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ABSTRACT

In a degrading landscape, does the epi-
sodic nature of erosion affect observed ero-
sion rates in a systematic way, and can one
account for the effects? We present a null
hypothesis for surface change rate variations
based on minimal assumptions about the
processes of topographic evolution. Variance
in erosion along with censorship of topo-
graphic change distributions combine to act
as a first-order control on time-scale depen-
dence of erosion rates. In general, censorship
is ubiquitous, and as a result, time-scale de-
pendence of rates is likely to apply to almost
every system. In detail, this occurs because
at short time scales, surface changes can be
censored from field measurements that be-
come inherently incorporated by natural
surface evolution at longer time scales. Ad-
ditionally, the granularity of systems implies
minimum time scales below which specific
rate measurements have no physical inter-
pretation. Finally, we show the existence of a
crossover time scale at which the short-term
rate dependence of a process gives way to the
long-term rate that is no longer subject to
censoring.

We demonstrate these points by apply-
ing the proposed framework to a growing
seepage channel network in Florida, United
States. Using a dendrogeomorphic approach
in concert with cosmogenic radionuclide
methods, we estimate denudation rates av-
eraged over annual to multimillennial time
scales. Exposure of hundreds of tree roots
combined with tree ages supplies surface
change rates along approximately one third
of the valley bottom within the studied area.
Erosion rates are distributed approximately
between 1 mm/yr and 10 mm/yr. This ero-
sion exhibits variance that depends linearly
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on time scale and is interpreted to represent
a process well modeled as normal diffu-
sion. As a result, the erosion rates show an
inverse-square dependence on time scale. We
used the ’Be contents from nine quartz sand
samples to estimate long-term erosion rates
and then coupled them with existing esti-
mates of long-term erosion. These estimates
of erosion are of the order of 0.01 mm/yr to
0.1 mm/yr and correspond to time scales of
roughly 10° yr. Based on theory derived from
censored measurements of rate distributions,
the short-term rates can be used to infer ex-
pected long-term rates. In this case, distribu-
tions of measured and expected long-term
rates do not overlap, and an explicit test of
a null hypothesis is not necessary. We inter-
pret the large-magnitude, short-time-scale
rates as a product of recent influences on the
ravines, and we discuss how this framework
could be applied in other settings.

INTRODUCTION

Earth science literature contains an abun-
dance of studies describing time-dependent
rates of fluvial incision (Mills, 2000; Reusser
et al., 2004; Pederson et al., 2006; Wegmann
and Pazzaglia, 2009), landscape denudation
(Nott and Roberts, 1996; Shuster et al., 2005;
Gomez et al., 2007; Moon et al., 2011), and rock
uplift (Huntington et al., 2006; Blythe et al.,
2007; Miller et al., 2013). Cases have been de-
scribed in which modern rates are greater than
(Mills, 2000; Peizhen et al., 2001; Wegmann
and Pazzaglia, 2002; Hewawasam et al., 2003;
Reusser et al., 2004; Huntington et al., 2006),
less than (Kirchner et al., 2001; Ferrier et al.,
2005; Vanacker et al., 2007; Gabet et al., 2008),
and similar to (Gunnell, 1998; Campbell and
Church, 2003; O’Farrell et al., 2007; Cyr and
Granger, 2008) rates associated with longer
time scales. Process rate changes like these are a
primary method for deducing the consequences
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of environmental change through Earth history.
For instance, changes in rates of vertical mo-
tions of rocks and surfaces have been interpreted
as past tectonic changes (Reiners et al., 2002)
and as the effects of Quaternary climate changes
on erosion rates (Peizhen et al., 2001).
Understanding and predicting the conse-
quences of climate variability, tectonic varia-
tion, and direct human influence on Earth’s
surface and environmental evolution are two
of the many important modern topics in earth
science that could and should be addressed by
measuring temporal variation in rates of surface
change. Much work has already been done to
identify and quantify the effects of human ac-
tion and climate alteration on the processes that
erode, transport, and deposit sediment across
continental surfaces. These studies include the
general geomorphic influence of human action
(Knox, 1977; Hooke, 2000; Douglas and Law-
son, 2000; Hewawasam et al., 2003; Wilkinson
and McElroy, 2007; Reusser et al., 2015), global
agricultural impacts on landscapes and the envi-
ronment (Nearing et al., 2000; Van Oost et al.,
2005, 2007), eftects of surface-water impound-
ments on sediment accumulation (Vorosmarty
et al., 2003; Syvitski et al., 2005; Snyder et al.,
2006; Yang et al., 2007; Dai et al., 2008), and
direct and indirect enhancements of coastal
geomorphic processes (Mazda et al., 2002; Day
et al., 2007; McNamara and Werner, 2008). A
major societal responsibility of earth scientists
must be to define the range of possible sur-
face behaviors under background conditions
so that modern deviations from geologically
normal behavior can be accurately determined
and properly ascribed to anthropogenic and/or
natural changes in environmental forcing (e.g.,
climatic, tectonic, or biologic factors).
Quantifying surface change with methods
that integrate over time scales longer than any
possible anthropogenic forcing is one approach
that can be used to establish metrics for back-
ground geomorphic behavior. These measures
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can then be compared against results from
analyses using methods that integrate over
years to decades or centuries. In order to accu-
rately assess the significance of any observed
difference, it is imperative to know the effects
of integration over disparate time scales on a set
of measurable surface changes. For this reason,
we set out to explore a null hypothesis for ana-
lyzing rates of surface change through time and
its implications and applications to data sets on
rate changes.

Knowledge Gap and Problem Statement

More than three decades ago, Sadler (1981)
recognized that the lack of completeness of the
stratigraphic record in fluvial and other largely
depositional environments could affect how
rates of geologic processes appear. He demon-
strated empirically and numerically that rates of
deposition explicitly depend on the duration of
geologic time represented by that rate (Sadler,
1981). This phenomenon seems to be explained
physically by the presence of hiatuses or other
variations in deposition regardless of their char-
acter as periodic or stochastic (Sadler, 1981;
Schumer et al., 2011). Gardner et al. (1987) also
recognized this phenomenon for a wide variety
of largely erosional systems. Recently, Finnegan
et al. (2014) and Gallen et al. (2015) specifically
identified causative factors (erosional hiatuses
and choice of datum, respectively) for ero-
sion rate dependence on measurement interval
in bedrock incision. Additionally, Ganti et al.
(2016) illustrated how glaciated regions also
show erosion rate dependence on time scale.
These results demonstrate that regardless of the
net behavior of evolving topography and ignor-
ing potential bias or censoring, fluctuations be-
tween erosion and deposition result in time-scale
dependence of rates of change for a surface. We
incorporate this notion into a schematic model
of surface behavior in order to generate a null
hypothesis for rates of surface change.

Despite the frequent occurrence of interpreta-
tions of environmental changes based on mea-
sured differences in rates of topographic evolu-
tion, evaluations of null hypotheses to confirm
the significance of these differences are seldom
carried out. This is not particularly surprising
because there is currently a vigorous debate
about the existence of evidence showing that
time-scale rate dependence exists in any mean-
ingful way (Herman and Champagnac, 2016;
Willenbring and Jerolmack, 2016). A reasonable
path forward to resolve this issue must include
a clear demonstration of time-scale dependence
in a single location, and it must produce a con-
sistent framework for addressing the time-scale
dependence of surface process rate changes.

McElroy et al.

General Strategy to Address Problem

We address this here by analyzing the ex-
pected evolutionary behavior and history of
surface topography at a single location with
minimal assumptions. First, the problem is
defined, and a generalized null hypothesis for
topographic evolution is presented. Then, the
application of probability theory to the analysis
of topographic change data is described, and
data from a growing channel network located in
Florida, United States, are analyzed within this
framework.

To accomplish this, we examined the sche-
matic history of topographic evolution of an
idealized surface. Given the previous argu-
ments, the direction of net change of the surface
does not matter when investigating the time-
scale dependence of rates. However, for clarity
and because the example data set used herein is
from an eroding landscape, we will describe our
schematic surface as undergoing net erosion.
The key point is that the idealized net change
(erosion) is not constant but contains fluctua-
tions about a central behavior.

The questions of primary interest in this sys-
tem are: What is the apparent time-scale depen-
dence of erosion rate? Can it be distinguished
from erosion rate changes induced by changes
in the system’s boundary conditions imposed
from fluctuating tectonic or climatic forcing
mechanisms? In order to answer this question,
we needed to develop a null hypothesis for time-
scale dependence of erosion rate in the absence
of mean rate changes through time.

THEORY

In order to proceed with a null hypothesis,
the physical system must first be fully defined.
Earth’s surface is subject to a great range of
sedimentary and geomorphic processes. Plate
tectonics and mantle dynamics control substan-
tial vertical motions of the crust (Fowler, 1990),
and differences between vertical motions of sur-
faces and the crustal rocks beneath capture the
essential result of erosion (Molnar and England,
1990) and depositional preservation (Wilkinson
et al., 2009). In many ways, these are two sides
of the same coin, but they are rarely treated as
such. Intermittent deposition is known in largely
erosional systems. Common examples are tran-
sient alluvial (Ouimet et al., 2007) or glacial
(Straumann and Korup, 2009) sediment stor-
age in mountain valleys or transient storage of
hillslope sediment associated with vegetation
(DiBiase and Lamb, 2013). Similarly, intermit-
tent erosion in largely depositional systems has
long been held as the source of stratal bound-
aries (Krumbein and Sloss, 1963) and as a par-
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tial explanation for the lack of complete evo-
lutionary suites of preserved paleontological
organisms (Darwin, 1859).

An important aspect to consider is that sur-
face evolution on Earth proceeds with sub-
stantial variability. Whether the variability rep-
resents a process that could be predicted with
appropriate data is not particularly important.
Neither is it imperative that a stochastic model
of Earth’s surface be adopted. Rather, the criti-
cal point is that the variability in Earth surface
processes must be embraced in any reasonable
null hypothesis.

In addition to the importance of process
variability, it must be recognized that there is
a minimum interval of time associated with
meaningful evaluation of erosion rates. For ex-
ample, in sandy systems undergoing relatively
fast rates of denudation, e.g., 1 mm/yr, this rate
is equal to the removal of no more than ap-
proximately ten grains per year at any location.
For systems where physical erosion dominates
mass loss from the surface, granularity limits
the shortest possible scales of temporal conti-
nuity. In the example of 1 mm/yr, the shortest
possible time scale of continuity is on the order
of a month. For systems eroding more slowly,
the shortest scales must be longer in proportion
to the grain size and inversely proportional to
the erosion rate. This defines a fundamental
time scale below which an erosion rate has no
physical meaning. The existence of this time
scale is directly connected to the granularity of
landscapes and is here termed the granularity
time scale, Tg

T, :Dsoﬁ_l, (D

where D is the median diameter of clasts being
removed from the surface, and ¢ is the erosion
rate of the surface. Consider that it is not pos-
sible to physically denude a landscape at a rate
of 0.5 grains per year over the course of a single
year. At a minimum, that rate is only physically
possible at a time scale of 1 grain/0.5 grains per
year = 2 yr or greater.

Null Hypothesis for Surface Change

The simplest null hypothesis for an eroding
landscape is no change in the rate of the ero-
sional processes, €.

e()=C. )

Here, erosion rate is a constant function, C, of
time, #, only and is presented in one dimension.
This null hypothesis (Eq. 2) could be applied
across all landscapes, and at any specific locale,
it could be interpreted as no change in the style
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or magnitude of topographic evolution. Unfor-
tunately, a key factor renders this particular null
hypothesis inapplicable: measurement error.

This issue can be addressed by modifying the
null hypothesis statement to one of no measur-
able change in the rate of erosion processes.
The importance of the phrasing “measurable
change” is that any rate variation must be larger
than inherent uncertainties associated with the
particular method used to determine the rate. For
any rate change that is smaller than methodo-
logical uncertainty, this null hypothesis would
be satisfied. It is therefore possible for modest
variations in topographic change to be masked
if they have only small effects on the resulting
measured rates. For example, if geomorphic al-
teration is a weak function of climate, it could
be difficult to measure the effects of changes in
precipitation or temperature on rates of change
within the precision offered by various measure-
ment techniques. This problem has been specifi-
cally elucidated for basin-scale rates of denuda-
tion calculated from cosmogenic radionuclide
concentrations in alluvial sediment (Schaller
and Ehlers, 2006).

By additionally recognizing temporal vari-
ability in rates of topographic change, the null
hypothesis can allow for both deterministic
uncertainty in the measurement technique and
for stochasticity in the erosional processes. This
new null hypothesis is mathematically symbol-
ized as follows:

(e), =C, 3)

where the brackets represent an averaging oper-
ator over an arbitrary time period, 7. A factor for
measurement uncertainty need not be separately
included in the formulation.

An explicit framework for applying this null
hypothesis (Eq. 3) can be developed by decom-
posing a local elevation history, An, into its
mean elevation change, (An), and a deviatoric
component representing the variability around
that change, An'.

An=(An)+An’. )

Following this, the rates of elevation change in
the elevation history can be analogously decom-
posed into a mean rate and the variations around
that rate.

e=(e)+e". Q)

Through inspection of Equations 3 and 5, it is
clear that the null hypothesis (Eq. 3) specifically
regards the mean portion of topographic change
rates (over periods greater than the granularity
time scale) and not the total rate of elevation

change. Through inspection of Figure 1, it is
clear that fluctuations in surface evolution imply
that the magnitude of the deviatoric component
of surface change is a function of time in history
and the time scale of investigation. As a result,
it is even possible in general and in the example
case to observe deposition over some time scale,
T (Fig. 1), even though the deviatoric compo-
nents of elevation change and erosion rate are
zero by definition.

YAy =Y¢e=0. ©6)

When geoscientists measure erosion rates at a
particular location, they are measuring the total
erosion or total rate, i.e., the first term in Equa-
tions 4 or 5 (Fig. 1). It is therefore necessary to
evaluate the contribution of the deviatoric com-
ponent of topographic evolution (as defined in
Eq. 4 and Eq. 5) to any measured erosion rates
before evaluating the null hypothesis (Eq. 3). In
some cases, the difference between the mean
and total erosion could be small, and no ac-
counting for the difference is necessary because
the associated error is small. However, in cases
where the variability in erosion rate is large rela-
tive to the mean rate, the distinction between
mean, (&), and total erosion rates, €, is no longer
trivial and must be accounted for. Under these
circumstances, it becomes necessary to decon-
volve the mean and variable portions of the total
measured erosion rate.

I —

Figure 1. Schematic surface change history
(Eq. 4). Thick gray curve represents a his-
tory of elevations showing mean erosion,
(M) <0 (thin dashed line), through time and
variability, An'. Slopes of thin black cords
represent erosion rates, g, at times spanned
by the cords. Note that, depending on the
duration and temporal location of a cord,
its slope (and erosion rate) can be greater
than, less than, or approximately equal to
the mean rate; it could even show change
of the opposite sign, i.e., aggradation in this
example.
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Limitations to Measurement

Evaluation of variability in rates of topo-
graphic evolution requires measurement of a
distribution of erosion and deposition rates for
a given location. Two types of bias are ubiqui-
tous in modern studies of erosion and depo-
sition and substantially affect reported rates
and distributions of rates. First, methodologi-
cal constraints artificially limit the ranges of
measurable rates through bounds on measure-
able time scales and/or length scales. Second,
most geomorphic and sedimentologic studies
specifically set out to study rates of erosion
or deposition alone, but seldom both, even
though evidence for both surface aggradation
and degradation is simultaneously present in
most landscapes. By focusing on one direc-
tion of surface change, the other is normally
excluded, leading to a measured distribution
of surface changes that is a truncated ver-
sion of the total surface change distribution
(Fig. 2A).

Various methods have been used in surface
process studies to determine ages of surfaces
and buried materials as well as the affiliated
rates of erosion or deposition. Physically based
methods, such as the dendrogeomorphic meth-
ods applied in this study, are limited to rela-
tively small length scales, i.e., centimeters, by
imprecision associated with the response of
vegetation to minor amounts of soil burial or
excavation. Similarly, other methods that re-
quire vertical change estimation are often lim-
ited by resolvable change levels that are direct
functions of measurement instrumentation.
Further, uncertainty in creating and comparing
digital elevation models introduces another host
of limits to change detection (Wheaton et al.,
2010). As a whole, these limits to small-scale
elevation changes constrain a lower bound on
achievable rates (Fig. 2B; Anders et al., 1987).
This type of rate limit is independent of any
time-scale—dependent rate limit that is implied
by granularity.

In a similar vein, natural systems are likely
to have physical constraints that place upper
limits on their achievable vertical changes. For
example, the Caspian Basin is likely Earth’s
deepest sedimentary basin at 20-25 km (Brunet
et al., 2003). It is therefore an approximation
of the largest achievable thickness of sediment
accumulation. This provides a constraint for
vertical change and for vertical change rates
achievable for natural systems (Fig. 2B; Anders
et al., 1987). The mathematical expression for
upper and lower bounds to vertical changes is
given by:

AT‘min < Anm < Anmax’ (7)



Measurable
Rates

Probability Density

0

Erosion Rate, ¢

McElroy et al.

B

w g \\

q;?g l\_____\ -

':; 4] T\

& oed Measurable

5 % \ Rates \\

.g .é \A \

N
\\

Duration, At
Logarithmic scale

Figure 2. Schematic representation of measurable rates (Eq. 7, Eq. 8, and Eq. 9). (A) Mea-
surable rates are often truncated by bias such that rates of the other sign are not measured
in the field. The applicable types of limits vary from case to case. (B) In general, every mea-
surement technique has limitations that set bounds on what rates are measureable. Hori-
zontal dashed lines are limits on rates themselves, for instance, from chemical saturation
or detection limits. Inclined dashed lines are limits on measurable length scales, including
resolution of a ruler or potentially limits on the system such as grain-scale change or uplift/

subsidence limits.

where An,,, and An,,, are the maximum and
minimum measurable surface topographic
changes, respectively, and An,, is the measure-
able change.

Another type of constraint analogous to
Equation 7 based on rates of change must also
be explored. For instance, geochemically based
methods are often limited by saturation of a
chemical concentration in a material or by mini-
mal concentrations required for detection. For
example, radiocarbon techniques can generally
date materials younger than 50-60 ka (Trum-
bore, 2000), a practical age-dating range for
BOTh/>4U system is 5-300 ka (Ku, 2000), and
2P is only applicable to sediment deposits
younger than 250 yr (Noller, 2000). Rates of
erosion based on accumulation of cosmogenic
nuclides are a direct function of the nuclide
half-lives and are limited in a practical sense
to a range between 10° mm/yr to 10* mm/yr
(Fig. 2B; Lal, 1988). The mathematical expres-
sion for this type of rate limit is given by:

Emin < €m < Emax- (8)
Here, ¢, and ¢, are the minimum and maxi-
mum measureable topographic rate changes,
respectively, and €, is the measurable rate. Like
Equation 7, Equation 8 describes a type of bias
that is inherent in physical systems or the meth-
ods we employ to study them. This bias is un-
avoidable but largely understood.

Another type of bias is censorship connected
to study design. One of the consequences of
specifically attempting to measure erosion rates
is that all localities within a study area that have

undergone recent aggradation are by definition
excluded. Naturally, for techniques that require
costly analysis, there is no value in collecting
samples that will yield nothing to measure. The
effect of censorship is to truncate the distribu-
tion of real, local elevation change rates to a
set of measureable erosion rates with shared
direction of change, e.g., exclusively erosion
(Fig. 2A). The mathematical expression for cen-
sorship of rates is given by:

e _{e) ¢ )

el e e

€

Equation 9 describes a common condition
where the sign of the values for the measurable
rate is the same as that for the real mean rate
and the real deviatoric component of the rate;
i.e., mean erosion is not measured at a locality
of recent or net deposition. Although this is not a
strict condition on measurement methods, when
true, it has profound implications for measur-
able rates.

In a probability context, the truncation of
natural distributions through the mechanism
summarized in Equation 9 results in the col-
lection of conditional rate distributions that an-
swer the question, “What is the distribution of
topographic change rates given that erosion oc-
curred?” This question is equivalent to asking,
“What is the distribution of erosion rates?”” How-
ever, it is not equivalent to asking the question,
“What is the distribution of topographic change
rates?” The latter is the question that must be
addressed in order to assess the null hypothesis
in Equation 3, specifically because fluctuations
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in deposition and erosion are ubiquitous, and
deviatoric components of surface change must
be evaluated.

Because the fluctuating portions of surface
change can be encapsulated in essence by a
random walk of the topographic surface, and
because random walks have a rich literature
and theoretical development, we investigated
random walks as a source of intuition about the
behavior of surface changes.

Random Walks of Topography

There are many varieties of random walks
with respect to their mathematical description
(Feller, 1966). Here, a discreet topographic ran-
dom walk is specifically defined by:

Nivar =M +AN, (10)
where the values of An are independent and
identically distributed surface changes. Addi-
tionally, the durations between topographic
changes, Af, are constrained to be indepen-
dent and identically distributed. The behavior
of Equation 10 is well known for distributions
of An and At where the mean, (An), and vari-
ance, o, are defined (Bouchaud and Georges,
1990; Weeks and Swinney, 1998; Schumer
et al., 2009). In practical terms, this implies that
the mean and variance do not continue to grow
if more measurements are made. Originally
termed Brownian motion for the case where the
variance grows linearly with time, this kind of
random walk taken by an ensemble of walkers
gives rise to normal diffusion (Feller, 1966). If,
however, the mean and variance are not con-
strained (e.g., because either of the distributions
are heavy-tailed), then the process gives rise to
anomalous diffusion (Bouchaud and Georges,
1990; Weeks and Swinney, 1998; Schumer
et al., 2009).

In order to connect discrete random walks of
Earth surface topography to the null hypothesis
(Eq. 3), we define their behavior through time
in four parts, the mean and variance of topo-
graphic change, An, and the mean and variance
of arate, €. First, the mean component of change
is found as:

1
<An>—N2An, an

where N is the number time steps, Af, that were
made. The variance of topographic changes, o,
gives a description of the average departures of
the surface from mean changes. For normal dif-
fusion, this is written

Gy = 28NAL, (12)
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where 0§ is a term representing the dispersive
tendencies of the process of topographic change,
and it is quantified as:

{an?)-(an)’
2At '

o= (13)

For a surface that experienced such evolution,
and that was queried with censorship given by
Equations 7 and 9, the expected elevation of the
surface after one step would be approximated by

An=(An)+ o}, .

Compare this to Equation 4.

The mean component of the rate of topo-
graphic change associated with this random
walk is given by

(14)

15)

(e)=7 am,

where T is total duration of topographic evolu-
tion equal to

T=Y A (16)
N

The variance of the rate is related to the variance

of the topographic steps (Eq. 12) by

1

2 2

G, =—Cnp.
T2 n

an

Finally, the expected rate of topographic change
from a random walk sampled with censorship

is given by
28
s—<e>+4/E.

The implications of Equation 18 applied
to the null hypothesis (Eq. 3) are as follows.
First, if geoscientists who attempt to measure

(18)

Figure 3. Effects of censorship
on apparent rates of surface

Short Time Scale

histories of surface change apply methods with
censorship, then their estimates of rate changes
necessarily include a component that reflects
the system’s variability around long-term mean
change. Second, this censorship effect is more
pronounced at short time scales and diminishes
for most types of variability at long time scales.
Third, the null hypothesis of changes in mean
rates, (€), can only be evaluated if an estimate
of system variability at short time scales can be
assessed. In other words, a distribution of rates
of change is necessary to constrain this problem.

The second effect points to an important dif-
ference between actual distributions and mea-
sureable distributions of rates of surface change.
For a set of measureable rates constrained by
Equations 7, 8, and 9, the differences between
the real behavior of a random walk and its mea-
surable representation are not trivial. If the real
distribution of rates of topographic change is
truncated through censorship, then the measur-
able mean rate of change appears to be a func-
tion of time at short time scales, even though the
uncensored distribution of change has a constant
average regardless of time scale (Fig. 3). Only
at longer time scales does the measurable mean
appear to coincide with the real mean. This ef-
fect results from the distribution of real rates, ¢,
narrowing over time through natural integration
processes. Effectively, the mechanism of cen-
sorship diminishes as the distribution of rates
narrows at greater time scales (Fig. 3).

Crossover Time Scale

Inspection of Equation 18 and Figure 3 gives
rise to the question, “At what time scale will the
effect of censorship diminish?” Equivalently,
when does the mean rate of a censored distri-
bution begin to approach the mean rate of the
uncensored distribution? The answer can be
deduced directly from Equation 18. Setting the

Intermediate Scale

squared ratio of the mean erosion rate and the
erosion variability to unity defines a time scale
at which the two components are equal.

19)

This is termed the crossover time scale. It is
the time scale over which short-term variabil-
ity gives way to long-term mean behavior as
the dominant control on rates measured from
a censored distribution. At shorter time scales,
one should expect to see a large influence of
process variability in rate measurements. At
longer time scales, one should expect to see
diminished effects of process variability in rate
measurements.

FIELD SITE

We applied the theory laid out in the previous
section to a growing channel network draining
from the Tallahassee Hills into the Apalachi-
cola River north of Bristol, Florida, United
States (Fig. 4). Within the Apalachicola Bluffs
and Ravines Preserve, Beaverdam Creek drains
a few tens of square kilometers of upland area
by groundwater seepage (Fig. 4B). Stratigraphic
exposures along the adjacent Alum Bluff and
within the channel network display a rela-
tively homogeneous stratigraphy. The channel
network is incised into a 65-m-thick section
of laterally ungraded, medium to coarse sand
deposited in fluvio-deltaic and coastal marine
settings during the late Pliocene to Pleistocene
(Schmidt, 1983). Some reworking of the sur-
face in the Holocene has also been suggested
(Schmidt, 1985; Rupert, 1991). These sands,
with minor gravel, silt, and mud, were derived
from erosion of the southernmost Appalachians
and were likely deposited during progradation
and stasis of the Apalachicola delta associated

Long Time Scale

change from (A) short time
scales to (C) long time scales.
At short time scales, much of
the distribution of rates can be
censored, and as a result, the
mean of the measureable rates
(black diamond with white out-
line) is greater than the mean
of the entire distribution (black

Probability Density

arrow). As the process of sur-
face change continues, many
realizations of the short-term
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process are incorporated into local records of change, and the real and measurable rates become closer (B) until finally they are equal (C)
when the process has gone on long enough that censoring no longer occurs.
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Figure 4. (A) Regional map showing ancient shoreline and a portion of the modern position of Apalachicola River
(black dashed line). Black square is location of the field site. FL—Florida; AL—Alabama; GA—Georgia. (B) Ortho-
rectified aerial photograph of Apalachicola Bluffs and Ravines Nature Preserve. White box outlines the upper
Beaverdam Creek study locale (Fig. 6). The Apalachicola River and Alum Bluff are present in the lower left corner.

mainly with Pleistocene interglacial sea-level
highstands (Schmidt, 1983). At Alum Bluff,
these sediments unconformably overlie 15 m of
muddy Miocene marine carbonates and sands
(Schmidt, 1985). Greater detail of the late Neo-
gene history of the Apalachicola region is un-
known because of the nonfossiliferous nature
of these sandy units (Isphording and Flowers,
1983; Schmidt, 1983).

At the upper Beaverdam Creek site, flat up-
lands are nearly barren of large, woody vegeta-
tion as a result of discontinued agroforestry,
and they do not support overland flow because
of high infiltration rates (up to 12 in./hr or
35 cm/hr; Schumm et al., 1995). Excavation
at spring locations indicated no obvious strati-
graphic control on their vertical positions. This
observation was also reported by Schumm et al.
(1995) for nearby regions.

Upper Beaverdam Creek is incised into the
Pliocene—Pleistocene strata at slopes near repose
to typical depths of 20 m to 25 m, with some
as deep as 30 m (Fig. 5). Valley depths typically
range from 20 m to 25 m, with some as deep as
30 m. Valley widths range from 20 m to 200 m
and are typically 80 m to 100 m. Valley bottoms
are generally flat with widths around 10 m and
in the range of 1 m to 30 m. The typical channel
geometry has a roughly 1 m? cross section with a
depth of 0.5 m and a width of 2 m. This presents
a rather small width to depth ratio, but thalweg
depths are normally 0.1 m or less. In some cases,
thalweg depths approach 1 m deep where cas-

cades or woody debris have initiated bed scours.
These conditions persist with very little hydro-
graphic variation. Even during a strong rainfall
event in January 2007, we observed no signifi-
cant flow increase and no overland flow.

Valley head and valley bottom slopes were
determined from a profile extracted along the
valley axis from a light detection and ranging
(LiDAR) digital elevation model. Valley head
slopes are very near the angle of repose for

noncohesive sand (30°-35°; Fig. 5). Trees are
the most abundant vegetation on the slopes, but
they do not appear to affect slope magnitudes.
Although they would seem to add cohesion to
the sediment, thus increasing the slopes, they
also cause tree throw, which increases the net
downhill flux, thus reducing the slopes. While
both of these effects can be found locally, they
possibly offset each other in net effect on longer
time scales.

A30
70— &
o 20
65| | 2
sl
. %10
Eeol | &,
a 55 40 30 20 10 0 10 20 30 40
g Distance (m) o
® 50 &
» ~
e )
3 45 z
Mean slope G'Ju
40 s
35 ‘ \ \ T T
0 100 200 300 400 500 600

Distance from confluence (m)

Figure 5. Longitudinal profile of valley bottom and valley head of uppermost 500 m of
Beaverdam Creek showing mean slopes of valley head and valley floor. Valley head slope is
near the angle of repose for sand. (Inset) Typical valley cross section showing valley bottom
width ~10 m, channel width ~2 m and depth ~0.5 m, and valley depth ~20-25 m.
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The vegetation that covers the valley floors
and walls is an integral part of the sediment
transport system; directly, tree throw moves
mass, and indirectly, fallen branches, living
roots, and tree trunks can accelerate or deceler-
ate fluid flow in the channel, altering its local
ability to transport sediment. In this context, it is
easy to imagine feedbacks and dynamic behav-
iors among vegetation growth, channel migra-
tion, and surface erosion.

During the aggregate field work period, no
signs of anthropogenic influences on the geo-
morphology of the bluffs and ravines were
observed. There is a ditch at the upstream end
of one branch of Beaverdam Creek (Fig. 6, seg-
ment D). However, even during very heavy rain,
infiltration rates were high enough to inhibit
overland flow in the ditch. It was built to allow
easy access to water at the spring. Additionally,
and also because infiltration rates are so high,
we concluded that logging of the upland surface
is also unlikely to have dramatically changed
the geomorphology of the system over human
time scales.

METHODS

To better understand the behavior of this
growing channel network, we made estimates
of erosion rate from measurements of total ero-
sion and erosion duration in the upper reaches
of Beaverdam Creek using dendrogeomorphic
methods. These methods are ideal for this sys-
tem because it is possible to gather hundreds of
erosion rates that average over time scales of
decades to centuries. Additionally, cosmogenic
nuclide geochemical methods were applied in
an attempt to determine rates at time scales of
tens of thousands of years. These two methods
are detailed next.

Dendrogeomorphic Methods

We considered the growth of trees in Beaver-
dam Creek to be an integral part of the process
that evolves the valley bottom topography. In
this context, the position in space of the tree
roots adjacent to their associated tree trunks
was taken as an indicator of the elevation of the
surface under which they initially grew. Dis-
tances between the modern surface and living
tree roots were interpreted to represent vertical
changes in position of the valley surface through
time—either burial through deposition or expo-
sure through erosion (Fig. 7). The net rate of
topographic change was then determined by
the ratio of burial or exposure distance, An,, to
tree age, Ar. This approach uses the age of the
tree as a surrogate for the duration of the root’s
existence.
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Figure 6. Map of upper Beaverdam Creek showing locations of dendrogeomorphic sampling
swaths (thick black lines) and locations where channel sands were sampled for cosmogenic
radionuclide (CRN) analysis (filled black circles). Grayscale represents the magnitude of
local slope. Channel segments are labeled with capital letters, and CRN samples are located
at the downstream end of each segment. CRN samples share labels with the segment from
which they were collected (e.g., reach A and CRN sample A-01). The skipped swaths (open
black circles) contained no standing trees larger than 2 in. (5 cm) in diameter. The longitu-
dinal profile of segment A is shown in Figure 5.

Figure 7. (A) Photograph of example tree with roots exposed by erosion. (B) Schematic repre-
sentation of tree in photo showing example interpretation of surface elevation at the time of tree
germination. White dashed line gives position of modern sediment surface. Gray dashed line
shows interpreted pregrowth surface. Black dashed line represents vertical separation of mod-
ern and pregrowth surfaces used to estimate erosional thickness, A, over life span of tree, Az.
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Not every root is equally useful as a paleo-
surface indicator. For each measured tree, a best
root was chosen based on its quality relative to
other roots. Of the roots exposed adjacent to
each tree, the highest subhorizontal root was
judged to be the most likely indicator of the
elevation of the soil surface at the inception of
tree growth. This procedure does not systemati-
cally select the greatest eroded thickness or the
greatest erosion rate because the modern ground
surface is neither planar nor likely to be paral-
lel to the paleosurface. Additionally, measure-
ments were taken of elevation change at loca-
tions where tree roots crossed over the modern,
active channel. Provided that roots of the trees
sampled do not initiate growth above the soil or
channel bottom surface, the highest root is an
indication of the lowest possible position of the
surface when that root started to grow. Because
roots do not necessarily grow in a radially sym-
metric pattern, the actual position of an origi-
nal root relative to its mature position is known
to a precision of about half of a root diameter.
Therefore, the center position of each root was
used, and a nominal, vertical positioning error
of 0.05 m was adopted. This positioning error
was estimated based on a characteristic root
size. Root exposure heights that measured less
than 0.05 m were within this minimum confi-
dence window and were therefore taken to be
zero. This ensured that small vertical differences
associated with roots exposing themselves by
growing upward through the soil surface were
not taken as evidence of erosion.

Tree ages used as proxies for the initiation
of root growth at adjacent positions were deter-
mined by two methods. Over the entire field site,
cores were collected at breast height (~1.5 m)
from 33 trees with a 5.15 mm Haglof increment
borer, and the annual growth rings were counted
under a binocular microscope. The number of
growth rings indicates the time since the tree
reached breast height and not since its germi-

Figure 8. Age-diameter plot for 33 trees col-
lected from valley floor of upper Beaverdam
Creek. Vertical and horizontal black bars
show error range estimates for each tree’s age
and diameter, respectively. Four tree species
are included: Pinus glabra, Magnolia grandi-
flora, Fagus grandifolia, and Quercus alba.
Pearson correlation coefficient is R?> (RSQ) =
0.83 for N = 33 samples with a standard error
of the age estimate = 0.15 log units. D, —
diameter of tree at breast height.
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nation. For the tree species under consideration,
the time for a tree to grow to breast height would
generally be on the order of a few years and is
ignored because this accrued error is small com-
pared to the uncertainty associated with the tim-
ing of root growth and its position relative to the
soil surface. For the other 330 trees used to make
estimates of topographic change, a relation be-
tween trunk diameter at breast height, D,,, and
tree age was constructed (Eq. 20; Fig. 8).
Tree ages and diameters are geometrically re-
lated by the function

Age (yr)=4.8 (yr/cm) X D% (cm).  (20)
This relation includes trees of four species:
Fagus grandifolia, Magnolia grandiflora,
Quercus alba, and Pinus glabra. Traditionally,
dendrochronologic studies make single-species
age-diameter relations to exclude interspecies
variation in growth rates through tree ontogeny.
In this case, these four species compose the
large majority of codominant tree species in the
canopy of the Apalachicola ravines (Kwit et al.,
1998). Because they have similar stature in the
canopy and share practically identical environ-
mental conditions on the valley floors, growth
rates of these four species are similar enough to
make a single age-diameter relation. This is evi-
dent from the high degree of correlation of Age
with D,,; for the entire collection, the Pearson
correlation coefficient is 0.83, and the standard
error of the age estimates is 0.15 logarithmic
units (i.e., ~1-40 yr across the age spectrum of
7-200 yr).

One third of the trees that were cored were
chosen for excellent examples of root exposure
such as a very clearly defined paleosurface or
spectacularly large eroded thicknesses. The rest
of the trees that were cored came from two ran-
domly selected valley bottom transects. All trees
within these two transects were sampled. The
oldest tree cored was a 198-yr-old Quercus alba
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with a breast-height diameter of 37.6 cm. The
youngest tree cored was a 7-yr-old Fagus grandi-
folia with a breast height diameter of 2.0 cm.
This range of diameters nearly brackets the en-
tire distribution of tree diameters measured, and
therefore the distribution of calculated ages is
largely interpolated, leaving little excess error in
the tree age estimates from extrapolation.

In order to calculate dendrogeomorphic ero-
sion rates, best ages were estimated for all trees.
For those trees that were cored, the best age es-
timate was the number of annual rings counted
from the core. For those trees that were not cored,
best ages were estimated by applying the age-
diameter relation to each measured diameter.
Error in cored trees was approximated during
inspection of the cores, and for calculated ages,
the age error was estimated from the standard er-
ror of the age estimate given by the age-diameter
relation, 0.15 log units. These best ages represent
the duration, At, over which the valley bottom to-
pography has evolved adjacent to the tree during
root growth.

In and along the margins of upper Beaverdam
Creek, 381 root exposures were measured in a
total of 59 swaths (Fig. 6). Each swath occupied
10 m of along-valley distance, covered the entire
valley width, and was separated by a distance
of 30 m between their centers. This represents
a sampling of approximately one third of all
trees covering the 4 km of valley bottom length.
Of these swaths, only five had no measurable
or live standing trees larger than 2 in. (5 cm) in
diameter at breast height. In one case, the valley
width was only a few meters, and the channel
occupied the entire width, and in three of the
other cases, large trees had fallen and appar-
ently took all nearby, smaller trees down with
them. The largest swath was 28.0 m across and
contained 14 trees with measurable root expo-
sure; the narrowest swath was 3.5 m across and
contained seven trees with measurable root ex-
posure. The number of root exposures measured
per swath ranged between 2 and 22. The number
of roots measured can be greater than the num-
ber of trees measured because in some instances
single trees had roots exposed over the valley
bottom as well as channel-spanning roots. In
these cases, both were measured. In total, this
collection represents a sampling of positions
along the valley bottom that is as uniform and
as unbiased as possible, and it includes eroding,
unchanging, and aggrading areas of the growing
channel network.

Cosmogenic Methods
The accumulation of cosmogenic radio-

nuclides in materials near the surface of erod-
ing landscapes has been used to make estimates
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of basin-averaged erosion rates (Bierman and
Steig, 1996; Granger et al., 1996). Brown et al.
(1995), Granger et al. (1996), and Biermann and
Steig (1996) proposed that sediments in chan-
nels represent a mixed sample from the eroding
hillslopes of the basins that they drain. With the
appropriate caveats, von Blankenburg (2006)
summarized this idea as the “let nature do the
averaging” approach. In this context, we col-
lected sand samples from the modern channel
bottom at seven locations in the upper Beaver-
dam Creek channel network (Fig. 6). Sampling
sites were located directly above each of the ma-
jor confluences as well as at the farthest down-
stream valley bottom swath.

Sand particles composing these samples
were moderately well sorted, had a median
diameter of 0.45 mm, and were predominantly
quartz. Beryllium extraction was performed at
the University of Minnesota cosmogenic labo-
ratory between April and May of 2007. The
chemical blank ratio ('’Be/’Be) run with this
sample was 6 x 107, thus 9.34 x 10* atoms of
1"Be were added with the chemical blank. The
quartz sample was spiked with 250 pl of a 107
g/g °Be solution from Centre de Recherche
en Sciences de Gestion (CEREGE), Aix-en-
Provence, France, before dissolution. An adap-
tion of the Kohl and Nishiizumi (1992) chemi-
cal procedure was used for quartz purification
and Be extraction. The ratio of cosmogenic to
native (carrier-added) Be was measured via
Acceleratory Mass Spectrometry (AMS) at
PRIME Laboratory at Purdue University during
June and July of 2007.

In addition to the fluvial sand samples, two
other samples were gathered from the field area:
a soil sample from the upland surface labeled
S-01, and a sample buried underneath the soil
profile at the same location, labeled S-02. In
order to get a measure of surface deflation rate
or age of the upland, the upland surface sam-
ple was taken at a position outside the area of
hillslope curvature but within the ravine forest.
Positions outside the ravine forest have been
disturbed historically by timber harvesting. The
buried sample was taken from a vertical position
~5 m below the upland surface underneath the
surface sample by excavating into a near-verti-
cal wall within a valley head. The valley head
lacked vegetation, but authigenic kaolinite was
present and appeared to be adding the cohesion
necessary to make a nearly vertical face. These
features were taken to indicate relatively rapid
erosion. Sand was sampled from the back of a
small hole at ~0.7 m into the valley head face,
and its '“Be concentration should approximate
the inherited concentration of '’Be accumulated
in the deltaic sediments prior to burial during the
latest Pliocene to earliest Pleistocene.

RESULTS From inspection of Figure 9, it is clear that
the variability of total erosion on the valley bot-
Dendrogeomorphic tom increases as a function of erosion duration.

Naturally, small trees do not have deep enough
Total erosion was determined for each ex- roots to allow them to record very fast erosion.
posure site by measuring the thickness of soil To make a quantitative evaluation, the variance
or channel substrate excavated since growth of  of the total erosion, c3,, was calculated in six
tree roots. Of those, 128 indicated total topo-  bins across the range of durations. The bins were
graphic change less than the minimum confi- delimited in duration increments that roughly
dence thickness of 0.05 m and were reported as  equalized the size of the bins while maintaining a
zero. Thicknesses eroded for the remaining 253 ~ minimum number of ~30 measurements per bin:
exposures ranged from 0.05 m to 1.37 m. For <30 yr, 30-50 yr, 50-70 yr, 70-90 yr, 90-110 yr,
these 253 measurements, total erosion, An, in- >110 yr. With a Pearson correlation coefficient
tegrated over the duration of the tree lives, At,is  of 0.97, Figure 10 demonstrates a linear relation
an increasing function of tree age described by a  between variance of total erosion, 3, and ero-

power function (Fig. 9) with a Pearson correla-  sion duration, or best tree age. This is given by

tion coefficient of 0.28.
oy, (m*)=0.00013 (m7yr) Az (yr). (23)
An (m)=0.013 (m/yr) x At (yr). (21)

Dendrogeomorphic erosion rates, g, were
Nonerosion values (no change or aggradation)  calculated by dividing the total erosion thick-
cannot be plotted in logarithmic space, but nesses, An, by the erosion duration, Az. Ero-
they can be included implicitly by applying a  sion rates, €, ranged from 0.3 mm/yr upwards to
10 yr averaging window to the data. The run-  16.8 mm/yr. These rates are inversely related to
ning average then includes the zero values and  the erosion duration (Fig. 9). This correlation is
can be plotted in logarithmic space. The best- imposed by the length scale limit, below which
fit power function for the ensemble averaged erosion rate cannot be measured, and by an ap-
total erosion has a Pearson correlation coeffi-  parent upper limit to erosion rates across scales.
cient of 0.69. Because the data for this relation are the exact
same as those in Figure 9, correlation of erosion
An (m)=0.0014 (m/yr)x At"” (yr). (22) rate to duration is equivalent to that of total ero-
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Figure 9. Total erosion, An, as a function of erosion duration, At. Solid black
diamonds are original dendrogeomorphic data excluding An = 0, because those
data cannot be plotted in logarithmic space. White diamonds with black outline
are 10 yr window averages of An, including all zero values. Black dashed line
is the cutoff level for measurement, 0.05 m. Black solid line is best fit to the
original data (Eq. 21). Gray line is best fit to windowed averages (Eq. 22) that
include 128 measurements of zero erosion.
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Figure 10. Variance of total erosion, ng, as a function of erosion duration, At
(Eq. 23). Variance was calculated for measurements of total erosion grouped
into six bins and exhibits a linear dependence on duration.

sion and duration. The relation from Equation
21 can be transformed into a fit for Figure 11 by
subtracting one from the exponent of A, this has
the effect of dividing by At.

£ (m/yr) = 0.013 (m/yr*) x At (yr). (24)
Inclusion of all the nonerosion (zero) rates was
accomplished by using the same 10 yr window
average that was used to create running average
dendrogeomorphic erosion thicknesses (Fig. 9).
Once the zero values were included, it became
clear that erosion rates had no correlation with
duration of topographic evolution (Pearson cor-
relation coefficient of 0.004).

£ (m/yr) = 0.0014 (m/yr*)x At"” (yr). (25)
Cosmogenic Nuclides

Concentrations of '"Be measured from the
upland surface, buried sands, and active fluvial
sands varied between 2.90 x 10° atoms/g and
4.10 x 10° atoms/g. The buried sand sample,
labeled S-01, has been shielded from recent
accumulation of radionuclides and defines an
inherited concentration of 9.86 x 10* atoms/g.
Assuming that the inheritance is equivalent for
all samples, the concentration of sample S-01
was subtracted from concentrations of all other
samples in order to determine modern ’Be ac-
cumulation. The accuracy of these values is evi-
dent from their internal consistency within the
channel network. Each sample collected down-
stream of a confluence should have a concentra-
tion intermediate between the two contributing

upstream reaches. This is true for all sample sets
from Beaverdam Creek: B-01 < C-01 < A-01,
D-01 < G-01 < C-01, and G-01 < I-01 < H-01.
In general, the uncertainties are on the order of
<5% of concentration values, which range from
1.91 x 10° to 3.11 x 10° atoms/g.

Using the CRONUS-Earth online calculator
(Balco et al., 2008), an erosion rate was estimated
for the upland surface from the depth-shielding—
corrected S-02 sample concentration. Input val-
ues for latitude, longitude, and elevation were
30.49°N, 84.95°W, and 50 m, respectively. This
sample comes from the forested part of the up-
land with existing tree throws, and therefore mix-
ing of the soil profile to modest depths is expected
on time scales of the lives of trees. The sample
thickness was estimated to be 30 cm due to this
mixing. Sample density was measured in the
field and is 1.3 g/cm?®. There was no topographic
shielding on the upland, and the CRONUS-Earth
calculation standard used was KNSTDO7. For
the range of assumptions given in the calculation
method (Balco et al., 2008), erosion rate estimates
varied between 0.015 mm/yr and 0.016 mm/yr,
with uncertainties between 0.0012 mm/yr and
0.0015 mm/yr. The upland area appears to be
eroding at a rate of ~0.01 mm/yr.

DISCUSSION

Dendrogeomorphic Data, Censorship, and
Erosion Rate Distributions

The dendrogeomorphic method was used to
generate a data set in which the effects of cen-
sorship on a distribution of erosion rates could
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Figure 11. Erosion rate, €, as a function of duration, Az. Solid black diamonds
are original dendrogeomorphic data excluding An = 0, because those data can-
not be plotted in logarithmic space. White diamonds with gray outline are 10 yr
window averages of A1, including all zero values. Black dashed line marks the
cutoff level for measurement, 0.05 m. Black solid line is the best fit to the origi-
nal data (Eq. 24). Gray line is best fit to the window-averaged data that include
An = 0 (Eq. 25). This indicates no correlation between rate and duration when
the entire distribution of surface change is included.
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be directly explored. Beaverdam Creek and the
surrounding ravines are incising, and their steep-
heads are retreating at relatively high rates on
the order of 1 mm/yr (Abrams et al., 2009), and
there is little evidence of deposition in the chan-
nel network. However, there are many locations
that appear to have experienced no topographic
change over the life spans of living trees. As a
result, the complete data set includes 128 mea-
surements of zero-valued erosion rates. When
these are ignored and censored out of the distri-
bution of surface change rates (Eq. 9), the rates
then exhibit time-scale dependence (Fig. 11; Eq.
24). However, when they are incorporated into
the distributions of rates, then the mean behav-
ior of the modern erosional processes at the time
scales of decades to centuries is immediately re-
coverable (Fig. 11; Eq. 25).

The nature of the time-scale dependence of
erosion rates is explicitly a function of the time-
scale dependence of erosion variability in the
system. The range of possible vertical erosion
distances in upper Beaverdam Creek clearly in-
creases as a function of erosion duration (Fig. 9).
The evolution of the valley bottom also appears
to be constrained by a maximum likely observ-
able rate, €., on the order of 10 mm/yr (Fig. 11).
Insofar as the data are constrained between a
maximum rate (Eq. 8) and the minimum observ-
able length scale (Eq. 7), and measurements fill
the space in between, the variance must be an
increasing function of duration. In Beaverdam
Creek, erosion variance of the surface as mea-
sured by tree root exposure grows linearly with
time (Fig. 10; Eq. 23). Linear growth of vari-
ance is a hallmark of normal diffusion (Feller,
1966). In this case, substituting Equation 12 into
Equation 18 gives the expected inverse square-
root time-scale dependence of rates in a normal
diffusion process, € ~ At™%3. Indeed, that is our
interpretation. The ensemble of modern erosion
processes in Beaverdam Creek can be modeled
well by normal diffusion. Applying Equation 18
to understand the time-scale dependence of ero-
sion rates does not require an assumption of nor-
mal diffusion. Because we were able to measure
the functional form of time-scale dependence
of erosion variance, we were able to apply it to
Equation 18. In general, a measurement of ero-
sion variance (i.e., a distribution of erosion rates)
is required to close this problem. In cases where
the landscape is best characterized by a subdif-
fusive process, o3, ~ Ar*<, short time-scale
erosion rates should scale as € ~ A", Simi-
larly, for a superdiffusive process, the variance
or erosion would scale as 63, ~ A’ and short
time-scale erosion rates would scale with time as
& ~ Ar®P>05 ' We applied this expected long-term
behavior to help evaluate the null hypothesis (see
section “Estimating Rate Changes”).

Cosmogenic Erosion Rates

The suite of concentrations of '’Be measured
in the channel sand samples has relatively low
measurement errors and complete internal con-
sistency within the channel network. This gives
confidence in their results. The erosion rates that
were calculated from these data are on the order
0.01 mm/yr. Time scales associated with these
rates were determined by erosion rate, the de-
cay rate of '“Be, and its absorption mean free
path, and they cluster around 5 x 10* yr, about
the time it takes to erode through 0.7 m of the
surface. Because the time scales are inversely
proportional to the rate (Lal, 1991), the plot of
rate against time scale has a slope of —1 in loga-
rithmic space (Fig. 12, gray circles).

This can be given context by estimating the
time it would take to form Beaverdam Creek
from this erosion rate. With a depth of ~22 m,
and a mean rate of 0.013 mm/yr, the total forma-
tion time of Beaverdam Creek would be 1.7 x
10° yr. This is consistent with the Pliocene—
Pleistocene age of the sediments that make up
the substrate. It is approximately a factor of two
larger than the total age of the system estimated
by Abrams et al. (2009). Given the level of un-
certainties, this difference does not seem signifi-
cant enough to warrant further investigation.

Very little evidence exists on the upland sur-
face for erosion by overland flow. However,
some topographic features on the regional up-
land surface, the Tallahassee Hills, have been
interpreted as evidence of eolian sediment trans-
port (Schumm et al., 1995). These small hum-
mocks and parallel topographic lineations are
also present in the Ravines and Bluffs Preserve
area. Therefore, the '"Be concentration of the
upland might be representative of a modest rate
of surface deflation.

Erosion rates results give estimates of 0.016
+ 0.0014 mm/yr. For the modal grain size of
0.45 mm, the resulting erosion rate for the up-
land surface is ~1 grain every 30 yr; the granular
time scale, T,, is 30 yr. Taking the model age
of the upper Beaverdam Creek portion of the
channel network of ca. 400 ka (Abrams et al.,
2009), the eolian deflation of the upland surface
surrounding upper Beaverdam Creek since its
inception could be on the scale of meters.

These rate estimates have uncertainty that
cannot be fully quantified if upper Beaverdam
Creek is not in a condition of cosmogenic steady
state. This is likely to be the case because ero-
sion is largely focused at the valley heads. The
important point is whether the transport of sedi-
ment through the channel system takes longer
than the period it spends on the hillslope ac-
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Figure 12. Comparison of erosion rates determined from three different meth-
ods, dendrogeomorphic (black diamonds), geophysical modeling (gray outlined
squares), and cosmogenic (gray circles with black outlines). The solid black
curve represents the best model for measurable erosion rate as a function of
time scale. The vertical distance between the black curve and the population
of long-term rates represents the best estimate of rate changes over the time

scales of interest.
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cumulating cosmogenic nuclides, or similarly
if in situ—produced cosmogenic '“Be is largely
exported at rates equivalent to the rates at which
it is produced. Cosmogenic steady state is a re-
quired assumption in the “let nature do the av-
eraging” technique (von Blanckenburg, 2006),
and therefore basin-average cosmogenic ero-
sion rates may not be completely faithful mea-
sures of direct surface change in upper Beaver-
dam Creek.

Estimating Rate Changes

Secular rate changes should always be inves-
tigated in the framework of a null hypothesis.
Here, we describe a null hypothesis in which
measurable, average rates of change are con-
stant (Eq.3). Primarily, for systems in which
the variability of topographic change at short
time scales is large relative to the mean be-
havior, measurable rates of change converge at
relatively long time scales to the mean of the
process, and the measurable mean rate is nega-
tively correlated with evolution duration. This
prediction is valid even for evolving localities
where the general null hypothesis (Eq. 3) is sat-
isfied, i.e., with zero net change. The key is in
the distinction between measurable changes and
the distribution of real, natural changes. These
predictions are qualitatively evaluated next
based on data collected in the Beaverdam Creek
field site.

Because we could not ascertain in the field
the complete up-and-down (deposition-and-ero-
sion) history of a single point, we characterize
the entire ensemble of trees as representative of
potential changes that may have occurred within
the history of any one site. The assumption is
that the current distribution of observable rates
and behaviors across the landscape is equivalent
to the distribution of observable rates and be-
haviors at any single location within that land-
scape. This is a slightly more strict assumption
than ergodicity of the erosion process alone (i.e.,
equivalence of time and space averaging).

One of the predictions derived from a cen-
sored distribution of topographic change is
that at long time scales, the measurable erosion
rates converge to the real mean of the process
of topographic evolution. At short time scales,
the censoring that is associated with conditions
given in Equations 7, 8, and 9 is very effective at
removing any aggradational periods or regions
from the data set of measurable erosion rates. In
contrast, erosion rates that integrate over longer
periods of the history of change implicitly con-
tain more intermediate periods of aggradation
or nonerosion. The longest time-scale behavior
shows that all real rates meet the conditions of
measurability and therefore accurately reflect
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the real mean rate (Fig. 3). This behavior is
not explicitly obvious in the upper Beaverdam
Creek field site. Dendrogeomorphic rates were
not sampled over a long enough time scale to
appear to converge. Convergence toward the
complete distribution at long time scales can
happen at time scales much longer than the ap-
proach to mean behavior (Anders et al., 1987).

We now evaluate the null hypothesis (Eq. 3)
in Beaverdam Creek as an example. In order to
do this, the mean and variability of the system
must be determined as related in Equation 18.
Because we were able to measure an uncensored
distribution of topographic change, the average
estimate of erosion rate is not a function of time
(Eq. 25; Fig. 11). Therefore, the value for the
mean erosion rate of the modern process, (g),
was determined from the arithmetic mean of all
erosion rates to be 1.8 mm/yr. This is the rate of
erosion that one would expect to measure if they
could do so at arbitrarily long time scales. For
this reason, it is the rate that must be compared
to rate estimates from methods for which sam-
pling time scales are longer. We evaluated two
sets of rates from long time scales, one from the
cosmogenic measurements described here, and
a second from an existing model of the evolu-
tion of Beaverdam Creek (Abrams et al., 2009).

Based on a model for the dynamics of the
groundwater—surface-water system, Abrams
et al. (2009) presented the age and history of
the entire Beaverdam Creek (ca. 730 ka, marine
oxygen isotope stage [MIS] 18; Lisiecki and
Raymo, 2005), including the complete temporal
evolution of the geographic position of each of
the valley heads. This model offers a long-term
geomorphic evolution with which to compare
the short time-scale evolution measured in the
field with dendrogeomorphic methods. The
rates based on the Abrams et al. (2009) model
were determined by comparing current valley
depth to the time at which each branch of the
modern network began forming. The range of
rates spans 0.08-0.2 mm/yr at time scales of
1-4 x 10° yr (Fig. 12). These appear to make a
group with a slope of —1 in log-log space along
a contour of 20 m, the average modern chan-
nel depth.

The two sets of long-term erosion rates (model
history and cosmogenic) are disparate by most
of an order of magnitude and have time-scale
ranges that are barely non-overlapping. The real
uncertainties for each method are largely un-
known. For this reason, the mean values of rates
and time scales of each group were averaged in
order to make a best estimate for the actual long
time-scale erosion rate in Beaverdam Creek.
The estimate is 0.06 mm/yr at 2 x 10° yr.

Although we could attempt a formal hypoth-
esis test of the null hypothesis to determine the
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probability that the short time-scale erosion rate,
1.8 mm/yr, is different from the long time-scale
erosion rate, 0.06 mm/yr, it is clear that this is
not necessary. The two estimates are separated
by an order and a half of magnitude, they are
generated from non-overlapping populations,
and inspection of Figure 12 is enough to make
this point clear. In general, however, a formal
test is likely to be required. In this case, we
can clearly conclude that the modern processes
eroding Beaverdam Creek have accelerated rel-
ative to their Quaternary history.

Crossover Time Scale

In order to determine the crossover time scale
in Beaverdam Creek, we applied the mean erosion
rate of the uncensored distribution, 1.8 mm/yr,
and the short-term erosion variance, 130 mm?*yr.
The result is an estimate of 40 yr. This estimate
fits well with our understanding of the system;
it is approximately the median tree age of 43 yr.
Because trees appear to be intimately involved
in the processes of surface evolution, it is very
reasonable that their age distribution is imprinted
on the surface’s evolution. Additionally, 40 yr is
very close to the granularity time scale for the
long-term rates. For this reason, it is not possible
to directly compare dendrogeomorphic erosion
rates at the scale of a few decades to the long-
term rates. This is because the long-term rates
simply cannot be measured at the dendrogeo-
morphic time scales. Only above time scales of
granularity (and the crossover) do measured ero-
sion rate differences approach real differences in
surface change through time.

Evolution of Beaverdam Creek

It is apparent that rates of erosion in Beaver-
dam Creek have increased since the original ex-
cavation of the ravine network from the upland
surface. There are two nonexclusive alternatives
that could explain the observed mean erosion
rate differences through time. First, modern
land-use changes have been substantial in the
Apalachicola Bluffs and Ravines Preserve.
Prior to becoming a nature preserve, the land
had been a site of agroforestry. For decades, the
site was variably stripped of trees on the upland
surface. As a result, infiltration of precipitation
could have been enhanced over the period of
recent timber operations. However, no specific
data exist to quantify potential capture rates by
the community of plants that would have ex-
isted prior to the land-use change. Regardless,
the ultimate result of an increase in infiltration
rates would be greater fluxes of water through
the steephead springs, and greater rates of net-
work evolution (e.g., Abrams et al., 2009).



Addressing time-scale—dependent erosion rates from measurements with censorship

Changes in precipitation through time would
cause variations in infiltration rates and dis-
charge of groundwater at springs. Lainé et al.
(2009) reported that glacial-interglacial or even
millennial-scale climate fluctuations, including
precipitation, could have been substantial. This
is also supported by local and regional palynol-
ogy in the eastern United States (Grimm et al.,
1993; Jackson et al., 2000), as well as regional
speleothem records (Alvarez Zarikian et al.,
2005; Van Beynen et al., 2008). As a result of
Quaternary fluctuations in rainfall, total ground-
water discharge is likely to have decreased dur-
ing glacial periods, causing intermittent reduc-
tion in rates of erosion and migration of valley
steepheads. Altogether, this is suggestive of a
scenario in which quiescence during glacial
periods was punctuated by more rapid evolu-
tion during interglacial periods. Although this
explanation is far from certain, we find it more
straightforward than the host of other nonunique
regional histories that could lead to the modern
geomorphic conditions. We therefore interpret
the modern high erosion rates as likely resulting
from the current interglacial condition, although
it is possible that latent anthropogenic effects
are convolved with natural effects of Quaternary
climate variability.

CONCLUSIONS

Understanding the impact that humans have
had on Earth’s surface in a geomorphic sense
requires collecting and comparing rates of pro-
cesses across a wide range of time scales—from
geologic background time scales down to the
time scales of years and decades. This undertak-
ing requires an understanding of the effects of
measuring implicitly integrated surface change
processes over disparate time scales. To that ex-
tent, a null hypothesis for surface evolution was
presented. The evolutionary history of a location
can be broken into mean and deviatoric compo-
nents of elevation change (Eq. 4 and Eq. 5). The
deviatoric component of the process must sum
to zero (Eq. 6), and the generalized null hypoth-
esis is that the mean rate of topographic change
is temporally invariant (Eq. 3). Coupling this
null hypothesis with censorship based on mea-
surement and study design techniques (Eq. 7,
Eq. 8, and Eq. 9) leads to a nontrivial time-scale
dependence of measurable erosion rates.

Additionally, the following qualitative predic-
tions are derived from the theory presented here.
(1) Measurable erosion has greater variability at
longer time scales than at shorter time scales
and places a first-order control on time-scale
dependence of erosion rates. (2) At short time
scales, measurable erosion rates are negatively
correlated with duration of evolution. (3) At

long time scales, measurable erosion rates con-
verge on the mean rate. (4) For rates measured
at short time scales, biasing based on Equations
7, 8, and 9 effectively censors out nonerosion. In
contrast at very long time scales, aggradation is
implicitly integrated into the measurable rates,
and the biasing condition is less effective (to in-
effective) at censoring out parts of the distribu-
tion of real rates. (5) In order to evaluate the null
hypothesis of no change in mean erosion rate,
an estimate of erosion variance must be made.
This accounts for the effect described in point 4.

The upper Beaverdam Creek field site in
Apalachicola Bluffs and Ravines Preserve,
Florida, United States, provides abundant op-
portunities to measure topographic change with
dendrogeomorphic methods on the valley floor.
Tree root exposure was used to determine ero-
sion based on the distance between roots and the
modern channel or soil surface. The ages of the
trees are indicators of the duration over which
surface processes exhumed the exposed roots.
Unexposed tree roots were taken as indicators
of surface stability over tree life spans. Strong
and dynamic interactions between the transport
of sand eroded from the relatively homogeneous
sandy strata and the growing vegetation cause
large variability in annual to centennial ero-
sion rates. At short time scales, this variance
increases linearly with the duration of topo-
graphic evolution (Eq. 23; Fig. 10). The process
recorded here is appropriately interpreted as
normal diffusion. The censored dendrogeomor-
phic data also demonstrate a negative correla-
tion between erosion rate and duration (Eq. 21;
Fig. 9). However, this dependence does not exist
when the full distribution of topographic change
is queried (Eq. 22; Fig. 9). In this case, when
nonerosion is included, there is no dependence
of erosion rate on the duration of topographic
evolution.

Samples of alluvial sand were collected to
analyze in situ—produced °Be in quartz, which
measures the long-term erosion rate in a land-
scape at or near cosmogenic steady state. These
were coupled with rates from a geophysical
model of the system. Together, they suggest
that the modern erosion rates are more than
an order of magnitude greater than Quaternary
rates. This includes an accounting for the vari-
ability required for the null hypothesis (Eq. 3
and Eq. 18).

One of the implications for this work is that
studies that attempt to measure topographic
change over differing time scales must be sensi-
tive not to exclude local areas in which the sense
of topographic change is opposite to the long-
term trend. This exclusion will necessarily re-
sult in a negative correlation between rates and
their associated time scales. This is especially
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true in systems where the short-term variability
is large relative to the long-term trends. Further-
more, this effect must be treated appropriately
in order to compare long time-scale rates to
short time-scale rates for the purposes of iden-
tifying human-induced accelerations of Earth
surface change.
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