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Abstract. Riparian cottonwood (Populus deltoides) forests form the one of the most 
extensive deciduous forest ecosystems in arid regions of the western United States. However, 
cottonwood populations are threatened by flow alteration and channel degradation caused 
by dams, water diversions, and groundwater pumping. We developed a stochastic, density- 
dependent, population model to (1) consolidate information concerning cottonwood pop- 
ulation dynamics in a conceptual and analytical framework, (2) determine whether complex 
forest stand dynamics can be predicted from basic cottonwood vital rates and river hy- 
drology, and (3) aid in planning prescribed floods by projecting how altered flow regimes 
might affect populations. The model describes how annual variation in the hydrograph 
affects cottonwood mortality (via floods and droughts) and recruitment (via scouring of 
new habitat and seedling establishment). Using parameter values for the undammed Yampa 
River in Colorado, we found that abundances of seedlings and younger trees followed a 
boom-bust cycle driven by high flood mortalities while reproductive adult abundance fol- 
lowed a less erratic 5-15-yr periodicity driven by multiyear sequences of flows favorable 
to stand recruitment. Conversely, chance occurrences of multiple drought years eliminated 
cottonwood from up to 50% of available habitat, providing opportunities for competing 
plant species to establish. By simulating flow alterations on the Yampa ranging from chan- 
nelization (many floods/droughts) to damming (few floods/droughts), the model suggested 
that mature cottonwood forest should be most abundant near the observed natural flow 
regime. Model analysis also suggested that flow regimes with high flood frequencies result 
in stable (albeit small) population sizes, while stable flows result in highly variable pop- 
ulation sizes prone to local extinction. 

Key words: cottonwood; crowding dependence; density dependence; disturbance; drought; flood- 
ing; hydrologic alteration; natural flow regime; Populus; self thinning; stochastic model. 

INTRODUCTION 

Riparian cottonwood (Populus deltoides) forests rep- 
resent the most extensive and ecologically important 
deciduous forest ecosystems in arid parts of the western 
United States. Cottonwood trees are key components 
of river bottomland ecosystems, influencing floodplain 
processes such as nutrient cycling, light and water 
availability, rates of alluviation and river meandering, 
canopy structure, and habitat heterogeneity (Johnson 
1992, 2000, Boggs and Weaver 1994, Busch and Smith 
1995, Ellis et al. 1998). Cottonwood forest develop- 
ment is closely coupled with hydrologic and fluvial 
processes, which are responsible for the creation of new 
sites for cottonwood seedling establishment, for pro- 
viding hydrologic conditions necessary for seedling 
survival, and for the process of floodplain evolution 
that accompanies cottonwood stand development (Scott 
et al. 1996). Along meandering alluvial streams, flood- 
plain evolution-the progression of frequently flooded 
sand and point bars near the channel to older, less fre- 
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quently flooded surfaces further from the channel- 
results in multiple age classes of cottonwood along a 

given reach of stream (Johnson et al. 1976, Stromberg 
et al. 1997, Merritt and Cooper 2000). However, neither 
rates of river meandering nor cottonwood recruitment 
are continuous processes. The formation of suitable 
habitat (bare, moist sites), the availability of seeds, the 
conditions necessary for seedling survival (sufficient 
soil moisture), and a suitable sequence of flow years 
following seedling establishment all must coincide in 
time for a given cohort to persist. The frequency at 
which all the necessary requirements for a stand to 

persist are met is determined to some degree by sto- 
chastic processes, resulting in recruitment events that 
have been shown to be separated by a return interval 
of approximately a decade (on average) along free- 

flowing rivers (Stromberg et al. 1991, Scott et al. 1997, 
Stromberg 1998). 

Throughout the past several decades, many inves- 

tigators have documented widespread cottonwood for- 
est decline along rivers in western North America 
(Johnson et al. 1976, Bradley and Smith 1986, Rood 
and Heinze-Milne 1989, Rood and Mahoney 1990, 
Howe and Knopf 1991, Snyder and Miller 1991, John- 
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son 1992). This decline has coincided with the wide- 
spread water development of rivers of the western Unit- 
ed States and Canada through the construction of dams, 
flow diversions, and groundwater pumping that have 
directly or indirectly caused changes in the hydrologic 
and fluvial processes necessary for riparian forest es- 
tablishment and persistence. Water development over 
the past century has resulted in the nearly 15 000 dams 
currently in operation west of the 100th meridian in 
the United States alone (U.S. Army Corps of Engineers 
1996) and tens of thousands more diversions. Dams 
influence hydrologic processes and significantly alter 
sediment regimes along alluvial rivers. Riparian habitat 
submerged by reservoirs is often completely eliminated 
upstream from dams. Downstream from dams, reduced 
sediment loads and flow modifications often lead to 
reduced rates of meandering of alluvial rivers and 
changes in channel morphology (Williams and Wolman 
1984, Friedman et al. 1998, Merritt and Cooper 2000). 
Hydrologic changes typically include decreases in the 
frequency and magnitude of peak flows, shifts in the 
timing of peak flow and changes in the rate of river 
stage decline, and increases in base flow (Williams and 
Wolman 1984, Johnson 2002, Shafroth et al. 2002). 
Changes in these processes have been directly linked 
to shifts in the population structure of cottonwood for- 
ests and to the decline of cottonwood forests on reg- 
ulated streams throughout the West (Rood and Maho- 
ney 1990); however, there are isolated examples of in- 
creased cottonwood forest extent following damming 
(Johnson 1994). As water resources become increas- 
ingly scarce due to increasing urban and agricultural 
demands throughout western North America, the neg- 
ative impact of altered flow regimes on riparian cot- 
tonwood ecosystems is imminent. 

While these concerns have inspired the development 
of models of riparian forest cover (Johnson 1992) and 
cottonwood forest stand dynamics (Richter and Richter 
2000), to date no model has tried to capture cottonwood 
population dynamics by integrating fluvial processes 
with direct estimates of cottonwood vital rates. In this 
study we develop a stochastic, density-dependent, 
structured population model for riparian cottonwood 
forests. Our primary objective is to begin with the es- 
sential vital rates of cottonwood-birth and death rates, 
as these relate to river hydrology-and observe how 
more complex population dynamics arise from these 
fundamental quantities. We then parameterize the mod- 
el using data from a free-flowing river in the Colorado 
Plateau to estimate how forest dynamics might change 
in response to human or climate-driven alterations to 
the natural flow regime. Sensitivity and elasticity anal- 
ysis enables us to make some conclusions and specu- 
lations regarding controlled management of flows. 

COTTONWOOD LIFE CYCLE 

Cottonwood colonizes newly created sites along riv- 
er margins and is an important early-successional spe- 

cies along active alluvial channels in the western Unit- 
ed States. Cottonwood seeds are dispersed over a rel- 
atively short period of time in spring and early summer, 
and seedlings become established upon bare, moist, 
freshly deposited sediment near the active stream chan- 
nel (Moss 1938, Fenner et al. 1984). Cottonwood stand 

development is associated with the process of channel 
meandering along sinuous alluvial rivers, and with 
channel bar and island formation and channel narrow- 

ing along braided and anastomosing channels. Cotton- 
wood stands may persist throughout succession on ac- 
tive stream channels and ultimately form late-succes- 
sional cottonwood gallery forests on higher and older 
benches (Johnson et al. 1976, Stromberg et al. 1997). 
As a consequence, cottonwood stands spanning a range 
of ages may be present at any given time across a 
gradient from channel margin to high floodplain sur- 
faces. 

New site formation, dispersal, germination, 
and establishment 

Cottonwood seed germination and seedling estab- 
lishment are first limited by the formation of sites for 
germination and growth. Along alluvial channels, the 
rate of meandering is directly related to the extent and 
distribution of new site formation along channel mar- 

gins (Bradley and Smith 1986, Johnson 1994). The 

process of meandering is driven by the erosion and 

sloughing of high banks on the outsides of meander 
bends and the subsequent deposition of transported 
mineral sediment on point bars. Sediment is often de- 

posited during the receding limb of the hydrograph, 
resulting in bare, moist sites that are optimal for cot- 
tonwood seed germination. If conditions are suitable 
in subsequent years, these moist mineral deposits may 
serve as sites for seedling establishment and sites of 
eventual stand formation. Other processes that create 
suitable sites for cottonwood establishment, even in the 
absence of active channel meandering, include channel 

narrowing and overbank flooding (Scott et al. 1996, 
Friedman et al. 1996, Auble and Scott 1998). 

The timing of dispersal of cottonwood seeds typi- 
cally coincides with the timing of maximum avail- 

ability of new sites, which suggests life-history ad- 

aptation to the flood regime (Karrenberg et al. 2002, 
Lytle and Poff 2004). The timing of the snowmelt peak 
on streams in western North America is fairly pre- 
dictable, occurring in late May and early June. Cot- 
tonwood seed viability may be as high as 99% in newly 
released seeds (Fenner et al. 1984, Cooper et al. 1999, 
Sher et al. 2000), but drops off rapidly following dis- 

persal and rarely persists for more than a few weeks. 
The primary resource limiting seedling survival is wa- 
ter, and seedlings are vulnerable to drought stress dur- 

ing their first season of growth. It has been suggested 
that, in more arid regions of the West where seedlings 
cannot rely upon summer precipitation, the rate of 

groundwater decline (which is closely tied to river 
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FIG. 1. Life cycle for the cottonwood model. Stage 1 represents seedlings; stages 2-4 are 2-4-yr-olds, respectively; stage 
5 represents subadult trees (mostly 5-10-yr-olds); and stage 6 represents reproductive adults. N is abundance, G is the 
probability of transition to the next stage, P is the probability of remaining in that stage, and F is fecundity. 

stage decline) must not exceed the root growth rate of 
cottonwood seedlings (Mahoney and Rood 1992, 1998, 
Segelquist et al. 1993, Shafroth et al. 2000). However, 
seedlings may survive in floodplain deposits that have 
high percentages of fines (silt and clay) by relying sole- 
ly on soil water rather than phreatic water (Cooper et 
al. 1999). In coarse alluvial deposits, the rate of ground- 
water decline must be sufficiently slow (-2.5 cm/d) 
for elongating roots to maintain contact with the cap- 
illary fringe (Mahoney and Rood 1998, Amlin and 
Rood 2002). Conversely, cottonwood seedlings may 
experience high mortality or stunted growth rates if 
roots remain submerged for extended periods of time 
(Merritt and Cooper 2000, Amlin and Rood 2002). 

The timing of seed release relative to river stage may 
also influence where on the floodplain seedlings be- 
come established, and the vulnerability of seedlings to 
desiccation and flooding in subsequent years. Seedlings 
resulting from seeds dispersed too early relative to the 
timing of peak discharge may experience drought stress 
and desiccation because of their locations high upon 
the floodplain, while those released too late relative to 
the peak are subject to scour from subsequent floods. 

Persistence and floodplain evolution 

Cottonwood seedlings that survive through the first 
several seasons become increasingly likely to survive 
the adverse conditions associated with flooding and 
floodplain development. Cottonwood saplings and 
young adults are quite resilient and have the ability to 
resprout vigorously following mechanical disturbance 
and burial, and can root adventitiously following burial 
during floodplain development; adults are able to sur- 
vive prolonged inundation as well as short periods of 
drought (Braatne et al. 1996, Karrenberg et al. 2002). 
Although cottonwood trees are relatively short lived 
compared to many late-successional forest species, cot- 
tonwood forests may persist in excess of 150 years or 
more along western rivers if conditions permit. Older 
cottonwood forests continue to be vulnerable to 
drought and groundwater depletion, which may result 
in cavitation and partial canopy die back or mortality 
(Stromberg and Patten 1991, Tyree et al. 1994, Scott 
et al. 2000). The spatial position and age of cottonwood 
stands relative to the active river channel largely de- 

termines their susceptibility to floods and droughts. 
Stands of mature cottonwood may be buffered from 
flood mortality by their location on high benches away 
from the active flood channel and from drought mor- 

tality by their deep taproots. But if rates of meandering 
are sufficiently high, and floodplain turnover rate is 
shorter than the life expectancy of cottonwood (-150 
years), old stands on high banks may be undercut and 
destroyed by flooding as a result of bank collapse. 
Seedlings and early year age classes are closer to the 
active channel and have relatively short taproots, mak- 
ing them more susceptible to ice scour, mechanical re- 
moval by floods, and desiccation from drought. 

METHODS 

Model structure 

Cottonwood stands of different ages experience dif- 
ferent growth and mortality rates, so we used a matrix 
model with separate stages for seedlings, second-year 
individuals, third-year individuals, fourth-year individ- 
uals, nonreproductive juveniles (five- to approximately 
10-year-olds), and reproductive adults (Fig. 1). The 
model has the stochastic form N(t + 1) = A(t)N(t), 
where N(t) is a vector containing stage abundances and 
A(t) is a set of transition matrices that fluctuate ac- 

cording to variation in the hydrograph. The model is 
evaluated from an initial population N(0) in discrete 
annual time steps t = 0, 1, 2, 3, etc., and is written in 
matrix form as 

N(t+ 1) 

'0 

G, 
0 

0 

0 

0 

0 

0 

G2 

0 

0 

0 

0 

0 

0 

G3 
0 

0 

O 

O 

0 

0 

0 

0 

G4 
0 

0 

0 

0 

0 

P5 

G, 

G, 

F` 

0 

0 

0 

0 

P62 

N, (t) 

N2(t) 

N,(t) 

N4(t) 

Ns(t) 

N6(t) 

(1) 

where G, is the probability of transitioning from stage 
i to i + 1, Pi is the probability of remaining in stage 
i, and F is fecundity. The hydrograph affects vital rates 
through a flood or a drought in certain years (mortality) 
and by affecting the establishment of seedlings (fe- 
cundity). For elements of the A(t) matrices, Gi = (1 - 

Si) x (1 - D) X b, x ai, where Si is flood mortality, 
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flood/drought J 
* self- 

? * ... f/d, senescenci 
* thni g thinning 

* * N* 5xb5 

N5 N6 

FIG. 2. Schematic showing how stand structure is represented in the cottonwood model. Every year, a fraction of each 
stand may be lost to flood or drought mortality. This space becomes available for colonization by new seedlings the following 
year (if conditions favor seedling recruitment). Within the remaining portions of stands, self-thinning occurs at rate b so that 
the number of individuals in a stand decreases while the space occupied by a stand remains constant. 

Di is drought mortality, bi is a self-thinning rate, and 
ai is the baseline probability of transitioning to the next 

stage irrespective of flood, drought, or self thinning. 
Similarly, Pi = (1 - Si) X (1 - Di) X (1 - ai). We 

assume Si and Di are threshold functions, such that Si 
is a nonzero probability if the hydrograph exceeds a 
critical threshold (a flood year occurs) and is zero oth- 
erwise. Similarly, Di is zero unless the hydrograph fails 
to exceed a minimum threshold (a drought year occurs). 
Where data are available, these threshold criteria can 
be relaxed to produce continuous functions for S and 
D that vary with flood and drought magnitude (e.g., in 
some systems, larger floods cause proportionately more 

mortality and recruitment; Friedman et al. 1996, Rood 
et al. 1998, Friedman and Lee 2002). In the basic form 
of the model, we assume that values for the annual 

hydrograph, and thus the A(t), are independent and 

identically distributed among years. By definition, a, 
through a4 equal 1, 0 < a5 < 1 since a portion of 
individuals remains in stage 5 each year, and 0 < a6 
< 1 indicating that a portion of adults senesce each 

year (literally, a6 is the probability of an adult "tran- 

sitioning out" of the system). 
Fecundity, the number of seedlings produced, is a 

function of the timing, magnitude, and duration of 
floods. Nonzero fecundities occur only in years when 
the following criteria are met: (1) an above-threshold 
flood occurs; (2) flood recession begins before the last 
date of cottonwood seed set; and (3) at least one re- 

productive female tree is present in the population (we 
assume that if only one adult is present it is female). 
In these years, fecundity is a function of the area of 
bare substrates available for colonization so that: 

1 6 
F(t) = N K- ~ Ki(t + 1) g(h) 

N6(t) i=2 
(2) 

where KT is the total area available to the entire cot- 
tonwood population, Ki(t + 1) is the area occupied by 
a stage after flood mortality, and g(h) is a function that 
describes how the duration of floods affects seedling 
establishment. During matrix projection, multiplication 
by the term 1/N6(t) makes F independent of the number 
of reproductive adults, reflecting the fact that adult cot- 
tonwoods produce seeds well in excess of the amount 
of substrate available for germination (Moss 1938, Fen- 
ner et al. 1984, Cooper et al. 1999). 

Although the model does not keep track of the lo- 
cation of individual cottonwoods, the spatial structure 
of cottonwood stands enters the model in several ways 
(Fig. 2). First, a self-thinning rule describes the relative 
amount of space that successive stages occupy. Stages 
thin at rate bi so that Ni+l = Ni X bi. Thus, in the absence 
of flood and drought mortality, a stand of N1 seedlings 
will eventually mature to N6 = NIi5 lbi adults occu- 
pying the same space as the seedlings. Conversely, the 
area occupied by N6 adults, expressed in seedling units 
(square meters could just as easily be used as the com- 
mon currency), is K6 = N6Ii_l1/bi. The inverse rela- 
tionship between the population size of a stage and the 
space it occupies, as determined by the self-thinning 
rule, means that the number of individuals within a 
stand and stand area are related to each other by a 
simple conversion factor. Second, the model describes 
cottonwood population dynamics at the reach scale, 
where KT expresses the total available habitat in terms 
of numbers of seedlings that could colonize the reach 
if it were entirely bare substrate. Because seedling es- 
tablishment drops to zero as KT is approached, cotton- 
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TABLE 1. Stage-specific parameter values. 

Variable Description 1 2 3 4 5 6 

density (no./m2) 350 10 1.0 0.91 0.6 0.12 
bi self-thinning rate 0.029 0.10 0.91 0.66 0.2 
Si flood mortality in flood 0.97 0.33 0.224 0.19 0.073 0.020 

year 
Di drought mortality in 0.49 0.16 0.083 0.05 0.01 0.01 

drought year 
ai baseline transition 1 1 I 1 0.17 0.03 

probability 
initial area (m2) 11 816 11 816 11 144 11 144 13 819 59 605 

Ni(0) initial population size 4.1 x 106 120 000 11 000 10 000 8300 7200 
(no. individuals) 

Notes: Self-thinning rates were calculated as density, + /densityi, and initial population sizes were calculated as density X 
initial area. All other parameters were obtained from the literature or aerial photos. Stages (i) are: 1, seedlings; 2-4, 2-4- 
yr-old cottonwoods; 5, subadult trees; 6, reproductive adult trees. 

wood population dynamics are "crowding dependent" 
(Westoby 1981), which is analogous to density depen- 
dence with KT as the maximum population size. Third, 
the spatial positions of stands relative to the active 
floodplain are implicit in the mortality rates they ex- 
perience. For example, S, will generally be measured 
from field data as greater than S5, because seedlings 
are closer to the active floodplain and more vulnerable 
to floods than juvenile stands. Because of these dif- 
ferences in vital rates, the stage structure of cottonwood 
can also influence the areal extent of floods and 
droughts. For example, when mature cottonwoods (low 
flood and drought mortality) predominate, less area 
would be cleared via drought mortality than if drought- 
vulnerable seedlings predominated. The fecundity term 
also assumes that space cleared by flooding and drought 
becomes available for seedling recruitment (Fig. 2). 
This is equivalent to assuming that stand generation 
(via succession and bench formation) is in dynamic 
equilibrium with stand destruction (via the erosion of 
established benches), an assumption that is likely met 
for meandering rivers. At short time scales of years to 
decades, it is possible for either erosional or deposi- 
tional forces to predominate locally, but over longer 
time scales, the area of suitable cottonwood habitat 
along any given river must fluctuate around some av- 
erage value (otherwise riparian habitat would either 
increase infinitely or disappear entirely). Analysis of 
15 USGS gaging stations in the Yampa River watershed 
indicates that this quasi-equilibrium assumption is rea- 
sonable for the Yampa River at Deerlodge Park (used 
here as an example), as stream channel morphology is 
adjusted to the effective discharge at these sites (An- 
drews 1980). (Effective discharge is the flow that does 
the most geomorphic work over the course of time; 
Wolman and Miller 1960). Geospatial analysis of chan- 
nel planform change over 60 years of aerial photo- 
graphic record also indicates that the Yampa River 
channel is in relative equilibrium at Deerlodge Park 
(Merritt and Cooper 2000). 

In some systems, other native or invasive riparian 
species may compete for cottonwood habitat, or the 
total amount of habitat could increase or decrease in 

response to changing climate; in these cases the model 
can be modified to allow for nonequilibrium stand dy- 
namics (e.g., other species decrease KT by competing 
for cottonwood habitat). 

Model parameters 

We calibrated the model using general cottonwood 
life history data from the literature as well as data that 
are specific to one focal study site, the Yampa River 
at Deerlodge Park in Dinosaur National Monument, 
Colorado (Table 1). Flood and drought mortality rates 
were derived from data gathered on the Green and Yam- 

pa Rivers (Cooper et al. 1999), the Platte River (John- 
son 1994, 2000), and from laboratory experiments (Ma- 
honey and Rood 1991, Segelquist et al. 1993, Amlin 
and Rood 2002). Hydrologic data came from 83 years 
of U.S. Geological Survey discharge data from the 

Yampa River near Maybell, Colorado gaging station 
(USGS gage number 09251000). In the basic form of 
the model, years were drawn at random with replace- 
ment. We also examined model behavior after adding 
autocorrelation of year types (year i + 1 equals year i 
with probability p, otherwise a new year is drawn at 
random), and when floods recur at regular intervals 
(which is possible with managed discharges from 
dams). Years in which the spring floods exceeded 280 
m3/s were scored as flood years, and years in which 
floods remained below 210 m3/s were drought years. 
Years with peak flows between these thresholds were 
considered "growth years" with no flood or drought 
mortality. The flood threshold relates to field obser- 
vations over several years that indicated that flows near 
280 m3/s overtopped banks, mobilized and reworked 
point and sand bars, and resulted in the formation of 
new sites for cottonwood seedling establishment along 
the Yampa River in Deerlodge Park; likewise, peak 
flows of <210 m3/s occurred on what could be con- 
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sidered drought years, resulting in high seedling mor- 
tality (D. Merritt, personal observation, Cooper et al. 
1999). This flood threshold is also close to the effective 

discharge (which approximates the bankfull flow) mea- 
sured as 258 m3/s at the nearest upstream gage (An- 
drews 1980). Mortality of seedlings and saplings from 
drought varies across the floodplain, as the water mois- 
ture holding capacity is often extremely spatially var- 
iable on floodplains of active rivers. Our data reflect 
drought mortality of seedlings measured from perma- 
nent plots at Deerlodge Park. This threshold function 

may be varied in the model to reflect the vulnerability 
of seedlings to drought for any geographic area. 

Cottonwood seed dispersal typically terminates by 
15 July in Deerlodge Park (Cooper et al. 1999), so 
recruitment was constrained to occur only in years 
where the hydrograph peaked before this date. The as- 
sumption is that seeds would be dispersing over at least 
some portion of the descending limb of the hydrograph 
if the peak occurred before this date. The function g(h) 
scales fecundity from 1 (complete establishment) to 0 

(complete failure) according to the rate of hydrograph 
stage decline h (measured in cm/d). This was obtained 
by fitting a lognormal function to the data of Mahoney 
and Rood (1991): 

g(h) = 0.94 X exp{-0.5[1n(h/1.28)/0.99121 (3) 

which has an R2 value of 0.95. The function has a 
maximum near h = 2 cm/d, indicating that seedling 
establishment is highest when the post-flood stage de- 
clines at a rate neither too slow (saturation of roots) 
nor too fast (desiccation). 

Areal coverages and densities of each cottonwood 
stage were quantified by digitizing relatively even-aged 
cottonwood stands from 1:10000 scale aerial images 
of a 2 km reach of the Yampa River at Deerlodge Park. 

Images were first registered to known coordinates and 
rectified using a rubber sheeting technique in ERDAS 
Imagine version 8.2 (ERDAS, Inc., Atlanta, Georgia, 
USA). Digitizing of the aerial extent of stands of dif- 
ferent stages was performed using ESRI ArcView ver- 
sion 3.2 (ESRI, Redlands, California, USA). The total 
area available to cottonwood along this reach was 
119 300 m2, expressed as seedling units (a convention 
that makes matrix projection simpler); KT was therefore 
4.176 x 107 seedlings. Densities of older stands were 
measured from aerial photographs taken in 1973 and 
in 1994 and thinning rate through time was calculated. 
Estimates of stem density for younger stands at Deer- 

lodge Park were taken from measured stem densities 
of similar-aged cottonwood stands from other studies 
(J. C. Stromberg, unpublished data, Cooper et al. 
1999). Both of these studies were on the same species 
of cottonwood (Populus fremontii synon. with P. del- 
toides subsp. wislizenii) and took place in the arid west- 
ern United States. Because these values have been mea- 
sured from field data, the thinning rates integrate mor- 

tality from geomorphic change at the sites, beaver ac- 

tivity, insects, disease, soil salinity, and grazing. 

Iterated sensitivity and elasticity 

We used iterated sensitivity and elasticity analysis 
to quantify how changes in underlying parameter val- 
ues affect predictions of the model. Because density 
dependence eventually limits population growth rate to 
X = 1, we focused instead on the sensitivity and elas- 

ticity of adult population size, N6 (Grant and Benton 
2000). Sensitivities describe how absolute changes in 

parameter magnitude affect population size, while elas- 
ticities describe the effects of proportional changes 
(Caswell 2001). The parameter of interest was allowed 
to vary in the region of the observed value (+0.1, 
bounded between 0 and 1) in increments of 0.01. The 
model was projected forward 200 years, which was 
sufficient time for population size to reach quasi-equi- 
librium, and N6 was averaged over the last 50 years of 
the run. This was replicated 1000 or 10 000 times (more 
replicates were required for less-sensitive parameters) 
at each increment, and the average value of N6 record- 
ed. Sensitivity is the regression slope of N6 vs. the 
iterated parameter values, while elasticity is the log- 
log regression slope. Most of these regressions were 

very close to linear, with R2 always above 0.85 (and 
typically above 0.95). When a regression departed from 

linearity, the analysis was repeated using a narrower 

range of parameter values to better approximate the 
local slope, which often required more replicates to 
overcome noise due to model stochasticity. Essentially, 
iterated sensitivity (or elasticity) analysis uses numer- 
ical methods to mimic taking the partial derivative of 

N6 with respect to the parameter of interest, which is 
not analytically feasible with our stochastic model. 

Altered flow regimes 

Dams moderate flow extremes by reducing flood and 

drought frequency, whereas groundwater depletion 
may produce more frequent and severe droughts. Chan- 
nelization throughout a watershed may produce more 

frequent and severe flooding along reaches downstream 
of such channel modifications. We simulated these sce- 
narios by varying flood and drought frequency and ob- 

serving the effects on adult population size and vari- 

ability. This was repeated for floods alone, droughts 
alone, and floods and droughts together. Frequency was 
varied from 0 (no years experience an event) to 100% 
(all years have an event), and adult population size was 
recorded at year 200. This was replicated 1000 times 
at increments of 1%. 

RESULTS 

At flood and drought frequencies representing the 
natural flow regime, population dynamics were char- 
acterized by extreme variation in seedling abundance 
and establishment, but fluctuations were more regular 
in the older stage classes (Fig. 3). Whereas seedling 
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FIG. 3. Example of a projection of the model, using the vital rates in Table 1 and natural flow regime conditions. 
Abundances are expressed as a percentage of KT, the total area suitable for cottonwood. Seedlings (N,) and younger trees 
(N2-N5) show boom-bust dynamics, while the area covered by mature trees (N6) fluctuates more moderately. Flood years, 
where seedling establishment occurs, can be identified by nonzero values for N,. Significant recruitment of mature trees 
occurs when a flood causes high seedling recruitment, and then no floods or droughts occur for several more years (arrows 
point to an example of this). Self-thinning, flood mortality, and drought mortality leave a substantial amount of suitable 
cottonwood habitat unoccupied in some years (the total habitat occupied by cottonwood, "All," is often <100%). 

abundance was constrained by the model to vary close- 
ly with the hydrograph, the magnitude of interannual 
population fluctuation decreased with increasing stand 
age. Adult populations were the most stable, varying 
around an average value of 7150 individuals, which 
covered about 50% of available cottonwood habitat 
(KT). This quasi-equilibrium population size is nearly 
identical to the observed current population size of 
7200 adults in the study reach. Quasi-equilibrium 
around this mean was typically reached within 100 
years of model projection, even when starting popu- 
lations were changed by orders of magnitude, which 
indicates that the model is ergodic with respect to initial 
population size. Even under natural flow regime con- 
ditions, as much as 45% of available cottonwood hab- 
itat remained unoccupied in certain years (Fig. 3). 
These low-occupancy events occurred when, by 
chance, the population experienced multiple drought 
years and no intervening flood years for recruitment. 

Adult population size experienced cycles of increase 
and decrease every five to 15 years, although this did 
not occur with a regular periodicity. This was driven 
by the chance occurrence of year-type sequences fa- 
vorable to stand recruitment: a flood year (recruitment) 
followed by at least two growth years (no flood or 
drought) would produce a strong cohort that eventually 
matured into the adult stage (Fig. 3). These older in- 
dividuals escaped the boom-bust dynamics driven by 
high mortality that characterized younger stages. 

Adult population size, hence the area covered in ma- 
ture forest, was most sensitive to parameters affecting 
vital rates of seedlings, 5-10 yr olds, and adults, and 
was relatively insensitive to parameters affecting other 
stages (Table 2). Adult population size was most sen- 

sitive to a6, the senescence rate of adults apart from 
flood or drought mortality. Increasing a6 by only 0.01 
would decrease N6 by over 1000 individuals. For all 

stages, adult population size was about twice as sen- 
sitive to flood mortality as it was to drought mortality. 
Because vital rates for adults and seedlings are very 
different in magnitude (i.e., a +0.01 change in flood 

mortality would halve adult survivorship but amounts 
to no more than roundoff error for seedling survivor- 

ship), it may be more convenient to compare rates using 
the proportional scale of elasticities rather than the ab- 
solute scale of sensitivities. The largest elasticities 
were associated with parameters affecting seedling and 
adult survivorship, with flood mortality of seedlings 
being the greatest in magnitude. Decreasing seedling 
mortality by 10% would increase adult population size 

by 3.3%. Across all stages, elasticity values for flood 

mortality were greater than those for drought mortality. 
Adult population size was greatest when floods oc- 

curred in only 30% of years on average, although pop- 
ulations were not substantially lower at the observed 
natural flood frequency of 53% (Fig. 4). Reducing flood 
frequency below 30% resulted in a significant decrease 
in population size, however, coupled with a sharp in- 
crease in interannual population variability. This high 
variability and low average population size led to 
reach-wide extinction in some simulation runs. Increas- 
ing flood frequency above 30% also decreased popu- 
lation size, but in contrast to flow regulation, increased 
flood frequency resulted in more stable population sizes 
that rarely went extinct. Drought frequency had a 
smaller effect on adult population size relative to flood 

frequency. Reducing droughts below the natural fre- 
quency of 22% increased population size by only 12% 
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TABLE 2. Sensitivity and elasticity of adult population size 
(N6) to flood mortality (S), drought mortality (D), and tran- 
sition/senescence rate (a). 

Parameter Sensitivity Elasticity 

S, -2406 -0.326 
S2 -1321 -0.059 
S3 -1410 -0.041 
S4 -1442 -0.035 
S5 -7684 -0.078 
S6 -41 251 -0.107 
DI -1336 -0.090 
D2 -708 -0.014 
D3 -652 -0.007 
D4 -775 -0.007 
D5 -3563 -0.015 
D6 -15 122 -0.093 
ai 1528 0.205 
a-) 553 0.074 
a3 332 0.044 
a4 345 0.046 
a5 10 266 0.240 
a6 -109 726 -0.247 

Notes: Units are absolute (sensitivity) and proportional 
(elasticity) change in N6 due to an incremental change in the 
vital rate. Stages 1-6 are defined in Table 1. 

(at 0% drought frequency), and increasing droughts 
reduced population size by 32% (at 100% frequency). 
The interannual variability in population size remained 
nearly constant over this range, fluctuating around 600, 
or 5% of KT. Because of the relatively minor effects 
of droughts, varying flood and drought frequency si- 
multaneously changed the results for floods only (Fig. 
4) very slightly, by increasing population size slightly 
at low frequencies and depressing them at high fre- 
quencies. 

Adding autocorrelation to year types reduced adult 
population size, and the reduction was proportionately 
more severe at higher degrees of autocorrelation (for 
example, increasing autocorrelation from 0 to 0.1 re- 
duced N6 by 2%, but a change from 0.7 to 0.8 reduced 
N6 by 13%). This occurred because the probably that 
a flood year is followed by several growth-favorable 
years decreases as autocorrelation among years in- 
creases. Forcing floods to recur at regular intervals pro- 
duced results similar to those in Fig. 4, but populations 
were higher than those values if intervening years were 
growth years. The largest adult population size possible 
given the vital rates used, 9430 adults or 66% of avail- 
able habitat covered in mature cottonwood on average, 
occurred with floods every five years followed by four 
growth years. 

DISCUSSION 

The primary objective of this model was to begin 
with the fundamental vital rates of cottonwood popu- 
lations-stage-specific births and deaths, and how 
these relate to river hydrology-and ask to what degree 
these describe the complex patterns observed in natural 
cottonwood forest seres. The model recovered several 
emergent properties of cottonwood populations that 

were not explicitly modeled. First, the cottonwood vital 
rates measured from field and lab experiments pre- 
dicted a quasi-equilibrium population very close to the 
actual population size measured from aerial photos 
(+1%). This was not constrained by the model to be 
the case, as most vital rates were not obtained from 
data specific to this study site, and quasi-equilibrium 
population sizes were ergodic with respect to starting 
population size (i.e., starting size does not dictate qua- 
si-equilibrium population size). In addition, sensitivity 
and elasticity analysis show that even small changes 
in vital rates may result in quasi-equilibria that are 
much higher or lower (e.g., a decrease in self-thinning 
rate of only 0.01 would have increased adult population 
size from 7200 to 8200). This result suggests that al- 

though vital rates derived from field studies can pro- 
duce realistic model dynamics, model sensitivity makes 
accurate vital rate estimation essential. Second, the 
boom-bust dynamics of seedling abundance observed 
in the model is similar to the dynamics seen in natural 

populations. Seedling establishment is often observed 
to be high following scouring floods (Fenner et al. 
1984, Scott et al. 1997), but mortality from subsequent 
floods will often limit recruitment into older stages. 
Third, the -5-15 yr return interval of peaks in mature 
cottonwood populations that are observed in the model 
is similar to the dynamics observed in natural cotton- 
wood stands (Scott et al. 1997, Stromberg 1998, Cooper 
et al. 2003). Sequences of years exhibiting specific hy- 
drologic characteristics have been shown to be more 

important than single year events (such as flood mag- 
nitude on a given year) on the Missouri River, in the 
United States. (Scott et al. 1997, Auble and Scott 1998). 
Taken together, these emergent model properties sug- 
gest that many of the complexities of cottonwood pop- 
ulation dynamics-boom/bust seedling abundances, 
frequency of mature cottonwood stand recruitment, and 
fluctuation around a quasi-equilibrium population 
size-arise simply from the interaction of vital rates 
and hydrograph variability. These results suggest that 

simple population models that are neither spatially ex- 

plicit nor individual based may capture many of the 

important dynamics of cottonwood populations. This 
also provides support for the idea of river hydrology 
as a "master variable" that controls other key me- 
chanical, chemical, and ecological processes on flood- 

plains. Many variables associated with flooding, such 
as channel meandering rate, floodplain geochemistry 
(which is related to frequency and duration of inun- 
dation and hydraulic conductivity of floodplain strata), 
and other important fluvial geomorphic processes are 

incorporated into hydrologically based models such as 
ours because such processes are driven by river hy- 
drology. 

The sensitivity and elasticity of adult population size 
to different sources of mortality could be useful for 

managing cottonwood forests because they identify 
where small changes in a mortality rate can have large 
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FIG. 4. Effect of altered flood regime on mature cotton- 
wood populations. Flood frequency varies from frequent (a 
scouring flood every year) to highly regulated (no floods). 
Top panel: mature cottonwood forest is most abundant when 
floods are slightly less frequent than the natural flood regime. 
Bottom panel: interannual variability in coverage is lowest 
at intermediate and high flood frequencies, while low flood 
frequencies result in variable populations that sometimes dis- 
appear locally from reaches. 

effects on population dynamics. Conversely, they iden- 
tify the cottonwood life stages that matter least for 
overall population dynamics. Elasticity to both flood 
and drought mortality followed the same general pat- 
tern, with the highest values for stages 1 and 6, and 
elasticity to adult senescence rate (apart from flood or 
drought mortality) was also high. Thus, if a manage- 
ment goal is to increase the amount of mature cotton- 
wood forest over the long term, management tactics 
that increase survivorship of seedlings and adults 
should yield the highest return on investment, while 
managing for increased survivorship of the middle 
stages would accomplish less. The fact that adult pop- 
ulation size was about twice as sensitive to changes in 
flood mortality vs. drought mortality emphasizes the 
importance of flooding for cottonwood population dy- 
namics on rivers such as the Yampa. The difference 
was driven in part because flood years occur twice as 
frequently as drought years on this river (53% vs. 22%). 
The relative importance of floods versus droughts could 
differ on rivers that experience these in other propor- 
tions. 

The high sensitivity of adult population size to adult 
senescence rate, a6, suggests that forces affecting this 
rate should have large consequences for long-term pop- 
ulation dynamics. Increased mortality from fires (Davis 
et al. 2002), disease outbreaks (Andersen 2002), or 
beaver activity (Johnson and Naiman 1990, Andersen 
and Cooper 2000) would likely alter a6. Although adult 

population sizes should reflect changes in a6, the as- 

sumption of quasi-equilibrium stand dynamics might 
not hold in these instances. For example, mixed cot- 
tonwood-tamarisk (Tamarix spp.) stands destroyed by 
fire or disease might be succeeded by pure stands of 
tamarisk. Tamarisk has the ability to resprout rapidly 
following fire, but most species of cottonwood do not 
(the exception being Populus angustifolia which may 
resprout following low intensity fire; Gom and Rood 
1999). 

The model also shows that, even under natural flow 

regime conditions, opportunities for invasion by com- 

petitors might occur when large areas of cottonwood 
habitat are temporarily unoccupied. In this single-spe- 
cies model unoccupied areas eventually become avail- 
able for cottonwood recruitment, but these "windows 
for invasion" might represent critical times for inter- 

specific competition. In this kind of non-equilibrium 
case, the model could be adjusted to allow KT to de- 
crease as cottonwood habitat is lost to competing veg- 
etation. 

An unexpected outcome of the model simulations of 

highly regulated flow regimes is that such regimes re- 
sult in variable populations prone to local extinction, 
whereas frequent floods result in small but stable pop- 
ulations. This results from the fundamental tradeoff 
between floods as mortality-causing vs. recruitment- 

enabling events. When floods are frequent, recruitment 
occurs almost every year but population sizes are sup- 
pressed by high flood mortality, resulting in small but 
stable populations. When floods are rare, adult stands 
senesce over the course of decades and are then sud- 

denly replenished when a scouring flood occurs, re- 

sulting in high year-to-year population variability and 
occasional extinction when return intervals of floods 
are long. This result underscores the importance of 
floods and flood-generated processes for the mainte- 
nance of viable cottonwood habitat (Scott et al. 1996). 
Because this single-species model assumes that space 
freed by senescing adults remains available for seedling 
recruitment elsewhere on the floodplain (rather than 
transitioning to another forest type), seedling recruit- 
ment may be overestimated when recruitment-gener- 
ating floods are rare. This is another case where the 

assumption of quasi-equilibrium could be relaxed to 
accommodate other species interactions. 

The exercise of using a model to synthesize data on 
cottonwood vital rates with the current understanding 
of riparian processes supports many established ideas 
and generates some new ones. The population fluctu- 
ations, dynamics of adults vs. seedlings, and quasi- 
equilibrium population sizes observed in the model re- 
sults were similar to natural populations, yet none of 
these were included explicitly in the model. Despite 
congruence with known population dynamics, the mod- 
el omits processes that undoubtedly affect specific cot- 
tonwood forests. In many cases these processes could 
be incorporated by changing the vital rates for certain 
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stages (fire, disease, insect, beaver damage, ice scour) 
or by relaxing a simplifying assumption (competition 
with other species). Ultimately, however, this model is 
intended to provide a framework for understanding cot- 
tonwood populations that can be tailored to specific 
cottonwood forests or conservation objectives. 

ACKNOWLEDGMENTS 

Thanks to Julie Stromberg for sharing unpublished data on 
cottonwood stem density and stand age, and to Douglas An- 
dersen, Gregor T. Auble, Mark Dixon, W. Carter Johnson, 
Anna Jolles, and Phil Rossignol for comments and reviews 
that helped to improve the manuscript. Thanks to N. LeRoy 
Poff and Colorado State University for support during the 
writing of this manuscript. This research was funded by David 
H. Smith Fellowships to both D. A. Lytle and D. M. Merritt. 
This is publication no. DHS2004-3 of The Nature Conser- 
vancy's Smith Conservation Research Fellowship Program. 

LITERATURE CITED 

Amlin, N. M., and S. B. Rood. 2002. Comparative tolerances 
of riparian willows and cottonwoods to water table decline. 
Wetlands 22:338-346. 

Andersen, D. C. 2002. Effects of cottonwood leaf beetle 
Chrysomela scripta (Coleoptera: Chrysomelidae) on sur- 
vival and growth of Fremont cottonwood (Populus fre- 
montii) in northwest Colorado. American Midland Natu- 
ralist 147:189-203. 

Andersen, D. C., and D. J. Cooper. 2000. Plant-herbivore- 
hydroperiod interactions: effects of native mammals on 
floodplain tree recruitment. Ecological Applications 10: 
1383-1399. 

Andrews, E. D. 1980. Effective and bankfull discharges of 
streams in the Yampa River basin, Colorado and Wyoming. 
Journal of Hydrology 46:311-330. 

Auble, G. T., and M. L. Scott. 1998. Fluvial disturbance 
patches and cottonwood recruitment along the upper Mis- 
souri River, Montana. Wetlands 18:546-556. 

Boggs, K., and T. Weaver. 1994. Changes in vegetation and 
nutrient pools during riparian succession. Wetlands 14:98- 
109. 

Braatne, J. H., S. B. Rood, and P. H. Heilman. 1996. Life 
history, ecology, and conservation of riparian cottonwoods 
in North America. Pages 57-85 in R. F Stettler, H. D. 
Bradshaw, Jr., P. E. Heilman, and T. M. Hinckley, editors. 
Biology of Populus and its implications for management 
and conservation. NRC Research Press, National Research 
Council of Canada, Ottawa, Ontario, Canada. 

Bradley, C. E., and D. G. Smith. 1986. Plains cottonwood 
(Populus deltoides var. occidentalis) recruitment and sur- 
vival on a prairie meandering river floodplain, Milk River, 
southern Alberta (Canada) and northern Montana (USA). 
Canadian Journal of Botany 64:1433-1442. 

Busch, D. E., and S. D. Smith. 1995. Mechanisms associated 
with the decline of woody species in riparian ecosystems 
of the southwest U.S. Ecological Monographs 65:347-370. 

Caswell, H. 2001. Matrix population models. Sinauer, Sun- 
derland, Massachusetts, USA. 

Cooper, D. J., D. C. Andersen, and R. A. Chimner. 2003. 
Multiple pathways for woody plant establishment on flood- 
plains at local to regional scales. Journal of Ecology 91: 
182-196. 

Cooper, D. J., D. M. Merritt, D. C. Andersen, and R. A. 
Chimner. 1999. Factors controlling the establishment of 
Fremont cottonwood seedlings on the upper Green River, 
U.S.A. Regulated Rivers: Research and Management 15: 
419-440. 

Davis, O. K., T. Minckley, T. Moutoux, T. Jull, and B. Kalin. 
2002. The transformation of Sonoran Desert wetlands fol- 

lowing the historic decrease in burning. Journal of Arid 
Environments 50:393-412. 

Ellis, L., C. Crawford, and M. Molles. 1998. Comparison of 
litter dynamics in native and exotic riparian vegetation 
along the Middle Rio Grande of central New Mexico, 
U.S.A. Journal of Arid Environments 38:283-296. 

Fenner, P, W. W. Brady, and D. R. Patton. 1984. Observations 
on seeds and seedlings of Fremont Cottonwood. Desert 
Plants 6:55-58. 

Friedman, J. M., and V. J. Lee. 2002. Extreme floods, channel 
change, and riparian forests along ephemeral streams. Eco- 
logical Monographs 72:409-425. 

Friedman, J. M., W. R. Osterkamp, and W. M. Lewis, Jr. 1996. 
Channel narrowing and vegetation development following 
a Great Plains flood. Ecology 77:2167-2181. 

Friedman, J. M., W. R. Osterkamp, M. L. Scott, and G. T. 
Auble. 1998. Downstream effects of dams on channel ge- 
ometry and bottomland vegetation: regional patterns in the 
Great Plains. Wetlands 18:619-633. 

Gom, L. A., and S. B. Rood. 1999. Fire induces clonal sprout- 
ing of riparian cottonwoods. Canadian Journal of Botany 
77:1604-1616. 

Grant, A., and T. G. Benton. 2000. Elasticity analysis for 
density-dependent populations in stochastic environments. 
Ecology 81:680-693. 

Howe, W. H., and F L. Knopf. 1991. On the imminent decline 
of Rio Grande cottonwoods in Central New Mexico (USA). 
Southwestern Naturalist 36:218-224. 

Johnson, C. A., and R. J. Naiman. 1990. Browse selection 
by beaver: effects on riparian forest composition. Canadian 
Journal of Forest Research 20:1036-1043. 

Johnson, W. C. 1992. Dams and riparian forests: case study 
from the upper Missouri River. Rivers 3:229-242. 

Johnson, W. C. 1994. Woodland expansion in the Platte River, 
Nebraska: patterns and causes. Ecological Monographs 64: 
45-84. 

Johnson, W. C. 2000. Tree recruitment and survival in rivers: 
influence of hydrological processes. Hydrological Process- 
es 14:3051-3074. 

Johnson, W. C. 2002. Riparian vegetation diversity along 
regulated rivers: contribution of novel and relict habitat. 
Freshwater Biology 47:749-759. 

Johnson, W. C., R. L. Burgess, and W. M. Keammerer. 1976. 
Forest overstory vegetation and environment on the Mis- 
souri River floodplain in North Dakota. Ecological Mono- 
graphs 46:59-84. 

Karrenberg, S., P. J. Edwards, and J. Kollmann. 2002. The 
life history of Salicaceae living in the active zone of flood- 
plains. Freshwater Biology 47:733-748. 

Lytle, D. A., and N. L. Poff. 2004. Adaptation to natural 
flow regimes. Trends in Ecology and Evolution 19:94-100. 

Mahoney, J. M., and S. B. Rood. 1991. A device for studying 
the influence of declining water-table on poplar growth and 
survival. Tree Physiology 8:305-314. 

Mahoney, J. M., and S. B. Rood. 1992. Response of a hybrid 
poplar to water table decline in different substrates. Forest 
Ecology and Management 54:141-156. 

Mahoney, J. M., and S. B. Rood. 1998. Streamflow require- 
ments for cottonwood seedling recruitment-an integrative 
model. Wetlands 18:634-645. 

Merritt, D. M., and D. J. Cooper. 2000. Riparian vegetation 
and channel change in response to river regulation: a com- 
parative study of regulated and unregulated streams in the 
Green River Basin, USA. Regulated Rivers: Research and 
Management 16:543-564. 

Moss, E. H. 1938. Longevity of seed and establishment of 
seedlings in species of Populus. Botanical Gazette 99:529- 
542. 

Richter, B. D., and H. E. Richter. 2000. Prescribing flood 
regimes to sustain riparian ecosystems along meandering 
rivers. Conservation Biology 14:1467-1478. 

2502 Ecology, Vol. 85, No. 9 



HYDROLOGIC REGIMES AND COTTONWOOD 

Rood, S. B., and S. Heinze-Milne. 1989. Abrupt downstream 
forest decline following river damming in southern Alberta. 
Canadian Journal of Botany 67:1744-1749. 

Rood, S. B., A. R. Kalischuk, and J. M. Mahoney. 1998. 
Initial cottonwood seedling recruitment following the flood 
of the century of the Oldman River, Alberta, Canada. Wet- 
lands 18:557-570. 

Rood, S. B., and J. M. Mahoney. 1990. Collapse of riparian 
poplar forests downstream from dams in western prairies: 
probable causes and prospects for mitigation. Environ- 
mental Management 14:451-464. 

Scott, M. T, G. T. Auble, and J. M. Friedman. 1997. Flood 
dependency of cottonwood establishment along the Mis- 
souri River, Montana, USA. Ecological Applications 7: 
677-690. 

Scott, M. L., J. M. Friedman, and G. T. Auble. 1996. Fluvial 
processes and the establishment of bottomland trees. Geo- 
morphology 14:327-339. 

Scott, M. L., G. C. Lines, and G. T. Auble. 2000. Channel 
incision and patterns of cottonwood stress and mortality 
along the Mojave River, California. Journal of Arid En- 
vironments 44:399-414. 

Segelquist, C. A., M. L. Scott, and G. T. Auble. 1993. Es- 
tablishment of Populus deltoides under simulated alluvial 
groundwater declines. American Midland Naturalist 130: 
274-285. 

Shafroth, P. B., J. M. Friedman, G. T. Auble, M. L. Scott, 
and J. H. Braatne. 2002. Potential responses of riparian 
vegetation to dam removal. BioScience 52:703-712. 

Shafroth, P. B., J. C. Stromberg, and D. T. Patten. 2000. 
Woody riparian vegetation response to different alluvial 
water table regimes. Western North American Naturalist 
60:66-76. 

Sher, A. A., D. L. Marshall, and S. A. Gilbert. 2000. Com- 
petition between native Populus deltoides and invasive Ta- 

marix ramosissima and the implications of reestablishing 
flooding disturbance. Conservation Biology 14:1744- 
1754. 

Snyder, W. D., and G. C. Miller. 1991. Changes in plains 
cottonwoods along the Arkansas and south Platte Rivers: 
eastern Colorado (USA). Prairie Naturalist 23:165-176. 

Stromberg, J. 1998. Dynamics of Fremont cottonwood (Po- 
pulus fremontii) and saltcedar (Tamarix chinensis) popu- 
lations along the San Pedro River, Arizona. Journal of Arid 
Environments 40:133-155. 

Stromberg, J. C., J. Fry, and D. T. Patten. 1997. Marsh de- 
velopment after large floods in an alluvial, arid-land river. 
Wetlands 17:292-300. 

Stromberg, J. C., and D. T. Patten. 1991. Instream flow re- 
quirements for cottonwoods at Bishop Creek, Inyo County, 
California (USA). Rivers 2:1-11. 

Stromberg, J. C., D. T. Patten, and B. D. Richter. 1991. Flood 
flows and dynamics of Sonoran riparian forests. Rivers 2: 
221-235. 

Tyree, M. T., K. J. Kolb, S. J. Rood, and S. Patino. 1994. 
Vulnerability to drought induced cavitation of riparian cot- 
tonwoods in Alberta: a possible factor in the decline of the 
ecosystem? Tree Physiology 14:455-466. 

U.S. Army Corps of Engineers. 1996. Water control infra- 
structure: national inventory of dams [CD-ROM]. Federal 
Emergency Management Agency, Washington, D.C., USA. 

Westoby, M. 1981. The place of the self-thinning rule in 
population dynamics. American Naturalist 118:581-587. 

Williams, G. P., and M. G. Wolman. 1984. Downstream ef- 
fects of dams on alluvial rivers. U.S. Geological Survey 
Professional Paper 1286, Washington, D.C., USA. 

Wolman, M. G., and J. P. Miller. 1960. Magnitude and fre- 
quency of forces in geomorphic processes. Journal of Ge- 
ology 68:54-74. 

September 2004 2503 


	p. 2493
	p. 2494
	p. 2495
	p. 2496
	p. 2497
	p. 2498
	p. 2499
	p. 2500
	p. 2501
	p. 2502
	p. 2503

