lake beds 

and granite is faulted at all locations and the lake beds are tilted into 2 

intersecting synclines. However, this apparent tilting is localized and not 

systematic and units of the earlier Wall Mountain Tuff, now shown to pre-date 

the lake beds, do not show evidence of tectonically induced tilting. The highly 

sinuous nature of the outcrop pattern is consistent with deposition in a flooded 

valley rather than in faulted grabens (Figure 3.3). Therefore the present outcrop 

pattern can be used to approximate the ancient shoreline. 

The lacustrine section varies in detail from outcrop to outcrop, but consists 

of three main facies: 

diatomite-sapropel couplets: These couplets are very fine grained and 

consist of regularly alternating diatomite-rich white layers and dark, 

predominantly organic sapropel layers (McLeroy and Anderson, 1966). These 

couplets are typically on the order of 1 mm thick and can be traced continuously 

along an outcrop exposure. It is unknown how far they persist laterally. Fossil 

leaf compressions are abundant in this facies along with fossil insects, seeds, 

nuts, flowers, and the oq:asional snail. The presence of these fine laminations 

indicates deposition in a low energy profundal environment which lacked 

bioturbation, either due to depth or chemistry. Fossil spiders offer possible 

support for high temperature or acidity of the lake waters, because their legs are 

straight instead of curled; spider legs remain straight if the spider is immersed 

in hot or acidic water (B. Drummond, 1991, personal commun.). McLeroy and 

Anderson (1966) and Anderson and Dean (1988) suggested that the couplets 

might represent annual varves, with the diatomite deposited after the spring 
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Figure 3.3 Simplified geologic map of Florissant paleovalley after Wobus and 
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diatom bloom and the sapropel deposited from organic rain occurring 

throughout the rest of the year .. This is a reasonable hypothesis because in most 

modern lakes, diatoms bloom only once a year. Using the aggregate thickness of 

this facies and an average deposition rate of 1.0 mm a year for the couplets, 

McLeroy and Anderson (1966) estimated that the lake existed on the order of 

2,500-5,000 years. 

clay and siltstones: These units are graded, well sorted, and range from 1 

mm to 3 m thick. They consist of clay-sized to silt-sized grains of mostly ash 

with minor quartz, plagioclase, augite, hypersthene, and magnetite (McLeroy 

and Anderson, 1966). The beds often have hackly fracture patterns. Organic 

content varies from unit to unit, with thicker units often having fragments of 

bark or twigs oriented subparallel to bedding and typically concentrated at the 

base. Excellently preserved leaves can be present in this facies, although bark 

and twigs are more common. These units represent settling of suspended 

material in the lake, either from primary falls or reworked material, and are 

evidence of recurring volcanism throughout lake history. McLeroy and 

Anderson (1966) argued that the siltstones represent flood sedimentation into 

the lake as opposed to direct ash falls based on the presence of the 

aforementioned woody debris. However, ash falls from EI Chich6n and Mount 

St. Helens contain plant debris (Spicer, 1990), so plant debris is not diagnostic of 

flood deposits. Previously workers asserted that individual beds could not be 

traced more than 15 m (McLeroy and Anderson, 1966; Hascall, 1988). However, 

the thicker mudstones, on the order of 2 - 3 m, can be traced as far as 1 kIn to the 

east or west and possibly up to 3 km to the north in the paleovalley with little 

change in thickness. More correlation of units needs to be done to determine 



whether these units represent primary falls or fluvially reworked material. 

Toward the north in the basin, mudstones and siltstones become more 

abundant. 
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pumice/augite beds: These beds vary from coarse sandstone to pebble 

conglomerate, are typically well sorted, and are from 2 mm to 6 em thick. The 

clast composition is variable and ranges from almost exclusively non-flattened 

yellow pumice clasts as large as 5 mm in diameter with lesser amounts of augite 

crystals to significant lithic fractions of andesite and trachyte pebbles. The beds 

that have a significant lithic fraction are often reverse graded with the large but 

low-density pumice clasts at the top of the bed and the finer lithic fraction at the 

base. These units rarely disrupt underlying laminations. Leaf impressions are 

rare and poorly preserved because of the coarseness of the matrix. Previously, 

these units were interpreted as derived from seasonal flooding because their 

abundance was thought to decrease away from the shoreline (McLeroy and 

Anderson,1966). However, the abundance of pumice-augite beds was not 

observed to decrease as distance from the shore increased. Also, thicker beds 

correlated from outcrop to outcrop did not decrease significantly in thickness. 

Thus, the pumice beds are more likely primary air falls that then settled through 

the water column. Abundance of the pumice-augite beds does decrease to the 

north in the basin. 

The lacustrine sediments are unconformably overlain by the upper tuff of 

the Florissant Lake Beds, a 5 m-thick, poorly sorted, matrix-supported 

volcaniclastic breccia with, in some areas of the paleovalley, overlying water

laid and pumice-rich facies. This unit, interpreted to be a mudflow, has a K/ Ar 

date of 34.9 Ma on biotite from a pumice-rich facies (Epis and Chapin, 1974; all 
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K/ Ar dates in this paper have been corrected for new constants after Harland et 

al; 1990). Recent 40Ar /39 Ar and paleomagnetic work on the entire Florissant 

Lake Bed section will refine dating of the unit (W. C. McIntosh et al; in prep). In 

some places this unit incorporates ripups of the underlying lacustrine units. 

In the southernmost portion of the valley, the Florissant Lake Beds are 

overlain by approximately 30 m of predominantly volcaniclastic breccias with 

some interbedded, fine-grained tuffs of the Thirtynine Mile andesite. 

In the Miocene, normal faulting associated with the Rio Grande rift 

extended east into the former Laramide highland, causing minor displacements 

of the Florissant Lake Beds. Offset is typically on the order of 3 m. 

Methodology of Collection and Description 

Florissant is a well-known fossil locality, and several large museum 

collections of fossil leaves exist. MacGinitie (1953) described the Florissant flora 

in detail based on these and his own collections. This work provides an 

excellent database for study of the systematics of the flora, but it is not desirable 

as an ecological database for three reasons: 

1) Because the goal of early studies was often taxonomic and specimens 

were destined for museums, those collections most likely favored rare, large, or 

especially well-preserved leaves (Taggart and Cross, 1990). Such a bias 

influences climatic interpretations, because size and species representation are 

used to determine temperature and precipitation. 

2) Specimens are not located within the lacustrine section of the Florissant 

Lake Beds. Location within the lacustrine section is important, because fossils 

that might represent disturbed vegetation should be avoided for climate 



55 

reconstruction. Palynology of the lake beds indicates that the recurring 

volcanism had little effect on regional vegetation (Hascall, 1988). However, even 

though a volcanic event apparently did not disturb the regional vegetation, it 

could have had profound effects on local vegetation, and thus would have had a 

greater impact on the megafossil record. 

3) Some specimens in the existing collections do not have specific site 

localities. Plant litter does not travel far, so plant assemblages in lake deposits 

can be used to reconstruct the surrounding plant communities (Spicer, 1981; 

Spicer and Wolfe, 1987). Ideally, one would like to be able to distinguish these 

plant communities to get an accurate picture of the spatial heterogeneity of the 

flora, rather than a summed species list for the region (Wing, 1987); this is only 

possible if specific site locations are known. 

For the three reasons mentioned above, the Florissant flora was 

recollected in order to obtain an ecologically accurate sample from a single plant 

paleocommunity, along with stratigraphic locations for each specimen. Leaves 

were collected at one locality which represents an area of 150 m by 25 m (Figure 

3.3). 

Much of the section consists of the diatomite-sapropel facies interbedded 

with up to 5 em thick pumice laminae (Figure 3.4). The well-developed 

diatomite-sapropel couplets indicate that the site represents low-energy 

profundal deposition; no shoreline sedimentary structures were observed. The 

site was probably about 200 m from the paleoshoreline based on the modem 

distance from the lacustrine beds to granite outcrops representing the sides of 

the paleovalley (Figure 3.3). 



Figure 3.4 Stratigraphy of lacustrine unit of Florissant Lake Beds at sample 
locality 
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Sample horizons 14A-E and 17 were collected because they were fossil

rich, stratigraphically the most removed from possible volcanic disturbance 

events represented by horizons 2 and 18, and easily relocatable because of 

proximity to distinctive marker beds traceable to the west (Figure 3.4). Fossil 

leaves were collected only from the diatomite-sapropel facies. On the south side 

of the quarry, a horizontal surface of approximately .75m by .75 m was cleared 

and then collected within a volume of approximately 1 m3. On the north side of 

the quarry, samples were collected from previously excavated blocks of sample 

unit 14. Any angiosperm leaf or leaf fragment found was given a unit 

designation and specimen number. Gymnosperms were not collected, but their 

presence was noted. Density of leaf material varied from layer to layer, with a 

typical density of one fragment per 100-200 cm2 of bedding surface not 

including seeds and twigs. 

All material was returned to the lab and each specimen was 

photographed. Venation and margin of each specimen was inked on an eight by 

ten enlargement. Species were differentiated on the basis of taxonomically 

significant differences in venation as defined by Hickey (1973). Because the goal 

of this study was climatic and not taxonomic, systematics were not revised; 

MacGinitie's taxonomy (1953) was used for convenience except for two species 

reidentified by J. A. Wolfe (Table 3.1). 

Wolfe (1990) identified 31 elements of leaf architecture, or physiognomic 

character states with little if any taxonomic significance «Table 3.2) see more 

detailed discussion below). These 31 character states fall into 12 categories. The 

physiognomic score of each species, using the methodology developed by Wolfe 

(in press) is quantified by determining whether a character state is present or 



Table 3.1 Species abundance in Florissant sample and percent with 
mechanical degradation 

SPECIES 

Fagopsis longifolia 
Cedrelospermum species" 
Sapilldus coloradensis 
Trichilia florissanti 
Hydrangea fraxinifolia 
Rosaceae" 
Robinia lesquereuxi 
CotilluS fratenza 
Quercus scotti 
Carya libbeyi 
Castanea dolichophylla 
Koelreuteria alieni 
Populites heeri 
Cedrela lancifolia 
Crategus copeana 
Lomatia lineata 
Prosopis linearifolia 
Quercus species 
Rhamnites pseudo-stenophyllous 
Rhus obscura 
Ribes errallS 
species A 
Vauquelinia coloradellsis 
Dodonea umbrina 
Cercocarpus myrica. 
Lindera coloradica 
Sambucus newtoni 
species B 
Vauquelinia lineara 

# specimens 
total % with mechanical de radation 

% of total 

20.5 
19.9 . 
10.2 
6.8 
5.7 
4.5 
4.0 
2.8 
2.8 
2.3 
1.7 
1.7 
1.7 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
1.1 
0.6 
0.6 
0.6 
0.6 
0.6 

176 

% with 
mechanical 
de radation 

23 
26 
24 
50 
10 
13 
o 
o 

40 
50 
o 
o 

67 
o 

50 
50 
o 
o 
o 

50 
50 
o 
o 
o 
o 

100 
o 

100 
o 

24 

identifications follow MacGinitie (1953). Species marked" have been 
reidentified bv Wolfe (personal commun., 1991). 
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Table 3.2 Physiognomic character state score for the new Florissant sample 
Leaf physiognomic 
character state .. 

Florissant 
score (%) 

Definition if different than Hickey, 1973 t 

1. Lobed 
2. No Teeth 
3. Teeth regularly spaced 
4. Teeth closely spaced 
5. Teeth acute 
5. Teeth round 
6. Teeth spinose 
7. Teeth compound 
8. SIZE 

10.3 
35.7 
28.6 
16.1 
33.9 
30.4 
8.9 
7.1 

raw 
Leptophyllous I 0.0 
Lcptophyllous II 5.0 
Leptophyllous III 19.3 
Microphyllous I 44.0 
Microphyllous II 25.1 
Microphyllous III 6.4 
Mesophyllous I 0.0 

Mesophyllous II 0.0 

9. APEX 
Apex emarginate 
Apex round 
Apex acute 
Apex attenuate 
10. BASE 
Base cordate 
Base round 
Base acute 
11. LENGTH:WIDTH 
L:W <1:1 
L:W 1-2:1 
L:W 2-3:1 
L:W 3-4:1 
L:W>4:1 
12. SHAPE 

4.3 
41.3 
47.8 
8.7 

4.3 
43.5 
52.2 

3.8 
17.3 
34.0 
18.6 
26.3 

no more than 30% variation in distance between teeth 
length of basal flanks of teeth < 3x the length of apical flank 
teeth straight sided 

adjJ 
0.0 0-5 mm2 

5.0 5-25 mm2 

15.9 25-80mm2 

40.6 BO-400mm2 

26.8 400-1400 mm2 

11.6 1400-3600 mm2 

0.0 3600-9000 mm2 

0.0 9000+ mm2 

apex straight sided 
acuminate of Hickey (1973) 

base straight sided 

Shape obovate 9.6 widest in upper 1/3 of laminae 
Shape elliptical 53.8 widest in middle 1/3 of laminae 
Shape ovate 36.5 widest in lower 1/3 of laminae 
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.. Numbers denote categories. Some categories have only two character states, for example 'Lobed' and 
'Not Lobed' are in the category 'Lobed'. For simplicity, only one character state is usually reported. 
'Teeth Acute' and 'Teeth Round' are an exception, as both are reported. Other categories, such as size, 
contain several character states and all are reported. See text for explanation of score. t Definitions of 
physiognomic character states as defined by Wolfe (pers. commun., 1991):t: size classes measured from 
figure by Wolfe (pers. commun.,1991). Adjusted size score defined in later section 
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absent: 1) if present, the character state receives a score of 1 divided by the 

number of character states present for the species in that category; 2) if half 

present as in an asymmetric base with one side round and the other acute, 0.5 is 

divided by the number of character states present for the species in that 

category; or 3) if absent, the character is scored as O. For example, if a species 

has specimens that fall into three character states in the size category but all 

have a round apex, each size character state would be scored as 1/3 and 'Apex 

Round' would have a score of 1. In this way, variation is taken into account by 

scoring the full range of a character displayed by the species. The only 

exception to this system is 'Apex Emarginate', which always receives a score of 1 

if present, even if the species displays other apex types (Wolfe, in press). 

Abundance of a character state within a species is not taken into account, only 

presence/ absence is recorded. Scores for the leaf physiognomy of a site are 

calculated by summing all the species scores for each character state and 

dividing that sum by the total number of species present (Wolfe, 1990; in press). 

The physiognomy of the Florissant sample was described by scoring elements of 

leaf architecture in this way. 

Results of Sampling 

More than 300 leaf fragments were collected of which 177 were 

identifiable to 29 angiosperm species (Table 3.1). Descriptions of each species 

are in MacGinitie (1953) with additional descriptions in Appendix A. Leaves 

were generally well preserved, with fewer than 25 % displaying loss of laminae 

which could be due to mechanical degradation (Table 3.1). Three species, 

Fagopsis IOllgifolia, Cedrelospermum sp. {Zelko va drymeja of MacGinitie, reidentified 
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by Wolfe) and Sapil1dus coloradensis, make up 50% of the sample and represent 

lakeside vegetation (Figure 3.5). Foliage of Chamaecyparis linguaefolia was also 

quite abundant, with lesser amounts of Sequoia affinis and Pinus sp. The presence 

of foliage from Sequoia affil1is indicates that by the time of sample unit 14, the 

floodplain species killed by the lower tuff of the Florissant Lake Beds had 

regenerated. 

Leaf physiognomy scores are shown in Table 3.2; specific scores for each 

species are in Appendix B. Some of the more striking features of the flora are 

the small sizes of the leaves and low percentage of entire-margined species. 

Leptophyllous I size leaves are undoubtedly present in the flora, but the minute 

size of the leaves makes them difficult to distinguish from bits of woody debris. 

Because this size class is not important to the climate modeling discussed later, 

time was not spent trying to document leaves of this size class. The score of 

4.3% for 'Apex Emarginate' is based on a very well preserved specimen of 

Sapindus coloradel1sis. Care must be taken when scoring 'Apex Emarginate' 

because insect damage can mimic a notched apex, but the aforementioned 

specimen was clearly undamaged. Carya libbeyi and Hydrangea fraxil1ifolia both 

displayed elongate apices with a marked change of curvature and comprise the 

score of 8.7% for 'Apex Attenuate.' Other species such as Sambucus l1ewtOl1i had 

elongate apices, but lacked a change of curvature and were scored as 'Apex 

acute.' The flora has a high percentage of stenophyllous species, that is, species 

with a high length to width ratio. This indicates riparian vegetation is well 

represented in the flora, because stenophyllous leaves are typically found in 

riparian environments. 
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Figure 3.5 The three most abundant species, 1. & 2. Fagopsis longifolia, 

3. Cedrelospermum sp., and 4. Sapindus coloradensis. Scale bar is 3 em. 



Climate Analysis 

Previous work 
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MacGinitie (1953) assigned a paleoclimate to the Florissant flora by 

determining the ecological relationships of the nearest living relatives of the 

fossil plants. He estimated the mean annual temperature (MAT) was 18° C with 

a mean annual precipitation (MAP) of approximately 50 em concentrated in the 

summer. As discussed in the introduction, there are problems with this method 

of climate analysis. Subsequent climate reconstructions for the Florissant flora 

have used MacGinitie's sample (1953) but are based on foliar physiognomy 

rather than the nearest living relative method (Meyer, 1986; Wolfe, 1992a). 

Meyer (1986) examined the foliar physiognomy of MacGinitie's (1953) sample 

and classified it as notophyllous broadleaved evergreen forest, though close to 

the boundary with microphyllous broadleaved evergreen, mixed coniferous, 

and mixed mesophytic forest (method based on Wolfe, 1978; 1979). Knowing 

the vegetation type allows estimation of mean annual temperature (MAT) based 

on Wolfe's chart of temperature parameters of different vegetation types (Wolfe, 

1979), and Meyer estimated a MAT for Florissant of 14°C. However, Meyer's 

assignment to a vegetation type was qualitative; it would be preferable to have a 

quantitative method of predicting MAT and precipitation from physiognomy. 

Multivariate dataset 

In this study, the Florissant sample was compared using leaf 

physiognomy to the dataset from modern vegetation sites in the Northern 

Hemisphere collected by Wolfe (1990; in press). Eighty six sites had been 

collected at the time of this study (Appendix C); more will be available in the 
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future (Wolfe, in press). In Wolfe's sample, sites close to climate stations wer-e 

chosen in order to have accurate climate information for each vegetation sample. 

Whole branches are collected, so a range in leaf physiognomic character states is 

represented. 

The samples of modern vegetation were collected with the goal of 

interpreting fossil assemblages; sampling strategy was designed so that the 

modern canopy samples mimicked the type of source canopy likely to 

contribute to a fossil assemblage (Wolfe, in press). This was accomplished by: 

1) restricting the size of the sample area. Leaves generally do not travel 

more than 1 km from their source vegetation (Spicer, 1981; Spicer and Wolfe, 

1987; Greenwood, 1992), thus fossil assemblages are derived from a limited 

source area. To simulate this type of source area, modern samples were collected 

from a limited geographical area typically less than 5 km2. 

2) collecting riparian vegetation. Many fossil assemblages are preserved 

in fluvial or lacustrine deposits. Because leaves do not travel far, streamside and 

lakeside species contribute more material than species growing in more 

removed sites. In order to simulate these riparian source areas, Wolfe (1990) 

collected modern samples from riparian and the associated hillslope 

communities. Modem samples generally contained from 20-35 species in order 

to adequately sample the physiognomy. 

3) collecting only woody species. In herbaceous vegetation, the leaves do 

not fall off, and therefore do not contribute to the litter rain. Thus in modern 

samples, woody species are collected, but not herbaceous vegetation. 

4) collecting from a variety of sites. Fossil assemblages are likely to derive 

from a source vegetation in various stages of succession growing on a variety of 
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substrates, often volcanic as in the case of Florissant. The modern dataset also 

covers a range of edaphic factors and succession states. Sampling by Vvolfe 

indicates succession seems to have little effect on leaf physiognomy (1991, 

personal commun.) and thus is not a major problem. 

Despite these efforts to mimic fossil deposits, there are some differences 

between the modern samples taken directly from the canopy and fossil 

assemblages. Recent reviews of leaf taphonomy have addressed sources of 

physiognomic bias in fossil assemblages from a variety of environments 

(Greenwood, 1992; Spicer, 1989); the following discussion will focus on 

lacustrine environments analogous to Florissant. A leaf in a lacustrine deposit 

has undergone two major taphonomic processes: 

1) the leaf has fallen from the tree, either due to the process of dehiscence, 

or due to a disturbance event such as an ash fall Greenwood (1992) found that 

the foliar physiognomy of forest floor litter in Australian rain forests showed a 

broad correspondence to the foliar physiognomy of the source canopy with low 

diversity sites «20 species) having more variation. Leaf size was the only leaf 

physiognomic character category which showed a systematic bias from canopy 

to litter. The litter sample had a mean leaf size 2/3 less than that of the canopy 

samples. 

2) the leaf has been deposited in sediment. Modern leaf deposits in 

lacustrine systems have been shown to accurately record the presence but not 

abundance of the surrounding vegetation (Spicer and Wolfe, 1987; Greenwood, 

1992) Whether taphonomic bias of leaf physiognomy occurs depends on the 

depositional environment and the amount of transport. Greenwood (1992) 

compared forest floor litter samples to samples from nearby lacustrine and 



67 

fluvial systems. The foliar physiognomy of leaf deposits from quiet water was 

analogous to that of forest floor litter. Transportation downstream caused an 

increased size reduction beyond the 2/3 from canopy to forest floor 

(Greenwood,1992). Spicer (1981) sees a similar reduction in leaf size from 

canopy to lacustrine deposit; he found lake deposits are often enriched in small, 

dense, sun leaves. Thus, there is a bias towards smaller leaves in fossil sites, the 

degree of which depends on the amount of transportation. 

In order to correct physiognomic scores of fossil assemblages for this size 

bias, the area of each leaf should be calculated and all leaf size classes present 

marked. The leaf area is then multiplied by 3/2, or a larger number if significant 

transport is suspected. If the size class increases, this class should also be 

included in the range of variation for that species. 

In terms of possible worker bias in dealing with fossil versus modern 

material, one may tend to underestimate the number of entire-margined species 

in a fossil assemblage. Entire-margined species are more difficult to distinguish 

than toothed species, because there are fewer architectural elements to examine. 

Of course, in modem vegetation, one has additional features on which to 

distinguish species. This bias has not been quantified, but is reduced greatly by 

careful identification. Thus, the leaf physiognomy of the modern canopy 

samples of Wolfe (1990; in press) are analogous to the leaf physiognomy of fossil 

deposits, though a size correction needs to be applied to the fossil samples. 

Multivariate models 

Wolfe's dataset (1990; in press; Appendix C) was examined using a 

correlation matrix to determine if the physiognomic character states had 
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significant correlations with each other, and whether they had significant 

relationships with various climate variables (Tables 3.3 and 3.4). The leaf 

physiological studies discussed in the introduction which indicate leaves adapt 

to growing conditions give the theoretical basis for this analysis. Wolfe's dataset 

includes several climate variables: Mean Annual Temperature (MAT), warm 

month mean, cold month mean, mean annual range in temperature (MART), 

mean annual precipitation (MAP), growing season precipitation (GSP) where 

the growing season is defined as months in which the mean temperature is 

greater than 10°C, mean annual precipitation for months with mean 

temperature> 15°C, and mean dry month precipitation. Rainfall distribution, a 

quantity from 0 to 1 defined as (mean annual precipitation - growing season 

precipitation) / mean annual precipitation was added. These climate 

parameters were chosen because they could be calculated from the monthly 

climate station data available for the modern sites. The physiognomic character 

state scores (p) were transformed with the standard arcsine transformation p' = 

arcsine ~p/100 which stabilizes the variance of bounded data such as the 

percentages in this dataset. The correlations with climate for transformed 

variables differ little from correlations if the transformation is not used. 

However, the errors in the former are more reliable. 

Most significant relationships observed between leaf character states and 

climate variables in the dataset agree with relationships documented in the 

literature. Margin character states are highly correlated with MAT and rainfall 

distribution (Table 3.3); note however, that these character states are also highly 

correlated with each other (Table 3.4). The entire margin, that is no teeth, 

character state has a significant positive correlation with temperature. As noted 
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Table 3.3 Pearson Product-Moment correlation of 5 climate variables and 
transformed* leaf character states 

MAT MART MAP GSP Rain dist. 
MATt 1.00 

MARP -0.41 1.00 

MAPt 0.07 -0.46 1.00 

GSpt 0.51 -0.43 0.65 1.00 

Rainfall distribution t -0.77 0.21 0.14 -0.56 1.00 
Lobed -0.76 0.23 0.10 -0.20 0.66 
No Teeth 0.90 -0.33 -0.08 0.36 -0.69 
Teeth regularly spaced -0.88 0.34 0.13 -0.25 0.67 
Teeth closely spaced -0.91 0.36 0.03 -0.38 0.70 
Teeth acute -0.78 0.30 0.20 -0.17 0.61 
Teeth round -0.62 0.16 -0.15 -0.49 0.49 
Teeth spinose 0.16 -0.02 -0.13 -0.12 0.09 
Teeth compound -0.85 0.19 0.16 -0.29 0.69 
Leptophyllous I . 0.48 0.20 -0.48 -0.16 -0.41 
Leptophyllous II 0.19 0.16 -0.50 -0.33 -0.21 
Leptophyllous III -0.16 0.20 -0.60 -0.50 0.08 
Microphyllous I -0.41 0.13 -0.36 -0.34 0.34 
Microphyllous II -0.40 -0.04 0.32 0.26 0.32 
Microphyllous III -0.08 -0.26 0.57 0.44 0.13 
Mesophyllous I 0.00 -0.38 0.68 0.39 0.14 
Mesophyllous II 0.15 -0.43 0.68 0.41 0.02 
Apex emarginate 0.72 -0.38 -0.04 0.28 -0.43 
Apex round 0.34 -0.20 -0.46 -0.27 -0.20 
Apex acute -0.57 0.34 0.15 -0.02 0.42 
Apex attenuate -0.06 -0.03 0.60 0.48 -0.01 
Base cordate -0.63 0.14 0.18 -0.27 0.54 
Base round -0.48 0.10 -0.14 -0.60 0.48 
Base acute 0.70 -0.16 -0,01 0.56 -0.66 
L:W < 1:1 -0.84 0.39 -0.11 -0.46 0.70 
L:W 1-2:1 -0.24 0.11 -0.19 -0.21 0.25 
L:W 2-3:1 0.48 -0.40 0.53 0.65 -0.44 
L:W 3-4:1 0.47 -0.17 -0.09 0.15 -0.39 
L:W>4:1 0.23 0.11 -0.47 -0.33 -0.17 
Shape obovate 0.55 -0.13 -0.19 0.18 -0.40 
Shape elliptical -0.03 -0.10 0.30 0.44 -0.01 
Sha ovate -0.54 0.17 -0.04 -0.57 0.44 
It character states (p) transformed using arcsine (p/l00). tMAT = mean annual 
temperature; MART = mean annual range of temperature; MAP = mean annual 
precipitation; GSP = growing season precipitation, where growing season defined as 
months with mean monthly temperature> 10°C; Rainfall distribution = a quantity from 0 
to 1 defined as (MAP - GSP) / MAP. 



Table 3.4 Pearson Product Moment correlation of transformed* marcin character states 
Lobed NoTeeth Regularly Closely Acute Round Spinose Compound 

spaced spaced 
Lobed 1.00 
No Teeth -0.76 1.00 
Teeth regularly spaced 0.75 -0.95 1.00 
Teeth closely spaced 0.73 -0.96 0.97 1.00 
Teeth acute 0.67 -0.89 0.93 0.89 1.00 
Teeth round 0.51 -0.60 0.46 0.52 0.19 1.00 
Teeth spinose 0.01 0.25 -0.34 -0.28 -0.39 0.20 1.00 
Teeth com ound 0.70 -0.92 0.91 0.93 0.89 0.42 -0.29 1.00 
* character states (p) transformed using arcsine (p/l00). 

""'" o 
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before, this relationship has been well documented (Bailey and Sinnott, 1916; 

Wolfe, 1978, 1979; Givnish, 1987; Greenwood, 1992). Leaf margin character 

states which have significant negative correlations with increasing temperature 

include iobed leaves and regular, close, and compound teeth. Horn (1971) 

found that lobing reduces self-shading; the character thus might be 

advantageous in cooler climates with shorter growing seasons because more use 

is made of the available light. However, Gurevitch (1988) found that dissection 

decreases the size of the boundary layer; the smaller boundary layer allows 

more heat to transfer from the leaf to the air and thus is an adaptation to warmer 

temperatures. 

Size is generally better correlated with precipitation, with leaf size 

increasing as precipitation increases. This trend has also been observed by 

Givnish (1984, 1987) who noted effective leaf size increased along gradients of 

increasing rainfall, humidity, and/ or soil fertility and decreased with irradiance. 

However, Givnish (1987) also noted that age is a factor: juvenile trees bear 

broader leaves than mature individuals. Increasing temperature has a negative 

correlation with Mesophyllous leaves and a weak positive correlation with 

Leptophyllous 2 and Mesophyllous 2 sized leaves. Whether large or small 

leaves are favored by a temperature increase is determined by the precipitation 

regime. This trend is also seen in the physiological modeling of Givnish and 

Vermeij (1976). 

Emarginate apices are indicative of warmer climates, and attenuate apices 

of wetter climates. Emarginate apices are thought to be caused by premature 

cessation of leaf growth (J. A. Wolfe, 1991 personal commun.). The association of 

attenuate apices with wet climates has been noted by many workers (Givnish, 
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1987). Round bases are favored in cooler and drier sites; base outline probably 

reflect packing of leaves on a branch, which is a function of sunny or shady sites 

(Givnish,1987). Wide leaves show a correspondence with warmer climates 

while leaves 2-3x as long as they are wide are correlated with wet climates. 

Stenophyllous leaves, characteristic of riparian environments, show a weak 

correspondence with wet climates. The shape of leaves, that is ovate, elliptical, 

or obovate, is not significantly correlated with any of the climate variables. 

Because many of the leaf character states show correspondence with 

climate, multivariate models should allow more accurate prediction of climate 

than linear models which only incorporate one character state. For example, 

size generally shows a non-linear relationship with MAT, but many size 

character states show a linear correspondence with the residual after the 

variation due to percent entire-margined leaves is taken out (Figure 3.6). 

Wolfe (1990; 1992a, in press) uses correspondence analysis on this dataset 

in order to quantify the similarity of sites and thus determine vegetation type 

and climate. In order to determine the temperature of a fossil site using this 

model, one calculates scores for each of the 31 leaf physiognomic character 

states. Then, these scores are added to the matrix of scores for the modem 

dataset. Correspondence analysis examines the covariance of all the variables 

and calculates the similarity of one site to another. These similarity rankings are 

expressed in terms of 31 axis scores. When axis 1 scores are plotted against axis 

2 scores, the vegetation types group nicely (Wolfe, 1990). In order to determine 

mean annual temperature (MAT), a site scored as 100% No Teeth is added. The 

(Axis 1, Axis 2) point is projected perpendicularly to this vector and a linear 

regression of MAT versus the projected score is performed. This regression 
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Figure 3.6 Illustration of how multivariate methods improve univariate 
percent entire-margined dicot species versus MAT model. Top line 
shows single leaf physiognomic character states versus MAT. Note 
relationship between MAT and Leptophyllous III is weak. Bottom line 
shows partial regression plots whiCh plot adjusted mean annual 
temperature versus adjusted x where adjusted = linear dependency of 
other x's removed. For example, No Teeth partial regression plot 
shows 1) MAT with MAT preaicted by linear regressIOn with 
Leptophyllous ITI removed versus 2) No Teeth with No Teeth predicted by 
Leptophyllous ITI removed. In other words, plots show variable's 
indiviaual contribution to regression model. Note residual of 
Leptophyllous ITI shows strong relationship with residual of MAT. 
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explains 96% of the variance in MAT if the dataset is broken into two parts, wet 

and dry. Conceptually, one is using the % entire-margined species versus MAT 

linear relationship, but one adjusts the % entire-margined species score of an 

assemblage by considering the other leaf physiognomic characters. \Volfe has 

applied this method to Florissant; scoring MacGlnitie's sample, he estimated a 

mean annual temperature of 12°C (Wolfe, 1992b). 

In this study, multiple regression analysis was used rather than 

correspondence analysis to develop predictive equations for mean annual 

temperature (MAT), growing season precipitation (GSP), and rainfall 

distribution. Multiple regression analysis has the advantage over 

correspondence analysis of developing a predictive equation of the form y = 

mIxI + ... mnxn + b. In this equation, only characters that show trends with the 

climate variables are used, and their coefficients are weighted in proportion to 

their significance. Correspondence analysis, on the other hand, calculates 

similarity between vegetation sites by incorporating all leaf character states 

regardless of 1) whether or not they show trends with climate or 2) correlate 

with other character states. 

In modeling, one gets the best results by incorporating variables that have a 

theoretical basis for inclusion and that reduce variance. The 31 character states 

were chosen on a theoretical basis: their lack of taxonomic importance suggests 

they might have climatic significance (Wolfe, 1990). Ideally, one would also like 

physiological modeling data giving a mechanism for how each character state 

responds to climate, such as existing studies on leaf size (Taylor, 1975; Givnish, 

1987). An observed relationship between the character state and climate 

indicates the hypothesis might be correct, and justifies the inclusion of a 
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character state in the climate model. Character states that do not show trends 

with climate can be considered to violate the hypothesis and should not be 

included in the model because they have no predictive value. Of course, with 

such a large number of character states, trends might not be immediately 

obvious because of interactions with other character states. These trends, such as 

the aforementioned relationship between size and the MAT versus 'No Teeth' 

residual, can be discovered by using multiple regression (Figure 3.6). In the 

following multiple regression models, only character states that explain 

significant amounts of variation are included in the model. Additional character 

states only model noise. In correspondence analysis, these complex interactions 

between character states are assumed to exist rather than proven to exist, and 

this assumption requires the inclusion of all character states in the model. With 

such an empirical database, this assumption is not necessarily true. 

Another problem with correspondence analysis is that all character states 

are given the same weight, so the significance in predicting climate is based on 

the amount of intercorrelation with other variables. For example, the margin 

character states have a high degree of correlation with the other character states; 

on the other hand, the size character states have a lower total intercorrelation 

with other character states. Thus margin characteristics are effectively given 

more weight in the correspondence analysis model than size classes. 

Another advantage of multiple regression is that only modern vegetation is 

used to calculate the coefficients of the model; in correspondence analysis, the 

fossil site interacts with the modern data set, and is included when determining 

similarity scores for each site. 
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Twenty-nine out of the 31 transformed leaf physiognomic characters in 

Wolfe's dataset were considered when building the multiple regression models. 

Three margin characters-'No Teeth', 'Teeth Regularly Spaced', and 'Teeth 

Closely Spaced'--had greater than 95% correlation with each other (Table 3.4). 

Two of these three characters thus had to be deleted to avoid collinearity and the 

associated rounding errors. The character 'No Teeth' was retained because, of 

the three, it 1) has been used in the past in linear regression models to predict 

MAT (Wolfe and Hopkins, 1967; Wolfe 1971; 1978; Wing et aI, 1992) and is thus 

reported often, and 2) has the least worker error associated with its calculation; 

determining whether a leaf is entire-margined is les's subjective than 

determining whether a leaf has regularly spaced teeth. 

Using the remaining 29 characters, forward stepwise regression was 

performed. In forward stepwise regression, {i ..... e character that contributes the 

most to the regression model is added in each iteration until there is no further 

improvement. This method is more appropriate than backwards stepwise 

regression in which the least effective character is removed in each iteration; in 

backwards regression, characters are judged in light of interactions with 

variables which may later be dropped from the model. The character 

contributing most to the regression was identified by generating a correlation 

table of the character states versus the climate variable. Besides checking 

correlation levels, scatterplots of each character state versus the climate variable 

were examined to see if the relationship was non-linear and could be improved 

by transforming the character state. 

In the resulting model for MAT, the two coldest sites in the dataset (MAT = 

2.2 and 1.7 °C), which were from Grand Lake reservoir, Colorado, had 
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anomalous residuals, that is (observed - predicted) values. The leaf 

physiognomy of these sites makes them appear much warmer than they actually 

are. This behavior seems to be related to the extreme cold temperature. 

Residuals for the rest of the dataset, however, only show a slight trend to be 

higher for lower MATs, so the response appears to be a threshold response 

rather than a gradual one. Another feature which sets these two sites apart from 

the rest of the dataset are the high elevations (2.5 and 2.7 km), but other even 

higher sites do not have anomalous residuals. The Grand Lake sites have high 

leverage values, meaning they significantly bias the regression line towards 

predicting cool temperatures for other sites with MAT < 15°C. Because the sites 

did not seem to be explained by the model and the leverage was high, they were 

dropped from the model. More data needs to be collected to understand the 

response of sites with MAT < 3.0 0c. 
Forward stepwise regression was performed again, and the resulting five

variable model explains 93.4% of the variance in MAT for the range of 3.0 °C to 

27.2°C: 

MAT = (10.34 * (arcsine ~No Teeth)2) - (15.29* arcsine ~Leptophyllous III)

(15.32 * (arcsine ~Length:Width!5: 1:1)2) + (5.48 * arcsine "'Apex 

Emarginate) - (5.79 * arcsine ~Microphyllous IT) + 15.32 

Additional regression diagnostics are given in Table 3.5. This model differs 

slightly from the MAT model in Gregory and Chase (1992) in which Wolf Creek 

Pass (MAT = 3.5°C) was deleted from the dataset; this was unnecessary because 

the residual was not anomalous. Examination of partial regression plots shows 



Table 3.5 Multiple regression models 
Mean Annual Temperature 
Leaf Physiognomic Character"" Model 

Coefficient 

No Teeth 2 
Leptophyllous III 
Length: Width < 1:1 2 
Apex emarginate 
Microphyllous II 
Constant 

10.34 
-15.29 
-15.32 

5.48 
-5.79 
15.32 

REGRESSION DIAGNOSTICS: R2 = 93.8% 
R2 adjusted for 78 degrees of freedom = 93.4% 

T-ratio 

10.30 
-8.30 
-4.67 
4.55 

-2.52 

Standard error (68% confidence interval) = 1.48 °C for MAT > 
3.0°C 
Error 95 % confidence interval = 2.90 °C 
F-ratio = 237. 
RESIDUALS: normal distribution 
"" character states (p) transformed using arcsine -V(p/l00). 

Growin Season Preci itation 
Leaf Physiognomic Character"" Model 

Coefficient 

Base round 
Apex attenuate 
Length:Width < 1:1 
Shape elliptical 
Teeth acute 
Mesophyllous II 
Microphyllous II 
Teeth spinose 
Constant 

-105.15 
95.49 

-98.38 
113.05 
-58.45 
80.73 
53.65 

-29.68 
45.05 

REGRESSION DIAGNOSTICS: R2 = 87.5% 
R2 adjusted for 68 degrees of freedom = 86.1 % 

T-ratio 

-7.46 
6.25 

-6.06 
4.54 

-4.41 
4.33 
2.83 

-2.44 

Standard error (68% confidence interval) = 12.5 em for GSP < 
140 cm 
Error 95 % confidence interval = 24.5 cm 
F-ratio = 63.9 
RESIDUALS: normal distribution 
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Table 3.5--Continued Rainfall Distribution 
Leaf Physiognomic Character* Model 

Coefficient 

Teeth compound 
Length:Width < 1:1 
Base round 2 

Teeth spinose 
Shape obovate 
Constant 

0.70 
0.94 
0.42 
0.41 
0.53 

-0.74 

REGRESSION DIAGNOSTICS: R2 = 67.7% 
R2 adjusted for 80 degrees of freedom = 65.7% 
Standard error (68% confidence interval) = 0.18 
Error 95 % confidence interval = 0.35 
F-ratio = 33.5. 
RESIDUALS: normal distribution 

T-ratio 

4.53 
4.46 
2.98 
2.65 
2.05 
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that each character contributes linearly to the result (Figure 3.7). Note that even 

though many margin character states showed trends with MAT in the 

correlation table (Table 3.3), only one, 'No Teeth', was incorporated in the 

multiple regression model. This is because the margin characters all have high 

negative correlation with 'NoTeeth' (Table 3.4) and add no additional 

informa tion to the model. There is a tendency to overpredict MAT for MATs 

below 12.7 °C and to underpredict MAT for MATs above 12.7 DC, but this effect 

is minor; there is 1 °C of error for every 16.2 °C MAT above or below 12.7 °C 

MAT. 

Because leaves adapt to both temperature and rainfall, it is important to 

examine whether there are any interactions with precipitation in the MAT 

regression model. Linear regression was conducted on the residuals of the MAT 

model versus Mean Annual Precipitation (MAP) and Growing Season 

Precipitation (GSP) to test for such an interaction. The MAT residuals show no 

trend with GSP (Figure 3.8). There is a very slight trend with MAP, with a 

tendency to underpredict MAT by 1.0 °C for every 206 em MAP below 105 em 

MAP, and a tendency to overpredict MAT by 1.0 °C for every 206 cm MAP 

above 105 em MAP (Figure 3.8). Because of the small effect of this trend, 

breaking the dataset into 'wet' and 'dry' sites does not improve the model. 

In a similar way, a multiple regression model was developed for growing 

season precipitation (GSP). Only the sites with GSP < 140 em were modeled, 

because the 4 sites with the highest GSP (170, 222, 261, and 397 em) had widely 

scattered, high to very high residuals, and high leverages. Some of the high GSP 

sites had a seemingly linear response, while some had a non-linear. More data 
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is needed before these high GSP regimes can be modeled. The range of GSP in 

the remaining dataset is 3.2 em to 140 em. In the resulting eight-variable model: 

Growing Season Precipitation = -(105.15* arcsine ~Base Round) + (95.49" 

arcsine ~Apex Attenuate) - (98.38 * arcsine'~Length:Width < 1:1) + 

(113.05 * arcsine ~Shape Elliptical) - (58.45 * arcsine ~Teeth: Acute) + 

(80.73 * arcsine ~Mesophyllous II) + (53.65 * arcsine ~Microphyllous II) -

(29.68 * arcsine ~Teeth Spinose) +45.05 

Additional regression diagnostics are given in Table 3.5. Residuals tend to be 

larger for GSP < 30 em, that is the model tends to overpredict in low GSP 

regimes, but then errors are stable for the rest Of the GSP range. There is no 

trend between GSP residuals and MAT. 

In a similar way, a model was also developed for determining rainfall 

distribution, where numbers close to 0 indicate rainfall is concentrated in the 

growing season while numbers close to 1 indicate rainfall is concentrated during 

the rest of the year: 

rainfall distribution = (0.70 * arcsine ~Teeth Compound) + (0.94 * arcsine 

~Length:Width < 1:1) + (0.42 * (arcsine ~Base Round)A2) + (0.41 * arcsine 

~Teeth Spinose) + (0.53 * arcsine ~Shape Obovate) - 0.74 

Additional regression diagnostics are given in Table 3.5. The model has fairly 

large errors, and there is a marked trend to underpredict rainfall distribution 

below rainfall distribution of 0.43 and to overpredict above a rainfall 
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distribution of 0.43. Thus, the model should only be used to broadly 

differentiate between growing season versus dormant season rainfall regimes, 

and little weight should be put on the specific number derived. 

These three climate models should not be used for Southern Hemisphere 

floras. Owing to differences in development of vegetation the relationship 

between percent entire-margined species and MAT has a steeper slope in the 

southern hemisphere than the northern (Wolfe and Upchurch, 1987). One 

would suspect that relationships between the other leaf physiognomic character 

states might also be different. Thus the models should only be applied to 

northern hemisphere floras. 

The rest of the climate variables in the dataset, that is mean annual range 

in temperature (MART), mean annual precipitation (MAP), mean annual 

precipitation for months with mean temperature> 15 °e, and mean dry month 

precipitation were also modeled using a similar technique, but correlation was 

not significant enough to generate useful predictions. Mean annual 

precipitation can be approximated by taking GSP and dividing by (1 - rainfall 

distribution). Owing to the combined errors of GSP and rainfall distribution, 

though, this estimate is poor. Models were not developed for mean wann 

month and mean cold month temperature because these variables have over an 

85% correlation with MAT and thus add little additional climate information. In 

addition, the correlation of mean wann month and mean cold month with leaf 

character states are inferior to those in the MAT model. 
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Oimate calculations 

The new Flodssant sample was scored, that is the percent of species with 

each of the 31 leaf physiognomic character states was calculated with the 

aforementioned size correction applied (Table 3.~, Appendix A). The sample 

contains 29 species, which is comparable to the number of species in the 

modern samples, and is thus an adequate sample of the paleovegetation. 

Because fewer than 25% of the leaves were mechanically degraded (Table 3.1), 

they probably underwent little transport and thus using the 3/2 size correction 

is reasonable (Table 3.2). The size correction has the effect of giving a warmer 

MAT and thus lower elevation and a higher GSP. There is no effect on the 

rainfall distribution calculation. Using the multiple regression models gives a 

MAT = 10.7 ° ± 1.5 °C, GSP = 55.6 ± 12.5 an, and rainfall distribution = 0.14 ± 

0.18 (Table 3.6). MAP was on the order of 64.7 ± 18.9 an, with the emphasis on 

the upper error limit given the bias of rainfall distribution residuals. 

This derived temperature for Florissant is representative of the regional 

climate at similar elevations. Wolfe and Schorn (1989) pointed out problems 

with interpreting the MAT of floras deposited in valley bottoms. In large 

closed basins, cold winter air flows downslope and becomes stagnant, forming 

a temperature inversion, so the derived MAT is representative of the valley rim 

rather than the valley floor (Wolfe and Schorn, 1989). This may be an important 

consideration for the Creede flora of Colorado, which was deposited in a deep 

caldera moat, but the Florissant paleovalley was by no means a major valley, 

and local relief was only on the order of 150m. Thus, a temperature inversion, 

if one existed, would not have significantly decreased the valley bottom 

temperature, and the calculated MAT is representative of the valley floor. 



Table 3.6 Ph.rsiognomic character state scores and estimated climate for sites discussed in text 
Florissant sites'" Coastal sites 

this study MacG(sum) MacG (1) MacG (2) MacG (3) MacG (4) laPorte Goshen 

Mean Annual Temperature 
No Teeth 35.7 37.1 27.6 34.3 25.8 26.7 66.7 57.0 
Leptophyllous III 15.9 11.1 9.3 11.4 9.6 9.6 0.0 0.0 
L:W ~ 1:1 3.8 4.2 1.1 1.9 2.2 1.5 9.1 2.4 
Apex emarginate 4.3 6.5 6.9 8.6 6.5 6.7 15.6 0.0 
Microphyllous II 26.8 36.0 40.8 39.0 44.0 41.8 20.3 18.2 

MAT±1.5 °C 10.7 11.6 11.0 11.5 10.3 10.7 22.9 20.0 

Growing Season Precipitation 
Base round 43.5 35.5 31.6 30.5 32.8 32.6 16.7 27.0 
Apex attenuate 8.7 9.8 12.1 12.9 12.9 12.2 35.4 44.3 
L:W~l:l 3.8 4.2 1.1 1.9 2.2 1.5 9.1 2.4 
Shape elliptical 53.8 44.4 54.0 42.9 56.5 46.7 51.5 42.5 
Teeth acute 33.9 37.7 34.5 36.0 46.8 42.4 18.6 31.4 
Mesophyllous II 0.0 1.3 0.0 0.0 0.0 0.0 6.6 8.1 
Microphyllous II 26.8 36.0 40.8 39.0 44.0 41.8 20.3 18.2 
Teeth spinose 8.9 13.9 24.1 15.7 9.7 15.6 14.3. 9.3 
GSP±12.5cm 55.6 64.2 84.4 72.2 83.0 72.4 130.5 125.1 

Rainfall Distribution 
Teeth compound 7.1 8.8 12.1 10.0 9.7 .10.0 1.4 9.3 
L:W$l:l 3.8 4.2 1.1 1.9 2.2 1.5 9.1 2.4 
Base round 43.5 35.5 31.6 30.5 32.8 32.6 16.7 27.0 
Teeth spinose 8.9 13.9 24.1 15.7 9.7 15.6 14.3 9.3 
Shape obovate 9.6 11.2 2.3 10.0 6.5 8.9 18.7 36.5 

Rain dist. ± 0.18 0.14 0.17 0.05 0.10 0.04 0.08 0.10 0.22 
... MacG sites scored from MacGinitie (1953). (sum) = summed flora. (1) (2) (3) and (4) = UC3731, UC3732, UC3733, and Denver 
Museum samples. See text for explanation 

CO m 
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In terms of interpreting the rainfall results in terms of regional climate, 

one must consider the GSP is being calculated for riparian vegetation. Thus the 

GSP estimate is accurate for the lakeside environment, but is probably higher 

than for the surrounding area. 

Fossil wood 

Addition paleoclimate information can be derived from tree-ring growth 

characteristics of Sequoia affinis preserved in the lower tuff (Chapter 4). Because 

the stumps are in situ, as evidenced by the high percentage of upright stumps 

(Fritz and Harrison, 1985) they represent local environmental conditions. Mean 

ring width is a function of climate, site conditions, and genotype (Fritts, 1976); 

favorable conditions allow more growth and therefore wider rings. 

Twenty-eight ring width series from 9 Florissant trees had a significantly 

higher mean ring width than series from modem Sequoia sempervirells (coast 

redwood) and Sequoiadendroll giganteum (giant sequoia) (Chapter 4). The 

modern trees form larger growth rings when the July / August conditions are 

warm and wet; Average temperature during these months is 13.9 -17.2 °C, while 

precipitation is on the order of only 0.08 - 0.33 em. Thus the higher growth of 

the Florissant trees is probably due to the fact that a greater proportion of 

precipitation fell during the growing season, even though MAP for the modern 

trees is greater than for the fossil trees (Chapter 4). Sequoia affinis rings show a 

sharp transition from earlywood to latewood. Because growing season 

precipitation is fairly high, this feature is more likely a result of dropping 

temperature near the end of the growing season than reduction in soil moisture. 
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Use of samples from the literature 

In order to investigate whether use of the multiple regression models with 

samples from the literature gives accurate paleoclimate information, 

MacGinitie's sample was scored (Appendix A). MacGinitie examined and 

described more than 6000 leaves identifiable to 97 species from personal and 

museum collections. 

1) In order to compensate for the collection bias, the size correction was not 

applied to MacGinitie's sample. The resulting physiognomic scores of 

MacGinitie's entire sample were similar to scores from the new collection as was . 
the derived MAT of 11.6 0 ± 1.5 °C, GSP = 64.2 ± 12.5 em, rainfall distribution = 

0.17 ± 0.18, and MAP calculated from GSP and rainfall distribution of 77.3 ± 22.5. 

To determine the effect of using a summed flora, MacGinitie's sample was 

divided into four sites (Figure 3.3). MacGinitie (1953) reports percent 

abundance and species composition for each of the samples which is 

problematic for physiognomic comparison because 1) only the most abundant 

species are identified and 2) the presence-absence list indicates the change of 

species between sites, but not the change in physiognomy, thus one is ignoring 

any local differences in physiognomic adaptations to climate. 

The temperature results (Table 3.6) vary between sites, but fall within one 

standard deviation. The GSP estimated from these sites tends to be higher than 

the other collections, because the most abundant species were probably riparian 

and are better represented in these samples. Thus summed floras from fairly 

small geographical areas and collected from the same facies are appropriate to 

use for climate reconstruction as long as the size correction is applied only when 

appropriate. 
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Elevation analysis 

The present MAT, GSP, and rainfall distribution of Florissant are 3.9 ec, 
25.6 cm, and 0.38 respectively, as compared to 10.7 ±1.5 ec, 55.6 ± 12.5 em, and 

0.14 ± 0.18 in the late Eocene. Thus the area was warmer and wetter in the late 

Eocene and has since become cooler and drier. Florissant was below sea level in 

Cretaceous, as evidenced by the Fox Hills Sandstone, a beach sand deposited in 

the Denver Basin area. The Florissant area underwent uplift sometime during 

the Tertiary to its present elevation of 2.5 km. Uplift of an area to higher 

elevations causes a reduction in temperature and could be invoked to explain 

the cooling of Florissant. However, a similar temperature drop could derive 

from global cooling as occurred during the Tertiary (Crowley and North, 1991). 

To what extent do each of these factors explain the paleotemperature of 

Florissant? 

Non-botanical lines of evidence do not provide help with reconstructing 

elevation of the Florissant deposit. Fission track data, which records depth of 

burial rather than absolute surface elevation, indicates the Pikes Peak region has 

been above 3 km of burial since 449 ± 57 Ma (c. Naeser, personal commun., 

1992). Laramide sediments in the Denver Basin are thin compared to those in 

other Laramide basins; this can be explained by lack of relief between the Front 

Range uplift and the Great Plains rather than lack of absolute relief (Chapter 5). 

Geomorphologic evidence for uplift is ambiguous, because responses to uplift 

and responses to cooling are often similar. For example, incision of the flanks of 

the Front Range in the Pliocene can be explained by either regional uplift or 

climate change or both (Molnar and England, 1990; Gregory and Chase, 1992). 



90 

In order to differentiate between the two causes of climate cooling, the 

paleotemperature of Florissant should be compared to paleotemperatures of 

coeval floras, preferably those for which elevation is known. In this way 

elevation of the Florissant flora can be determined. The following discussion is 

an expanded version of that which appeared in Gregory and Chase (1992). 

To calculate elevation of fossil floras, Meyer (1986) used the following 

equation proposed by Axelrod and Bailey (1976): 

Elevation = (sea level MAT - flora MAT) + sea level, 

terrestrial lapse rate 

where sea level MAT = mean annual temperature at sea level coeval with the 

inland flora, (OC); flora MAT = MA~ of inland flora (OC); terrestrial lapse rate = 

vertical cooling rate of atmosphere above a land mass (OC/krn); and sea level = 

sea level at the time of deposition of the inland flora (krn). 

Proj ected sea level MAT method 

Two methods use this equation to calculate elevation. In method one, after 

Meyer (1986), sea level temperature at the coast is projected inland at sea level to 

the local area of the flora in question (Figure 3.9). To derive this projected sea 

level temperature from coastal temperature, three factors must be corrected for: 

1. Continentality. Temperature at sea level increases towards the 

continental interior (Meyer, 1986) away from the moderating influence of the 

ocean (Figure 2.2). Most of this effect occurs near the coast. 
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Figure 3.9 Comparison of the two methods of calculating elevation. 
Projected sea level MAT method (after Meyer, 1986) shown in dashed 
line. In this method, sea level MAT is projected at sea level inland; 
then this projected sea level MAT is compared to MAT of inland flora 
using average local terrestrial lapse rate of 5.89 °C /km. Coastal MAT 
meiliod (from Wolfe, 1992b), shown in solid line. In this method, 
MAT of inland flora is compared directly to MAT of coastal flora using 
average terrestrial lapse rate of 3.0 °C/km. 
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2. Elevated base level. Projected sea level temperature increases as base 

level increases in elevation because land at elevation heats the air at higher 

altitudes (Meyer, 1986). In the western US, continentality generally increases as 

elevated base level increases; thus it is difficult to isolate the contributions of 

each factor. Presently, the change in projected sea level temperature due to 

continentality and elevated base level from the California coast to central 

Colorado is 6 °C (Figure 2.2). 

Because the effects of these two factors are not, as of now, well understood, 

picking a continentality-elevated base level correction factor for Tertiary sites is 

somewhat arbitrary. For example, when assigning a continentality correction, 

one must consider that in late Eocene time the modem mountain barriers in 

California did not exist, and that Nevada was less extended. Global factors such 

as the lack of an ice cap on the Arctic Ocean and the recent (40 Ma) Indian-Asian 

plate collision created different circulation patterns (Ruddiman and Kutzbach, 

1991; Wolfe, 1992b) and must also be taken into account. As for elevated base 

level, this figure is not determinable until an elevation is estimated. 

Instead of arbitrarily picking a correction factor, the MAT calculated from 

the La Porte flora (Potbury, 1935) of northeastern California was used as 

representative of the projected sea level temperature of Colorado. La Porte is a 

reasonable proxy because the modern projected MAT of the La Porte area is 

comparable to the modern projected sea level temperature of northern Colorado 

(Figure 2.2). Of course, in the Tertiary, sea level was higher and marine 

environments extended as far east as the Sacramento Valley so using this flora 

might underestimate projected sea level temperature by I-2°C. The La Porte 

flora is found in stream-deposited tuffaceous rocks associated with the Tertiary 
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onset of Sierra Nevada volcanism (Potbury, 1935). These deposits are not 

directly tied to marine rocks, thus the flora could have grown at some elevation. 

However, using modern temperatures in northern California as an analog, only 

if the elevation at La Porte were greater than 500 m would significantly cooler 

temperatures occur (Wolfe, 1992b). 

The La Porte flora has K/ Ar dates of ~3.1 and 33.3 Ma (Evernden and 

James, 1964; Wolfe, 1981) and thus is close in age with Florissant. However, care 

should be taken when comparing floras close to the early Oligocene temperature 

decline. At approximately 33 Ma, an abrupt, rapid decline in terrestrial MAT on 

the order of 8°C in temperate regions occurred (Crowley and North, 1991; 

Wolfe,1992a). The La Porte flora occurs before this decline, based on 

radiometric age and biostratigraphy (Wolfe, 1981). However, because of the 

uncertainties in dating, the La Porte flora may have experienced the beginning 

of the temperature decline, and some global cooling might have occurred 

between Florissant time and La Porte time. This cooling would decrease the 

temperature difference between the Florissant and La Porte floras, which would 

reduce the calculated elevation. 

Applying the multiple regression model to the La Porte flora gives an MAT 

of 22.9 ± 1.5 °C, a GSP of 130.5 ± 12.5 em, and a rainfall distribution of 0.10 ± 

0.18 (Table 3.6) for the La Porte flora. The size correction was not used, because 

the flora was scored from the literature (Appendix A). 

3. Latitude. Because temperature decreases as latitude increases, projected 

sea level temperature should be adjusted for latitude. The present smoothed 

temperature gradient along the western coast of the US. is 0.33 ocr latitude. 

However, the actual gradient is not uniform owing to the irregular width of the 
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continental shelf and upwelling (Wolfe, 1992b). As with the continentality-base 

level correction, it is difficult to project the latitude correction to the past because 

the importance of contributing factors are not yet understood. In the late Eocene, 

upwelling along the west coast of North America probably differed, the equator 

to pole temperature gradient was possibly lower (Barron, 1989), sea level was 

higher, and the paleogeography differed. This correction factor is not of great 

import in this case, because La Porte was less than 1 ° higher in latitude than 

Florissant at 35 Ma taking North American plate motion into account. Thus, the 

latitude correction was not applied. The global mean local lapse rate of 5.89 

°C/km is used for the terrestrial lapse rate term in the equation (Meyer, 1986), 

and a sea level of +0.2 km for 35 Ma was used for sea level (Haq et al., 1987). 

With these numbers, an elevation of 2.3 ±O.4 km (68% confidence interval) 

or ±0.7 (95% confidence interval) is derived (Table 3.7). Errors for the 

temperatures are taken from the regression model; an error of 0.5 °C/km was 

used for the lapse rate. Combined error is calculated assuming the denominator 

and numerator do not covary. 

Coastal MAT method 

In method two, coastal temperature is not projected inland at sea level 

elevation as in method one (Figure 3.9); instead, inland temperatures are 

compared directly to coastal temperatures (Wolfe, 1992b). The Goshen flora 

from west central Oregon (Chaney and Sanborn, 1933) was scored to represent 

coastal temperature (Appendix A). The Goshen flora was deposited in the 

volcaniclastic Fisher Formation which is interbedded with the marine Eugene 

Formation; thus, the flora was coastal (Chaney and Sanborn, 1933; Wolfe, 1992a). 



Table 3.7 Solution of elevation equation for Florissant 
E lanation Me er (1986) 

MAT at sea-level (OC) 22.9 
Florissant MAT (OC) 10.7 
Sea level MAT - Florissant MAT (OC) 12 .. 2 
lapse rate (OC/km) 5.9 
sea level (km) at 35 Ma 0.2 

ELEV A nON OF FLORISSANT (km) 2.3 
error, 68 % confidence interval (km) ±o.37 
error, 95% confidence interval (km) ±o.73 

resent elevation of Florissant (km) 2.5 

Wolfe(1992) 

20.0 
10.7 
9.3 
3.0 
0.2 

3.3 
±0.75 
±1.47 

95 
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The overlying unit is K/ Ar dated at 32.0 Ma; other Goshen-type floras are dated 

at 34.8 ±1.2 Ma, 31 ±3 Ma, and 33.2 Ma, so the Goshen flora is considered to be 

earliest Oligocene (Evernden and James, 1964; Wolfe, 1992a) and, thus, close in 

age with Florissant. Again, however, though the flora occurred before the end of 

the temperature decline (Wolfe, 1992a) one must keep in mind the flora may 

have grown during the beginning of the temperature decline. Applying the 

multiple regression model gives an MAT of 20.0 ± 1.5 °C, a GSP of 125.1 ± 12.5 

em, and a rainfall distribution of 0.22 ± 0.18 (Table 3.6). The size correction was 

not used, because the flora was scored from the literature. In the late Eocene, 

Goshen was 7° higher in latitude than Florissant taking plate motion into 

account. Again, because of the uncertainties, the latitude correction factor was 

not used, thus the coastal temperature might be 1-2 °C low. The mean regional 

lapse rate of 3.0 °C/km is used for the terrestrial lapse rate term (Wolfe, 1992b). 

Wolfe (1992b) considers the differing paleogeography and circulation patterns in 

the Tertiary, and concludes it is reasonable to use this lapse rate for Tertiary 

floras. 

Using these numbers, an elevation of 3.3 ±D.8 km (68% confidence interval) 

or ±1.5 km (95% confidence interval) is derived (Table 3.7). Error was calculated 

as in method one. 

This elevation estimate is higher than the 2.3 km derived from the first 

calculation but note that the error terms are twice as large. This is because the 

lapse rate is half that used in the projected sea level method, so the same error in 

terms of temperature translates into twice the elevation error. It is difficult to 

compare the assumptions of both methods and determine which estimate is 

more reliable. Note however, the results do overlap at the 68% confidence 
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interval. This estimated paleoaltitude of 2.3 - 3.3 kIn indicates that 

significant elevation existed in the late Eocene. This elevation estimate is 

statistically indistinguishable from the present elevation at Florissant of 2.5 kIn, 

so the uplift of the Front Range area which created this elevation was 

accomplished before the late Eocene. 

The elevation results are also similar to other recent calculations of 

Florissant elevation. Meyer (1986) calculated an elevation 2450 m even though 

he used a different method of calculating paleotemperature and elevation. 

Wolfe (1992b) calculated an elevation of 2.9 km using correspondence analysis 

to derive paleotemperature. 

Other floras in the area also indicate that high elevations existed in the 

Eocene-Oligocene. Meyer (1986) calculated an elevation of 3.0-3.8 kIn for the 

Eocene Marshall Pass flora in the Sawatch Range of central Colorado which fits 

with geologic evidence showing that this area was higher than Florissant in the 

late Eocene (Epis and Chapin, 1975; Gregory, 1990). Wolfe and Schorn (1989) 

calculated that the 27.2 Ma Creede flora from the San Juan Mountains of 

southwestern Colorado was only 100-500 m lower than today. This result is 

consistent with aD values for rainfall incorporated in the Oligocene Creede 

hydrothermal system which are similar to values for aD of modern rainfall at 

Creede (Foley et aI, 1989). aD of rainfall increases with decreasing atmospheric 

temperature, decreasing surface elevation, and/ or changes in source waters, 

thus the similar values indicate significant changes in temperature, elevation, 

and/ or storm tracks have not occurred. Oligocene floras in the Rio Grande Rift 

of New Mexico have calculated paleo elevations up to a kilometer higher in the 

Oligocene than today (Meyer, 1986). 
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These indications of high elevation in Colorado by the late Eocene

Oligocene imply that uplift of the western US was not a major player in the 

global cooling since 15 Ma. Upward motion of the Southern Rocky Mountains 

began in the late Cretaceous, and at least one kilometer of elevation was present 

by the middle Eocene based on amounts of shortening across the major 

structures (Gregory and Chase, 1992). The Florissant paleoelevation indicates 

most of the modern elevation was attained by the late Eocene. The Wall 

Mountain tuff ties the elevation of Florissant and the Southern Rockies to the 

Great Plains (Gregory and Chase, 1992) and indicates the Great Plains were also 

high by late Eocene. The downcutting and coarsening of sediments said to 

imply recent uplift of the western US can be explained by climate change 

(Chapter 5; Molnar and England, 1990). 

Assumptions in the Climate and Elevation Models 

The leaf physiognomic climate and elevation models are uniformitarian; 

modern vegetation is used to determine the behavior of paleovegetation. It was 

discussed in a previous section why the physiologic response of plants to the 

environment makes this asswnption reasonable. However there are several 

possible exceptions to this assumption: 

1) Level of carbon dioxide in the atmosphere. Estimates of pC02 for the 

late Eocene show levels 1.8 to 2 times greater than levels today (Brady, 1991). 

Raising levels of carbon dioxide has been shown to enhance tree growth because 

the photosynthetic rate for a given size of stomata is increased (Kramer and 

Kozlowski, 1979). Because more C02 is taken up for the same stomata size, 
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water efficiency is also increased (Volk, 1987). The effect of increased C02 on 

leaf physiognomy and tree ring growth is not known. 

Two lines of evidence indicate that changing levels of pC02 do not 

greatly affect climate results derived from leaf physiognomy. Firstly, even 

though pC02 decreases with elevation,leaf physiognomy in Wolfe's dataset 

(1990) does not vary systematically with elevation once the effects of mean 

annual temperature decrease are accounted for (Figure 3.10). Wolfe's dataset 

covers an elevation range of 0 to 2.9 km which is a range of .228 to .165 mm 

pC02, or a 1.38x decrease. A linear regression of MAT residuals vs. elevation 

explains only 2: 1 % of the variance. Of course, many other climatic factors 

change as one increases in elevation, such as increased windiness, which makes 

sites drier. Unless there is significant counterbalancing of effects as elevation 

increases, increasing pC02 does not significantly change leaf physiognomy. 

Secondly, paleoclimatic estimates from paleobotany are consistent with 

other marine and terrestrial paleoclimate indicators. Wolfe and Poore (1982) 

compared the marine stable isotopic and paleontologic record from the North 

Atlantic Paleogene with the climate based on percent entire-margined leaves 

from floras in the Mississippi embayment and found similar trends. Wing et al 

(1992) show a correspondence in temperature trends calculated using percent 

entire-margined species for floras in the Bighorn Basin of Wyoming with marine 

stable isotope records from the Atlantic. 

Leaf physiognomy, as of now, provides the most precise estimates of 

terrestrial paleotemperature, so other methods for determining terrestrial 

paleotemperature cannot be compared quantitatively. However, on a 

qualitative basis, the coastal climate derived for Goshen and La Porte does not 
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contradict information from other climate indicators. For example, 

paleotemperatures match those predicted by aquatic reptile diversity in the late 

Eocene of California (Hutchison, 1982). Fossil soils from the Badlands of South 

Dakota are indicative of a humid, warm tempera~e to subtropical climate, which 

matches the coastal climate derived from leaf physiognomy (Retallack, 1983). 

2) Floras at high latitudes. In globally warm periods, forest vegetation 

extended up to 75° latitude (Wolfe, 1985). In these floras, large leaves might be 

an adaptation more to low light levels than temperature or rainfall. Thus, the 

predictions for MAT and GSP would be suspect for high-latitude sites. 

However, Spicer and Parrish (1990) found that the light effect on toothed 

margins was insignificant. In the late Eocene, Florissant was at a similar latitude 

to today's, so this argument does not pertain to the above analysis. 

3) Changes in the rate of disturbance for factors such as fire, volcanism, 

and insect attacks. For example, Brown (1991) showed that Sequoia stands in 

northern California have a mean fire interval of 7.0 years for the past 248 years 

of record; however fire scars are not visible in the Florissant Sequoia, though 

this absence may be due to lack of preservation. It is possible that, in the past, 

rates of disturbance were different and that this difference affected leaf 

physiognomy. At this point, the possible magnitude of this effect, if valid, is not 

known. 

As a final caveat, the climate models should be treated as progress 

reports. As new data becomes available, they should be revised. 

The aforementioned factors which possibly affect results from the climate 

model are not a concern for the elevation model, because the elevation model 

uses paleotemperature differences rather than absolute paleotemperatures. Any 
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linear systematic bias which shifts calculated paleotemperatures is canceled 

when the difference between the interior and the coastal temperatures is taken. 

The main difficulty with the elevation model is finding coeval coastal floras 

to compare with interior floras. The problem with dealing with floras close to 

the terminal Eocene event was discussed, but Milankovitch type climate 

variation must also be considered. Dating methods such as 40 Ar /39 Ar offer 

resolution for mid-Tertiary sites to within ±125,OOO years (Mcintosh et al; 1992), 

but even with this resolution, climate still varies on shorter time scales. Thus, as 

of now, it is impossible to prove that two floras are truly coeval; one must look 

at more than one coastal flora to sample climate variation as in this study. 

However, comparing floras does has the advantage of correcting for any 

systematic bias in the MAT model as discussed above. 

Uniformitarian assumptions are also made in the elevation calculation. For 

example, one assumes the continental interior undergoes the same amount of 

cooling as the coast in response to global cooling, and lapse rates are taken to 

remain constant from the mid-Tertiary to the present. On a qualitative basis, 

these assumptions seem reasonable (Wolfe, 1992b), but climate modeling would 

help determine the possible magnitude of any differences. 
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CHAPTER 4 

PALEOCLIMATIC IMPLICATIONS OF TREE-RING GROWTH 

CHARACTERISTICS OF 35 MA SEQUOIA AFFINIS FROM COLORADO AS 

COMPARED TO MODERN COAST REDWOOD AND GIANT SEQUOIA 

Abstract 

Tree-ring width and variability are functions of the interplay between 

climate, site conditions, and genotype. In studies of Holocene wood, ring 

widths can be calibrated with year-to-year instrumental records of climate to . 
identify the climate signal, and can then be used to retrodict past climate. A 

similar method can be used with pre-Holocene wood; ring-widths from the 

fossil trees' closest living relatives are used to determine the climate signal in 

fossil ring widths. The mean paleoclimate can then be estimated. As indicated 

by previous studies and comparisons between modern coast redwood (Sequoia 

sempervirens) and giant sequoia (Sequoiadendron giganteum ) in this study, the 

most useful paleoclimatic statistic is mean ring width, which is a measure of 

overall growth. Interannual variability, total variability, intercorrelation within 

and between trees, and percent missing rings indicate to what extent the climate 

limits the tree, and where that tree is in its ecological range. 

Comparison of ring-width series from 35 Ma Sequoia affinis from 

Florissant, Colorado to series from modem coast redwood and giant sequoia 

indicates the Florissant trees were near the edge of their ecological range, and 

climate was limiting. Higher mean ring width in the Florissant trees, as 

compared to modern analogs, indicates that either 1) mean annual precipitation 

at Florissant 35 Ma was similar to mean annual precipitation along the northern 
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coast of California today, but at Florissant a greater proportion fell during the 

growing season, 2) up to 2 times modern C02 levels in the late Eocene caused 

almost a 1.5 times increase in growth, or 3) the river valley site of the fossil trees 

was considerably more favorable than any of the sites in the modem samples. 

More modern multispecies studies along climate 'gradients are needed to help 

interpret the fossil wood record. 

Introduction 

In non-equatorial climates, trees grow only during the limited time of the 

year when climatic conditions are favorable. Early in the growing season, non

tropical trees form large, thin-walled earlywood cells, and late in the growing 

season, they form small, thick-walled latewood cells. The resulting light/ dark 

band is an annual ring. Under favorable climate conditions, trees produce more 

and larger wood cells and thus produce a wider ring than under unfavorable 

conditions (Fritts, 1976). Generally, ring width is narrow in alpine and arctic 

zones and areas with dry summers, whereas ring width is wide in temperate 

zones (Schweingruber, 1988). In tropical zones, distinct growth bands may not 

form. 

The size and variation of ring width is not only a function of climate, but 

also of site, species differences, and other biological factors, which filter the 

climate signal (Fritts, 1976). When dealing with Holocene wood, one can 

identify the climatic signal in ring-width series by comparing ring widths to 

yearly instrumental records of climate (Fritts, 1976; Fritts and Swetnam, 1989). 

A response function is derived which defines the relationship between ring 
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width and climate for that particular site, allowing climate to be estimated or 

"retrodicted" for the years before instrumental records. 

Because there is no continuous instrumental record of climate for pre

Holocene wood, this yearly resolution of paleoclimate inference is not attainable. 

Rather, the goal in pre-Holocene studies is to estimate mean paleoclimatic 

conditions by looking at ring characteristics and descriptive statistics of ring

width series as a whole. The philosophical basis of this method is similar to that 

for Holocene studies, in that the fossil-ring widths are not directly used to 

estimate climate, but need to be calibrated in order to identify the climatic 

signal. In fossil wood studies, this calibration is done by comparing fossil ring

width series from more than one species to other fossil ring-width series (Parrish 

and Spicer, 1988; Spicer and Parrish, 1990), or by broadly comparing fossil ring

width series to ring-width series from modern trees for which climate is known 

(Creber and Chaloner 1984a; 1984b; 1985; 1987; Francis, 1984; 1986; Jefferson, 

1982). Characteristics which have been used in the past include 

presence/ absence of growth rings; mean or maximum ring width; interannual 

variability in ring width (mean sensitivity); the presence of false rings; and the 

earlywood/ latewood ratio. These characteristics are argued to be primarily a 

function of climate (Creber, 1977). These comparative approaches are useful for 

assessing mean or general past climate conditions as contrasted with the yearly 

reconstructions obtained in standard dendroclimatic studies. 

In this paper, such an approach is used to draw paleoclimatic 

inferences from ring-width series of 35 Ma Sequoia affinis from Florissant, 

Colorado. Descriptive statistics are computed for the fossil ring-width series. In 

order to calibrate for genetic factors, these statistics are compared to those from 
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the closest living relatives of Sequoia affinis: coast redwood (Sequoia sempervirens ) 

and giant sequoia (Sequoiadendron giganteum). Site conditions are also taken into 

account. The Florissant trees were growing in a river valley in contrast to 

typical modern dendrochronological samples, in which trees from slope sites are 

sampled. Because of runoff and shallow soils, cliinate is more limiting for slope 

sites as opposed to level or valley bottom sites. Thus, in order to calibrate for 

the effects of topography, modern samples from both slope sites and valley floor 

sites are examined. 

Florissant Fossil Forest 

Geology 

The Florissant paleovalley was part of the drainage net on the high 

elevation, low relief, late Eocene erosion surface of Colorado (see Chapter 3). As 

the Thirtynine mile volcanic field 25 km to the southwest became active (Figure 

3.1), the paleovalley began to fill with mudflows and fluvially reworked ash. 

These deposits form the lower tuff of the Florissant Lake Beds (Figure 3.2). The 

uppermost mudflow of the lower tuff is up to 5 m thick and laterally 

heterogeneous, varying from conglomeratic with clasts of pumice and various 

lithics to silty. It contains permineralized fossil wood stumps and logs, some up 

to 50 feet in circumference. Today, the lower tuff is exposed in the modern 

valley bottom, with several stumps visible at the surface. 

When dealing with petrified trees in mudflow deposits, it is important to 

establish whether the trees were transported by the mudflow or were encased 

while in a rooted position. If the trees are in situ, then forest spacing and site 

conditions can be inferred from the preserved locations. Fritz and Harrison 
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(1985) examined mudflow deposits from the 1980 Mount Saint Helens eruption 

and found that only 10-15% of the tree material that was transported by the 

mudflows was deposited vertically. Short stumps with wide root systems were 

the most likely to be deposited in a vertical position. Because some of these 

stumps were derived from logging rather than th'e eruption, Fritz and Harrison 

(1985) caution that the 10-15% estimate is probably higher than that which 

would occur in an undisturbed area. Thus if less than approximately 10% of the 

stumps in a locality are vertical, the assemblage is probably transported. 

It is difficult to calculate the precise percentage of vertical stumps in the 

lower tuff, because the area has been heavily collected. A.C. Peale, with the 

Hayden survey, described the Florissant area in 1874, mentioning 20 to 30 

stumps in the "petrified forest" area. By 1882, geologists were already 

complaining of "vandal tourists" breaking up the stumps and hauling them 

away (Kimmet, 1986). Material was removed until 1969, when the area became 

a National Monument administered by the National Park Service (NPS). The 

only stumps left were those too large to be moved, or those still buried. In 1984, 

the NPS buried an additional number of stumps to prevent vandalism. Thus, 

the map of present stump locations in the petrified forest (Figure 4.1) reveals 

little about forest spacing or the percent vertical stumps. NPS records mention 

26 petrified wood occurrences in the petrified forest area. Only 4 of these are 

horizontal, so probably 65% or so of the material is vertical. I therefore interpret 

the stumps at Florissant to be in situ. This conclusion is compatible with the 

successful crossdating discussed later in the paper. 

Burial cuts off oxygen to the roots of trees. Modern coast redwood is 

known to survive partial burial by sprouting new roots at a higher level (Helley 
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and LaMarche, 1968). No such features are observed in the exposed trunks at 

Florissant, so the mud flow event probably killed the floodplain vegetation in the 

Florissant paleovalley. 

Species composition and preservation 

At least 3 species are present in the Florissant fossil forest: a 

gymnosperm, a ring-porous angiosperm, and a diffuse-porous angiosperm. The 

gymnosperm stumps range from 0.5 - 4 m in diameter and from 1-4 m in height. 

The wood was identified as Sequoia by Aureal Cross (personal commun., 1989) . . 
This identification agrees with foliage found higher in the section in the 

lacustrine unit of the Florissant Lake Beds (Chapter 3) which has been identified 

on the basis of cones and needles as Sequoia affinis by MacGinitie (1953). Sequoia 

affinis is most closely related to modern coast redwood, Sequoia sempervirens, but 

is not thought to be ancestral to S. sempervirens (R. Taggart, pers. commun., 

1992). The rings of Sequoia affinis are well preserved, and contain original wood 

material (Figure 4.2). I interpret these rings to be annual rings, because they are 

clearly defined. Non-annual rings are less clearly defined with diffuse 

boundaries (Jefferson, 1982). 

Only one ring porous stump is known; it has been identified as belonging 

to the Ulmaceae family by J. Landon (pers. commun, 1991) and is kept at 

Sanborn's Western Education Camp at Florissant. Unfortunately, it has no 

geographical or stratigraphic context. It has a diameter of 0.5 m and a height of 

0.4 m. Three diffuse-porous stumps are exposed at present and range from 0.5-

1 m in diameter. Two are within 1-3 m of a large Sequoia affinis stump. The 

species of these specimens has not been determined. 



Figure 4.2 Sequoia affinis, 1. transverse section. 2. radial section. 3. transverse 

section showing deformation of tracheids. Photos are 2mm across. 
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Data Collection 

In modern samples, ring widths are measured using an incremental 

measuring stage interfaced with a microcomputer which is accurate to a 

hundredth of a millimeter (Robinson and Evans, 1980). This measuring 

technique was used on samples FFB08A and FFB08B, which were collected, 

slabbed, and polished by M. Arct. Due to the hardness of the stumps and their 

high visibility to the public, it was not feasible to collect similar samples from 

each stump. However, the Florissant Sequoia affinis have a prominent transverse 

fracture pattern, so the upper surfaces of the stumps, which range from 2 - 4 m 

above original ground level, are often quite smooth (Figure 4.3). Rings are easily 

visible on these surfaces. I used a lOX monocle with a measuring scale accurate 

to a tenth of a millimeter to measure ring width on these exposed surfaces and 

dictated measurements into a tape recorder. Areas with possible microrings 

were examined with a 20X handlens. Ring widths were measured only where 

individual cells could be discerned, and each series was measured twice. 

Latewood width was not recorded as a separate measurement from total ring 

width because there was little absolute variation in latewood width. 

I tested whether the two measuring methods gave comparable results by 

measuring FFB08A using both methods and then comparing the results. The 

sum of the squares of 20 differences was under 0.10, and thus the accuracy was 

acceptable by usual dendrochronology measurement standards (Fritts, 1976). 

Problems encountered during measurement included deformation within 

rings and fracturing along ring boundaries. In some of the petrified trees, areas 

exist where the thin-walled earlywood cells are sheared, and the thick-walled 

latewood cells are unaffected, or slightly flattened (Figure 4.2). This type of 
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Figure 4.3 1. Stump FFBll, illustrating how the upper surface tends to be 

horizontal 2. Natural surface on stump FFBOI showing tree rings. 
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deformation is fairly common in fossil wood (Francis 1984; Jefferson, 1982; 

Parrish and Spicer, 1988) and is possibly due to waterlogging and subsequent 

desiccation. I avoided these deformed areas by tracing the ring to the side and 

measuring the undeformed width. In some slightly deformed areas, the original 

width could be determined by measuring parallel to the rows of angled 

tracheids in the earlywood and then adding the latewood width. Another 

problem encountered was hairline fractures along ring boundaries. These 

fractures could possibly obscure microrings and thus were noted. 

In total, 30 series ranging from 63 to 434 rings were measured from 9 

Sequoia affillis and one Ulmaceae tree. Dimensions of the stumps are given in 

Table 4.1. Sampling was determined by preservation; these series represent all 

available surfaces of the exposed stumps. It was much more common for the 

outside of the tree to be preserved than the pith area, so most of the series were 

from the outer portions of the trees; only series from FFB05 were located near 

the pith. Hence, the length of the ring-width series thus do not represent the age 

of the trees. Unfortunately, the bark was not present on these trees, so the 

xylem/phloem boundary could not be used as a datum. 

Methodology 

Crossdating 

I examined the 28 Sequoia affinis ring-width series for crossdating. 

Crossdating is the process by which the variation in ring characteristics, in this 

case ring width, is examined to determine whether matches exist between series 

from the same and different trees. If the patterns match, then the series are 

coeval. Crossdating is the hallmark of dendrochronology; it is the fundamental 



Table 4.1 Stump diameter, height, and series location for 
Florissant trees 

STUMP Diameter (m) led? 

FFB01 4.9 no 
FFB03 2.0 no 
FFB04 3.0 no 
FFB05 2.0 yes 
FFB06 3.1 no 
FFB08 3.2 no 
FFB10 2.0 no 
FFBll 4.2 no 
FFB12 35 no 
Ulmaceae 0.5 es 
Diameter and height at widest and highest point, measured 
with tape measure. 
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principle that establishes that a common year-to-year variable signal exists in 

tree-ring series (Fritts and Swetnam, 1989). Creber and Chaloner (1987) argue 

that even for in situ stumps, crossdating is not necessary in fossil wood studies 

because there is no reason to identify short frequency climate fluctuations; one 

rather desires a "general indication of the climatic environment". However I 

would argue crossdating has several advantages for studies of fossil trees: 

1) The principle of "limiting factors" states that a tree cannot grow more 

than is allowed by the most limiting factor (Fritts and Swetnam, 1989). When 

growth is limited, a narrow ring forms. H there are enough narrow rings, they 

form a pattern which allow the series to be crossdated. Thus, if crossdating 

exists, it means some climatic or environmental factor was limiting, and the 

amount of crossdatable variance indicates how often growth was limited (Fritts, 

1976). 

2) Cross dating allows series to be added together so that the climate 

signal is emphasized. The linear aggregate model of ring-width measurement of 

Graybill (1982) and Fritts and Swetnam (1989) is expressed as the equation: 

Rt = G t + C t + Dt + Et 

where 

G = the age-related growth trend value in year t that is shared by that 

species growing on that type of site. 

C = climate induced growth for the stand. This includes the effects of site, 

since climate is filtered through site conditions. 

D = the disturbance pulse which includes endogenous factors such as 

competition acting on specific trees and exogenous factors such as fire, insect 

infestation or pollution common to the stand. 
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E= unexplained variance including measurement error. 

Crossdating allows the magnitude of the term Et to be reduced, because 

ring widths for a given year are replicated. G and D are reduced by fitting a 

curve to the series and dividing the ring width at year t by the value of the curve 

at year t. This operation also stabilizes the mean and variance of the series, so 

that series can be combined with equal weight into a chronology. Because the 

effect of non-climatic factors is reduced in the chronology as compared to raw 

ring-width series, descriptive statistics computed for the chronology are thus 

more characteristic of climate. 

3) Cross 'dating allows the identification of missing rings and false rings. 

If climate is severely limiting, then the tree may only grow along only parts of 

the circuit, or not at all; this is termed a missing ring. In the case of fossil trees, 

missing rings might also be caused by the hairline fractures discussed above. If 

a ring wedges out along the circuit, then this type of missing ring can be 

identified by tracing the ring along the entire circuit of the tree. This is often not 

possible. Some missing rings are completely absent from the tree and these can 

only be identified by cross dating. False rings form when climatic changes occur 

late in the growing season, and an interannual variation in cell density occurs, 

which can be mistaken for an annual ring. These can often be identified by 

careful examination, but some can only be identified by crossdating (Ammons et 

ai, 1987). Both these features have climatic significance: the percent missing 

rings in a series is an indicator of the degree to which climate limited the tree, 

and the presence of false rings gives information about seasonality. 

Identification of missing and false rings in a series also improves the accuracy of 

the descriptive statistics (Fritts and Swetnam, 1989). 
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4) If cross identification is achieved, it proves that the fossil trees were 

growing at the same time. In many fossil sites, it is unclear if vertical stumps 

were contemporaneous because of disturbance or poor exposure. Cross dating is 

very useful in these situations because if it is present, it establishes 

contemporaneity. For example, Arct (1979) and Ammons et al (1987) have both 

used cross dating to show that stumps in the Yellowstone petrified forest 

(Eocene) were coeval. 

Thus in summary, crossdating is an important step in fossil ring studies 

because the amount of cross datable variance and the percentage of missing rings 

are measures of the extent to which climate limited growth. If crossdating is 

achieved, it proves the contemporaneity of the trees, and allows the series to be 

added together so that the climate signal is emphasized. 

In the Florissant sample, ring-width series from the same tree were 

checked for internal crossdating. Initial crossdating attempts with skeleton 

plots, which only plot narrow rings, were not entirely successful. Similar 

difficulties have been encountered in crossdating coast redwood because the 

ring-width series tend to have little interannual variation in ring width, and ring 

"wedge-outs", in which several rings pinch out along the circuit of the tree, 

often occur (Brown, 1991; Swetnam, 1987). These two factors make coast 

redwood difficult to crossdate. However, Swetnam (1987) and Brown (1991) 

both found that using a light table to check for matches between ring-width 

plots was more successful than the usual skeleton plot method which 

emphasizes the importance of patterns of narrow rings. Thus, ring-width plots 

of the Florissant series were examined on a light table in order to visually check 

for matches. Series that were tentatively crossdated were then statistically 
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analyzed using the computer program COFECHA (Holmes, 1983). COFECHA 

removes autocorrelation and long frequency trends from each series, and then 

slides 50 year segments of one series against another and computes pearson 

correlation coefficients for the initial dated position and at lagged positions 

forward and backward. Missing rings were identified by comparing graphical 

plots and COFECHA output and then checking field notes and the actual wood 

for indications of irregularities to aid placement. No missing ring was added if 

less than 50 years before or after the ring existed for which crossdating could be 

checked. 

Descriptive statistics of ring-width series 

In dendrochronology studies, descriptive statistics are computed for 

modern series primarily for comparative measures of the quality of chronologies 

(Fritts and Shatz, 1975). These statistics have not been used alone to interpret 

climate, because the more powerful method of comparing ring-width series 

directly to seasonal or yearly meteorological records can be used. However, 

with fossil wood, which cannot be compared directly with an independent year

to-year time series, descriptive statistics can be used to compare different sets of 

ring-width series and in this way make interpretations about the general 

climate. These statistics include: 

1) Mean Ring Width. Mean ring width is a measure of overall growth. In 

a given year, ring width will be wider under favorable conditions, and narrower 

under unfavorable conditions. For example, Fritts et al (1965) showed how 

mean ring width of Douglas-fir (Pseudotsuga menzesii), ponderosa pine (Pinus 

ponderosa), and pinyon pine (Pinus edulis) decreased along a gradient of 
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decreasing elevation and precipitation in northern Arizona. LaMarche (1974) 

found similar results along a elevation/precipitation gradient for bristlecone 

pine (Pinus [ongaeva) from Nevada, with the two higher, wetter sites having 

larger mean ring width than the two lower, drier sites. 

Ring width of trees at high altitude or high latitudes tend to be more 

limited by temperature than precipitation, and those at lower elevations or 

latitude tend to be more limited by precipitation (Kienast et aI, 1987). Though 

these broad patterns generally seem to hold, local site conditions and 

topography may override them. In this study, I will argue that mean ring width 

is the most useful and important statistic for the paleoclimatic inferences made 

here. Mean ring width is computed for raw ring width series, because 

detrended series are normalized so that they have a mean ring width of one. 

The influence of high outlying ring widths can be reduced by calculating mean 

log ring width. 

2) % Missing rings/% False rings. The percentage of missing rings in a 

series is a measure of the proportion of years which were so limiting that 

portions of the tree did not grow. A high percentage of missing rings indicates 

the tree is growing near the edge of its climate tolerance and is thus limited by 

climate. Fritts et al (1965) found the percent of missing rings increased as one 

went from the forest interior to the forest border. This statistic has not been 

calculated in previous fossil wood studies. In coast redwood, missing rings can 

be due to limiting climate, but are also caused by sprouting (Swetnam, personal 

commun., 1992). 

False rings are caused by a period of stress followed by an improvement 

in growing conditions within the growing season. During the severe conditions, 
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the tree starts to form thicker-walled latewood, but when the conditions 

improve, the tree switches back to forming thinner-walled earlywood cells 

(Fritts, 1976); the band of latewood can be mistaken for an annual ring 

boundary. False rings in non-tropical conifers are more characteristic of arid 

climates than moist climates. Within arid-site coIi.ifers, however, genetic 

potential helps determine which species form false rings; Fritts et al (1965) found 

that along a gradient experiencing the same regional climate, only one species 

out of three formed false rings, absent rings were more likely to form in 

ponderosa pine than Douglas-fir. 

3) Mean Sensitivity. Mean sensitivity is a special dendrochronological 

statistic and is a measure of the year-to-year variability of a series. It is 

calculated by the following equation: 
1 '~1 2{x'+1 - x,) 

ms =-- "-' 
x n - 1 1=1 X,+1 + X, 

where Xt = ring width for year t, Xt+ 1 the adjacent ring width and n = the total 

number of years in the series. Essentially, this statistic expresses the mean 

proportional change in year-to-year ring values. Mean sensitivities of conifer 

species in the western U.S. usually vary between about 0.1 and 0.5 (Fritts and 

Shatz,1975). Chronologies with value above 0.3 are generally considered 

relatively "sensitive" and those below about 0.2 relatively complacent. 

Mean sensitivity is one measure of the extent to which climate affects tree 

growth. For example, a sensitive series may indicate the tree is growing near the 

edge of its climate tolerance and is thus limited by climate (Fritts, 1976). Mean 

sensitivity tends to increase as one moves from forest interior to forest border 

sites. For example, Fritts et al (1965) and LaMarche (1974) found that mean 

sensitivity increased from 0.20 to 0.58 in ponderosa pine, from 0.31 to 0.44 in 
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pinyon pine, and from 0.15 to 0.26 in bristlecone pine as one moved from the 

forest interior to the forest border and the variability of precipitation increased. 

Note that it does not necessarily follow that if a ring-width series of a particular 

species was complacent, the climate was not variable; a site in which climate 

was not limiting for Pinus sp., which would have a complacent ring-width series, 

might be quite stressful for Sequoia sp. which would have a sensitive ring-width 

series. Francis (1986) considers mean sensitivity to be the most useful statistic 

for making paleoclimate inferences because high mean sensitivity indicates a 

variable climate. However "variable climate" is a somewhat vague term. It 

would be helpful to document which modern climates produce sensitive ring

width series in particular genera or species at the forest border and which do 

not. 

4) Standard Deviation. Standard deviation is a measure of the total 

variation of ring widths around the mean; one standard deviation expresses the 

distance from the mean within which 65 % of the values fall. It is calculated for 

detrended series so that the effects of growth trends and disturbances are 

minimized. Like mean sensitivity, high standard deviation may suggest the tree 

is near the edge of its climate tolerance and is limited by climate. It generally 

increases as one moves from the forest interior to the forest border (Fritts et aI, 

1965; LaMarche, 1974). However, it is not as reliable an indicator of year-to-year 

climatic variance because ring series with intermittent or a few persistent 

excursions in values may have inflated standard deviations. Such scenarios can 

be caused by forest disturbances. This statistic has not been included in previous 

fossil wood studies. Trends in this and the other descriptive statistics with 

climate are shown in Figure 4.4. 
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5) First-order Autocorrelation. First-order autocorrelation is a measure of 

the correlation between the ring width for year t and the ring width for the 

subsequent year, t+ 1. Autocorrelation is ubiquitous in tree ring series and is 

thought to derive from physiological processes, such as storage depletion of 

food resources or disturbance (Biondi and Swetnam, 1987; Fritts, 1976). The 

climatic significance of autocorrelation in tree-ring series is essentially unknown. 

Usually dendrochronologists are concerned with removing autocorrelation from 

tree-ring series because it violates statistical assumptions of parametric time 

series tests and regression models (Monserud, 1986). 

Treatment of modem data 

Paleoclimatic inferences can be made from fossil wood by using the 

aforementioned descriptive statistics. However not only climate, but site 

conditions and genotype affect the values of these statistics. As a strategy to 

assess the possible effect of site and genotype on ring-width series of the fossil 

trees, I examined ring-width series from the closest living relatives to Sequoia 

affinis, coast redwood (Sequoia sempervirens) and giant sequoia (Sequoiadendron 

giganteum) growing on a variety of sites. Ring-width series from Metasequoia 

were not available. 

Ring-width measurements were available for six coast redwood sites near 

the northern California coast: Plantation Ranch, Prairie Creek, Maillard Ranch, 

Wheat Field Fork, Willets, and Fort Bragg (Figure 4.5)(Lamont-Doherty and 

University of Arizona Tree-ring lab files). Ring-width series from the Louisiana

Pacific site were not used because of the shortness of the series. The Prairie 

Creek trees were crossdated by Swetnam (1987) and the Wheat Field Fork, 
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Willets, Fort Bragg trees were crossdated by Buckley and by Schulman 

(Schulman, 1940; B. Buckley, pers. commun.). Maillard Ranch and Plantation 

trees were not crossdated because of problems with ring wedging in the period 

1450-1880 (B. Buckley, pers. commun.). These series were also standardized by 

ARSTAN using a 40 year spline. The Plantation Ranch trees were growing on 

flat benches above the Gualala River and form the level dataset (CL). The 

remaining sites in which trees were growing on slopes were combined to form 

the slope dataset (CS). The slope sites were combined because there were too 

few trees at individual sites to be used for comparison. These series were mostly 

from the outer portion of the trunks. 

Disturbances such as logging, fire, or flooding can cause large increases in 

radial growth (> 100%) in the surviving trees by reducing forest competition. 

Disturbance was especially a problem at the Plantation site, for which there 

were several short series dominated by growth surges beginning around 1890. 

If growth release constituted more than 50 % of a series, then the series was 

deleted from the dataset, because it was inferred that the mean ring widths for 

these series were responding more to disturbance history than general climate. 

Using this criteria, 7 trees were removed from the Plantation dataset, 3 from 

Wheat Field Fork and 1 from Maillard Ranch. Growth surges will be further 

discussed in a later section. 

Descriptive statistics were available for three giant sequoia sites in the 

Sierra Nevada: Mountain Home, Giant Forest, and Camp Six (Figure 4.5) 

(Hughes and Brown, 1992; University of Arizona Tree-ring lab files). These 

series were crossdated and then standardized using the program ARST AN; 

forty year splines were used to standardize the series. The Mountain Home 
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(MH) and Giant Forest (GF) trees grow on flat benches with relatively deep soils, 

while the Camp Six (C6) trees grow on a steep slope above the Kings River. The 

series were mostly from the outer portion of the trunks. The giant sequoia data 

could not be examined for growth surges because just descriptive statistics were 

available for the series, as opposed to raw ring-width data. Relatively short 

series with extreme outliers in the mean ring width histogram were deleted, 

because these were probably either young trees, or series with a high proportion 

of growth surges. This included one tree from Mountain Home and two trees 

from Camp Six. 

Descriptive statistics from each site were normally distributed except 

where noted and were compared using analysis of variance (ANOV A). 

Treatment of Florissant sample 

The Florissant ring-width series were detrended using a 40 year cubic 

spline as were the modem datasets, and descriptive statistics for raw and 

detrended series were computed using ARSTAN (Holmes, 1983). To calculate 

these descriptive statistics for the Florissant sample, series along the same 

radius, but separated by a small break such as FFB01SW1 and FFB01SW2 were 

combined so that trees with several short sequences were not unduly weighted. 

Only one tree at Florissant, FFB05, had the pith preserved, and these series were 

deleted from the dataset used for comparison. Growth releases did occur in the 

Florissant ring-width series, but where present only constituted a minor portion 

of the series; thus none of the fossil series were deleted from the dataset. In 

order to further reduce the effect of high outlying ring widths, the Florissant 
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ring width series were log transformed using ARST AN and mean log ring width 

was also computed. 

Results 

Crossdating 

The earlywood/latewood transition in Sequoia affinis is sharp. The 

latewood band is narrow, typically ranging from 3 to 12 cells, with an average of 

7 cells. Latewood represented less than 10% of ring width. In tJte ring-porous 

species,latewood width was variable ranging from 29 - 88% of ring width and 

averaging 63% of ring width. Raw ring width values for the Florissant trees are 

given in Appendix D. 

Of the 8 trees in which more than one series was measured, only FFB04 

appeared, in the field, to have radii from portions of the trunk which did not 

overlap. Thus, within tree crossdating was most likely to be achieved in FFB01, 

FFB03, FFB05, FFB06, FFB08, FFBll, and FFB12. Of these trees, only series 

within FFBll did not internally crossdate. Figure 4.6 shows an example of 

internal crossdating for the series from stump FFB01. Within-tree Pearson 

correlations for the crossdated series ranged from 0.48 - 0.74 as calculated by 

COFECHA (Table 4.2). 

Similar to modern coast redwood, the Florissant trees displayed ring 

wedging, that is rings pinched out to become missing rings. This behavior was 

most notable in stump FFB12, where 10 rings could be seen wedging out over 

approximately 5 em of circuit length. Missing rings were identified in series 

from stump FFB01 by crossdating. The percent missing rings ranged from 0% in 
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Table 4.2 Intercorrelation of Sequoia affinis ring width series and percent 
missing ring values 

STUMP* inter- SERIES** 

FFBOl 

FFB03 

FFB05 

FFB06 

FFB12 

correlation 

0.59 

0.74 

0.62 

0.74 

0.48 

FFB01SW1 
FFB01SW2 
FFB01N 
FFB01S1 
FFB01S2 
FFB01E1 
FFB01E2 
FFB01E3 
FFB03S1 
FFB03S2 
FFB03S3 
FFB03SW 
FFB05NW1 
FFB05NW2 
FFB05NW3 
FFB05N1 
FFB05N2 
FFB06N1 
FFB06N2 
FFB06W 
FFB12SW 
FFB12SSW 

% missing 
rings 

0.8 
0.8 
1.7 

2.6 

0.8 

12.1 

relative dates of missing 
rin st 

1121 
1327,1328 
1227,1266,1336,1399 

1327,1328,1336 

1249 

1041,1043,1046,1054,1055, 
1056,1057,1058,1059,1060, 
1061,1085 

*The overlap between FFB08A and FFB08B was postulated by Arct from the 
location of the samples within the tree (personal commun., 1989) but was too 
short for intercorrelation to be calculated. ** Series letters indicate compass 
direction of series. tCrossdated stumps were given a relative starting date of 
1000. This column gives the relative years which had missing rings. These 
missing rings were identified by crossdating, except for FFB12SSW in which 
missing rings were indentified by observation of ring wedging in the field. 
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stumps 3,5,6, and 8 to 0.8 to 2.6% in FFBOl to 12% in stump FFB12 (Table 4.2). 

No false rings were found. 

Between-tree crossdating was achieved for FFBOl and FFB03 (Figure 4.7). 

These two trees were growing 50 m apart from each other. The two trees have 

an overlap of 180 years and a correlation of 0.57. This is the best crossdating 

relationship based on ring widths yet found in fossil wood. This finding clearly 

establishes that at least these two trees grew contemporaneously. 

Descriptive statistics 

The descriptive statistics for the Florissant series are shown in Table 4.3, 

with mean values given in Table 4.4. It is desirable to calculate chronology 

statistics because by combining individual ring-width series the climate signal is 

emphasized while error is reduced. However, because only two of the 

Florissant trees crossdated, there were not enough series to be combined into a 

single chronology for the site. Instead, statistics for individual ring-width series 

were computed. 

These descriptive statistics from the Florissant series were compared to 

descriptive statistics from ring-width sequences from the closest living relatives 

to Sequoia affinis using ANOV A. Mean values are given in Table 4.4, and values 

for the individual series are listed in Appendix E. Statistical probabilities for the 

hypothesis tests using ANOV A are given in Table 4.5, while Tables 4.6 to 4.9 

compare and summarize general patterns in these results. 

Descriptive statistics from the three giant sequoia sites were similar 

(Table 4.6). Mean ring width, mean sensitivity, and first order autocorrelation 

were statistically indistinguishable for the three giant sequoia sites. Standard 
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Table 4.3 Descri tive statistics for the Florissant rin -width series. 

SERIES years mean log mean mean standard foact 
RW" RW sensitivity deviation 

FFBOISW 362 1.26 2.51 0.33 0.34 0.34 
FFBOIN 231 1.32 2.55 0.34 0.34 0.40 
FFBOIS 248 1.24 2.49 0.35 0.37 0.40 
FFBOIEI 123 1.38 2.65 0.24 0.25 0.31 
FFBOIE2 132 1.28 2.57 0.28 0.28 0.41 
FFB03S1 180 2.01 2.96 0.28 0.36 0.35 
FFB03S2 136 1.87 2.90 0.30 0.33 0.30 
FFB03SW 63 1.48 2.71 0.30 0.27 0.16 
FFB04W 230 1.37 2.52 0.27 0.36 0.61 
FFB04SE 220 2.02 2.99 0.22 0.26 0.40 
FFB04S 95 1.90 2.93 0.26 0.29 0.37 
FFB05NW 82 1.92 2.72 0.46 0.47 0.38 
FFB05N 121 2.24 2.92 0.41 0.53 0.47 
FFB06N 201 2.31 3.02 0.24 0.26 0.32 
FFB06W 67 0.82 2.07 0.29 0.38 0.37 
FFB08 599 0.52 1.73 0.38 0.37 0.27 
FFBI0 71 1.15 2.46 0.25 0.26 0.19 
FFBllS 355 1.13 2.28 0.40 0.42 0.36 
FFBIIE 436 1.45 2.66 0.30 0.31 0.31 
FFB12SW 81 1.17 2.42 0.32 0.36 0.31 
FFB12SSW 99 0.84 2.03 0.50 0.53 0.26 
.. rw = rin~ width (mm). first-order autocorrelation 
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Table 4.4 Mean values for descri tive statistics 
N* meanrw** mean stnd first-order 

(mm) sens. dev. autocorr. 
Giant sequoia, level (MH) 44 0.84 0.18 0.19 0.28 
Giant sequoia, level (GF) 24 0.85 0.17 0.18 0.31 
Giant sequoia, slope (C6) 25 0.96 0.20 0.21 0.30 
Coast redwood, level (CL) 19 0.98 0.36 0.37 0.35 
Coast redwood, slope (CS) 30 1.04 0.25 0.30 0.44 
Se uoia a 'nis Florissant (F) 19 1.40 0.31 0.33 0.34 
*N= number of rin~ width series. **rw= rin~ width 

mean log % MR mean 
rw avg. * intercor-

relation 
Coast redwood, level (CL) 2.12 0.04 .53 
Coast redwood, slope (CS) 2.28 0.69 .53 
Se uoia a 'nis Florissant (F) 2.55 0.55 .63 
* calculated as total # of missing rings (mr) at site/total # of rings 
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Table 4.5 Values of p for ANOVA between descriptive statisticst 

Meanrin width 
MH GF C6 CL CS F 

Giant sequoia, level (MH) 0.63· 0.07· 0.19· 0.01· 0.00· 
Giant sequoia, level (GF) 0.63· 0.17 0.35· 0.04" 0.00 
Giant sequoia, slope (C6) o.or 0.17 0.86· 0.48· 0.00 
Coast redwood, level (CL) 0.1~ 0.35· 0.86· . 0.45" 0.00· 
Coast redwood, slope (CS) 0.01" 0.04" 0.48" 0.45· 0.00" 
S IIOin a 'nis Florissant (F) 0.00t 0.00 0.00 0.00" 0.00" 

CL CS F 
Coast redwood,level (CL) 0.93 0.00 
Coast redwood, slope (CS) 0.93 
s IIOin a '1Iis Florissant (F) 0.00 0.00 1.00 

Mean sensitiv,i 
MH GF C6 CL CS F 

Giant sequoia, level (MH) 0.22 0.05 0.00" 0.00 0.00 
Giant sequoia, level (GF) 0.22 0.11 0.00" 0.00 0.00 
Giant sequoia, slope (C6) 0.05 0.11 0.00" 0.00 0.02 
Coast redwood, level (CL) 0.00" 0.00" 0.00" 0.00· 0.05· 
Coast redwood, slope (CS) 0.00 0.00 0.00 0.00" 0.00 
S IIOin a '1Iis Florissant (F) 0.00 0.00 0.02 0.05" 0.00 

Standard deviation 
MH GF C6 CL cs F 

Giant seqUOia, level (MH) 0.40"· 0.03 0.00 0.00" 0.00 
Giant sequoia, level (GF) 0.40'" 0.17" 0.00 0.00" 0.00 
Giant sequoia, slope (C6) 0.03 0.1~" 0.00 0.00" 0.00 
Coast redwood, level (CL) 0.00 0.00 0.00 0.00" 0.04 
Coast redwood, slope (CS) 0.00" 0.00· 0.00· 0.00· 0.03· 
S IIOin a '"is Florissant (F) 0.00 0.00 0.00 0.04 0.03· 

First-order autocorrelation 
MH GF C6 CL cs F 

Giant sequoia, level (MH) 0.43" 0.71·· 0.02 0.00 0.18 
Giant sequoia, level (GF) 0.43" 0.57 0.08 0.00 0.48 
Giant sequoia, slope (C6) 0.71" 0.57 0.01 0.00 0.15 
Coast redwood,level (CL) 0.02 0.08 0.01 0.11 0.83 
Coast redwood, slope (CS) 0.00 0.00 0.00 0.11 0.00 
S IIOin a '1Iis Florissant (F) 0.18 0.48 0.15 0.83 0.00 

t values of p below 0.05 are in bold type. Values below 0.05 indicate a 
statistically significant difference between the means of the two groups at the 
95% or greater confidence interval. *variables were log transformed to 
aEEroximate normal distribution ..... distribution differed from normal. 
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Table 4.6 Comparison of descriptive statistics from the giant sequoia level and 
slope sites 

statistic Level (MH) vs. Level (GF) vs. 
slope (C6) slope (C6) 

mean ring width 
mean sensitivity 
standard J. 
deviation 
autocorrelation 

Slope (C6) vs. 
level (MH, GF) 

i 

COMMENTS: The sites generally have similar statistics. One level site has 
lower total variability than the slope site. 
A dash indicates the values are statistically indistinguishable, an up arrow 
indicates the value is significantly greater than the site being compared to, a 
down arrow indicates the value is significantly less than the site being 
compared to. MH = Mountain Home, GF = Giant Forest, C6 = Camp Six. 
Mean values given in Table 4.4, p values for ANOVA comparisons given in 
Table 4.5 
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deviation was significantly higher in the giant sequoia slope site versus one of 

the level sites (Mountain Home), but was indistinguishable from the Giant 

Forest level site. 

More differences existed between the coast redwood sites (Table 4.7). 

Mean ring width, mean log ring width, first order autocorrelation, and withln

tree correlation were statistically indistinguishable. However, mean sensitivity 

and standard deviation were significantly higher and percent missing rings was 

lower for the level site as opposed to the slope sites. 

There were substantial differences between coast redwood and giant 

sequoia (Table 4.8). The coast redwood level site had mean ring widths which 

were indistinguishable from giant sequoia. However, the slope coast redwoods 

had significantly higher mean ring width than the giant sequoia from level sites. 

Mean sensitivity, standard deviation, and autocorrelation were all significantly 

higher for the coast redwoods. 

The Florissant Sequoia affinis had mean sensitivity and first order 

autocorrelation values similar to modern coast redwood growing in valley sites; 

otherwise the Florissant sample differed significantly from the modern trees 

(Table 4.9). The Florissant trees had significantly higher mean ring width than 

any of the modem trees. Mean sensitivity was significantly higher than coast 

redwood growing on slope sites and all the giant sequoia sites. Standard 

deviation for Sequoia affinis was higher than the giant sequoia sites and the coast 

redwood growing on slope sites and lower than standard deviations of the coast 

redwood growing in the river valley. Finally, first order autocorrelation for 

Sequoia affinis was similar to all the modern sites except the coast redwood 

growing on the slope sites which had significantly higher values. The Florissant 



Table 4.7 Comparison of descriptive statistics from the coast 
redwood level and slope sites 

statistic Level Slope 
mean ring width - -
mean log ring width - -
mean sensitivity i .l. 
standard deviation i .l. 
autocorrelation - -
% missing rings .l. i 
intercorrelation - -
COMMENTS: Ring WIdth and year-to-year correlation and 
intercorrelation between series from the same tree similar for 
the two sites, year-to-year variability and total variability 
higher, percent missing rings lower for the level site coast 
redwood. 
Explanation of symbols given in Table 4.6 
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Table 4.8 Comparison of descriptive statistics from coast redwood level and 
slope sites to those from giant sequoia level and slope sites 

statistic CR level vs. CR level vs. CR slope vs CR slope vs 
GS level GS slope GS slope GS level 

mean ring width i 
mean sensi ti vi ty i i i i 
standard i i i i 
deviation 
autocorrelation iii i 
COMMENTS: Year-to-year variability, total variability, and year-to-year 
correlation higher for coast redwood than giant sequoia. The slope coast 
redwoods have significantly higher mean ring width than the level site giant 
sequoia 
CR = coast redwood, GS = giant sequoia. Explanation of symbols given in 
Table 4.6 
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Table 4.9 Comparison of descriptive statistics from Florissant Sequoia affinis to 
those from modern trees 

statistic Fvs.CR Fvs. CR Fvs. GS Fvs. GS increasing 
level slope level slope env. stress 

mean ring width i i i i 
meanlogrw i i n/a n/a 
mean sensitivity - i i i i 
standard .1. i i i i 
deviation 
autocorrelation - .1. -- --
% missing rings i .1. n/a n/a i (.1.) 
intercorrela tion i i n/a n/a i (.1.) 
COMMENTS: FlOrIssant trees have higher mean nng wIdth than any of the 
modern trees. Year-to-year variability and total variability are higher in the 
Florissant trees than the giant sequoia and slope coast redwoods, the values 
are indistinguishable or lower than the level coast redwoods. Year-to-year 
correlation in the Florissant trees is lower than the slope coast redwood and 
similar to the other trees. The percent missing rings and series correlation 
from within a single trees for the Florissant trees fall between the values for 
level and slope sequoia. 
F = Florissant sample, CR = coast redwood, GS = giant sequoia. The 
increasing environmental stress column gives the expected direction of 
change of the statistics if environmental stress increases. n/ a= data not 
available. Explanations of other symbols given in Table 4.6 
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values for percent missing rings and within-tree correlation fell between the 

values, for coast redwood growing on slope and valley sites. 

Interpretations 

Fossil versus modern wood 

There are four primary factors to consider when comparing the modern 

datasets with the Florissant fossil wood: 

1) Age-Related Trends. As discussed above, the linear aggregate model 

of ring-width measurement indicates ring width is a function not only of 

climate, but also of the age of the tree and disturbance history. As a tree gets 

older, ring width decreases because the circumference of the trunk increases and 

growth rate declines (Fritts, 1976). This effect becomes less pronounced with 

time, and growth "trends" in relatively old trees often become essentially flat, 

that is with no age trend, with annual to centennial fluctuations around the 

mean. 

Mean sensitivity also varies with the age of the tree: young trees tend to 

be less sensitive than older trees because their growth rate is higher. However, 

this pattern is much less pronounced than that of mean ring width with age. 

Standard deviation and first order autocorrelation are calculated for detrended 

series, and do not show trends with age. 

Thus, when interpreting mean ring width in the context of climate, one 

needs to compare samples with similar age structure or account for the age 

differences among samples. In this study, the series were long, and were 

predominantly from the outside portion of the trees, where age trends are not 

pronounced. Series in which the pith was sampled were deleted from the 
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datasets. Thus, age-related trends were not a problem in the modem or fossil 

samples. 

2) Disturbance History. As discussed previously, disturbances, such as a 

fire or death of a neighbor, often cause growth releases in coast redwood and 

giant sequoia in which ring widths increase by an order of magnitude or more 

for several decades. Thus the maximum ring-width statistic used by Creber and 

Chaloner (1984a, 1984b, 1987) is not useful for these genera; maximum ring 

width could reflect a one time growth surge after a disturbance event, rather 

than growth averaged over a long period of time. These growth surges are . 
difficult to separate from climate variations, and unless the series are de trended, 

are included in mean ring width. Theoretically, values of mean sensitivity, 

standard deviation, and first order autocorrelation are affected by growth 

releases. However in practice, if the percentage of the series consisting of 

growth release is small, these affects are minor and can be ignored. 

When comparing mean ring width between sites, one should exclude 

series where more than 50% of the length consists of sudden, step-like increases 

in ring width. If series contain only a few growth releases, one could either 

delete the disturbed portions or log transform the series. Taking the log of ring 

width has the effect of reducing the influence of high outliers and is a typical 

transformation for this type of data. 

3) Site Conditions. Slope, slope exposure, and soil conditions act as filters 

of regional climate. For example, given a drainage basin, one would expect the 

highest values of soil moisture on the valley floor and the lowest values of soil 

moisture on steep, south-facing slopes. Even though trees from the slope and 

valley sites are growing in the same regional climate zone, the water balance for 
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each tree would be quite different. In dendroclimatic studies of Holocene wood, 

typically trees growing on well drained slope sites with an exposed aspect are 

sampled as opposed to trees growing in a valley bottom. Climate conditions are 

more likely to be limiting for the slope trees, and hence patterns of narrow rings 

are more closely related to climate than in trees growing in the valley (Douglass, 

1928; Fritts, 1976; Fritts and Swetnam, 1989). 

In the geologic record, in situ petrified stumps are often preserved in 

mudflows. Because mudflows travel down valley bottoms, they preserve 

floodplain vegetation in situ rather than the hillside vegetation. Thus, the type 

of sites fossil wood workers are likely to encounter differ from sites sampled in 

most modern dendroclimatic studies. 

It is difficult to quantify the difference in descriptive statistics likely 

between trees growing in a valley bottom versus a slope. Fritts (1969) has one of 

the few quantitative discussions of this problem. He looked at bristlecone pine 

growing on a variety of sites in the White Mountains and found that the greatest 

differences in ring width characteristics were related to site characteristics and 

species type. In comparison to trees growing on steep, south-facing slopes, trees 

from valley floor sites have fewer missing rings, lower mean sensitivity, 

standard deviation, and correlation within trees, and higher first order auto 

correlation (Table 4.10). Fritts did not include mean ring width in this 

comparison. 

Douglass (1928) noted a difference in ring width characteristics in giant 

sequoia depending on distance from the valley bottom. He suggests mean ring 

width can be up to four times higher in the basins (Douglass, 1936). The closer 

the trees were to a water source, the higher the mean ring width. Like Fritts 
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Table 4.10 Statistics from valley floor versus slope sites from Fritts (1969) 
statistic Valley Floor Slope Slope Slope 

Bristlecone Bristlecone Limber Pine Pinyon Pine 
rings absent 
mean sensitivity 
standard deviation 
first-order autocorr. 
correlation (within 
trees) 
correlation 
(between trees) 

0.9% 1.6-3.4% 0.2-0.8% 3.0% 
0.2-0.23 0.25-0.32 0.18-0.23 0.42 
0.2-0.22 0.23-0.28 0.2-0.23 0.38 
0.2-0.21 0.1-0.29 0.25-0.55 0.35 
0.60 0.68-0.8 0.68-0.72 0.72 

0.45 0.5-0.68 0.51-0.52 0.50 

numbers estimated from graphs in figure 17, Fritts (1969) 
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(1969), he found that giant sequoia growing on slopes had higher mean 

sensitivities than giant sequoia growing in swampy valley bottoms (Douglass, 

1928). 

The results for the giant sequoia sites are comparable with the trends 

observed by Fritts (1969) (Table 4.4, 4.6). Standard deviation was significantly 

higher for the slope trees at Camp Six as compared to the Mountain Home site 

which was relatively level. Mean sensitivity was also higher for the Camp Six 

trees, but this difference was not statistically significant. It is important to note 

that mean ring width is not significantly different for the two types of sites. 

Based on Douglass (1936), one might expect a valley bottom trees to have higher 

mean ring width than the level site trees. 

The results from coast redwood (Table 4.4, 4.7) are somewhat surprising. 

Like giant sequoia, mean ring width, mean log ring width, and first order 

autocorrelation do not differ significantly for the two groups of sites. However, 

the trees growing on the level site have significantly higher mean sensitivity and 

standard deviation than the trees growing on the slopes. One would predict the 

opposite based on Fritts (1969) and the results from giant sequoia. This suggests 

that the level-site redwoods experienced more year-to-year variability than the 

slope redwoods, possibly due to waterlogging, flooding, or cold-air drainage. 

The high mean sensitivity suggests the level-site trees may have been more 

limited by climate, but if this was true, one would thus also expect a higher 

percentage of missing rings and higher series intercorrelation in the valley sites. 

This is not observed, but the comparison is weak, because only one tree in the 

valley floor site was crossdated. This lack of crossdating in the level site coast 

redwood is difficult to interpret. It may indicate 1) sprouting, which causes ring 
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wedging, 2) a limiting climate which also causes ring wedging, or 3) a non

limiting climate in which the climate signal in the rings was weak. The high 

mean sensitivity suggests the former explanation, that the climate was limiting. 

More data from valley floor or flat sites is needed to evaluate if these trends for 

coast redwood are real. 

In conclusion, when interpreting fossil wood, one should pick a modern 

site with topographic conditions as close to the conditions of the fossil site as 

possible in order to interpret descriptive statistics, especially mean sensitivity, 

standard deviation, percent missing rings, and crossdating. If data from a site 

with similar topographic conditions is not available, then one can still interpret 

mean ring width, though this conclusion needs to be tested with more data. 

4) Species differences. Relatively little work has been done in comparing 

chronologies between different species from a single site. Fritts (1969; 1974) 

found differences in mean sensitivity, standard deviation, autocorrelation and 

percent missing rings between species, though he states these differences are 

less than those due to site conditions. For example, Fritts et al (1965) found little 

difference between mean ring width between Douglas-fir and ponderosa pine 

and ponderosa pine and pinyon pine at the same sites. This similarity in growth 

exists because wood growth is a physiological process that is similar for all types 

of trees. However, year-to-year growth does differ from species to species due to 

factors like needle phenology and persistence (Schweingruber, 1988). Also, 

because trees have different environmental tolerances, factors like mean 

sensitivity and standard deviation will differ. Douglas-fir and ponderosa pine 

at the same site in northern Arizona had mean sensitivity of 0.29 and 0.20 and 

standard deviation of 0.396 and 0.273 respectively. Ponderosa pine and pinyon 



pine at the same site had mean sensitivity of 0.58 and 0.31 and standard 

deviation of 0.679 and 0.343 respectively (Fritts et aI, 1965). 
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The comparisons of coast redwood and giant sequoia indicate there are 

significant differences in tree ring characteristics between the genera (Table 4.8). 

Coast redwood has significantly higher mean sensitivity, standard deviation, 

and first order autocorrelation. Coast redwood has higher mean ring width 

values than giant sequoia (Table 4.4), but this difference is only significant for 

slope coast redwood versus level site giant sequoia. 

A crucial question for this study is how much of the difference in these 

statistics for co~st redwood and giant sequoia, especially mean ring width, is 

due to climatic factors and how much is due to species, that is genetic factors. 

Hughes and Brown (1992) found that low-growth years in giant sequoia 

correlate most highly with the Palmer Drought Severity Index (PDSI) for 

August. PDSI is a measure of soil water balance and therefore represents a 

combination of temperature and precipitation factors. Swetnam (1987) found 

coast redwood ring growth correlated best with July precipitation and 

temperature, that is, with increased growth occurring during warm/wet 

summers. Therefore, it appears that both giant sequoia and coast redwood 

respond most strongly to July / August temperature and precipitation. Even 

though giant sequoia grows under a lower mean annual temperature (MAT) 

and mean annual precipitation (MAP) climate regime than coast redwood, 

drought stress is greater for giant sequoia because of the higher temperatures in 

the summer (Table 4.11). 

For two meteorological stations in the giant sequoia and coast redwood 

regions, mean July / August temperature is 16.8 °C and 14.0 °C and mean 



Table 4.11 Climate data for modem California and Florissant in the late 
Eocene 

Giant 
Se 

... 
UOla 

Coast 
Redwood"" Florissantt 
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Mean Annual 7.8°C n.8°C 10.7 ± 1.5 °C 
Temperature(~T) 

Mean Annual 107 em 99 cm 65 ± 19 an 
Precipitation (MAP) 
Growing Season 3.8 (3.8) em 3.8 (60.0) an 56 ± 13 em 
Precipitation (GSP)+ 
Mean Annual Range of 17°C 8°C ? 
Temperature (MART) 
Mean July Temperature 17.2 °C 13.9°C ? 
Mean Aug. Temperature 16.3 °C 14.3 °C ? 
Mean July Precipitation 0.2 em 0.3 an ? 
Mean Aug. Precipitation 0.3 em 0.8 em ? 
"Climate data from Grant Grove climate station, with 48 years of 
temperature record and 54 years of precipitation record. ""Data from Fort 
Ross climate station, with 40 years of temperature record and 115 years of 
precipitation record. t Climate estimated from leaf physiognomy of the 
34.9 Ma Florissant flora (Chapters 2 and 3). + Growing season for 
California defined as June through September, in parenthesis, GSPwhere 
growing season = months with mean monthly temperatures> 10°C. For 
Florissant, GSP estimated from multiple regression model of a modem 
dataset in which GSP is defined as months with mean monthly 
temperature> 10°C. 
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July / August precipitation is 0.25 cm and 0.6 cm respectively (Table 4.11). In 

terms of variability, PDSI values have a higher mean sensitivity in the San 

Joaquin drainage where giant sequoia grows as opposed to the north coast, 

where coast redwood grows (Table 4.12). Mean sensitivity of July / August 

precipitation is similar for both sites while standard deviation is much higher at 

the coast. 

If there were no species differences in growth potential, one would expect 

to see larger mean ring widths and higher standard deviation for coast redwood, 

because of the more favorable soil moisture regime and the higher total 

variability in precipitat~on as opposed to giant sequoia. These trends are 

observed (Table 4.12). However, one might also expect to see higher mean 

sensitivity for giant sequoia, because the mean'sensitivity of PDSI is higher than 

for coast redwood. This is not observed (Table 4.12). Low mean sensitivity in 

giant sequoia may be due to the fact that genetically, giant sequoia is more 

drought tolerant than coast redwood. Another possibility is that coast redwood 

might have a higher capacity for growth in favorable years than giant sequoia. 

Thus, species differences are important, because mean sensitivity is 

significantly lower for giant sequoia even though the climate is more variable, 

suggesting this genus is more drought-tolerant than coast redwood. This 

observation agrees with the observations in Fritts et al (1965) of large differences 

between mean sensitivity and standard deviation between species. However, if 

species, that is genetic potential, was the overriding factor in determining 

growth, one would expect to see greater growth in giant sequoia which appears 

to be less limited by climate. In fact, one sees larger mean ring widths in coast 

redwood which suggests climate plays a more important role than species in 
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Table 4.12 Comparison of climate and ring-width series statistics for coast 
redwood and f2ant sequoia 

CR GS Comments 
Mean 
July/AugT J, i Generally less drought stress and 

July / Aug Ppt i J, larger rings in coast redwood than giant 
ring width i J, sequoia. 

Mean Sensitivity 
July/AugT -- - Less year-to-year variability in coast redwood 
July/ Aug Ppt -- - climate, yet higher mean sensitivity than 
PDSI J, i giant sequoia. 
ring-width series i J, 

Standard Dev. 
July/AugT J, i Greater total variability in precipitation and 

July / Aug Ppt i J, ring width for coast redwood. 
PDSI -- -
ring-width series i J, 

CR = coast redwood, GS = giant sequoia. Mean, mean sensitivity, and 
standard deviation compared for climate and ring-width data. T = 
temperature, Ppt = precipitation, PDSI = Palmer Drought Severity Index, 
-- = similar values, up arrow = significantly lower values, and down 
arrow = significantly lower values. Statistics for climate calculated by 

ARSTAN. Climate station information given in Table 4.11. 
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determining growth potential and thus mean ring width. Of course, these 

conclusions must be considered preliminary because of the small dataset; more 

work needs to be done to quantify the genetic contribution to wood growth. 

In conclusion, because of the importance of species differences, fossil 

wood should be compared to its closest living rehltives. Also, if possible, more 

than one species should be sampled as in Parrish and Spicer (1988) and Spicer 

and Parrish (1990). Mean sensitivity and standard deviation appear to be highly 

taxon-dependent, and should be used to make inferences about paleoecology 

rather than paleoclimate. If compared to a close enough relative, mean ring 

width is a useful paleoclimate indicator. 

Paleoclimatic inferences from the Florissant wood 

The sharp earlywood/latewood transition seen in the Florissant wood is 

similar to coast redwood and indicates a rapid end to the growing season, either 

due to lack of rainfall, lower temperatures, or shorter day length. The lack of 

false rings at Florissant is an indication that conditions were fairly moist: 

although there are differing genetic potentials for formation of false rings in 

non-tropical conifers, they are usually characteristic of arid regions. 

·Because the Florissant trees were growing in a valley bottom, the 

primarily paleoecological indicators, that is mean sensitivity, standard 

deviation, percentage of missing rings, and intercorrelation should be compared 

primarily to the level site coast redwoods. In a stressful environment, the 

paleoecologic indicators tend to be high (Table 4.9). The presence/ absence of 

crossdating is also a paleoecological indicator; as discussed above, lack of 

crossdating in coast redwood can indicate either sprouting, frequent ring 
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wedging because of a limiting climate, or lack of a strong climate signal because 

of a non-limiting climate. Using level site coast redwood as an analog for 

Sequoia affillis is supported by the observation that first order autocorrelation is 

indistinguishable for the two samples; this may indicate that physiological 

processes or disturbance, which cause persistence in ring width, were similar for 

the two species. 

Compared to the modern level site coast redwood, Sequoia affillis has 

similar mean sensitivity and lower standard deviation. These factors indicate 

the climate in Florissant was limiting to the same degree or a bit less than the . 
climate experienced by the modem valley coast redwood. High crossdating 

quality often indicates a limiting environment, but this conclusion is not 

necessarily true for coast redwood. The fact that two of the Florissant trees 

crossdated and five of the trees had internal cross dating probably indicates ring 

wedging at Florissant was less prevalent than in the level site coast redwoods 

either due to a less limiting climate or less sprouting. Comparing the percentage 

of missing rings in the two samples may not be valid, because only one tree in 

the level site coast redwood had series which crossdated. Many of the missing 

rings in the samples which were not crossdated probably went undetected. 

Thus, taken together, these factors indicate the Florissant trees grew under 

similar or slightly less stressful conditions than modern coast redwood growing 

on level si tes. 

Assuming that modern coast redwood and giant sequoia provide partial 

analogs for the Florissant trees, the significantly higher mean ring width in 

Sequoia affillis suggests more favorable conditions during the growing season for 
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the Florissant trees. This is consistent with the conclusion that the environment 

was similar or less stressful for Sequoia affil1is than for coast redwood. 

More favorable conditions for the Florissant trees than the modern trees 

can be explained in several ways. The first possibility is that the greater growth 

of the Florissant trees is from higher rainfall during the growing season. 

Gregory and Chase (1992) and Gregory (in press) reported that the mean annual 

temperature (MAT) at Florissant 35 Ma based on leaf physiognomy was 10.7 ± 

1.5 °C with a mean annual precipitation (MAP) of 65 ± 20 em, with more than 

half of this precipitation occurring during the growing season; the growing 

season was defined as months with mean monthly temperatures greater than 

10°C. Florissant MAT is very similar to MAT for modern coast redwood during 

the last century, while MAP is somewhat less. At least today, only 3.8 em of 

precipitation occurs during the growing season for the sample sites in California 

(Figure 4.8). Thus, one explanation for the higher growth at Florissant is that 

more rain fell during the growing season. This hypothesis is supported by the 

observation that the amount of summer rainfall was greater in California before 

colder upwelling along the western coast starting in the Miocene (Axelrod, 

1986). In the late Eocene, the present Sierra Nevada had not yet uplifted, so 

these moist airmasses could have carried precipitation to Colorado. Thus, 

Florissant at 35 Ma might have been receiving more precipitation from the 

Pacific than it does today. MAP in this scenario does not seem to be as 

important as GSP in determining ring width; even though the Florissant trees 

received less MAP than the modern sites, they experienced greater growth. 

However, this comparison of growing season precipitation (GSP) for 

fossil and modem sites is complicated by the fact that the growing season is 
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defined differently for the sites. The growing season for coast redwood and 

giant sequoia is observed to be from June to September. For Florissant, the GSP 

was estimated based on regression of a modern dataset for which the growing 

season was defined as months in which the mean monthly temperature was 

greater than 10°C (Gregory, in press; Chapter 3).' If this definition of growing 

season is used for the modern trees, the growing season remains the same for 

giant sequoia, but is extended to February to November for coast redwood. 

Even though the MAT for coast redwood is not much above 10 °C, the mean 

annual range of temperature (MART) is very low, thus many months have mean 

monthly temperatures over 10°e. GSP for coast redwood is then 60.0 em, which 

is similar to that predicted for Florissant. 

Whether GSP was higher at Florissant than modem coastal California 

depends on the MART of Florissant. MART increases as distance from the coast 

increases due to the increase in distance from the ameliorating effects of the 

ocean. For example the modem MART at the coast is 8°C, in the Sierra Nevada 

17°C, and at Florissant 21 °C. Based on this trend, one might expect the MART 

for Florissant in the late Eocene to be higher than for modem coastal California. 

This would mean summer precipitation was higher for Florissant in the late 

Eocene than the modern coast, and that Sequoia has adapted to a Mediterranean 

climate. However, it has been suggested that MART was lower in the Eocene 

(Wolfe,1992a). This would mean summer rainfall for Florissant in the late 

Eocene was not necessarily higher than for the modem coast. 

Another possible explanation for the higher growth rates for the 

Florissant trees is higher levels of C02 in the atmosphere. It has been estimated 

that C02 levels in the late Eocene were up to a factor of 2 greater than that today 
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(Brady, 1991). It has been suggested that increased C02 would enhance tree 

growth, because the gas is one of the limiting factors, along with temperature 

and precipitation, on growth (Kramer and Kozlowski, 1979). However, 

evidence for this fertilizing effect in natural vegetation is sparse. LaMarche et al 

(1984) suggested that a 1.26 times increase in C02 increased tree ring growth by 

a factor of 1.7-2.0 in high-elevation bristlecone pine. If this fertilization factor is 

representative, one might expect up to a 3.7 - 4.8 times increase in growth in the 

Florissant trees, or a mean ring width of 3.7 - 4.8 mm from increased levels in the 

Eocene! However, laboratory work suggests growth response is less than half 

that of the C02 increase (LaMarche et aI, 1984), so ring width for the Florissant 

trees would be expected to be around 1.6 mm, which is close to the observed 

mean ring width. One might predict on the order of 15% lower growth than 1.6 

mm for the Florissant trees because partial pressure of C02 drops with elevation 

(LaMarche et aI, 1984). The Florissant trees grew at elevations above 2 kIn 

(Gregory and Chase, 1992; Gregory, in press) while the modern coast redwood 

grew at elevations near sea level. Thus, increased C02 levels in the late Eocene 

is a possible explanation for the increased growth in the Florissant trees, but 

more work needs to be done on natural vegetation to quantify the response in 

ring wid th to C02 increases. 

The third possible explanation for increased growth for the Florissant 

trees is that their river valley location had soil/topographic conditions which 

were more favorable than conditions at any of the modem sites. The modem 

data for coast redwood and giant sequoia suggests the difference in mean ring 

width between slope and level sites is minor, but more work needs to be done 

on valley bottom sites to see if they follow the same pattern. 
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Future Work 

Because of the complicating factors of genotype and site conditions, 

comparison is the best basis of making paleoclimatic interpretations from fossil 

wood. Therefore, one must be careful to compare the closest living relatives, in 

sites with similar age structure, percentage of growth surges, and topographic 

conditions. A potential problem is that most existing dendroclimatic studies use 

samples from slope sites, where conditions are more limiting than valley sites, 

while most in situ fossil stumps most likely represent valley sites. More studies 

of Holocene wood from swampy valley bottoms are needed to assess the 

relationship of mean ring width to climate. 

Species differences are important to consider when comparing fossil and 

modern wood. The further back one goes in geologic time, the more distant the 

trees are, genetically, from modern species. More studies are needed comparing 

several species from the same site, such as Fritts et al (1965), to better 

understand the importance of species, and whether a climate signal can be 

found which transcends genera. 

Finally, understanding the paleoclimatic significance of such comparisons 

between modem and fossil trees would be enhanced by better understanding of 

the relationship between C02 levels and tree growth. 
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CHAPTER 5 

STRATIGRAPHIC INSIGHTS INTO THE TECfONIC AND GEOLOGIC 

SIGNIFICANCE OF THE LATE EOCENE EROSION SURFACE OF 

COLORADO 

Abstract 

New paleobotanical data suggests the paleoelevation of the late Eocene 

erosion surface of the Front Range, Colorado was 2.2 - 3.3 km in the late Eocene, 

which is similar to the present elevation of surface remnants of 2.5 km. This 

estimated elevation casts doubt on the explanation lhat the low relief, late 

Eocene surface formed by lateral planation of streams at a base level not much 

higher than sea level. A sediment balance calculated for the Front Range 

suggests that from 2 - 4 km of sediment was removed to form the surface. This 

amount of sedimentation was enough to erode a major portion of the crustal 

root formed by upper crustal thickening, thus fairly low local relief across the 

Front Range and Denver Basin may have been a contributing factor to the 

formation of the surface. However, the widespread occurrence of low relief 

surfaces and the correlation between lithology and surface formation indicates 

climate played a major role in the formation of the surface. Paleoclimate models 

suggest a lack of large storm events in the late Eocene because of cool sea surface 

temperatures in the equatorial region. A preponderance of small storm events 

will diffusively smooth topography and is a possible mechanism for formation 

of the late Eocene surface. 
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Introduction 

Even in the context of the geologic time scale, mountains seem to be 

lasting features. The Ancestral Rockies disrupted sedimentation in the western 

United States from the Pennsylvanian to the lower Cretaceous, or about 200 Ma. 

Basin and Range blocks in southern Arizona, uplifted 10 Ma, still are rugged 

and have considerable relief though surrounded by pediments. On the east 

coast of the US, the Appalachian mountains created in the Paleozoic still stand. 

Stephenson (1984) demonstrated using erosion models that the present 

topography of eastern Australia originated in the Mesozoic. 

Compared to these systems, the rapid erosion of the Laramide Southern 

Rockies to a surface of low relief appears anomalous. The Front Range uplift of 

Colorado first developed in the late Cretaceous, and deformation continued into 

the early Eocene with highlands shedding material into the surrounding basins. 

By the late Eocene, the uplifts and basins were beveled to a surface of low relief. 

William Morris Davis, in his Theory of Peneplanation, considered that 

such surfaces formed at low elevations: mountains were denuded to base level, 

and then lateral planation of streams created a low relief surface, or peneplain. 

Subsequent downcutting in this peneplain was an indication of tectonic 

rejuvenation. Davis (1911)applied this concept to the Southern Rocky 

Mountains. The surface of low relief represented the denudation of the 

Southern Rockies to a base level at or near sea level. The present elevations of 2.4 

- 3.0 km for surface remnants and the dissection of those remnants were 

explained as due to Pliocene epeirogeny (Davis, 1911). 

The 35 Ma Florissant flora, which grew on the erosion surface, was 

thought to imply a late Eocene elevation of less than 900 m (MacGinitie, 1953; 
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Eocene/Oligocene boundary age of 33.4 Ma taken from McIntosh et aI, 1992). 

This elevation estimate supported Davis' explanation for the development of the 

Front Range at a time when Davis' peneplain concept was falling out of favor 

because of its emphasis on cyclicity of a set sequence of landscape evolution and 

its failure to consider climate change (Mills et aI, 1987). The term peneplain was 

dropped for the genetically noncommittal erosion surface, and its formation was 

thought to be due to erosion keeping up with Laramide uplift, so that the rising 

blocks were never much above sea level (Epis et aI, 1980). The dissection of the 

surface was attributed to epeirogeny in the Pliocene. However, reinterpretation 

of the Florissant flora (Chapter 2, Chapter 3) indicates that the Southern Rocky 

Mountains were over 2 km high at 35 Ma. This indicates the low-relief surface 

was forming, at least during its latter stages, at high elevations. Other 

explanations need to be sought for its formation. 

In this study, previous work on the timing, extent, relief, gradient, and 

depth of erosion for the surface will be summarized. A sediment balance will be 

constructed using the estimated size of the Laramide basins, the thickness of 

Laramide sediments in these basins, and new information on the location of the 

continental divide. The sediment balance, when incorporated in an isostatic 

model of the tectonic evolution of the Southern Rockies, can be used to answer 

the question of whether the orogen was indeed eroded away quickly. The 

sediment balance also allows erosion rates to be calculated and these, along with 

surface features and paleoclimate can be used to speculate on formation 

mechanisms. 



Description of the Late Eocene Erosion Surface of the Front Range 

Timing of initiation 
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Without age control, correlation of erosion surfaces is difficult, especially 

when subsequent deformation has occurred. Yet even with bounding dates, 

determining the "age" of a surface is difficult. The problem is philosophical: 

when is an eroding surface an erosion surface? Soon after topography is created 

it is covered with a surface of erosion. Yet one does not usually ascribe much 

geologic significance to an erosion surface until it displays some characteristics 

in common with a pediment such as: 

1) fairly low relief 

2) low gradient 

3) widespread occurrence 

4) bevels rocks regardless of lithology 

5) cuts range-bounding structures 

These characteristics allow determination of whether a surface, modern 

or exhumed, is an erosion surface. The problem with ancient surfaces is 

determining at what time such characteristics developed. The youngest deposit 

which the surface cuts only give the date of the beginning of the erosive event 

and thus overestimates the age of the surface. In some cases, a depositional 

hiatus in the basins receiving material from the surface indicates when range

bounding structures are no longer important. 

The Precambrian and Paleozoic rocks of the Front Range cut by the late 

Eocene surface give only very imprecise constraints on the timing of surface 

initiationj the sedimentary record in the surrounding basins can help determine 

timing more precisely. The Front Range is bounded by two faults, the west-
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Figure 5.1 Simplified map of erosion surface remnants and Oligocene rocks of 

the Front Range redrawn from Scott and Taylor (1986). 



WY 
co 

Elkhorn! 

~\ 

Locations discussed in text: 

1 Pikes Peak 
2 Florissant paleovalley 
3 Thirtynine Mile Volcanic Field 
4 South Park 
5 Castle Rock 
6 Mount Evans 
7 Specimen Mountain Volcanics 

- fault 

162 

Q 

• 
erosion surface remnant 

Oligocene rocks 

50km 

• Denver 

~ Front Rangel Rampart thrust 

., Colorado Springs 



163 

dipping Front Range/Rampart fault to the east, and the east-dipping Elkhorn 

thrust to the west (Figure 5.1). The east-dipping Elk Range fault, to the west of 

the Front Range created the Sawatch/Mosquito uplift to the west. Initiation of 

movement on the Front Range/Rampart fault is <;lated as late Cretaceous, 

because the first uplift-related unit in the Denver Basin was the Laramie 

formation, which is dated as approximately 69 Ma by palynology (Kluth and 

Nelson,1988). In the Denver Basin, the Dawson Arkose is the youngest 

Laramide unit. The main body of this unit is middle Eocene based on 

palynomorph assemblages, but the very highest becls, which lithologically differ 

somewhat from the rest of the formation, may be as young as late Eocene 

(Soister and Tschudy, 1978). The Dawson Arkose is overlain unconformably by 

the 36.6 Ma Wall Mountain Tuff and the Oligocene Castle Rock conglomerate 

and White River Formation. Thus a depositional hiatus occurred in the late 

Eocene, though the exact timing is not known. 

To the west in South Park Basin, the oldest known Laramide sediments 

are early Paleocene based on fission track and K/ Ar ages. Deposition may have 

begun in the latest Cretaceous (Bryant et aI, 1981). Most of the thrust movement 

on the Elkhorn fault took place by 55 Ma based on fission track ages (Bryant and 

Naeser,1980). An episode of Eocene right lateral wrench faulting, also dated as 

55 Ma, created the Echo Park Basin and modified South Park and North Middle 

Park. The youngest Laramide rocks of the South Park Formation are early 

Eocene as dated by K/ Ar and fission track on zircon (Bryant et aI, 1980). In 

North/Middle Park, the youngest Laramide rocks are thought to be Eocene 

based on pollen (Hail, 1968), however, this age is not well constrained. The 

Eocene sediments of South Park and Echo Park are overlain by volcaniclastics 
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and andesitic lavas of the Thirtynine Mile Andesite, the upper member of which 

is dated as 34.9 ± 1.1 Ma (Epis and Chapin, 1974). To the north, poorly dated 

Laramide sediments in North Park/Middle Park are overlain by Oligocene 

volcanics of the Rabbit Ears Range and the Never Summer Mountains (Epis et aI, 

1980). Note a depositional hiatus occurred from the mid to latest Eocene. 

Thus in summary, tectonic activity in the Front Range occurred from 69 -

55 Ma. Sediments were deposited off the highlands into the surrounding basins 

from latest Cretaceous to approximately the middle Eocene in the western 

basins, and possibly as late as the late Eocene in the Denver Basin. A 

depositional hiatus then occurs between the Laramide sediments and the 

overlying Oligocene volcanics and volcaniclastics. This unconformity in the 

basins is correlated with widespread surfaces of low relief on the Front Range 

upland (Figures 5.2 and 5.3), because the low relief surfaces are overlain by 

Oligocene volcanics, such as the Thirtynine Mile Andesite and the 36.6 Ma Wall 

Mountain Tuff which filled paleovalleys in the surface. Surface remnants are 

also cut by high angle normal faults associated with Rio Grande rifting, which 

places formation of the surface as before 26 Ma. 

There are three explanations for the late Eocene depositional hiatus in the 

basins: 

1) little relief was left between the upland and the basin, thus the basin 

became a surface of transport and material was deposited further downstream. 

2) stream power increased, and material was deposited further 

downstream. This is a less likely explanation, because increased stream power 

would tend to cause incision of the erosion surface, which is not observed. 
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Figure 5.2 Looking W from the Denver Basin area at remnants of the late Eocene 

erosion surface which cap the Front Range 
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3) carrying capacity decreased, and streams were not capable of carrying 

material from the upland to the basin. 

The depositional hiatus in the late Eocene indicates the highlands ceased 

eroding into the basins. If scenario 1 or 2 is true, the range bounding structure 

which separates the highland from the basin has ceased to be of depositional 

significance. Thus the beginning of the depositional hiatus is a consistent and 

useful definition of the initiation of the late Eocene surface. Because the Front 

Range formed only part of the source area for the Gulf of Mexico, sediment 

balances for the Gulf (Hay et aI, 1989) do not severely constrain these 

hypotheses. 

In scenario 3, the hiatus is more of climatic than tectonic significance, and 

might not represent a developed surface. All that can be said of the surface is 

that it was fairly low relief, with a fairly low gradient and widespread 

occurrence by the late Eocene based on evidence from the Thirtynine Mile field. 

Such a climate change would have significance for models of surface formation. 

Epis and Chapin (1975) called the surface the late Eocene surface for 

genetic reasons. Deformation ceased in the late Eocene and tectonic quiescence 

was thought to be a prerequisite for formation of the surface, thus it was called 

late Eocene. This age designation is retained in this study, because the low-relief 

surface was developed by the late Eocene. 

It might be thought preferable to use the end date of an erosive interval to 

describe a surface formed during the interval. This definition makes sense if the 

surface is preserved under a synchronous slug of overlying material, but in the 

case of the Front Range, the overlying volcanics are diachronous and patchy; 

some parts of the surface were covered with volcanics in the early Oligocene 
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while other parts continue to erode until the present. Thus, the end date is not 

as useful a concept in the case of the Eocene surface. The surface was not an 

event, rather an evolving landform. 

Regional extent/surface relief 

The most extensive remnants of the erosion surface are found in the 

southern part of the Front Range, where large areas of the surface were covered 

with Oligocene volcanics of the Thirtynine Mile volcanic field (Figure 5.1). The 

surface is better developed on granitoids than metamorphic rocks (Madole et aI, 

1987). To the north, overlying volcanics are scarce. A remnant of the Specimen 

Mountain volcanic field, dated as early Oligocene, overlies the surface in one 

area. In another, Specimen Mountain volcanics cover a landscape with up to 700 

m of relief, which is not considered part of the erosion surface (Figure 5.1) (Scott 

and Taylor, 1986). Thus the surface might not have been as well developed to 

the north. 

A complicating factor is the relationship of the summit surface to the late 

Eocene surface. Some workers argue that flat surfaces above 3.5 km in Rocky 

Mountain National Park and on Pikes Peak represent a separate, younger 

surface than the late Eocene surface, called the summit surface. Because of 

normal faulting, elevation difference alone is not enough evidence to support 

more than one surface. However, in one area in Rocky Mountain Park, the 

summit surface is developed on a 28 Ma ash flow (Richmond, 1974). These 

surfaces might be formed by altiplanation processes, and in this study are not 

considered part of the late Eocene surface. 
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Calculating relief on remnants of the surface gives a minimum relief, 

because remnants are detected, where not overlain by Oligocene volcanics, by 

being surfaces with low relief. The best way to gauge relief is to look at the 

surface beneath the volcanic fields. The surface below the Thirtynine Mile 

volcanic field has relief over 10 km2 of up to 300 m. To the north, Oligocene 

Specimen Mountain volcanics overlie a surface, not considered part of the 

erosion surface, with local relief of 700 m, while another remnant of the field 

overlies a surface with less than 100 m of relief. Since the late Eocene, 

downcutting has dissected the surface, but generally has not lowered the 

interfluves (Epis et aI, 1980). 

Gradients on the surface are difficult to calculate because Rio Grande rift 

faulting has tilted blocks by variable and unknown amounts. However, 

gradients on the base of the White River Group in eastern Nebraska are on the 

order of 4 m/km (SwLTlehart et aI, 1985). In the Williston Basin, Denson and Gill 

(1965) found the White River Group overlay a surface with a 2 m/km slope to 

the northeast. Of course, slopes nearer the continental divide would have been 

steeper. 

Remnants of late Eocene surfaces have been documented in other areas in 

the Western United States. Dickinson et al (1988) compiled stratigraphic 

columns from the Laramide Basins and found the late Eocene unconformity 

developed on Laramide sediments was widespread; they documented the 

unconformity in the Powder River, Raton, Huerfano, San Juan, Green River, 

Washakie, and Uinta Basins. The Bighorn, Wind River and Crazy Mountain 

basins have a unconformity of a similar age which is developed on post

Laramide volcaniclastics rather than Laramide sediments. The unconformity is 
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not developed in the Galisteo basin (Dickinson et aI, 1988). Workers have 

documented paleosols and low relief upland surfaces in Arizona and New 

Mexico (Epis and Chapin, 1975; Potochnik and Damon), California (Davis et aI, 

1980), Washington (Gresens, 1981), Idaho (Umpleby, 1913), Nevada (Armstrong, 

1968), the Uinta Mountains of Utah (Hansen, 1986), and Wyoming (Evanoff, 

1990). A discussion of these occurrences is beyond the scope of this paper, but it 

should be noted that the occurrence of a low-relief Eocene surface is not limited 

to the Southern Rocky Mountains. The surface in Wyoming continued to 

develop into the Oligocene because of lack of volcanic activity, and appears to 

have more relief than the surface to the south (Evanoff, 1990). Like in the 

Southern Rocky Mountains, the surface in Wyoming is better developed on 

granitoid lithologies. 

Location of continental divide 

At present, the crest of the Sawatch Range forms the Continental Divide, 

with drainage to the west via the Gunnison River and drainage to the east by the 

South Platte and Arkansas rivers (Figure 5.4). In the late Eocene, paleodrainage 

of the Front Range portion of the erosion surface was southeasterly as shown by 

the 36.6 Ma Wall Mountain Tuff, which followed existing river valleys (Figure 

5.4). Directional indicators from tension cracks and vesicles in the Wall 

Mountain indicate eastward flow (Chapin and Lowell, 1979). Regional slope on 

the surface below the Oligocene White River Group in Nebraska is to the east 

which also supports a southeasterly drainage (Swinehart et aI, 1985). Meyer 

(1986) calculates the elevation of a 35 Ma paleoflora from the Sawatch Range 

was from 3 - 3.8 km high, which is greater than the 2.3 - 3.3 km elevation 
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calculated for the Florissant flora (Chapters 2 and 3); this also supports drainage 

to the east. 

To the west of the Front Range, river gravels outcrop below late 

Oligocene ash flow tuffs and extend from the west flank of the Sawatch Range to 

the Gunnison Uplift. These gravels are massive, up to 10 m in thickness with 

cobble size clasts of Precambrian through Tertiary volcanic lithologies. In order 

to determine paleodrainage direction, I measured imbrication at six sites. Over 

100 clasts were measured from each site, taken from two sample areas per site. 

Because the gravels were unconsolidated, clasts could be removed to check 

orientation. Every clast with an intermediate axis over 3.0 em was measured. 

The results are shown in Figure 5.5. All six sites have predominantly east

dipping imbrication, which indicates westerly flow. This paleocurrent direction 

is consistent with the inferred provenance of gravels on the Gunnison Uplift 

from the Sawatch Range to the east (Hansen, 1987). Also, Dickinson et al (1986) 

inferred a westward flowing drainage in western Colorado based on the 

provenance for Paleocene to middle Eocene arkosic debris in the Uinta Basin. 

Thus the Sawatch Range formed the continental divide in late Eocene time, as it 

does today. Before Rio Grande rifting beginning as early as 26 Ma, the Sawatch 

Uplift was part of the Mosquito Range, which at present forms the westernmost 

portion of the Front Range uplift. 

Depth of erosion 

Fission track dates for apatite indicate when rocks cooled through the 

-100°C isotherm, which typically represents 3 - 4 km in depth depending on the 

geothermal gradient; fission track data can thus be used to determine amounts 
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of denudation. Bryant and Naeser (1980) found that fission track ages from 

Mount Evans (Figure 5.1) changed from 65 Ma to older than 65 Ma at an 

elevation of 3.5 km . This elevation of 3.5 km thus represents the depth of the 

-100°C isotherm during the Cretaceous. It follows then that the Cretaceous sea 

floor was 3 - 4 km above the isotherm, or 6.5 - 7.S"km in terms of present 

elevation. Remnants of the late Eocene surface are now at 2.4 - 3.0 km and thus 

the surface represents erosion of 3.5 - 5 km of material on average. However, 

this figure does not take into account Laramide deformation or extensional 

faulting associated with Rio Grande rifting; it is probable that the relative level 

of the Mount Evans rocks has increased in relation to the rest of the Front Range. 

Thus, the 3.5 - 5 km of denudation represents a maximum figure. 

Sediment Balance 

Methodology 

In order to get a better idea of the amount of material eroded from the 

Front Range, the volume of sediment in the adjacent basins was calculated. 

Local trapping of material eroded from the Front Range uplift occurred in 3 

areas: the Denver, the North/Middle Park and the South/Echo Park basins. 

The Denver Basin is the biggest of the three basins, and thus is most 

important in terms of sediment balance. The maximum thickness of post-uplift 

sediments in the Denver Basin is estimated to be 915 m based on outcrop and 

subsurface data (Bryant et aI, 1980; Dickinson et aI, 1988; Soister, 1978). These 

sediments were derived from the Front Range uplift to the west. In some 

locations the section is capped by 36.6 Wall Mountain Tuff, thus the 915 m total 

thickness has not been modified by post-Eocene erosion. 
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The present extent of Tertiary sediments in the Denver Basin is probably 

much smaller than the extent in the late Eocene (Chapin and Cather, 1983). The 

area of outcrop of Laramide sediments in the Castle Rock area (Figure 5.1) is 

higher in elevation than the portions of the Great Plains to the north and south, 

which have been more eroded. The non-eroded area coincides with the area of 

remnants of Wall Mountain Tuff; perhaps this area was protected from erosion 

by the resistant cap. For sediment budget calculations, the Denver Basin was 

extended to approximate its extent in the late Eocene (Figure 5.6). In the north

south direction, the basin was extended along the entire margin of the Front 

Range. A maximum thickness for basin fill of 915 m was also used for these 

areas. In the east-west direction, the basin was extended 300 km from the Front 

Range/Great Plains boundary. This number was derived from flexural 

modeling using a thrust load and a buoyant subsurface load similar to Angevine 

and Flanagan (1987). Basin fill was modeled with triangular cross section to 

account for thinning to the east. 

The area occupied by the North/Middle Park and South Park basins was 

a synclinal downwarp in the beginning of the Laramide orogeny. In the latest 

Paleocene-early Eocene, a right-lateral shear zone developed as the Colorado 

Plateau moved relatively northward (Chapin and Cather, 1983). This wrench 

faulting formed small structural depressions within the shear zone which then 

filled with sediment (Chapin and Cather, 1983). As a group, these basins are 

small and elongate; they acted as local sediment traps, which drained ultimately 

into the Denver Basin (Dickinson et aI, 1988). 

During the Paleoce"ne, South Park received volcanic, sedimentary and 

plutonic detritus from the west to form the lower South Park Formation (Chapin 
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Figure 5.6 Map showing areas used in sediment balance. Uplift was taken as 

all areas in white to the east of the contineqtal divide. The present day 

areas of Laramide sediment (dark grey) are erosional remnants. Thus, 

these areas were extended in order to model the probable extent of the 

depositional centers in the late Eocene (light grey). See text for details. 
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and Cather, 1983; Wyant and Barker, 1976). In the latest Paleocene/ early Eocene 

wrench faulting created at least three en echelon basins, which received arkosic 

sediments from the east to form the upper South Park Formation. The lower 

South Park Formation is as much as 2.3 km thick, the upper South Park as much 

as 1.1 km thick (Wyant and Barker, 1976). For the sediment balance, the extent 

of the lower South Park Formation, which represents deposition in the synclinal 

downwarp, was extended to cover the area of present Cretaceous outcrop. If 

Cretaceous sediments still exist, then most likely the area did not undergo much 

erosion in the Laramide (Figure 5.6). The lower South Park was modeled with 

triangular cross section to account for thinning towards the basin edges. A 

maximum thickness of 2.3 km was used; this is somewhat of an overestimate of 

the amount of material deposited, because the unit includes some andesite 

flows. The upper South Park Formation was modeled with rectangular cross 

section, which is a better approximation to wrench-fault basin shape than 

triangular, and a thickness of 1.1 km was used. 

Echo Park is the southern continuation of the wrench-faulted South Park 

basin (Figure 5.6); the Echo Park formation represents arkosic material derived 

from the west during the early-mid Eocene; it reaches up to 600 m of thickness 

(Chapin and Cather, 1983). Before post-Eocene erosion, the upper South Park 

Formation and Echo Park formations probably interfingered (Chapin and 

Cather,1983). Echo Park was modeled with rectangular cross section and a 

sedimentary thickness of 600 m. 

North Park and Middle Park are part of the same structural basin, but are 

separated by the Tertiary Rabbit Ears volcanics. Similar to South Park, 

North/Middle Park began as a syncline at the beginning of the Laramide 
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orogeny and was modified by later wrench faulting (Chapin and Cather, 1983). 

In North Park, Hail (1965; 1968) estimates the maximum thickness of the 

Coalmont Formation of Paleocene-Eocene age as 2.1 kIn, though the thickest 

measured section is only 1.6 kIn. In Middle Park, the Middle Park Formation, 

dated as Late Cretaceous-Paleocene and in part correlative with the Coalmont 

Formation, reaches thicknesses of 2.0 km (Izett, 1968). Separation of the two 

phases of basin formation has not been undertaken, so the entire basin was 

modeled with rectangular cross section. The probable extent of the basin in the 

Eocene was estimated to include areas of present Cretaceous outcrop (Figure 

5.6). 

Volumes of sediment in each basin were calculated. Because the density 

of the sediments in the basins (approximately 2350 kg m-3) is less than the 

eroding material (granite = 2670 kg m-3), a given volume of sediment is not 

equivalent to the same volume of highland. The sediment represents a 14% 

expansion in volume from the original material. However, the erosion surface 

shows evidence of deep chemical weathering and this must also be taken into 

account. In silicic terranes, chemical weathering can account for 2 - 50 m/Ma of 

denudation (Saunders and Young, 1983). In modem rivers, dissolved load 

constitutes on average 38 % of total load, though actual amounts vary 

considerably (Knighton, 1984), with limestone terranes having higher 

proportions of dissolved load (Saunders and Young, 1983). Only a small 

fraction of the 38 % actually represents chemical weathering of the source terrain 

(Pinet and Soriau, 1988). At least 25 % of the 38 % is contributed by rainfall 

(Saunders and Young, 1983), and a significant proportion is also contributed by 

human activities. Thus it is reasonable to not correct for density difference, and 
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to use the 14 % expansion in volume, which translates into 11 % of the total 

sediment eroded, to represent chemical weathering in the predominantly silicic 

source terrain. Of course, chemical weathering rates were probably higher in 

the late Eocene when conditions were warmer and wetter and the C02 level was 

1.8 - 2.0 times that at present (Brady, 1991). Thus in the sediment budget, 

calculations are also made for chemical weathering representing 30 % of the 

material eroded (Table 5.1). 

Another problem is that the Denver Basin was not a closed system. 

Metamorphic lithic clasts in the Eocene of the Gulf of Mexico indicate material 

was being derived from the Rocky Mountains. Mass sediment balances have 

been calculated for the Gulf (Hay et aI, 1989), but do not place significant 

constraints on the amount of material eroded from the Rocky Mountains; it is 

not known what proportion of the source area to the Gulf of Mexico the 

Southern Rocky Mountains constituted. The fission track data discussed 

previously provides a better constraint on the upper limit of erosion possible. In 

the sediment balance calculation, denudation resulting from 25% and 50% 

bypassing in the Denver Basin was calculated (Table 5.1). 

The source area for these basins was defined as the Front Range uplift 

and the east flank of the Sawatch range to the late Eocene continental divide 

(Figure 5.6). The size of this area was not corrected for late Tertiary extension, 

because the block faulting had only a minor effect on total surface area. 

Results 

The sediment balance (Table 5.1) using the amount of Laramide 

sediments which remain today only allows for 0.4 km of average erosion from 



Table 5.1 Sediment balance calculation for the Front Range 
Basins I thickness Preserved Probable 

(m) area (km2) original 

Denver 915 
Echo Park 600 
South Park (lower)" 2300 
South Park (upper)" 1100 
North/Middle Park 2100 
Front Range 

Denudation 

total erosion (m) .... 
30% chern. weath 
(m)t 

9170 
280 
280 
280 

2770 
27370 

Preserved 
area (km2) 

407 
581 

area (km2) 

88000 
280 
680 

5200 
24530 

Probable 
original 
area (km2) 

1920 
2741 

25% 50% 
bypass bypass 

2330 2741 
3329 3915 

.. See text for explanation ..... Total erosion expressed as meters of denudation of 
Front Range, chemical erosion represents 11 % of total erosion. t Total erosion 
expressed as meters of denudation from Front Range if 30% of erosion from 
chemical weathering. 

~ 

OJ ..... 
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the Front Range. If the basins are increased to their probable extent, the 

sediment balance implies 1.9 kIn of average erosion from the Front Range. This 

result of 1.9 km is a minimum, because of the possibility of bypassing. 

Assuming 25% bypassing allows for 2.3 kIn of erosion, and assuming 50% 

bypassing allows for 2.7 km. If the rate of chemical weathering is increased so 

that 30 % of the eroded material is from chemical weathering, the sediments in 

the reconstructed basins account for 2.7 km of erosion from the Front Range, 

which increases to 3.3 or 3.9 km of erosion if 25% or 50% bypassing is allowed 

respectively. These erosion estimates are within the upper limit of 5 km given . 
by the fission track data. Thus, between 2 - 5 km of material on average was 

eroded from the Front Range from Late Cretaceous to late Eocene time, with up 

to 1.5 km of this bypassed to the Gulf of Mexico. 

The implied erosion ra~es are comparable to modern rates of erosion in 

temperate climates (Saunders and Young, 1983). The Front Range eroded from 

69 Ma, the age of the first arkosic sediments in the Denver Basin to 

approximately 44 Ma, the beginning date of the late Eocene. 2 km - 5 km of 

erosion thus implies erosion rates of 80 - 200 m per Ma. This amount of erosion 

would reduce the elevation by 0.3 - 0.8 km, using an isostatic constant of 0.167 

elevation/ crustal root ratio. 

Isostatic Balance 

Methodology 

Isostatically balanced crustal columns were created in an attempt to 

integrate the estimate of erosion derived from the sediment balance with the 

paleoelevation data. In addition to using the amount of erosion off the Front 
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Range and 1 km of deposition in the Denver Basin, three observations were used 

to construct crustal columns: 

1) At 69 Ma, the elevation of the Front Range and Great Plains was at sea 

level. 

2) At least 19 % shortening occurred across the thrusts which bound the 

Front Range uplift during the Laramide. The Front-Range-Rampart fault has at 

least 11 km of shortening, as shown by seismic data and confinned by a drill 

hole to the west of Colorado Springs (Jacob and Albertus, 1985). The Elkhom

Williams thrust to the west has at least 6 km of shortening (Bryant and Naeser, 

1980). To the north near Middle Park, upper Cretaceous rocks beneath the 

thrust are exposed in a window. They demonstrate that the fault is a low angle 

thrust with at least 6 km of displacement. Bryaht and Naeser (1980) demonstrate 

similar amounts of displacement can be projected southward to South Park, as 

based on fission track data. Paleozoic apatite ages indicate shallow Precambrian 

rocks in the upper plate, and thus a low angle thrust. With 5.5 km of structural 

relief, at least 6 km of shortening is required. Thus, shortening across these two 

faults is at least 17 km near the latitude of South Park. This figure is a minimum 

because it does not take into account any possible shortening associated with the 

Elk Range to the west and because the thrust estimates are themselves minima. 

Crustal velocities (Prodehl and Lipman, 1989) and isostatic gravity over 

the Great Plains (Simpson et aI, 1986) indicate the Great Plains crust is more 

dense than that in the Front Range. This observation was not used as an input, 

because it is a consequence of upper crustal thickening in the Front Range if 

similar starting columns are used for both the Front Range and Great Plains. 
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3) The present crustal thickness of the Front Range and Great Plains is 

approximately 50 km (Prodehl and Lipman, 1989) (Figure 5.7) 

In order to test the different models, elevation after crustal thickening and 

elevation after post-tectonic erosion were calculated for each model and were 

then compared to the following elevation data: 

1) The Denver Basin was on the order of 1 km deep. 

2) At 36.6 Ma, there was little elevation difference between the Front 

Range and the Great Plains (Jacob and Albertus, 1985). This is suggested by 

outcrops of Wall Mountain Tuff in the Great Plains which are less than 230 m 

below outcrops in the Front Range; the 36.6 Ma Wall Mountain Tuff was 

deposited by an ash flow which followed the existing drainage net. ''Vith 300 m 

of local relief on the erosion surface, the elevation difference of the Wall 

Mountain outcrops suggests less than 600 m of relief existed between the Front 

Range and Great Plains. Some of the modern elevation difference possibly may 

be due to normal faulting along the Rocky Mountain Front associated with the 

Rio Grande rift. If the Great Plains were downdropped since the late Eocene, 

then the elevation difference in the late Eocene would be even less than 600 m. 

3) At 35 Ma, the Front Range was from 2.3-3.3 km in elevation (Gregory 

and Chase, 1992; Gregory, in press, Chapters 2 and 3). 

4) Present average elevation of the late Eocene surface in the Front Range 

is on the order of 2.5 km, while elevation on the late Eocene surface in the 

Denver Basin is on the order of 2.1 km. These numbers cannot be used as a 

rigorous check on the model results, because post-Eocene erosion has occurred 

which has modified the isostatic balance. 
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Three endmembers of tectonic development were modeled. In model A, 

most of the thick crust is present in the Cretaceous. This scenario was suggested 

by Prodehl and Lipman (1989); they hypothesized that the thick, dense crust in 

the Great Plains is a remnant of the Archean craton which has been little 

modified since the Proterozoic. Original crustal thicknesses were thus 44 km 

and 49 km for the Front Range and Great Plains, respectively. In order for crust 

this thick to be at sea level in the Cretaceous, the densities have to be quite high. 

The observed 50 km crustal thickness is achieved in the Front Range by upper 

crustal shortening, modeled as pure shear, minus erosion and by deposition in 

the Great Plains. 

In model B, the crust was thickened during the Laramide by crustal 

thickening plus or minus mass transfer like that suggested by Bird (1988) or 

magma injection. Initial crustal thickness was modeled as 30 km (Hall and 

Chase,1989). In this model, upper crustal thickening occurs in the Front Range, 

along with 17 km and 19 km of lower crustal thickening in the Front Range and 

Great Plains, respectively. 

In model C, regional crustal thickening occurs after the late Eocene. This 

models the Davisian view, in which regional uplift occurs in the Pliocene. An 

original crustal thickness of 30 km was used for both columns. The Front Range 

underwent upper crustal shortening in the Laramide, but an additional episode 

of lower crustal thickening occurs after the Eocene, adding 17 km and 19 km to 

the crust of the Front Range and Great Plains, respectively. 

A thermal anomaly in the mantle has also been suggested as a 

mechanism for regional uplift. This mechanism was not isostatically modeled 
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because it does not modify the crustal structure; it will be discussed in the next 

section. 

Results and discussion 

Results are shown in Figure 5.8; these runs all used 4 km of erosion from 

the Front Range. Only model B successfully predicts the estimated late Eocene 

elevations. By increasing the amount of upper crustal shortening of the Front 

Range in model C to 28 %, the estimated elevation of the Front Range can be 

attained, but not the estimated elevation for the Great Plains. Model B has the 

smallest difference in elevation in the late Eocene between the Front Range and 

Great Plains. 

In model A, where the original Cretaceous crust is thick, the Laramide 

upper crustal shortening in the Front Range does not provide enough buoyancy 

to attain the predicted elevation of 2.2-3.3 km for the late Eocene and the 

observed elevation for the present. This is because the densities needed to keep 

thick crust at sea level in the Cretaceous are high. 

A thermal anomaly in the mantle could provide buoyancy, but would not 

be long lived enough to maintain constant elevation for 35 Ma. However, if 

Florissant was near the upper end of the estimated elevation range, that is 3.3 

km, in the late Eocene and has since decayed to 2.5 km, then a thermal anomaly 

is a possible explanation for the elevation, and thick crust in the Cretaceous is a 

possibility. More elevation data are needed to evaluate this hypothesis. 

Model A also predicts that after erosion, 0.9 km of elevation difference 

still exists between the Front Range and Denver Basin in the late Eocene. In this 

isostatic modeling the crust has no flexural rigidity, that is each column is free to 
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Figure 5.8 Isostatic models of the 3 tectonic endmembers. In each model, the 

Front Range is represented by the column t9 the left, and the Great 

Plains by the column to the right. The numbers within the columns are 

density of crustal layers in kg m-3. Each model shows the evolution in 

time slices: 1 Cretaceous, 2 early Tertiary, before erosion, 3 late Eocene 

after erosion, and 4, only calculated for model C, Pliocene. Crustal 

thickness (T) and elevation (E) for each time slice are shown to the right 

of each model, with figures for the Front Range first, those for the Great 

Plains second. Elevation is not reported for time step 1, because all 

models begin with a Cretaceous elevation at sea level. 
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Model B: Pre-late Eocene Crustal Thickening and Underplating 
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move relative to the other column. Also, only 1 km of sedimentation in the 

basin is allowed, even if the model predicts more accommodation space. In 

reality, the crust was not broken and would have had some flexural rigidity, and 

sediment would have filled the available space. Thus, the elevation difference 

between the Front Range and Denver Basin in the isostatic model are minima. 

The 0.9 km of relief, minimum, is higher than the estimated 0.6 km or less. With 

more than 1 km of deposition allowed, the local relief would increase to at least 

2km. 

Modifications on the order of 0.1 - 0.2 km in the amount of elevation 

predicted can be made by varying the amount of erosion within the calculated 

range of 2 - 5 km and by increasing the amount of upper crustal shortening in 

the Front Range. Increasing the amount of erosion means that for the crustal 

column to attain the final thickness of 50 km, more crustal thickness must be 

present in the Cretaceous or is added by lower crustal thickening. Because the 

lower crust is denser than the eroding upper crust, elevation will decrease if 

erosion is increased for a given crustal thickness. Thus increasing the amount of 

erosion decreases the late Eocene elevation of the Front Range predicted by 

these models. Increasing the amount of upper crustal shortening in the Front 

Range increases the amount of crustal thickness derived from thickening the 

upper crust, and again, to attain the final thickness of 50 km,less lower crustal 

thickness is needed. Thus, increasing the amount of shortening has the effect of 

increasing the elevation of the Front Range relative to the Great Plains in these 

models. 

In model B, in which crustal thickening is achieved by thickening the 

crust of the Front Range and the Great Plains before the late Eocene, the 
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predictions of elevation are consistent with estimated late Eocene elevation and 

relief. Local relief across the Front Range/Great Plains boundary is 0.1 krn, 

which is also consistent with geologic evidence. Relief is lower in this model 

than in model A because the upper crustal load in the Front Range, which 

would create a deep foreland basin, is counterbalanced by a subsurface 

buoyancy in the Great Plains. This explanation of the small size of the Denver 

Basin was proposed by Angevine and Flanagan (1987). This model is consistent 

with the elevation data. 

Model C, in which the lower crust is thickened after the late Eocene, 

successfully predicts the estimated late Eocene elevation of the Front Range; in 

this case, the lighter Cretaceous crust, as compared to model A, has enough 

buoyancy that upper crustal shortening creates significant elevation. However, 

it does not model the high elevation of the Great Plains. Another serious 

shortcoming of this model is that without coeval subsurface buoyancy in the 

Great Plains, flexural models show crustal shortening would create a foreland 

basin on the order of 6 krn deep with sediments added. Laramide sediments in 

the Denver Basin were nowhere near this thickness. 

Concl usions 

Similar surfaces 

An important question to ask is whether the late Eocene surface in the 

Southern Rockies is an unusual feature, or one that would be expected in other 

orogenic systems. The Puna surface is a low-relief surface in the Andes which 

exists at elevations above 4 krn; it cuts deformed volcanics of middle Miocene 

age and is overlain by flat volcanics of late Miocene age (McKee and Noble, 
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1982). The Puna is thought to be a tectonic plateau, because it developed in an 

area where the crust is on the order of 70 km thick. When the mechanical 

strength of the crust is exceeded, orogens widen instead of thicken, forming an 

elevated, low-relief plateau (Molnar and Lyon-Caen, 1988). This interpretation 

does not seem to fit the Southern Rockies, in which the crust is thinner and 

elevation of the surface was lower than in the Andes. 

The Tibetan Plateau is the highest plateau on earth. As with the 

Altiplano, the high elevations and thick crust suggest the feature is a tectonic 

plateau, and thus the surface is not strictly analogous to the lower elevation 

Southern Rocky Mountain surface. Thus it appears that the late Eocene surface 

is unique relative to the present. 

Isostatic model 

Most of the present crustal thickness of the Great Plains must have been 

present before the late Eocene. Otherwise, the Denver Basin would have been 

quite deep due to flexural response to the thrust load and associated sediments. 

It is possible that the crust was thick to begin with in the Cretaceous. 

However, to achieve the predicted elevation in the late Eocene and the observed 

elevation today, some thermal anomaly which would cause mantle uplift must 

be invoked. Because the thrust load is not counterbalanced by subsurface 

buoyancy in the Great Plains, this model still overpredicts the depth of the 

Denver Basin. 

It is also possible that underplating or mass transfer can be invoked to 

explain the crustal thickness (Bird, 1988; Johnson et aI, 1990). As opposed to 

thick Cretaceous crust, this model predicts a smaller topographic gradient 
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between the Front Range and Great Plains which is consistent with geologic 

evidence. However, there are enough degrees of freedom that this difference is 

not decisive. More elevation data is needed to distinguish between these two 

hypotheses. Of course, the scenarios are not mutually exclusive; a combination 

of the two endmembers is also possible. 

Geomorphic consequences of structural evolution 

Even starting with the thinnest Cretaceous crustal thickness likely, that is 

30 km, the 17 km of documented shortening implies at least 6.8 km of crustal 

thickening, which translates into over one kilometer of elevation. Additional 

elevation is provided by mass transfer or magma injection. The 2 - 5 km of 

erosion from the Cretaceous to the late Eocene was not enough to destroy this 

crustal root, but would have reduced the elevation by 0.3-0.8 km. Thus the 

upper crustal shortening could have been almost completely reduced by 

erosion, but the overall root formed in the Laramide was not destroyed. In this 

sense the Southern Rocky Mountains are long lived. 

The observations that the local topographic relief across the Front Rangel 

Great Plains boundary was fairly modest, and that the Denver Basin was not 

particularly deep can both be explained by crustal thickening occurring before 

the late Eocene over the Front Range and Great Basin This tectonic activity 

might have contributed to formation of the erosion surface by creating a local 

base level not dramatically different from the source area. However, the 

widespread occurrence of the surface suggests closeness of base level is not 

sufficient explanation of sUrface formation. 
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Smoothing climate 

The widespread occurrence of the surface and correlation of lithology 

with degree of surface development indicate that climate played a major role in 

surface formation. Paleobotanical studies provide climatic information for the 

erosion surface in the Laramide highlands. Gregory and Chase (1992) and 

Gregory (in press) demonstrated that the Florissant flora, which grew on the 

Front Range erosion surface 35 Ma, had a leaf physiognomy which implies a 

mean annual temperature (MAT) of 10.7 ± 1.5°C, growing season precipitation 

(GSP) of 55.6 ± 12.5 em, and a mean annual precipitation (MAP) of at least 65 

cm, most of which fell during the growing season. Growth ring characteristics 

of fossil Sequoia affinis from Florissant imply that summer conditions were at 

least above 1 em of monthly rainfall with average temperatures probably above 

14°C (Chapter 4). 

The present MAT, GSP, and MAP of Florissant are 3.9 °C, 25.6 cm, and 

41.3 cm respectively, with mean monthly summer temperatures of 15°C and 

mean monthly precipitation of 10.6 em. Much of the MAT drop probably 

occurred abruptly around 33 Ma, just after the late Eocene (Wolfe, 1992a). Based 

on paleoclimate derived from other floras in the western U.S. and global trends, 

the Paleocene and early to middle Eocene of Florissant would have been closer 

to the warmer and wetter conditions of the late Eocene than the cooler and drier 

modern climate; the globally warmest period during this time occurred from 55 

- 50 Ma (Crowley and North, 1991). 

The question is what climate variables are important in the creation of 

smooth topography? The warmer and wetter climate of the latest Cretaceous to 

late Eocene, plus the higher levels of atmospheric C02 as compared to today 
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(Brady, 1991) allowed for higher rates of chemical weathering in the past. The 

observation that the erosion surface, where overlain by volcanics, often has a 

thick layer of granitic grus, and the existence of a late Paleocene-early Eocene 

paleosol in the Denver Basin (Soister, 1978; Soister and Tschudy, 1978) support 

this idea. However, modem regions with high rates of chemical weathering do 

not have notably low relief surfaces; in fact the humid portions of the Andes are 

quite steep and dissected. Thus, there must be more to formation of the late 

Eocene surface than warm, wet conditions. Altiplanation processes can form 

high elevation surfaces (Garner, 1974) but the fact the late Eocene surface was 

rather warm and well below tree-line precludes this as a possibility. 

A possible explanation for surface formation is that the magnitude and 

frequency of storm events could have been different in the past. Marine oxygen 

isotopes have been interpreted to indicate that the equatorial sea surface 

temperatures (SSTs) were lower than today from the Maastrichtian to the late 

Miocene (Shackleton, 1984). In the Eocene, mean SSTs in the tropics would have 

been too low for the formation of hurricanes (Barron, 1989). Sloan (1992, pers. 

commun.) calculates low levels of storminess for the Eocene in Colorado. 

However, not all agree with this interpretation; Adams et al (1990) argued the 

distribution and diversity of tropical and subtropical biotas indicate the 

equatorial SSTs during the Tertiary were similar to the present. 

Storm magnitude/frequency is important in landscape development 

because differently sized storms are not equal in their ability to transport 

sediment and to modify landscape. Smaller events transport most of the 

suspended and dissolved load (Knighton, 1984; Wolman and Miller, 1960), 

while the large events are more effective in altering the shape of landforms 
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(Kochel, 1988; Wolman and Gerson, 1978). Chase used a three dimensional, 

quantitative model of fluvial erosion (Chase, 1992) to demonstrate numerous 

small storms have the effect of smoothing topography, while a mix of large and 

small storms has a roughening effect (1992, personal commun.). The numerous 

small storms smooth topography because each flow has little erosive power; it 

carries small amounts of material small distances. Large events roughen 

topography because they have high erosive power and can remove material 

from the system. Thus, the late Eocene surface might have been formed by a 

unique climate in the late Eocene in which there were frequent small storms. 

The hypothesis is difficult to evaluate because as of now terrestrial"storminess" 

is not a climate parameter which can be predicted from isotopes or plants. 



CHAPTER 6 

SUMMARY 
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Erosion beveled the Laramide Front Range uplift in Colorado to a 

surface of low relief by the end of the Eocene. Based on William Morris Davis' 

Theory of Peneplanation (Davis, 1911) and a paleoclimatic interpretation of the 

34.9 Ma Florissant flora (MacGinitie, 1953), workers believed this surface 

formed at low elevations and then in the Pliocene underwent epeirogeny. 

However, compression occurred from the Cretaceous to the Eocene, and 

extension occurred from the Oligocene to the present; based on tectonics, one 

would expect elevation to have developed before the late Eocene when the 

crust was being thickened, not after the Eocene when the crust was being 

thinned. 

In order to put constraints on the timing of uplift, the Florissant flora, 

which grew on the erosion surface, was reexamined. New multiple regression 

models were developed based on a modem vegetation dataset of 31 leaf 

physiognomic character states collected by J.A. Wolfe (1990; in press) 

(Appendix C). This dataset is a work in progress, and new models should be 

developed as the database expands. Multiple regression analysis is more 

appropriate for this dataset than correspondence analysis, which has been used 

in the past, because multiple regression models only use character states which 

show trends with climate, and each state is weighted according to the amount 

of variance in climate it explains. These models explain 93.4 % of the variance 

of mean annual temperature (MAT), 86.1 % of the variance of growing season 

precipitation (GSP), and 65.7 % of the variance in rainfall distribution. When 
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applied to a new collection of 29 species from the Florissant flora, estimates of 

MAT = 10.7 ± 1.5 °C, GSP = 55.6 ± 12.5 em, and rainfall distribution = 0.14 ± 

0.18, meaning precipitation occurred mostly during the growing season, are 

derived. Given this GSP and rainfall distribution, mean annual precipitation 

(MAP) was on the order of 65 ± 19 em. It is possible to apply the new multiple 

regression climate models to samples in the literature, although the possibility 

of collection bias and the often summed site information makes new collections 

preferable. 

This paleoclimate estimate for Florissant is corroborated by data from 

late Eocene Sequoia affinis from the same locality. Pre-Holocene wood can be 

used to estimate general paleoclimatic conditions by comparing ring 

characteristics and descriptive statistics from ring-width series of the fossil trees 

to those from the closest living relatives growing in comparable topographic 

sites. Higher mean ring width of the Florissant trees as compared to coast 

redwood and giant sequoia can be explained by a late Eocene climate with 

similar or higher summer temperatures and higher summer rainfall than the 

modern coast of California, where mean monthly summer temperature = 14°C 

and mean monthly precipitation = 1.5 em. However, the amount of C02 was 

up to 2x greater in the late Eocene; the effect of increased C02 on plants is not 

well documented. It is possible that the paleoclimate estimates from leaf 

physiognomy and ring width look more "favorable", that is temperatures are 

warmer and precipitation higher, than in reality because of a fertilization effect. 

The paleoelevation of Florissant can be calculated by comparing the 

interior flora to the paleotemperatures estimated using similarly aged floras at 

sea level. This comparative method corrects for any systematic bias in the 
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paleoclimate models. The Florissant flora is significantly cooler than the 33 Ma 

Goshen and La Porte floras from Oregon and California. Using the elevation 

calculation methods of Meyer (1986) and Wolfe (1992b), an elevation of 2.3- 3.3 

km for Florissant is derived, which is indistinguishable from the modern 

elevation. Pliocene uplift is thus not required to explain the present elevation of 

2.5km. 

The elevation of Florissant is tied to that of the Great Plains by the Wall 

Mountain Tuff, a 36.6 Ma ash flow which followed paleovalleys in the late 

Eocene surface. Outcrops of the Wall Mountain Tuff in the Great Plains are, at 

present, less than 230 m lower than outcrops in the Front Range. Thus, the 

elevation estimate for Florissant indicates the Great Plains were also high. The 

presence of significant elevation of a large area in the late Eocene casts doubt on 

the hypothesis that plateau formation in the western US was, in part, 

responsible for the marked global cooling since 15 Ma. 

The high elevation of the Front Range and Great Plains also indicates that 

regional surfaces of planation could be formed at elevations significantly above 

sea level but below tree line in the Eocene. There appear to be no modern 

analogs for such a surface. A sediment balance calculated for the Front Range 

suggests that from 2 - 4 km of sediment was removed to form the surface. This 

amount of sedimentation was enough to erode a major portion of the crustal 

root formed by upper crustal thickening, thus fairly low local relief across the 

Front Range and Denver Basin may have been a contributing factor to the 

formation of the surface. However, the widespread occurrence of late Eocene 

low-relief surfaces, and the correlation of lithology and surface development 

suggests climate played the major role in its formation. Paleoclimate models 
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suggest a lack of large storm events in the late Eocene because of cool sea 

surface temperatures in the equatorial region. A preponderance of small storm 

events with small carrying capacities would smooth the topography and is a 

possible mechanism for formation of the late Eocene surface. 

It is unclear when and why the southern Rockies achieved the predicted 

late Eocene elevation. To attain the high elevation of the Front Range while 

creating only a minor foreland basin requires crustal thickening to have 

occurred in the Front Range and Great Plains before the late Eocene. The . 
thickened crust might have been present in the Cretaceous before the Laramide 

Orogeny began, with a thermal anomaly causing later regional uplift. 

Alternatively, underplating and mass transfer in the early Tertiary could have 

thickened the crust. More paleoelevation data needs to be collected to evaluate 

these hypotheses. 

Future Work 

Many more floras exist in the Rocky Mountains, and much information 

about the development of topography would be gained if paleoelevation 

estimates were made The advantages of the paleobotanical method of 

paleoaltimetry are that floras are fairly abundant and datable; plants grow at 

the surface, so that the surface elevation is determined; and the comparative 

method of analysis means any systematic bias in the paleoclimate method is 

corrected. The disadvantage of the method is that determination of 

paleoelevation is dependent on determination of paleoclimate and knowledge 

of past lapse rates. More understanding of lapse rates is especially needed in 

order to obtain more precise estimates of paleo elevation. 
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It would be desirable to find additional methods of paleoaltimetry, 

ideally not tied to climate, to provide a check on the botanically based method. 

Unfortunately, no relationship of plant morphology versus atmospheric 

pressure has been documented. Other paleoaltimetry methods are also needed 

in order to expand the types of environments which can be analyzed; floras are 

often preserved in volcanic terranes, where depositional environments like 

calderas and dammed paleovalleys are filled with abundant fine grained 

material. 

If the floras are to be useful as more than relative paleoclimate 

indicators, the question of the influence of C02 on plant growth needs to be 

studied. This could be done by using experimental chambers, examining 

vegetation change since the industrial revolution, or by finding areas with more 

than one paleoclimate indicator and comparing the estimates from each 

method. 

In conclusion, the paleobotanical method of paleoaltimetry will increase 

knowledge of how mountain belts develop, and will help distinguish between 

the signals of climate and tectonics in the geologic record. The method is still 

new, and more knowledge of plant physiology and lapse rates especially will 

increase precision of paleoelevation estimates. 
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This appendix gives descriptions of those species in the Florissant 
sample (Table 3.1) which are not found in MacGinitie (1953). 

Cedrelospermum sp. 
(Figure 3.5) 
Margin: Serrate. Prominent, regularly spaced teeth with a concave to 
straight apical side. Basal side nearly parallel with midrib, straight or 
concave. Apex acute or ,less commonly rounded. Sinus acute. 
Size: Leptophyllous III to Microphyllous I and II. 
Apex: Rounded to acute 
Base: Asymmetrical, rounded to acute. 
Shape: Elliptical to ovate. 
Venation: Pinnate, craspedodromous. Midrib moderate. 12 - 22 secondaries, 
irregularly spaced, with angle of origin often increasing towards the apex. 
Secondaries curved, becoming recurved as approach tooth. Secondaries 
often straight in the basal portion of the leaf. Branch from admedial 
secondary joins exmedial secondary at an acute angle in the tooth. Tertiaries 
reticulate with cross ties. 

Rosaceae 
(Figure A.I) 
Margin: Serrate. Large, regularly spaced teeth. Apical side straight or 
convex. Basal side subparallel with midrib, straight or convex, with marked 
convex curvature near sinus. Apex rounded, or less commonly acute. 
Sinus acute. 
Size: Leptophyllous III to Microphyllous I and II. 
Apex: Round 
Base: Round 
Shape: Elliptical to ovate 
Venation: Pinnate, craspedodromous. Wide midrib. 7+ secondaries, 
irregularly spaced, fairly straight or recurved with angle of origin 35° near 
base, near apex curved and angle of origin near 30°. Secondaries may 
become brochidodromous or semicraspedodromous near apex. Branch 
from admedial secondary enters sinus. Tertiaries reticulate, few cross ties. 
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1. Rosaceae, 2. Form A, 3. Form B. Scale bar is 3 cm. 



Form (Species) A 
(Figure A.l) 
Margin: Entire 
Size: Leptophyllous II to III 
Apex: Round 
Base: Acute 
Shape: Elliptical to ovate 
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Venation: Pinnate, camptodromous. Midrib strong. Secondaries either 
brochidodromous, or merge into intramarginal veins. Angle of orientation 
varies widely, spacing irregular. 

Form B 
(Figure A.l) 
Margin: Serrate. Small, numerous, regularly spaced teeth. Apical and basal 
sides straight. Apex and sinus acute. 
Size: Microphyllous II 
Apex: ? 
Base: ? 
Shape: Elliptical 
Venation: Pinnate, craspedodromous. Midrib strong. 6+ secondaries, 
opposite to subopposite, curved, with angle of origin near 35°. Secondaries 
and outer secondary veins enter teeth. 
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This Appendix gives the raw character state scores for the new 
Florissant sample discussed in the text. The method of scoring is described in 
Chapter 3 in the methodology of collection and description section. The 
definitions of the leaf physiognomic character states are given in Table 3.2 and 
Hickey (1973). The abbreviations are as follows: 

TL .................. Margin: Lobed 
NT .................. Margin: NQ Teeth 
TRg ................ Margin: Teeth Regularly Spaced 
TCI ................. Margin: Teeth Closely Spaced 
TA ................. Margin: Teeth Acute 
TRn ................ Margin: Teeth Round 
TS .................. Margin: Teeth Spinose 
TCm ............... Margin: Teeth Compound 
Ll ................... Size: Leptophyllous I 
L2 ................... Size: Leptophyllous II 
L3 ................... Size: Leptophyllous III 
Mil ................ Size: Microphyllous I 
Mi2 ................ Size: Microphyllous II 
Mi3 ................ Size: Microphyllous III 
Ma l ................ Size: Macrophyllous I 
Ma2 ................ Size: Macrophyllous II 
AE ................. Apex: Emarginate 
AR .................. Apex: Round 
AAc ............... Apex: Acute 
AAt ............... Apex: Attenuate 
BC ................. Base: Cordate 
BR .................. Base: Round 
BA ................. Base: Acute 
<1 ................... Lenth:Width ratio <1:1 
1-2 ................. Lenth:Width ratio 1-2:1 
2-3 ................. Lenth:Width ratio 2-3:1 
3-4 ................. Lenth:Width ratio 3-4:1 
>4 ................... Lenth:Width ratio ~4:1 
Ob .................. Shape: Obovate 
EI ................... Shape: Elliptical 
Ov .................. Shape: Ovate 
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Florissant Sample 

SPECIES TL NT TRg TCI TA TRn TS TCm 

Carya libbeyi 0.0 0.0 1.0 0.0 0.5 0.5 0.0 0.5 
Castanea dolichophyUa 0.0 0.0 0.00 0.0 0.5 0.5 0.5 0.0 
Cedrela lancifolia 0.0 0.5 0.0 0.0 0.5 0.0 0.0 
Cedrelospermum sp. 0.0 0.0 1.0 0.0 0.5 0.5 0.0 0.0 
Cercocarpus myrica. 0.0 0.0 1.0 1.0 0.5 0.5 1.0 0.0 
Cotinus fratema 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Crategus copeana 0.5 0.0 0.0 0.0 0.5 0.5 0.0 0.5 
Dodonea umbrina 

. 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Fagopsis longifolia 0.0 0.0 1.0 1.0 0.5 0.5 0.0 0.0 
Hydrangea fraxinifolia 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Koelreuteria alieni 0.5 0.0 0.5 0.0 0.5 0.5 0.0 0.5 
Lindera coloradica 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Lomatia lineata 1.0 0.5 0.0 0.0 0.5 0.0 0.0 
Populites heeri 0.0 
Prosopis linearifolia 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Quercus scotti 0.0 0.0 0.0 1.0 1.0 1.0 0.0 
Quercussp. 0.0 0.0 0.0 0.0 1.0 0.0 
Rhamnites p-stenophyllous 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Rhus obscura 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Ribes errans 1.0 0.0 0.0 0.5 1.0 0.0 0.0 
Robinia lesquereuxi 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Rosaceae 0.0 0.0 1.0 0.0 0.5 0.5 0.0 0.0 
Sambucus new toni 0.0 0.0 1.0 1.0 1.0 0.0 0.5 
Sapindus coloradensis 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Trichilia florissanti 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
Vauquelinia coloradensis 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
Vauquelinia lineara 0.0 0.0 0.5 0.0 1.0 0.0 0.0 
species A 0.0 1.0 0.0 0.0 0.0 0.0 0.0 
species B 0.0 0.0 1.0 0.0 1.0 0.0 0.0 

TOTAL SCORE 3.0 10.0 8.0 4.5 9.5 9.5 2.5 2.0 
species counted 29 28 28 28 28 28 28 28 

PERCENT 10.3 35.7 28.6 16.1 33.9 30.4 8.9 7.1 
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Florissant -- Continued 

size character state score with size correction 
SPECIES L1 12 L3 Mil Mi2 Mi3 Mal Ma2 

Carya libbeyi 0.5 0.5 
Castanea dolichophylla 0.5 0.5 
Cedrela lancifolia 0.5 0.5 
Cedrelosperrnum sp. 0.3 0.3 0.3 
Cercocarpus myrica. 0.5 0.5 
Cotinus fratema 0.25 0.3 0.3 0.3 
Crategus copeana . 1.0 
Dodonea umbrina 1.0 
Fagopsis longifolia 0.2 0.2 0.2 0.2 0.2 
Hydrangea fraxinifolia 0.3 0.3 0.3 
Koelreuteria alIeni 1.0 
Lindera coloradica 0.5 0.5 
Lomatia lineata 0.5 0.5 
Populites heeri 0.5 0.5 
Prosopis linearifolia 0.5 0.5 
Quercus scotti 1.0 
Quercussp. 1.0 
Rhamnites p-stenophyllous 0.5 0.5 
Rhus obscura 1.0 
Ribes errans 0.5 0.5 
Robinia lesquereuxi 0.5 0.5 
Rosaceae 0.3 0.3 0.3 
Sambucus new toni 1.0 
Sapindus coloradensis 0.5 0.5 
TrichiIia florissanti 0.33 0.33 0.33 
Vauquelinia coloradensis 1.0 
Vauquelinia lineara 1.0 
species A 0.50 0.5 
species B 1.0 

TOTAL SCORE 0.0 1.5 4.6 11.8 7.8 3.4 0.0 0.0 
species counted 29 29 29 29 29 29 29 29 

PERCENT 0.0 5.0 15.9 40.6 26.8 11.6 0.0 0.0 



208 

Florissant -- Continued 

size character state scores without size correction 

SPECIES L1 L2 L3 Mil Mi2 Mi3 Mal Ma2 

Carya Iibbeyi 1.0 
Castanea dolichophylla 1.0 0.0 
Cedrela lancifolia 1.0 
Cedrelospennum sp. 0.3 0.3 0.3 
Cercocarpus myrica. 0.5 0.5 
Cotinus fratema 0.25 0.3 0.3 0.3 
Crategus copeana 1.0 
Dodonea umbrina . 1.0 
Fagopsis longifolia 0.2 0.2 0.2 0.2 0.2 
Hydrangea fraxinifolia 0.33 0.33 0.33 
Koelreuteria alIeni 1.0 
Lindera coloradica 1.0 
Lomatia Iineata 1.0 0.0 
Populites heeri 1.0 0.0 
Prosopis Iinearifolia 1.0 
Quercus scotti 1.0 
Quercus sp. 1.0 
Rhamnites p-stenophyllous 0.5 0.5 
Rhus obscura 1.0 
Ribes errans 1.0 0.0 
Robinia lesquereuxi 0.5 0.5 
Rosaceae 0.3 0.3 0.3 
Sambucus new toni 1.0 
Sapindus coloradensis 1.0 0.0 
TrichiIia florissanti 0.33 0.33 0.33 
Vauquelinia coloradensis 1.0 
Vauquelinia lineara 1.0 
species A 0.5 0.5 
species B 1.0 

TOTAL SCORE 0.0 1.5 5.6 12.8 7.3 1.9 0.0 0.0 
species counted 29 29 29 29 29 29 29 29 

PERCENT 0.0 5.0 19.3 44.0 25.1 6.4 0.0 0.0 
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Florissant -- Continued 

SPECIES AE AR AAc AAt BC BR BA 

Carya libbeyi 1.0 1.0 
Castanea dolichophylla 1.0 1.0 
Cedrela lancifolia 1.0 1.0 
Cedrelospennum sp. 0.5 0.5 0.5 0.5 
Cercocarpus myrica. 1.0 1.0 
Cotinus fratema 0.5 0.5 1.0 
Crategus copeana . 1.0 1.00 
Dodonea umbrina 
Fagopsis longifolia 0.5 0.5 0.5 0.5 
Hydrangea fraxinifolia 1.0 1.0 
Koelreuteria alIeni 1.0 1.0 
Lindera coloradica 
Lomatia lineata 1.0 1.0 
Populites heeri 0.5 0.5 
Prosopis linearifolia 
Quercus scotti 1.0 
Quercus sp. 1.0 1.0 
Rhamnites p-stenophyllous 1.0 1.0 
Rhus obscura 1.0 1.0 
Ribes errans 1.0 0.5 0.5 
Robinia lesquereuxi 1.0 1.0 
Rosaceae 1.0 1.0 
Sambucus new toni 1.0 
Sapindus coloradensis 1.0 0.5 0.5 0.5 
Trichilia florissanti 1.0 1.0 
Vauquelinia coloradensis 1.0 1.0 
Vauquelinia lineara 1.0 
species A 1.0 1.0 
species B 

TOTAL SCORE 1.0 9.5 11.0 2.0 1.0 10.0 12.0 
species counted 23 23 23 23 23 23 23 

PERCENT 4.3 41.3 47.8 8.7 4.3 43.5 52.2 
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Florissant -- Continued 

SPECIES <1 1-2 2-3 3-4 >4 Ob EI Ov 

Carya libbeyi 1.0 1.0 
Castanea dolichophylla 0.5 0.5 1.0 
Cedrela lancifolia 1.0 1.0 
Cedrelospennum sp. 0.33 0.33 0.33 0.5 0.5 
Cercocarpus myrica. 1.0 1.0 
Cotinus fratema 0.5 0.5 0.5 0.5 
Crategus copeana . 1.0 1.0 
Dodonea umbrina 1.0 
Fagopsis longifolia 0.5 0.5 0.5 0.5 
Hydrangea fraxinifolia 1.0 0.5 0.5 
Koelreuteria alieni 0.5 0.5 1.0 0.0 
Lindera coloradica 1.0 1.0 
Lomatia lineata 05 0.5 0.5 0.5 
Populites heeri 
Prosopis linearifolia 1.0 
Quercus scotti 
Quercussp. 1.0 1.0 
Rhamnites p-stenophyllous 1.0 0.5 0.5 
Rhus obscura 1.0 1.0 
Ribes errans 1.0 1.0 
Robinia lesquereuxi 0.5 0.5 0.5 0.5 
Rosaceae 0.5 0.5 0.5 0.5 
Sambucus new toni 1.0 1.0 
Sapindus coloradensis 1.0 1.0 
Trichilia florissanti 0.5 0.5 0.5 0.5 
Vauquelinia coloradensis 1.0 1.0 
Vauquelinia lineara 1.0 1.0 
species A 1.0 0.5 0.5 
species B 1.0 1.0 

TOTAL SCORE 1.0 4.5 8.8 4.8 6.8 2.5 14.0 9.5 
species counted 26 26 26 26 26 26 26 26 

PERCENT 3.8 17.3 34.0 18.6 26.3 9.6 53.8 36.5 
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APPENDIXC 

LOCATION OF MODERN VEGET A nON SITES USED IN THE 

MULTIPLE REGRESSION MODELS 

The following appendix lists the location of the 86 modern vegetation 
sites collected by J.A. Wolfe used in the multiple regression models. These 
sites represent the dataset available at the time of the study. The multiple 
regression models should be revised as new modern vegetation data are 
available. 

The column headings are as follows: . 
MET STATION ....... Meterological Station where sample was collected. 
#SP ............................ number of species collected. . 
MAT .......................... Mean Annual Termperature in 0c. 
MWM ....................... Mean Warm Month Temperature in 0c. 
MCM ......................... Mean Cold Month Temperature in 0c. 
MRT .......................... Mean Annual Range of Temperature in °C. 
MAP ......................... Mean Annual Precipitation in em. 
GSP ........................... Growing Season Precipitation in em. 
P>15° ......................... Precipitation in months with average temperature> 15°C 

in em. 
RD .............................. Rainfall Distribution, a quantity from 0 to 1 defined as 

(mean annual precipitation - growing season precipitation) 
/ mean annual precipitation. Values near 0 indicate most 
precipitation occurs during the growing season. 

EL V ............................ Elevation of climate station in feet. 
LAT ........................... Latitude of climate station. Degrees before decimal point, 

minutes after. 
LONG ....................... Longitude of climate station. Degrees before decimal 

point, minutes after. 



SAMPLE MET SfATION ffSP MAT MWM 
Avon Park, FL Avon Park 31 22.8 28.1 
Orlando,FL Orlando WB AP 31 22.4 28.1 
Lake George, FL Deland ISSE 30 21.4 27.3 
Brunswick, GA Brunswick FAA AP 34 19.6 27.7 
Lemon Island, SC Beaufort 7SW 20 18.7 27.1 
Simmonsville, SC Georgetown 2E 31 18.1 26.9 
Kure Beach, NC Southport 28 17.2 26.4 
Stroudsburg, PA Stroudsburg 30 9.7 22.1 
Tunkhannock, PA Dixon 33 8.4 20.8 
Mt. Pocono, PA Mt. Pocono 2N 28 7.2 18.7 
Dannemora, NY Dannemora 30 6.7 20.5 
Wanakena,NY Wanakena Ranger Sch. 29 5.3 18.6 
Lake Placid, NY Lake Placid Oub 24 4.6 17.9 
Canyon Lake, AZ Mormon Flat 30 21.8 33.0 
Castle Creek, AZ Castle Hot Springs 23 21.1 32.2 
Bartlett, Resvr., AZ Bartlett Dam 20 21.3 32.2 
SUperior, AZ Superior 29 205 30.3 
Roosevelt Lake, AZ Roosevelt 1 WNW 23 19.8 31.5 
Punkin Center, AZ Reno RS, Punkin Cent 30 18.6 30.7 
Childs, AZ Childs 24 18.1 29.9 
Miami,AZ Miami 21 17.1 28.7 
Yava,AZ Hillside 4NNE, 5NE 24 15.2 26.7 
Sierra Ancha, AZ Sierra Ancha 27 15.3 25.5 
Jerome,AZ Jerome 26 14.9 25.7 
Natural Bridge, AZ Natural Bridge 28 145 25.1 
Granite Creek, AZ PrescottAP 31 12.9 24.2 
Junipine, AZ Junipine, Oak Crk Can. 27 13.1 23.7 
Crown King, AZ Crown King 25 12.8 21.8 
Jemez Springs, NM Jemez Springs 24 11.1 22.3 
Hasayampa River, AZ Groom Creek 23 10.2 20.4 
Los Alamos, NM Los Alamos 26 9.0 20.2 
Cheesman Resvr., CO Cheesman 29 7.6 18.9 
Red Fleet St.Park, UT Vernal 24 7.3 21.8 
Tierra Amarilla, NM Tierra Amarilla 4NNW 21 5.9 18.0 
Estes Park, CO Estes Park 30 6.2 16.8 
Nederland, CO Nederland 2ENE 26 5.3 15.8 
Red River, NM Red River 29 3.7 14.7 

MCM MRT MAP GSP P>15° 
17.2 10.9 140 140 140 
15.8 12.3 122 122 122 
14.4 12.9 139 139 132 
10.7 17.0 130 130 106 
95 17.6 127 119 87 
8.4 18.5 130 104 87 
7.6 18.8 139 109 89 
-3.4 25.5 122 62 52 
-4.6 25.4 102 52 36 
-5.7 24.4 128 48 38 
-8.3 28.8 84 42 34 
-9.3 27.9 107 50 • 31 
-10.1 28.0 98 46 29 
11.6 21.4 35 35 24 
11.4 20.8 38 38 24 
11.4 20.8 33 33 22 
11.2 19.1 45 45 22 
8.7 22.8 37 28 17 
7.3 23.4 43 31 23 
7.7 22.2 46 36 20 
6.7 22.0 48 33 21 
6.6 20:1 35 33 21 
5.9 19.6 63 36 29 
5.1 20.6 48 31 94 
5.1 20.0 59 35 27 
2.8 21.4 33 20 17 
3.9 19.8 70 33 17 
2.6 19.2 71 34 28 
05 21.8 40 26 20 
1.2 19.2 59 31 19 
-1.6 21.8 45 32 25 
-2.6 21.5 41 24 26 
-8.4 30.2 19 8 46 
-65 24.5 39 22 12 
-2.6 19.4 35 18 10 
-5.3 21.1 50 20 10 
-6.8 21.5 48 22 0 

RD ELV 
0.00 145 
0.00 111 
0.00 38 
0.00 14 
0.06 21 
0.20 14 
0.22 15 
0.49 480 
0.49 620 
0.63 1915 
050 1338 
053 1510 
053 1864 
0.00 1715 
0.00 1990 
0.00 1650 
0.00 2995 
0.24 2205 
0.28 2360 
0.22 2650 
0.31 3560 
0.06 3320 
0.43 n/a 
0.35 4950 
0.41 4607 
0.39 5205 
053 5075 
052 5920 
0.35 6262 
0.47 6100 
0.29 7355 
0.41 6880 
057 5260 
0.44 7425 
0.49 7523 
0.60 8241 
054 8676 

LAT 
27.60 
2855 
29.03 
31.15 
32.38 
33.37 
33.92 
40.98 
41.55 
41.13 
44.72 
44.15 
44.28 
3355 
33.98 
33.82 
33.30 
33.67 
33.83 
34.35 
33.40 
34.48 
n/a 
34.75 
34.32 
34.57 
34.98 
34.20 
35.77 
34.48 
35.87 
39.22 
40.45 
36.75 
40.38 
39.98 
36.70 

LONG 
81.50 
81.35 
81.30 
81.50 
SO.72 
79.28 
78.20 
75.20 
75.90 
75.37 
73.72 
74.90 
73.98 
111.25 
112.37 
111.63 
111.10 
111.15 
111.32 
111.70 
110.88 
112.88 
n/a 
112.10 
111.45 
112.43 
111.75 
112.33 
106.68 
112.45 
106.32 
105.28 
10952 
10657 
10552 
10550 
105.40 

N 
~ 

N 



SAMPLE MET SfATION #SP MAT MWM MCM MRT MAP GSP P>15° RD ELV LAT LONG 
Wolf Creek, CO Wolf Creek Pass 4W 19 3.5 14.6 -6.8 21.4 128 31 0 0.76 10641 37.48 106.78 
Lake Granby, CO Grand Lake 6SW 22 2.2 14.5 -10.2 24.7 35 11 0 0.69 8288 40.18 105.87 
Grand Lake, CO Grand Lake 1 NW 28 1.7 13.3 -9.2 22.2 51 15 0 0.71 8720 40.27 105.83 
Cachuma Lake, CA Cachuma Lake 28 16.4 22.7 11.1 11.6 49 49 50 0.00 781 34.58 119.98 
Camp Pardee, CA Camp Pardee 27 16.2 25.8 7.4 18.4 41 33 21 0.20 658 38.25 120.85 
Auburn,CA Auburn 29 15.6 25.1 7.1 18.0 88 41 54 0.53 1292 38.92 121.08 
Colfax,CA Colfax 27 15.1 25.3 6.9 18.4 122 40 81 0.67 2410 39.10 120.95 
Placerville, CA Placerville 24 13.3 23.1 5.1 18.0 94 20 78 0.79 1850 38.72 120.82 
Nevada City, CA Nevada City 21 14.0 21.0 3.7 17.3 139 16 43 0.88 2781 39.25 121.02 
Blue Canyon, CA Blue Canyon WSMO 23 10.2 20.2 2.8 17.4 172 24 37 0.86 4750 39.25 120.72 
Bowman Dam, CA Bowman Dam 31 9.7 19.3 2.2 17.1 170 26 • 81 0.85 5365 39.45 120.65 
Lake Spaulding, CA Lake Spaulding 31 8.7 17.7 1.2 16.5 175 25 50 0.86 5154 39.32 120.63 
Sierraville, CA Sierraville RS 30 8.0 18.1 -1.6 19.7 68 8 47 0.88 4975 39.58 120.37 
Donner Lake, CA TruckeeRS 28 5.8 16.2 -3.4 19.6 80 5 22 0.93 5995 39.33 120.18 
Soda Springs, CA Soda Springs 27 4.4 14.8 -3.4 18.2 131 6 0 0.96 6750 39.32 120.38 
Troutdale, OR Troutdale Abiat. Subst. 23 11.7 19.6 3.0 16.6 118 63 31 0.47 200 45.53 122.38 
Aberdeen, W A Aberdeen 20 10.3 16.1 4.4 11.7 209 51 18 0.76 435 47.27 123.72 
Three Lynx, OR Three Lynx 22 9.8 17.9 1.9 16.0 184 43 18 0.77 1135 45.12 122.07 
Wind River, W A Wind River 22 8.9 17.7 -0.1 17.8 253 51 54 0.80 1150 45.80 121.93 
Parkdale, OR Parkdale 2SSE 20 8.5 17.3 -0.9 18.2 117 15 40 0.87 1740 45.52 121.60 
Rimrock Lake, WA Rimrock TIeton Dam 25 6.9 17.4 -3.4 20.7 65 9 21 0.86 2730 48.65 121.13 
Govemmnt Camp, OR Government Camp 20 5.6 14.1 -1.5 15.6 219 27 0 0.88 3900 45.30 121.75 
Bumping Lake, W A Bumping Lake 26 4.8 14.7 -4.8 19.5 116 11 0 0.91 3400 46.87 121.30 
Lakeport, CA Lakeport 20 13.9 23.3 5.7 17.6 76 13 27 0.83 1315 39.30 122.92 
Lake Maloya, NM Lake Maloya 19 6.9 17.6 -3.3 20.9 57 34 22 0.40 7400 36.98 104.22 
Tahosa Creek. CO Longs Peak 3.0 13.1 -5.4 18.5 55 19 0 0.65 9000 40.28 105.57 
Barro Colorado Is. Barro Colorado 139 27.2 27.8 26.7 1.1 261 261 261 0.00 nla nla nla 
Yakushma, Japan Yakushima 27 19.2 27.0 11.4 15.6 397 397 311 0.00 nla n/a n/a 
ToTO Negro, PR Cerro Maravilla 18.4 19.7 16.6 3.1 222 222 222 0.00 n/a nla n/a 
Guanica, Puerto Rico Ensenada 33 26.9 28.3 25.2 3.1 75 75 75 0.00 n/a n/a n/a 
Susua,PR Sabana Grande 2ENE 42 23.5 25.0 21.7 3.3 129 129 129 0.00 n/a n/a n/a 
Jasper Ridge Woodside 32 14.2 19.1 8.8 10.3 38 22 34 0.42 n/a n/a n/a 
Santa Cruz, CA SantaCruz 25 13.7 17.4 9.4 6.0 74 57 54 0.23 130 36.98 122.02 
Half Moon Bay, CA Half Moon Bay 25 12.5 14.7 10.2 4.5 64 64 3 0.00 36 37.47 122.45 
Zuzu-san, Japan Saita 35 14.9 27.0 4.0 23.0 130 101 85 0.22 n/a n/a n/a 
Kiyosumi, Japan Kiyosumi 32 13.8 24.4 3.8 20.6 160 118 105 0.26 n/a n/a n/a" 

I\) 
~ 
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SAMPLE MET STATION #SP MAT MWM MCM MRT MAP GSP P>15° RD ELV LAT LONG 
Arendtsville, PA Arendtsville 30 10.5 23.4 -2.6 26.0 109 64 46 0.41 710 39.92 77.30 
Saguaro Lake, AZ Stewart Mtn. 19 20.5 322 10.2 220 31 31 20 0.00 1422 33.57 111.53 
Hood River, OR Hood Riv. Exper. Stat. 10.3 19.3 0.9 18.4 78 15 24 0.81 500 45.85 121.52 
Battle Creek, MD La Plata lW 28 13.2 24.4 1.4 23.0 108 65 50 0.40 175 38.53 76.98 
SlERC,MD Glen Dale Bell Station 32 12.7 24.2 0.7 23.5 111 70 43 0.37 151 38.98 76.80 
Frederick, MD Unionville 28 11.2 23.1 -1.4 24.5 102 64 38 0.37 430 39.45 77.18 
Powers, OR Powers 11.8 17.8 6.3 11.5 157 38 87 0.76 300 42.88 124.80 
Port Orford, OR Port Orford 2 11.5 15.4 8.2 7.2 201 170 6 0.15 292 42.73 124.73 
Bandon,OR Bandon IE-Bates Bog 10.8 14.4 7.4 7.0 153 51 0 0.67 8 43.11 124.42 
North Bend North Bend FAA AP 11.2 15.4 7.2 8.2 155 51 • 3 0.67 n/a n/a n/a 
Cape Blanco, OR Cape Blanco 10.2 127 7.7 5.0 195 78 0 0.60 n/a n/a n/a 
Laurel Mountain, OR Laurel Mountain 6.7 13.6 2.5 11.1 271 3 0 0.99 n/a n/a n/a 
c!epublic,~ A ___ RepuElic ____ 2'~ __ 17.4 -6.5 23.9_ 41 15 55 0.63 2600 48.65 118.73 

- --_.- _. __ .- -- - _._ .. _- --
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APPENDIXD: 

RING-WIDTH MEASUREMENTS FOR FLORISSANT SEQUOIA AFFINIS 

This Appendix gives the ring-width measurements for the 35 Ma 
Florissant Sequoia affillis discussed in Chapter 4. The ring-width series name 
consists of 4 parts: 1) the first three letters give the site code (FFB-Florissant 
Fossil Beds). 2) the next two numbers give the stump number from 1-12. 
Locations of these stumps are given in Figure 4.1.3) the next 1 to 3 letters give 
the series location or designation within the tree. For example SE means the 
series was measured from the southeast part of the stump. Series from tree 8 
were collected by Michael Arct (Loma Linda University, Riverside, CA) and do 
not have compass designations. 4) If the series was interrupted by cracks, the 
different segments of the series are labelled 1,2 etc. When computing the 
descriptive statistics, these segments were added together. 

The next column, year, gives the relative starting date. Stumps with 
internal crossdating have starting dates> 1000. These starting dates are relative 
only within that stump, except for series from stumps 1 and 3; these two 
stumps crossdated. Those series without internal crossdating have starting 
dates < 1000. 

The next ten columns give the raw ring width data in hundredths of 
milimeters. For example, 100, 10, and 1 stand for 1.00 mm, 0.10 mm and 0.01 
mm respectively. The data are organized in decades; each row represents one 
decade. The relative year can be calculated by adding the year at the beginning 
of the row to the column heading (+0, +1 etcetera). The number 999 indicates 
the end of the ring-width series. The author will provide copies of this data on 
disc upon request. 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB01SE1 1063 90 100 200 150 170 150 180 
FFB01SE1 1070 200 180 170 80 160 210 220 100 160 60 
FFB01SE1 1080 30 80 160 220 150 170 160 220 210 190 
FFB01SE1 1090 110 140 170 180 220 250 250 200 200 230 
FFB01SE1 1100 220 190 190 100 200 230 170 140 190 250 
FFB01SE1 1110 230 200 230 210 240 180 180 100 70 60 
FFBo1SE1 1120 70 0 100 90 110 130 190 220 200 180 
FFB01SE1 1130 220 110 190 190 170 170 200 180 150 110 
FFB01SE1 1140 70 180 120 130 90 100 200 100 110 120 
FFB01SE1 1150 140 150 90 130 160 100 150 100 100 220 
FFB01SE1 1160 190 130 150 180 110 140 140 100 80 140 
FFBOlSEl 1170 110 60 90 70 100 110 90 60 60 110 
FFB01SE1 1180 110 130 160 999 
FFB01SE2 1213 170 150 130 140 150 180 120 
FFB01SE2 1220 130 140 90 140 80 110 150 100 200 220 
FFB01SE2 1230 190 ~O 200 300 290 250 290 210 260 270 
FFBOlSE2 1240 230 170 130 120 110 120 80 120 50 70 
FFB01SE2 1250 90 120 130 150 120 120 80 190 80 170 
FFBOlSE2 1260 200 100 220 220 220 110 10 110 250 220 
FFBOlSE2 1270 140 150 100 90 120 80 100 120 100 110 
FFBOlSE2 1280 140 200 120 120 180 220 230 260 230 180 
FFBOlSE2 1290 140 120 60 40 70 90 130 100 130 130 
FFB01SE2 1300 160 170 90 90 120 110 100 100 100 170 
FFBOlSE2 1310 80 120 80 130 130 100 70 90 50 60 
FFB01SE2 1320 50 90 50 60 110 120 40 0 0 90 
FFBOlSE2 1330 90 100 100 80 100 90 70 130 120 120 
FFBOlSE2 1340 80 100 160 110 100 130 150 130 140 120 
FFB01SE2 1350 150 120 120 100 110 80 50 120 110 60 
FFBOlSE2 1360 70 10 60 70 30 100 60 50 100 100 
FFB01SE2 1370 90 90 50 70 70 80 70 70 70 110 
FFB01SE2 1380 100 50 50 60 70 60 100 70 80 60 
FFBOlSE2 1390 90 70 80 140 60 60 60 70 50 70 
FFBOlSE2 1400 100 40 100 80 90 140 150 70 100 90 
FFBOlSE2 1410 140 200 110 160 160 140 90 140 250 160 
FFBOlSE2 1420 200 190 170 130 150 120 80 80 60 90 
FFB01SE2 1430 50 80 50 60 100 70 150 80 40 50 
FFBOlSE2 1440 80 50 100 90 40 100 150 150 40 90 
FFBOlSE2 1450 80 80 50 90 190 999 
FFBOIN 1203 140 180 150 190 230 180 180 
FFBOIN 1210 140 160 140 210 190 140 140 120 150 90 
FFBOIN 1220 100 110 70 140 110 120 40 0 110 120 
FFBOIN 1230 130 110 100 140 160 120 110 100 140 150 
FFBOIN 1240 110 120 110 90 50 70 60 110 50 90 
FFBOIN 1250 120 110 130 100 110 100 110 150 70 160 
FFBOIN 1260 230 100 120 140 90 30 0 70 110 100 
FFBOIN 1270 60 80 50 50 80 50 80 130 50 250 
FFBOIN 1280 150 200 130 160 150 230 240 280 390 350 
FFBOIN 1290 250 150 110 50 140 120 160 110 130 90 
FFB01N 1300 110 1.20 70 60 70 160 140 120 100 180 
FFBOIN 1310 150 150 140 210 200 230 190 170 150 190 
FFBOIN 1320 250 280 240 260 250 300 210 190 50 190 
FFBOIN 1330 190 220 180 170 200 140 0 180 180 190 
FFBOIN 1340 160 130 160 170 200 170 150 190 170 160 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB01N 1350 230 160 190 190 190 120 160 190 180 170 
FFBOIN 1360 130 80 140 120 50 110 150 140 140 150 
FFBOIN 1370 120 130 110 120 120 90 130 120 80 130 
FFB01N 1380 140 110 140 140 140 120 170 130 130 110 
FFB01N 1390 130 110 140 200 100 170 80 30 20 0 
FFB01N 1400 70 60 90 120 90 90 110 90 140 100 
FFB01N 1410 80 90 100 120 170 110 70 110 100 70 
FFB01N 1420 110 130 110 110 150 100 150 100 50 50 
FFB01N 1430 60 90 60 60 999 
FFB01S1 1017 140 140 150 
FFB01S1 1020 150 180 200 130 150 180 200 170 140 160 
FFB01S1 1030 180 140 200 210 170 240 140 210 220 140 
FFB01S1 1040 170 210 170 90 100 180 140 130 120 120 
FFB0151 1050 130 80 70 50 60 90 110 30 70 80 
FFB01S1 1060 80 130 110 90 120 110 120 120 130 120 
FFB01S1 1070 150 160 190 110 160 190 180 100 150 80 
FFBOlSl 1080 40 70 160 240 130 150 190 150 150 140 
FFB01S1 1090 80 100 60 100 210 130 150 150 150 150 
FFB01S1 1100 140 110 100 40 120 130 120 90 110 160 
FFB01S1 1110 240 160 180 180 180 160 180 130 180 70 
FFBOlS1 1120 50 70 100 70 110 90 180 150 170 180 
FFBOlSl 1130 200 180 240 150 180 180 200 280 240 230 
FFBOlS1 1140 150 310 130 120 100 130 160 70 999 
FFB01S2 1230 20 100 50 100 80 110 100 130 150 160 
FFB01S2 1240 150 200 190 260 200 110 100 120 100 50 
FFB01S2 1250 80 70 110 100 110 70 70 90 60 80 
FFB01S2 1260 120 40 70 110 90 50 20 100 150 100 
FFBOlS2 1270 60 60 50 50 100 60 60 100 60 120 
FFBOlS2 1280 140 160 60 60 100 140 140 180 200 170 
FFB01S2 1290 150 110 70 20 110 130 150 140 140 90 
FFB01S2 1300 130 110 70 50 90 140 160 150 100 160 
FFBOlS2 1310 110 80 80 180 180 190 160 230 60 60 
FFBOlS2 1320 150 130 100 0 0 130 180 130 50 40 
FFBOlS2 1330 50 50 90 40 60 20 0 40 90 80 
FFB01S2 1340 130 110 140 999 
FFB01E1 1049 190 
FFB01E1 1050 190 220 170 160 180 270 280 160 220 160 
FFBOIEI 1060 190 210 190 150 150 200 200 150 150 190 
FFBOIEI 1070 180 180 180 90 140 130 200 100 160 100 
FFBOIE1 1080 60 80 140 200 120 160 200 200 180 170 
FFBOIEI 1090 110 110 170 150 999 
FFBOIE2 1161 190 110 190 190 180 170 200 200 190 
FFB01E2 1170 140 180 150 130 130 110 100 100 70 90 
FFBOIE2 1180 80 100 70 80 130 130 140 180 170 130 
FFBOIE2 1190 110 130 100 130 80 60 40 100 130 170 
FFB01E2 1200 150 120 150 120 100 130 130 140 120 150 
FFBOIE2 1210 130 140 120 150 200 150 180 160 170 110 
FFB01E2 1220 150 130 100 130 70 100 160 190 130 170 
FFBOIE2 1230 160 140 140 160 190 140 150 100 140 130 
FFB01E2 1240 110 90 60 70 70 90 80 100 50 0 
FFBOIE2 1250 100 100 150 140 130 130 80 140 130 140 
FFB01E2 1260 150 70 160 130 80 80 50 150 170 160 
FFBOIE2 1270 130 130 130 90 130 100 150 140 50 120 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFBOIE2 1280 140 140 60 120 110 150 190 250 200 ISO 
FFB01E2 1290 170 SO 110 999 
FFB01E3 1154 170 120 100 160 160 150 
FFB01E3 1160 120 130 100 160 170 150 170 140 170 150 
FFB01E3 1170 100 170 ISO 120 160 120 100 100 70 70 
FFB01E3 11SO SO 100 SO SO 130 120 130 140 ISO 130 
FFB01E3 1190 110 120 100 120 100 70 60 SO 120 170 
FFB01E3 1200 170 120 140 120 120 120 130 130 120 150 
FFB01E3 1210 130 130 140 170 150 140 170 140 170 110 
FFB01E3 1220 ISO 120 70 100 50 70 130 70 70 SO 
FFB01E3 1230 130 90 999 
FFB03S1 1001 300 350 360 250 250 190 200 190 170 
FFB0351 10lO 200 200 I€{) 220 150 150 ISO 180 250 270 
FFB03S1 1020 300 230 190 260 220 200 240 230 230 200 
FFB03S1 1030 240 250 300 220 190 210 ISO 310 145 170 
FFB03S1 1040 220 150 200 260 170 190 200 250 130 180 
FFB03S1 1050 310 150 190 170 110 60 40 80 120 70 
FFB0351 1060 60 80 60 100 150 100 140 220 130 140 
FFB0351 1070 180 230 140 220 230 190 130 220 220 170 
FFB0351 1080 140 120 ISO 100 110 130 180 180 170 170 
FFB0351 1090 170 150 70 70 120 SO 110 80 90 150 
FFB0351 1100 100 110 180 30 200 210 180 170 150 100 
FFB0351 1110 100 200 280 250 700 SOD 820 150 250 100 
FFB0351 1120 300 230 260 280 220 230 240 330 270 270 
FFB0351 1130 280 310 400 330 170 250 290 240 300 260 
FFB0351 1140 300 150 ISO 180 230 240 150 250 150 160 
FFB03S1 1150 ISO 140 150 130 70 160 230 130 200 200 
FFB0351 1160 250 200 240 220 150 120 150 160 130 SOD 
FFB0351 1170 180 170 200 270 260 250 230 230 200 230 
FFB0351 11 SO ISO 999 
FFB035W1 1100 110 70 90 120 150 140 130 160 120 60 
FFB035W1 1110 80 110 180 150 160 140 180 9() 150 40 
FFB035W1 1120 140 130 230 250 170 170 170 180 220 170 
FFB035W1 1130 170 ISO 280 200 150 150 170 130 270 100 
FFB035W1 1140 ISO 190 200 200 200 130 150 170 150 120 
FFB035W1 1150 130 90 110 150 30 100 150 140 150 170 
FFB035W1 1160 160 130 100 999 
FFB0352 1035 200 180 380 150 180 
FFB0352 1040 180 150 260 260 2DO 210 220 220 160 180 
FFB0352 1050 260 150 200 170 120 50 30 80 120 100 
FFB0352 1060 70 70 50 70 150 70 120 170 130 140 
FFB0352 1070 180 320 180 320 230 200 170 270 180 170 
FFB0352 1080 100 999 
FFB0353 1101 110 100 30 110 200 160 170 140 60 
FFB0353 1110 70 140 2lO 80 2DO 310 500 150 210 100 
FFB0353 1120 300 210 300 260 2DO 220 230 320 270 270 
FFB0353 1130 250 280 370 310 200 230 2SO 280 310 210 
FFB0353 1140 280 160 200 220 2DO 210 220 260 150 160 
FFB0353 1150 ISO 140 170 190 90 2lO 260 200 230 200 
FFB0353 1160 260 200 240 230 170 130 150 150 140 2lO 
FFB0353 1170 180 ISO 180 240 2DO ISO 170 170 130 230 
FFB0353 1180 200 150 200 200 150 120 120 120 150 170 
FFB0353 1190 150 999 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB04Wl 1 210 150 160 200 170 190 180 140 200 
FFB04Wl 10 200 180 190 180 150 170 140 170 250 120 
FFB04Wl 20 40 100 70 100 140 160 30 30 20 30 
FFB04Wl 30 30 30 20 30 20 30 40 20 50 100 
FFB04Wl 40 140 180 200 210 220 170 180 130 200 150 
FFB04Wl 50 130 90 50 90 50 50 60 110 140 150 
FFB04Wl 60 140 999 
FFB04W2 86 220 250 250 250 
FFB04W2 90 250 210 180 210 290 250 220 340 240 150 
FFB04W2 100 200 150 180 200 150 170 150 180 150 180 
FFB04W2 110 240 200 180 160 150 100 90 140 130 150 
FFB04W2 120 100 150 140 90 100 140 170 100 150 90 
FFB04W2 130 180 130 120 120 120 110 130 150 180 150 
FFB04W2 140 210 130 150 140 100 60 50 80 150 160 
FFB04W2 150 160 150 140 130 100 170 100 120 150 170 
FFB04W2 160 150 170 90 180 110 150 120 150 120 140 
FFB04W2 170 100 130 150 130 90 90 150 170 140 130 
FFB04W2 180 160 120 80 50 60 100 130 130 100 100 
FFB04W2 190 50 80 100 200 200 220 270 350 370 460 
FFB04W2 200 370 320 280 300 270 300 250 200 230 150 
FFB04W2 210 130 170 230 250 270 250 210 210 150 130 
FFB04W2 220 100 120 100 120 40 100 70 100 50 30 
FFB04W2 230 30 40 40 40 20 40 40 20 30 10 
FFB04W2 240 10 20 30 40 50 50 50 50 50 60 
FFB04W2 250 50 50 30 40 30 50 999 
FFB04W3 86 200 250 260 240 
FFB04W3 90 250 200 180 210 300 280 220 250 180 100 
FFB04W3 100 150 130 180 180 150 150 180 150 150 200 
FFB04W3 110 230 200 230 180 150 100 100 120 110 150 
FFB04W3 120 90 150 150 80 100 150 160 100 130 100 
FFB04W3 130 200 160 120 110 110 100 130 120 150 150 
FFB04W3 140 220 130 150 170 90 60 70 80 140 130 
FFB04W3 150 160 170 140 100 100 150 120 140 150 150 
FFB04W3 160 120 160 100 150 140 150 110 160 140 140 
FFB04W3 170 80 100 140 120 80 100 999 
FFB04SE 1 350 330 300 230 260 250 220 230 120 
FFB04SE 10 190 230 250 200 190 250 240 220 200 230 
FFB04SE 20 260 200 150 350 230 190 200 220 250 200 
FFB04SE 30 180 120 220 300 370 450 150 150 170 180 
FFB04SE 40 150 260 240 250 230 230 210 210 250 300 
FFB04SE 50 300 400 300 220 250 200 150 170 200 250 
FFB04SE 60 150 120 190 220 230 180 170 270 320 270 
FFB04SE 70 260 230 270 280 200 280 200 200 210 130 
FFB04SE 80 200 300 190 200 180 300 330 210 170 140 
FFB04SE 90 150 100 120 150 210 320 200 140 150 200 
FFB04SE 100 220 190 200 250 220 280 180 200 200 240 
FFB04SE 110 340 280 290 280 370 280 250 200 120 70 
FFB04SE 120 130 120 120 100 180 230 260 230 200 150 
FFB04SE 130 230 240 300 150 180 190 200 250 410 210 
FFB04SE 140 210 230 180 190 230 270 190 200 190 250 
FFB04SE 150 300 330 300 280 280 190 200 140 150 180 
FFB04SE 160 200 200 230 270 230 210 270 210 250 150 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB04SE 170 250 210 130 160 190 170 150 200 200 200 
FFB04SE 180 200 130 100 90 120 90 120 140 120 120 
FFB04SE 190 150 150 140 90 150 100 120 90 90 70 
FFB04SE 200 100 90 150 110 160 120 130 130 100 70 
FFB04SE 210 50 100 100 150 170 130 110 140 100 160 
FFB04SE 220 130 999 
FFB04S1 21 130 150 110 90 60 150 130 90 120 
FFB04S1 30 110 90 100 170 100 120 170 280 290 230 
FFB0451 40 190 70 100 120 150 200 200 230 350 300 
FFB0451 50 250 200 220 250 200 200 300 290 180 150 
FFB0451 60 250 150 200 150 250 300 230 260 350 300 
FFB0451 70 200 999 
FFB0452 95 200 150 250 150 140 
FFB0452 100 300 200 220 250 300 240 300 220 140 210 
FFB0452 110 70 999 
FFB0453 1 170 '70 100 120 120 120 80 130 180 
FFB0453 10 180 160 200 180 150 230 180 200 150 90 
FFB0453 20 130 130 140 100 80 50 150 140 100 120 
FFB0453 30 100 80 100 120 100 120 150 280 300 240 
FFB0453 40 200 100 130 130 170 170 200 230 320 290 
FFB0453 50 250 190 220 280 240 210 260 300 220 150 
FFB0453 60 290 180 260 170 250 260 230 260 370 350 
FFB04S3 70 250 230 260 250 200 200 150 250 250 250 
FFB0453 80 999 
FFB05NWI 1001 570 590 650 660 330 400 230 260 500 
FFB05NWI 1010 650 380 340 350 450 320 400 130 70 270 
FFB05NWI 1020 370 140 150 170 30 80 90 80 150 130 
FFB05NWI 1030 220 270 230 180 180 160 90 20 110 120 
FFB05NWI 1040 230 120 80 120 100 50 90 80 110 200 
FFB05NWI 1050 350 210 999 
FFB05NW2 1066 250 200 40 130 
FFB05NW2 1070 150 110 100 90 150 120 110 20 100 20 
FFB05NW2 1080 50 50 20 20 50 50 50 999 
FFB05NW3 1014 440 320 400 140 70 270 
FFB05NW3 1020 370 140 130 170 80 80 100 150 150 130 
FFB05NW3 1030 180 250 210 300 350 350 150 50 100 100 
FFB05NW3 1040 180 130 100 140 200 100 150 140 150 210 
FFB05NW3 1050 200 300 300 200 140 230 70 50 90 120 
FFB05NW3 1060 180 250 999 
FFB05Nl 1040 450 370 120 500 320 130 200 190 170 SOO 
FFB05Nl 1050 400 400 270 300 310 600 220 100 70 140 
FFB05Nl 1060 200 250 370 530 720 550 350 550 390 150 
FFB05Nl 1070 240 360 560 200 300 350 350 300 370 520 
FFB05Nl 1080 400 350 350 270 240 300 300 280 250 220 
FFB05Nl 1090 150 120 100 100 160 60 70 50 100 200 
FFB05Nl 1100 50 200 40 50 80 30 120 90 160 250 
FFB05Nl 1110 490 380 250 300 190 200 230 70 300 300 
FFB05Nl 1120 280 180 150 100 150 330 300 340 200 260 
FFB05Nl 1130 180 150 220 180 100 70 120 150 80 100 
FFB05Nl 1140 180 130 120 100 100 100 40 20 30 30 
FFB05Nl 1150 50 30 40 50 50 130 350 350 150 100 
FFB05Nl 1160 50 999 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB05N2 1042 140 350 280 100 170 130 160 400 
FFB05N2 1050 320 600 470 300 200 550 200 160 150 220 
FFB05N2 1060 320 SOO 600 520 720 670 500 700 SOO 200 
FFB05N2 1070 350 300 400 100 200 230 250 320 250 600 
FFB05N2 1080 350 450 460 480 430 200 210 270 200 130 
FFB05N2 1090 60 250 270 200 60 160 280 330 270 300 
FFB05N2 1100 220 999 
FFB06N1 1001 150 170 140 70 220 270 210 270 350 
FFB06N1 1010 350 350 480 620 550 650 550 450 400 350 
FFB06N1 1020 350 460 470 410 400 400 470 350 480 450 
FFB06Nl 1030 430 470 460 420 450 460 430 320 320 370 
FFB06Nl 1040 350 350 370 420 250 150 260 220 300 190 
FFB06Nl 1050 100 200 230 280 310 230 160 220 250 200 
FFB06Nl 1060 160 240 320 250 300 350 470 450 270 250 
FFB06Nl 1070 200 250 490 490 300 350 280 270 240 210 
FFB06N1 1080 250 :!OO 260 200 190 300 280 200 220 200 
FFB06N1 1090 370 280 270 330 350 300 270 350 230 250 
FFB06N1 1100 250 300 100 220 250 350 350 300 230 230 
FFB06N1 1110 250 200 230 250 160 180 100 170 150 150 
FFB06N1 1120 130 190 140 80 80 70 90 50 50 90 
FFB06Nl 1130 70 50 80 80 60 70 80 90 150 90 
FFB06Nl 1140 60 80 60 80 70 50 50 70 70 60 
FFB06Nl 1150 120 110 80 90 80 40 90 100 120 100 
FFB06Nl 1160 60 110 90 100 90 50 120 140 110 150 
FFB06N1 1170 100 120 130 160 180 200 160 230 150 250 
FFB06N1 1180 150 270 150 170 230 210 250 150 140 130 
FFB06Nl 1190 170 210 200 240 270 200 170 200 220 140 
FFB06N1 1200 230 250 999 
FFB06N2 1004 70 220 270 250 280 350 
FFB06N2 1010 350 350 490 640 550 650 580 480 420 350 
FFB06N2 1020 360 450 460 420 350 430 480 380 460 450 
FFB06N2 1030 420 450 450 450 360 360 370 320 370 520 
FFB06N2 1040 360 340 310 350 240 150 290 210 310 220 
FFB06N2 1050 100 190 220 260 280 230 180 220 250 200 
FFB06N2 1060 210 240 320 250 300 350 500 450 280 240 
FFB06N2 1070 200 250 500 450 320 370 270 280 220 200 
FFB06N2 1080 250 300 260 200 200 280 330 250 210 200 
FFB06N2 1090 360 280 300 340 350 290 260 330 270 260 
FFB06N2 1100 250 300 100 180 150 220 220 190 170 150 
FFB06N2 1110 170 140 200 230 170 170 100 150 150 170 
FFB06N2 1120 140 200 999 
FFB06W 1145 120 160 170 150 140 
FFB06W 1150 170 230 150 110 120 100 170 140 130 170 
FFB06W 1160 160 120 120 140 100 70 100 110 90 90 
FFB06W 1170 70 80 50 48 80 130 50 70 60 20 
FFB06W 1180 20 40 40 20 50 40 60 60 40 30 
FFB06W 1190 20 40 40 50 60 60 40 40 20 20 
FFB06W 1200 20 20 40 50 60 150 100 40 60 60 
FFB06W 1210 60 80 999 
FFB08A 1001 36 17 34 57 73 49 69 110 126 
FFB08A 1010 99 120 74 72 30 76 90 84 76 118 
FFB08A 1020 133 75 113 119 63 41 74 73 138 155 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB08A 1030 117 133 142 139 150 118 76 88 104 99 
FFB08A 1040 109 70 149 127 121 95 132 132 147 47 
FFB08A 1050 76 58 95 130 127 89 75 74 67 92 
FFB08A 1060 103 109 43 55 11 49 56 53 77 83 
FFB08A 1070 45 83 60 60 80 93 62 44 42 37 
FFB08A 1080 40 21 53 20 18 24 13 30 45 50 
FFB08A 1090 15 19 52 36 28 61 55 62 62 25 
FFB08A 1100 60 61 61 45 52 34 44 63 40 24 
FFB08A 1110 34 28 35 22 36 35 46 19 12 20 
FFB08A 1120 15 56 27 57 51 67 70 83 57 53 
FFB08A 1130 92 62 54 73 28 30 52 61 27 17 
FFB08A 1140 55 63 70 62 73 112 148 102 87 110 
FFB08A 1150 90 94 82 10 50 58 74 44 64 45 
FFB08A 1160 71 22 13 43 51 51 60 35 28 33 
FFB08A 1170 63 .34 29 75 58 53 21 30 46 32 
FFB08A 1180 59 51 34 30 9 30 64 86 48 45 
FFB08A 1190 39 47 58 35 45 9 77 78 46 51 
FFB08A 1200 50 53 59 44 83 32 57 35 38 34 
FFB08A 1210 34 31 67 43 25 39 28 57 32 44 
FFB08A 1220 38 35 29 59 49 19 74 49 9 39 
FFB08A 1230 8 36 10 29 20 11 24 48 33 23 
FFB08A 1240 30 34 24 31 20 31 25 59 34 35 
FFB08A 1250 24 51 20 50 16 38 28 37 11 51 
FFB08A 1260 34 39 46 23 32 7 27 20 26 15 
FFB08A 1270 29 28 31 53 47 48 43 31 22 63 
FFB08A 1280 70 54 37 61 72 26 38 41 88 39 
FFB08A 1290 28 29 44 59 51 66 33 56 55 63 
FFB08A 1300 38 46 66 48 44 48 26 9 29 32 
FFB08A 1310 18 47 48 48 18 34 33 35 41 38 
FFB08A 1320 73 44 40 81 66 45 34 16 22 43 
FFB08A 1330 37 39 49 26 29 36 57 38 47 59 
FFB08A 1340 57 57 46 35 41 46 10 30 51 42 
FFB08A 1350 84 85 80 54 49 51 42 43 27 27 
FFB08A 1360 49 34 24 21 36 20 25 41 22 38 
FFB08A 1370 23 30 31 42 29 30 49 42 39 36 
FFB08A 1380 32 46 80 83 96 82 61 88 39 83 
FFB08A 1390 67 59 48 56 47 24 64 32 19 26 
FFB08A 1400 49 30 25 26 41 50 36 30 67 67 
FFB08A 1410 33 48 42 34 44 40 73 86 34 76 
FFB08A 1420 162 108 104 123 115 120 34 42 33 49 
FFB08A 1430 34 25 34 46 37 999 
FFB08B 1368 77 107 
FFB08B 1370 39 66 41 52 31 25 44 34 32 22 
FFB08B 1380 46 61 88 122 135 92 70 84 70 75 
FFB08B 1390 88 80 73 73 32 51 96 129 61 29 
FFB08B 1400 48 73 72 56 48 37 100 131 107 103 
FFB08B 1410 86 76 83 87 50 90 104 97 83 111 
FFB08B 1420 88 ,82 64 84 50 86 87 78 42 76 
FFB08B 1430 53 59 49 33 33 63 59 25 37 38 
FFB08B 1440 44 48 43 48 41 35 24 52 33 25 
FFB08B 1450 30 38 30 49 24 39 40 35 28 35 
FFB08B 1460 18 32 35 60 59 52 55 79 47 21 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB08B 1470 43 48 82 89 60 49 35 54 29 57 
FFB08B 1480 48 57 SO 89 87 73 35 92 111 76 
FFB08B 1490 44 46 53 61 48 29 21 8 11 16 
FFB08B lS00 30 24 37 26 29 34 30 35 50 51 
FFB08B 1510 57 46 51 44 50 45 39 25 30 31 
FFB08B 1520 44 23 31 30 41 53 57 58 38 42 
FFB08B 1530 50 39 37 36 57 84 70 128 46 36 
FFB08B 1540 35 11 52 72 35 53 29 9 55 57 
FFB08B 1550 57 60 47 SO 69 92 76 81 78 59 
FFB08B 1560 96 72 39 68 46 80 113 56 33 19 
FFB08B 1570 32 18 27 15 28 20 20 17 23 25 
FFB08B 1580 28 52 35 29 35 27 32 38 24 22 
FFB08B 1590 20 16 28 19 16 27 14 16 29 41 
FFB08B 1600 999 
FFBI0 1 100 130 180 170 170 130 120 ISO 150 
FFBI0 10 90 '60 110 190 80 120 130 130 210 190 
FFBlO 20 180 140 ISO 170 150 100 90 130 140 170 
FFB10 30 170 130 120 110 150 130 170 140 100 80 
FFB10 40 60 150 60 60 60 70 70 40 60 60 
FFB10 50 50 50 SO 80 60 50 80 60 90 70 
FFBlO 60 140 100 90 120 150 140 100 ISO 110 110 
FFB10 70 160 130 999 
FFB1151 1 230 280 200 280 240 330 270 250 170 
FFB1151 10 ISO 180 ISO 230 230 240 160 160 160 160 
FFB11S1 20 70 230 280 330 240 200 120 120 170 180 
FFB11S1 30 200 270 170 250 200 160 220 300 350 200 
FFB11S1 40 260 220 230 200 120 170 270 330 300 SOO 
FFB11S1 50 500 400 400 430 420 270 210 220 210 200 
FFB11S1 60 180 120 100 130 150 100 120 190 170 200 
FFBllS1 70 140 160 140 90 120 110 100 110 120 130 
FFBllS1 80 100 70 100 170 100 180 200 230 250 210 
FFB11S1 90 200 80 70 70 30 50 100 0 70 100 
FFBllSl 100 100 100 110 80 80 120 100 20 80 50 
FFB11S1 110 30 50 ISO 200 130 200 100 ISO 100 120 
FFBl1S1 120 180 250 110 250 170 270 200 190 140 260 
FFBllSl 130 300 240 ISO 170 130 130 70 160 120 130 
FFB11S1 140 100 150 130 110 120 100 70 100 30 70 
FFBl1S1 150 20 10 10 30 50 50 10 SO 20 20 
FFB11S1 160 20 50 SO 50 20 20 50 SO 40 30 
FFB1151 170 50 90 20 50 20 70 10 30 10 90 
FFBl1S1 180 60 100 100 100 90 80 130 80 80 90 
FFBl151 190 100 130 180 90 120 120 130 90 80 90 
FFB11S1 200 70 70 70 40 10 60 10 SO 40 40 
FFBllS1 210 30 120 80 80 20 40 30 40 50 30 
FFB11S1 220 70 80 10 70 120 120 40 60 60 60 
FFB1151 230 50 40 90 100 110 50 90 60 70 100 
FFB1151 240 90 50 30 30 20 100 50 SO 80 80 
FFBl1S1 250 50 50 SO 10 100 150 120 100 110 150 
FFB1151 260 220 200 130 110 60 50 130 140 110 110 
FFB11S1 270 90 120 110 60 50 130 100 90 120 150 
FFBl151 280 120 40 40 40 30 0 120 80 90 100 
FFBllSl 290 85 80 SO 80 80 70 100 130 80 120 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFBl1S1 300 120 100 20 20 30 20 10 30 40 40 
FFBl1S1 310 30 20 20 40 30 SO 40 50 90 100 
FFB11S1 320 90 120 120 130 SO 130 170 110 70 60 
FFBllS1 330 50 60 80 100 120 120 50 10 70 50 
FFB11S1 340 70 30 70 10 60 60 60 60 50 20 
FFB11S1 350 20 70 60 50 20 40 999 
FFBllS2 81 70 110 230 110 210 210 130 120 130 
FFBllS2 90 140 100 100 120 70 80 60 70 100 50 
FFB11S2 100 110 80 90 90 100 60 0 10 SO 50 
FFBllS2 110 40 30 130 200 150 130 90 130 120 130 
FFBllS2 120 160 230 110 220 150 220 150 150 120 170 
FFBllS2 130 240 230 220 150 130 90 50 130 100 90 
FFBl1S2 140 80 130 130 100 110 170 130 120 20 30 
FFBllS2 150 40 10 10 30 40 50 10 30 30 20 
FFB11S2 160 20 ,50 999 
FFB11S3 252 30 30 90 140 100 90 100 120 
FFB11S3 260 200 200 120 90 70 50 140 160 120 130 
FFBl1S3 270 120 130 100 50 50 110 110 100 100 200 
FFB11S3 280 160 60 40 30 10 10 70 70 100 100 
FFB11S3 290 120 100 80 50 50 50 70 80 90 110 
FFBl1S3 300 SO 50 10 20 30 30 30 10 60 10 
FFBl1S3 310 10 60 50 30 SO. 70 50 30 40 60 
FFB11S3 320 120 60 100 60 80 130 130 120 110 70 
FFB11S3 330 70 130 120 130 90 SO 20 50 50 50 
FFB11S3 340 100 60 70 999 
FFBIIEI 1 150 90 100 100 80 60 100 50 SO 
FFBI1E1 10 100 110 140 130 80 40 70 50 120 120 
FFB11E1 20 70 80 10 80 120 70 120 140 120 40 
FFB11El 30 160 200 180 40 120 100 40 110 110 100 
FFB11El 40 70 110 210 250 320 300 200 200 200 150 
FFB11E1 50 150 150 250 200 240 210 300 350 270 250 
FFBI1E1 60 180 170 120 90 80 110 80 60 100 130 
FFBI1El 70 60 70 70 70 100 120 SO 100 150 110 
FFBllEl 80 100 60 100 130 100 70 120 100 110 160 
FFBI1E1 90 160 140 170 110 120 90 180 160 110 130 
FFB11El 100 100 180 140 100 70 90 150 150 130 110 
FFBI1E1 110 50 80 100 120 160 100 150 210 170 160 
FFB11E1 120 160 150 100 160 160 280 320 310 350 150 
FFBllEl 130 140 250 250 170 180 150 140 150 250 220 
FFBI1El 140 200 150 200 300 150 250 220 100 150 200 
FFBI1E1 150 130 140 150 220 150 200 200 240 1SO 150 
FFBI1El 160 150 100 120 220 230 270 240 300 220 170 
FFBIIEI 170 150 300 250 300 250 250 999 
FFBllE2 1 140 100 170 230 230 250 200 130 200 
FFBI1E2 10 140 200 160 130 150 110 120 170 130 150 
FFBllE2 20 150 170 150 170 170 140 220 200 150 190 
FFBllE2 30 170 100 180 240 ISO 130 130 130 150 240 
FFB11E2 40 200 400 300 300 260 200 230 200 270 200 
FFBIIE2 50 210 140 170 90 150 200 170 150 200 140 
FFB11E2 60 150 120 150 120 150 170 200 170 220 200 
FFBI1E2 70 180 190 300 190 230 260 190 150 170 200 
FFB11E2 SO 140 160 200 180 170 140 120 130 140 150 
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SERIES YEAR +0 +1 +2 +3 +4 +5 +6 +7 +8 +9 
FFB11E2 90 150 140 160 220 160 200 240 200 150 150 
FFB11E2 100 170 170 200 190 170 140 190 130 140 230 
FFB11E2 110 180 140 130 230 160 150 240 150 140 200 
FFB11E2 120 200 120 100 120 130 110 170 999 
FFB11E3 142 140 110 70 100 150 70 120 110 
FFB11E3 150 100 160 100 150 250 350 170 210 310 250 
FFBIIE3 160 150 140 90 90 60 110 130 110 120 90 
FFBIIE3 170 120 100 90 110 150 60 140 120 160 150 
FFBI1E3 180 140 170 200 150 140 120 100 100 110 50 
FFBI1E3 190 100 120 100 100 120 70 90 100 70 999 
FFB11E4 200 70 100 70 100 100 50 50 30 30 100 
FFBI1E4 210 70 90 120 110 110 100 120 110 80 150 
FFBIIE4 220 100 160 150 170 140 120 70 150 100 120 
FFB11E4 230 130 70 50 50 60 50 999 
FFB11E5 250 100 150 130 130 160 100 150 170 50 140 
FFBllE5 260 70 70 30 100 130 70 100 100 100 40 
FFB11E5 270 100 70 100 70 70 70 120 100 100 220 
FFB11E5 280 90 120 90 100 90 30 . 130 70 80 100 
FFB11E5 290 60 60 999 
FFBl2SSW 1001 100 100 60 100 60 110 110 90 100 
FFBl2SSW 1010 120 120 80 40 150 120 120 70 80 80 
FFBl2SSW 1020 60 90 40 80 50 100 90 110 50 30 
FFBl2SSW 1030 90 80 120 110 130 120 100 100 100 80 
FFBl2SSW 1040 120 0 110 0 80 70 0 70 60 60 
FFBl2SSW 1050 110 80 80 50 0 0 0 0 0 0 
FFBl2SSW 1060 0 0 120 60 120 100 120 100 150 30 
FFBl2SSW 1070 80 40 100 50 50 200 180 90 110 110 
FFBl2SSW 1080 120 180 160 150 130 0 100 80 80 100 
FFBl2SSW 1090 100 150 130 80 130 70 150 70 50 70 
FFBl2SSW 1100 999 
FFBl2SW 1020 70 80 50 100 60 100 110 120 50 30 
FFBl2SW 1030 80 70 100 120 150 140 140 150 130 140 
FFBl2SW 1040 140 120 130 120 120 90 90 120 110 140 
FFBl2SW 1050 130 130 300 210 280 210 190 230 250 210 
FFBl2SW 1060 180 320 300 190 190 180 90 100 150 30 
FFBl2SW 1070 80 50 150 70 80 140 190 40 50 50 
FFBl2SW 1080 100 110 120 110 80 40 60 50 60 60 
FFBl2SW 1090 50 80 120 50 50 80 120 90 40 50 
FFBl2SW 1100 50 999 
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APPENDIXE: 

DESCRIPTIVE STATISTICS FOR MODERN COAST REDWOOD AND 

GIANT SEQUOIA 

This appendix lists the descriptive statistics of modern coast redwood 
(Sequoia sempervirens) and giant sequoia (Sequoiadendron giganteum) which were 
used for comparison with Sequoia affinis in Chapter 4. Descriptive statistics and 
raw ring widths were obtained from the University of Arizona and Lamont
Doherty Tree-ring laboratory files. All ring-width series were standardized 
using a 40 year spline, and statistics were computed using ARSTAN . . 

years = number of rings in series 
foac = first-order autocorrelation 
mean log rw = mean value of logged ring width values 
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Giant Se uoia-Mountain Home (level) 
series years mean ring mean standard foac 

width sensitivi deviation 
DSQ211 1485 0.87 0.13 0.17 0.48 
DSQ221 915 1.18 0.18 0.18 0.24 
DSQ411 1522 0.98 0.13 0.14 0.29 
DSQ421 1767 0.90 0.19 0.22 0.43 
DSQ431 1114 0.91 0.23 0.21 0.14 
DSQ451 676 0.94 0.15 0.17 0.38 
DSQ452 187 0.64 0.14 0.16 0.29 
MHF021 2244 0.63 0.18 0.19 0.32 
MHF039 2130 0.64 0.20 0.20 0.23 
MHF051 1106 0.94 0.20 0.21 0.31 
MHF072 1387 1.12 0.16 0.18 0.41 
MHF074B 210 0.81 0.24 0.25 0.34 
MHF075A 346 1.51 0.18 0.20 0.41 
MHF075B 472 1.03 0.17 0.18 0.29 
MHF091 1705 0.77 0.21 0.21 0.23 
MHFl13 1260 0.75 0.16 0.17 0.31 
MHF131 1262 0.51 0.19 0.20 0.27 
MHF141 1464 1.22 0.26 0.21 -0.03 
MHF151 1370 0.65 0.20 0.20 0.33 
MHF301 986 1.54 0.21 0.21 0.29 
DSQ411 583 0.67 0.16 0.18 0.39 
DSQ421 290 0.82 0.20 0.23 0.36 
DSQ452 454 0.74 0.17 0.19 0.34 
DSQ461 397 0.76 0.20 0.21 0.33 
DSQ493 494 0.49 0.22 0.21 0.14 
MHC051 265 1.39 0.18 0.22 0.49 
MHC052 328 1.20 0.15 0.18 0.39 
MHC071 424 0.80 0.13 0.19 0.56 
MHCl22 370 0.86 0.13 0.12 0.16 
MHC151 493 0.79 0.15 0.16 0.32 
MHC161 410 0.84 0.21 0.16 -0.24 
MHC201 238 0.99 0.11 0.11 0.18 
MHC241 427 0.70 0.14 0.15 0.29 
MHC251 439 0.71 0.17 0.19 0.45 
MHC261 509 0.62 0.13 0.13 0.20 
MHC262 415 0.62 0.23 0.17 -0.19 
MHC271 592 0.53 0.26 0.21 -0.04 
MHF021 215 0.47 0.17 0.20 0.38 
MHF039 642 0.44 0.23 0.24 0.34 
MHF113 344 0.82 0.17 0.18 0.32 
MHF131 494 0.70 0.16 0.19 0.43 
MHF141 458 0.83 0.22 0.20 0.21 
MHF151 565 0.72 0.16 0.18 0.46 
MHF201 492 0.72 0.16 0.18 0.25 
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Giant Seguoia-Giant Forest (level) 
series years mean ring mean standard foac 

width sensitivi deviation 
CMCOIAb 1021 0.78 0.19 0.21 0.41 
CMCOlB 92C 0.94 0.24 0.24 0.26 
CMC03K 1531 1.05 0.17 0.18 0.37 
CMC03L 1464 1.30 0.14 0.16 0.45 
CMC04C 1218 0.73 0.17 0.18 0.31 
CMC04E 975 0.55 0.22 0.23 0.28 
CMNOlA2 710 1.10 0.18 0.19 0.31 
CMW03C 1310 0.66 0.15 0.18 0.42 
CMW03C2 429 0.56 0.15 0.17 0.38 
CM\"106C2 746 1.02 0.17 0.18 0.35 
GFCHI 532 1.07 0.16 0.18 0.37 
GFqOA 828 0.81 0.16 0.17 0.33 
GFCLl 307 1.20 0.16 0.19 0.45 
GFCR3 276 1.30 0.17 0.22 0.53 
GFCTl 906 0.61 0.12 0.13 0.22 
GFI48B#H 642 1.06 0.13 0.14 0.31 
GFI48C#H 879 0.77 0.19 0.16 -0.05 
GFI50A#H 1116 0.56 0.19 0.18 0.14 
GFIJ2#A 540 0.94 0.17 0.17 0.22 
HMW04B2 1450 0.82 0.15 0.17 0.38 
HMWIE2 831 0.46 0.21 0.20 0.19 
LME03F 1543 0.66 0.17 0.17 0.29 
LME2C 1986 0.77 0.16 0.17 0.27 
LME4C 1539 0.69 0.16 0.18 0.34 
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Giant Seguoia-Cam~ Six (slo~e) 
series years mean ring mean standard foac 

width sensi.tivi deviation 
C5X021 1843 0.88 0.16 0.16 0.20 
C5X031 1992 0.65 0.17 0.17 0.25 
C5X032 479 1.21 0.12 0.15 0.42 
C5X041 1111 0.91 0.15 0.16 0.26 
C5X051 1378 0.72 0.18 0.20 0.33 
C5X081 1973 0.70 0.16 0.16 0.29 
C5X101 1802 0.81 0.20 0.21 0.31 
C5X102 80 0.54 0.27 0.23 0.13 
DSQ010 1323 1.61 0.21 0.23 0.33 
DSQ020 2189 0.84 0.24 0.23 0.22 
DSQ030 2225 0.78 0.28 0.27 0.20 
D5Q040 1490 0.89 0.26 0.28 0.42 
DSQ050 714 1.85 0.20 0.25 0.44 
DSQ070 1321 1.24 0.16 0.18 0.33 
DSQ100 1553 1.09 0.18 0.20 0.40 
EGR032 220 1.31 0.19 0.20 0.26 
EGR041 484 0.57 0.31 0.29 0.36 
EGR051 433 1.19 0.25 0.27 0.39 
EGR052 288 0.79 0.29 0.30 0.37 
EGR061 460 1.03 0.22 0.22 0.26 
EGR101 275 0.99 0.14 0.14 0.22 
EGR121 271 1.10 0.16 0.18 0.40 
EGR151 291 0.91 0.18 0.17 0.15 
EGR152 483 0.65 0.21 0.21 0.26 
RWBOl1 2095 0.79 0.14 0.15 0.22 
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Coast Redwood-Plantation Ranch (level site) 
series years mean ring mean standard foac mean log 

width sensitivi deviation rw 
PROOA 100 0.69 0.32 0.36 0.46 1.74 
PROOB 83 0.71 0.30 0.38 0.53 1.68 
PR03A 325 0.78 0.31 0.37 0.47 1.98 
PR03B 357 1.20 0.29 0.38 0.47 2.37 
PR05A 243 1.80 0.34 0.38 0.48 2.77 
PR05B 261 2.05 0.32 0.35 0.37 2.94 
PR06A 400 0.87 0.34 0.40 0.51 2.12 
PR07E2 195 1.85 0.33 0.33 0.25 2.83 
PR09A 529 0.82 0.41 0.37 0.18 2.07 
PR09B 445 1.28 0.38 0.34 0.24 2.30 
PR09C 396 0.98 0.44 0.40 0.19 2.07 
PRI0NA 539 0.58 0.51 0.45 0.12 1.74 
PRI0NB 164 0.89 0.38 0.38 0.30 2.19 
PRI0NC 398 0.92 0.42 0.43 0.38 2.17 
PRIOSE 410 0.62 0.41 0.41 0.37 1.85 
PR12B 289 0.60 0.32 0.31 0.23 1.74 
PR12C 406 0.60 0.28 0.30 0.31 1.78 
PR12D 318 0.60 0.31 0.37 0.29 1.76 
PR13A 66 0.79 0.34 0.41 0.43 2.08 
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Coast Redwood-sloee sites 
series years mean ring mean standard foae mean log 

width sensitivi deviation rw 
MRIIA 184 1.95 0.39 0.41 0.49 2.90 
MRllB 189 1.85 0.27 0.32 0.53 2.87 
MR04A 300 1.04 0.27 0.36 0.63 2.35 
MR04B 277 0.89 0.36 0.37 0.45 2.19 
MR12AI 469 1.26 0.27 0.34 0.44 2.47 
MR12AO 409 0.88 0.25 0.27 0.33 2.19 
MR12BI 722 0.98 0.20 0.22 0.38 2.33 
WFF14A 505 0.70 0.27 0.31 0.48 1.88 
WFF14B 495 0.60 0.32 0.64 0.13 1.80 
SCMOIA 146 1.09 0.17 0.20 0.46 2.37 
SCMOIB 146 0.98 0.20 0.23 0.43 2.28 
WFFOIB 196 0.68 0.25 0.34 0.56 1.85 
WFFOIC 204 0.80 0.29 0.39 0.55 1.99 
WFFOID 204 0.65 0.29 0.34 0.56 1.80 
WLT05 148 0.96 0.17 0.23 0.62 2.33 
WLT06 188 0.80 0.20 0.20 0.33 2.17 
WLT09 188 0.82 0.25 0.25 0.37 2.17 
WLT11 185 0.84 0.25 0.26 0.44 2.19 
FTBOI 100 0.72 0.27 0.33 0.45 2.04 
FfB04 92 0.61 0.33 0.44 0.68 1.86 
FTB05 128 0.73 0.29 0.31 0.44 2.04 
RED#6 239 1.04 0.27 0.26 0.25 2.39 
RED#4 239 0.77 0.17 0.23 0.47 2.12 
RCX021 235 1.50 0.23 0.26 0.46 2.62 
RCX023 235 1.71 0.20 0.23 0.42 2.74 
RCX032 235 0.98 0.23 0.27 0.51 2.30 
RCX043 235 1.37 0.21 0.22 0.25 2.55 
RCX044 234 1.85 0.20 0.23 0.38 2.88 
RCX083 185 1.09 0.20 0.25 0.47 2.35 
RED#2 229 0.94 0.20 0.18 0.29 2.31 
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