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ABSTRACT 

Flood-damaged trees along streams and rivers in 20 localities in 

Arizona, Colorado, New Mexico, and utah were examined to assess the 

feasibility of reconstructing the frequency and magnitude of floods over 

the last several hundred years. Tree-ring dating of the flood damage 

produced evidence for 17 floods during the last 125 years, and for at 

least four floods prior to 1866. Most of the flood-scar dates from the 

historic period were found to coincide with the dates of major floods on 

the waterways from which they were collected, or from nearby streams. 

Flood damage to trees was found to be very abundant and accessible, with 

the most productive situation probably being that of seasonal streambeds 

in narrow deep canyons with relatively steep gradients. 

Amount of effort required to produce a flood chronology appears 

to be relativ~ll small. Collections at most sites involved sampling from 

1 to 5 trees, by extracting 3 to 6 increment cores from each visibly 

scarred tree, and 2 cores from undamaged trees to facilitate 

crossdating. At two sites larger collections were made, including 3 

cross sections (V-cuts), which were very helpful in establishing dates 

of scars. 

For a given channel gradient, scars seem to develop only when 

the flood depth is above a particular threshold level. This threshold 

was defined by plotting scar height for scarred trees and flow depth for 

other floods not producing scars against the logarithm of channel slope. 

The scarred and unscarred individual points were separated into two 

well-defined fields, separated by a fairly straight line. Discriminant 

---_._-------.- .. _-- -... -- ..... ----. 
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function analysis showed the separation to be highly significant, and 

classification of individual points as scarred or unscarred was usually 

correct. 

The implication of the scar threshold is that even in drainages 

with no gage or historical record at all, the presence or absence of 

flood scars on channelside trees would indicate the occurrence or non

occurrence of floods of a certain depth over the lifetime of the trees. 

Basin analysis and field measurements of appropriate channel 

characteristics would allow this depth and the corresponding discharge 

to be calculated. 



CHAPTER 1 

INTRODUCTION 

14 

Catastrophic floods are extremely important events, not only in 

terms of human impact, but also from the standpoint of geomorphic work, 

or work accomplished in transporting sediments and modifying landscapes. 

Flash floods account for about 200 deaths and one billion dollars worth 

of property damage per year in the United States, and are considered to 

be the nation's leading national disaster. Floods and flash floods are 

associated with 85% of all presidential declarations of major disasters 

(American Meteorological Society, 1978). In arid and semiarid regions 

rare, large floods may be the dominant fluvial event in the shaping of 

stream channel and floodplain morphology (Baker, 1977). The shortness of 

the available streamflow records for most watersheds is a serious 

obstacle in the assessment of flood risk, and in the understanding of 

the processes controlling erosion and landscape change in fluvial 

systems. 

PURPOSE AND SCOPE 

The purpose of this study is to assess the feasibility of 

improving flood frequency estimates of rivers in the western and 

southwestern United States by examining and dating tree injuries 

produced by flood-borne debris in selected drainage basins of this 

region, mostly in the Colorado River system. Large floods cause damage 

to valley-bottom trees, and this damage remains as evidence of their 
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passage over the lifetime of the trees. Dendrochronological analysis of 

flood-damaged trees can provide accurate information about the magnitude 

and frequency of floods occurring over the past several hundred years. 

Some specific questions that are addressed about this method of 

flood frequency reconstruction are: 1) What kinds of information about 

the frequency and the magnitude of past floods can be derived from flood 

scars, and how accurate and complete is this information? 2) How much 

effort is required to extract the data, and what problems are involved? 

and 3) What processes and causative agents are involved in the 

production of flood scars, and do they affect the quality of the 

information? Considered in more detail, these questions can be 

subdivided as follows: 

A. Questions about the distribution of suitable sites. 1) Are 

there datable scarred trees in the valley bottoms, considering both 

conifers and hardwoods? 2) What is the record length that is likely to 

be available? 3) How abundant are sites with suitable trees? 4) In 

what kinds of hydrologic and ecologic situations can scarred tree sites 

be found and utilized? 

B. Questions about flood frequencies. 1) Do flood scars 

accurately record the dates of past floods, and can the season of 

flooding be determined? 2) Are dormant-season floods recorded? 3) Are 

all the floods over a certain magnitude recorded? 4) Do any scars occur 

in non-flood years? 5) Do other floods of lower magnitude occasionally 

cause scarring? 6) Are there scars caused by earlier floods healed over 

at depth in the tree, and is this information preserved as well as that 

for more recently-occurring floods? and 7) Can closely-clustered floods 
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be detected; that is, does scarring in one year reduce a tree's ability 

to record floods for the next few years? 

C. Questions relating to flood magnitudes. 1) Can flood scars 

be used to indicate the depth of flow of past floods (paleostage 

indicators)? 2) Do all the scarred trees record floods of the same 

magnitude, or are there trees in situations that respond to smaller, 

less frequent floods? 3) If there are such trees, are they likely to be 

destroyed by rare large-magnitude floods? 4) For a particular reach of 

stream, can a threshold of flood magnitude be identified that defines 

the level above which scars form? and 5) Can a more general threshold 

of scarring be found that might provide a useful measure of flood 

magnitude, or flood power? 

D. Questions about developing flood chronologies. 

1) How much time is effort is required to develop a flood chronology? 

2) How many trees are required to ensure that a complete catalog of 

severe floods is obtained? 3) What sorts of problems and complications 

are involved? and 4) Are there any other tree-ring methods that would 

work as well or better than the flood-scar method, or that could 

complement it? 

E. Questions about the causes of flood scars. 

1) What is the causative agent of flood scars? Are they typically caused 

by the impact of floating logs or other debris, large rocks entrained in 

the flood waters, or sometimes by ice jams? 2) Does the kind of 

scarring agent affect the kind or quality of information available? 4) 

Is it possible to identify the cause of the scars from field evidence? 
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Organization of The Dissertation 

Chapter 1 COtls.t:!ers the importance of flood frequency analysis, 

and provides background information to explain the value of obtaining 

detailed information on the magnitudes and exact calendar-year dates of 

individual floods that have occurred over the last se,rera1 hundred 

years. There is also a literature review of various methods used to 

gather data on past floods, including the use of botanical methods. 

Finally, the feasibility of using standard tree-ring streamflow 

reconstruction methods to reconstruct floods is considered. 

Chapter 2 outlines the nature of the available independent flood 

data and streamflow data. Chapter 3 describes the characteristics of 

flood scars, their appearance and occurrence, and other types of scars 

are described. Some hypotheses on the causes of flood scars are offered. 

Chapter 4 describes the methods used in the sampling and dating of flood 

scars, and in the preparation of flood chronologies, and the comparison 

of these chronologies to the available flood record. The study sites and 

collections are described in Chapter 5, and the results of comparing the 

resulting flood dates with the known flood record are presented in 

Chapter 6. 

In Chapter 7 some basic hydrogeological concepts are introduced 

that relate river flow dynamics to flood power, or the ability of floods 

to erode and transport streambed materials, and to cause landscape 

change. These ideas are then used to investigate the ability of scar

causing floods to entrain and transport large sedimentary particles that 

might cause scars by impacting against trees. Similarly, it is attempted 

to reconstruct the independently known maximum flood discharges from two 



18 

recent floods, using field evidence from flood scar sites. The 

comparison of the reconstructed and actual discharges constitutes a test 

of the accuracy of flood scars as indicators of flood magnitude. 

Finally, a procedure is used to define a general threshold level of 

flood power that is likely to result in scarring of trees. 

The conclusions of the study are presented in Chapter 8, 

concerning the general applicability and usefulness of the method for 

the reconstruction of the magnitude and frequency of past floods. 

Questions of accuracy and reliability are considered, along with the 

amount of effort required, and possible complications. Some other 

possible benefits of the method are also discussed. The Appendices 

contain annotated bibliographies on the effects of floods on valley

bottom vegetation, and on the technique of streamflow reconstruction 

using tree rings. 

BACKGROUND: MAGNITUDE AND FREQUENCY OF FLOODS 

There has been considerable debate concerning the relative 

effectiveness of rare, high magnitude flood events as agents of 

geomorphic work and landscape change compared to the cumulative effect 

of more frequently occurring smaller discharges (Kochel, 1988). The 

relative importance of the two kinds of events is controlled by a number 

of factors, including the effect of topography and lithology on the 

ability of the landscape to resist erosion, the ability of the landscape 

to recover from the effects of large floods by the continued action of 

subsequent moderate flows, and the role of climate and hydrology in 
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producing floods capable of exceeding the threshold of erosion (Wolman 

and Miller, 1960; Baker, 1977; Gupta, 1983; Kochel, 1988). It is by 

providing information on the recurrence interval of severe floods that 

analysis of flood-scarred trees can contribute to the complicated task 

of assessing the relative importancIll of large and small magnitude 

events. The recurrence interval, or return period, is the average number 

of years separating events of a given magnitude (Dunne and Leopold, 

1978), and is the reciprocal of the probability of occurrence (Benson, 

1962). The recurrence intervals are calculated by considering the 

available record of annual peak discharges for a stream. The annual peak 

discharge is the maximum instantaneous discharge that occurs during the 

year (Leopold, Wolman, and Miller, 1964; Anderson and White, 1979). 

Floods as Geomorphic Agents 

Frequent Low-magnitude Events. Wolman and Miller (1960) 

presented convincing evidence that on many rivers the largest portion of 

sediment transport and floodplain modification was accomplished by flows 

of less than bankfull discharge, which occurs every year or two on the 

average (Wolman and Leopold, 1957). They showed that even though the 

relative amounts of sediment moved by individual large floods is greater 

than that carried by smaller flows, the relative importance of the 

smaller events in forming the landscape is greater because of their 

higher frequency. 

The rate of sediment transport can be expressed as a function of 

the applied fluid stress (Figure la), and defines a sediment transport 

rate '':'\ll.''''t:=, .A, expressing the amuunt of sediment transported by a given 
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Figure 1. Generalized relationships between rate of fluvial 
transport, applied fluvial stress, 
and frequency of flood (stress) occurrence. 

20 

Two sediment transport rate curves, Al and A2 are shown, with two 
different stress thresholds, TI and T2, on the left and right sets of 
figures. The flood frequency distribution B2 in the lower figures is more 
right-skewed than BI in the upper figures. 
The four resulting work curves Cj are the dashed lines, with maxima at ~, 
indicating the levels of applied stress responsible for the most sediment 
transport. Modified from Baker (1977). 
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stress above a certain threshold value T. The applied stress may be 

measured in terms of shear stress (sometimes called tractive force), 

which is the downslope component of the fluid weight exerted on a 

particle on the stream bed (Ritter, 1978). Shear stress is expressed in 

units of force per unit area, Newtons per square meter, Nm2 • If the 

transport rate curve A in Figure 1 is multiplied by the flood frequency 

distribution curve B, then the total sediment transported over a long 

time span is equal to the product of the two curves, curve C, and is a 

measure of geomorphic work. 

Because the flood frequency curve B is lognormally distributed, 

and the transport rate curve A is related to a power of the applied 

shear stress, the resulting work curve C will reach a maximum value at a 

specific applied stress, and the recurrence interval at which this 

maximum occurs indicates the level of the most effective discharge, or 

the discharge that carries the largest portion of the total load. For 

the rivers studied by Wolman and Miller, the maximum usually occurred at 

a return period of one year or less. 

Wolman and Miller emphasized that this principle is valid only 

when the smaller flows exceed the threshold of erosion, or the threshold 

of competence necessary to transport the available sedimentary material. 

Competence is the ability of a stream to transport debris, measured in 

terms of maximum particle size (Gilbert, 1880, 1914). A related term, 

capacity, refers to the total quantity of sediment a stream can carry. 

Below the threshold of erosion the energy of the stream is not competent 

to move the sedimentary particles composing the stream bed. 

Extreme Events. There is a need for modification of the Wolman-
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Miller principle of the importance of moderate events in certain cases 

(Baker, 1977; Wolman and Gerson, 1978), particularly when the resistance 

to erosion is high, as in mountainous regions. Most rivers have beds 

composed of sand or finer particles, which can be entrained and 

transported at relatively low shear stress, but rivers transporting 

coarse bedload materials, such as gravel or boulders, require much 

higher shear stress thresholds to initiate movement (Baker and Ritter, 

1975). These higher shear stresses occur only during rarer large

magnitude floods. Under these conditions the maximum work value is 

shifted to the right in Figure lb. 

In non-alluvial river channels, especially in narrow deep 

canyons, intense hydraulic action and abrasion by coarse sediment 

becomes extremely important in the erosion of the resistant bedrock flow 

boundaries (Baker, 1987; Baker and Pickup, 1987). Denudation produced by 

extreme events in mountainous and desert regions may be more than 100 

times as important as erosion caused by more moderate events (Wolman and 

Gerson, 1978). 

The flood frequency distribution is commonly skewed towards 

higher values (right-skewed) in regions of continuous or seasonal 

aridity, and in small watersheds. Right-skewed flood frequency 

distributions also have the effect of shifting the maximum work value 

towards large rare events, as in Figure lc and ld. Erosion caused by 

very large storms is proportionally greater in semiarid areas and in 

watersheds of small size (Piest., 1963). This influence of flood 

frequency distribution on work in fluvial systems (Baker, 1977) points 

up the need for more accurate long-term information on the occurrence of 
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large floods. 

Valley-bottom vegetation is important in establishing the 

threshold of erosion. Roots help to anchor soil particles, and trees and 

brush serve to increase channel roughness and resistance to flow during 

relatively moderate overbank flood stages. At a higher critical 

threshold trees are uprooted or knocked over, which decreases the 

channel roughness and allows flow velocities to increase, and the 

irregular boundaries created by the uprooting increases turbulence and 

causes intense scouring to be initiated (Baker, 1977). Subsequent 

smaller floods before the vegetation has recovered may cause significant 

erosion and deposition (Sullivan, 1983), even though the same size 

floods were ineffective when the vegetation was intact. 

These observations indicate that the threshold of erosion itself 

is lowered by its exceedence, and the valley bottom remains vulnerable 

to erosion until the vegetation has had time to recover. The recovery 

time may be much longer in semiarid regions than in more humid areas 

(Baker, 1977). Therefore not only is the average length of time between 

large floods important, but so is clustering in time of flood events. 

Clustered flood events may be much more effective than more evenly 

spaced floods of the same magnitude, if ~ho channel has time to recover 

between the evenly spaced events. Flood-scarred trees are particularly 

suited for the assessment of this factor, due to the inherent precision 

of tree-ring dates. 
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Examples of the Importance of Catastrophic Floods. A storm in 

1949 produced a large flood and severe erosion and mass movement in the 

valley of the Little River in the Appalachian Mountains of Virginia. 

Based on the destruction of large stands of dense ·forest, Hack and 

Goodlett (1960) showed that no storm had produced effects of this 

magnitude in at least 100 to 150 years. The resulting depositional 

landforms and erosional features, such as debris avalanches and 

bottomland terraces, are a common landscape element of the Appalachian 

Mountains, many of which are relatively fresh and unweathered, but 

covered with old trees. Hack and Goodlett concluded that large, 

extremely low frequency floods, though rare, exceed in importance all 

lesser floods as agents of erosion and as factors in the shaping of 

landscape features. 

In studies of catastrophic erosion and deposition caused by the 

December, 1964 floods on Coffee Creek and other mountainous drainage 

basins in northern California, Stewart and LaMarche (1967), and Helley 

and LaMarche (1973) observed that coarse sediments that had been 

undisturbed for many hundreds of years were extensively scoured and 

reworked by the floods. They concluded that rare extreme floods 

competent to transport the coarse gravel and boulder sediments making up 

the valley alluvium were more important than all smaller magnitude 

events in shaping the valley morphology. The recurrence interval of 

floods of this magnitude on Coffee Creek are on the order of at least 

100 years, and possibly as long as 400 years. 
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Flood Frequency Analysis 

Need for Flood Probability Estimation. Very serious 

deficiencies exist in our ability to predict accurately the probability 

of occurrence of large-magnitude floods on most watersheds, especially 

in areas of relatively low rainfall where the precipitation is more 

variable than in humid regions. Engineers and hydrologists have 

traditionally relied on the use of historical streamflow records to 

predict the frequency and magnitude of future floods (Dunne and Leopold, 

1978; Costa, 1986). The need for some measure of flood risk estimation 

for engineering design and governmental planning and zoning has led to 

the use of relatively short records where longer ones are unavailable. 

This type of analysis can yield realistic results in estimating the 

return period of small and frequent floods, but is subject to extremely 

large error when estimating the frequency of rare, large floods having a 

recurrence interval far longer than the length of the gage records 

(Klemes, 1986). 

Long-term Flood Records. Long-term records of the flood 

characteristics of any river system are essential to a realistic 

assessment of the future probability of large destructive floods, but 

this information is largely lacking, especially in the arid and semiarid 

western United States, where stream gage records are usually no longer 

than a few decades. As the limits of resources for urban development and 

recreational areas begin to be reached and the land becomes more 

crowd.ed, people inhabit more marginal areas, more people are exposed to 

the hazard of flash floods, and it becomes increasingly urgent to obtain 

long-term information about the occurrence of past floods. 
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Nonstationarity of Flood Records. Even in cases where longer 

gage records exist, it is necessary to demonstrate that the hydrologic 

characteristics of the stream have not changed during the period of 

record, in order to obtain valid statistical inferences from simple 

flood frequency analysis (R~ich, 1976; U.S. Water Resources Council, 

1982). Many rivers do not display this property of stationarity, and 

with short gage records it is often difficult or impossible to determine 

whether or not stationarity is present. Nonstationarity may result from 

changes in climate, including subtle shifts in rainfall distribution, 

changes in vegetation, land use practices, and channel characteristics. 

Paleoflood records may be used to assess the stationarity or 

nonstationarity of flood frequency distribution on rivers with short 

gage records (Baker, 1987). Webb (1985) and Webb and Baker (1987) 

studied paleoflood slackwater sedimentary deposits (Kochel and Baker, 

1982) on the Escalante River in south-central Utah and showed that the 

flood record over the last 2,000 years was nonstationary. Analysis of 

flood scars can provide valuable paleoflood information for the 

assessment of stationarity. 

Historical and Paleoflood Information 

Information about floods occurring before the beginning of 

systematic gage records can be obtained from a variety of proxy sources, 

such as historical records (Stedinger and Baker, 1987) and paleoflood 

information from geologic and botanical evidence (Costa, 1986; Baker, 

1987). This information is usually in the form of "censored data", in 

which a known number of the smallest or largest observations are 
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missing, as happens when only those events exceeding a certain threshold 

are recorded (Stedinger and Cohn, 1987). Historical and paleoflood data 

may be incorporated with systematic streamflow records to improve f1ood

frequency estimates. Several graphical and statistical procedures are 

available for the use of such data (Benson, 1962; u.s. Water Resources 

Council, 1982; Stedinger and Cohn, 1987). 

Historical Flood Information. Historical flood information is 

any human record of floods that occurred prior to systematic gage 

records (Stedinger and Baker, 1987), and may be compiled from old 

newspapers and other writings, and by interviewing long-term residents. 

They are often of the nature of the number times some memorable 

threshold flood level was exceeded, such as how often a particular 

building, street or farm was flooded, or how often a bridge was damaged 

or washed out. These are examples of censored data, wherein the lesser 

floods are not remembered; they are censored from the record. 

Paleoflood Hydrology. Paleoflood hydrology is the study of flow 

events and sediment transport in channels prior to the time of direct 

human observation or records (Costa, 1986; Baker, 1987). Tree-ring 

evidence is an example of paleoflood hydrologic information. A variety 

of techniques exist for determining the magnitude and frequency of 

paleoflood events. High-water marks such as silt lines, scour marks, 

organic debris lines and driftwood deposits provide indicators of flow 

depth and are important in defining paleoflood water-surface profiles 

(Baker, 1987; O'Connor, Webb, and Baker, 1986). 

Paleocompetence and paleohydraulic studies may give reasonably 

accurate estimates of the magnitude of maximum flow events (Costa, 
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1983), although they are subject to several sources of error (Stedinger 

and Baker, 1987). Pa1eocompetence studies are based on the hydraulic 

properties of flows necessary to transport the size of particles 

observed to have been deposited by past floods (Baker and Ritter, 1975; 

Costa, 1983). Pa1eohydrau1ic methods &L& based on empirical statistical 

relationships between channel geometry and stream discharge (Williams, 

1988). These studies usually only give an estimate for the size of the 

single largest flood (Stedinger and Baker, 1987). 

Slackwater Deposits. Streams in narrow bedrock canyons may 

contain deposits of sand and silt which settle rapidly from suspension 

in highly sediment-charged water during deep high-velocity flows (Kochel 

and Baker, 1982, 1988; Baker, g! A1, 1983; O'Connor, Webb, and Baker, 

1986). These deposits accumulate in sites where flow boundary 

separations cause local flow velocities to be greatly reduced, and where 

preservation is favorable, such as the mouths of tributary canyons, 

caves, and rockshelters, and in channel-margin alcoves (Baker, 1987; 

O'Connor, et al, 1986). 

The height of the deposits can be used as paleoflood stage 

indicators (Baker, 1987; Kochel and Baker, 1988), and the sites may 

preserve a complete record of large-magnitude floods over the last 

several thousand years. The flood events can be accurately dated by 

radiocarbon analysis of organic litter entrained in the flood sediments 

(Kochel and Baker, 1982; Baker, Pickup, and Po1ach, 1985). Slackwater 

sedimentation is present in a wide variety of settings and locations in 

the United States and elsewhere (Kochel and Baker, 1988; Baker and 

Pickup, 1987). 
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BOTANICAL METHODS OF PALEOFLOOD ANALYSIS 

Periodic flooding and associated fluvial processes exert a 

profound influence on the vegetation growing alongside streams and 

rivers, and the vegetation can in turn effect the flood regime. Large 

stands of trees may be destroyed and swept away, and the trunks may be 

redeposited elsewhere and cause significant channel modification by 

creating local tree dams (Kochel, Ritter, and Miller, 1987). Floods 

affect the species composition, growth form and population structure of 

valley-bottom communities, and they also damage individual plants in a 

number of ways, leaving long-term evidence of their occurrence. Figure 2 

shows extensive vegetation damage caused by the record-breaking flood of 

October 1983 in southeastern Arizona. Analysis of the effects of 

infrequent floods on streamside vegetation at such sites permits the 

reconstruction and interpretation of flood histories (Sigafoos, 1961, 

1964; Hupp, 1988). 

Dendrogeomorphology 

Dendrogeomorpho1ogy is the application of tree-ring analysis to 

geomorphology, including fluvial applications, and has been reviewed by 

Alesta10 (1971), Shroder (1980), and Butler (1987), and with particular 

reference to flood geomorphology by Hupp (1988). The impact of f100d

borne debris causes damage to the bark and underlying cambium, and the 

resulting growth deformation is often referred to as a flood scar or 

"corrasion scar" (A1esta10, 1971; Shroder, 1980; Hupp, 1983; 

Butler,1987). Several kinds of botanical responses of trees to floods 



Figure 2. Vegetation damage following the October, 1983 flood in 
Redfield Canyon, Galiuro Mountains, southeast Arizona . LU 

0 
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and resulting fluvial geomorphic processes can be dated and utilized in 

conjunction with corrasion scars in the interpret3tion of flood events. 

Many of these responses are described by Sigafoos (1964), and include 1) 

stem sprouting and adventitious root development in response to breakage 

and partial burial, and in response to exhumation by flood processes, 2) 

the development of reacti.on wood and eccentric radial growth patterns as 

a response to tilting, 3) growth suppressions and within-ring growth 

anomalies caused by injury, burial, or defoliation, and 4) growth 

releases resulting from the death of nearby competitors. 

Community Structure. The creation of new land surfaces b! flood 

deposition provides sites for colonization by young trees. The dating of 

populations of trees in such situations can provide a minimum date for 

the establishment of the surface, and in some cases the population 

structure can also imply a maximum date. Streamside communities are 

influenced by and adjusted to frequent disturbance caused by flood 

damage and alluvial processes (Lindsey, et~, 1961; Sigafoos, 1961, 

1964; White, 1979; Hupp, 1988; Hupp and Osterkamp, 1985). The vegetation 

develops in parallel bands of differential tolerance to flooding. These 

bands are distinctive in both their physiognomy and species composition. 

The lowest zones are subject to the most frequent flood disturbances and 

contain abundant shrubs and small trees, bent over "flood-trained" 

trees, and high percentages of flood-tolerant "pioneer" species. Larger 

trees and species typical of later successional and "climax" stages 

occur in the less frequently flooded zones. Analysis of these 

communities yields information about the occurrence of past floods 

(Sigafoos, 1961; Hupp, 1988; Hupp and Osterkamp, 1985). 



Flood Scar Analysis 

Tree-ring analysis of flood damage to trees growing along flood

prone rivers and streams offers a promising new technique for extending 

the period of record for floods over a certain threshold (Sigafoos, 

1964; Harrison and Reid, 1967; Yanosky, 1982; Hupp, 1984, 1988; Smith 

and McCord, 1986; McCord, 1987). Figure 3 shows a group of flood-scarred 

ponderosa pines growing in a drainage channel in Cottonwood Canyon, a 

tributary of the San Francisco River in western New Mexico, near the 

Arizona state line. Flood scars are described in more detail in Chapter 

3. The accurate dendrochronological dating of these anatomical scars on 

trees growing in stream channels and flood plains of suitable drainage 

basins makes it possible to assess the frequency of large-magnitude 

floods over the lifetime of the trees. 

Previous Studies. The flood-scar method has been used to date 

flood events on the Potomac River in Virginia (Sigafoos, 1964; 

Yanosky, 1982) , using relatively short-lived deciduous trees, such as 

ash, silver maple, and river birch. These riparian trees have preserved 

a record of large destructive floods over at least the last 100 years. 

In a pioneering study on the Turtle River in eastern North Dakota, 

Harrison and Reid (1967) demonstrated that the heights of the tops of 

flood scars above the river surface datum provided an accurate estimate 

of the heights of past floods. They compared flood scar heights with 21 

years of available stream gage data, and found that in most cases the 

flood stage estimated by scar heights was within 30 to 60 em of the 

flood crest recorded at the gage station 32 km downstream. 



Figure 3. Flood scars on ponderosa pine trees growing along 
stream channel in western New Mexico. 
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In related studies in the western United States, debris flow 

frequency and magnitude along stream channels on Mount Shasta has been 

r.econstructed using dendrogeomorphic evidence, including corrasion scars 

(Hupp, 1984; Hupp, Osterkamp, and Thornton, 1987). Evidence of the 

destruction of modern and ancient forest stands has been used to assess 

the magnitude and frequency of floods in the West (Helley and LaMarche, 

1967, 1973; Stewart and LaMarche, 1967;), and flood-related growth 

suppressions have also been used (Helley and LaMarche, 1973; Laing and 

Stockton, 1976; Clark, 1987). 

Flood Scars in the Western United States. The recent discovery 

of numerous flood scars on relatively long-lived conifer trees growing 

in the western United States provides an excellent opportunity to 

reconstruct flood records over the past several hundred years (Smith and 

McCord, 1986; McCord, 1987). There are a number of references in the 

recent geological and hydrological literature to trees damaged but not 

killed by floods in the West and Southwest (Scott and Gravlee, 1968; 

Roeske, Cooley, and Aldridge, 1978; McCain, ~ aI, 1979; Sullivan, 1983; 

Smith and McCord, 1986; Jarrett, 1987; McCord, 1987; Schroeder and 

Massey, 1987). 

I have examined trees along numerous rivers, streams, and 

canyons in Arizona, Utah, New Mexico, and Colorado, and have identified 

definite flood scars on trees in at least 20 different localities, from 

7 species of conifers and 10 deciduous species. The locations and 

descriptions of these sites are presented in Chapter 5. Six additional 

sites have been reported to me by other workers, including sites in 

California and Sonora, Mexico. 
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Streamflow Reconstructions Using Tree Rings 

Reconstructions of seasonal and annual stream flow total 

discharge volumes have been made based on the time-series analysis of 

tree-ring width responses to climatic factors (Stockton, 1971, 1975; 

Stockton and Fritts, 1971; Cook and Jacoby, 1983; Jones, Briffa, and 

Pilcher, 1984; Graybill, 1986). The general approach is that of 

regression analysis, using tree-ring growth indices as the independent 

predictor variables, and the recorded stream gage runoff volumes as the 

dependent predictand variable. It may seem that this method could be 

adapted to reconstruct flood histories by using annual peak discharge 

data in the regression equations instead of the discharge volumes, but 

this is not the case, as will be shown in the following discussion. 

Principles. The technique is based on the principle that stream 

runoff and tree ring growth respond in similar manners to climatic 

variables, notably precipitation, temperature, and evapotranspiration. 

That this hypothesis is generally valid is attested to by the fact that 

such reconstructions can account for 50 percent to over 80 percent of 

the variance in streamflow records in arid regions (Stockton, 1975; 

Stockton and Jacoby. 1976; Smith and Stockton, 1981; Graybill, 1986). 

The greatest fidelity of this method is in reconstructing low flows, 

since drought conditions are limiting to both tree growth and 

streamflow. It should be noted that the responses of tree rings and 

runoff to climatic variables are not identical. Precipitation in excess 

of the amount needed to recharge soil moisture has no affect on tree 

growth, and as a result this method is less successful in reconstructing 

above average flows. 
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Earlier workers investigated the relationship between tree-ring 

growth indices and surface runoff (Hardman and Reil, 1936; Schulman, 

1945a, 1945b) and demonstrated that a substantial correlation existed, 

both in the western United States (Keen, 1937; Schulman, 1945c, 1947) 

and in Tennessee (Hawley, 1937). Correlation coefficients as high as 

0.87 to 0.89 were produced when using smoothed data (Hardman and Rei1, 

1936; Schulman, 1945c, 1947). Schulman (1947) showed that the best 

correlation could be obtained by using a regional index developed from 

weighted sums of tree-ring indices from the individual tributary basins 

making up the Colorado River flow as measured at Lees Ferry. He also 

pointed out (1951) the difficulties involved in areas where flash floods 

make a significant contribution to runoff; only a relatively small part 

of the water from flash floods goes to replenish soil moisture, and 

therefore most of it is unavailable for tree growth. 

Later Stockton (1971,1975) applied the principles of 

dendroclimatology described by Fritts (1966, 1976) to study the 

relationship between climate, ring-width response, and hydrology in two 

different watersheds: the Bright Angel Creek basin in northern Arizona 

and the upper San Francisco River basin on the Arizona-New Mexico state 

line. He then applied the results of these studies to reconstruct the 

annual runoff of the Colorado River at Lees Ferry from 1564 to 1961. 

These procedures were subsequently utilized to make 

reconstructions for the last 400 years or longer on several streams in 

the Upper Colorado River Basin (Stockton, 1975; Stockton and Jacoby, 

1976), and for the Salt and Verde Rivers in central Arizona (Smith and 

Stockton, 1981). They have been shown to be applicable in diverse 
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geographic regions and climates, including arid and semiarid parts of 

Argentina (Ho1meD, Stockton, and LaMarche, 1978), and humid areas in 

Australia (Campbell, 1982), eastern United States (Cook and Jacoby, 

1983), and England (Jones, ~ a1, 1984). Graybill (1986) has used tree

ring materials from archaeological contexts to reconstruct annual and 

seasonal runoff (winter and summer) for the Salt and Verde Rivers for 

the period AD 740-1370. 

Time-series Analysis. The basic objective of this technique is 

to use one time series, the tree-ring series, to reconstruct another, 

the runoff series (Stockton, 1975). The mathematical models employed are 

fairly complex, usually being some form of multiple linear regression 

analysis, and the ring-widths may be transformed by principal components 

analysis to avoid problems related to using intercorre1ated variables. 

The models take into account the effect of the previous year's 

climate and growth on the current year's ring width, and also allow for 

the time delay which occurs between the fall of precipitation in upland 

areas and its appearance as runoff downstream. This may be accomplished 

by using tree-ring indices from the preceding and following years as 

well as the current year in predicting the current year's runoff 

(Stockton, 1975; Stockton and Fritts, 1971), or by removing the 

autocorrelation in the tree-ring series by the process of 

autoregressive-moving average (ARMA) modelling (Meko, 1981; Smith and 

Stockton, 1981; Graybill, 1986). 

Limitations for Flood Reconstruction. Reconstruction of 

streamflow does not estimate annual peak discharge well, because tree 

rings cannot respond to precipitation in excess of the amount needed to 
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maintain adequate soil moisture levels (Fritts, 1976). Cell growth 

processes can be limited by low soil moisture, so narrow rings are 

associated with drought and periods of low stream flow. However, these 

same growth processes are not limited by moisture when soils are fully 

charged with water. Excess precipitation on fully charged soils becomes 

runoff and may cause flooding but has no affect on tree-ring widths. 

Streamflow reconstructions are the most accurate in predicting 

low flow values associated with narrow rings, when tree growth is 

severely limited by low soil moisture conditions. The runoff values for 

extremely high flows are consistently underestimated by the time-series 

analysis method (Stockton, 1975; Graybill, 1986), and it is this failure 

to accurately predict the higher flows that accounts for much of the 

shortfall in the percentage of variance explained. Not surprisingly, 

streamflow reconstructions in humid areas are of much lower fidelity, 

usually accounting for considerably less than half the variance in the 

streamflow records (Campbell, 1982; Cook and Jacoby, 1984; Jones et al, 

1984). 

More importantly, high instantaneous peak flows reSUlting from 

intense short-term precipitation events generally have little or no 

effect at all on tree growth. Smith (1981) found a moderate degree of 

correlation between precipitation data and annual peak flow records for 

the Salt River, but concluded that since tree growth reflects seasonal 

moisture conditions, it was not feasible to reconstruct peak flows 

resulting from a few days or hours of extreme precipitation. Thus these 

studies are only useful for the reconstruction of rarer flood-peak 

estimates when high-magnitude instantaneous peak flows show a tendency 
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to occur in years of high seasonal and annual runoff (Smith, 1981), and 

even then the extreme value flows are likely to be seriously 

underestimated. 

Since in many cases large-magnitude floods occur in years of 

average or below-average total runoff, this places severe limitations on 

the l.1sefulness and reliability of the time-series method for flood 

frequency analysis. In some cases, exceptionally wet years may produce 

very wide tree-ring widths and high runoff levels, but unless large 

floods are highly correlated with years of excess precipitation and 

resulting high runoff levels, attempts to reconstruct peak flows based 

on ring widths are subject to two serious limitations. First, it is 

possible for climatic conditions to be favorable to the production of a 

very wide ring in a year in which there is no severe flooding. If the 

trees are in a generally healthy state due to favorable growth 

conditions the previous year, and if adequate rainfall occurs throughout 

the year, but without extremely intense storms, then a very wide growth 

ring may be produced in the tree without the occurrence of large floods. 

In this case a flood will be "predicted" in a year in which no flood 

oc(~urred. Second, a single very intense storm may produce catastrophic 

flooding in a year of otherwise unexceptional precipitation, and no 

unusually wide ring would be produced to identify the event. In this 

case the model fails to identify a flood which has occurred. 

Tropical Storm Norma; An Example. Such a storm occurred in 

central Arizona in September, 1970, when a mass of moist tropical air 

from Pacific storm Norma collided with a cold front from the northwest 

(Roeske, g! 21, 1978). This storm produced record-high rainfall and 
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disastrous flooding in central Arizona and in the Four Corners area. 

Since the storm occurred at the end of the growing season of a r.ather 

average precipitation year, it was'very unlikely to have had any effect 

on ring widths of trees growing in the general area. This storm 

apparently had very little influence on soil moisture levels for the 

following winter and spring, because it did not appear to effect the 

1971 ring width, as is evident from the indices in tree-ring 

chronologies developed for the purpose of reconstructing steamf10ws on 

the Salt and Verde Rivers by Smith (1981) and Graybill (1986). 

Graybill (1986) has reconstructed annual and seasonal 

streamflows for the Salt and Verde Rivers based on statistical 

comparisons of tree-ring growth characteristics with historic and 

systematic streamflow information. His reconstruction for the Verde 

River shows an anomalously high flow year for 1920, the same year that 

major flooding occurred on the Verde and Salt Rivers. However, his 

reconstruction does not detect any above-normal runoff corresponding to 

the high flows of 5-7 September 1970, resulting from Pacific storm 

Norma. The method based on scarred trees is not subject to these 

limitations, and has never been done in the southwestern United States, 

where stream gage records are typically very short or lacking entirely. 



FLOOD DATA SOURCES 

CHAPTER 2 

EXISTING FLOOD RECORDS 

Most of the independent data on known floods came from U.S. 
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Geological Survey systematic gage records. For the Arizona sites these 

are from Statistical Summaries of Arizona Streamflow Data (Anderson and 

White, 1979), which provides data through 1975. Data on individual 

storms and floods, including some that occurred prior to the gage 

records, and some floods after 1975, were extracted from other sources. 

These included various U.S. Geological Survey Water-Supply Papers 

(Roeske, et gl, 1978; Aldridge and Hales 1984; Aldridge and Eychaner, 

1984); u.s. Geological Survey Water Resources Data for Arizona, Water 

Year 1980; Smith (1956), Sellers and Hill (1974), Durrenberger and 

Ingram (::.978), Saarinson, et gl (1984), and Sellers, Hill, and 

Sanderson-Rae (1985). For one of the drainage basins where no streamflow 

information is available (Sterling Canyon in central Arizona), daily 

precipitation records from nearby weather stations were studied to 

identify local intense thunderstorms; the stations are Junipine, Sedona, 

Cottonwood, Prescott, Drake Ranger Station, and Flagstaff. Data for the 

1976 Big Thompson River flood in Colorado are from McCain, et gl, 1979. 

Some historical data for Kanab Creek in utah were compiled by Smith 

(1987) from newspaper accounts and other records. 
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PEAK DISCHARGE vs. ANNUAL TOTAL VOLUMES 

It was pointed out in Chapter 1 that tree-ring streamflow 

reconstructions were not likely to provide information about floods 

unless annual peak discharges were highly correlated with years of high 

total runoff volumes. Stream gage records from Anderson and White (1979) 

for a group of three stations from Beaver Creek, a tributary of the 

Verde River in central Arizona, were analyzed to determine the degree of 

association of floods with annual discharge. The stations used were 

Rattlesnake Canyon, Red Tank Draw, and Dry Beaver Creek. Annual peak 

discharge was plotted against annual total volume of flow, and 

correlation coefficients were calculated. The data for Red Tank Draw and 

Dry Beaver Creek were. rescaled to the same mean as that for Rattlesnake 

Canyon to facilitate graphical comparison. 

Inspection of the plot in Figure 4 shm.;rs tb'lt the;:-", is a 

reasonable degree of correlation between total and peak flow, but the 

high peak flows of 1970 fall far below the trend line. The correlation 

coefficient of 0.36 indicates that only 13% of the variance between 

these two measurements are linearly related, but if the data points for 

1970 are removed, the correlation rises to about 0.6, or 36%. This 

suggests that the estimation of paleoflood discharges using regression 

analysis with tree-ring growth indices would only be useful for the 

reconstruction of relatively frequent, low-magnitude floods, at least in 

the Beaver Creek area. The most important flood event in this data set, 

the 1970 flood, would not be detected. 
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Figure 4. Relationship between annual total discharge volume and 
annual peak discharge for the period 1958-1975. 

Data for three gage stations in the Beaver Creek 
watershed, a tributary of the Verde River in central 
Arizona. Annual peak discharge is the maximum 
instantaneous discharge that occurs in a water year. 
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TRIBUTARY AND MAINSTEM FLOODS 

It was hypothesized at the beginning of this project that more 

suitable trees for flood-scar analysis would be available in the higher 

elevation tributaries than along the main trunk channels of most 

Southwestern rivers. Therefore it is important to determine whether or 

not information about floods in the tributaries can be used to 

reconstruct floods on the main channels. This could be a serious source 

of error, since study of the stream gage records in Anderson and White 

(1979) shows that the flood records of some tributaries are only vaguely 

similar to the records from the main channels. 

Conifer trees such as ponderosa pine (Pinus ponderosa) and 

pinyon (Pinus edu1is) appear to produce the longest records of flood 

scar evidence, but they usually occur relatively high up in the 

tributary systems on streams that are dry for at least part of the year. 

It is generally necessary to use riparian species such as cottonwood 

(Populus fremontii) , sycamore (Platanus wrightii), or ash (Fraxinus sp.) 

to get direct flood-scars from the larger main channel perennial 

streams, because in these situations the conifers do not usually grow 

close enough to the stream channels to become scarred. 

Riparian species usually have shorter life spans than conifers, 

and consequently yield shorter records. In addition, some riparian trees 

can be very difficult to crossdate, because the generally adequate 

moisture supply along stream channels can cause complacency in the ring 

widths, and it is difficult to see the ring boundaries in diffuse-porous 

types. Cottonwood is a very common riparian tree along Arizona 
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watercourses, but this diffuse-porous species has extremely faint ring 

boundaries, and is often quite vexing to deal with. It can be 

exceedingly complacent, in some cases to the extent that cores from the 

same tree cannot be crossdated with one another. 

As a preliminary approach to this question, the relationship of 

flood peaks on tributary streams to flooding on the main trunk channels 

was investigated by summing the annual peak discharge for eight stations 

on streams contributing to the Verde River and comparing the totals to 

the annual flood peak record for the main stem Verde River gage below 

Tangle Creek. This was done for the period 1958-1975, for which some 

reasonably complete gage data from Anderson and White (1979) was 

available. I used data from the following stations: Red Tank Draw, 

Rattlesnake Canyon, Oak Creek, East Verde River ne~r Pine, Webber Creek, 

West Clear Creek, Verde River near Paulden, and Williamson Valley Wash 

near Paulden. The locations of the stream gage sites are shown in Figure 

5. The average correlation coefficient between these sites and the main 

Verde River above Tangle Creek is 0.632. 

The annual maximum discharge data were simply summed over these 

eight stations and the resulting series was normalized and compared with 

the Verde River below Tangle Creek station. The two normalized series 

were plotted simultaneously, and are shown in Figure 6. As can be seen, 

the two plots are very similar. The correlation coefficient is 0.841. 

This indicates that floods on the main channel can be predicted 

reasonably well by data from the tributaries. 
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annual peak discharge for the Verde River, 1958-1975. 
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CHAPTER 3 

CHARACTERISTICS OF FLOOD-SCARRED TREES 
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Trees are damaged by debris transported by floodwaters, and the 

growth ring structure in these trees preserves a record of large

magnitude flood evants that cause this damage over the lifetime of the 

trees. The damaged rings may be sampled and dated dendrochronologically, 

thereby providing precise calendar-year dates of the floods which caused 

them. Increment cores, cross sections, and "V"-cuts taken from scarred 

trees provide the necessary tree-ring materials for dating, using the 

methods described by Stokes and Smiley (1968), Shroder (1980), Phipps 

(1985), and Jozsa (1988). 

Location and Identification of Flood Scars 

Development and Appearance. Flood scars are caused by the 

direct impact of flood-borne debris on the upstream side of trees 

growing in drainage bottoms (Sigafoos, 1964; Alestalo, 1971). The 

photograph in Figure 7 shows the external appearance of a typical flood 

scar. The impact of gravel, boulders, and floating logs may remove bark 

from the tree and destroy the underlying cambium. As a result, growth in 

the damaged area cannot occur until the tree can regenerate the cambial 

layer by lateral growth from adjacent undamaged tissue. This produces an 

anatomical abnormality recognizable as a scar which may persist for many 

years before it is completely healed over by healthy tissue (Sigafoos, 

1964; Phipps, 1970; Hupp, 1984, 1988). The internal anatomy of a flood

scarred tree is illustrated by the diagrams in Figure 8. 



Figure 7. Flood scar on upstream side of pine tree in Rhyolite 
Canyon, Chiricahua National Monument, Arizona 
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Figure 8. Schematic diagram, showing the effects of repeated 
scarring on tree-growth. 
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Trees may be scarred several times during their lifetimes. 

Figure 9 is a photograph of a dated ponderosa pine cross section from 

Kanab Creek in southern Utah with partially healed scars caused by 

several flood events. If the time interval between damaging floods is 

long enough, the scars may be completely healed and preserved inside the 

tree stem. A series of increment cores taken from such a tree can reveal 

the existence of buried scars which may then be dendrochrono1ogica11y 

dated to the exact year of the flood. In many cases the tree may be 

scarred again by a subsequent flood before the original scar is 

completely healed. Several distinct and partially healed flood scars may 

be visible at one time on the upstream side of a flood-damaged tree. 

A tree with several scars is shown in Figure 10. This is a 

deciduous tree (probably Lowell ash, Fraxinus lowel1i) growing along a 

relatively low-gradient reach of Oak Creek Canyon, a perennial stream in 

central Arizona. Trees in this type of situation appear to become 

scarred much more often than the conifers growing in the higher reaches, 

and may be useful for providing information about smaller floods of 

higher frequency. 

It is uncertain whether the principal cause of scarring is 

impact by floating logs and other debris, by boulders rolling and 

bouncing along the streambed, or abrasion by gravel. Damage by ice jams 

is an important cause of scarring on rivers in the eastern and northern 

parts of the United States (Lindsey, et aI, 1961; Sigafoos, 1964; 

Harrison and Reid, 1967), and it may also playa role on southwestern 

rivers. That large boulders can be moved by many streams is well 

established (Baker and Ritter, 1975; Graf, 1979; Costa, 1983), and it is 



Figure 9. Ponderosa pine cross-section from Kanab Creek, Utah, 
showing several flood scars from 1866 to 1936. 
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Figure 10. Multiple flood scars on ash tree, Oak Creek Canyon. 
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obvious from Figure 11 that large boulders can impact tree stems. The 

boulder wedged on the upstream side of the sycamore tree is about one 

meter in length, and is at approximately two meters above the channel. 

Logs are also commonly moved by floods, and they are often found jammed 

against the upstream side of valley-bottom trees, as in Figure 12. 

The scars occur on trees growing in or near stream chanr.~ls, on 

the sides facing the current, and may appear at various heights up to 

several meters above ground level. Scars usually do not extend to the 

base of the tree unless the tree is growing in or adjacent to the active 

channel (Figure 13), and even then the bottom of the scar may be above 

ground level. Several ponderosa pines growing in the channel bed 

upstream from the sycamore iL Figure 11 are scarred well above the base, 

like the one in Figure 12. Others in the same canyon have multiple scars 

extending all the way to the channel floor. On trees with multiple 

scars, the scars are considerably more likely to extend to the base of 

the tree than on trees with only a single scar. 

Observations were made on scar positions, location of the trees 

relative to the active channel, and the number of scars present. The 

observations were tabulated and are shown in Table 1 in the form of 

contingency tables. The data in Table 1a are from 42 flood-damaged trees 

on several different streams; 41 trees are represented in Table 1b, and 

40 in Table 1c. In Table 1a most of the trees growing right in the 

active channel are scarred all the way to the base (11 of 14). The scars 

extend all the way to the ground on about half of the trees at the edge 

of the channel (8 of 15). The damage on almost all of the trees from 

outside the channel does not extend to the ground level (12 of 13). 



Figure 11. Basalt boulders wedged in sycamore tree, Rattlesnake 
Canyon, central Arizona . 
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Figure 12. Scarred pine tree with log wedged on upstream side. 
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Figure 13. Scar extending to base of tree in channel-bottom. 



TABLE 1. Contingency tables comparing scar positions, tree 
locations relative to channel, and scar mUltiplicity. 

a. Scar position compared with tree location. 

Position of Scar 
Scarred Not Scarred 

Channel Position to Base to Base 

In Active Channel 
At Edge of Channel 
Outside the Channel 

Total 

11 
8 
1 

20 

X2 Test Statistic 
X2 Distribution Value 
d.f. = 2 

3 
7 

12 

22 

12.57 
10.60 

Q .,. 0.005 

b. Scar position compared with multiplt~ity of scarring. 

Position of Scar 
Scarred Not Scarred 

Number of Scars to Base to Base 

Multiple Scars 
Single Scar Only 

14 
3 

4 
20 

Total 17 

X2 Test Statistic 
X2 Distribution Value 
d.f. ~ 1 

24 

20.12 
7.88 

Q .,. 0.005 

c. Scar multiplicity compared with tree location. 

Number of Scars 
MUltiple Single Scar 

Channel Position Scars Only 

In Active Channel 
At Edge of Channel 
Outside the Channel 

Total 

10 
9 
o 

19 

X2 Test Statistic 
X2 Distribution Value 
d.f . .,. 2 

3 
5 

13 

21 

16.00 
10.60 

Q '" 0.005 

Total 

14 
15 
13 

42 

Total 

18 
23 

41 

Total 

13 
14 
13 

40 
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In Table lb a similar comparison is made between the position of 

the scar and whether there was more than one scar present. The damage 

extended to the ground level in 14 of 18 cases when there was more than 

one scar present, but in only 3 of 23 cases when there was only a single 

scar. Table lc compares the number of scars to the location of the tree, 

and shows that 10 of 13 trees in the channels had mUltiple scars, 9 of 

14 channel-edge trees had multiple scars, and that none of 13 trees 

outside the channel had more than one scar. 

Chi-square goodness-of-fit tests can be used to test the null 

hypothesis that bivariate count data such as these arranged in two-way 

contingency tables are independent (Walpole and Myers, 1978; Ott, 1984). 

Chi-square tests showed that the probability of obtaining these results 

by chance is less than 0.5%. The null hypothesis was therefore rejected, 

and it was concluded that there is a significant dependency between the 

variables. This indicates that the position of the scar is significantly 

related to the location of the tree relative to the active channel, and 

also to whether more than one scar is present. Whether or not more than 

one scar is present is in turn significantly related to the location of 

the tree relative to the channel. 

It may be inferred from these associations that the more 

frequent damage is the result of processes operating close to the ground 

level, and that these processes may sometimes be associated with 

relatively small flood events. It may also be that the damage near 

ground level on trees in the channels is the result of impact by cobbles 

and boulders entrained in the flows, and that the higher scars on these 



trees and on trees outside the channel are typically the result of 

impact by floating debris. 
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In some unusual cases scars may form on the downstream sides of 

trees. During large floods the tributary channels in deep narrow canyons 

may be backf100ded by waters from the main channel after the tributary 

floods have passed. Floating debris can then be carried up the tributary 

channels during the backf100ding and cause scarring to the downstream 

sides of trees along the tributaries (Kochel and Baker, 1988). 

It is possible that episodes of channel degradation may be 

responsible for the exposed roots seen on many of the trees growing in 

zones subject to frequent overbank floods, such as the trees in Oak 

Creek Canyon shown in Figure 14. Such frequent flood damage can cause 

severely contorted growth (Sigafoos, 1964). The complexity of the growth 

forms in trees repeatedly damaged by flooding can be difficult to 

interpret, and it may be necessary to take a great many core samples to 

reconstruct the flood events that have affected the growth of the tree. 

If possible, this kind of tree should be sampled by cross-sectioning. 

Sigafoos (1964) was able to reconstruct quite detailed flood histories 

on the Potomac River by cross-sectioning and dissecting such trees. 

Other Kinds of Scars. Flood scars are somewhat similar in 

appearance to scars produced by forest fires (Weaver, 1951; Dieterich 

and Swetnam, 1984), but can be distinguished from them. Frequent low

intensity ground fires creep along the forest floor burning the 

accumulation of needles, twigs, and other debris, and cause repeated 

charring and wounding of the bases of some trees without killing them 

(Lachmund, 1921, 1923; Weaver, 1943,1951). Flood scars almost always 
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Figure 14. Flood damage to deciduous trees, Oak Creek Canyon. 



occur only on the upstream side of trees growing in the drainage 

bottoms; they usually do not contain charred wood, and often do not 

extend to ground level, as fire scars usually do (Figure 15). 
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Fire scars very often present a characteristic series of 

concentric arches at the base of the tree, referred to as a "catface" 

Ooleaver, 1943, 1951), which is not seen in flood-scarred trees. The 

fire-scarred ponderosa pine on the left side of figure 15 is typical. 

Fire damage may occasionally extend several meters up one side of the 

tree, following a narrow strip where bark has been removed by a 

lightning strike (Figure 16). Flood scars are very unlikely to occur in 

such a form; trees showing this feature should be avoided, if at all 

possible. 

Rockfall from canyon walls may also cause damage to trees, but 

this damage is more likely to be found on the side of the tree facing 

uphill, away from the channel. Similarly, fire scars usually develop on 

the uphill-facing side, because combustible organic debris tends to 

accumulate there. However, if fire scars are present on valley-bottom 

trees, they are also likely to be on the upstream side, for the same 

reason. Trees damaged by rockfall may sometimes exhibit rock fragments 

embedded in the exposed wood, but this is not a reliable criterion for 

identification, because flood scars may also contain embedded rocks. 

Trees may be damaged by insects or fungus, and pinyon bark is 

occasionally gnawed by porcupines, but this type of damage is usually 

fairly obvious and shows no particular orientation to the stream 

channel. Porcupine damage usually has a relatively smooth and regular 



Figure 15. Comparison of fire-scarred and flood-scarred pines. 0'\ 
l.V 
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Figure 16. Fire scar extending several meters up side of tree. 



boundary, and typically occurs on the upper sides of branches and 

leaning trunks. 
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It is important not to mistake scars from other causes for flood 

scars when attempting to build a flood chronology, and for this reason I 

tried to avoid sampling trees which had obvious charring in the scarred 

area. It is possible that flood-scarred trees may become charred by 

subsequent fires. In such a case the dates obtained from the scars could 

be valid flood dates, but the presence of the charcoal considerably 

reduces the certainty of the cause of the injuries. For this reason it 

is much more prudent to search for trees with unambiguous flood scars. 

Ecological Distribution. In Brushy Canyon south of Reserve, New 

Mexico, there is an area just below the lower elevational limit of 

ponderosa pine where the canyon descends through pinyon-juniper country, 

but the canyon bottom itself is cool enough and moist enough so that it 

contains a "stringer" of ponderosa pine extending below its normal 

limit. Several of these trees have well-developed flood scars on them, 

and there is also a large dead juniper with flood scars on it. The 

situation in this canyon is nearly identical to that in Rattlesnake 

Canyon in Central Arizona: a sca::;onal stream in a steep canyon in 

pinyon-juniper community with ponderosa pine growing in the slightly 

cooler and moister canyon bottom. This type of situation seems to be 

especially favorable for the development of flood scars on the 

relatively longer-lived conifer trees. Along permanent streams conifer 

trees usually do not grow close enough to the stream channels to become 

scarred, possibly due to competition by the shorter-lived riparian 

species such as oak, sycamore, cottonwood, and ash. 



66 

CHAPTER 4 

METHODS 

Sample Collection 

The accurate and confident dating of flood scars demands that 

suitable kinds of samples be collected; it is generally desirable to 

obtain samples which include the outer portion of the scar surface, and 

other samples from nearby but uninjured parts of the tree that include 

the bark. Occasionally it is possible to crossdate a single increment 

core taken from the scar surface against a local chronology, if one 

already exists, but it is almost always easier to crossdate if other 

specimens are also collected from the same tree. 

Increment Cores. Scars may be sampled with increment borers 

(Figure 17), although there are several problems involved which are not 

encountered when coring undamaged trees. Collection of cores from an 

uninjured part of the stern is usually straightforward (A and B in Figure 

18). In this situation the bark helps to engage the threads, and also 

helps to keep the outside few rings intact. It is almost always 

difficult to start the borer in the bare wood of an exposed scar. If the 

wood has been exposed to the weather for several years, it may crack and 

become brittle, has very low strength, and is likely to break and 

crumble. In such cases the outside part of the core may become mangled, 

making it impossible to tell the exact date of the injury. In addition, 

the injured area is usually resinous, and may be partly decayed by 

fungus. This frequently causes the borer to "jam" with a mixture of 
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Figure 17. Increment borer used to collect flood scar sample. 
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Figure 18. Methods of sampling scars with increment borer. 
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resin, decayed wood, and broken fragments of wood. It is impossible to 

extract any meaningful information -from such a sample, and it may take 

considerable time to remove the jam and clean the borer. 
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Keeping the borer quite sharp and using copious amounts of WD-40 

on the outside and inside of the borer are both very helpful in getting 

"clean" cores with the outside rings intact. The WD-40 acts as a 

lubricant and solvent. and helps to avoid jamming. It is critical that 

the shaft of the borer be held in a steady ~osition when the threads are 

first being engaged in the wood. If the borer wobbles during this step, 

the crucial outer few rings are quite likely to be damaged. The careful 

selection of a good coring spot and properly braced body position from 

which a maximum amount of force can be exerted against the tree with the 

borer will facilitate starting the borer in the tree with a minimum of 

wobbling and resulting breakage. A few minutes spent clearing away 

obstructing branches and undergrowth before starting often makes the 

difference between failure and success in obtaining a good sample 

capable of accurately establishing the date of a flood. 

It is sometimes possible to extract a core from the outer edge 

of the scar where it has been partly healed over. If the borer is braced 

against the curl of wood growing over the scar (location C in Figure 18) 

it is usually much easier to start smoothly, because the threads on the 

cutting tip can be partially engaged in the bark there. One of a series 

of cores taken along a line extending away from the edge of the scar (D

F in the figure) can sometimes identify a ring which has been damaged 

but continued to grow. Such a sample can be very useful, because it may 

pinpoint the season in which the injury occurred. 
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An excellent core sample can sometimes be obtained by 

backboring from a point opposite the scar (point G, Figure 18). A piece 

of bark held against the tree when the borer is exiting helps to prevent 

the outer few rings from spalling off. If successful, this type of core 

sample can be particularly valuable, because it greatly simplifies the 

task of crossdating with the opposite side of the stem unaffected by the 

injury. Some recent publications describe techniques for sampling fire 

scars with increment borers (Sheppard, Means, and Lassoie, 1988; Barnett 

and Arno, 1988; Means, 1989), and several of these methods are useful 

for sampling flood scars. 

Cross Sections and "V"-Cuts. Cross sections and partial cross 

sections (V-cuts) are generally much easier to work with than cores, and 

may provide considerably more information. Figure 19 shows a ponderosa 

pine before and after a small wedge section was removed with a chain 

saw. Cross sections are particularly useful when there are several scars 

on a single tree, when there is rot present, and when the tree ring 

patterns are difficult to crossdate. Many trees display very complex 

growth patterns resulting from repeated flood or fire damage. These 

growth abnormalities can be extremely difficult or impossible to 

decipher from core samples, but might be easily interpret~d from cross 

sections. However, the collection of cross sections is often infeasible 

or prohibited, for a number of reasons. 

Dating of Scars 

Crossdating. Cross dating is the process of assuring that the 

correct calendar date is assigned to all rings by identifying and 
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accounting for any missing or locally absent rings, "false" rings, or 

unusual or indistinct ring boundaries (Douglass, 1936; Stokes and 

Smiley, 1968). Well-defined methods have been developed to aid in the 

process of accurate and rapid crossdating of tree-ring specimens (Glock, 

1937; Stokes and Smiley, 1968; Dean, 1986). It is made possible by the 

synchronous year-to-year variations in ring widths attributable to the 

limiting effects of climatic variables on tree growth (Fritts, 1976; 

Fritts and Swetnam, 1989). 

Cross dating is important in the preparation of flood 

chronologies, because missing rings in some specimens and not in others 

(a very common occurrence) would make synchronous flood effects appear 

to have happened to different trees at different times, causing a single 

event to appear as several events (Fritts and Swetnam, 1989). If the 

frequency of missing rings is high, a single event may appear to be 

spread over ten years or even more in the early portions of the 

chronology. 

A large reference collection of tree-ring samples and 

chronologies from hundreds of localities in the southwestern United 

States is especially helpful in the dating of samples from new areas and 

situations. Since flood-scarred trees are necessarily growing in areas 

of more adequate moisture supply, there tends to be less agreement in 

the ring width patterns between trees, causing them to be somewhat more 

difficult to crossdate than typical arid-site trees. Collections from 

several drainage basins in Arizona and New Mexico, and from upper Kanab 

Creek in southern Utah have proved to be difficult, but reliably 

crossdatable. 
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Flood Chronologies 

Chronology Preparation. After crossdating is completed, the 

resulting scar dates can be arranged into an event chronology (flood 

chronology in this case), by methods that have been developed for using 

tree-ring data for the interpretation of geologic and geomorphic events 

(Alesta10, 1971; Shroder, 1980; Shroder and Butler, 1987). (Shroder, 

1978; 1980; Hupp, 1984; Hupp, ~ Ai, 1987). The study of fire scars has 

produced an extensive literature and a well-developed method for using 

dendrochronological techniques for the assessment of the frequency and 

severity of forest fires (Stokes, 1980; Alexander, 1979; Dieterich and 

Swetnam, 1984; Swetnam and Dieterich, 1985). 

Many of the techniques used for the analysis and interpretation 

of fire scars may be adapted to the study of flood scars for the purpose 

of reconstructing flood histories. One particularly useful graphical 

technique is to represent the time range of each specimen as horizontal 

lines arranged vertically on a single page, one above the other. Then 

the occurrence of each injury is marked with an arrow at the point on 

the line corresponding to the time of its occurrence. Multiple injuries 

occurring on several trees in the same year are readily apparent on such 

plots. The resulting flood chronologies may then be compared with any 

available flood records for the watershed or from nearby streams. 

Comparative Time Series Analysis. Another technique that may be 

useful in the analysis of flood-affected trees is comparative 

time-series analysis, which allows the effects of regional climate to be 

removed from the growth record of a group of trees, so that the record 

may be analyzed for nonc1imatic variations. TIlis approach has been used 
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for the assessment of air pollution effects (Nash ~ Al, 1975), and the 

effects of forest pests on tree growth (Swetnam, Thompson, and 

Sutherland, 1985; Swetnam and Lynch, 1989). In this method the measured 

ring-width records of trees growing along the floodways are compared 

statistically to the record of a "control chronology" from trees growing 

nearby, but in areas unaffected by flooding. The statistical differences 

between the two chronologies may then be examined for correlation with 

the known flood record. This method was tried using data from a site in 

central Arizona, compared with a hills lope site from relatively nearby. 

Of particular interest are reductions of mean ring width of 

stream channel trees for a few years following a flood. Flood 

damage may cause growth suppressions in some cases, and growth releases 

due to removal of competing vegetation and by wound-response growth in 

others (Hupp, 1984; Shroder, 1976). Because of this possibility of 

simultaneous release and suppression, there may be an increase in the 

variance of ring widths between trees in a population of floodway trees 

for a few years following a large flood, even if there is no overall 

reduction in the mean ring width. 

Annual standard deviations between core indices were computed 

for a group of 6 cores from two trees damaged by the July 1976 flood on 

the Big Thompson River in the Colorado Front Range. The annual 

individual indices, means, and standard deviations were plotted and 

compared. Annual standard deviations of indices between cores were also 

computed for the flood-affected site and the control site in central 

Arizona. The control site standard deviations were subtracted from the 

experimental site (flood-affected) standard deviations, and the residual 
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standard deviations were plotted and examined. Similar chronologies were 

made using the coefficient of variation rather than the standard 

deviation. 

Statistical Tests. Flood-scar dates from four of the sites were 

used to prepare two-way contingency tables, for the periods in which 

there is independent recorded evidence on flood occurrence. For each 

site, the frequency of occurrence of scars in years with major floods is 

tabulated, along with the number of occurrences of scars in non-flood 

years. The number of flood years and non-flood years for which there are 

no scars are also listed. The chi-square test procedure can be used to 

test the hypothesis of independence of bivariate count data arranged in 

such contingency tables, but the low frequ~ncy of expected events (less 

than 5 in more than 20% of the cells) violates the assumptions of the 

test (Walpole and Myers, 1978; Ott, 1984). The Fisher Exact Test for 

contingency analysis is appropriate instead (Sokal, and Rohlf, 1969), 

and is used here. The Fisher exact test calculates directly the 

probabilities of matching the scar dates with the flood dates by chance 

as well as they do. 
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CHAPTER 5 

SITES AND COLLECTIONS 

SITE LOCATIONS AND SPECIES CHECK LIST 

Figure 20 is a map showing the locations of the flood-scar sites 

described in this study. Table 2 lists the sites, along with some 

geographic information and the elevations. Flood scars occur on a wide 

variety of trees in the eastern United States (Sigafoos, 1964; Hupp, 

1983; Lindsey, et aI, 1960; Yanosky, 1982), and elsewhere (Harrison and 

Reid, 1967; Hupp, 1984). I have found flood scars on at least 17 tree 

species, 7 conifer types and 10 deciduous. A species check list has been 

compiled and is presented in Table 3. The species are keyed to the site 

locations. 

Most of the species of conifer on the list have been shown to be 

crossdatable in a variety of localities (Stokes, Drew, and Stockton, 

1973; Drew, 1976; Fritts, 1976), although Arizona cypress (Cupressus 

arizonica) and several species of Juniperus cannot be dated, especially 

in the Southwest, primarily because several rings can be produced in one 

year (Glock,195_; Fritts, 1976). False rings in these species are often 

impossible to distinguish from true rings (Stokes and Smiley, 1968), and 

the frequency of locally absent rings can be very high. It is not 

uncommon in juniper for there to be ten or more years of growth missing 

between two adjacent rings on a particular radius, even though rings for 

those years may be present on other radii. Arizona cypress has not been 
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Figure 20. Map of flood scar sites in Arizona, New Mexico, and Utah. 
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TABLE 2. Locations of flood scar sites 

No. Site Name 

Arizona 
1. Rattlesnake Canyon 
2. Dry Beaver Creek 
3. Oak Creek 
4. Sterling Canyon 
5. Eagle Creek 
6. Ruelas Canyon 
7. Cochie Canyon 
8. " Sabino Creek 
9. Madera Canyon 

10. Rhyolite Canyon 
11. Sarah Deming Canyon 

Colorado 
12. Big Thompson River 
13. Roaring River 
14. Upper Colorado River 
15. Buchanan Creek 

New Mexico 
16. Cottonwood Canyon 
17. Dangerous Park Canyon 
18. Brushy Canyon 

Utah 
19. Kanab Creek 
20. Escalante River 

Location 

Mogollon Rim 
Mogollon Rim 
Mogollon Rim 
Mogollon Rim 
Mogoll on Rim 
Tortolita Mts 
Tortolita Mts 
Santa Catalina Mts 
Santa Rita Mts 
Chiricahua Mts 
Chiricahua Mts 

Colorado Front Range 
Colorado Front Range 
Colorado Front Range 
Colorado Front Range 

Apache Nat. For. 
Apache Nat. For. 
Apache Nat. For. 

White Cliffs 
South-central Utah 

Elevation 
(meters) 

1920 
1160 
1600 
1554 
1646 

960 
869 

1951 
1829 
1707 
1829 

2121 
29R7 
2(,94 
2560 

1951 
1939 
1829 

1900 
1524 
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Table 3. Species Check List of Flood-scarred Trees. 

CONIFERS 

Pinus ponderosa - Ponderosa pine 
AZ: Rattlesnake Canyon, Rhyolite Canyon, Sterling Canyon 

Madera Canyon, Oak Creek 
CO: Big Thompson River, Roaring River 
NM: Cottonwood Canyon, Dangerous Park Canyon, Brushy Canyon 
UT: Kanab Creek 

Pinus edulis - Colorado pinyon 
AZ: Rattlesnake Canyon 

Pinus contorta - Lodgepole pine 
CO: Roaring River, Upper Colorado River 

Pseudotsuga menziesii - Douglas fir 
CO: Big Thompson River, Roaring River 

Picea engelmannii - Engelmann spruce 
CO: Big Thompson River, Roaring River, Buchanan Creek 

Juniperus sp. - Juniper 
NM: Brushy Canyon 

Cupressus arizona - Arizona cypress 
AZ: Oak Creek Canyon tributary 

ANGIOSPERMS (Deciduous Species) 

Populus fremontii - Fremont cottonwood 
AZ: Oak Creek Canyon 
CO: Big Thompson River 
NM: San Francisco River 
UT: Escalante River and tributaries 

Populus tremuloides - Quaking aspen 
CO: Roaring River, Big Thompson River 

Platanus wrightii - Arizona sycamore 
AZ: Oak Creek Canyon, Eagle Creek, Dry Beaver Creek, 

Rattlesnake Canyon 
Fraxinus sp. - Ash 

AZ: Sabino Canyon, Oak Creek Canyon 
Quercus sp. - Oak 

AZ: Oak Creek Canyon, Rattlesnake Canyon 
Acer neguno - Boxelder 

CO: Sand Canyon (tributary in San Juan River system) 
Juglans major - Arizona walnut 

AZ: Rattlesnake Canyon 
Salix gooddingi - Goodding willow 

AZ: Ruelas Canyon 
Prosopis iuliflora - Mesquite 

AZ: Ruelas Canyon, Cochie Canyon 
Malus sylvestris - Apple 

CO: Big Thompson River 
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successfully crossdated, but at least one other species of Cupressus has 

been (Fritts, 1976). 

It is not known with certainty whether all of the deciduous 

species are datable, but at least one species of some of the genera are 

kr.owYl to have been crossdated (Fritts, 1976). Several of the species 

have distinct rings, indicating that they can probably be crossdated, at 

least to some extent. Cottonwood (Populus fremontii) can sometimes be 

dated with difficulty, but the ring boundaries are very faint, and the 

growth patterns are often quite complacent, especially in trees growing 

very near perennial streams. 

ARIZONA SITES 

Central Arizona: Mogollon Rim Region 

Rattlesnake Canyon. I made a collection of cores from a large 

population of flood-scarred ponderosa pine and pinyon trees in 

Rattlesnake Canyon, a tributary to Dry Beaver Creek in the Verde River 

system (Figure 21). Rattlesnake Canyon is a narrow V-shaped canyon, 

about 100 m deep, cut into Late Cenozoic basalts of the Mogollon Rim. 

There 1.s a stream gage just below the point where Interstate 17 crosses 

the channel; the drainage basin area above the gage is 63.7 km2 • The 

channel is steep and composed mostly of boulders and cobbles. Some of 

the boulders making up the channel bed are over a meter in diameter. 

The vegetation type in this area is primarily pinyon-juniper 

(Lowe, 1961), with a few small ponderosa pines. Right along the stream 
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channel at the bottom of the canyon there are large mature ponderosa 

pines, about half of which are scarred on the upstream-facing side near 

the base. There are also a few fairly large scarred pinyons in this same 

area. The reach containing the scarred trees is at least 3 km in length. 

I collected core samples from seven of the scarred trees pinyons and 

ponderosa pines, and from about 14 unscarred trees. I also collected 

partial cross sections, or "V-cuts", from two large ponderosa pine trees 

containing at least three scars each. 

A problem at this site is the amount of rot found in the scarred 

trees, making it very difficult to date some of the specimens, 

especially the ones with multiple scars. the same situation is evident 

in another low-elevation site in a canyon of the Chiricahua Mountains. 

Possibly the resin production and resulting protection from rot is not 

as copious in flood-scarred ponderosa as it is in fire-scarred pines. 

Oak Creek. Oak Creek (Figure 22) is a major tributary of the 

Verde River in central Arizona, with a drainage area of about 925 km2 

above the gage near the mouth at Cornville, Arizona. Oak Creek is a 

perennial stream with many scarred trees, mostly hardwoods, growing 

along its lower reaches in Oak Creek Canyon. There is a single scarred 

ponderosa pine growing near the water's edge in the upper reaches of the 

Canyon just below the confluence of the West Fork tributary. Below this 

level the ponderosas do not grow near enough to the level of the creek 

to become scarred. This tree has two scars on its upstream side; I took 

core samples from both of the scars. 
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Figure 22. Oak Creek drainage basin. 
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Sterling Canyon. Sterling Canyon (Figure 23), a small basin of 

about 5 km2 northwest of Sedona, Arizona. The Canyon drains to the 

southwest from just west of Oak Creek into Dry Creek, which in turn 

drains into the Verde River west of Sedona. I found several scarred 

ponderosa pines along the creek bed in Sterling Canyon and collected 

cores from two of them, and from five undamaged trees. 

Southern Arizona 

Santa Rita Mountains: Madera Canyon. Madera Canyon is a roughly 

circular basin of about 20 km2 draining the northwest part of the Santa 

Rita Mountains south of Tucson (Figure 24). A ponderosa pine growing 

next to the channel in a very steep segment is badly scarred on the 

upstream side, from its base to a height of about 2 meters. The bark has 

been removed from over half the circumference, and many large splinters 

of wood have been torn loose from the bole (Figure 25). Angular rock 

fragments up to 5 cm in length are wedged in the splintered outer 

portion of the trunk. There is some smooth wood present in the scar, and 

I extracted core samples from this area and from the undamaged 

downstream side of the tree. Core samples were also taken from a nearby 

undamaged tree. 

Santa Catalina Mountains: Sabino Canyon. There are numerous 

scarred ash trees in and along the channel of Upper Sabino Creek in the 

Santa Catalina Mountains north of Tucson (Figure 26). Ponderosa pine is 

quite common in this area, but apparently does not grow close enough to 

the stream channel to sustain flood damage. Increment core samples were 
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Figure 24. Madera Canyon drainage basin. 



Figure 25. Badly damaged ponderosa pine in Madera Canyon. 00 
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Figure 26. Sabino Creek above Lemmon Creek drainage basin. 
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taken from an ash about 2 km below the junction of the creek with Box 

Spring Trail. The tree is in almost the center of the channel with its 

roots in the water, and has 3 relatively recent scars very near its 

base. A fourth and larger scar on this tree is nearly healed over; the 

inside of several of the core samples intersected this older scar. This 

was the only deciduous tree in Arizona that I sampled. The site is 2 or 

3 km below a gaging station marked on the map, but I have been unable to 

locate any records for this station, which may be abandoned. Another 

gage considerably lower in the watershed has a record beginning in 1933. 

Chiricahua National Monument: Rhyolite Canyon. I made 

collections from several scarred ponderosa pines in Rhyolite Canyon in 

Chiricahua National Monument, and in Sarah Deming Canyon, a tributary 

drainage (Figure 27). Sampling of these trees was made difficult by the 

presence of rot in the scarred area on a number of them. These trees are 

at quite low elevations for ponderosa (5800-6000 ft), which may have 

something to do with the high incidence of rot. 

Deciduous Localities 

I noted numerous scarred sycamore trees along Eagle Creek north 

of Morenci, Arizona (Figure 20), and along Dry Beaver Creek and Oak 

Creek in the Verde River drainage system. There are also scarred oak and 

ash trees in Oak Creek Canyon, especially in the lower reaches. No 

collections of sycamore or oak have been made, although both species 

exhibit a well-defined ring structure and may offer some potential as 

"paleodendrodiluvial indicators". Field observations suggest that these 



~ 
0 1 2 

km 

Cont our I n t f:rvt.l 200ft 

Figure 27 . Rhyolite and Sarah Deming drainage basins. 
\0 
0 



91 

trees tend to grow in situations where they are likely to become scarred 

much more frequently than the ponderosa and pinyon growing in the upper 

reaches of the streams. However, these species are not likely to live 

longer than one or two hundred years, and typically less than a hundred. 

In the dry streambeds of Ruelas and Cochie Canyons, on the 

southwest flank of the Tortolita Mountains near Tucson (Figure 20), 

there are scarred mesquite (Prosopis lulif10ra) and a scarred Goodding 

willow (Salix gooddingii). The elevation of these sites is about 900 

meters. No collections were made of these trees, but they may offer some 

potential for the reconstruction of flood events in desert environments. 

COLORADO SITES 

Big Thompson River. The flood of July, 1976 on the Big Thompson 

River in the Colorado Front Range is a classic example of a rare 

hydrologic event that caused enormous damage and loss of life (Costa, 

1978; McCain, et aI, 1979). This flood was four times larger than any 

previously recorded flood on the Big Thompson. I visited the Big 

Thompson River and observed at least 50 scarred trees along the river 

between Estes Park and the mouth of the canyon (Figure 28). Scars were 

present on Douglas fir (Pseudotsuga menziesii), ponderosa pine (Pinus 

ponderosa) , Engelmann spruce (Pieea engelmannii) , quaking aspen 

(Populus tremuloides), and cottonwood (Populus fremontii) and apple 

(Malus sylvestris). Increment core samples were collected from two 

ponderosa pines and two Douglas firs, and from an unaffected Douglas 

fir. 
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Roaring River. The Roaring River is a small tributary of the 

Big Thompson River, in kocky Mountain National Park. In July of 1982 the 

sudden failure of Lawn Lake Dam caused a catastrophic flood on this 

river, resulting in tremendous damage (Figure 29), including extensive 

channel scouring and widespread destruction of hundreds of trees along 

the length of the river (Jarrett and Costa, 1986). I visited this area 

and found damage on five species of trees: lodgepole pine, ponderosa 

pine, Douglas fir, Engelmann spruce, and quaking aspen. A great many of 

the trees damaged by this flood were killed rather than just scarred. 

Many of the trees apparently were toppled over due to bank failure 

caused by the deep channel scouring (Figure 30), and then swept away. 

The redeposited trees are littered like matchsticks along several 

reaches of the stream, piled up several meters high (Figure 31). There 

are surviving scarred trees in some of the lower-gradient reaches, and 

where bedrock prevented extensive channel scouring. I collected core 

samples from one scarred spruce and one lodgepole pine. 

Colorado River. In the upper reaches of the main stem Colorado 

River near its headwaters in Rocky Mountain National Park there is a 

group of scarred lodgepole pine. The Colorado in this region is a 

shallow, strongly meandering stream, with a narrow channel in a broad, 

boggy alluvial valley. The stream gradient is relatively low along here 

(0.0076) compared to other streams in this study. Cores were collected 

from one tree next to the channel. There are scars on many of the trees, 

but they are mostly small, some on the sides facing away from the river, 

and a few are on the downstream sides. Most, however, are facing 

upstream. It may be that the damage to these trees is caused by ice jams 
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Figure 29. Flood damage to vegetation along Roaring River . 
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Figure 30. Damaged and destroyed trees along Roaring River. 
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Figure 31. Log jams of redeposited trees, Roaring River. 
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rather than large high-energy floods. I also observed a spruce tree with 

a scar on its upstream side on the bank of Buchanan Creek, near where it 

feeds into Monarch Lake, several kilometers to the south. 

NEW MEXICO SITES 

New Mexico. In the vicinity of Reserve, New Mexico, I noted 

several flood-scarred ponderosa pines growing in the drainageways of 

three tributaries in the upper reaches of the San Francisco River. I 

collected cores from two scarred trees in Cottonwood Canyon and 

Dangerous Park Canyon (Figure 32) near Pueblo Creek southeast of 

Reserve, New Mexico. Cottonwood and Dangerous Park Canyons are 

tributaries of the San Francisco River near Reserve, New Mexico. They 

are east of the Blue River in the Gila River system. I collected cores 

from two trees in thim area, both of which contained at least three 

scars. I made observations on scar heights and distribution of scarred 

trees in Brushy Canyon (Figure 33), a small canyon south of Reserve. I 

also saw scars on ponderosas in stream channels on a road leading to 

Eagle Peak, east of Reserve, but was unable to make any collection. 

The San Francisco River is a relatively small perennial stream 

in its upper reaches west of Luna, New Mexico. Just below the confluence 

with Stone Creek, it flows through a narrow canyon cut about 20-30 

meters deep into basalt bedrock. There are several fairly young 

ponderosa pine growing just out of the stream in the canyon bottom, many 

of them with flood debris on their upstream sides at about two meters 

above the water level, but they are not scarred. I took increment cores 
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Figure 33. Brushy Canyon drainage basin. 
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from three of these, and from four other trees unscarred from above the 

canyon. 

UTAH SITES 

Escalante River. I helped R. H. Webb of the U.S. Geological 

Survey make a large collection of cores from scarred cottonwood trees 

along the Escalante River main channel downstream of the town of 

Escalante. In this area the river flows through a narrow, deep bedrock 

channel incised inco Mesozoic sediments, mostly sandstones. Floods are 

confined by the sandstone walls, and have caused extensive damage on the 

upstream sides of numerous cottonwoods on low terraces along the 

channel. 

Kanab Creek. Spence Smith, a fellow graduate student, made a 

collection of core samples from a group of flood-scarred ponderosa pines 

growing in the upper reaches of l:an.lb Creek, north of Kanab, Utah 

(Figure 34). The trees are growing on low terraces and at the water's 

edge in a canyon where the stream passes down through the White Cliffs. 

Many of the trees bear mUltiple scars up to 2 m above the channel. This 

group of trees was described by Smith and McCord (1986) in a preliminary 

study of flood events recorded by scarred trees, and the specimens were 

eventually given to me for further analysis. 
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CHAPTER 6 

RESULTS: COMPARISON OF SCAR DATES WITH FLOOD RECORDS 

INDIVIDUAL SITES 

Arizona Sites 

Rattlesnake Canyon. The flood event chronology for Rattlesnake 

Canyon is shown in Figure 35. Several events are evident, two with 

mUltiple scars in 1919 and 1970, and earlier events in 1828, 1831, 1852, 

1890, and in 1905. These dates agree quite well with the known flood 

record. Major floods occurred on the Verde River in 1891, 1905 and 1919, 

and on almost all of the streams in the area in 1970, including the 

mainstem Verde River. The 1970 flood was the eighth largest flood of 

record on the Verde River, for the systematic gage period of 1925-1980. 

The scars for 1890, 1905 and 1919 were probably caused by the same 

conditions that produced the very high flows of 1891, 1905 and 1919 on 

the main channel of the Verde river. The tree ring record length here is 

267 years. I have no independent flood data for central Arizona before 

1862. 

The gage on Rattlesnake Canyon has only been present since 1958, 

but the second highest peak flow which occurred during that period was 

in September of 1970, resulting from tropical storm Norma. This storm 

was an extremely intense short duration event which set an all-time 

24-hour record for precipitation in the state. As was discussed in 

Chapter 1, streamflow reconstructions based on the time-series analysis 

of regional ring widths did not detect this flood, since it occurred at 



1700 1800 1900 1985 
. I 

I 

-.:r -- · ---- I 
I f 

I 

I I 
--I f -~-f --. 

JJf. 1r " · II -..-

V -. 

V 
• · . T 

- Y 

'1700 1800 ·1900 1985 

Rattlesnake Canyo~, Arizona 
Figure 35. Flood event chronology from Rattlesnake Canyon. ...... 

o 
w 



104 

the end of the growing season in a year of relatively moderate 

precipitation, and the widths for that year and the following year were 

average or below average (Smith, 1981; Graybill, 1986). 

Oak Creek. The ponderosa pine from Oak Creek had two scars, 

yielding outer dates of 1885 and 1937, in perfect agreement with the 

known flood record. The largest flow in the record at Oak Creek is a 

historical peak in 1885, and the second largest occurred in March of 

1938, three years before the start of the systematic gage record. Since 

the tree would not yet have produced any wood for 1938, the outermost 

ring would be 1937. 

Sterling Canyon. One of the two scars collected has an outer 

date of 1936, and the other one dates to the end of the growing season 

of 1960. There is no flood record on Sterling Canyon, but there was 

undoubtedly a large flow in March of 1938, as there was in Oak Creek and 

on the Verde below Tangle Creek, and on several other stations in 

central and southern Arizona. There is always the danger that the 

outermost ring or rings may be lost during the collection or preparation 

of the core, and that is probably what happened in this case. No floods 

are recorded from central Arizona for 1960, but in searching the daily 

precipitation records for several nearby stations (discussed in Chapter 

2), I found that an extremely intense local rainstorm occurred in August 

of 1960. This storm may well have caused a flash flood in Sterling 

Canyon. 

Madera Canyon. The large scar on the ponderosa pine from this 

Santa Rita Mountain site dates to late 1983 (latewood present) or the 

1983/1984 dormant season. It was most likely caused by the catastrophic 
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flood of October 1983, which caused widespread damage throughout 

southern Arizona (Saarinson, ~ a1, 1984). During the period of 

flooding, an in~ense cell of rain developed over the Santa Rita 

Mountains, according Jim Eychaner (USGS Tucson Office). Also, there is a 

completely healed-over scar at the outer part of the 1951 latewood in 

this tree. According to Sellers and Hill (1974) a hurricane from the 

Carribean Sea crossed over northern Mexico in August of 1951 and 

dissipated in the Pacific Ocean. A deep surge of moist tropical air was 

drawn into Arizona from the Pacific Ocean, and the storm that was 

touched off produced very heavy precipitation (over 30 em in the 

Bradshaw and Mazatzal Mountains). Severe flooding resulted in many parts 

of the state (Sellers and Hill,1974; Durrenburger and Ingram, 1978), and 

the storm produced the most extreme rainfall to date for many Arizona 

stations. Figure 36 shows the locations of these stations compiled from 

Smith (1956). Oddly enough, October 1951 was even more extreme for 

several southern Arizona stations near the Santa Rita Mountains. 

Sabino Canyon. Within-tree crossdating was excellent between 

the 6 cores taken from the scarred ash tree (Fraxinus sp.), even though 

the tree had its roots directly in the flowing water. The 3 scar dates 

corresponded to the 3 highest stage floods of record for the Sabino 

gage: 1966, 1970, and 1977. Not enough material was collected to 

confidently date the oldest, nearly healed scar, but it can be 

tentatively dated to 1914, 1915, or 1916, based on wound-response tissue 

at the inside points of some of the cores which intersected this scar. 

The Sabino record does not start until 1933, but there were large floods 
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in December 1914 on the Santa Cruz River and on Rillito Creek, both 

nearby. 
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I looked for within-ring anomalies like Yanosky had reported 

(1983) for flood-defoliated ash on the Potomac River, but I could not 

find any structures that looked like the "flood rings" he described. I 

tabulated the occurrence of some within-ring discolored zones, but found 

them to be very poorly correlated within the tree. They had virtually no 

relationship at all to the flood record or the total flow volume 

history. 

New Mexico Sites 

Cottonwood Canyon and Dangerous Park Canyon. Not all of the 

scars could be dated, but tentative results give dates of 1912, 1928, 

1931, and 1965. There is no record for these Creeks, but the largest 

floods for Eagle Creek (a few miles to the East) are February 1932, 

december 1965, and October 1972. The 1931 and 1965 scar dates may have 

been caused by the 1932 and 1966 floods. 

Utah Sites 

Kanab Creek. Flood dates for Kanab Creek are shown in Figure 

37. The record length is slightly more than 500 years, and scars of some 

description are present in 18 different years, as indicated on the line 

plot at the bottom of the figure. If only those years are considered in 

which more than one scar occurs, then there are only five dates: 1520, 

1866, 1872, 1910, and 1916. The list of historical dates for floods on 

Kanab Creek which I obtained from Smith (1987) was 1872, 1873, 1909, and 
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1916. The country was settled around 1870, so the 1866 flood would not 

have been remembered, nor the one in 1520. The 1873 flood does not seem 

to be recorded as a scar, even though some of the scarred trees were 

present in 1873. 

What is quite puzzling is the presence of a scar after the 1910 

1atewood in at least two different trees, when the known flood was in 

August of 1909. None of the 1910 ring would have been produced by that 

time. Since this collection is from a relatively well-watered location 

and the ring series are fairly complacent, it is conceivable that there 

is an error in the crossdating. This is a distinct possibility, since 

the series has both "missing" and "false" rings. The period prior to 

1866 is interesting because it is in agreement with Webb's (1985) 

findings from slackwater deposits on the Escalante. He found that there 

had been several large floods around the turn of the century, but the 

latest one before that was radiocarbon dated at about four or five 

hundred years ago. 

REGIONAL RESULTS 

Graphical Compa~isons. Flood scar dates and known flood record 

dates for some stations are summarized in Table 4, and in Figure 38, 

indicating that the agreement between flood scars and the known flood 

record is in general quite good. 

Statistical Tests. Table 5 presents the results from four of 

the sites as two-way contingency tables, for the periods in which there 

is independent recorded evidence on flood occurrence. For each site, the 

frequency of occurrence of scars in years with major floods is 
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Table 4. Flood Data Compiled from Stream Gage Records. 
* indicates scar date from same or nearby watershed. 

Station Name 
ecor en t Rank 

Water 
llir 

~nnual Peak 
12Iscfiar e, cis 

Date of 
I1QQ4 

Central, 6rizona 
Verde River 191B 35,500 HP 8 MAR 18 
at Clarkdale * 1920 50,600 HP 21 FEB 20 
1966-1980 1 1978 25,000 1 MAR 78 

2 1967 22,500 6 DEC 66 
3 1979 19,900 18 DEC 78 

Oak Creek * 1885 >1938 HP 
near Cornville * 1938 >1979 HP 3 MAR 38 
1941-1980 1 1979 25,100 19 DEC 78 

2 * 1970 24,700 5 SEP 70 
3 1967 19,200 6 DEC 66 
4 1966 17,600 25 NOV 65 
5 1978 17,400 1 MAR 78 

Rattlesnake Canyon 1 1980 4,000 14 FEB 80 
near Rimrock 2 * 1970 3,590 5 SEP 70 
1958-1980 3 1979 2,850 18 DEC 78 

Red Tank Draw 1 * 1970 10,500 5 SEP 70 
near Rimrock 2 1980 6,000 ? FEB 80 
1958-1980 3 1973 2,720 19 OCT 72 

Verde River below 1888 >1891 HP 
Tan~le Creek * 1891 150,000 HP 24 FEB 91 
192 -1980 * 1906 96,000 HP 27 NOV 05 

1 * 1938 95,000 4 MAR 38 
2 1980 94,800 15 FEB 80 
3 1979 94,000 19 DEC 78 
4 1978 91,400 1 MAR 78 
5 1952 81,600 31 DEC 51 

Southern Arizona 
Sabino Creek 1 * 1970 7 730 6 SEP 70 
near Tucson 2 * 1978 (>1~70?) OCT 77 ~MAR 78 
1933-1984 3 1979 7,400 18 D C 78 

4 * 1966 6,400 10 AUG 66 
5 1984 6,300 1 OCT 83 

Sonoita Creek 1 * 1984 16,000 2 OCT 83 
near Patagonia 2 1946 14,000 30 SEP 46 
1930-1984 3 1934 11,000 -- OCT 33 

4 1978 7,330 9 NOV 77 
5 1950 7,300 30 JUL 50 

Rillito Creek 1 * 1984 29,700 2 OCT 83 
near Tucson 2 1929 24,000 23 SEP 29 
1915-1984 3 * 1915 17,000 23 DEC 14 

4 1979 16,400 18 DEC 78 
5 1921 16,000 3 JUL 21 

Southeastern Arizona 
Eagle Creek * 1932 13,000 HP 10 FEB 32 
near Morenci 1 * 1966 21,000 30 DEC 65 
1944-1975 2 1973 14,000 19 OCT 72 

3 1964 8,620 15 JUL 64 
4 1967 7,650 12 AUG 67 
5 1944 7,500 

Gila River 1906 HP 
near Solomon 1 1916 100,000 19 JAN 16 
1914-1975 2 1973 82,400 20 OCT 72 

3 * 1966 43,000 22 DEC 65 
4 1975 35,000 9 SEP 75 
5 1967 34,800 12 AUG 67 

San Simon River * 1880 HP 
near Solomon 1 1931 27,500 9 AUG 31 

2 1941 13,000 17 AUG 41 
3 1935 12,000 1 AUG 35 
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Table 5. Comparison of Scar Dates and Flood Dates. 

Major Flood Occurrence 

Presence 
Rattlesnake Can~on Site 
Flood No Flood Totnl Fisher Exact Probability of 

of Scar Occurrence by Chance 

Scar 1 0 1 
0.0870 

No Scar 1 21 22 

Total 2 21 23 

Oak Creek Can~on Site 
Presence Flood No Flood Total Fisher Exact Probability of 
of Scar Occurrence by Chance 

Scar 2 0 2 
0.0033 

No Scar 4 90 94 

Total 6 90 96 

Sabino Can~on Site 
Presence Flood No Flood Total Fisher Exact Probability of 
of Scar Occurrence by Chance 

Scar 3 0 3 
0.0005 

No Scar 2 47 49 

Total 5 47 52 

Kanab Creek Site 
Presence Flood No Flood Total Fisher Exact Probability of 
of Scar Occurrence by Chance 

Scar 2 1 3 
0.0028 

No Scar 2 109 111 

Total 4 110 114 
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tabulated, along with the number of occurrences of scars in non-flood 

years. The number of flood years and non-flood years for which there are 

no scars are also listed. In all but one of the sites (Kanab Creek, 

Utah) there were no occurrences of scars in years that did not have 

major floods. What happened in most cases was that the scars were in the 

same years as the two or three highest flows of record. The one 

occurrence at the Kanab Creek site of a scar in a non-flood year may be 

related to a dating error, as discussed earlier. 

As was discussed in Chapter 4, the Fisher Exact Test is 

appropriate for testing the hypothesis of independence of the data here 

instead of the chi-square test, because the frequency of expected events 

is less than 5 in more than 20% of the cells.The probabilities of 

matching the scar dates with the flood dates by chance as well as they 

do is extremely low, considerably less than one chance in a thousand for 

the three Arizona sites. Even for the Kanab Creek site where a scar may 

have been produced in a non-flood year the probability is less than one 

in a hundred that such good agreement would happen by chance. 

Complications from Fire Scars. At higher elevations where there 

is extensive ponderosa pine and Douglas-fir forest, flood scars do 

develop, but the situation is somewhat complicated by the presence of 

fire scars. The greater vegetational density of these community types 

produces a much more extensive and continuous supply of fuel, allowing 

periodic forest fires to propagate freely, causing fire scars on many of 

the trees. Great care would have to be taken with collections of flood 

scars made in these situations to ensure that no fire scars are mistaken 

for flood scars. Ideally, a separate fire-history study should be made 



in the area, so that the likely fire dates would be known. This would 

greatly increase the work load involved, and I have not done fire 

history reconstructions at any of my sites. 
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I made a collection of cores from the upper reaches of 

Rattlesnake Canyon in mixed ponderosa Douglas-fir forest type, where 

there are numerous trees along the creek bottom with scars on the 

upstream sides. Many of these scars contain charcoal, indicating that at 

least some of them were made by forest fires. These cores have been 

dated, and the scars all date to 1880 or 1879, neither of which 

coincides with any of the dates obtained from the flood-scarred trees 

growing lower in the same Jraiilage under more xeric conditions. 

According to Caprio, ~ al (1989), both 1879 and 1880 were major fire 

years in the Southwest. 

Comparative Time Series Analysis. Results are presented in 

Figure 39-44. The results were interesting, but not conclusive. Ring 

widths of some of the trees I collected in Rattlesnake Canyon and from 

the Big Thompson River in Colorado exhibit mild growth suppressions and 

releases, and in some cases the variance increases following a flood, 

but the effect is not severe, and it would be very difficult to identify 

flood years in the data sets without prior knowledge of them. 
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METHODS 

CHAPTER 7 

RECONSTRUCTION OF FLOW DYNAMICS 

Pa1eostage Indicators. 
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Flood-scarred trees may be used to estimate the depth of flow of 

paleofloods. The height of the top of the scar above the channel bottom 

provides a minimum estimate of flood stage. When pa1eostage information 

is established, the data may be transformed to discharge estimates, 

using standard slope-area (Dalrymple and Benson, 1967) or step-backwater 

(HEC-2; Feldman, 1961) calculations. By sampling a population of scarred 

trees along a fairly long reach of stream, it should be possible to 

produce a "complete catalog" of floods exceeding a known censoring level 

for the period of reconstruction. 

The censoring level is defined by the threshold of minimum flood 

power needed to cause scarring, but the number of trees necessary to 

supply the required complete catalog of events has not yet been 

determined. This paleoflood information may then be used along with the 

available systematic flood record for flood frequency analysis using one 

of the standard statistical methods available (U.S.Water Resources 

Council, 1982; Stedinger and Cohn 1986, 1987). No attempt at flood 

frequency analysis has been made in this study. 
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Flood Power. 

Peak flood discharge is the commonly used measure of flood 

magnitude, but it is not a reliable estimator of flood power. It is true 

that sediment transport increases with discharge "at-a-station" 

(Leopold, et al, 1964; Chorley, Schumm, and Sugden, 1984), but the 

ability of a stream to erode and transport sediment is also related to 

channel slope (Bagnold, 1966; Bull, 1979; Baker and Costa, 1987). Thus 

relatively small streams with very steep slopes may develop many times 

the erosive power per unit area of bed than much larger low-gradient 

rivers like the Mississippi and Amazon. 

Stream power per unit length of stream, or the time rate of 

energy supply as it descends the gravity slope (Bagnold, 1966) may be 

expressed as 

o - -yQS, (1) 

where Q is discharge in m3s·1 , S is slope, and -y is the specific weight 

of the transporting fluid, in Newtons per cubic meter (9800 Nm·3 for 

clear water). Discharge is calculated by 

Q - wDv, (2) 

where w is the flow width, D is depth, and v is velocity (m·I ). 

Stream power per unit length is expressed in units of watts per meter 

(Wm·I ). Power per unit area of bed, or unit stream power (Bagnold, 1966) 

is given in watts per square meter (Wm·2) by 

w - O/w. (3) 



123 

Stream power is the driving term in the expression of the 

erosional threshold of critical stream power (Bull, 1979), defining the 

relationship between available stream power and the resistance to 

erosion by the substrate. Net erosion of the streambed begins when the 

ratio of available power to resistance exceeds unity. Below this 

threshold net aggradation of the bed results. Calculation of stream 

power requires that the discharge be estimated, which can be difficult 

for paleofloods, since the velocity must be known, and it cannot be 

directly measured. 

Shear Stress. A useful measure of the ability of rivers to 

erode and transport sediment is channel boundary shear stress, or 

tractive force. Shear stress indicates the downslope component of the 

fluid weight exerted against a particle on the stream bed (Ritter, 

1978), and is expressed as force per unit area (Newtons per square 

meter, Nm'2) , given by the formula 

T - "YRS (4) 

where T is shear stress, "Y is specific weight of the water, R is the 

hydraulic radius (depth divided by the length of the wetted channel 

perimeter), and S is the energy slope (Ritter, 1978; Baker and Costa, 

1987). In practice, flow depth D may be substituted for hydraulic 

radius, and the channel gradient may be used as an expedient substitute 

for energy slope. Shear stress computed with flow depth is given by the 

formula 

(5) 
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Minimum flow depth may be estimated from scar height, and the 

channel gradient may be directly measured. Shear stress is thus 

relatively easy to estimate for a paleoflood and can be used as a 

diagnostic hydraulic variable to determine the flow competence, or the 

maximum size particle of coarse sediment that can be moved by a given 

flood (Scott and Gravlee, 1968; Komar, 1970, 1988; Baker, 1974; Baker 

and Ritter, 1975; Ritter, 1978). Shoar stress was calculated for most of 

the study sites, using scar height as paleostage indicators, and channel 

gradient estimates from topographic maps. 

The accuracy of shear stress estimates calculated with flow 

depth is dependent in turn on the accuracy of the flow depth estimation. 

It would be desirable to test the reliability of flood scar heights as 

paleoflood stage estimators, or pa1eostage indicators. Calculation of 

discharge using scar height to estimate flow depth would provide test 

data that could be compared to independent stream gage discharge 

records. 

Boulder Movement. The competence of a stream to move 

sedimentary particles of a particular size has a direct bearing on what 

type of debris causes scarring of trees. If the stream is not competent 

to move bed materials as large as boulders and cobbles, then it may be 

more likely that the typical scarring agent is floating logs rather than 

materials entrained from the streambed. Repeated impact by pebbles and 

coarse sand may be able to abrade bark, but it is difficult to see how 

such a process could avoid scarring the base of the tree, as is often 

the case. Accordingly, I have attempted to calculate the relative 

stability of the larger available bedload materials during one of the 
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floods that produced scars on several trees at Rattlesnake Canyon in 

central Arizona. 

Komar (1970) showed that the Shields equation could be adapted 

for use with sedimentary particles exceeding about 7mm in diameter, and 

expressed it as 

Tc - 0.06("Y5 - "Yr) g d , (6) 

where Tc is the critical threshold shear stress at which a particle of 

diameter d will begin to move, ("Y. - "Yr) is the density difference 

between the sedimentary particle and the transporting fluid, and g is 

the acceleration of gravity. Baker (1974) expressed the rearranged 

equation in dimensionless form as 

~f._DS 

"Y. - "Yr d 0.06 , (7) 

where "Yr and "Ys are the specific weights of the water and the sediment. 

In general then, since specific weight equals density times g, the 

maximum size particle that will be moved under a given set of shear 

conditions can be expressed by 

d - i2.r. DS (8) 
0.06 ("Y. - "Yr) 

I have been able to make reasonable estimates of all of these quantities 

for the Rattlesnake Canyon site. 

As an alternative to the empirical hydraulic approach, Graf 

(1979) outlines a method of determining the relative stability of a 
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boulder submerged or partly submerged in flowing water that involves 

calculating a first approximation to the resistance of the boulder and 

the force of the flowing water against the boulder. The resistance of 

the boulder is given by 

r - Jj(-ys - 'Yr) V g cos f3, (9) 

and the force exerted on the boulder is approximated by 

f-pAv2. (10) 

The boulder is considered to be a cube of size d with one face normal to 

the direction of flow. In these formulas, Jj is the coefficient of static 

friction, V is the volume of the boulder, A is the Area exposed to the 

current, f3 is the stream gradient angle in degrees, and v is the flow 

velocity. The other symbols are as previously defined, except that here 

d is the length of the side of the cube. For most streams the gradient 

is low enough that the value of cos f3 is very near unity, and can be 

ignored. Flow velocity must be computed using the Manning equation, 

described in the next section. If the computed force of the water f 

against the boulder is greater than the resistance r, then the boulder 

is potentially unstable, and is likely to move. 

Calculation of Peak Discharge 

Scar Height as Pa1eostage Indicator. In order to assess whether 

or not the scar height above the channel can be used as a reliable 

pa1eostage indicator, I attempted to reconstruct the discharge at two of 
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my flood scar sites where some independent gage data was available, and 

where it was possible to make a reasonably accurate approximation of the 

channel gradient and cross-section from my field notes and from 

topographic maps. Ideally, surveyed channel data should be used, but 

none was available, and the accuracy of the results is therefore 

somewhat suspect. However, the approach seemed justified as a first 

approximation, and discharges were calculated for Rattlesnake Canyon, 

and for the Big Thompson River above the gage at Drake, Colorado. 

Slope-Area Method. The slope-area method (Dalrymple and Benson 

1967), is the standard technique used by the U.S. Geological Survey for 

the measurement of peak discharge. The method uses a variation of the 

Chezy equation known as the Manning equation, derived by Manning in 1889 

(Ritter, 1978). 

The velocity form of the equation for metric units is given by 

v - -L R213 Sl/2 , 
n 

(11) 

where n is the Manning roughness coefficient, and Rand S are the 

hydraulic radius and the energy slope. It may not always be possible to 

obtain a value for the energy slope, and the channel gradient is 

sometimes used (Ritter, 1978; Chorley, ~ aI, 1984). The equation may be 

written in terms of discharge (Dalrymple and Benson, 1967) as 

Q - -L A R2/3 Sl/2 , 
n 

where A is the channel cross-sectional area, in m2 . 

(12) 



128 

Estimation of Channel Area. Slope. and Roughness. Area A was 

estimated by making cross-channel profiles from 1:24,000 scale maps 

(U.S.G.S. 7 1/2' series), and supplementing the profile with information 

from field notes. Hydraulic radius R was estimated by measuring the 

length of the wetted perimeter P for several flow depths from the cross 

sections, and then dividing the corresponding cross-sectional area by P. 

Profiles for the two study sections are shown in Figures 45 and 46. 

Channel slope was also estimated from map profiles. The values for 

Manning's roughness coefficient, n, were obtained using the empirical 

formula derived by Jarrett (1987) for steep-gradient cobble-bed and 

boulder-bed streams: 

n = 0.39 SO.38 R-O.l6 • (13) 

Cross-sectional information was compiled at 0.2 m intervals up to 3.0 m 

at Rattlesnake Canyon and to 4.0 m for the Big Thompson River site. 

Velocity and discharge was calculated at each level. 

Flood Power Threshold for Scarring Trees. 

Flood Depth and Channel Slope. Flood scars are not produced by 

floods of low power, but only by floods capable of producing enough 

shear stress to move sufficient amounts of debris with the force 

necessary to damage or destroy portions of bark or the underlying 

cambium. The ability to determine whether or not a flood greater than a 

certain threshold has occurred during a particular time interval would 

be extremely useful. The height of the scars above the channel bottom 



B 

o 5 10 . , , 

m 

Figure 45. Channel cross section, Rattlesnake Canyon. 
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seems to be inversely related to the stream gradient. Figure 47 shows a 

scar at a height of about one meter in a very steep reach of Sabino 

Canyon near Tucson, Arizona, and Figure 48 shows a flood scar at a level 

of about three meters above the water surface on a much gentler gradient 

stream, the Escalante River in south-central Utah. I made estimates of 

flow depths at several sites for floods that caused scarring of trees, 

and for several other flows at four of those sites that did not scar 

trees. These depths were then plotted against the logarithm of the 

. channel slope in an attempt to determine whether the two populations 

could be separated on the basis of stream gradient and flow depth. 

A similar ap~roach was used to define the geomorphic threshold 

at which arroyo-cutting (gullying) of alluvial channels occurred in 

Nebraska (Brice, 1966) and in western Colorado (Patton and Schumm, 

1975). In these studies, drainage basin area above gullied and ungu11ied 

channel reaches was plotted against local channel slope, showing that a 

threshold channel slope existed for any given drainage area. If the 

threshold slope was exceeded, incision of the channel would begin. 

Patton and Schumm also used discriminant function analysis to determine 

the statistical distinctiveness of the two groups. 

The linear discriminant function provides a numerical method for 

assigning individuals to one of two or more groups based on multivariate 

regression. I calculated a discriminant function with the depth-slope 

data, using the procedures outlined by Morrison (1983) and Davis (1986). 

The discriminant function transforms the original set of m measurements 

on a sample into a single discriminant score, representing the position 

of the sample along a line defined by the linear discriminant function. 
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Figure 47. Scar at 1-rneter height on high-gradient stream. 
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Figure 48. Scar at 3-rneter height of low-gradient stream. 
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There are two measurements in this case: channel slope and flow depth. 

Classification is based on the sample's position relative to the 

discriminant index Ro. which is the mid-point on the line between the 

multivariate means of the two groups. Significance testing on the degree 

of separation of the two populations is done using the F-statistic 

comparing the separation of the multivariate means relative to the 

pooled variance. 

Flow Depth Estimation for Non-Scarring Floods. To estimate the 

flow depth for floods that caused scarring, I simply used the scar 

height to represent the minimum flow depth at the tree. No local 

paleostage indicators were available for the flows that did not produce 

any scars, so a more indirect approach was necessary for these events. 

For the Rattlesnake Canyon and Big Thompson sites, flow depths 

corresponding to the gaged discharges of some lesser floods were 

selected from the table of discharges I had already prepared, after 

applying a correction factor to account for the differences between the 

recorded and computed discharges for the scar-producing floods. 

No adequate channel cross-sections were aveilable for the Sabino 

Canyon and Oak Creek Canyon sites, so I used a fraction of the scar 

height defined by a ratio calculated from the gage data. This ratio was 

computed by dividing the gage height for the flood that caused scarring 

by the gage height for the corresponding flood that did not scar the 

trees. At each of the four sites the two largest floods not scarring 

trees were used, and if available, data for two or three smaller floods 

were randomly selected. 
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RESULTS 

Shear Stress Calculations. 

Shear stresses calculated from Equation 5 for the flood scar 

sites are shown in Table 6, along with flow velocities computed at two 

of the sites. The shear st~esses developed in several of these floods 

are comparable in magnitude to the values for some of the larger floods 

reported by Baker and Costa (1987). Some of their data are presented 

also. The maximum diameters of rock particles that could be transported 

by these shear stresses are shown. Apparently rather large size sediment 

can be moved by the floods that caused scarring of trees at these sites. 

The impact of cobbles and boulders at a velocity of only a few meters 

per second should be more than adequate to damage the bark and cambium 

of mature trees. 

The predominant rock type at the Rattlesnake Canyon site is 

basalt. The active channel is made up almost entirely of large pebbles, 

cobbles, and boulders. Many of the boulders are in the neighborhood of 

0.5 m in diameter. Assuming a density of about 3.0 g cm·3 for the basalt, 

I calculated a maximum diameter of about 0.55 m for the particle size 

that could be moved by a 2.0 m deep flood based on the shear stress. I 

also calculated the relative stability of a 0.55 m boulder, using the 

procedure described by Graf (1979), and assuming the coefficient of 

friction for the rough basalt to be about 0.65. This method indicated 

that a flood of 2.0 m depth and velocity of 2.2 m·l would not be 

sufficient to move a boulder of that size, but could move one as large 
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TABLE 6. stream characteristics and flow dynamics of selected 
sites (Partially after Baker and costa, 1987). 

Area 
Peak Channel Shear Powr/ above 

River Disc~g Slope Depth Ve11 stre~s Are~ Scar~ 
m3 s- m ms Nm- Wm- km-

Madera Canyon .133 3 3,910 15 
Sarah Deming Can .2 1 3,724 1.7 
Rattlesnake Can. 100 .033 2 3.3 647 2,135 46.1 
Oak Creek .025 2 490 225 
Sterling Canyon .054 1 529 3 
Sabino Canyon .075 1 735 10.4 
Rhyolite Canyon .034 2.5 833 9 
Dangerous Pk Can .035 1. 75 600 6.2 
Cottonwood Can .060 0.9 529 12.5 
Brushy cankon .042 1.8 741 12 
Kanab Cree .025 2 482 208 
Escalante River .010 3 294 1000 
Big Thompson R. 799 .025 3.3 3.2 2~,':' 470 
Roaring River .081 2.5 1,985 9 

Some other Floods (from Baker and Costa, 1987) 

Peak Energy Shear Powr/ Drainage 
River Digchg Slope Depth Vel Strels A':ej Area 

m s-l m ms-1 Nm- Wm- km-2 

Missoula Flood 5 X 102 .010 100 30 104 3 X 105 
(Paleoflood) 

Ousel Creek, MT 118 .205 1.8 7.1 2,632 18,582 7.6 
Big Thompson R. 7995 .025 3 6.6 735 3,943 490 
Chang Jiang 10 .0002 85 11.8 175 2,000 
Mailtrail Cr,TX 4,810 .004J 2.7 4.2 108 451 195 
Amazon River 3 X 10! 10- 60 2 6 12 
Mississippi 3 X 10 5XlO-5 12 2 6 12 
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as 0.38 m. A velocity of 2.7 m·l would be required to transport a basalt 

boulder as large as 0.55 m in diameter. 

Flood Discharge. 

The discharge calculation details (using Equations II, 12, and 

13) for the Arizona site are presented in Table 7. Amazingly, both of my 

estimates were within about 30 to 50 percent of the gaged peak 

discharges for the floods corresponding to the scars I used as 

pa1eostage indicators. The discharges were underestimated in both cases, 

suggesting that the actual flow depths were somewhat deeper than the 

heights of the scars. This is not surprising, because the larger debris 

particles would be expected to travel closer to the bottom of the flow. 

Rattlesnake Canyon, Central Arizona. My estimate for the 1970 

discharge at profile B-B' on Rattlesnake Canyon (Figure 20) was 51.4 

m3s·1 based on a scar-estimated flow depth of 2.0 m, and a channel cross

sectional area (dependent on the flow depth) of 23.0 m2 • The channel 

slope is about 0.033 in this reach. Jarrett's (1987) method for 

estimating the Manning roughness coefficient gave a value for n of 

0.101, and the Manning equation was solved for a mean flow velocity of 

2.2 ms·2 • The discharge is simply the mean velocity times the cross

sectional area. The gaged discharge was higher (101.7 m3s·l ), but the 

gage was lower in the stream, so the catchment area was larger. 

The area above the scarred tree is 73.5% of the area above the 

gage. Therefore the discharge at the estimated site should have been 

only about 75% of the gaged flow. If the computed value of 51. 4 m3s·1 is 
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TABLE 7. Discharge calculation details, Rattlesnake Canyon. 

Flow Velocity Dischg Adjusted 
Depth Wetted P X-Area R Manning v Q Q 

m m m2 m n m-l m3s-l m3s-l 

0.2 7.3 1. 24 0.17 0.142 0.4 0.5 0.7 
0.4 9.3 2.96 0.32 0.128 0.7 2.0 2.7 
0.6 10.3 4.92 0.48 0.120 0.9 4.6 6.2 
0.8 11.4 7.04 0.62 0.115 1.1 8.1 11.0 
1.0 12.1 9.32 0.77 0.111 1.4 12.8 17.4 
1.2 12.9 11.72 0.91 0.108 1.6 18.5 25.1 
1.4 13.9 14.28 1. 03 0.106 1.7 24.9 33.9 
1.6 14.8 17.04 1.15 0.104 1.9 32.6 44.3 
1.8 15.6 19.96 1. 28 0.103 2.1 41. 7 56.7 
2.0 16.5 23.00 1. 39 0.101 2.2 51.4 69.9 
2.2 17.2 26.20 1.52 0.100 2.4 63.1 85.8 
2.4 18.1 29.48 1. 63 0.099 2.6 75.2 102.2 
2.6 18.8 32.92 1. 75 0.098 2.7 89.0 121.1 
2.8 19.5 36.48 1. 87 0.097 2.9 104.2 141.7 
3.0 20.2 40.12 1. 99 0.096 3.0 120.7 164.1 
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adj~sted upward by the reciprocal amount as an estimate of the flow at 

the gage, then the result is 69.7 m's·t, which is reasonably close for a 

first approximation .. This adjustment was done on all the estimates for 

the various heights, and are listed in the right-hand column in the 

table. Flow depths from 2.4 m to 2.8 m yield computed discharges closer 

to the gaged discharge, suggesting that flood scar heights give somewhat 

conservative estimates of che flow depth. 

Big Thompson River Colorado. The results from the Big Thompson 

River were also fairly close to the recorded discharge. The channel 

slope is about 0.009, and I estimated the channel cross-sectional area 

to be 164 m2 • My estimate for the discharge was 527 m's·l, based on a 

scar height of 3.3 m (Figure 49). The gaged flow was 799 m's·l. 

Critical Threshold. 

Threshold Plot. The solid boxes in Figure 50 are for floods 

that made scars and the open boxes are for floods that did not. The data 

are well separated into two fields by the trend line (which I drew by 

eye). This line defines a critical threshold of flow depth, for a given 

channel slope, above which scarring of trees will take place. In other 

words, for a particular channel slope, if the flood depth is over the 

critical threshold for that slope, then scarring will take place. 

Streams with low gradients require much deeper flows to initiate 

scarring than higher-gradient streams. 

Discriminant Analysis. Calculation of the discriminant function 

yielded a discriminant index score of 5.36 for the entire data set, with 



140 

Figure 49. Scar height of 3.3 m on Big Thompson River. 
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Figure 50. Scar height or flow depth plotted against channel 
for floods producing and not producing scars. 
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discriminant scores ranging from 3.98 to 11.63 for the scarred set, and 

1.37 to 5.60 for the unscarred set. The scores computed for all of the 

samples are shown in Table 8. A projection of the sample scores onto the 

discriminant function line is shown in Figure 51. Solid boxes represent 

the scar~ed samples, and open boxes are unscarred, as in Figure 50. The 

two populations are rather well separated by the discriminant index, 

with four scarred samples plotting on the unscarred side, and one 

unscarred point plotting with the scarred group. 

Hotelling's t2 test was calculated to test the significance of 

the separation between the two groups, and yielded an F-statistic of 

12.71, with degrees of freedom of 2 and 28. The corresponding values of 

the F-distribution (Q-level - 0.001) is 8.93, indicating significant 

separation at the 0.001 level. A test of independence was performed on 

the discriminant function classification results shown in the 2 X 2 

contingency table in Table 9. A test statistic of 13.61 was obtained, 

which is considerably larger than the X2 value of 7.88 for Q - 0.005 and 

one degree of freedom, indicating dependence at the 0.005 level of 

significance. 



TABLE 8. Channel gradient and flow depths for floods 
causing scars and for non-scarring floods 

Group A 

Flood Scar Heights for Some Floods Causing Scars 

Discriminant 
Site Year Slope Scar Ht Score 
Rattlesnake Canyon 1970 0.033 2 6.38 
Madera Canyon 1983 0.133 3 11.63 
Big Thompson River 1976 0.009 3.3 9.41 
Oak Creek 1938 0.025 2.5 7.58 
Kanab Creek 1090 0.025 2 6.12 
Sabino Cr 1970 1970 0.075 1 4.63 * 
Sabino Cr 1966 1966 0.075 0.97 4.55 * Sterling Canyon 1938 0.054 1 4.13 * Dangerous Park Can ? 0.035 1. 75 5.74 
Cottonwood Canyon ? 0.06 0.9 3.98 * 
Brushy Canyon ? 0.042 1.8 6.05 
Roaring River 1982 0.081 2.5 8.96 
Rhyolite Canyon 1845 0.034 2.5 7.80 
Sarah Deming Can 1937 0.2 1.9 10.21 
Escalante River 0.01 3 8.60 

Group B 

Highest 2 flood years with NO SCARS, if known: 
Discriminant 

Year Slope Depth Score 
Big Thompson R. 1919 0.009 1.3 3.84 
Big Thompson R. 1945 0.009 1.1 3.29 
Rattlesnake Can 1969 0.033 1.6 5.13 
Rattlesnake Can 1966 0.033 1.4 4.79 
Upper Sabino Can 1954 0.075 0.8 4.16 
Upper Sabino Can 1959 0.075 0.8 3.99 
Oak Creek 1970 0.025 1.8 5.60 * 
Oak Creek 1966 0.025 1.7 5.21 

Random sample of nonscar years: 

Rattlesnake Can 1962 0.033 0.9 3.32 
Rattlesnake Can 1974 0.033 0.2 1.37 
Rattlesnake Can 1968 0.033 0.5 2.20 
Upper Sabino Can 1941 0.075 0.7 3.80 
Upper Sabino Can 1947 0.075 0.3 2.79 
Oak Creek 1973 0.025 1.2 3.32 
Oak Creek 1961 0.025 0.7 3.01 
Oak Creek 1953 0.025 0.6 2.15 

* Misclassified by the Discriminant Function. 
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Figure 51. Samples projected onto discriminant function line. 



TABLE 9. Classification results of discriminant function 

Classified by 
Discriminant 
Function Rule 

Scarred 

Not Scarred 

Actual Groups 

Total 

Scarred 

11 

4 

15 

X2 Test Statistic 

X2 Distribution Value 

d.f. = 1 

a: = 0.001 

Not Scarred 

1 

15 

16 

13.61 

7.88 

12 

19 

31 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 
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Flood-damaged trees along streams and rivers in the western 

United States were examined to assess the feasibility of reconstructing 

the frequency and magnitude of floods over the last several hundred 

years. Increment core samples were taken from 113 trees in 20 localities 

in Arizona, Colorado, New Mexico, and Utah. Tree-ring dating of the 

flood damage to these trees produced evidence for the occurrence of 17 

floods during the last 125 years, and for at least two floods prior to 

1866. The flood-scar chronologies were compared to existing streamgage 

records and historic records of floods. Most of the flood-scar dates 

from the historic period were found to coincide with the dates of major 

floods on the waterways from which they were collected, or from nearby 

streams. 

Flood damage to trees was found to be very abundant and 

accessible; scarred trees were present in at least 20 of the 25 drainage 

basins prospected. The ecological and fluvial conditions conducive to 

the occurrence of scars in situations not complicated by fire scars seem 

to be more or less predictable. The most productive situation is 

probably that of seasonal streambeds in narrow deep canyons with 

relatively steep gradients, occurring at elevations high enough that 

conifers will be present in the streambed, but also at a low enough 

elevation that the frequency of forest fires will be relatively low. 

Streams with low gradients, wide flood plains, and small basin areas are 

likely to be generally barren of scarred trees, although none of these 

.~------------ ....• ---- .-- -. -
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features by itself guarantees the lack of scarred trees. 

The position of the scars on the trees appears to be strongly 

related to the location of the trees relative to the active stream 

channel. Scars on trees in the channels typically (but not always) 

extend to the base of the trees; trees from out of the channels almost 

always have scars that are well clear of the ground level; channel 

margin trees are likely to have either kind. The number of scars on the 

trees is also strongly related to the t:r6t! location; trees in the active 

channels are much more likely to have multiple scars than trees from out 

of the channels. 

It is uncertain whether the typical cause of scarring is impact 

by floating logs and other debris, or by cobbles and boulders entrained 

in the flood waters. Shear stresses are typically large enough to move 

large cobbles and small boulders, and sometimes large boulders. The fact 

that scar positions and the number of scars present are dependent on the 

location of the tree relative to the channel suggests that mid-channel 

trees are more likely to be frequently damaged by large entrained 

sedimentary particles and floating debris, and that trees out of the 

active channel are only occasionally scarred, usually by floating logs. 

In some cases the dating of floods by this method is complicated 

by the presence of fire scars. This can be a problem, especially in 

higher elevation reaches, where the vegetation density and fuel 

continuity is higher. Flood scars and fire scars do have distinctive 

differences, though, and this problem can be dealt with. The rotting of 

wood around and inside of the scar due to invasion by fungus is 

troublesome, especially at lower elevations, but special sampling 
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techniques have been developed that usually make it possible to collect 

good samples. 

The overall result of reconstructing the frequency of past 

floods is excellent. Scars are usually present in the right years for 2 

to 3 of the largest 3 or 4 floods of record on four of the studied 

streams (Kanab Creek in southern Utah, Oak Creek and Rattlesnake Canyon 

in central Arizona, and Sabino Creek in southern Arizona). Somewhat 

larger sample sizes should be able to produce "complete catalogs" of 

floods exceeding a threshold shear strength at the location of the 

trees. 

The main source of error in reconstruction seems to be not 

getting scars for all of the largest floods. In almost no cases were 

scars found in years for which there were no known floods. A scar at the 

end of the ring for 1910 was found in the cross section from Kanab 

Creek, which does not match the large flood known to have occurred in 

late 1909. This may be due to a dating error in that specimen. 

Amount of effort requi~ed to produce a flood chronology appears 

to be relatively small. Only minimal-size collections were made at most 

of the sites. Collections at most sites involved sampling from 1 to 4 or 

5 trees, by extracting 3 to 6 increment core samples from each visibly 

scarred tree, and 2 cores from "control" trees to help in the 

crossdating. Larger collections (20 to 30 trees) were made at Kanab Cr. 

and Rattlesnake Canyon). Only 3 cross sections (V-cuts) were made, but 

they were very helpful in establishing dates of scars. 

The success ratio for this method appears to be quite high. 

Most of the streams prospected had scarred trees, but not all of them. 
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In good sites, anywhere from less than 5% to around half of the 

streamside trees had flood damage in the nbettern reaches. Sometimes 

repeated damage had caused extensive contorted growth forms that would 

be difficult to sample and interpret, but not necessarily impossible .. 

Most core samples showed no evidence of completely healed- over 

scars, especially on trees showing no external evidence of flood damage. 

At least three trees showed healed over scars, two of them probably 

dating to known hydrologic events: A 500-yr old comp~.ete1y healed-over 

scar at Kanab Creek is thought to be caused by the same event that left 

~C-dated organic matter in slackwater deposit on the Escalante River 

(Webb, 1985). A healed-over scar in Madera Canyon (Santa Rita Mountains, 

near Tucson) was probably caused by record rains in August or October of 

1951. 

Getting good samples from visible scars can sometimes be quite 

difficult, especially if there is rot, but the necessary techniques have 

been developed to collect good samples from nearly all of the trees with 

visible scars. Samples were often complacent, and difficult to crossdate 

as a result, but most were crossdatable, with difficulty in some cases, 

but quite easily in others. False rings in ponderosa pine at lower 

elevations (below 7,000 or 6,500 ft) can be extremely troublesome, but 

most were datable. This could be a serious problem for untrained 

workers, because simple nring countingn could indicate more than twice 

the true age of the sample. Ash from Sabino Canyon crossdated easily, 

but cottonwood from Escalante was extremely difficult, and was not 

confidently dated. With additional effort, I think about half of the 

cottonwood could probably be dated. 
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In attempting to assess the accuracy of using flood scar 

evidence to indicate the stage of a paleoflood, crude discharge 

estimates were made for two of the sites (Rattlesnake Canyon and the Big 

Thompson River), using the height of the scar as a paleostage indicator. 

Results were within 50 to 30% of the available gage discharges, 

indicating that scar height provides at least a reasonable first 

approximation of flow depth. Discharge was underestimated in both cases, 

supporting the hypothesis that scars may not always be produced right at 

the surface of the flow. 

For a given channel gradient, scars seem to develop only when 

the flood depth is above a particular threshold level. This threshold 

was defined by plotting scar height for scarred trees and flow depth for 

other floods not producing scars against the logarithm of channel slope. 

The scarred and unscarred individual points were separated into two 

well-defined fields, separated by a fairly straight line. Discriminant 

function analysis showed the separation to be highly significant, and 

classification of individual points as scarred or unscarred was usually 

correct. 

The implication of the scar threshold is that even in drainages 

with no gage or historical record at all, the presence or absence of 

flood scars on channelside trees would indicate the occurrence or non

occurrence of floods of a certain depth over the lifetime of the trees. 

Basin analysis and field measurements of appropriate channel 

charactersitics would allow this depth and the corresponding discharge 

to be calculated. 

Ash, oak, and sycamore in riparian habitats next to stream 
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channels appear to become scarred relatively frequently, perhaps at 

around 5 to 20-year intervals. It is not uncommon to find 5 to 10 scars 

on the same tree. Therefore these kinds of trees may be useful in 

collecting information on the occurrence of relatively frequent, small 

magnitude floods. Conifers growing in more xeric upper reaches have 

fewer scars; the scarring interval seems to be more on the order of only 

once in 20 to 50 years, or longer. 

Flood scars of known age present on dendrochr~no1ogical1y 

difficult species, such as juniper and Arizona cypress, may be 

potentially useful in deciphering the growth record of these trees. Fire 

scars and frost rings have been used to help date difficult material, 

and flood scars might also be helpful. If scars on Arizona cypress were 

tentatively correlated with damage on ponderosa pine or pinyon in the 

same waterway, they would establish a known date in the cypress record, 

which could be of great value in assessing the number of "false" rings 

occurring subsequently. 

Flood scars occurring near slackwater deposits can perhaps 

provide additional evidence for the dating of floods responsible for the 

deposits. The Escalante River paleoflood record shows several floods in 

the early part of this century, but no floods before that since about 

500 years B.P., based on radiocarbon dating of organic matter from the 

deposits. A scar healed over at depth in a 500 year-old ponderosa pine 

from Kanab Creek was dated to AD 1520, and was probably caused by the 

same flood responsible for the 500-year-old slackwater deposit. 
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ANNOTATED BIBLIOGRAPHY 

EFFECTS OF FLOODS ON VALLEY BOTTOM VEGETATION 

Alestalo, Jouko, 1971, Dendrochronological interpretation of geomorphic 
processes: Fennia 105, Societas Geographica Fenniae, 
Helsinki, 140 p. 

General treatment of the methods of- dendr.ogeuiilorphology, 
the application of dendrochronology and plant ecology to 
problems of geomorphology. Many examples from the general 
literature are discussed, as well the author's own research 
in Finland. The methods of study include the interpretation 
of changes in development of individual trees due to 
corrasion (abrasion) and scarring, inclination, burial, and 
exhumation, and also the changes in population structure of 
tree communities caused by geomorphic processes. Examples 
are discussed of applications to many processes, including 
tectonic and volcanic processes, freeze-thaw phenomena, 
aeolian processes, and glacial and fluvial pro(!esses, among 
others. Under fluvial processes tree-ring applications to 
the determination of the rates of hillslope and gulley 
erosion are discussed, along with the dating of floods and 
flood deposits, and the dating of channel migration. 

Costa, John E., 1986, A history of paleoflood hydrology in the 
united States, 1800-1970: Eos, v. 67, no 17, 1986, p. 425, 
428-430. 

Review of efforts made in the u.S. since the early 1800's 
to estimate the frequency and magnitude of paleofloods. The 
evidence used includes sedimentary deposits, landforms, and 
botanical evidence. Botanical evidence has been used to 
determine flood stage levels, and to date the occurrance of 
floods and the deposition and erosion of flood-deposited 
sediments. Flood stages have been determined from water 
stains and sediment lodged in the bark of old trees, and on 
the basis of the height of damage and scars produced on 
trees by the floodwaters. Tree-ring dates from trees killed 
or damaged by floods can provide dates for floods and flood 
deposits, and the age structure of forest populations 
growing on flood plain surfaces can sometimes provide dates 
for the establishment of those surfaces. Undamaged stands of 
trees growing in flood plains can provide minimum time 
estimates since the occurrence of floods large enough to 
cause damage to the trees. 
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Everitt, Ben L., 1968, Use of the cottonwood in an investigation of 
the recent history of a flood plain: American Journal of Science, 
v. 266, p. 417-439. 

cottonwood trees growing along the Little Missouri River 
in western North Dakota were extensively cored and ring
counted in order to establish the age relationships of the 
river flood plain surfaces. The trees were found to occur in 
even-aged stands which were parallel to the river channel 
when they were first established. The bands become 
progressively older away from the channel. The bands were 
each apparently established as a seedling thicket on a 
riverside sandbar as the channel migrated laterally, after 
which the surface gradually accreted to higher levels by 
overbank deposition during flood stages. The young 
cottonwood trees are bent over ("flood-trained") and 
partially or completely buried during depositional events, 
which they survive by sending up numerous vertical sprouts 
from the buried stems. As the surface is raised, flooding 
becomes less frequent and the tree trunks grow to large 
enough size to resist being bent over by subsequent floods. 

The valley floor in the study area is composed of two 
distinct levels separated by an erosional scarp 1.5 to 3 m 
high. The trees on the lower surface were no older than 15 
years, while those on the higher surface ranged from 35 to 
over 250 years old. The The upper surface is apparently less 
than 300 years old, and was demonstrated not to be a 
postglacial terrace formed by isostatic rebound after the 
close of the Wisconsin, as was formerly thought. The 
erosional scarp was shown to have been formed by a large 
flood which occurred in 1947, widening the channel and 
destroying all of the intermediate-level surfaces. 

Hack, John T., and Goodlett, John c., 1960, Geomorphology and 
forest ecology of a mountain region in the central 
Appalachians: U.S. Geological Survey Professional Paper 347, 
66 p. 

A storm in June of 1949 produced a large flood in the 
valley of the Little River, Virginia, a tributary of the 
Shenandoah River in its headwaters in the central 
Appalachian Mountains. Hundreds of acres of densely forested 
hillslopes and bottom lands were damaged or destroyed by 
flooding and mass movement of the underlying sandstone and 
shale. The recurrence interval for this storm is estimated 
to be longer than 100 years, possibly much longer. Many 
undamaged hemlock stands on flood plains of nearby areas 
demonstrate that floods of this magnitude have not occurred 
for at least 150 years. Erosional features and depositional 
landforms produced by this flood, such as debris fans and 
bottomland ridges and terraces, are familiar features of the 



Appalachian Mountains, and may be interpreted in the light 
of this flood. Fresh unweathered debris fans covered with 
old trees in similar Appalachian valleys are convincing 
evidence that extraordinary floods of comparable magnitude 
have occurred in the relatively recent past. Such rare, 
large-magnitude floods exceed in importance as erosive 
agents all lesser floods that do not damage the. forest and 
temporarily destroy its erosion-resisting effects. 
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Harrison, Samuel S., and Reid, John R., 1967, A flood-frequency graph 
based on tree-scar data: Proc. N.D. Acad. Sci., v. 21, p. 23-33. 

Many trees growing along the flood plain of the Turtle 
River in eastern North Dakota have numerous scars on the 
upstream sides of their trunks, produced by abrasion during 
floods by the action of floating ice. The scars from three 
of these trees were dated by tree-ring analysis and their 
heights above river level were recorded. Using the scar 
heights as minimum estimators for flood stage, a flood 
frequency curve was constructed based on data from the 
period 1941-1966. The results showed excellent agreement 
with a similar flood frequency curve which was prepared 
using stream gage data for the period 1946-1966, from a gage 
located about 20 miles upstream. From this agreement it 
seems clear that flood scar data can be used to produce 
accurate flood frequency curves on ungaged streams. 

Helley, Edward J., and LaMarche, Valmore C., Jr., 1967, December, 1964, 
a 400-year flood in northern california: U. S. Geological Survey 
Professional Paper 600-0, p. 034-037. 

Flouds of December, 1964 caused deep erosion of old 
gravel deposits along Blue Creek, a tributary of the Klamath 
River. The gravel deposits contain numerous stands of 
redwood stumps, the oldest of which germinated about AD 
1000. Texture and structure of the deposits and the simple 
pancake-form of the root systems indicate that the gravel 
was laid. down in a single, rapid depositional event. Death 
dates of the old redwood snags were dendrochronologically 
estimated to be around AD 1560, suggesting that the trees 
were killed by this catastrophic flood about 400 years ago. 
Younger trees rooted at the top of the deposit were not 
older than 90 years. Since the 1964 flood barely overtopped 
this older terrace, it was inferred that the terrace gravels 
were deposited by a flood of similar magnitude. The 
estimation of recurrence intervals of such extreme floods is 
difficult because of the shortness of the period of 
historical observations. Geomorphic and botanical 
observations can provide additional information on the 
occurrence of large-scale floods in the more distant past. 
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Helley, Edward J., and LaMarche, Valmore C., Jr., 1973, Historic flood 
information for northern California streams from geological and 
botanical evidence: U. S. Geological Survey Professional Paper 
485-E, 16 p. 

Widespread and severe flooding occurred in many of the 
watersheds of northern California during a period of 
extremely heavy rainfall in December, 1964. Large quantities 
of sediment were transported by the floods, raising 
streambed elevations by 2 meters or more along reaches 
several kilometers in length. Fluvial deposits at 4 widely 
scattered study sites consisted of gravels transported by 
the 1964 flood inset into 1 to 3 older gravel units. Minimum 
dates of the gravel deposits were obtained from tree-ring 
dates of forest stands growing on top of them. Maximum dates 
were determined by the dendrochronological and radiocarbon 
dating of tree-ring material entrained in the sedimentary 
bodies. It was concluded that a flood larger than the 1964 
flood occurred around AD 1600, and that other floods of 
comparable magnitude have occurred since then. 

Hupp, C. R., 1983, Geo-botanical evidence of Late Quaternary mass 
wasting in block field areas of Virg~nia: Earth Surface 
Processes and Landforms, v. 8, p. 439-450. 

Block fields on slopes above Passage Creek at Massanutten 
Mountain, Virginia, were investigated for evidence of recent 
downslope movement. The block fields have accumulated below 
the base of outcrops of the Massanutten Sandstone, of 
resistant sandstone and quartzite, and are thought to have 
been produced by frost action during the Pleistocene. 
Dendrochronological evidence of block field movement include 
scarring of trees damaged by rockfall and vertical sprouting 
of severely tilted trees. Patches where many of the blocks 
have lichens on the bottom or sides rather than the tops, 
and where fresh unweathered surfaces are common, are 
interpreted to be areas where recent downslope movement and 
overturning of blocks has occurred. In one of the study 
areas active rock-slide scars occur below open block fields. 
Tree-ring dates of block-field movement showed good 
agreement with recorded floods on Passage Creek. The block 
fields occur locally some tens of meters below the sandstone 
outcrops, with unbroken forest cover between. This suggests 
that frost action on the outcrops has diminished since the 
Pleistocene, but the material continues to move downslope 
during severe runoff events. 
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Hupp, Cliff R., 1984, Dendrogeomorphic evidence of debris flow frequency 
and magnitude at Mount Shasta, California: Environmental Geology 
and Water Sciences, v. 6, no. 2, p. 121-128. 

Analysis of trees damaged by debris flows or growing on 
debris-flow deposits provides a method of dating debris 
flows in four drainages on Mount Shasta, California. The 
dendrogeomorphic evidence consists of corrasion scars caused 
by the impact of debris transported by the flood, eccentric 
annual growth caused by tilting of the trees, growth 
suppression and release sequences, adventitious sprouting 
due to severe tilting or partial burial, and ages of trees 
growing on debris-flow surfaces (minimum dates). Most of the 
evidence was from ponderosa pine, incense-cedar, white fir, 
and Douglas fir. At least 26 debris flows were documented 
for the four basins as having occurred since 1670. Tree-ring 
dates of debris flows were consistent with dates of 
historically documented flows, where available. Intra-ring 
analysis of trees damaged by debris flows suggests that the 
damage occurred during the growing season, based on the 
position of the scar within the tree ring with respect to 
the earlywood and latewood bands. There is some coincidence 
of dates among basins, but the dates on individual streams 
are mostly independent, suggesting that local summer 
thunderstorms over individual basins provide the triggering 
mechanism for most of the flows. 

Hupp, C. R., 1988, Plant ecological aspects of flood 
geomorphology and paleoflood history, in Baker, V. R., 
Kochel, R. C., and Patton, P. C., eds., Flood Geomorphology: 
John Wiley and Sons, New York, p. 335-356. 

The vegetation patterns along streams are adjusted to and 
maintained by the fluvial-geomorphic processes that occur in 
response to periodic flooding. Distinctive woody bottomland 
communities of differential tolerance to flooding develop as 
parallel bands along the stream channel. Floods cause damage 
to these plants, leaving long-term evidence of their 
occurrence. Analysis of these communities yields information 
about these processes, such as the duration of flow, and the 
magnitude and frequency of large floods, and determination 
of the timing, rates, and amounts of sediment deposition, 
scour, and channel migration. Types of evidence include 
scarring of trees by flood debris, stem sprouting and 
adventitious root development in response to tilting and 
partial burial, changes in growth rates and form, changes in 
wood tissue, and also the ages and community structure of 
trees growing on surfaces created or modified by floods. 
Paleoflood reconstruction using botanical evidence can 
greatly improve the accuracy of flood-frequency estimates on 
streams with short gage records. 



Hupp, C. R., and Osterkamp, W. R., 1985, Bottomland vegetation 
distribution along Passage Creek, Virginia, in relation to 
fluvial landforms: Ecology, v. 66, no. 3, p. 670-681. 

Vegetation distribution patterns along Passage Creek, a 
tributary to the Shenandoah River in northern Virginia, were 
found to be related to fluvial geomorphic factors. 
Statistical analysis of species composition showed that 
distinct associations occurred on different fluvial 
geomorphic landforms, ranging from depositional bar and 
channel shelf through flood plain and terrace. Hydrologic 
processes such as flood frequency and flow duration 
associated with each fluvial landform were more important 
than sediment-size characteristics in determining the 
species distribution. Vegetation patterns are in part 
maintained by flood disturbance, and may be used as 
indicators for such conditions. 

Hupp, C. R., Osterkamp, W. R., and Thornton, J. L., 1987, 
Dendrogeomorphic evidence and dating of recent debris flows 
on Mount Shasta, northern California: U. S. Geological 
Survey Professional Paper 1396-B, 39 p. 

Dendrogeomorphic analysis of about 1,100 trees on Mount 
Shasta provide evidence of at least 52 debris flows since 
1580 in 9 drainage basins. The types of evidence includes 
eccentric annual growth, suppression and release sequences, 
tilting and adventitious sprouting, and corrasion scars on 
the sterns caused by transported debris. Dendrochronological 
dating of the botanical responses allows the frequency of 
debris flows to be determined. The magnitude of an 
individual flow can be determined by the spatial 
distribution of the botanical evidence, including its 
elevation and distance downslope, and by the thickness of 
debris flow deposits and their degree of containment in the 
fan channels. The evidence indicates that the frequency of 
debris flows has fluctuated over the past 400 years, and 
supports the premise that flows occur in clusters. The 
analysis is somewhat complicated by the fact that evidence 
of older small debris flows tends to be obliterated by 
later larger flows. 

Jarrett, R. D., 1987, Flood hydrology of foothill and mountain 
streams in Colorado: PhD dissertation, Colorado state 
University, Fort Collins, 239 p. 

standard hydrologic analyses do not adequately describe 
the flood hydrology of foothill streams in Colorado, partly 
because the annual flood series records represent a mixed 
population of floods caused by snowmelt or rainfall. 
Snowmelt runoff dominates above about 7,500 ft, and rain 
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does not contribute significantly to flood peaks. Rainfall
produced floods predominate below this elevation, the 
transition being abrupt over a small elevation range. Flood 
erosional and depositional features and scarred trees along 
streams are common below 7,500 ft, but are rare or absent at 
higher elevations. Flood peaks computed by the slope-area 
method on streams with gradients higher than 0.002 are 
overestimated by 75 to 100 percent. When drainage area below 
8,000 ft was used instead of total drainage area in 
regression analyses in the foothills region of the South 
platte River basin, the standard error of estimate was 
reduced from 142 to 44 percent. 
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Kozlowski, T. T. (Ed.), 1984, Flooding and Plant Growth: Academic Press, 
Inc., Orlando, 356 p. 

Papers dealing with physiological and anatomical 
responses of plants and soils to prolonged flooding by both 
fresh water and salt water. Both herbaceous and woody plants 
are considered. Agricultural plants are given extensive 
treatment. Woody plants (trees) are also discussed, but most 
of the examples are from the central and eastern U.S. 
Discussion includes effects on growth, metabolism, water, 
nutrient, and hormone relations, and effects on plant 
diseases. Chapter 4 (by Kozlowski, Responses of woody plants 
to flooding) includes some information on relative tolerance 
of various (eastern) species to flooding, and on species 
distribution, composition, and succession under different 
flood regimes. 

Lindsey, A. A., Petty, R. 0., Sterling, D. K., and 
Van Asdall, W., 1961, Vegetation and environment along the 
Wabash and Tippecanoe Rivers: Ecological Monographs, v. 31, 
no. 2, p. 105-156. 

Riparian plant zonation along these two Indiana rivers 
occurs in 8 clearly defined physiognomic zones, ranging from 
the aquatic zone through several herbaceous and shrubby 
zones to three zones of trees, consisting of marginal small 
trees, marginal large trees, and the flood-plain forest. The 
species composition of the zones is due partly to the 
moisture availability gradient and partly due to ecological 
succession following destruction or alteration of community 
structure from flooding. Not all zones occur at anyone 
location, but the three tree zones are clearly expressed 
throughout both rivers. In general, the more flood-tolerant 
"pioneer" species occur abundantly in the lower zones where 
flooding is more frequent, and species typical of later 
"climax" successional stages occur in the higher zones. The 
height range of these zones is much larger along the Wabash 
River because of the greater extremes and more frequent 



fluctuations of stream flow on the Wabash than on the 
Tippecanoe, although the species usually occupy the same 
positions relative to one another on the two rivers. Flood 
damage to trees is much more extensive and frequent along 
the Wabash, and the two most flood-tolerant trees (sandbar 
willow and black willow) are decidedly more common along the 
river margin on the Wabash than on the Tippecanoe. 
Successional stages of riverbank communities is generally 
more advanced along the Tippecanoe River due to the greater 
stability of thA. suhstrate bordering the Tippecanoe. 
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McCord, V. A. S. 1987, Flood frequency reconstruction based on 
flood-scarred trees in the Colorado River basin: Geological Society 
of America, Abstracts with Programs, 1987 Annual Meeting, Phoenix, 
Arizona, 26-29 October, p. 764. 

Flood scars on conifers in the southwestern United states 
provide precisely dated records of flood events over the 
last several hundred years. Reconstructions show excellent 
agreement with the known flood record. Heights of scars 
provjde paleostage indicators, which may be transformed to 
discharge estimates for floods exceeding a chosen "censoring 
level". Peak discharge estimates based on the time-series 
analysis of ring-width growth responses to climate are 
unable to detect large-magnitude floods which occur in years 
of unexceptional precipitation. The flood-scar method is not 
subject to this limitation. 

Phipps, R. L., 1970, The potential use of tree rings in 
hydrologic investigations in eastern North America with some 
botanical considerations: Water Resources Research, v. 6, 
p. 1634-1640. 

Tree rings can be used to date the occurrance of certain 
hydrologic events, and sometimes to assess their magnitude. 
These events include flooding, ice flows, landslides, and 
the formation of new land surfaces by erosion or deposition. 
Tree age provides an estimate of the minimum time since a 
new land surface has formed. Heights of scars caused by ice 
flows can both date and determine the magnitude of ice jams. 
Processes which tilt, push over, or cut down trees can be 
dated by the formation of sprouts and the shift from 
concentric to eccentric ring patterns. Partial burial or 
exhumation of deciduous trees causes a shift in the type of 
wood tissue formed. 



Schroeder, E. E., and Massey, B. C., 1987, Floods in central 
Texas, August 1-4, 1978: U.S. Geological Survey Professional 
Paper 1332, 39p. 

Catastrophic floods occurred when the remnants of 
tropical storm Amelia moved onshore from the Gulf of Mexico 
and caused torrential rains in two separate storms in south
central and north-central Texas. Rainfall of over 48 inches 
occurred in a 72-hour period near Mesina in south-central 
Texas. Severe flooding occurred on several rivers, including 
major floods on the Medina and Guadalupe Rivers in south
central Texas. On the Guadal upe a,nd Medina River systems, 
hundreds of large cypress trees (up to 2 m in diameter) 
growing along the banks were uprooted or snapped off and 
floated downstream, to be left scattered along the flood 
plain or deposited in huge debris piles. Many trees were 
left partially downed and stripped of bark and foliage. 

Scott, Kevin M., and Gravlee, George C., Jr., 1968, Flood surge 
on the Rubicon River, California - hydrology, hydraulics, 
and boulder transport: U.S. Geological Survey Professional 
Paper 422-M, p. MI-M40. 

Includes discussion of damage to large conifer trees. 
Failure of Bell Hole Dam in December, 1964 released surge 
with discharge probably greatest since Pleistocene. More 
than 700,000 ydJ of diorite rockfill was washed downstream 
from the d,am, acting as a point source of boulders 
distinguishable downstream. Changes in roundness occurred 
rapidly downstream. Flow competency generally decreased 
downstream, but fluctuated greatly. stands of 300-400 yr old 
yellow pine, cedar, and Douglas fir were removed by the 
surge. Jams of timber were relatively rare; most of the 
vegetal debris traveled the complete route to Folsom Lake. 
A few trees in the upper reaches were killed by bark 
removal, and many were damaged by scarring. Maximum abrasion 
of tree trunks occurred in zone 3-5 ft above the present 
aggradational surface. Below this, trunks may have been 
protected by temporary burial. 

Shroder, J. F., 1976, Dendrogeomorphological evidence of mass 
movement on Table Cliffs Plateau, Utah: Quaternary Research, 
v. 9, p. 168-185. 

The long-term movement of a large boulder deposit in 
south-central utah was studied by the tree-ring analysis of 
a population of trees growing on it. Geomorphic processes 
may affect tree growth and morphology by causing various 
events such as inclination, shearing of rootwood or 
stemwood, corrasion of bark, partial burial of stemwood or 
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exposure of rootwood, and stripping away of surrounding 
vegetation. Datable botanical responses to these events 
include the formation of reaction wood or eccentric ring 
growth, suppression or release of growth, sprouting, 
formation of callous wound-response tissue, growth 
termination, and ecological succession. An event chronology 
using only strongly replicated dates from within trees shows 
14 peak periods of movement over the last 200 years. 
Comparison with mean annual precipitation and with an 
independently-derived tree-ring precipitation record 
suggests a correlation of event-respone maxima with 
precipitation maxima. 

Sigafoos, Robert S., 1961, Vegetation in relation to flood frequency 
near Washington, D. C.,~ Geological Survey Research 1961: 
U. S. Geological Survey Professional Paper 424-C, p. C248-C250. 

Analysis of vegetation plots along the Potomac River near 
Washington, D.C. suggests that the growth forms of three 
distinct vegetation zones from the riverbank to adjoining 
uplands are determined by the magnitude and frequency of 
floods. The zone nearest the river is composed of shrubby 
trees having a mean diameter of less than one inch. This 
zone is flooded on the average of 4.8 times per year, based 
on flood records of 31 years and 10 months. The next zone, 
of small trees 3 to 5 inches in diameter, is flooded about 
once every 1.8 years. The zone farthest from the river, 
consisting of larger trees about 15 inches in diameter, has 
been flooded less frequently. 
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Sigafoos, R. S., 1964, Botanical evidence of floods and flood-plain 
deposition: U. S. Geological Survey Professional Paper 485-A, 35 p. 

Study of the age and growth forms of trees growing on the 
Potomac River flood plain provides a method for identifying 
and dating floods which have occurred in years prior to 
which stream discharge records exist. Trees growing on the 
flood plain may be scarred, defoliated, broken, tilted, or 
partially uprooted by floodwaters or flood-borne debris. 
Dendrochronological dating of the wood tissue produced 
before and after the flood damage can provide accurate dates 
for floods which have occurred during the lifetime of the 
trees. The thickness and date of deposition of flood-borne 
sediments can be determined by the anatomical response of 
partially buried trees, including growth of adventitious 
roots, vertical sprouting from tilted and buried trees, and 
the change in wood tissue structure from stem type to more 
root-like tissue. Dates of root exposure due to bank and 
flood plain erosion can also be determined by wood 
anatomical characteristics. 



Smith, S. 5., and McCord, V. A. S., 1986, Tree-ring 
reconstruction of flood events along Kanab Creek, south
central Utah: Geological Society of America, Abstracts with 
Programs, 1986 Annual Meeting, San Antonio, Texas, 10-13 
November, p. 755. 

Flood scars on ponderosa pine growing along a major 
Colorado Plateau stream provide a SOO-year record of extreme 
flood events. These trees allow precise dating of damaging 
floods, and the scar heights may be used in threshold 
magnitude calculations. Several scars may be preserved on an 
individual tree, including very old scars healed over. at 
depth within the tree. Extensive scarring and a growth 
suppression were caused bl' historically documented 
geomorphically important floods in the late 1800's. 
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stewart, J. H., and LaMarche, Valmore C., Jr., 1967, Erosion and 
deposition in the flood of December, 1964 on Coffee Creek, Trinity 
County, California: U. S. Geological Survey Professional Paper 
422K, 22 p. 

Severe flooding on Coffee Creek, a tributary of the 
Trinity River in northern California, caused catastrophic 
erosion and deposition, which significantly altered the 
character of the valley. Extensive areas of meadowland and 
forest were destroyed by erosion or by deposition of sand 
and gravel. Vast amounts of material were transported, 
including boulders up to 2 meters in maximum diameter. The 
flood also caused deep erosion of previously undisturbed 
alluvial fan deposits along the valley sides as old as 1,700 
years, based on radiocarbon dates from charcoal buried in 
the sediments. Many of the trees in stands destroyed and 
transported by the flood were from 200 to over 400 years 
old, indicating that a flood of this magnitude had not 
occurred for at least this long, even though the recurrence 
interval was estimated to be on the order of only 100 years. 
Natural levees consisting of coarse gravel and very large 
boulders were commonly produced along the edges of the main 
flood channel. Older natural levee deposits as much as 0.6 m 
above the 1964 high-water lines arc widespread on the valley 
bottom, and indicate former floods of comparable or greater 
magnitude. Extreme flood events competent to move the coarse 
gravel and boulders making up the alluvial features of this 
valley are clearly more important than lesser events in 
shaping the valley landscape. 



stone, Edward C., and Vasey, Richard S., 1968, Preservation of coast 
redwood on alluvial flats: Science, v. 159, p. 157-161. 

Epitropic (or negative geotropic) roots form root systems 
of coast redwoods covered by flood-borne deposits. 
Successive shallow layers of sediment burial will produce 
corresponding levels of adventitious roots. Vertical growth 
of 60em per year was observed. It was also observed that 
aggradation affects the lowest portion of original root 
systems in such a way that the thickness growth of the roots 
weakens and the systems are to some extent destroyed. One 
reason may be a decrease in aeration of the deepest soil 
layers. 

Sullivan, Edward S., 1983, Geomorphic effectiveness of a 
high-magnitude rare flood in central Texas: M.A. thesis, 
University of Texas at Austin, 214 p. 

Record flooding occurred on August 1-2, 1978, on the 
Medina and Guadalupe Rivers in central Texas when remnants 
of tropical storm Amelia moved onshore and became stalled 
along the Balcones Escarpment, producing a record 3-day 
rainfall total for the United states of 122 cm. Flood peaks 
were up to 15 meters on the Medina River with a discharge of 
7950 m~/m and velocities from 2.9 to 4.3 m/s. The severe 
flooding resulted in the widespread destruction of large 
bald cypress trees, followed by the initiation of large
scale channel scouring, and some erosion of jointed 
limestone bedrock. Three important response thresholds are 
identified: 1) threshold of extensive destruction of 
bottomland vegetation, 2) threshold of particle entrainment 
for coarse bedload material, 3) threshold of limestone 
bedrock erosion. Geomorphically, the most important of these 
thresholds is the removal of bottomland vegetation. Even 
though the threshold for entrainment of coarse bedload 
material is lower than the vegetation removal threshold, 
extensive scouring does not occur until after the vegetation 
has been removed. This is evidenced by the observation that 
a smaller flood in October of 1981 (when the bottomland 
vegetation had not recovered) reworked many of the 
geomorphic features produced by the Amelia flood, but seven 
recorded floods of similar magnitude prior to the Amelia 
flood produced no large-scale geomorphic effects. 
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Yanosky, T. M., 1982, Effects of flooding upon woody vegetation 
along parts of tbe Potomac River flood plain: U. S. 
Geological Survey Professional Paper 1206, 21p. 

Floods along the Potomac River near Washington, D.C. are 
the dominant influence determining the age, form, and 
composition of the flood-plain forests. Bark is abraded, 
branches are damaged, and trees may be uprooted and 
destroyed by floods. The extent of damage appears to be more 
related to velocity of flow than to discharge. Trees growing 
along exposed reaches may be repeatedly damaged by small 
floods, and entire stands may be removed by more infrequent 
larger floods. Trees growing in sheltered areas, such as 
just downstream from a rock wall, may survive several 
catastrophic floods, and may preserve long-term records of 
large-magnitude floods. 
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Yanosky, Thomas M., 1983, Evidence of floods on the Potomac River from 
anatomical abnormalities in the wood of flood-plain trees: 
U. S. Geological Survey Professional Paper 1296, 42 p. 

Floods which inundated ash trees along the Potomac River 
during the growing season caused changes in wood anatomy by 
the formation of "flood rings", or b<lnds of large vessels in 
the developing wood. The flood rings form in response to 
growth hormones released when the tree produces a second 
crop of leaves after being defoliated by a flood. Evidence 
was detected for 33 of 34 growing-season floods which 
occurred during 50 years of flood records (1930 to 1979), 
and for 12 floods prior to this time period, including two 
historically recorded catastrophic floods in 1889 and 1924. 
Peak stages were positively related to to the extent of 
development of flood rings throughout the tree. The 
approximate timing of the flood within the growing season 
could be determined by the relative position of the growth 
abnormality within the ring. 



ANNOTATED BIBLIOGRAPHY 

STREAMFLOW RECONSTRUCTION 
BY TIME-SERIES ANALYSIS OF TREE RINGS 

Campbell, D. A., 1982, Preliminary estimates of summer streamflow 
for Tasmania: in Hughes, M. K., Kelly, P. M., 
Pilcher, J. R., and LaMarche, V. C., Jr., (Eds), Climate 
from Tree Rings, Cambridge Uni'iTersity Press, p. 170-177. 

Summer streamflow estimates were reconstructed for 8 
rivers in western Tasmania using data from 11 tree-ring 
chronologies of 4 different species for the time period 
1776-1973. The reconstruction was performed by canonical 
analysis, using eigenvector amplitudes derived from the tree 
ring data sets as predictor variables. The reconstructions 
explained 47% of the variance for the summer runoff in the 
calibration period (1958-1973). The reconstruction results 
were verified against streamflow records for 8 or more years 
not used in the canonical regression analysis. Streamflow 
was related to ring widths in both the current year and the 
following year. The study demonstrates the feasibility of 
providing proxy hydrologic information from the rings of 
temperate rain forest tree species. Since datable tree 
species are known from Tasmania up to 2000 years in age, it 
is potentially possible to produce millenia-long streamflow 
reconstruction from this region. 
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Cook, E. R., & Jacoby, G. C., 1983, Potomac River streamflow since 1730 
as reconstructed by tree rings: Journal of Climate and Applied 
Meteorology, v. 22, p. 1659-1672. 

The Potomac River streamflow for the low-flow period 
(July-September) was reconstructed from 1730 to 1977. The 
reconstruction was accomplished by using carefully screened 
predictor variables from 5 well-replicated high quality 
tree-ring chronologies from sites in or near the river 
basin. stepwise canonical regression analysis was carried 
out using the tree-ring variables as predictors calibrated 
against stream gage data for 1930-1977. The reconstructed 
streamflow estimates were then satisfactorily verified by 
comparison with the gage records for 1907-1929, which were 
not used in the original analysis. The reconstruction 
indicates that the prolonged drought of the 1960's was more 
severe than any previous low-flow episode since 1730, but 
there have been several longer periods when the flow was 
generally above or below the long-term median discharge. 
Streamflow has been generally above the median during most 
of the time period for which stream gage data is' available. 



Graybill, D. A., 1986, Reconstruction of Salt River streamflow: 
Ch 3 in Environment and Subsistence, V. 5, Part 1 of The Las 
Colinas Project, by Graybill, D. A., Gregory, D. A., and 
Nials. F: C.R.M.D. Arizona State Museum, Archaeological 
Series 162, Tucson, p. 25-38. 

Tree-ring streamflow reconstructions for the Salt and 
Verde Rivers were produced for the time period 1800-1979, 
and for the period 740-1370. For the modern period, two sets 
of regionally averaged tree-ring growth indices were used, 
one for each basin. Each set was calibrated with stream gage 
data from a single station on the corresponding river by 
solving a simple linear regression equation, using the tree
ring indices as the independent variable, and about two-
thirds of the available gage data as the dependent variable. 
The regression coefficients were then used with the tree-
ring data to reconstruct annual and seasonal (winter) flow 
values for the entire modern period. The reconstructed 
discharge estimates were verified against the remaining one
third of the gage data which was not used in the regression 
equation. This analysis was performed several times with the 
calibration and verification portions of the gage data 
divided up in various ways. The regression coefficients were 
then used with two composite chronologies derived from 
archaeological specimens to produce the reconstruction for 
the prehistoric period. Four of the five modern chronologies 
used to produce the composites exhibited significant 
autocorrelation, or pesistence, due to biologically delayed 
responses to climatic variations. To avoid inappropriately 
transferring this persistence to the discharge reconstructions, 
these tree-ring series were transformed or "prewhitened", using 
appropriate autoregressive-moving average (ARMA) models. This 
process develops a new set of tree-ring variables with the 
autocorrelation removed, which may then be used in the 
regression analysis. 
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Holmes, R. L., Stockton, C. W., and LaMarche, V. C., Jr., 1979, 
Extension of riverflow records in Argentina from long tree-ring 
chronologies: Water Resources Bulletin, v. 15, p. 1081-1085. 

Annual river flow was reconstructed using tree rings for 
the Neuquen and Limay Rivers in Argentina from 1601 to 1966. 
Seven tree-ring chronologies of Austrocedrus and Araucaria 
from within the drainage basins were used as predictor 
variables in a canonical analysis. The tree-ring 
chronologies were calibrated in the analysis against 
approximately 60 years of stream gage records from the two 
rivers. Tree-ring data for the years t-l, t, ttl, and t+2 
were found to be related to the annual runoff values. For 
both rivers, the correlation between measured and 
reconstructed flows is 0.73. 



Jones, P. D., Briffa, K. R., and Pilcher, J. R., 1984, Riverflow 
reconstruction from tree rings in southern Britain: Journal 
of Climatology, v. 4, p. 461-472. 

Summer and annual (water year) streamflow was 
reconstructed for the Wensum, Exe, and Wye Rivers in 
southern Britain using seven oak chronologies from Britain 
and northern France for the period 1755 to 1979. Ring-width 
indices for the current and preceding years at the seven 
sites were used as the predictor variables, after being 
transformed to their principal components to avoid problems 
related to using intercorrelated variables. Due to the 
paucity of data available for streamflow prior to 1950 in 
the United Kingdom, the dependent data were first 
reconstructed themselves, using rainfall data available back 
to at least 1860. The reconstructions explained an average 
of 25-30 percent of the variance of the riverflow, 
considerably less than in most North American stUdies, 
reflecting the difficulty of dendrohydrological 
reconstruction in humid areas. The results were not good 
enough for definite conclusions to be drawn on the question 
of possible changes in the frequency of low-flow events, but 
attempts are being made to improve the estimates by 
incorporating other species, such as elm, ash, and pine into 
the reconstructions, and by modifying the modeling approach, 
for example by log-transforming the predictand data. 

Smith, L. P., and Stockton, C. W., 1981, Reconstructed stream 
flow for the Salt and Verde Rivers from tree-ring data: 
Water Resources Bull., v. 17, p. 939-947. 

Smith and Stockton reconstructed the annual and seasonal 
flow histories of the Salt and Verde Rivers in central 
Arizona for the last 400 years (1580-1979), using tree-ring 
samples from 13 sites within and near the basins, by the 
procedures described by Stockton in 1975. The tree-ring 
series and discharge records were shown by principle 
components analysis (PCA) to be responding to climatic 
variables in a similar manner, and the tree-ring series were 
substituted as proxy climatic data in multiple linear 
regression with the log 10 transformed discharge data to 
make the reconstruction. The autocorrelation in the tree
ring index series resulting from the biological delay in 
growth response to precipitation was removed by the process 
of autoregressive (AR) modeling. The reconstructions show 
that the gaged records from both rivers have above average 
nwnbers of high seasonal and annual flows. Since high peak 
flows tend to occur during high flow years, the gaged record 
of peak flows may also be biased. The frequency of the 
annual and seasonal flows associated with recent floods on 
the two rivers has remained constant during the 400 year 
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period of reconstruction. Mean annual flow of the Salt 
River is not different from the 400 year mean, but is higher 
than some other periods of similar length. Therefore a mean 
based on the gaged period may not reliably estimate the 
dependable supply. Several sustained low annual flow periods 
have occurred, some more severe than any since 1890. A 
recurrence of a similar period would cause serious water 
supply problems. 

stockton,C. W., 1975, Long Term Streamflow Records Reconstructed 
from Tree Rings: University of Arizona Press, Tucson, III p. 

The feasibility of reconstructing long-term streamflow 
records from tree rings was investigated in two watersheds 
of diverse hydrologic character: the Bright Angel Creek 
basin on the north rim of the Grand Canyon, and the upper 
San Francisco River basin on the Arizona-New mexico state 
line. By comparing the local hydrology and climatology to 
ring-width climatic response functions of tree-ring sites in 
these two basins, it was determined that stream flow and 
tree-ring growth responded in similar ways to variations in 
precipitation and temperature, although the responses were 
not identical. These findings provided the physical basis 
for using multiple linear regression techniques to 
reconstruct an extended hydrologic record from the tree
ring growth indices. The greatest fidelity in reconstruction 
is in the low-runoff, narrow-ringwidth association. The 
reconstructed values for extremmely high flow years are 
consistently underestimated, since trees show little or no 
growth response to precipitation above certain limiting 
amounts. The results of the study were then applied to the 
upper Colorado River basin to reconstruct the annual runoff 
at Lees Ferry for the period 1564-1961. ~he climate of a 
given year exerts control over the ring width not only in 
the current year, but also influences the ring width in 
subsequent years, through the action of food storage, leaf 
development, and other factors. There is also a time lag 
between precipitation in remote parts of the basin and 
runoff downstream. Because of these reasons the relationship 
between tree growth and streamflow are extremely complex, 
and the multiple regression model uses tree-ring indices 
from the years t-2, t-l, t, and t+l as predictor variables 
to reconstruct the runoff for each year t. 
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stockton, C. W., and Boggess, W. R., 1980, Augmentation of hydrologic 
records using tree rings: in Improved Hydrologic Forecasting 
- Why and How, Proceedings of the Engineering Foundation 
Conference, ASCE, Pacific Grove, CA, March 25-30, 1979. 

Discussion of techniques used to extend hydrologic 
records by reconstructing streamflow and drought recurrence 
using tree-ring data. The reconstructions are possible 
because of similarities in response of both runoff and tree 
growth to the influence of precipitation, temperature, and 
evapotranspiration on the water balance. The general method 
is described in which hydrologic variables are reconstructed 
by multiple linear regression using tree-ring data as 
independent predictor variables", The reconstruction of flow 
for the major streams of the upp~r Colorado River basin back 
to 1512 and the reconstruction of the occurrence, severity, 
and duration of drought in the western United states since 
AD 1600 are described. 

stockton, C. W., and Fritts, H. C., 1971, Augmenting annual runoff 
records using tree-ring data: Hydrology and Water 
Resources in Arizona and the Southwest, Vol. I, p. 1-12. 
Proceedings of the 1971 Meetings of the Arizona Section, 
American Water Resources Association and the Hydrology 
Section, Arizona Academy of Science, April 22-23, 1971, 
Tempe, Arizona. 

General description of principles and techniques involved 
in reconstructing streamflow records using tree rings, 
including the similarities and differences in the response 
of tree growth and runoff to climatic variables, and the 
development of a mult:i.ple linear regression equation using 
tree-ring data as independent predictor variables. The tree
ring data are lagged up to 3 years in the regression against 
streamflow records in order to compensate for differences in 
the persistence, or autocorrelation, in the tree-ring 
records resulting from the partly delayed responses of tree 
growth to climatic variations. Streamflow reconstructions 
from the Bright Angel Creek watershed in Arizona and from 
the upper San Francisco River basin in New Mexico are 
discussed. 
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Stockton, C. W., and Jacoby, G. C., Jr., 1976, Long-term surface-water 
supply and streamflow trends in the upper colorado River 
basin: Lake Powell Research Project Bull. No. l8, Inst. 
Geophys. and Planetary Phys., University of California, 70p. 

Long-term total annual streamflow records were 
reconstructed for 12 streamgage stations within the upper 
Colorado River basin, using the climatic signal inherent in 
tree-ring growth index series from 30 sites in the major 



runoff-producing ar~as of the basin. The tree-ring data were 
calibrated against streamflow records from 9 sites on 
tributary rivers and 3 sites on the Colorado River main 
stem. The gage records were from 28 to 65 years in length, 
and the reconstructions were from 161 to 500 years long. 
Each reconstruction utilized a subset of from 1 to 17 of the 
30 tree-ring chronologies. The reconstructions of the 
Colorado River at Lees Ferry were of 450 years, from 1512 to 
1961, and accounted for 75 to 87 percent of the variance 
during the calibration period. The results show that 1906-
1930 was a period of anomalously high flow, and was the 
greatest and longest wet period in the last 450 years. Two 
long low-flow periods (1566-1595 and 1870-1894) have also 
occurred. 

Yu, J. K.,1974, The utilization of tree-ring data to predict 
hydrologic properties of semiarid watersheds near TUcson, 
Arizona: M.S. thesis, University of Arizona, Tucson, 106 p. 

Runoff data were reconstructed for the period 1653-1963 
for the Sabino Creek, Rincon Creek, and Rillito Creek 
watersheds. Principal components derived from ring-width 
indices of 4 Douglas-fir chronologies from the Santa 
Catalina, Rincon, and Santa Rita Mountains were used as 
predictor variables in stepwise mUltiple linear regression 
analysis with the streamflow records from the three 
watersheds. The variance explained during the calibration 
period ranged from 34% to 64%. 
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