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ABSTRACT 

A Field-Calibrated Model of Pioneer Riparian Tree Recruitment 

for the San Joaquin Basin, CA 

by 

John Christopher Stella 

Doctor of Philosophy in Environmental Science, Policy, and Management 

University of California, Berkeley 

Professors John J. Battles and Joe R. McBride, Co-Chairs 

 

In the Central Valley of California, Populus fremontii ssp. fremontii, Salix 

gooddingii, and Salix exigua dominate the near-river forests.  Historically, seedling 

recruitment for these disturbance-adapted species coincided with spring floods.  Changes 

in flow timing and magnitude due to river regulation have decreased the success of 

seedling cohorts and contribute to the decline of pioneer riparian tree populations.  

In order to address gaps in our understanding of these species and their potential 

restoration strategies, I rigorously quantified and field-calibrated a conceptual model of 

seedling recruitment using field and laboratory studies.  Results indicate that these 

species do not maintain a seed bank and that vegetation competition does not limit 

seedling recruitment in the first year.  Abundance was correlated with soil moisture and 

with low bank elevation.  However, overwinter mortality was nearly complete. 

Results of my 3-year study of seed dispersal timing found that P. fremontii 

releases seeds earlier than the two willow species; a degree-day model robustly predicts 
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interannual differences in timing; and early-season temperature likely drives and 

coordinates both annual seed release and the spring snowmelt runoff pulse.   

Experimentally-imposed water table decline had strong effects on riparian 

seedling survival and growth.  High stage decline rates (!6 cm d-1) induced full mortality 

for all species.  S. gooddingii seedlings survived better and grew faster than Populus 

seedlings at more moderate rates (0-3 cm d-1); this increased performance was correlated 

with higher seasonal water use efficiency as determined by carbon isotope ratios. 

I integrated these results into a process-based recruitment model that generates 

point estimates of seedling density and elevation based on inputs of site hydrology, seed 

dispersal timing, and seedling desiccation thresholds.  I compared these predictions 

against independent field data for the same time period.  Model predictions captured 

basic patterns of interannual and species-level differences in recruitment.  Both predicted 

and observed seedling densities were highest in 2004 and lowest in 2003.  The model 

correctly predicted that Salix exigua recruitment would be less extensive than for the two 

tree species.  The successful pattern replication conducted in this work is a first step 

toward developing analytical tools to implement numerous riparian restoration 

approaches, including flow releases and floodplain rehabilitation. 
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PREFACE 
 

Riparian forests are crucial zones of biodiversity, dispersal, production and 

interaction.  More resource rich and physically dynamic than the surrounding landscape, 

they provide important ecosystem functions such as habitat complexity and structure, 

inputs of nutrients and woody debris, and microclimate amelioration to both the riverine 

and terrestrial ecosystems.    

In the Central Valley of California, Fremont cottonwood (Populus fremontii ssp. 

fremontii), Goodding’s black willow (Salix gooddingii), and narrow-leaved willow (Salix 

exigua) dominate the near-river forests.  These are the largest, fastest-growing woody 

species to colonize young floodplain surfaces. Soon after establishment, they provide 

ecological structure to the riparian ecosystem by stabilizing the substrate, fixing carbon, 

generating large woody debris, and creating vertical stratification for wildlife habitat.   

In contrast to most tree species, for which adult mortality rates drive population 

dynamics, riparian trees populations in arid-land ecosystems are more sensitive to rates of 

seedling establishment. The abiotic processes of river flow timing and magnitude, soil 

conditions, and climate largely control recruitment of these species.  Life history traits 

such as pulsed seed release in spring, dispersal by hydrochory, and fast root growth are 

effective at exploiting the transient resource conditions associated with this disturbance-

driven river ecosystem.  As a result, pioneer riparian tree populations are typically 

composed of multi-aged cohorts that established in years with large floods.   

In the Central Valley of California before the era of large dams, the predictability 

of seasonal hydrologic cycles allowed disturbance-adapted willows and cottonwoods to 
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thrive and dominate near-channel areas.  In this ecoregion—as in much of the developed 

world—flow regulation of most major streams have created an artificially stable physical 

regime, which arrests the ecological processes that generate and maintain the natural, 

non-equilibrium ecosystem.  The historically abundant resource pools associated with 

floods (e.g., increased soil moisture, nutrients and light) are no longer supplied at the 

appropriate time and rates to sustain pioneer seedlings beyond the first year.  As a result, 

seedlings on regulated rivers establish lower on banks and suffer higher overwinter 

mortality than under historical conditions, resulting in a lower frequency of viable 

cohorts.  Over the long term, flow regulation can shift the population structure toward 

older individuals and alter the dominance in the near-channel riparian zone from pioneer 

communities to ones less dependent on disturbance for establishment.  These impacts 

imposed by regulated flow regimes are exacerbated by the widespread conversion of 

riparian forests to agriculture and the shifts in seasonal temperature and water availability 

projected to occur with global climate change. 

Restoring the dominant pioneer species in these non-equilibrium riparian 

communities poses the daunting dual challenge of understanding both the physical and 

ecological processes that operate on interannual and decadal time scales to structure 

riparian-floodplain ecosystems.  The fundamental scientific question I am asking is: 

How do we restore disturbance-dependent communities in  

disturbance-altered ecosystems? 

In order to answer this question for pioneer riparian tree species in California’s Central 

Valley, we need to understand the linked physical and biological processes that limit 
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seedling recruitment and to predict ecosystem responses under both natural and managed 

disturbance regimes.   

Over the last quarter century, numerous researchers have studied these questions 

for cottonwood and willow species in other western North American riparian ecosystems.  

Many of the patterns and processes described in these studies were synthesized by 

Mahoney and Rood (1998) into a conceptual model which they named the “recruitment 

box”.  This model describes the key ecological drivers of seedling recruitment in near-

channel riparian zones: site hydrology, seed release timing, and seedling tolerance to 

desiccation.  Though directly relevant to the restoration needs of pioneer riparian species 

native to the Central Valley, we lacked sufficient data on these species, despite an early 

wave of interest and scholarship in the 1980’s on California riparian systems. 

My objective in undertaking this research was to apply this conceptual model to 

the ecology and restoration needs of the three dominant riparian trees in the San Joaquin 

Basin.  My approach, using field and laboratory studies, was to rigorously quantify each 

of the key driving factors of recruitment—site hydrology, seed dispersal patterns, and 

seedling ecophysiology—and then integrate these studies into a predictive model.   

I conducted this research in four parts, each of which corresponds to a chapter in 

this manuscript.  In Chapter 1, I document basic patterns of seedling occurrence and test 

several key assumptions regarding the influence of biotic factors on recruitment in flow-

altered riparian systems.  In Chapter 2, I quantify seasonal patterns of seed dispersal and 

predict them using a temperature-based model.  In Chapter 3, I experimentally test the 

mortality and physiological response of seedlings to drought stress from simulated river 

stage decline.   
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In Chapter 4, I use the empirical studies to develop a process-based, predictive 

model of seedling recruitment.  The recruitment model generates estimates of seedling 

density and elevation based on projections of site inundation, seed release timing and 

density, and a survival function that quantifies seedling mortality induced by water table 

decline.  I simulate annual recruitment along the lower Tuolumne River in 2002-2004, 

and compare these predictions against independent observations of recruitment patterns 

for the same time period.   

Despite the simplifying assumptions and abstraction of topography inherent in the 

model, its predictions nevertheless capture the basic patterns of interannual and species-

level differences in recruitment.  In both model predictions and field observations, 

seedling density was highest in 2004 and lowest in 2003.  The model correctly predicted 

that Salix exigua recruitment would be less extensive than for the two tree species.  The 

model predicted the range of bank elevation where the greatest seedling density would 

occur in a given year, though it over-estimated the limit where seedlings could survive.   

As a spatially-implicit simulation for one site, the model clearly underrepresents 

the high variability in recruitment encountered within a river reach.  Nevertheless, the 

successful pattern replication conducted in this work is a first step toward developing the 

recruitment model into an analytical tool for prioritizing riparian preservation areas, 

guiding floodplain rehabilitation designs, optimizing restoration flow strategies, and 

simulating the impacts of climate-induced changes in physical ecosystem drivers.  

 

Mahoney, J. M., and S. B. Rood. 1998. Streamflow requirements for cottonwood seedling 
recruitment--an integrative model. Wetlands 18:634-645. 
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CHAPTER 1:  Patterns and Constraints on Seedling Recruitment of 
Pioneer Riparian Trees Along the Lower Tuolumne River, CA. 

 

INTRODUCTION 

For most tree species, the mortality rates of adults is the most influential vital rate 

determining population growth and persistence (Silvertown and Doust 1993, Oliver and 

Larson 1996).  However, pioneer riparian trees in arid and semi-arid ecosystems are an 

exception to this rule. For these populations, the success of juveniles seems to be the 

major demographic bottleneck (Scott and Auble 2002).  Both field studies (e.g., 

Stromberg et al. 1991, Johnson 1994) and stage-structured modeling (Lytle and Merritt 

2004) have demonstrated that recruitment processes drive riparian cottonwood and 

willow population dynamics.  

Under natural flow conditions, recruitment of willow and cottonwood seedlings in 

arid-land western ecosystems is driven primarily by abiotic processes such as flow timing 

and magnitude, soil conditions, and drought stress (Mahoney and Rood 1998).  Life 

history traits for these species such as pulsed seed release in spring, dispersal by 

hydrochory, and fast root growth are effective at exploiting the transient resource 

conditions associated with the dynamic, disturbance-driven river ecosystem (Mahoney 

and Rood 1998, Karrenberg et al. 2002, Merritt and Wohl 2002, Rood et al. 2003, Lytle 

and Poff 2004).  The results are tree populations composed of multi-aged cohorts whose 

establishment coincides with years that experienced large floods (Bradley and Smith 

1986, Everitt 1995, Scott et al. 1997, Merigliano 1998).   

When rivers are dammed and flow is regulated in these ecosystems, the 

disturbance regime and abiotic environment are fundamentally altered.  Flow regulation 
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typically lowers spring peak flows, increases summer base flows, shifts the timing of 

high flows, reduces channel migration and sediment transport, and creates different 

substrate conditions (Ligon et al. 1995, Richter et al. 1996, Poff et al. 1997, Friedman et 

al. 1998, Strange et al. 1999, Poff and Hart 2002).  These changes imposed by flow 

regulation have a potentially strong influence on riparian vegetation, in particular, on 

seedling recruitment (Johnson 1994, 2000).  Studies in arid-land ecosystems with 

modified flow regimes have shown a reduction in the influence of abiotic drivers in favor 

of biotic processes, such as resource competition, species invasions, and herbivory 

(Horton et al. 1960, Busch and Smith 1995, Everitt 1998, Peterson 2000).   

We explored this question of biotic versus abiotic influence on riparian seedling 

establishment along the lower Tuolumne River, a major regulated river in the San 

Joaquin Basin in California’s Central Valley.  We focused on the three pioneer woody 

species that dominate the near-channel plant community:  Fremont cottonwood (Populus 

fremontii S. Watson ssp. fremontii), Goodding’s black willow (Salix gooddingii C. Ball), 

and narrow-leaved willow (Salix exigua Nutt.), which we refer to as POFR, SAGO, and 

SAEX respectively.  For the lower Tuolumne River, regulated flow conditions since 

construction of New Don Pedro Dam in 1970 have resulted a 62% decrease in average 

annual water yield, much lower and earlier annual peak discharges relative to unimpaired 

conditions (e.g.,  decreases in May and June average discharge of 81% and 85%) and 

more interannually consistent summer baseflows (McBain and Trush 2000).  For plants 

in the near-channel environment, these changes effectively reduce the intensity and 

variability of annual disturbances (i.e., spring floods) and decrease the environmental 

stress associated with summer drought (i.e., stable baseflow). Thus for this lower 
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regulated reach of the Tuolumne there was the potential for biotic processes to exert a 

greater current influence over seedling recruitment than under the historical natural flow 

regimes. 

The specific objectives of this study were to test two critical aspects of 

recruitment -- seed storage and seedling competition -- and to examine reach-wide 

patterns in tree recruitment.  Strong biotic effects, specifically seed storage and 

competition, would complicate the generally-accepted understanding that abiotic factors 

(e.g., flow regime and drought stress) drive seedling recruitment patterns in natural river 

systems (Mahoney and Rood 1998, Johnson 1998, Lytle and Merritt 2004).  Though our 

overall research goals are to quantify the abiotic drivers in the semi-arid San Joaquin 

Basin (e.g., Stella et al., in press), we needed to test assumptions about the biotic factors, 

especially given the profound ecosystem alteration.   

We tested whether the three target species store propagules in seed banks using a 

greenhouse propagation experiment, expecting to find no storage effect based on results 

for other riparian cottonwood and willow species (Braatne et al. 1996, Tu 2000).  We 

measured the effects of plant competition on seedling emergence and survival by 

comparing paired treatment and control plots in a field vegetation removal experiment at 

three sandbar sites.  We expected that reducing competition in this altered, more stable 

river system would have positive effects on woody seedling recruitment, since increases 

in vegetation density and cover are commonly correlated with decreases in seedling 

recruitment in near-channel habitats on regulated rivers (Pelzman 1973, Johnson 1994, 

Peterson 2000).  To put these studies in a larger context, we documented seedling 

recruitment patterns for three years (2002-04) at 13 sandbar sites distributed throughout 
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the 20-km lower reach of the Tuolumne River.  Taken together, these studies improve our 

understanding of key patterns and drivers of tree regeneration in a non-equilibrium 

ecosystem that has been radically altered.  The insights gained are critical for devising 

restoration strategies to address the decline in pioneer riparian tree communities along the 

lower Tuolumne River (McBain and Trush 2000), and similarly-altered river ecosystems 

in semi-arid regions (Rood et al. 2003, 2005). 

 

METHODS 

Study area 

The willow and cottonwood species in our study inhabit the lowland alluvial 

floodplains (<200 m elevation) of the San Joaquin River and its tributaries.  The San 

Joaquin Basin covers 35,000 km2 in California’s southern Central Valley (Figure 1).  The 

lower basin below the foothills experiences a Mediterranean climate, with an average of 

30 cm of precipitation falling primarily between October and April, followed by a 

prolonged summer drought (USACE 2002).  The Tuolumne River is the largest of three 

major tributaries to the San Joaquin River; its basin covers 4,900 km2 (McBain and Trush 

2000).  These riverine ecosystems are characterized by dynamic fluxes of water, sediment 

and nutrients, and a structurally complex and patchy riparian zone.  These lower reaches 

are also the most heavily regulated, with major dams and reservoirs at the transition 

between Sierra Nevada foothills and valley floor that impound water for irrigation, flood 

control and hydropower. 

From 2002 through 2004, we collected data on seed bank conditions and seedling 

establishment along a 20-km reach of the lower Tuolumne River from Modesto to the 



 

5 
 
 

confluence of the San Joaquin River (Figure 1).  This reach is characterized by a 

primarily single-thread, low-gradient (longitudinal slope <0.01) alluvial channel that 

during the Quaternary has meandered across an unconfined floodplain 1-3 km wide.  The 

substrate is fairly homogenous throughout the reach, consisting primarily of coarse sand, 

"2mm.  Regulated flow conditions during the past century have greatly reduced rates of 

channel migration and overbank flooding (McBain and Trush 2000).  Riparian vegetation 

throughout the reach is dominated by native willow and cottonwood species along the 

active river channel, with valley oak (Quercus lobata) and mixed riparian forest, 

savannah and herbaceous patches distributed across the floodplain (McBain and Trush 

2000).  Widespread land conversion to agriculture throughout the reach has limited the 

extent of riparian vegetation to a narrow but fairly continuous strip along river margin. 

We conducted seedling demography and seed bank studies at three active sandbar 

sites (hereafter SB1, SB2, and SB3) located within this reach at 8.2, 9.7 and 11.3 km 

upstream from the confluence of the San Joaquin River (Figures 1 and 2).  We defined 

active sandbars as ones located within the dominant river channel with evidence of recent 

geomorphic activity (scour and/or deposition) and a lack of mature woody vegetation 

(Dixon et al. 2002).  In addition to the demography studies, we conducted annual surveys 

of seedling density and bank position on thirteen sandbars distributed throughout the 

reach from 2002-04 (Figure 1).  The three sandbars selected for the demography studies 

spanned the range of sandbar substrates and morphologies found throughout the larger 

reach. 
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Seed bank study 

To evaluate whether the three species maintain a seed bank from one year to the 

next, we collected 8 soil samples from each of three sandbar sites on the Tuolumne River 

where adult females of each species were present and where seedlings of the three species 

were previously observed (Figure 2).  Collection occurred in March 2002, prior to that 

year’s seed dispersal period, and samples were brought to a greenhouse at the University 

of California at Berkeley for germination trials.  Each field soil sample was spread evenly 

on a tray of sterile topsoil, watered as needed, and allowed to germinate (Figure 3a).  

Trays were examined for presence of willow and cottonwood seedlings periodically and 

the experiment was terminated after 15 weeks. 

 

Vegetation removal field experiment 

A vegetation removal experiment was conducted in 2002-2003 at the same three 

sandbar sites used for the seed bank study (Figure 2).  The purpose of the experiment was 

to test the influence of vegetation removal (‘control’ and ‘treatment’) and bank elevation 

(‘high’ and ‘low’) on abundance of young-of-the-year (YOY) seedlings in 2002 and on 

their survival through end of summer of 2003.  We tracked emergence and survival in 

360, 50x50 cm plots total distributed among the three sandbars.  Each of the sandbars had 

several distinct topographic benches; we demarcated the lowest two benches for use in 

the study and classified them as the high and low elevation levels (Figure 4).  The low 

bench surface was generally within 0.5 m of the stable, regulated summer flow level, 

hereafter referred to as summer baseflow (approx. 7-10 m3s-1 in the years surveyed).  The 

high bench was typically 1-2 m above baseflow.  On each sandbar bench, 30 points were 
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randomly located.  These locations were distributed in equal proportions upstream and 

downstream of a sandbar center line that we had marked between the channel margin and 

upslope boundary of the sandbar (Figure 4).  Treatment and control plots were paired at 

each randomly located point and separated 20 cm apart.  With this sample design, each 

sandbar bench (high or low) supported 60 plots and each sandbar supported 120 plots 

total. 

Each treatment plot was located downstream of its paired control to prevent 

unintended hydraulic effects of the vegetation removal in the control plots during 

inundation events (Figure 4).  The vegetation removal was instituted in late March 2002.  

On each treatment plot, vegetation was completely cleared down to 0.5 m depth by 

excavating the substrate, sifting through a 1.27 cm hardware cloth sieve to remove roots 

and litter, and repacking the hole to grade.  Seedling surveys were accomplished on each 

pair of treatment and control plots with a rigid PVC plot frame that was anchored in 

diagonal corners with permanent plot markers. 

All plots were surveyed initially in late May 2002.  During each survey, YOY 

seedlings were mapped with species and height noted.  Older individuals of the three 

target species were mapped and coded as a seedling or sprout from older root stock.  

Other data collected included percent cover of herbaceous vegetation and occurrence 

(presence, absence) of the dominant herbaceous species and/or litter.  Percent cover was 

estimated by counting the number of points occupied (‘hits’) under the 16 internal wire 

intersections (spaced 10x10 cm apart) on the plot frame.  Environmental information 

collection during each survey included depth of scour or deposition and volumetric soil 

moisture content in all plots.  Scour and deposition were estimated from exposure or 
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burial of the permanent rebar plot marker and noted respectively as negative and positive 

changes in plot elevation (cm).  Volumetric soil moisture content was estimated using a 

Theta Probe Type ML2x (Delta-T Devices Ltd., Cambridge, England), an impedance 

sensor which emits a 100MHz sinusoidal signal and measures changes in the apparent 

dielectric constant (Gaskin and Miller 1996).  The probe readings are effective to 6 cm 

depth and 75 cm3 surrounding the central rod.  One reading taken in the middle of each 

seedling plot per survey was used to represent soil moisture conditions in the entire plot.  

In subsequent surveys, seedlings persisting from the previous one were recorded 

as present and new seedlings were mapped.  Plot data on percent cover, species 

occurrence and soil moisture were recorded.  All plots were resurveyed in mid-July 2002, 

and those on SB1 and SB3 were resurveyed in early September 2002.  Plots on SB2 were 

not resurveyed in September because mortality of the 2002 cohort was complete by the 

July resurvey.  In June and October 2003, only the plots that had live seedlings the 

previous September were resurveyed, and plots with 100% mortality were 

decommissioned.  Of the 360 plots originally designated in 2002, 58 were resurveyed in 

2003.  

 

Reach-wide seedling surveys 

The reach-wide surveys of YOY seedlings were conducted by canoe along the 

lower 20 km of the Tuolumne River in late summer in 2002-2004 (Figure 1).  Sampling 

sites were limited to active sandbars (see description under Study Area) with fairly 

diverse topography (low and high benches).  Where possible, we attempted to reoccupy 

transects on sandbars previously surveyed.  Logistical and safety reasons prevented the 
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use of permanent markers (e.g., rebar) to monument transects in the active channel zone, 

so resurveyed transects only approximated previous locations.   

At each sandbar, a tape was run from the downstream to upstream end of the 

sandbar and divided into quarters (or thirds for sandbars <100 m long).  At each of the 

three quarter points a transect endpoint was located and a sampling line delineated using 

a field tape run inland from the channel margin perpendicular to the local flow direction.  

The landward end of the transect was delineated by the dominant topographic break 

separating the active channel from the higher floodplain; in most cases this boundary was 

marked by a clear change in vegetation, substrate, and/or evidence of recent geomorphic 

activity.  Transect lengths ranged from 2.5-60 m long. 

On each transect we surveyed contiguous 1 m2 quadrats extending inland from the 

channel margin for the presence of woody seedlings (Polzin and Rood 2000, Dixon et al. 

2002).  On most transects alternate quadrats were surveyed on either side of the transect 

line to prevent excessive trampling within the sampling areas.  We recorded the presence 

of seedling ‘clumps’, which we defined as a minimum density of 3 YOY seedlings m-2 of 

any combination of the three species.  Quadrats with 1-2 seedlings total were not 

recorded because of detection problems.  For each clump we recorded abundance and 

maximum seedling height by species.  We also noted the occurrence (presence or 

absence) of older individuals and coded them as sprouts if they grew from obviously 

older root stock.  Individuals were assumed to be from older cohorts if they had obvious 

circular stem scars separating shoot extension in previous years.  For quadrats with YOY 

seedling clumps or older individuals, we recorded the elevation of the quadrat center 



 

10 
 
 

relative to the water surface elevation using a carpenter line level and two meter 

measuring rods.   

Of the thirteen sandbar locations visited over the three years, eight were surveyed 

in 2002, eleven in 2003, and ten in 2004.  Over three years, we searched a total of 86 

transects across all sandbars.  Total quadrats searched annually totaled 1,028 in 2003 and 

744 in 2004.  The total number of quadrats searched was not recorded in 2002.  All 

surveys were conducted while the river was at baseflow levels.  We quantified baseflow 

in each year as the mean ± 1SE of average daily discharge from June 15 to Oct 1.  

Summer baseflow was 6.9±0.07 m3s-1 in 2002, 10.2±0.1 m3s-1 in 2003, and 6.7±0.07 m3s-

1 in 2004. 

 

Theta probe calibration 

Estimation of volumetric soil moisture content from changes in the dielectric 

constant using impedance sensors is a well-established practice in agricultural and 

temperate ecosystems (e.g., Kaleita et al. 2005).  However, the procedure is applied less 

frequently to wildland systems, especially in arid environments (Qiu et al. 2001).  

Because the conversion calculation is sensitive to soil conditions (Roth et al. 1992, 

Robinson et al. 1999), we calibrated the conversion equations to the specific substrate 

present at the sandbar sites, which was fairly homogenous, unsorted sand (<2 mm median 

grain size).  We collected three soil samples from each sandbar site and back-calculated 

equation parameters (described below) using a wet-dry calibration procedure (Delta-T 

Devices 1999).   
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Volumetric soil moisture content was modeled using the Theta Probe voltage 

readings in a third order polynomial equation that approximates the square root of the 

dielectric constant and includes two empirically-derived parameters (Delta-T Devices 

1999).  The equation for the dielectric constant #0.5  is: 

#0.5 = 1.07 + 6.4V - 6.4V2 + 4.7V3    (Eqn. 1) 

where V is the voltage reading from the probe.  Soil moisture, $, is calculated as 

$ = (#0.5 – a0)/a1      (Eqn. 2) 

where a0 and a1 are empirically-derived parameters. Mean (± 1SE) parameter values for 

the nine sandbar soil samples were a0 = 1.648±0.009 and a1 = 7.196±1.033.  These values 

were used in Equation 2 to convert probe readings taken in the field to volumetric soil 

moisture estimates. 

 

Vegetation removal experiment factor analysis 

For the vegetation removal experiment, we analyzed differences in seedling 

densities and survival between treatment levels and sandbar bench elevations.  

Differences in density of YOY seedlings that emerged during 2002 were tested using a 

mixed-effects linear model. Mixed-effects models are primarily used to describe 

relationships between a response variable and covariates that are grouped according to 

one or more classification factors, such as in block designs (Pinheiro and Bates 2000, 

Piepho et al 2003).  Mixed effects models flexibly represent the covariance structure 

induced by grouping data and associating common random effects to observations of the 

same factor level.  In all the models we considered, sandbar was included as a random 

factor since environmental conditions and plot densities varied widely by sandbar, but 
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estimating parameter values for this factor was not important.  We considered three 

possible mixed models:  one with both fixed factor variables (bench and treatment) as 

well as their interaction, one with both fixed factors without interaction, and one with 

bench only.  Seedling density of the 2002 cohort, the response variable, was log-

transformed in all linear models to meet parametric assumptions regarding error 

distributions.  Residual plots and other model diagnostics were generated according to 

processes outlined for mixed effects models by Pinheiro and Bates (2000).  All model 

fitting and analysis was conducted using S-Plus (Version 6.1, Insightful Corp., Seattle, 

WA).   

For model selection we adopted an information theoretic approach using Akaike’s 

Information Criteria (AIC) as detailed by Burnham and Anderson (1998). AIC is 

calculated as 

   KdatalAIC 2))|ˆ(log(2 !"# $      (Eqn. 3) 

where l($ |data) is the maximized likelihood of the model given the estimated parameters, 

and K is the number of parameters including the intercept. Smaller values indicate a 

relatively better model, and this method penalizes increasingly complex model forms.  

     In comparing AIC values between models, their absolute values do not matter so 

much as the differences and relative weights between them.  A model’s AIC difference 

value is calculated as its AIC value minus the lowest AIC value of the candidate models:  

     minAICAICAIC idiff "#       (Eqn. 4) 

From these differences values we calculated a model’s Aikaike weight, which represents 

an approximate probability that a candidate model is the best of all those being compared 

(Burnham and Anderson 1998).  The Aikaike weight for model i, wi , is calculated  
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Since wi sums to unity, each weight can be thought of in terms of proportions (e.g., wi = 

0.40 suggests that model i is 40% likely to be the best model of the given models).  The 

three models we considered in this analysis were compared using AIC values, and Akaike 

weights were computed to compare likelihood proportions for each model.   

We assessed treatment effects on survival of the 2002 seedling cohort using a 2x2 

contingency table of observed seedling frequencies (control vs. treatment, live vs. dead).  

We tested expected frequencies (computed assuming a null hypothesis of independence) 

versus observed ones for the four categories using a Chi-square test with 1 degree of 

freedom (Sokal and Rohlf 1995).  We tested treatment effects on survival at two follow-

up times, September 2002 and June 2003.   

We also considered testing bench elevation effects on seedling survival using 

contingency table analysis, but this was not possible owing to the vastly different rates of 

seedling occurrence between groups (plot densities on low plots were much greater than 

on high plots).  The unequal sample sizes violated assumptions for both Chi-square test 

tests of independence and those of the Fisher’s exact test, another procedure commonly 

done with frequency data (Sokal and Rohlf 1995). 

 

Reach-wide seedling survey analysis 

We computed annual summary statistics of the reach-wide seedling survey, 

including frequencies and proportions of seedling clumps found, seedling density, and 

percent composition (expressed as a relative proportion of each clump total) of each 
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species.  In addition, we analyzed the relationship between quadrat species composition 

and bank elevation by constructing a linear regression model of each species’ relative 

proportion against quadrat elevation above baseflow as the sole explanatory variable.  We 

developed models initially for each species with all years grouped, and subsequently 

constructed models for each year separately to analyze interannual differences in the 

elevation-density relationship.  Species proportion data were transformed to an arcsin 

square root scale as is customary with bounded data (Sokal and Rohlf 1995, Crawley 

2002).  In order to compare seedling establishment results to river flow patterns, we 

obtained U.S. Geological Survey daily flow data for the Tuolumne River at Modesto 

(gauge # 11290000) during the 2002-2004 survey period. 

 

RESULTS 

Seed bank results 

The seed bank germination tests confirmed that none of the three species maintain 

a seed bank.  No seedlings of POFR, SAGO or SAEX emerged from the soil cores that 

were taken from Tuolumne River sandbar sites in early spring 2002.  High densities of 

herbaceous seedlings germinated from the core samples, reaching cover values close to 

100% by the end of the study (Figure 3a).  Emergent species included the dominant 

grasses at the sites, Johnson grass (Sorghum halepense) and Bermuda grass (Cynodon 

dactylon), as well as several Polygonum species and mugwort (Artemisia vulgaris).  

Three seedlings of Salix lasiolepis also germinated (Figure 3b).  This species releases its 

seeds in February, shortly before the cores were sampled.  The same sandbar sites that 

were cored supported seedlings of POFR, SAGO or SAEX later in the spring and 
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summer, after their seed release and dispersal had occurred, so we inferred that a local 

lack of propagules did not constrain the seed bank trial. 

 

Changes in the sandbar environment 

We observed little geomorphic activity in our plots during early spring 2002 and 

winter 2003, with almost all observed deposition and scour in the low plots.  We 

quantified deposition as positive changes in elevation (cm) and scour as negative ones.  

Mean and SE values of plot elevation change on low bench plots between April-May 

2002 were -1.8±0.9 cm for SB1, -0.6±0.4 cm for SB2, and 0.9±0.2 cm for SB3.  

Elevation change on the low bench in 2003 following the winter season was 1.2±0.8 cm 

for SB1, and 2.3±0.8 cm for SB3.  SB2 was not surveyed in 2003.  Among the high 

bench plots, only SB2 registered any change in elevation, averaging -1.2±0.4 cm in 2002.  

These results indicate that in spring of 2002, SB1 and SB2 experienced some scour 

whereas SB3 experienced deposition, and in 2003, both sandbars surveyed experienced 

deposition.  These changes are minimal compared to geomorphic changed observed 

subsequently on these sandbars (J. Stella, unpublished data), indicating that geomorphic 

forces were likely moderate to minimal on the plots during the period of study. 

Despite the apparent lack of major geomorphic activity, the sandbar environment 

changed during the period of study with respect to soil moisture, percent cover and 

vegetation composition (Figure 5).  In general, these factors varied greatly between 

benches and little between treatment groups.  In the early spring 2002, volumetric soil 

moisture content was >50% in the low bench plots on all sandbars, and ranged from 0% 

to 25% for the high plots (Figure 5 a-c).  All low plots dried out during the course of the 
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summer, and the degree of change varied by sandbar.  Soil moisture on the high plots 

decreased to <10% by July and remained dry all summer.  By the end of the summer 

2002, the low plots had soil moisture values between 20-40% and the high plots had 

~0%.  Soil moisture conditions in 2003 were wetter in the low plots than during the 

previous year, likely owing to a higher regulated base flow (+3.3 m3s-1 on average) that 

was maintained throughout the 2003 summer.  Many of the plots were fully saturated or 

inundated during both of the 2003 surveys (June and October). 

Patterns in percent plant cover also varied more between elevation benches than 

among treatments (Figure 5 d-f).  The low plots showed a seasonal pattern in vegetative 

cover, with low cover (<50%) in early spring followed by rapid colonization during the 

summer.  In contrast, the high control plots on two of the sandbars had higher vegetative 

cover early in the season (Figure 5 e-f), likely the result of more stable geomorphic 

conditions during the preceding winter.  These plots showed only a slight positive trend 

in cover during 2002, increasing at a much slower rate and attaining lower maximum 

cover values than the low control plots.  The cleared high plots were colonized more 

slowly than the cleared low plots, as well, and the reduction in cover from the treatment 

application was evident longer on the high plots.  These patterns are consistent with the 

soil moisture patterns, and suggest that soil moisture was the limiting resource for 

vegetation on these sandbars. 

We documented the occurrence of dominant plant species that contributed to the 

percent cover values as a binary variable (present, absent).  Johnson grass, an invasive, 

rhizomatous plant in the family Poaceae (Monaghan 1979), was the most common 

species among all plots and was prevalent among the low plots on all sandbars (Figure 5 
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g-i).  During 2002 the proportion of plots colonized by Johnson grass increased in a steep 

trend that paralleled the increase in total cover among the low plots.  Unlike total cover, 

though, the proportion of plots containing Johnson grass was higher in spring 2003 than 

the previous fall, indicating that the winter flows reduced Johnson grass cover but did not 

reverse a positive colonization trend between years.  Occurrence of other grass and herb 

species including Polygonum species (family Polygonaceae) also increased between 

years, but their overall frequency of occurrence was lower than Johnson grass. 

 

Timing of seedling occurrence 

The 2002 cohort at the three sandbars was dominated by POFR seedlings, which 

accounted for 80% of all the woody seedlings surveyed.  Most seedlings we observed in 

2002 appeared by the second survey, in mid-July (Figure 6c).  The timing of seedlings 

emergence differed by species, with POFR appearing earlier in the season, SAGO 

relative densities increasing throughout the season, and SAEX densities remaining low 

throughout (Figure 6d).  In addition to the 2002 cohort, we surveyed a subset of plots in 

2003 (i.e., plots with surviving YOY in 2002) and documented new seedlings that 

occurred (Figure 6c).  Though the raw densities are not comparable between years 

because the plot groups were different, the timing of occurrence and relative densities 

between species are comparable and consistent with the previous year’s pattern. 

 

Factors influencing seedling occurrence and survival 

 Seedling occurrence in 2002 at the three demography study sites was spatially 

patchy, with densities varying from 0-152 stems m-2 across all sites and plots.  Plot 



 

18 
 
 

elevation had a strong effect on how many seedlings appeared in 2002, whereas clearing 

existing vegetation had no effect (Table 1).  Initial seedling density also varied greatly by 

sandbar.  SB3 had by far the highest densities of seedlings in the low plots (mean density 

>35 stems m2) compared to the other two sandbars (mean densities " 2 stems m2).  Only 

four seedlings were detected on the high bench plots among all sandbars, resulting in 

mean densities of 0-0.23 stems m2 (Table 1).  Among the three mixed linear models we 

compared, the best one predicted log seedling density as a function of bench elevation as 

the sole fixed factor and sandbar as a random factor.  This model had 4 parameters (one 

intercept and one for each bench-by-sandbar effect) and an Akaike weight of 0.95, 

indicating that it was 95% likely given the candidate model set (Table 2). 

 Seedling survival through the first growing season varied greatly by sandbar 

(Table 1) and was <25% for all experimental groups except for the low plots on SB1.  

Most seedlings had died by the spring of 2003, and by the end of the summer 2003, 

mortality of the 2002 cohort was complete (Table 1).  As with seedling occurrence, 

survival of the 2002 cohort through the first summer was influenced most by bench 

elevation, ranging 0-0.56 in the low plots and equaling zero in all the high plots where 

seedlings occurred (Table 1).  Statistical tests of independence (e.g., chi-square, Fisher 

exact test) were not possible for the bench factor because of the disparity in sample sizes.  

As with seedling occurrence, seedling survival was not influenced by the vegetation 

removal treatment(%2 with 1 d.f. = 0.60, p = 0.44).   

During some of the follow-up surveys we observed that some seedlings had been 

browsed since the previous time.  Damage from browsing was infrequent and appeared 

relatively minor, however.  In most cases the top portion of the shoot was removed but 
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the seedling was still alive.  At various points during the study we also observed 

substantial beaver-induced damage to local SAEX sprouts (!1 cm basal diameter and >1 

year old).  These sprouts were not the focus of our study and none of the damaged 

individuals occurred in our plots. 

 

Reach-wide patterns in seedling establishment 

Results of the three annual end-of-summer surveys of YOY seedlings indicate 

that the spatial distribution of seedlings, seedling density, and proportional representation 

among the three species varied greatly between years (Table 3).  Seedling density and the 

frequency of clump occurrence (quadrats containing ! 3 seedlings) were highest in 2004 

and lowest in 2003.  We observed !4-fold differences interannually in the number of 

seedling clumps found (range 27-104), the proportion of quadrats searched containing 

seedling clumps (0.03 in 2003 versus 0.12 in 2004), and median clump density (44 

seedlings m-2 in 2004 compared 10 seedlings m-2 in 2002 and 8 seedlings m-2 in 2003).  

The relative frequency of occurrence of the three species varied greatly between years.  

POFR was dominant in 2002 (59% mean relative frequency per clump), whereas SAGO 

dominated the 2003 and 2004 cohorts (80% and 75% respectively).  SAEX was a minor 

component of each year’s cohort, "7% in all years.   

The elevation of seedling establishment relative to baseflow also varied among 

years (Figure 7) and between species (Figure 8).  In general, 2004 seedlings occurred in 

the highest densities and at higher bank positions than the previous two years (Figure 7).  

In all years the lower limit of seedling establishment was the summer baseflow elevation.  

In 2002 and 2004 the upper limit was approximately 40 cm above baseflow, with some 
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quadrats in 2004 sustaining low densities (<10 stems m-2) up to 80 cm high on the bank.  

In 2003 the vast majority of quadrats with seedling clumps occurred <20 cm above 

baseflow.  For both POFR and SAGO, elevation appeared to be a limiting factor to 

density, in that quadrats of all densities were found at low elevations, but maximum 

density decreased with elevation (Figure 8).  The outer density limit bounded by 

elevation was similar for POFR and SAGO in each year, but varied greatly between years 

(Figure 8). 

Elevation of seedling establishment also varied by species.  We analyzed the 

relationship between species composition in each quadrat with quadrat elevation using 

arcsin-transformed proportions (Sokal and Rohlfe 1995).  POFR composition had a 

positive relationship with elevation (slope = 0.01, F1,215 = 10.91, p = 0.001; Figure 9a) 

whereas SAGO had a negative relationship (slope = -0.01, F1,215 = 9.09, p = 0.003; Figure 

9b).  This implies that species dominance of the sandbar environment shifted along an 

elevational gradient, with high plots dominated by POFR and lower ones by SAGO.  

There was no relationship between proportion composition of SAEX and quadrat 

elevation (F1,215 = 0.73, p = 0.39).   

 

DISCUSSION 

The main findings of this research are that (1) the three dominant, native pioneer 

woody species in the San Joaquin Basin do not maintain a seed bank; (2) early-season 

removal of vegetation to reduce resource competition had no effect on seedling 

occurrence and survival through the first year; (3) elevation of seedbed position relative 

to river stage had a strong influence on occurrence and survival; and (4) densities of new 
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seedlings and the upper limit of their elevation range varied greatly interannually.  

Furthermore, densities of the two dominant tree species, POFR and SAGO varied 

directionally along an elevation gradient for the largest seedling cohort surveyed (2004).  

We discuss these results below in the context of riparian community dynamics and 

implications for flow management and ecosystem restoration. 

 

Patterns of seedling emergence 

Results of the greenhouse study confirm for native California species the general 

observation that riparian willow and cottonwood seeds are short-lived and do not form an 

interannual seed bank (Braatne et al. 1996, Karrenberg et al 2002).  These results are 

consistent with a riparian seed bank study of mature forest communities of various ages 

along the Cosumnes River, CA (Tu 2000).  In that case, the researcher observed no 

willow or cottonwood seedlings to emerge from soils collected in spring, whereas SAGO 

and SAEX seedlings emerged from soils collected from the same locations in late 

summer.  For these pioneer woody species, therefore, seed dispersal and seed bed 

conditions are the primary drivers of seedling occurrence and persistence each year in 

areas where seed source is not limiting. 

Repeat seedling surveys conducted in 2002 and 2003 indicate that seasonal timing 

of seedling emergence was consistent with seed release patterns for adult trees, which we 

observed using repeat surveys at three Tuolumne River floodplain sites during the same 

period (Figure 6).  The methods and results of the seed release study are detailed in 

Chapter 2 and by Stella and others (in press).  Here, we refer to relevant results in order 
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to compare seedling emergence timing with the observed seasonal density of dispersed 

seeds.   

The three intensive study sites supported higher proportions of POFR seedlings 

than observed generally throughout the reach (Figure 8).  However, the relative density of 

seedling emergence through time for each species (Figure 6d) was consistent with its 

seasonal fecundity index, which was calculated as the mean number of open catkins 

observed per female tree (Figure 6a-b, Stella et al., in press).  POFR trees began 

dispersing seeds earlier than SAGO trees in all years surveyed.  Consistent with this 

sequence, POFR relative composition was highest in early spring and decreased 

subsequently, whereas SAGO density was lowest in early spring and increased through 

late summer (Figure 6d).  SAEX seedlings emerged at low even densities from early 

spring through early fall, which was consistent with its longer, less-intensive seed release 

period (Figure 6a-b).    The correspondence between seed dispersal and seedling 

emergence timing has been noted for pioneer riparian tree species in general (Johnson 

1994) and in particular for POFR (McBride and Strahan 1984, Fenner et al. 1985, 

Stromberg et al. 1991, Stromberg 1997, Shafroth et al. 1998, Cooper et al. 1999), SAGO 

(Stromberg et al. 1991, Stromberg 1997, Shafroth et al. 1998), and SAEX (McBride and 

Strahan 1984). 

 

Factors influencing seedling recruitment 

Seedbed elevation was the better predictor of seedling occurrence and survival for 

the 2002 cohort (Tables 1 and 2).  Contrary to our expectations, removing vegetation on 

sandbar plots early in the season had no effect on initial density and survival (Table 1).  
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The lack of treatment effect is surprising given the general intolerance of pioneer riparian 

willow and cottonwood species to shade and drought (Braatne et al. 1996), their poor 

survival on floodplain sites where Johnson grass is prevalent (Peterson 2000), and their 

successful cohort establishment at channel margin sites where dense vegetation has been 

mechanically cleared (Sher et al. 2002).  On regulated rivers, riparian vegetation density 

and cover commonly increase in the decade after dam closure (Pelzman 1973, Johnson 

1994, Friedman et al. 1998), but the long-term effect is usually a decrease in the extent of 

bare substrate available for seedbeds, and a consequent decrease in the frequency of 

successful recruitment (Johnson 2000).  For example, an experimental field study on the 

regulated Sacramento River found stronger effects of competition by Johnson grass on 

seedling emergence and survival than of abiotic factors such as inundation timing 

(Peterson 2000).  In designing the sandbar competition experiment, we hypothesized that 

removing vegetation would result in increased woody seedling emergence and survival. 

In interpreting our contrary results (i.e., no competition effects), it is important to 

keep in mind the study’s limited experimental scale (a single cohort at three sandbars) 

and treatment application (vegetation removal on 0.25 m2 plots).  Furthermore, the 

finding of no treatment effect in the vegetation removal experiment occurred in the 

context of a dynamic resource environment on the low bench plots where most of the 

seedlings emerged.  Due to the effect of scour and deposition during the winter of 2002, 

vegetative cover on the low bench plots was minimal in early spring (<25%), even on the 

control plots (Figure 5d-f).  Because of the higher soil moisture (Figure 5a-c), the low 

bench plots (both treatment and control) were rapidly colonized (Figure d-f), resulting by 

late summer 2002 in 75-100% vegetative cover, primarily Johnson grass.  It is possible 
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that low treatment and control plots experienced similar resource conditions throughout 

the season despite the removal of competing vegetation in the treatment plots in early 

spring, and that competition effects later in the summer from recolonized vegetation were 

not detected.  The low bench seasonal cover patterns did not occur on the high bench 

plots, where Johnson grass was generally absent (Figure 5g-i).  On those plots, the 

reduction in vegetative cover imposed by the treatment application persisted throughout 

the first year, and well into the second year at SB3 (Figure 5f).   

Despite the potentially confounding effects of disturbance regime, soil moisture 

and vegetation recolonization on the low plot resource conditions, it is likely that abiotic, 

rather than biotic factors controlled seedling emergence and survival in 2002, even in the 

heavily-regulated flow environment of the lower Tuolumne River.  Seedling emergence 

occurred overwhelmingly on the low plots, which unlike the high plots were saturated 

during the seed release period and maintained high soil moisture levels into the summer.  

The first-year survival rates we observed for the 2002 cohort, 23-24% (Table 1), were 

comparable to willow and cottonwood survival rates in similar field experiments where 

much larger areas were cleared (Sher et al. 2002) and suggest survival was not drastically 

reduced by competition with recolonized herbaceous vegetation.  Finally, the modest 

flows and sediment transport during winter 2003 are likely responsible for the high 

seedling mortality that occurred between late summer 2002 and spring 2003 (Table 1), a 

period when vegetative cover was reduced.    

These results suggest that the low sandbar areas, despite being adequate for 

emergence of numerous seedlings in any given year, are nevertheless poor environments 

for long-term persistence.  In other studies in which multi-year survival rates were higher 
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than we observed, the highest densities of seedlings occurred at levels 1-3 m above the 

summer baseflow stage (Stromberg et al. 1991, Johnson 1994, Merigliano 1996, Roberts 

et al. 2002).  Studies that document the highest densities of new seedlings within 0.5 m 

elevation typically report close to 100% mortality the following year as well (McBride 

and Strahan 1984, Dixon et al. 2002).  Scour by sediment mobilization is the most 

common mechanism of seedling mortality in winter (Friedman and Auble 1999), though 

ice scour is also a significant factor in colder climates (Johnson 2000, Scott and Auble 

2002). 

 

Reach-wide establishment patterns 

The annual end-of-summer reach surveys confirm the general pattern observed in 

the seedling demography study.  Seedling occurrence, density and bank position on 

sandbars were highly variable throughout the reach and between years.  Though we did 

not track individuals as in the vegetation removal experiment, seedling survival beyond 

the first year was likely extremely low, since very few seedlings >1 year old were 

detected in our annual surveys.   

Field observations from the surveys suggest that the low interannual seedling 

survival rates may be offset by vegetative propagation, which may be an important 

process that allows some pioneer riparian species to persist under regulated flow 

conditions. During the annual surveys we observed high sprout densities on many 

sandbars.  Unlike the first-year seedling cohorts, which varied in species dominance 

(Table 3), willow stems dominated the sprout composition in all years.  Between 2003 

and 2004, POFR seedlings were present in 4% of all quadrats surveyed, and POFR 
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sprouts occurred in 1% of those surveyed.  SAGO seedling and sprout occurrence was 

6% and 8%, respectively, and SAEX occurrence was 1% for seedlings and 7% for 

sprouts.  SAEX sprout occurrence was disproportionally high relative to the other 

species, especially considering the low densities of SAEX seedlings observed (Figure 8).  

Among the three species, SAEX demonstrates a particularly vigorous clonal reproductive 

strategy (Ottenbreit and Staniforth 1992, Douhovnikoff et al. 2005), sustains the low 

annual rates of seedling emergence (Figure 8), and occurs in the most topographically 

diverse environments.  Taken together, these observations suggest that SAEX 

reproduction and persistence in the Tuolumne River corridor is primarily by vegetative 

means and less dependent on seedling establishment. 

 

Influence of flow conditions on seedling establishment  

Results of the seedbank study, competition experiment, and reach-wide seedling 

surveys suggest that biotic factors are not the primary determinants to seedling 

recruitment along the lower Tuolumne River.  Instead, abiotic processes such as flow 

timing and magnitude and soil moisture conditions are the factors limiting successful 

recruitment in this disturbance-altered ecosystem.  This conclusion is supported by the 

correlations between flow conditions, seedling density and seedling elevation that we 

observed in the reach-wide surveys. The largest seedling cohort observed during three 

annual surveys occurred in 2004 (Figure 8), which also had the highest flow peak and 

mean spring discharge (Figure 10).  Seedling recruitment that year was the most 

widespread (detected in 14% of all quadrats searched) and occurred at higher bank 

elevations than in other years (Figure 7).  Median seedling density of the 2004 cohort (44 
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stems m-2) was 4-5 times higher and maximum seedling density (11,000 stems m-2) was 

two orders of magnitude higher than the previous two annual cohorts (Table 3).  

Furthermore, the shift in species relative dominance along the elevation gradient (Figure 

9a-b) was driven by patterns of establishment in 2004 (Figure 9 j-l).  The elevation-

composition relationship was highly significant for POFR (F1,84 = 16.93, p < 0.0001, r2 = 

0.17; Figure 9j) and SAGO (F1,84 = 16.51, p = 0.0001, r2 = 0.16; Figure 9k) in 2004, but 

not in 2002 and 2003.    

Tuolumne River spring flow conditions were substantially higher in 2004 

compared to 2002 and 2003, and may explain the gross differences in seedling 

recruitment observed.  Because of warm early spring temperatures in 2004 that increased 

snowmelt runoff into Lake New Don Pedro, the Turlock Irrigation District conducted 

emergency flow releases in March and April to maintain federally-regulated flood storage 

conditions in the reservoir.  The resulting peak discharge for that year (80 m3s-1), which 

occurred in mid-March, was twice as high as in the previous two years and elevated flows 

>45 m3s-1 were released through most of April (Figure 10).  

It is likely that the higher flows in 2004 combined with an earlier seed release 

period than previous years (Stella et al., in press) were the factors driving the higher rates 

of seedling emergence, higher maximum seedling bank position, and distinct species 

composition gradient observed during 2004.  Furthermore, the occurrence of peak flows 

in 2004 with sufficient streampower to scour bank vegetation (on a larger geographic 

scale than in our manipulation experiment) prior to seed release may have been a factor 

governing early seedling emergence and survival (Stromberg et al. 1991).  Because 

riparian willow and cottonwood species do not maintain a seed bank (Figure 3), the 
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timing of seed release in relation to river stage is critical for seed germination to occur on 

appropriately moist seedbeds that are out of range of subsequent scouring flows 

(Mahoney and Rood 1998).  Hydrochory is considered a major vector of seed dispersal 

for these species (Braatne et al. 1996, Cooper et al. 1999, Merritt and Wohl 2002) as well 

as a major driver of riparian community composition in general (Nilsson et al. 1991, 

Johannson et al. 1996, Goodson et al. 2003).  In all years surveyed, we observed dense 

accumulations of floating seeds deposited along streambanks and in low depressions in 

the floodplain (J. Stella, unpublished data).   

The beginning of seed dispersal relative to river flow conditions varied in the 

three years of this study, and this relationship varied among species in each year as well 

(Figure 10).  These differences likely contributed to the vastly different densities of YOY 

seedlings observed between years (Figure 8) and the differences in establishment 

elevation as well (Figure 9).  In 2002, POFR and SAEX seed release along the Tuolumne 

River began just prior to the peak flow (approx. 40 m3s-1).  SAGO seed release began 

during the descending hydrograph limb, when discharge ranged from 10-20 m3s-1.  In 

2003, seed release for all species began two weeks after the peak when discharge was 

between 10-20 m3s-1.  In 2004, when seed release for all species began approximately 3 

weeks earlier than the previous two years, dispersal coincided with substantially higher 

flow levels than in previous years, especially for POFR.  The earliest phase of POFR 

dispersal coincided with river discharge levels between 30-50 m3s-1.  SAGO and SAEX 

dispersal began when flow had declined to approximately 20 m3s-1.  The correspondence 

of seed release and higher flows in 2004 likely contributed to higher seedling densities 
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observed that year.  Difference between species’ dispersal and flow patterns in 2004 also 

may have driven the significant elevation gradient observed that year (Figure 9j-k). 

 

Flow management implications 

Given these reachwide observations, it is likely that the managed flow regime is 

the major driver of seeding density, composition, and establishment elevation along the 

lower Tuolumne River.  Regulated flow conditions since construction of New Don Pedro 

Dam in 1970 have resulted in much lower and earlier annual peak discharges relative to 

unimpaired conditions, a 62% decrease in average annual water yield, and a decrease in 

May and June average discharge of 81 and 85%, respectively (McBain and Trush 2000).   

Spring pulse flows, which are currently released to promote smolt outmigration for 

salmon restoration efforts (SJRGA 2005), are too early in most years (e.g., 2002 and 

2003) to coincide with seed release.  In the three years of this study, the highest seed 

densities for all species were observed on parent trees after river discharge had been 

reduced to the summer managed flow level (Figure 10).  This may explain why seedling 

densities were highest at the permanent summer baseflow elevation and decreased four 

orders of magnitude within a half-meter of elevation (Figure 7).  Our seedling 

demography study and similar ones show that cohorts do not persist at these elevations 

because of high overwinter mortality induced by geomorphic forces (McBride and 

Strahan 1984, Stromberg et al. 1991, Johnson 2000).  This conclusion is supported by the 

scarcity of seedlings >1 year old observed throughout the reach from 2002-2004.  

The particular managed flow pattern in 2003 may also be responsible for the low 

density of that year’s cohort throughout the reach (Figures 7 and 8).  In that year the 
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salmon restoration flow was released in two pulses.  The first pulse peaked at 40 m3s-1 in 

mid-April, decreased to 20 m3s-1 for several weeks and dropped to 10 m3s-1in mid-May.  

The second pulse occurred in late May, when 20 m3s-1 was released for approximately 10 

days with no gradual ramping.  It is possible that the second pulse washed away many of 

the seeds deposited during the descending limb of the first pulse, accounting for the much 

reduced densities observed in 2003 relative to 2002 and 2004. 

Because flow conditions during the 3-year reach-wide study were typical of those 

during the post-dam period (1970-present), it is likely that seedling cohort establishment 

has been rare or absent during this period.  Consistent with a vegetation analysis 

conducted recently as part of a reach-wide restoration plan (McBain and Trush 2000), we 

observed very few sapling and pole trees along the river during this study, suggesting a 

population structure shifted toward older individuals and dependent on vegetative 

propagation, which favors shrub species over trees.  If these conclusions are true, it 

suggests that pioneer riparian tree populations are in decline along the river, and that the 

lack of interannual flow variability constraints successful seedling establishment.  For 

these reasons, pioneer woody seedling dynamics along the lower Tuolumne may be 

considered a model ecosystem, with annual seedling emergence driven by hydrology and 

seed dispersal, but with no long-term survival and consequent contribution to the adult 

population structure.  Ecosystem-wide restoration of pioneer riparian tree populations 

will need to consider not only the mechanistic processes governing annual seedling 

emergence at the sandbar scale (Mahoney and Rood 1998), but strategies designed to 

improve survival at greater temporal and spatial scales such as sequencing of floods with 

years of lower peak flows (Naiman et al. 2002, Rood et al. 2005).    
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TABLES 

 

Table 1.  Density and survival of 2002 seedling cohort. 

 

Elevation Treatment n 
Mean 

Density 
(stems m-2) 

SE Density 
(stems m-2) 

Post-
summer 
survival 
(Sept ’02) 

Yr2 
Post-

winter 
survival 

(June ’03) 

Yr2 
Post-

summer 
survival 
(Oct ’03) 

        
Sandbar 1        

high control 29 0.00 0.00 -- -- -- 
high cleared 29 0.00 0.00 -- -- -- 
low control 29 1.24 0.80 0.56 0.33 0.00 
low cleared 29 1.66 0.67 0.17 0.00 0.00 

Sandbar 2        
high control 35 0.00 0.00 -- -- -- 
high cleared 35 0.23 0.23 0.00 0.00 0.00 
low control 25 1.28 0.76 0.00 0.00 0.00 
low cleared 25 2.08 1.13 0.00 0.00 0.00 

Sandbar 3        
high control 30 0.13 0.13 0.00 0.00 0.00 
high cleared 30 0.13 0.13 0.00 0.00 0.00 
low control 30 37.20 7.36 0.24 0.04 0.00 
low cleared 30 44.27 8.10 0.23 0.04 0.00 
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Table 2.  Candidate models for linear mixed models of seedling abundance in 2002 on 
sandbars (n=3).  Model variables include the fixed effect factors of bench elevation (high 
and low) and treatment (control, cleared), as well as a random factor for sandbar.  
Reported information for each model includes number of parameters (K), Akaike 
Information Criteria (AIC), relative difference (AICdiff), and Akaike weights (wi).  Model 
1 is the most likely given the data.  
 

Model Model Fixed Effects Random 
Effects K2 AIC AICdiff wi 

       
1 bench sandbar (3) 4 751.87 0.00 0.953 
2 bench+treatment sandbar (3) 5 757.96 6.09 0.045 
3 bench+ treatment+ bench:treatment sandbar (3) 6 764.25 12.38 0.002 
       

 

1 K is the number of model parameters, including intercept.  The random factor adds 3 parameters, one for 
each sandbar. 
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Table 3.  Summary of seedling data for reach-wide surveys, 2002-04.  Approximately 3 
transects were surveyed per sandbar, with contiguous quadrats (1 m2) placed along the 
transects.  The number of quadrats searched was not recorded in 2002.  Relative 
frequency is calculated as the total number of seedlings of a species divided by the total 
number of seedling observed.   
 

Year 2002 2003 2004 
    

Total sandbars searched 8 11 10 
Total transects surveyed 22 34 30 
Total quadrats searched NA 1,028 744 

Total clumps found 
(! 3 seedlings quadrat-1) 104 27 86 

Proportion containing clumps NA 0.03 0.12 

Median clump density (seedlings 
m -2 range) 

10 
(3-111) 

8 
(3-46) 

44 
(3-11,000) 

POFR relative frequency 
(mean ± 1SE) 

0.59 
(±0.04) 

0.13 
(±0.06) 

0.24 
(±0.04) 

SAGO relative frequency 
(mean ± 1SE) 

0.38 
(±0.04) 

0.80 
(±0.07) 

0.75 
(±0.04) 

SAEX relative frequency 
(mean ± 1SE) 

0.03 
(±0.01) 

0.07 
(±0.04) 

0.01 
(±0.00) 
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FIGURES 

 

Figure 1.  The lower Tuolumne River study reach.  From 2002-04 seedling transect 
surveys were conducted annually on sandbars throughout a 20-km reach from Modesto to 
the confluence with the San Joaquin River.  Solid dots indicate location of sandbars used 
for the vegetation removal and seedling demography study (2002-03).   
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Figure 2.  Aerial photograph showing the three sandbars used in the vegetation removal 
and seedling demography study. 
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Figure 3a.  Greenhouse array for the seed bank study. 
 

 
 
 
Figure 3b.  Seed bank results: 3 Salix lasiolepis seedlings; 0 seedlings of POFR, SAGO 
and SAEX.  
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Figure 4.  Schematic of the experimental design used in the vegetation removal and 
seedling demography field study.  The figure illustrates the plot setup used for each of the 
three sandbars; actual sandbars had 30 pairs of plots per bench (120 plots total per 
sandbar). 
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Figure 5.  Patterns in plot conditions during the vegetation removal experiment for each 
sandbar.  Factors plotted (mean ± 1SE) are volumetric soil moisture content (g g-1; panels 
a-c), proportion vegetative cover (panels d-f) and fraction of plots containing Johnson 
grass, Sorghum halepense (panels g-i). 
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Figure 6.  Timing of seedling occurrence (bottom panels) in relation to observed seed 
release patterns (top).  Methods for measuring seed release timing are detailed in Chapter 
2. 
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Figure 7.  Total seedling density as a function of quadrat elevation, Tuolumne River, 
2002-04. Quadrats with zero densities are not plotted. 
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Figure 8.  Seedling density by species as a function of quadrat elevation, Tuolumne 
River sandbar surveys, 2002-04.  Quadrats with zero densities are not plotted. 
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Figure 9.  Seedling percent composition by species with elevation, 2002-04.  The first 
row represents all the years pooled.  Regression lines indicate significant relationships 
(p<0.05).   
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 Figure 10.  Seed release patterns in relationship to Tuolumne River discharge, 2002-
2004.  
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CHAPTER 2:  Synchrony of Seed Dispersal, Hydrology and Local 
Climate in the Semi-Arid Lower Tuolumne River Basin, CA. 

 

INTRODUCTION 

For organisms that inhabit river floodplain ecosystems, disturbance is a major 

driver of population and community dynamics (Resh et al. 1988).  The frequency, size, 

and predictability of flooding associated with “flood-prone” zones can drive the selection 

of life history traits that avoid or exploit these disturbances (Townsend and Hildrew 

1994; Lytle and Poff 2004). Consequently, any disturbance-adapted organisms are 

vulnerable to human-caused changes in the disturbance regime (Rood and Mahoney 

1990; Bunn and Arthington 2002). 

Pioneer riparian tree species that inhabit the riparian zones of snowmelt-driven 

rivers are classic disturbance-adapted organisms (Rood et al. 2003a).  Seed dispersal and 

seedling establishment are broadly coordinated with the end of the annual snowmelt flow 

pulse events (Scott et al. 1997; Rood et al. 1998; Cooper et al. 1999; Karrenberg et al. 

2002). Under this disturbance regime, propagule release and dispersal must coincide with 

the short-lived availabilty of viable seedbed for reproduction to be successful in any year 

(Moss 1938; Farmer and Bonner 1967; Willson and Traveset 2000).  Therefore the 

temporal availability of propagules is an important constraint for sustaining pioneer 

riparian plant populations (Pelzman 1973; Johnson 1994; van Splunder et al. 1995; 

Mahoney and Rood 1998; Cooper et al. 1999). 

In riparian zones throughout the San Joaquin Basin of California, the dominant 

pioneer trees are Fremont cottonwood (Populus fremontii S. Watson ssp. fremontii), 

Goodding’s black willow (Salix gooddingii C. Ball), and narrow-leaved willow (Salix 
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exigua Nutt.), which we refer to as POFR, SAGO, and SAEX respectively.  These 

species’ high seed output, effective dispersal and fast growth rates ensure vigorous 

establishment under favorable conditions (Johnson 1965; Braatne et al. 1996; Karrenberg 

et al. 2002), but their short life spans and lack of shade and drought tolerance make them 

vulnerable to long-term changes in the flow regime (Rood and Mahoney 1990; Scott et 

al. 1999; Williams and Cooper 2005).  In the San Joaquin Basin, as in much of the West, 

almost all major streams are dammed and regulated so that current flow regimes bear 

little resemblance to natural ones.  As a consequence, riparian tree species do not 

establish cohorts with the same frequency as under natural flow regimes (Scott et al. 

1996; Stillwater Sciences 2001).  One potential reason is that the timing of seed release 

no longer coincides with the spring snowmelt pulse.  

Spring snowmelt runoff is broadly coordinated across river basins in the Sierra 

Nevada (Peterson et al. 2000), but timing can vary interannually by many weeks 

(Peterson et al. 2000; Cayan et al. 2001).  Seed release timing is also highly variable 

between years (Farmer 1966; van Splunder et al. 1995; Cooper et al. 1999).  It is unlikely 

that elevated river flow directly triggers seed release in a given year, but because 

snowmelt is a function of climate patterns coordinated over large spatial scales, 

temperature is likely the common cue that drives both processes.  In this paper, we 

address the question of coordination between propagule availability for the dominant 

riparian tree species and spring snowmelt runoff in the semi-arid San Joaquin Basin.  

Declines in riparian forest community have important ramifications for the 

function of the San Joaquin riverine ecosystem. As the first plants to colonize bare 

substrates deposited by floods, cottonwoods and willows stabilize banks, add energy and 
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biomass, and build habitat complexity (Gregory et al. 1991, Naiman and Descamps 1997, 

Nilsson and Svedmark 2002). Thus it is important both to identify bottlenecks to 

population growth and to develop mitigation strategies. Our primary objectives were: 1) 

to quantify the temporal pattern of propagule availabilty for the San Joaquin Basin based 

on measurements of seed release timing and seed longevity; 2) to reduce the uncertainty 

in predicting seed release in any given year using a climate-based model; and 3) to 

compare the long-term coordination between seed release timing and the spring snowmelt 

flow pulse.  In concluding, we present an empirically-based approach to modeling the 

timing and relative density of pioneer riparian tree propagules throughout a river basin. 

 

METHODS 

Study area 

The San Joaquin Basin covers 35,000 km2 in California’s southern Central Valley 

(Figure 1).  The lower basin (below the foothills) experiences a Mediterranean climate 

with an average of 30 cm of precipitation falling primarily between October and April, 

followed by a prolonged summer drought (Bertoldi et al. 1991; USACE 2002).  Besides 

the San Joaquin River, there are three main tributary rivers, the Stanislaus, Tuolumne, 

and Merced, as well as numerous smaller streams.  The tree species in the study inhabit 

the lowland alluvial portions of these river floodplain systems (<200 m elevation), which 

are characterized by highly dynamic fluxes of water, sediment and nutrients, and a 

structurally complex and patchy riparian zone.  These reaches are also the most heavily 

regulated, with major dams and reservoirs at the transition between Sierra Nevada 
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foothills and valley floor that impound water for irrigation, flood control and 

hydropower. 

From 2002 through 2004, we collected data on seed viability, seed release timing, 

stand characteristics, and local climate at three floodplain sites each on the Tuolumne and 

San Joaquin rivers.  To capture the largest geographical variability, study sites were 

selected to span a range of latitude and channel distance from the upstream dam (Figure 

1).  Tuolumne sites were monitored fully for three years and San Joaquin sites were 

monitored fully for one year (2003). 

 

Seed longevity and viability  

To assess seed viability and longevity, we collected mature catkins between May 

and July 2002 from trees (approximately ten collections per species) at the San Joaquin 

and Tuolumne riparian phenology sites.  For logistical reasons collections were limited to 

low branches; these represent a grab sample of available seed throughout the release 

window for each species.  Each seed lot was collected from a separate tree.  To assess 

seasonal variation in seed condition, seed lots were collected at different times 

throughout the seed release period for each species (Guilloy-Froget et al. 2002).  The 

POFR seed release period was substantially shorter than for the willows, therefore the 

range in collection dates is smaller.   

Following collection in the field, we allowed the capsules to dehisce naturally, 

separated seeds from the surrounding cotton, and stored them in dry paper envelopes at 

room temperature (Moss 1938; van Splunder et al. 1995).   The first germination trial was 

conducted within 5 days after field collection.  Subsequent trials were conducted at 13-15 
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day intervals for a maximum of 5 trials per seed lot.  Seeds were placed on 100mm filter 

paper saturated with distilled water in covered Petri dishes (Moss 1938; van Splunder et 

al. 1995).  Germinants were counted every 2-3 days up to 10 days after imbibation 

(Bonner 1998; Young and Clements 2003a, 2003b).  A seed was considered germinated 

once the radicle had split the seed coat and began elongation (Bewley 1997).  Each trial 

consisted of 10 replicate dishes of 15 seeds from each seed lot.  

We calculated initial seed viability as the proportion of seeds that germinated 

within the 10-day observation window during the first trial per seed lot.  Initial viability 

was calculated for all replicate dishes and averaged by species.  We defined seed 

longevity as the storage time that reduces seed viability to 50 percent (Zasada and 

Densmore 1977; Karrenberg et al. 2002).  We calculated these values for each seed lot 

using a local linear interpolation of batch averages, then averaged all seed lots by species.  

We used analysis of variance (ANOVA) to test differences in seed longevity between 

species (main effects) and between sites (sites nested within species).  Given the 

unbalanced sampling design, Type III sum of squares were most appropriate to calculate 

F-ratios (Neter et al. 1996).  We also measured the germination delay associated with 

seed storage using the median response time, which is the period after trial initiation 

required to achieve 50% germination (Scott et al. 1984). 

 

Field data collection 

We collected field data on seed release patterns and local temperature in order to 

develop a predictive model.  At each site, we documented seed release patterns for 10 

dominant female trees of each species, which were surveyed 13-20 times during each 
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growing season, from April through September (Farmer 1966).  During each survey, seed 

release intensity was quantified for each tree using 20-second counts of open catkins 

from each of the top, middle, and bottom thirds of the visible canopy.  Total catkin counts 

were the sum of the three counts.  Observations were conducted using a 25x binocular 

magnification from a fixed point.  We conducted repeat samples (approx. 5 percent of all 

surveys), as well as inter-observer trials to assess observer precision.  At each site, air 

temperature was continuously recorded using HOBO Pro sensors (Onset Computer 

Corporation) mounted inside weather shelters approximately 1 m above the ground 

surface, which was covered with unirrigated herbaceous vegetation (Snyder et al. 2001).   

In addition to release timing, we characterized the phenology study trees in regard 

to their age, size, and growth rate. We measured the diameter at breast height (DBH, 1.37 

m), total height, and live crown ratio for each tree. Growth rate and minimum tree age 

were measured from increment cores, which were sampled as low as possible on the tree 

bole above the basal swell.  For the dendrochronological analyses we measured rings to 

.01 mm using a dissecting microscope and a sliding stage micrometer.  Quality control 

was accomplished using the COFECHA program (Grissino-Mayer 2001) to identify false 

and missing rings based on correspondence with a master chronology, which we built 

using cores with the best-correlated series.  We characterized each tree’s neighborhood 

using the point-quarter method (Pollard 1971, Engeman et al. 1994) to estimate the local 

density and basal area.  Each tree was used as the center of its point quarter plot.  Only 

POFR and SAGO trees were sampled because most SAEX were shrubs and not easily 

analyzed using these methods.   
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Analyses of seed release timing 

We pooled estimates of catkin counts by species from the phenology trees for 

each site to calculate a species-specific, site-level index of seed release timing. The site 

index is calculated as the mean of all catkin counts surveyed for all trees of a particular 

species at each survey date.  This index of seed production and timing is the most 

relevant measure of seed availability given the large variation in fecundity between trees, 

their clumped distribution and high seed dispersal ability, and the broad geographic scope 

of the study.  Repeat catkin count observations indicate that the field methods are 

sufficiently precise at the site scale.  The overall precision of these estimates had relative 

root mean square error ±10%.    

We summed the site-based catkin counts as cumulative distributions to estimate 

when the majority of seeds were released, and defined the temporal boundaries of this 

window using quantiles of the cumulative distribution.  Our relevant metrics for defining 

peak seed release are the julian dates corresponding to the 20th and 80th cumulative 

quantiles (referred hereafter to JD20 and JD80), which capture the middle 60 percent of 

the seed density distribution.  The 20th quantile date was chosen as an appropriate target 

for several reasons.  Like traditional measures of phenology such as first flower and 

fruiting, it assumes that a physiological threshold underlies the onset of annual life stages 

(Zalom et al. 1983; Fenner 1998; Bonhomme 2000).  Unlike measures of first occurrence, 

however, an intermediate quantile such as the 20th is not temporally sensitive to the tails 

of the distribution (Sokal and Rohlf 1995), nor does it require daily observations.  The 

20th quantile provides a robust measure of the onset of the peak seed release period and a 



 

60 
 
 

logical management target for timing restoration flows to coincide with highest propagule 

density.   

We tested differences in seed release timing (JD20) and peak duration (time 

interval from JD20 to JD80) using ANOVA for the data pooled for each Tuolumne River 

site in 2002-2004.  Species, site and year were tested as main factors; interaction terms 

were not tested due to the limited degrees of freedom resulting from the site-averaging (N 

= 27).  Instead, interaction plots were used to assess whether factor interactions were 

present (Zar 1999). 

 

Analyses of tree vital data  

We summarized tree vital data by species and site to evaluate the influence of site 

factors on tree size, growth and fecundity.  Tree age estimates are minimum values since 

the center of many trees contained heart rot where rings could not be identified.  We used 

average ring increment for the last 3 years to represent current growth.  Local density and 

local basal area were calculated from point-quarter data (Pollard 1971; Engeman et al. 

1994).  These calculations reflect local tree conditions and not stand averages since trees 

were not chosen at random.  Individual tree fecundity was calculated as the mean catkin 

count per survey in 2003, our only year with a full data from all sites. 

To investigate potential relationships between site factors and growth and 

fecundity, we calculated a Pearson product-moment correlation matrix for the factors of 

age, size, growth, local stand conditions, fecundity, and seed release timing (Sokal and 

Rohlf 1995).  POFR and SAGO tree data were analyzed separately because of obvious 

size, growth and life history differences.  In order to investigate specific hypotheses about 
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site-based relationships between tree fecundity, size, and growth, we conducted limited 

targeted contrasts using analysis of variance (Crawley 2002).   Size and growth data were 

log-transformed to satisfy statistical error assumptions.   

 

Degree-day modeling 

In order to improve the accuracy of predicting the beginning of the peak seed 

release window (the JD20), we developed a degree-day model using the seed release 

observations and continuous temperature records from our Tuolumne River sites.  Our 

baseline for comparing model performance was the average observed julian date across 

all sites and years (N=9) for each species.  A degree day model expresses annual plant 

development stages such as onset of vegetative and reproductive growth as a cumulative 

daily heat load above a specific threshold temperature (Zalom et al. 1983; Bonhomme 

2000). These models are well developed for annual agricultural crops and integrative pest 

management (e.g., Arnold 1959), but applied less frequently to natural systems (Spano et 

al. 1999; Cenci and Ceschia 2000) or to long-lived woody species (Bowers and Dimmitt 

1994; Jato et al. 2004).  We developed a separate model for each species since they 

exhibit unique timing patterns that are consistent across all sites (Bowers and Dimmitt 

1994; Cenci and Ceschia 2000).  We optimized each degree-day model by empirically 

calculating the heat load that best predicts the observed onset of peak seed release 

(JD20obs) for each site and for each year.   

In addition to seed release data, our degree-day model requires a complete and 

accurate local temperature record.  As a first step, temperature data from the site HOBO 

sensors were cross-calibrated to ensure accuracy and remove bias (Onset Computer 
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Corporation).  Each sensor’s data was corrected using linear model transformations of the 

raw values to a standard data set.  Temperature corrections for HOBO data were minimal.  

Intercept coefficients from the linear models were all <0.4 degrees and slopes were <3 

percent from unity; all model r2 were greater than 0.998.   

We calculated mean daily temperatures from the corrected HOBO data and 

modeled values to fill gaps in the site records using regional data from the California 

Irrigation Management Information System (CIMIS 2005).  We fit the daily temperature 

from each site HOBO to daily values for several nearby temperature stations using a 

linear model and chose the best fit to fill missing data.  All model r2 values were !0.96; 

for most sites the closest regional station had the best relationship.  

The degree-day model has two parameters, a degree-day threshold corresponding 

to initiation of seed release, and a base temperature that represents a lower thermal limit 

to plant development (Zalom et al. 1983).  We generated both parameters empirically, 

since experimental phenological data for riparian tree species are not available (Arnold 

1959; Yang et al. 1995).  The basic unit of the model is the degree-day (Snyder et al. 

1999), which we calculated using daily time steps: 

Dd = Td – $       (Eqn. 1) 

where Dd  is daily degree-days, Td  is the mean daily air temperature from out sites and $ 

is the model base temperature.  When temperature was less than the base, the degree-day 

quantity is set to zero (Zalom et al. 1983).   

For all sites in all years, we calculated the cumulative degree-days corresponding 

to JD20obs, the date of observed 20th quantile of cumulative seed release: 

        JD20 
 DD20obs = &Dd      (Eqn. 2) 
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            1 

The resulting heat sum, denoted DD20obs, was calculated from January 1, which is 

approximately the long-term minimum temperature between growing seasons (NCDC 

2005).  This starting point was appropriate because more specific information on 

dormancy-breaking mechanisms was not available for the three focal species in this study 

(Snyder et al. 1999). 

The model degree-day threshold, DD20pred,  is the mean DD20 for all sites and 

years (N=9).  We optimized the model base temperature, $, for each species by 

calculating heat sums over all integer bases between 0-20 °C and selecting the model 

base that resulted in the lowest root mean square error of predicted minus observed seed 

release, JD20pred –JD20obs (Ring et al. 1983; Snyder et al. 1999).  This iterative method of 

selecting a base temperature from empirical data results is more accurate and 

biologically-realistic base temperatures than methods commonly used on crop systems 

that use the standard deviation and coefficient of variation of degree-days or days 

(Arnold 1959; Yang et al. 1995; Snyder et al. 1999). 

We evaluated the degree-day model several ways.  First, we compared the degree-

day model mean square error (MSE) of predicted minus observed seed release initiation 

dates (JD20pred –JD20obs) to a null model MSE of observed dates (JD20obs).  Secondly, we 

evaluated whether the predicted dates of seed release initiation (JD20pred) were reasonable 

estimators of observed dates (JD20obs) using linear regression (Bowers and Dimmitt 

1994).  In a good model, a plot of predicted versus observed dates would closely fit a line 

with intercept and slope parameter values (0,1).  We specified a linear model using the 

ordinary-least-squares (OLS) bisector method (Isobe et al. 1990) because functional 
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relationships between variables and the error structure of the predicted values (which are 

derived from the empirical degree-day model) violate conventional OLS assumptions 

(Schmid et al. 2000).  Confidence limits were calculated using the bootstrap method with 

1000 replicates to estimate slope and intercept parameters (Feigelson and Babu 1992).   

All statistical analyses, model fitting, and optimizations were conducted in S-Plus 

(Version 6.1, Insightful Corp., Seattle, WA). 

Lastly, we used paired ANOVA models testing main factor effects of site and 

year on two quantities, the julian day of peak seed release initiation (JD20obs), and the 

heat sums that correspond to those dates (DD20obs).  We hypothesized that if site and year 

are significant factors in explaining variation in observed timing, that a universally 

predictive heat sum relationship would render all factors insignificant in a corresponding 

ANOVA model of observed degree-days.  The ANOVA model of JD20obs values 

establishes the baseline factor influence on seed release timing, and the ANOVA model 

of DD20obs values tests the factor effects on residual variation in timing not explained by 

temperature.  We analyzed POFR and SAGO separately, since the degree-day values 

were dependent on the base temperature used in each species’ optimal degree-day model.   

 

Assessing correspondence of runoff and seed release  

If a heat sum model predicts seed release for riparian trees, we hypothesize that it 

should also predict to some extent the interannual variation in snowmelt runoff.  To that 

end, we modeled annual seed release periods for past 75 years using the best biological 

degree-day model and compared runoff timing for the same period.   
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We selected as our snowmelt timing parameter the date of maximum flow during 

the spring snowmelt period (Scott et al. 1997).  Peak flow determines the annual vertical 

limit of bank and floodplain inundation, and consequently the area of potential seedbeds 

(Mahoney and Rood 1998; Lytle and Merritt 2004).  Peak flow, besides being simple to 

calculate, also approximates the beginning of the spring snowmelt decline in most years 

(Peterson et al. 2000), which is the most biologically-meaningful target for coordinating 

propagule availability.  Seed release prior to the runoff peak risks having early geminants 

washed away, and release much later would result in seedlings establishing at low 

elevations where they are vulnerable to scour in subsequent years (Mahoney and Rood 

1998).  We identified snowmelt peak flow using a 15-day running mean filter (Peterson 

et al. 2000) to exclude spring rainstorms and constrained the temporal window after April 

15 to separate extended winter storms from the snowmelt signal.  We used USGS daily 

flow gauge data from the Tuolumne River at La Grange for the pre-dam period (1895-

1970; gauge # 11289650) and computed unimpaired flow for the post-dam period (1971-

2004) from the Turlock Irrigation District and the California Data Exchange Center 

(CDEC, gauges TLG and MIL).   

For comparing peak seed availability with peak flow timing, we modeled the 

annual seed release period for each species from 1928-2003 using mean daily 

temperature data from Modesto airport (National Climate Data Center cooperating station 

#45738), the longest local temperature record.  Because long-term hourly temperature 

data were not available for this station, we re-parameterized our seed release model using 

mean daily temperature from our sites (Zalom 1983) to calculate appropriate model 

parameters for the historical analysis.  In addition to the JD20 and JD80, we computed 
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the JD50, or date corresponding to when 50% of catkins were open, in order to evaluate 

the projected time lag between peak flow and the midpoint of seed release.  Time lag was 

calculated as the number of days between peak runoff and the JD50, with positive values 

indicating later seed release.   

 

RESULTS 

Seed longevity and viability  

Results of the seed germination trials indicate that all three species have very high 

initial seed viability but differ in rates of seed longevity (Table 1).  In addition, seed 

viability and longevity are sensitive to time of collection.  Seed batches collected late 

during each species’ seed release period had few viable seeds.  Initial seed viability 

averaged from 87-97 percent for all species (Table 1).  With increased storage time, seed 

viability decreased from these initial values to close to zero for the two willow species, 

and to below 50% for POFR (Figure 2).  Seed longevity, or storage time corresponding to 

50% germination, differed significantly by species (ANOVA F2,20 = 4.98, p<0.02).  

POFR had the highest seed longevity (54 mean ± 6  SE days), followed by SAEX (44 ± 3 

days) and SAGO (31 ± 3 days). 

Unique among the species, POFR seed longevity showed consistent and 

significant differences depending on collection site (ANOVA F2,6 = 37.5, p<0.001).  

Though source tree numbers were small, average seed longevity for the three sites ranged 

from 32 and 71 days (Figure 2a), with little variation within a site (maximum standard 

deviation <7 days).  All post-hoc pairwise comparisons using simultaneous 95% 
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confidence intervals and Tukey corrections were significant (i.e., excluded zero), 

indicating that longevity estimates were different for each site. 

We observed that longer storage times caused a substantial delay in germination.  

For all species, maximum germination generally occurred within two days of the 

beginning of the trial (imbibition).  Seed storage time increases the time at which 

maximum germination occurs, up to 10 days for the longest-stored batches.  Figure 2d 

shows the effect of storage time on the germination delay, represented by the number of 

days required to attain 50% germination (Scott et al 1984).  The relationship between 

storage time and germination delay was similar for all species, and follows an 

exponential function.  The effects of this delay are not captured in the longevity estimates 

(Table 1; Figure 2a-c), which use the total germination proportion observed per trial 

regardless of when after imbibition it occurred.  

 

Seed release patterns 

Seed release for POFR preceded SAGO and SAEX in all years at all sites along 

both rivers (Table 2; Figure 3).  The mean start date for the peak seed release period (i.e., 

the JD20obs metric using site-pooled data) was May 15 (range April 16-June 10). The 

mean JD20 for SAGO and SAEX were roughly the same, May 30 and 31 respectively, 

but the range in SAEX start dates (May 8-July 2) was much greater than for SAGO (May 

19-June 19).  In 2004, a year with an unusually warm spring, seed release occurred 

substantially earlier at all sites for all species compared to 2002 and 2003 (Table 2; 

Figure 3a).   
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Seed release was fairly coordinated among trees at each site, though groups of 

trees at some sites consistently released seeds earlier than others.  Initiation of peak seed 

release along the Tuolumne River was significantly different between species (ANOVA, 

F1,12 = 39.7, p<0.0001), sites (F2,12 = 17.1, p<0.001) and years (F2,12 = 17.1, p<0.001).  Bi-

plots of the main effects indicated no strong factor interactions.  The duration of peak 

seed release (the period from JD20 to JD80) varied by species (F2,12 = 19.1, p<0.001) and 

site (F2,12 = 4.5, p=0.03) but not by year (F2,12 = 0.88, p=0.44).  Peak seed release lasted 7-

43 days for POFR, 36-49 days for SAGO, and 32-59 days for SAEX (Table 2).   Because 

interannual differences in peak period were small, Table 2 presents the mean of the three 

years measured.   

When the data were pooled across all sites to evaluate basin-wide patterns, peak 

seed release coincided with the end of the historical Tuolumne River snowmelt runoff 

period, with POFR seed density reaching a maximum about a month earlier than SAGO 

and SAEX densities (Figure 4).  POFR release was earlier along the San Joaquin River 

than on the Tuolumne, but the river sequence was reversed for the two willow species 

(Table 2).  Sites on the San Joaquin River showed a wider range of release timing for 

POFR than sites on the Tuolumne (Figure 3), resulting in a strongly bimodal pattern for 

the aggregated river (Figure 4).   

 

Tree fecundity, size, and growth relationships 

The trees used in our phenology study are broadly representative of those in 

remnant riparian stands in the San Joaquin Basin (Table 3).  These riparian forest 

neighborhoods had a typically open canopy structure with the occasional patch of dense 
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tree regeneration along river and slough channels.  Minimum age for all trees samples 

was <70 years old; POFR trees were typically older and larger than SAGO.   Most of the 

variation observed in tree ages and size was between sites. Within a site, the variation in 

observed values for both POFR and SAGE was more narrow, and POFR cohorts were 

typically 7-10 years older than the SAGO trees at each site.  Average tree fecundity for 

POFR ranged from 14-40 catkins/survey for five sites, with one site showing much lower 

reproductive output (0.6 catkins survey-1).  SAGO tree fecundity averages for all sites 

ranged from 25-50 catkins survey-1. 

The Pearson product-moment correlation matrix of stand factors and fecundity 

reveals several significant but generally weak relationships (r<0.50) for POFR, but none 

for SAGO.  POFR trees showed positive relationships between individual fecundity and 

growth (t60 = 2.36, p = 0.01; r = 0.29) and height (t60 = 2.1, p = 0.02; r = 0.26), but not for 

diameter (r = 0.19, n.s.) or age (r = -0.05, n.s.).  POFR fecundity was negatively 

correlated with local stand basal area (t60 = -1.79, p = 0.04, r = -0.22). 

Because tree fecundity was extremely low for all POFR at one San Joaquin River 

site (Table 3), we investigated whether this site also had poor growing conditions, as 

evidenced by smaller trees and slower growth relative to the other sites.  Compared to the 

trees at the other 5 sites pooled, the SJ1 trees had significantly lower average tree 

diameter (ANOVA of log dbh; F1,60 = 11.4, p=0.001), height (log values, F1,60 = 20.1, 

p<0.0001) and growth rates (log of recent ring increment, F1,60 = 6.6, p=0.01).  These 

results indicate a generally poorer growing environment at the SJ1 site, independent of 

tree age (F1,60 = 0.91, p=0.34). In constrast, fecundity, growth, and size of SAGO trees 

were not generally lower at this site relative to the others (Table 3).  
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Degree-day model 

We used the degree-day model to evaluate the influence of local temperature on 

the observed variation in seed release initiation for each species.  For the Tuolumne River 

data, the optimized degree-day model predicts JD20obs better than the null model (julian 

day averages) for all three species.  The heat sum thresholds (DD20pred) and optimal base 

temperature ($) of the best fitted model were 56.7 degree-days ($ = 16C) for POFR, 

169.1 degree-days ($ = 15C) for SAGO, and 216.9 degree-days ($ = 14C) for SAEX 

(Table 4).  When converted to julian day predictions (JD20pred) based on unique 

temperature records for each site and year, the model thresholds resulted in a lower MSE 

(JD20pred  minus JD20obs) than the comparable null model MSE for all species, which 

used julian day averages.  The error associated with each species’ optimized degree-day 

model was lower than that of the null model by 51% for POFR, 67% for SAGO, and 40% 

for SAEX (Table 4).  Sensitivity analysis of the base temperature model parameter 

indicated that all bases between 0-20 degrees C resulted in better models than simple 

julian day averages, and that model MSE was similar for all base temperatures between 

10-19C for POFR, 14-17C for SAGO, and 10-17C for SAEX (Figure 5).   

A plot of seed release initiation dates generated by the model, JD20pred, versus 

observed ones, JD20obs, indicates that most points fall along the 1:1 line (Figure 6; 

Bowers and Dimmitt 1994).  Using the OLS bisector regression method (Isobe 1990), we 

generated linear parameter estimates and compared them to the hypothesized parameters 

(intercept = 0 and slope = 1).  The 95% confidence intervals for the OLS bisector 

parameters contained the hypothesized parameters for POFR and SAGO, but not for 
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SAEX (Table 5).  Slope estimates were 1.34 for POFR and 1.13 for SAGO and 2.19 for 

SAEX.  Slope estimates <1 indicate that the range of observed values is greater than the 

range of predicted values; this situation is particularly evident for SAEX. 

The paired ANOVA models testing site and year effects on the peak seed release 

initiation dates (JD20obs) and the corresponding degree-day sums (DD20obs) indicate that 

the degree-day model was effective at predicting the interannual variation in seed release 

timing for POFR and SAGO and reducing the variation between sites for SAGO (Table 

6).  In our baseline ANOVA models predicting the JD20obs, site and year factors were 

significant at the p<0.05 level for both POFR and SAGO.  Plot traces for site and year did 

not cross in either species model, indicating no strong factor interactions.  In the 

matching ANOVA models testing DD20obs, the year effect was removed for both POFR 

and SAGO, and the site effect was removed as well for SAGO (Table 6).  For POFR, the 

site effect remained (F2,4 = 8.13, p = 0.04) even after translating release time as degree-

days.  Expressing the seed release start date in cumulative degree-days reduced the site-

to-site and annual variation in the onset of peak seed release.  This analysis did not reveal 

any improvement for SAEX, since site and year were not significant factors for 

explaining differences in seed release timing initially (Table 6). 

 

Correspondence of runoff and seed release  

We used the best overall base temperature from our three biological models using 

mean daily temperature ($ = 15 degrees C) and the historical daily Modesto temperature 

data to project annual seed release periods for the last 75 years.  For POFR, the projected 

peak seed release period (JD20 to JD80) brackets the date of peak snowmelt in almost all 
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years (Figure 7).  For SAGO and SAEX, peak snowmelt coincides with the beginning of 

the seed release period, resulting in the bulk of seed release occurring after floodwaters 

have begun to recede.  POFR peak release lagged peak flow by less than a week on 

average (mean and SE = 6.5 +/- 1.6 days), whereas peak release for the two willow 

species lagged peak flow by almost a month (28.2 +/- 1.7 days for SAGO and 26.9 +/- 

1.7 days for SAEX).   

 

DISCUSSION 

Results of this research indicate that 1) patterns of propagule availability for 

Central Valley pioneer riparian trees are species-specific with regard to seed longevity 

and seed release timing; 2) a degree-day model robustly predicts annual timing of seed 

release for the two tree species in the study; and 3) early-season temperature patterns 

likely serve as the common driver coordinating annual seed release with the spring 

snowmelt runoff pulse.  These results suggest that observed rates of seed release 

distribution and seed longevity can be integrated into process-based models of propagule 

availability for specific sites with available climate records.  This approach, which 

models seasonal propagule availability as a temporal density distribution promises to 

reduce the uncertainty in predicting life history phenology for riparian trees and to 

provide annual temporal targets for timing river flows to maximize seedling recruitment 

throughout a river basin (Rood et al. 2003b). 
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Patterns of propagule availability 

Patterns of seed release timing, fecundity, and seed longevity differ for the three 

species in this study.  Consistent with similar semi-arid ecosystems, POFR seed release 

consistently precedes SAGO and SAEX (McBride and Strahan 1984; Brock 1994; 

Johnson 1994).  POFR and SAGO seed dispersal is characteristically short and intense 

(Brock 1994; Cooper et al. 1999), whereas SAEX catkins tend to develop and dehisce 

sporadically over the course of the growing season (Pelzman 1973).  This more gradual 

dispersal pattern, combined with overall lower fecundity of SAEX may reflect a different 

reproductive strategy for the species.  Of the three, SAEX uses clonal reproduction most 

successfully (Douhovnikoff et al. 2005), so the low observed fecundity may indicate a 

lower investment in propagation by seed.   

There is more variability in seed release timing between sites on the San Joaquin 

River than for the Tuolumne sites, particularly for POFR.  Reasons for this increased 

variability are unknown, but one hypothesis suggested by regional river hydrology is that 

it may reflect selection for a larger range of reproductive phenologies to span the 

historically higher variability in flood timing and magnitude that occurred within the San 

Joaquin River system before widespread flow regulation (USACE 2002; McBain and 

Trush 2002). 

The high rates of initial seed viability we measured (Table 1) are consistent with 

other laboratory trials for these species (Young and Clements 2003a, 2003b).  However 

in some field experiments willow and cottonwood species have shown lower rates of 

initial seed viability and higher seasonal variation in viability (Pelzman 1973; Guilloy-

Froget et al. 2002).  Our seed longevity results support earlier studies that demonstrated 
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the higher longevity of the larger Populus seeds compared to the smaller Salix seeds 

(Moss 1938; van Splunder et al. 1995; Karrenberg et al. 2002).  Our estimate of POFR 

seed longevity, 54 days, is shorter than another laboratory-tested estimate for this species 

(85 days), but longer than field-tested estimates of 15-30 days (Fenner et al. 1984).  Our 

estimate of SAGO seed longevity, 31 days, is shorter than the 55-day estimate of Siegel 

and Brock (1990), but falls within the range of published longevity values for other 

willow species (Pelzman 1973; Niiyama 1990; van Splunder et al. 1995).  Our SAEX 

longevity estimate, 44 days, is longer than most published results for willow species, but 

is comparable to values reported for SAEX and other native California willows (Pelzman 

1973).   

 

Potential constraints on propagule availability 

It is important to recognize that some factors other than seed release timing and 

seed longevity may limit the supply of viable seeds within riparian ecosystems.  Our field 

observation indicated that harsh environmental conditions (e.g., exposure to increased 

humidity and high temperatures, insects and fungal pests) may dramatically reduce 

viability or inhibit dispersal (Moss 1938; Smith and Berjak 1995), especially at the end of 

the growing season (Table 1; Guilloy-Froget et al. 2002).  Secondly, we observed that 

longer storage times caused a substantial delay in germination (Figure 2d).  Germination 

rate is positively correlated with rapid field emergence and seedling development 

(Bonner 1998; Abdul-Baki and Anderson 1972) and is used as a predictive measure for 

plant vigor (Roberts 1972; Bradbeer 1988; Smith and Berjak 1995), so increased storage 

time may have negative effects on seedling vigor and growth. 
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Poor site conditions, as a result of changes in river regulation or drought cycles 

may also influence propagule availability and distribution patterns along river corridors.  

One of our sites had very low fecundity, which was correlated with small tree size and 

slow growth (Table 3).  In environments where growth and survival of riparian trees is 

decreased due to natural drought or flow alteration (e.g., Rood and Mahoney 1990; 

Stromberg and Patten 1991; Scott et al. 1999), the local seed supply may also be reduced.  

These conditions, if born out over large spatial scales, may result in large variation in 

propagule availability within river corridors (Johnson 1994; Cooper et al. 1999), 

especially for basins such as the San Joaquin where riparian vegetation is extremely 

patchy (Jones and Stokes 1998, McBain and Trush 2002).   

 

Predicting seed release timing  

Understanding environmental forces that control propagule availability is 

important for predicting riparian community dynamics (Willson and Traveset 2000) and 

developing effective ecosystem restoration strategies, such as flow releases to promote 

recruitment (Bovee and Scott 2002; Rood  et al. 2003b).  Our results confirm that early 

season temperature regime is an important factor controlling timing of seed development 

and release in pioneer riparian trees.  The two-parameter heat sum model presented here 

is a robust tool for predicting seed release timing for the Tuolumne River based on a 

simple, field-based index of fecundity.  Our modeled seed release initiation dates 

correspond well to observed dates for POFR and SAGO (Table 5 and Figure 6), though 

not for SAEX.  The model MSE (JD20obs minus JD20pred) was substantially lower for all 

three species than the MSE of observed values (Table 4).  In general, cumulative heat 
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loads predict interannual variation in seed release very well (i.e., the year term drops out 

in ANOVA models when JD20 dates are translated into degree-days).  The model also 

explains the variation observed between sites for SAGO (Table 6).   

These results reinforce the utility of degree-day models used in agricultural 

systems to explain temporal and geographic variation in developmental stages such as 

flowering and fruit ripening (Arnold 1959; Snyder et al. 1999).  For long-lived woody 

species in natural settings, temperature is a major determinant of growth and reproductive 

phenology (Jato et al. 2004), and for some species in conjunction with other factors such 

as photoperiod (Kramer 1994; Howe et al. 1995) and soil moisture (Bowers and Dimmitt 

1994; Spano et al. 1999; Kramer et al. 2000).  For riparian trees including Populus 

deltoides, a closely-related species to P. fremontii, both temperature and photoperiod 

were important factors controlling the beginning of the growing season (Kaszkurewicz 

and Fogg 1967).   

The degree-day model is not applicable to all riparian woody species, however.  

Predictions of seed release initiation were much less precise for SAEX than for the two 

tree species.  This shrub species has a more diffuse dispersal period and lower individual 

fecundity than both POFR and SAGO (Table3).  When we modeled SAEX peak seed 

release initiation, the degree-day model improved predictions very modestly (Table 4) but 

left substantial local variation in timing unexplained (Table 5; Figure 6).  This relative 

insensitivity to heat loads for triggering seed development and dispersal, combined with 

its shrub habit and strongly clonal reproduction strategy (Douhovnikoff et al. 2005) 

suggest that SAEX has fundamentally different responses to climate and flow patterns 

relative to the two tree species in our study.  These differences may explain why SAEX is 
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frequently observed to increase in abundance following dam closure (Pelzman 1973), 

whereas flow regulation generally has detrimental effects on long-term POFR and SAGO 

recruitment patterns (Fenner et al. 1985; Scott et al. 1997; Stella et al. 2003).   

Another issue with degree-day models is their geographic applicability.  We 

tested the generality of the Tuolumne model using the corresponding data from the San 

Joaquin River sites in 2003, where annual growing season temperatures were consistently 

hotter compared to the Tuolumne sites.  When we applied our Tuolumne River-based 

model to 2003 data from the three San Joaquin River sites, it did not accurately predict 

seed release timing.  These results are not surprising, given that parameter estimates for 

empirical degree-day models commonly vary depending on the temperature data range 

used to calibrate them (Arnold 1959; Bonhomme 2000).  Even in more controlled 

agricultural settings, model predictions and optimized parameters vary depending on the 

year when the data were collected (Arnold 1959), the sites where they were collected 

(Bowers and Dimmitt 1994), and the parameter optimization method used (Snyder et al. 

1999).   

There is no consensus on why degree-day models are not effective beyond their 

calibration data.  Several potential improvements to the simple linear model have been 

proposed including incorporating a photoperiod or physiological ‘trigger date’ variable 

(Bowers and Dimmitt 1994), and modeling biological development as a non-linear 

function of temperature (Arnold 1959).  We did not develop these more complex models 

for our Tuolumne River basin model system because information on basic physiological 

requirements is lacking for these tree species. 
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The weaker predictive power of our seed release model on the San Joaquin data 

reinforces the importance of site- and stand-specific differences in physical and 

biological factors (Table 3).  Besides temperature, other physical factors that we did not 

incorporate into the model such as photoperiod or soil moisture may contribute to 

differences in timing (Kaszkurewicz and Fogg 1967; Bowers and Dimmitt 1994).  

Photoperiod is somewhat longer at two of the San Joaquin sites; however, this factor does 

not fully explain the observed seed release pattern.  Alternatively, it is possible that trees 

at different sites in our study have different thermal thresholds to growth due to genetic 

or other factors.  Genetic factors within populations are strong determinants of phenology 

(Pauley and Perry 1954; McMillan and Pagel 1958; Fenner 1998).  For example, results 

from common garden experiments indicate that the date of growth cessation in Populus 

deltoides and P. balsamifera ssp. trichocarpa is negatively correlated with latitude of 

origin, suggesting that this phenological milestone has been selected for in response to 

local growing season duration (Pauley and Perry 1954).    

In order to develop a general seed release model for a larger region we would 

need to initially sample a broader range of sites and temperature regimes.  Given this 

broader initial calibration data set, our research suggests that an effective empirical 

degree-day model can be developed with only one or two years of sampling, and that 

variation in seasonal timing in subsequent years can be accurately predicted.   

 

Coordination of seed release and flow timing 

The degree-day model provides a mechanism for explaining the observed annual 

correspondence of seed release with unregulated peak flow.  In eight of nine observed 
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examples on the Tuolumne River (3 sites in 3 years), the POFR peak seed release period 

spanned the annual date of maximum spring runoff, which varied by almost 50 days.  

Furthermore, the long-term correspondence of snowmelt runoff peak with our hindcasted 

seed release periods (Figure 7) suggests that heat loads are a common driver controlling 

the annual timing of both factors (Cayan et al. 2001).  Though this general point may be 

self-evident, precisely modeling spring runoff volume and timing from temperature 

records is quite difficult given the complex interactions of precipitation patterns, 

topography, and thermodynamics that occur over whole watersheds (Dingman 1994; 

Ferguson 1999).  The correspondence of snowmelt timing with modeled peak seed 

release suggests that our heat load model using a single, coarse temperature record (daily 

mean temperature at Modesto) is an effective and scale-appropriate integrator of 

environmental conditions within the entire Tuolumne River basin. 

In developing this approach, we assume that the climate data used in the degree-

day models are representative of equilibrium conditions for the three tree species (i.e., 

that they are adapted to current climate conditions).  However the global climate is 

changing, with potential regional impacts on temperature patterns and seasonality of 

precipitation (IPCC 2001).  Since 1940, the fraction of runoff on California rivers 

occurring in the winter relative to spring and summer has increased (Dettinger and Cayan 

1995), and the onset of snowmelt on rivers across the west occurs earlier as well (Cayan 

et al. 2001; Stewart et al. 2004).  The effects of altering precipitation and temperature 

patterns simultaneously are unclear, but one possible consequence is the decoupling of 

physical processes from their dependent biological ones (Peneulas and Filella 2001).  It is 

unclear whether species can adapt physiologically to a new range of conditions (e.g., 
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warmer spring and earlier snowmelt), or whether selection processes will operate quickly 

enough to maintain the presence of these riparian tree species (Kramer et al. 2000; 

Chiune and Beaubien 2001).  

 

Implications for restoring riparian communities 

In light of the widespread and on-going river regulation within the San Joaquin 

River basin, our research has important implications for community dynamics and 

riparian restoration strategies.  In the semi-arid San Joaquin Basin, where the demand and 

cost for both water and ecosystem restoration are high, reducing the uncertainty around 

interannual release timing will allow for shorter and less costly spring flow pulses for 

restoration (Patten 1998; Naiman et al. 2002; Poff et al. 2003).  Our Tuolumne River 

model is a reliable predictor of seasonal propagule availability for POFR and SAGO at 

the reach to river basin scale.  As such, it is a valuable tool for timing flow releases to 

increase recruitment of native riparian trees throughout a river corridor (Poff et al. 1997; 

Rood et al. 2005).   However, timing the flows correctly is only part of the story; there 

are other factors limiting pioneer riparian tree establishment, including seedling 

desiccation thresholds (e.g., Segelquist et al. 1993), channel and riparian zone 

morphology (e.g., Johnson 1994; Auble and Scott 1998), and biotic interactions (e.g., 

Peterson 2002) that together determine favorable conditions in any year (Mahoney and 

Rood 1998, Lytle and Merritt 2004).  These factors need to be considered and integrated 

on a species-specific basis to design the most effective restoration strategies for riparian 

corridors in arid regions. 
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TABLES 

 

Table 1.  Initial seed viability and seed longevity.  Seed longevity is the storage time 
corresponding to 50% germination.  Means are presented with standard errors in 
parentheses.  Seed lots collected at the end of each species’ seed release window had 
germination much lower than 50%, resulting in zero longevity. See text for details.  Late-
season seed lots were not used in calculating overall seed longevity. 
 

Species n1 Initial Viability 
(% seeds germinated) n2 Seed Longevity 

(days) 
     

POFR 104 87.4 (2.1) 9 53.7 (6.2) 
SAGO 60 89.3 (1.8) 6 31.4 (3.1) 
SAEX 80 97.4 (0.8) 8 43.6 (3.3) 

     
1 Number of replicate trials (10 trials  per seed lot for most lots; several lots had more trials) 
2 Number of trees (1 seed lot per tree).  Seed longevity is calculated per tree. 
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Table 2.  Seed release timing for all species, summarized by site (means and standard 
error for all years).  Dashes indicate years in which sufficient data for a particular site are 
not available. 
 

Site 
2002 

Initiation1 

(julian day) 

2003 
Initiation1 

(julian day) 

2004 
Initiation1 

(julian day) 

Peak Period2,  
mean of all 
years (days) 

     
POFR     

TR1-Ott 148 161 137 43 
TR2-Lakewood 132 133 113 30 
TR3-Basso 127 142 119 24 
SJ1-Hwy 140 109 129 -- 7 
SJ2-Firebaugh -- 157 -- 40 
SJ3-Lost Lake 106 106 -- 16 

Mean (SE) 124 (8) 138 (8.2) 123 (7.2) 27 (5.7) 
     
SAGO     

TR1-Ott 161 162 145 49 
TR2-Lakewood 145 149 139 43 
TR3-Basso 154 154 143 46 
SJ1-Hwy 140 -- 156 -- 49 
SJ2-Firebaugh -- 167 -- 49 
SJ3-Lost Lake -- 170 -- 36 

Mean (SE) 153 (4.6) 160 (3.3) 142 (1.8) 45 (2.1) 
     
SAEX     

TR1-Ott 181 173 145 25 
TR2-Lakewood 128 158 134 59 
TR3-Basso 142 156 136 41 
SJ1-Hwy 140 -- 173 -- 32 
SJ2-Firebaugh -- 180 -- 35 
SJ3-Lost Lake -- 183 -- 39 

Mean (SE) 150 (15.9) 171 (4.6) 138 (3.4) 39 (4.7) 
     

1 Initiation of seed release for each year is the JD20obs, the julian day corresponding to the 20th 
quantile of cumulative catkin counts.   
2 Peak period is the number of days between the JD20obs and JD80obs, or 80th quantiles.  Interannual 
differences in peak period were small so all years are averaged. 



Table 3. Summary of vital statistics for POFR and SAGO phenology trees.  SAEX were not sampled because of their predominantly 
shrub habit.   
 

Site n 
Age1, 

median & range
(years) 

Height, 
mean + SE

(m) 

DBH2, 
mean + SE

(cm) 

Radial 
growth, 

mean + SE 
(mm year-1) 

Local density3, 
median & 

range 
(stems ha-1) 

Local basal 
area3, 

median & range 
(m2 ha-1) 

Tree 
fecundity4 
mean + SE 

(catkins 
survey-1) 

         
POFR         

TR1-Ott 11 18 (12-29) 23.1 (1.3) 69.7 (9.4) 10.4 (1.3) 50 (12-368) 4.1 (0-20.8) 39.4 (5) 
TR2-Lakewood 9 15 (10-19) 27.3 (1.3) 75.4 (12.7) 10.2 (1.8) 76 (25-331) 11.9 (5.7-47.5) 18.4 (3.3) 
TR3-Basso 10 44 (20-55) 27.2 (2.3) 86.7 (7.9) 4.1 (0.9) 50 (4-263) 6.6 (0.4-100.8) 17.3 (3) 
SJ1-Hwy 140 8 20 (8-36) 15.5 (1.6) 41.3 (8.9) 3.2 (0.6) 56 (25-346) 10.5 (1.8-47.9) 0.6 (0.2) 
SJ2-Firebaugh 12 27 (13-40) 22.2 (0.9) 79.6 (9.2) 6.7 (1.3) 31 (14-42) 10.0 (0.3-21.1) 31.1 (3.5) 
SJ3-Lost Lake 12 26 (6-45) 20.0 (2.0) 70.6 (10.5) 4.6 (1.0) 23 (17-75) 4.8 (0.8-17.4) 14.4 (2.7) 

         
SAGO         

TR1-Ott 10 10 (7-15) 13.2 (1.4) 34.8 (6.2) 9.7 (1.2) 213 (21-4103) 4.4 (0.2-2428) 49.9 (5.8) 
TR2-Lakewood 10 7 (4-16) 10.0 (1.1) 15.7 (2.5) 8.7 (1.8) 101 (21-315) 2.4 (0.2-16.2) 32.7 (4.6) 
TR3-Basso 9 18 (9-67) 15.6 (1.5) 44.0 (6.8) 4.8 (1.2) 106 (33-1296) 12.6 (0.2-187) 24.7 (3.7) 
SJ1-Hwy 140 11 19 (5-32) 10.1 (0.9) 41.2 (5.2) 4.4 (1.1) 25 (12-114) 2.6 (0-25.5) 29.3 (3.9) 
SJ2-Firebaugh 8 19 (7-32) 11.9 (1.8) 29.5 (3.2) 3.2 (0.5) 21 (13-82) 5.4 (0.3-16.3) 43.6 (7.2) 
SJ3-Lost Lake 10 10 (7-37) 10.0 (1.0) 30.2 (7.7) 7.1 (1.9) 29 (11-160) 2.3 (0-16.9) 32.7 (4) 
         

1 Minimum age estimates, since some cores missed the center of the bole and many trees had rotten centers. 
2 Diameter at breast height, 1.37 m above the ground. 
3 Calculated from point quarter data, using trees in the phenology study as plot centers. 
4 Calculated for each tree as the average catkin count per survey in 2003.  Reported for 2003, the only year that all sites were fully sampled. 
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Table 4.  Optimized degree-day models parameters seed release initiation, Tuolumne 
River.  Model base ($) and threshold  (DD20pred) parameters are empirically-derived 
using daily time steps (see text).  Model MSE is calculated for predicted minus observed 
JD20 for each site and year (N=9).  Null Model MSE is the mean square error of the 
observed JD20 values.  Values <1 for the MSE ratio indicate increased model 
performance over the null model, which is the julian day average of the start of peak seed 
release. 
 

Degree-Day Model Summary POFR SAGO SAEX 
    

n (sites*years) 9 9 9 
Model Base, $ (degrees C) 16 15 14 
Model Threshold, DD20pred (degree-days) 56.7 169.1 216.9 
Degree-Day Model  MSE (days2) 93.6 19.3 175 
Null Model MSE (days2) 189.9 58.2 291.5 
MSE Ratio (Model/Null) 0.49 0.33 0.60 
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 Table 5.  Evaluation of the degree-day model using OLS bisector linear regression 
(Isobe 1990) of predicted seed release initiation date (JD20pred) versus observed dates 
(JD20obs).  Parameter confidence limits were calculated using the bootstrap method with 
1000 replicates (Feigelman and Babu 1992; Crawley 2002).  Confidence limits for OLS 
bisector parameters contain the hypothesized values (intercept = 0 and slope = 1) for 
POFR and SAGO, but not for SAEX. 
 

OLS Bisector Regression Summary POFR SAGO SAEX 
    

n (sites*years) 9 9 9 
Intercept estimate -46.8 -18.3 -181.2 
Intercept estimate SD 34.6 26.9 65.7 
Lower 95% confidence limit -211.9 -161.7 -888.0 
Upper 95% confidence limit 20.3 50.9 -45.1 
Slope estimate 1.34 1.13 2.19 
Slope estimate SD 0.26 0.18 0.43 
Lower 95% confidence limit 0.91 0.67 1.28 
Upper 95% confidence limit 2.72 2.03 6.36 
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Table 6.  Paired ANOVA models for seed release initiation and corresponding heat sums. 

 DF SS MS F P 
      
POFR      

Julian Day (JD20obs)    
site 2 901.5 450.7 30.50 <0.01 

year 2 748.6 374.3 25.33 <0.01 
residuals 4 59.1 14.8   

      
Degree-Days (DD20obs)      

site 2 12678.2 6339.1 8.13 0.04 
year 2 689.5 344.8 0.44 0.67 

residuals 4 3118.4 779.6   
      
SAGO      

Julian Day (JD20obs)      
site 2 206.9 103.4 11.73 0.02 

year 2 281.5 140.7 15.96 0.01 
residuals 4 35.3 8.8   

      
Degree-Days (DD20obs)      

site 2 6199.9 3100.0 3.04 0.16 
year 2 271.1 135.5 0.13 0.88 

residuals 4 4082.8 1020.7   
      
SAEX      

Julian Day (JD20obs)      
site 2 1175.6 587.8 4.01 0.11 

year 2 862.0 431.0 2.94 0.16 
residuals 4 586.2 146.5   

      
Degree-Days (DD20obs)      

site 2 39527.3 19763.6 2.04 0.25 
year 2 3218.8 1609.4 0.17 0.85 

residuals 4 38827.9 9707.0   
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FIGURES 

 

Figure 1. The San Joaquin Basin.  Solid dots indicate location of phenology sampling 
sites. 
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Figure 2. Seed longevity as a function of storage time for all seed batches.  Arrows 
indicate mean seed longevity. Solid symbols in panel (a) are for trees at the TR1-Ott site; 
open symbols are for trees from all other sites.  Panel (d) plots the observed delay in 
germination associated with seed storage time.  Data points are number of days required 
to reach 50 percent germination for each seed batch; batches with <50% final 
germination are not shown.  The fitted line illustrates an exponential increase in 
germination delay with storage time after approximately three weeks.  Because all three 
species had the same germination delay response, the fitted line uses the pooled data.   
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Figure 3a. Seasonal site fecundity index for (a) the Tuolumne River, and (b) San Joaquin 
River.  Fecundity index for each site is calculated as the mean open catkin count per tree 
per survey.  Tuolumne sites were sampled all three years (2002-04) and San Joaquin sites 
were sampled in 2002 (partial season) and 2003 (full season). 
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Figure 3b.  San Joaquin River sites. 
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Figure 4. Seed release patterns for riparian trees on the Tuolumne River (top) and San 
Joaquin River (bottom) in relation to long-term averages of modeled unregulated river 
flow.  Open symbols are river averages of open catkin counts per tree for all surveys from 
2002-2004.  Solid symbols and lines are a cubic B-spine fit to all values (smooth.spline 
function, Splus, Insightful Corp.).  Hydrographs are the long-term median values from 
modeled daily average unimpaired flows.  Hydrology data are from the Turlock Irrigation 
District for the Tuolumne River and McBain and Trush (Arcata, CA) for the San Joaquin 
River. 
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Figure 5.  Sensitivity analysis of the base temperature parameter for all three species’ 
degree-day models predicting the onset of peak seed release (JD20obs).  The ordinate 
axis is the ratio of the degree-day model MSE (see text) to the MSE of the observed JD20 
values.  Values <1 for the MSE ratio indicate increased model performance over the null 
model.  Solid symbols indicate the optimal base temperature for each species model (i.e., 
lowest model MSE).
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Figure 6. Observed dates of seed release initiation for 3 tree species at 3 Tuolumne River 
sites, 2002-2004 versus julian dates predicted by the degree-day model.  The 1:1 line 
represents a hypothetical perfect correspondence between predicted and observed values.   
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Figure 7. Tuolumne River observed peak runoff date plotted against projected seed 
release initiation (JD20; open symbols) and end (JD80; closed symbols) modeled from 
accumulated degree-days for all years from 1928-2003.  For POFR, the modeled seed 
release period straddles peak discharge in most years (i.e., the 1:1 line divides the JD20 
and JD80 dates fairly cleanly).  For SAGO and SAEX, peak flow generally corresponds 
with projected seed release initiation, and peak seed release occurs during the descending 
hydrograph limb.  Hydrologic data are actual Tuolumne River discharge at La Grange for 
the pre-dam period (1895-1970; USGS gauge # 11289650) combined with computed 
unimpaired discharge for the post-dam period 1971-2004 (Turlock Irrigation District).  
Temperature data are NCDC daily values for Modesto airport (Cooperating station 
#45738). 
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CHAPTER 3:  Survival, Growth, and Physiology of Riparian Tree 
Seedlings in Response to Simulated River Stage Decline 

 

INTRODUCTON 

For pioneer riparian tree populations in semi-arid western North America, 

seedling recruitment is limited by appropriate river hydrology and bank seedbed 

conditions.  On snowmelt-dominated rivers, recruitment events for riparian cottonwood 

(Populus) and willow (Salix) species occur following the spring runoff pulse, which 

provides the advantages of high water tables at a predictable time each year (Stromberg et 

al. 1991, Johnson 1994, Scott et al. 1997, Shafroth et al. 1998).  Riparian cottonwoods 

and willows have a suite of phenological, morphological and physiological adaptations to 

exploit this narrow temporal window of optimal conditions (Karrenberg et al. 2002, Rood 

et al. 2003a).  

Successful recruitment of cottonwood and willow species is dependent on river 

flow conditions including timing, magnitude, and rate of change during the seedling 

establishment phase (Mahoney and Rood 1998).  Seeds of these species have short 

longevity and no seed bank (Karrenberg et al. 2002, Stella et al. in press).  

Correspondence of seed release with the snowmelt runoff pulse is critical for seedlings to 

establish high on banks where subsequent floods will not scour them.  River stage decline 

following the spring peak flow is typically rapid, and obligate phreatophyte species must 

keep roots in contact with the receding water table and capillary fringe.  In unregulated 

river systems, rapid runoff recession and coarse substrates can reduce water availability 

to riparian seedlings very quickly during the critical establishment phase.  Rapid root 
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elongation following germination is considered one of the most important traits driving 

seedling survival during the first year (Mahoney and Rood 1998; Karrenberg et al. 2002).  

Flow regulation on dammed rivers often impairs riparian cottonwood and willow 

populations by altering the environmental conditions necessary for seedling 

establishment (Friedman et al. 1998).  The rate of water table decline following peak 

runoff is a critical limiting factor for seedlings.  Stage declines that are too rapid will 

desiccate roots, whereas artificially stable water levels following germination inhibit root 

elongation and make seedlings vulnerable to scour or later water table fluctuations (Rood 

et al. 2000).  Results of manipulation experiments estimates that rates of 1-3 cm per day 

following seedling germination provide optimal conditions for root elongation (Mahoney 

and Rood 1998).  However, most of the experiments conducted to date involved stem 

cuttings, rather than seedlings, and many do not measure root growth rates directly, but 

infer them from water table manipulation rates and survival data (McBride et al. 1989, 

Mahoney and Rood 1992, Segelquist et al. 1993, Rood et al. 2000).  Furthermore, few 

studies have directly investigated the ecophysiological mechanisms that influence 

survival rates, and how these vary between species. 

In this study, we investigated the survival, growth patterns and physiological 

responses to drought stress of riparian tree seedlings subjected to various rates of water 

table decline.  We focused on the three native pioneer tree species that dominate near-

channel riparian zone along rivers throughout the Central Valley, CA: Fremont 

cottonwood (Populus fremontii S. Watson ssp. fremontii), Goodding’s black willow 

(Salix gooddingii C. Ball), and narrow-leaved willow (Salix exigua Nutt.).  Hereafter we 

refer to these species as POFR for Fremont cottonwood, SAGO for Goodding’s willow, 
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and SAEX for narrow-leaved willow.  These species’ high seed output, effective 

dispersal and fast growth rates ensure vigorous establishment under favorable conditions 

(Braatne et al. 1996; Karrenberg et al. 2002), but their short life spans and lack of shade 

and drought tolerance make them vulnerable to long-term changes in the flow regime 

(Scott et al. 1999; Williams and Cooper 2005). 

Generally, we expected seedlings subjected to drawdown-induced drought stress 

to survive at lower rates than controls and to demonstrate greater growth and allocation 

responses.  In particular, fast root growth is considered to be an important survival 

mechanism in environments with highly variable water tables (Horton et al. 2001a), so 

we expected seedlings to maintain high rates of root extension while decreasing their 

shoot-to-root ratios in response to drought treatments (Larcher 1995, Lambers et al. 

1998).  Based on the results of other studies, we expected cottonwood survival and 

growth to be higher than for the two willow species (McBride et al. 1989, Amlin and 

Rood 2002).  If these predictions were borne out, we would also expect POFR seedlings 

to have better water use efficiency and to maintain higher xylem water potentials under 

high external vapor pressure deficits (McBride et al. 1989).   

In 2002 we conducted a seedling rhizopod experiment (Mahoney and Rood 1991) 

in which we induced drought stress by lowering the water table at a range of rates that 

bracket historical and currently regulated river stage conditions in late spring.  Broadly, 

we investigated three questions: (1) what proportion of plants died of each species; (2) 

what plant traits were associated with increased individual survival; and (3) of the 

survivors, how did increased drawdown rate affect plant growth, allocation and 

physiological function.  We evaluated the first question using non-parametric survival 
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modeling and analysis of baseline hazards over time. We analyzed the second question 

using a logistic regression model that predicts individual survival probability based on 

seedling growth and allocation traits.  We quantified relationships in the third question by 

comparing seedling physiological traits between treatment groups, including leaf 

chemistry, specific leaf area, and two measures of plant water relations, one 

instantaneous (xylem water potential, ') and one long-term (carbon isotope ratio, (13C, 

which indexes seasonally-integrated water use efficiency).  We evaluate our expectations 

and discuss the results in terms of suites of traits that correspond to the species’ 

topographical distributions in riparian zones and implications for restoration of riparian 

tree populations along regulated rivers. 

 

METHODS 

Study environment and experimental design 

The study was conducted outdoors at the Russell Research and Extension Station 

at the University of California in Lafayette, CA.  The area has a Mediterranean climate, 

with an average of 52 cm precipitation falling as rain almost exclusively from October 

through April.  Mean annual temperature for the region is 14.2 degrees C (NCDC 2005).  

The study was conducted from mid-July through late October 2002.  Mean daily 

temperature during the study period was 18.1 C, with the lowest nighttime minimum 4.4 

C and highest daily maximum 43.6 C.  Daily mean mid-day (1000-1400 hrs) relative 

humidity during the study was 35.0 percent.  No precipitation occurred during the study. 

The plants used in the study were grown from seed collected from riparian sites 

along the Tuolumne and San Joaquin rivers in California’s Central Valley.  For each 
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species, seed batches were obtained from 7-10 trees distributed among three sites during 

June-July 2002.  Collections were limited to newly-opened catkins that were accessible to 

field crews (e.g., low branches).  After collection, seeds were separated from catkins, put 

in bags with desiccant, and refrigerated until planting. 

The experimental setup consisted of twenty steel cylindrical tanks, 125 cm deep 

by 61 cm diameter, with open tops and sealed bottoms with a single drain outlet two cm 

above the bottom.  Tank exteriors were painted silver to reflect sunlight and reduce 

diurnal water temperature fluctuations.  The tanks were arranged in a row perpendicular 

to a southern aspect with minimal shading from nearby trees.  Seedlings were grown in 

PVC tubes, 125 cm long by 3.2 cm diameter, packed with sand excavated from a sandbar 

on the Tuolumne River near Modesto, CA.  The PVC tubes were suspended vertically 

and distributed within the steel tanks to minimize light competition effects.  Each tank 

was plumbed with a discharge tube from the bottom drain that was clipped to a meter 

stick on the exterior of the tank.  Water level changes were effected by moving the drain 

tube attachment point down the meter stick; hydrostatic pressure compensation drained 

water from the tank until the internal water level matched the drain tube elevation.  As 

necessary, water was added to tanks to compensate for high evaporation.   

The row of tanks was divided into four blocks of five adjacent tanks to minimize 

slight differences in daily shade from nearby trees.  Within each block, tanks were 

randomly assigned one of five drawdown rate treatments (0, 1, 3, 6, and 9 cm d-1).  

Hereafter we refer to the 0 cm d-1 rate as the control group.  SAEX seedlings were not 

assigned to the 9 cm d-1 treatment because of a shortage of viable seedlings.  

Approximately 13 seedlings were distributed per species per tank, resulting in an average 
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of 52 (range 47-58) seedlings per species per treatment group.  During planting, seeds 

from the various maternal lines for each species were distributed as evenly as possible 

among the tanks and treatments in order to minimize error associated with maternal or 

site effects.   

POFR seeds were planted on 26 July 2002 and SAGO and SAEX seeds were 

planted the next day.  For each PVC tube, 3-5 seeds were planted and allowed to 

germinate.  Water levels were kept at 10-13 cm below the soil surface for three weeks in 

order to allow full germination and early establishment.  During this time seedlings were 

kept partially shaded with 30% shade cloth.  Following this period, the shade cloth was 

removed, seedlings were thinned to 1 stem/tube, and dead seedlings culled from the 

tanks.  Where necessary, seedling tubes were reassigned to other tanks to equalize sample 

sizes and redistribute maternal lines evenly.  Drawdown treatments began on 22 August; 

this is referred to as day 0 of the experiment.  Water levels for the control groups were 

maintained at 10 cm below the soil surface; water table levels for all treatment groups 

decreased from this datum. 

 

Data collection 

Immediately prior to implementing the treatment regimes, we measured height and 

length of longest leaf for all seedlings.  Following the start of drawdown treatments, the 

experiment was monitored daily to record seedling mortality and to adjust tank water 

levels.   At weekly intervals throughout the study we measured height and length of the 

longest leaf for all living seedlings.  Just before the start of drawdown treatments and on 

days 18 and 49, we randomly sampled seedlings from each species and treatment group 
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to measure root length, root and shoot biomass.  Because these measures required 

destructively sampling, sample sizes were small, generally ranging from 4-8 seedlings 

per group.  The experiment ended on 23 October (day 62), and we harvested all surviving 

seedlings to measure biomass, shoot height and root length.  We measured roots to the 

end of the tap root or, if not apparent, to the longest lateral root end.   We also measured 

biomass of roots and shoots, and calculated total biomass and shoot-to-root mass ratio, an 

indication of relative above- versus below-ground allocation (Larcher 1995).  We 

recorded these metrics for seedlings that died during the course of the study as well.  All 

plants were oven-dried for 48 hours at 60C prior to weighing. 

For the seedlings in the sacrificial samples and for a random subsample of all 

surviving individuals, we measured pre-dawn water potential ('PD) using a pressure 

chamber (Model #3000 Plant Water Status Console, Soil Moisture Equipment Co., Santa 

Barbara, CA).  The small seedling size necessitated sampling the main stem, so 

individuals could only be sampled once.  Xylem water potential was measured at mid-day 

('MD) for the remainder of the surviving seedlings.  For each individual, we measured ' 

in the field immediately after harvesting.  Seedlings that died naturally were excluded 

since xylem cavitation had likely occurred prior to the sampling efforts. 

 We sampled dried leaf tissue from sacrificed seedlings to assess differences in 

leaf morphology and biochemistry between species and treatment groups, including 

specific leaf area (SLA), carbon-to-nitrogen (C:N) mass ratio, and stable carbon isotope 

ratio ((13C).  Specific leaf area is calculated as leaf area per unit mass (m2 kg-1) and 

provides a relative measure of leaf thickness.  Lower relative specific leaf area values are 

associated with drought stress adaptations such as a reduction in transpiring area and 
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increased relative conductance within a leaf (Larcher 1995).  To calculate specific leaf 

area, we collected the terminal 2-3 leaves from our dried shoot biomass samples, weighed 

them with a microbalance and measured leaf area.  Terminal leaves were selected 

because they were the last formed for all our species and would show the strongest 

response to drawdown-induced drought stress. 

 We used the same terminal leaf samples to measure (13C, or stable carbon 

discrimination determined by seasonal patterns of gas exchange in leaves.  For plants 

grown under similar leaf-to-air vapor pressure gradients, (13C is a long-term integrator of 

stomatal conductance and index of water use efficiency, which is the ratio of carbon 

assimilation per unit water transpired (Lambers et al. 1998).  We measured (13C on the 

terminal leaves of the harvested seedlings to compare the plant species’ water relations 

patterns and determine the influence of drawdown treatment on long-term water use 

efficiency.  Dry leaf samples were ground to a fine powder and analyzed using a PDZ 

Europa Scientific 20/20 Isotope Ratio Mass Spectrometer (IRMS) with a continuous-flow 

CN elemental analyzer at the Center for Isotope Biogeochemistry at the University of 

California at Berkeley.  Data output included (13C, (15N, and C and N percent by mass.  

Study samples were interspersed throughout each run with peach leaf working standards 

(ratio of 4:1 samples/standards) referenced to the Vienna PDB international standard to 

correct for instrument drift and non-linear mass bias.  Mass bias for all output metrics 

was corrected using a polynomial fit to data from variable-mass standards included in 

each run.  Long-term precision for the mass spectrometer is ±0.15 (13C, measured 

repeatedly on bovine liver samples (P. Brooks, unpublished data).  Carbon-to-nitrogen 

mass ratio was calculated from the corrected output. 
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Seeding survival and baseline hazard analysis 

We analyzed differences in seedling survival between species and treatments.  

Survivorship over time was calculated for each species-treatment group using Kaplan-

Meier non-parametric estimations (Lee and Wang 2003) to account for censored 

observations.  From these distributions we calculated final percent survival and median 

survival time in days with confidence limits for the medians using the Greenwood 

method (Parmar and Machin 1995).  Differences between survival distributions were 

tested using the Mantel-Haenszel log-rank test (Lee and Wang 2003).  All statistical tests 

were conducted in S-Plus (Version 6.1, Insightful Corp., Seattle, WA).   

From the empirical survival curves we plotted the hazard rate for seedling groups 

in order to evaluate changes in mortality rate over time for different species and 

treatments.  The hazard function describes the temporal change in the instantaneous death 

rate experience by individuals in a sample; it is expressed in units of deaths individual-at-

risk-1 time-1 (Zens and Peart 2003).  Since hazard rates were estimated from the data 

rather than a priori functions, plots were empirically generated using a cubic-B spline 

first derivative (predict.smooth.spline function in S-Plus) fit to the inverse of the survival 

function (T. Therneau, pers. comm.).  The empirical hazard plots were used to evaluate 

whether baseline hazard rates (i.e., the force of mortality) was constant over time and 

proportional between species.  We also compared hazard rates among seedling groups 

that originated from different seed collection sites to evaluate if baseline hazards varied 

greatly between subpopulations (Burnham and Rexstad 1993, Dunlap et al. 1994, 

Pletcher and Curtsinger 2000) 
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Statistical analyses of seedling growth, morphology and physiology variables 

In order to ensure that observed differences in survival and growth between 

treatment groups were independent of initial conditions, we tested seedling size 

distributions between groups measured prior to instituting the drawdown treatments.  We 

conducted analysis of variance (ANOVA) of the shoot height and leaf length data 

collected on the day before the drawdown treatments began, with tanks nested within 

treatments.  Each species was tested separately since seedlings expressed morphological 

differences early on.  For all species, there were no significant treatment differences in 

initial seedling height or length of longest leaf.  There were no nested tank effects either, 

except for POFR leaf length (ANOVA, F5,253=5.5, p<0.0001).  Because of this difference, 

we excluded raw measures of leaf length for POFR from the rest of the analyses, and 

used change in leaf length from initial conditions instead. 

For the seedlings that survived the experiment, statistical analyses were conducted 

to evaluate two issues: (1) baseline species-level differences in final seedling size, 

morphology, allocation and physiological function; and (2) the influence of drawdown-

induced water stress on those same processes.  Size measures analyzed included final 

shoot height, root length and total plant biomass between species and treatment groups.  

Morphology and allocation traits included shoot-to-root mass ratio (SRR), specific leaf 

area (SLA), and leaf carbon-to-nitrogen (C:N) mass ratio.  Physiology factors measured 

included xylem water potential, measured both pre-dawn ('PD) and mid-day ('MD), and 

stable carbon isotope ratio ((13C).  
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For all seedling response variables, we used ANOVA to test species-level 

differences among the control groups at final harvest. Log transformations were used for 

shoot and root length, biomass, and shoot:root ratio data to satisfy residual structure 

assumptions.  Post-hoc, pairwise species differences were tested using simultaneous 95% 

confidence intervals calculated by the Tukey method (Zar 1999).  In order to test the 

influence of drawdown-induced water stress on all response variables, we used analysis 

of covariance (ANCOVA) with species as a categorical factor and drawdown rate as a 

continuous covariate.  Each ANCOVA model was initially specified with main factor and 

species-by-rate interaction terms, and then simplified for main effects only if the 

interaction term was not significant.  Treatment effects on each response variable were 

evaluated using the magnitude and significance level of the drawdown rate slope 

coefficients estimated by the ANCOVA models. 

 

Modeling influences of growth and allocation traits on survival 

We investigated the questions of which life history traits were correlated with 

seedling survival and how drawdown rate interacts with these traits to influence survival 

probability.  We analyzed these relationships using a logistic regression model that 

predicted the probability of seedling survival based on drawdown rate and seedling traits 

as model covariates.  We modeled each species individually, since survival and trait 

response patterns in our experiment were species-specific.  In addition to drawdown rate, 

our selection of model parameters was limited to final seedling size measurements (e.g., 

shoot and root length and biomass) and their variants since physiological data were 

available only for surviving seedlings.  Of the many candidate models possible using 
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these variables, we hypothesized that seedling survival in a drought stress environment is 

likely influenced by three processes: (1) drawdown rate, which we explicitly tested in this 

study; (2) some measure of growth rate, especially belowground, in order to continually 

exploit a declining water table; and (3) control over relative allocation to roots and 

shoots, in order to balance water evaporative demand from aboveground tissue with 

belowground supply.  Furthermore, we expected there to be interactions between the 

physical parameter (drawdown rate) and biological ones (growth and allocation), with 

potentially complex influences on survival.   

Because seedlings died at different times, raw size metrics needed to be translated 

into growth rates for comparison between individuals.  Our initial list of potential model 

variables included lifetime average growth rates for seedling shoot height and root length 

(mm d-1); shoot, root and total biomass (g d-1); and shoot:root ratio (g g-1).  All growth 

rates were calculated from seedling measurements at time of death (or final harvest in the 

case of the survivors) divided by time in days since germination.  In order to ensure that 

time of death was not confounding for our potential model variables, we graphically 

analyzed data from live seedlings that we harvested to ensure that there was no temporal 

trend in mean values.  We plotted growth rate and shoot:root ratio against time for the 

harvested seedling groups (taken at 0, 18, 49, and 63 days after start of drawdown), 

reasoning that though we did not know their ultimate fate (live or dead), these data would 

be most representative of parameter trends over time.  We attempted logarithmic data 

transformations (log of final size/time since germination) for variables that showed large 

temporal increases in means and variances, and rejected all variables that showed a trend 

in both raw and log values.   
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This screening process identified shoot:root ratio (g g1) and root growth (mm d-1) as 

the only variables appropriate for inclusion in the model, in addition to drawdown rate 

(cm d-1).   In this context, we consider shoot:root ratio an index of a seedling’s control 

over its biomass allocation (above vs. belowground), and root growth as a general growth 

parameter.  Other growth parameters we measured may in fact be at least as important for 

seedling survival, but we rejected them because of temporal confounding effects.  All of 

these other growth measures were positively correlated with root growth (Pearson’s r = 

0.55 to 0.68).  Therefore, we consider root growth an adequately representative growth 

parameter. 

We modeled survival probability using the logistic function: 

       )(
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where )(x) is the survival probability and g(x) is a linear function drawdown rate, 

shoot:root ratio, and root growth rate. Models were fit using the glm function in S-Plus.   

For model development and selection we adopted an information theoretic approach 

using Akaike’s Information Criteria (AIC) as detailed by Burnham and Anderson (1998). 

AIC is calculated as 

   KdatalAIC 2))|ˆ(log(2 !"# $   (2) 

where l($ |data) is the maximized likelihood of the model given the estimated parameters, 

and K is the number of parameters including the intercept. Smaller values indicate a 

relatively better model, and this method penalizes increasingly complex model forms.  
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     In comparing AIC values between models, their absolute values do not matter so 

much as the differences and relative weights between them.  A model’s AIC difference 

value is calculated as its AIC value minus the lowest AIC value of the candidate models:  

     minAICAICAIC idiff "#    (3) 

From these differences values we can calculate a model’s Aikaike weight, which 

represents an approximate probability that a candidate model is the best of all those being 

compared (Burnham and Anderson 1998).  The Aikaike weight for model i, wi , is 

calculated  
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Since wi sums to unity, each weight can be thought of in terms of percentages (e.g., wi 

=0.40 suggests that model i is 40% likely to be the best model of the given models).  

Models were initially specified with all three parameters (drawdown rate, shoot:root 

ratio, and root growth) as well as all of their interactions.  All simpler model 

combinations with fewer main factor and interaction terms were compared with this 

initial model and to each other using AIC values.  Akaike weights were computed for all 

models and used to compare the best model to the next-best alternatives.   

     As model building with logistic regression is sensitive to multicollinearity 

among the predictor variables (Hosmer & Lemeshow 2000), we calculated variance 

inflation factors (VIF) for each model parameter. VIF values above 10 are frequently 

taken as an indication that multicollinearity may be problematic for parameter estimation 

(Neter et al. 1996).  Because initial VIF values for some model parameters were >10, we 

centered the biological variables shoot:root ratio and root growth about their means.  
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Centering data, or subtracting the mean from all values , reduces multicollinearity among 

predictor variables, and can make otherwise uninterpretable regression coefficients 

meaningful (Aiken and West 1991; Neter et al. 1996).  Centering has no effect on model 

fits or relative rankings of candidate models.  Using the centered data, we recalculated 

parameter VIF values for the best model (those with the highest Akaike weights) for each 

species. 

For the best model of each species (those with the highest Akaike weights), we used 

estimated parameter coefficients and odds ratios (Hosmer and Lemeshow 2000) to 

interpret the influence of model parameters on predicted survival.  The odds ratio (OR) is 

the probability of survival estimated by the model for a set of parameter values divided 

by the probability of mortality O=p/(1-p). To evaluate the effect of a given continuous 

variable, x, one can hold the other variables constant and take the ratio of the odds for 

x+a and x, OR=Ox+a/Ox, where a is some biologically meaningful increment (e.g., an 

increase in root growth of 1 mm d-1). The equation simplifies to OR=exp(Bx*a), where Bx 

is the estimated coefficient for parameter x.  Bx  is additive in the case of models with 

interaction terms (Hosmer and Lemeshow 2000). The odds ratio approximates how much 

more likely a given outcome is at x+a relative to at x. For example, an odds ratio of 2 in 

this case would suggest that survival is twice as likely at x+a than at x. 

 

RESULTS 

Seeding survival and hazard analysis 

Drawdown-induced drought had a strong influence on seedling mortality for 

drawdown rates >1 cm d-1.  Final survival ranged 66-72% among species in the control 
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groups, and 64-68% in the 1 cm d-1 treatments (Table 1; Figure 1).  Final survival for the 

3 cm d-1 groups were lower, ranging 12-38%.  Final survival was close to zero for all 

seedlings subjected to the two most severe treatments, 6 and 9 cm d-1.  Mantel-Haenzel 

log-rank tests for differences between the control and 1 cm d-1 rate indicated no 

difference for any species.   

Of the three species, SAGO had consistently higher survival across the treatment 

gradient (Table 1).  Cohort survival at day 50 was approximately 10-20 percent greater 

for SAGO than the other species in the control, 1, and 3 cm d-1 groups, corresponding to a 

5-10 day increase in seedling survival time.  At the 3 cm d-1 rate, simultaneous 95% 

confidence intervals for median survival time for POFR (34 days) and SAGO (45 days) 

did not overlap.  SAEX median survival at this drawdown rate (35 days) was not 

significantly different from either of the other species. 

The empirical hazard plots indicated that the hazard rate, the probability of dying at 

any point in time, was relatively constant over the experiment period for the control and 1 

cm d-1 rates (Figure 2a).  For the three more stressful treatments, however, the hazard rate 

increased abruptly after an initially stable period.  This sharp increase in mortality 

occurred earlier for steeper drawdown rates, and occurred for POFR before the other two 

species (Figure 2b-d).  The hazard rate was roughly proportional (though not equal) 

among species at all treatments except for the 3 cm d-1 rate.  POFR showed a sharper and 

earlier mortality response at this drawdown rate, and SAGO was the most resilient, 

showing a milder and later response.    
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Final seedling shoot height, root length, and biomass 

For the seedlings that survived the experiment, there were large species-level 

differences in all final size measures (Figure 3), including shoot height (ANOVA for 

control groups F2,69=27.7, p<0.0001), root length (ANOVA  F2,69=19.3, p<0.0001), and 

total biomass (ANOVA  F2,69=7.06, p=0.002).  These differences were driven primarily 

by SAGO’s higher growth relative to the other species.  For the seedlings in the control 

group, 95% confidence intervals for mean shoot height did not overlap for any species 

(Table 2), and species rankings were SAGO>POFR> SAEX.  Final root length was 

significantly different for all species pairs as well, but SAEX mean length was greater 

than POFR.  SAGO seedlings’ longest roots were on average 118% longer than POFR 

and 51% longer than SAEX.  SAGO dry biomass was higher than the other two species 

as well, though significantly greater than SAEX only (Table 2). 

For all species, final seedling size was negatively correlated with drawdown rate 

across the treatment gradient.  Control groups had highest total biomass, shoot height and 

root length of all the treatments (Figure 3).  Drawdown rate had a significant and 

consistent effect across species on shoot height (ANCOVA F1,162= 78.9, p<0.0001) and 

root length (ANCOVA F1,161= 53.6, p<0.0001); for both response variables, the slope 

coefficient was negative (Table 2).  Drawdown rate also had a negative influence on final 

seedling biomass, but the response pattern differed among the species.  Final POFR 

biomass was equivalent for the control and 1 cm d-1 groups, and reduction in biomass for 

SAEX from the control group was more modest than for the two tree species (Figure 3).  

In the ANCOVA model for total biomass, the drawdown rate slope coefficient was 
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different for each species and was significantly different from zero for SAGO only (Table 

2).   

 

Morphological and allocation response to drought stress 

Because all seedling size measures were highest for the control groups, we 

considered all morphological, allocation and physiological response values for these 

groups to be best for comparing basic species differences (in the absence of treatment 

effects) and to be the baseline for evaluating the influence of drawdown-induced water 

stress on seedling trait patterns.  For some response variables, species differed in their 

treatment-induced response pattern (as indicated by unique ANCOVA slope estimates), 

as well as in their control group mean values. 

The seedlings that survived the experiment showed significant species-level 

differences in control group values for all three morphological and allocation traits 

measured: shoot:root ratio (ANOVA F2,68=7.80, p<0.001), specific leaf area (ANOVA 

F2,68=32.4, p<0.0001), and C:N ratio (ANOVA F2,63=14.6, p<0.0001).  For all three 

variables, all pairwise species differences were significant except shoot:root ratio for 

SAGO and SAEX (Table 2; Figure 4).  The shoot:root ratio was highest for POFR, 

followed by SAGO and SAEX.  From control values, the shoot:root ratio increased 

linearly and proportionally for all species with increased drawdown rate (ANCOVA 

F1,160=5.4, p=0.02), and was driven by a greater proportional reduction in root mass 

relative to shoot mass as drought stress increased (Figure 4a).  Specific leaf area, which is 

the ratio of leaf area to mass, had the same control group species rankings as shoot:root 

ratio (Table 2), but species-specific response patterns to drawdown rate.  With increased 
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drawdown, mean specific leaf area decreased linearly for POFR, but remained constant 

for SAGO and SAEX (Figure 4b).  The ANCOVA slope estimate was significant for 

POFR but not for the willows (Table 2).  At the 3 cm d-1 drawdown rate, mean specific 

leaf area for POFR and SAGO were equivalent.  The leaf C:N ratio was highest for 

POFR among the control groups, followed by SAEX, then SAGO.  Each species had 

reduced C:N ratios for groups grown at increasing drawdown rates, and the reductions 

were both significant and proportional for all species (ANCOVA F1,153=32.8, p<0.0001).  

The largest reduction in C:N ratio occurred between the control and 1 cm d-1 groups, with 

little difference between the 1 and 3 cm d-1 drawdown rates (Figure 4c).  For all species, 

reductions in C:N ratios were driven by increases in leaf nitrogen content on a mass 

percentage basis relative to the control groups (data not shown). 

 

Physiological response to drought stress 

The two measures of physiological water status, pre-dawn xylem water potential 

and leaf carbon stable isotope ratio showed different response patterns to treatment-

induced water stress.  For control group xylem water potential ('), there were no 

significant species-level differences in pre-dawn measurements (ANOVA F2,16=1.47, 

p=0.25), but there were for mid-day values (ANOVA F2,41=6.08, p=0.005).  Group means 

for each sampling period had the same species rankings, with POFR having the highest 

(least negative) ', followed by SAEX, and SAGO (most negative).  There was no 

significant trend in these values with increased drawdown rate for either pre-dawn 

(ANCOVA F1,43=2.8, p=0.10) or mid-day values (ANCOVA F1,94=0.08, p=0.78).   
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In contrast to ' values, seedling (13C values showed clear species differences 

(ANOVA F2,63=12.7, p<0.0001) and treatment effects (ANCOVA F1,151=105.6, 

p<0.0001).  Control group means were equivalent for POFR and SAGO, approximately -

30±0.2 (13C, and significantly higher (less negative) for SAEX, -28.54±0.21 (Table 2).  

With increased drawdown rate, mean (13C was higher (less negative) for all species, 

indicating lower 13C discrimination by individuals in those groups (Figure 4d).  However, 

the rate of (13C increase was greater for SAGO than for the other two species, which 

showed proportionally similar responses to drawdown rate (Table 2).  At the 3 cm d-1 

drawdown rate SAGO and SAEX values were equivalent, approximately -26.4±0.25 

(13C, while POFR (13C was -27.3±0.12.   

 

Modeling influences of growth and allocation traits on survival 

 Values for both root growth rate and shoot:root mass ratio varied greatly between 

surviving seedlings and ones that died (Table 3).  Root growth rates were higher and 

shoot:root ratio values lower for the survivors in general.  Differences between live and 

dead sample values for these factors were greatest within the control groups, where there 

were no interactions with drawdown rate.  Our model selection process resulted in the top 

model for each species including terms for drawdown rate, root growth and shoot:root 

mass ratio, indicating that all of these factors were substantially correlated with seedling 

survival.  The best model for POFR and SAGO had the same form, with all three main 

factors and the interaction term of drawdown rate and root growth.  The inclusion of the 

interaction term is consistent with our empirical results since drawdown rate has a clear 

influence on root growth (Figure 3).  The top models for these species had Akaike 
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weights of 0.59 for POFR and 0.58 for SAGO, which were substantially higher than the 

next best models, which had weights of 0.21 for both species (Table 4).  For SAEX, there 

was no clearly best model, but instead a group of four models that were all approximately 

25% likely given the candidate model set (Table 4).  All of these four alternatives had at 

least one interaction term, and the marginally best model (the one with the absolute 

lowest AIC score) included the three main factors and all first-order interactions (Table 

4). 

Table 5 summarizes the parameter characteristics for the best model for each 

species.  Mean values of the centered data variables (root growth and shoot:root ratio) are 

also included, since these values are incorporated into the models as offsets from the raw 

data.  These mean data values feature in the model formulas as in the following example, 

which is the linear predictor string for the logit of survival in the best POFR and SAGO 

models: 

*0 + *1*DR + *2*(RG – RG’) + *3*(SRR – SRR’) + *4*(RG – RG’)*(SRR– SRR’) 

where, *0 are model coefficients, DR is drawdown rate, RG is root growth rate, SRR is 

shoot:root ratio, and prime symbols indicate mean parameter values.        

     For POFR and SAGO, variance inflation factors were <2.5 for root growth rate 

and shoot:root ratio parameters and slightly higher (range 2.7-5.2) for drawdown rate and 

the interaction of rate and root growth (Table 5).  For SAEX, VIF values were higher in 

general for all parameters (range 3.1 to 8.4).  These values are below the ‘warning’ value 

of 10, but they do suggest a potentially problematic estimation of the effect of drawdown 

rate on survival, particularly for SAEX, as well as difficulty in estimating the interaction 

effects of drawdown rate and root growth.  For these reasons, we focused on the non-
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parametric survival analysis (Table 1 and Results discussed above) to quantify the effects 

of drawdown rate on cohort (not individual) survival, and the logistic regression models 

to estimate the correlation of biological traits (growth and allocation) with survival for 

individual seedlings. 

The interaction terms in each species’ best logistic regression models indicates that 

estimates of biological factor effects using the odds ratio (OR) must be made with 

reference to particular values of the other factors.  In the case of POFR and SAGO 

models, in which there is a drawdown rate:root growth interaction, this means that the 

survival effects of an extra unit of root growth (e.g., +1 mm d-1) varies with drawdown 

rate, whereas the odds ratio of an incremental in decrease in shoot:root ratio (e.g., -1 g g-

1) is fixed.  For the best SAEX model, which includes all first-order factor interactions, 

all main factor effects must be made in reference to particular values of the other main 

factors.  In order to summarize the effect of each biological factor independently, we 

calculated the odds ratio for each biological factor (root growth rate and shoot:root ratio) 

at drawdown rates ranging from 0-6 cm d-1 while holding the other biological factor 

constant at the mean empirical value for all surviving seedlings.  

The odds ratio analysis of root growth indicates that an increase in average lifetime 

growth of 1 mm d-1 has a large effect on seedling survival probability at low to moderate 

drawdown rates.  At a steady water table, the survival advantage of faster- versus slower-

growing seedlings is 25 times higher for POFR, 3 times higher for SAGO and 8 times 

higher for SAEX.  Root growth odds ratios decrease with increased drawdown rate so 

that there is no root growth advantage at >3 cm d-1 drawdown for POFR and SAGO and 

>6 cm d-1 drawdown for SAEX (Table 6).  Figure 6a graphically shows the effect of root 
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growth on survival probability for all three species at a drawdown rate of 1 cm d-1.  At 

this plotted drawdown rate, the largest absolute change in survival probability occurs 

between 0.5 and 2.5 mm d-1 for POFR and SAEX.  For SAGO, the survival curve is less 

steep; increases in survival are distributed more evenly across a wider range of root 

growth rates.  The steeper logistic curves for POFR and SAEX in Figure 6a correspond to 

higher odds ratios, 5.5 and 6.1, versus SAGO, 1.9 (Table 6).   

The odds ratio analysis of root-to-shoot ratio focused on the survival probability 

effect of decreasing shoot:root ratio by one unit (g g-1).  For a seedling with a baseline 

shoot:root ratio value of 2, this increment change is equivalent to reducing shoot biomass 

by 50% or by increasing root biomass by 100%.  Odds ratio analysis of this shoot:root 

ratio increment change indicate that for POFR and SAGO the increase in survival 

probability is a constant, but varies for SAEX with drawdown rate.  A POFR seedling 

that has a shoot:root ratio value 1 unit lower than another seedling will be twice as likely 

to survive.  A pair of SAGO seedlings with a similar contrast in biomass allocation will 

have a 2.8-fold difference in survival probability.  For SAEX seedlings, a unit decrease in 

shoot:root ratio increases survival probability by an enormous amount, 100-500 times, 

depending on the drawdown rate.  Higher drawdown rates decrease the advantage gained 

by having a lower shoot:root ratio, but the odds ratio even at steep drawdown rates is still 

very large (Table 6).  The massive survival advantage for SAEX seedlings that can 

increase their allocation to roots relative to shoots is graphically evident in the steepness 

in the logistic curve for this factor relative to POFR and SAGO (Figure 6b).  The largest 

absolute change in survival probability for SAEX occurs between shoot:root ratio values 
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of 1 and 2.  Absolute change in survival for POFR and SAGO is more proportional across 

a range of shoot:root ratio values. 

 

DISCUSSION 

In this study we tested the effects of simulated river discharge declines on riparian 

seedling survival, growth, allocation traits and physiological function.  Our results 

indicate that high rates of water table decline (!6 cm d-1) induce close to 100% mortality 

for all three species tested.  Survival patterns varied by species at moderate rates (0-3 cm 

d-1).  Increased survival was positively correlated with seedling root growth and 

negatively correlated with shoot-to-root mass ratio, suggesting that fast growth and 

increased belowground allocation early in life confer important survival advantages.  

However, our empirical results and modeling do not support the hypothesis that seedlings 

actively adjust growth rates and biomass allocation in response to increasing drought 

stress.  Of the seedlings that survived the drawdown experiment, mean values for most 

morphological and physiological traits varied directionally with drought intensity.  For 

most of the factors we measured, species differed in regard to both baseline values 

(comparisons between control groups) and in response to drawdown-induced drought.  

Contrary to our initial expectations, SAGO seedlings survived better and grew faster than 

POFR seedlings.  Below, we discuss seedling survival, growth, allocation and 

physiological responses to drought stress in the contexts of species’ life history strategies, 

topographic distribution, and restoration potential. 
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Survival 

Drawdown rate strongly influenced seedling survival for all species (Figure 1), 

but the 3 cm d-1 treatment produced the largest difference in survival between species 

(Figure 1, Table 1).  SAGO had the highest survival at this rate (38%) and POFR the 

lowest (12%) with SAEX intermediate (26%).  The hazard analysis reveals that hazard 

rates were neither constant in time, nor proportional among species.  POFR mortality 

pulses were generally earlier and steeper than for the willows, particularly at the 3 cm d-1 

rate.  Toward the end of the study, daily vapor pressure deficits decreased substantially at 

the experiment site, so it is likely that survival at this treatment level would have been 

lower under the harsher atmospheric conditions typical in mid-summer.  These results 

suggest that drawdown rates in this range (e.g., 2-4 cm d-1) may have the largest effect on 

species composition and distribution in riparian zones.  It is important to note that, 

because we intentionally isolated seedlings in this experiment, these survival estimates 

are independent of any competitive or other biological effects.  In riparian zone seedbeds 

where inter- and intraspecific competition may be important processes, survival of first 

year cohorts is typically lower than we report (McBride and Strahan 1984, Karrenberg et 

al. 2002, Sher et al. 2002). 

Recognizing and testing for heterogeneity of individual baseline hazard rate is 

important for applying the results of limited experimental studies to calculate mortality 

rates for a larger population (Burnham and Rexstad 1993, Dunlap et al. 1994, Pletcher 

and Curtsinger 2000, Zens and Peart 2003).  Our hazard analysis did not find large 

variation in hazard rate for seedlings from different seed collection sites.  Risks were 

proportional in time between subpopulations for POFR and SAGO, but not for SAEX 
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(data not shown).  Log-rank tests did not detect significant differences between 

geographic subpopulations within any species.  However, our study was not expressly 

designed to detect population heterogeneity in baseline hazards, and the effects of 

covariate stressors in our experimental design may mask differences in baseline hazard 

rates.   

 

Growth and physiology 

Within each species, seedlings survived at roughly equivalent rates among the 

control and 1 cm d-1 groups (Table 1, Figure 1).  However, most measures of growth, 

allocation and physiological functioning were different between these groups (Table 2, 

Figure 4).  Our results suggest that seedling physiology and growth respond to even mild 

rates of water table decline before the impact becomes lethal.  All measures of growth 

were highest in the control groups for all species (Figure 3).  Furthermore, most 

allocation and physiology measures showed consistent trends from the control group 

values with drawdown rate, even for the 1 cm d-1 treatment groups (Figure 4).  Leaf 

nitrogen content increased the most between the control and 1 cm d-1 groups, resulting in 

a decreased C:N ratio (Figure 4c).  Specific leaf area decreased for POFR, but not for the 

willows (Figure 4b).  The negative trend in specific leaf area for POFR is commonly 

observed for drought-stressed plants, in which transpiration is limited by a reduction in 

leaf area and leaf water conductance is improved by an increase palisade parenchyma 

thickness (Larcher 1995).  The willow species did not show a similar pattern, but they 

both reduced the length of their longest leaves proportionally with increased drawdown 

rates (data not shown).  In contrast, POFR leaf length did not vary between treatment 
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groups.  These results suggest that the willows may adjust their total leaf area, whereas 

POFR may adjust specific leaf area but not total leaf area.  We did not measure total leaf 

area, however, so these conclusions are only suggestive.  Furthermore, we observed high 

rates of leaf abscission on SAGO seedlings (up to 70% of seedlings) but not for the other 

species.  However, there was no positive correlation of leaf abscission with drawdown 

rate as would be expected for plants that reduce transpiring leaf area in response to 

drought stress (Larcher 1995), but instead leaf abscission rates were high across all 

treatment levels.   

The trait that best explains interspecific patterns in mortality and growth is carbon 

isotope ratio, which measures water use efficiency (Farquhar et al. 1989, Ehleringer and 

Dawson 1992).  SAGO had the highest survival and the largest range of water use 

efficiency between treatment groups.  Water use efficiency is the ratio of carbon 

assimilation to water loss from transpiration (Lambers et al. 1998).  Water use efficiency 

is related to (13C  through the leaf-to-air vapor pressure difference (Marshall and Zhang 

1994).  The plants in our study were grown under the same environmental conditions 

(and presumably the same vapor pressure gradient); therefore differences in (13C are 

directly comparable between seedlings.  For plants with high water use efficiency, the 

isotope ratio of assimilated carbon, (13C, increases (becomes less negative) with water 

stress, as isotopic discrimination is reduced because of stomatal closure (Farquhar et al. 

1989; Ehleringer and Dawson 1992).    

 At control drawdown levels, (13C values were similar for POFR and SAGO, and 

higher for SAEX (Figure 4d).  This same relative species pattern was observed for POFR 

and SAEX by Sparks and Ehleringer (1997) in riparian zones on the Colorado Plateau, 
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though the absolute (13C values were less negative because of the higher elevation.  As 

drawdown rate increased for seedlings in our study, changes in the mean (13C value for 

SAGO were greater than for the other two species (Figure 4d).  At the 3 cm d-1 drawdown 

rate, both willows had higher (13C values than POFR.  These results indicate that plants 

grown at higher drawdown rates had decreased seasonal stomatal conductance relative to 

controls, and thus higher water use efficiency, and that SAGO stomatal limitation was the 

highest of all the species.  Because the (13C measurements were limited to surviving 

seedlings and a single sampling event per plant, it remains an open question whether the 

increased range in SAGO (13C values was caused by increased stomatal control by 

individual plants (better adaptation) or by a greater range of phenotypical expression 

within the population (increased selection within the cohort) relative to the other species.  

In a comparative study of adult riparian trees, POFR and SAGO had equivalent ranges 

and responses of carbon isotope discrimination to increased ground water depth (Horton 

et al. 2001a).   

Interestingly, we did not find a similarly strong response pattern for xylem water 

potential (Table 2).  There was little difference in pre-dawn values either among species; 

nor was there any trend with drawdown rate (Table 2).  Midday ' values were 

significantly lower for SAGO than for POFR, but all mean values were <1 MPa, which 

constitutes a mild level of negative water potential relative to what many other plants can 

tolerate (Larcher 1995).  However, these ' values are within the range of other studies of 

cottonwood and willow species (Horton et al. 2001b, 2001c, Cooper et al. 2003, Williams 

and Cooper 2005).  For these phreatophyte species, seedlings are extremely sensitive to 

desiccation and cannot survive large reductions in soil water potential.  It is possible that 
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we were sampling the ‘winners’, those seedlings that had better water status either 

because of chance soil conditions or because of better ability to maintain high turgor 

through traits such as stomatal closure or low specific leaf area.  

 

Biomass allocation 

Plants typically respond to drought stress by increasing root allocation relative to 

shoots in order to exploit a larger soil volume (Schulze et al. 1987, Kozlowski et al. 1997, 

Lambers et al. 1998).  In comparable studies of riparian seedling allocation patterns, most 

researchers report decreases in shoot:root ratio with increasing experimental levels of 

drought stress (Horton and Clark 2001, Amlin and Rood 2002, Zhang et al. 2004).  In our 

study however, mean shoot:root ratio increased with drawdown rate among the final 

harvest groups for all species (Figure 4a).  The slope of this relationship is shallow (0.08), 

but significant (ANCOVA F1,160=5.4, p=0.02).  This pattern is the opposite of what would 

be expected from other studies of drought effects on seedlings.  Furthermore, our logistic 

regression model, which incorporates shoot:root ratio values of all seedlings (both 

survivors and ones that died), predicts survival to be much higher for seedlings with 

lower shoot:root ratio values (Table 6).  Mean shoot:root ratio values for the surviving 

seedlings ranged from 1.1-2.1 g g-1 between the treatment groups, whereas mean values 

for the seedlings that died ranged from 2.5-7.7 g g-1 (Table 3).   

These paradoxical results suggest that though shoot:root ratio is has an important 

influence on seedling survival in general, seedlings of these species do not actively adjust 

their biomass allocation in response to drought stress.  The slight increasing trend in 

mean shoot:root ratio values with drawdown rate suggests that as drought stress 
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increased, traits other than shoot:root ratio had a more influential role over which 

seedlings survived.  Our odds ratio analysis supports this conclusion.  For POFR and 

SAGO, the odds ratio is constant as drawdown rate increases, whereas for SAEX the 

odds ratio decreases with drawdown rate.  If seedlings adjusted their allocation to better 

survive drought, we would expect the odds ratio for an incremental reduction in 

shoot:root ratio to increase, not decrease, with higher drawdown rates. 

 

Root growth rates 

The logistic regression survival models demonstrate that increased survival for all 

species is correlated with average lifetime root growth (Figures 5 and 6).  Because other 

growth measures did not fit our necessary criteria for inclusion in the logistic models we 

do not know if root growth in particular is more influential than other growth measures.  

Lifetime growth rates for shoot height, and shoot and root biomass are all generally 

correlated with root growth (all Pearson r ! 0.45, data not shown), so one or more of 

these would likely be significant predictors in a survival model.  However, all of these 

other growth factors have a quasi-exponential response over time whereas root growth is 

fairly linear (Figure 3).  These observed growth patterns imply that fast root extension is 

emphasized early on, whereas shoot height and biomass accumulate more slowly in the 

early weeks of a seedling’s life.  This contrast in growth patterns is consistent with the 

resource and survival needs of obligate phreatophytes living in environments with 

variable water tables (Mahoney and Rood 1998).   

Previous studies suggest that riparian willow and cottonwood species have root 

growth rates of up to 13 mm/day (McBride et al. 1989; Segelquist et al. 1993; Mahoney 
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and Rood 1998).  Root growth rates for the seedlings in our study were generally lower 

than those reported elsewhere, ranging from 1.1–2.2 mm d-1 for POFR, 0.7–4.6 mm/d for 

SAGO, and 1.4–3.1 mm/d for SAEX, (Table 3).   It is important to note that the test 

plants for many published studies were grown from cuttings, rather than seedlings 

(McBride et al. 1989, Mahoney and Rood 1992, Kranjec et al. 1998).  Cuttings likely 

offer an advantage over seedlings for initial root growth rates; studies done on plants 

grown from seed generally report values between 1-6 mm d-1 (Fenner  et al. 1984, 

Segelquist et al. 1993; this study). 

Some studies on riparian willows and cottonwoods report that mild rates of water 

table decline ("2 cm d-1) promote higher root growth compared a stable water table 

(Mahoney and Rood 1992, Seqelquist et al. 1993, Kranjec et al. 1998, Horton and Clark 

2001, Amlin and Rood 2002).  Presumably this pattern is caused by a drought-induced 

increase in production of abcissic acid that stimulates root elongation while inhibiting 

shoot growth (Lambers et al. 1998).  In our study, however, root growth was uniformly 

reduced with increases in drawdown rate (Table 3, Figure 3).  Furthermore, our survival 

model indicates that the marginal advantage of a faster root growth rate declines with 

increasing drawdown levels (Table 6).  This means that though plants with faster root 

growth survive better than those with slower growth, fast growth itself has a weaker, not 

stronger influence over survival as drought stress increases.  Most of the studies that 

report increased root growth with drawdown rate used cuttings as propagules (Mahoney 

and Rood 1991, Kranject et al. 1998, Amlin and Rood 2002) but some used plants grown 

from seed (Segelquist et al. 1993, Horton and Clark 2001).    
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Relative species differences 

Our research shows that species differences in riparian seedling survival (Table 1) 

are consistent with the species’ expressions of growth, allocation and physiology (Table 

7).  Contrary to our expectations from other comparative studies of riparian willow and 

poplar species (McBride et al. 1989, Amlin and Rood 2002), SAGO had the highest 

overall survival, highest growth rates, and the most favorable trait responses to increased 

drawdown rates.  Of the three species, SAGO seedlings had the highest baseline (control 

group) rates of shoot growth, root elongation, biomass accumulation and leaf abscission 

(Table 2).  SAGO also had the steepest trends from control group values in total biomass 

reduction and increased water use efficiency.  SAEX had the highest baseline water use 

efficiency and increased it at an equivalent rate to POFR (but relatively less than SAGO).  

POFR showed a reduction in specific leaf area between treatment groups relative to the 

willows, but leaf length decreased with water stress for the willows but showed no 

response for POFR between treatment groups.  Table 7 summarizes the observed relative 

changes in trait responses with drawdown rate among the species.   

Most comparative studies of riparian species report that poplar species are 

somewhat more drought resistant than willows and that these differences explain why 

willow species are generally distributed lower on floodplain surfaces where ground water 

tables are shallower (Harris 1987, Amlin and Rood 2002).   McBride and others (1989) 

reported higher survival and growth for POFR relative to SAEX and red willow (Salix 

laevigata) cuttings subjected to various rates of water table decline.  Midday stomatal 

conductance was higher and xylem water potential lower for the willows relative to 

POFR, indicating that they may have less control over transpiration losses.  However, 
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some studies report more vigorous physiological response of willows compared to poplar 

species.  In a field study of adult tree response to seasonal water table variation, SAGO 

radial increment growth recovered more vigorously than POFR to drought-induced 

canopy dieback the previous year (Horton et al. 2001a).  In that study, it was unclear 

whether the increased responsiveness of SAGO trees to water availability relative to 

POFR was caused by innate physiological processes or by their closer topographic 

proximity to the stream channel. 

One way in which our findings are consistent with the species’ topographic 

zonation patterns found in riparian habitats concerns the timing of seed dispersal relative 

to river hydrology.  POFR releases seeds earlier in spring than SAGO and SAEX (Stella 

et al., in press).  Typical spring snowmelt hydrographs on rivers in the San Joaquin Basin 

are characterized by a period of elevated flows, frequently lasting a month or more, 

followed by rapidly declining discharge levels in late spring as the snow pack is 

exhausted (Peterson et al. 2000).  POFR’s peak seed release window coincides with the 

extended period of maximum runoff, whereas the peak seed release period for the 

willows generally occurs when river levels are declining (Stella et al., in press).  

Considering their dispersal phenology, SAGO and SAEX seedlings in their early weeks 

are subjected to more rapidly declining water tables and soil moisture levels than are 

POFR.  This difference in early growth environment may explain our observations of 

higher seedling survival, higher growth, and more favorable physiological responses to 

drought among SAGO seedlings.   

Based on our seed release timing observations, we would expect a similar 

response pattern from SAEX seedlings as for SAGO, but in general, growth and 
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physiological performance was lower than for SAGO.  Throughout the San Joaquin 

Basin, SAEX plants occur predominantly as shrubs and propagate vegetatively, whereas 

POFR and SAGO trees rely overwhelmingly on seedling establishment (Pelzman 1973, 

Douhovnikoff et al. 2005).  This reproductive strategy potentially puts less selective 

pressure on SAEX seedlings to evolve drought-resistant physiological mechanisms to 

persist in these riparian habitats. 

 

Implications for restoration 

These relative species differences have implication for restoring riparian 

communities through experimental flow releases and horticultural propagation on 

floodplains.  Given the integrated growth and physiological responses, we would expect 

SAGO seedlings to survive and perform better in more variable environments, and for 

POFR mortality to be high with moderate to high rates of water table decline.  The 

commonly-cited figure of 2.5 cm d-1 water decline prescription for instream restoration 

flow releases may be too high for POFR cohorts to endure in San Joaquin Basin 

environments, which are characterized by coarse substrates and high vapor pressure 

deficits (Mahoney and Rood 1998).  Instead, varying discharges to have a more extended 

peak period followed by a more rapidly declining descending limb would both mimic the 

pre-regulation flow regime and match the relative tolerances of native riparian tree 

species within their dispersal windows.  Hydrograph manipulation has already proven to 

be an effective tool to restore populations of native riparian trees in impaired riparian 

systems (Bovee and Scott 2002; Rood et al. 2003b).  Our research provides insight into 

survival and performance thresholds for the dominant riparian tree species in the San 
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Joaquin Basin.  In conjunction with data on other conditions necessary for establishment 

of native riparian trees (e.g., Stella et al., in press), our findings are directly applicable to 

designing flow release strategies to influence plant community dynamics and promote 

large-scale habitat restoration in these semi-arid riparian ecosystems. 
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TABLES 

 

Table 1. Seedling final survival (proportion of original cohort) and 
median survival time (days) for all species and treatment groups estimated 
using the Kaplan-Meier method for censored data.  Median survival time 
and 95% confidence limits are shown for groups with final survival !0.5.  
SAEX was not tested at the 9 cm d-1 rate. 
 

Drawdown 
Rate (cm d-1) 

50-Day Survival,  
proportion of initial cohort 

 Median Survival, days 
(95% Confidence Limits)1 

 POFR SAGO SAEX  POFR SAGO SAEX 
        

0 0.72 0.88 0.66  NA NA NA 

1 0.68 0.84 0.64  NA NA NA 

3 0.12 0.38 0.26  34 
(32-37) 

45 
(41-NA2) 

35 
(21-42) 

6 0 0.05 0.02  29 
(21-31) 

34 
(29-35) 

25 
(21-34) 

9 0.03 0 not 
tested  19 

(16-22) 
21 

(18-28) 
not 

tested 
        

 

1 Median survival times are significantly different from each other if the confidence limits do not overlap.  
Simultaneous confidence intervals were calculated using the Greenwood variance method. 
 
2 Indicates that the upper confidence limit includes the end of the experiment period (Day 50). 
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Table 2. Summary of seedling size, morphological and physiological characteristics for 
individuals that survived the experiment period.  Species differences in response 
variables for the control group were tested using ANOVA and post-hoc pairwise 
contrasts.  Superscript letters indicate post-hoc significant pairwise species differences.  
ANCOVA was used to test the influence of drawdown rate (a continuous covariate) on 
response variables; model drawdown rate slope estimates and significance levels are 
presented.  The 6 and 9 cm d-1 treatment groups were not included in the ANCOVA 
models because mortality was close to 100% for these groups. 
 

 Control Group Means 
(±1 SE)1  Drawdown Rate Slope Coefficient2 

Response POFR SAGO SAEX  POFR SAGO SAEX 
        

Shoot height3 
(mm) 

118a 
(±7) 

165b 
(±12) 

67c 
(±6)  --- -0.30**** --- 

Root length3 
(mm) 

190a 
(±13) 

414b 
(±35) 

275c 
(±21)  --- -0.28**** --- 

Total dry biomass3 
(g) 

0.286ab 
(±0.022) 

0.399a 
(±0.039) 

0.221b 
(±0.023)  -0.16 n.s. -0.46* -0.33 n.s. 

Shoot-to-root 
mass ratio3 (g g-1) 

1.65a 
(±0.14) 

1.42b 
(±0.09) 

1.17b 
(±0.06)  --- 0.079* --- 

Specific leaf area 
(m2 kg-1) 

13.42a 
(±0.41) 

10.1b 
(±0.48) 

8.54c 
(±0.34)  -1.36 * -0.16 n.s. -0.17 n.s. 

C:N mass ratio 
(g g-1) 

23.6a 
(±1.0) 

17.0b 
(±0.9) 

19.9c 
(±0.6)  --- -1.81**** --- 

Pre-dawn ' 
(MPa) 

-0.29a 
(±0.05) 

-0.38a 
(±0.03) 

-0.32a 
(±0.03)  --- 0.017 n.s. --- 

Mid-day ' 
(MPa) 

-0.46a 
(±0.03) 

-0.63b 
(±0.03) 

-0.54ab 
(±0.05)  -0.038 n.s. 0.065 n.s. -0.051 n.s. 

Carbon isotope 
ratio ((13C) 

-30.01a 
(±0.19) 

-29.95a 
(±0.26) 

-28.54b 
(±0.21)  0.91*** 1.25*** 0.69*** 

        
 

1 Superscript letters indicate post-hoc ANOVA significant pairwise species differences using 95 % 
simultaneous confidence intervals for specified linear combinations, by the Tukey method. 
 
2 Slope parameter estimates for drawdown rate in ANCOVA models.  Where there were no species-by-rate 
interactions, ANCOVA models were simplified to test main effects only and a global slope parameter 
estimated, indicated by “---“.  Asterisks indicate probability levels for the slope coefficient testing H0: slope 
= 0. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s. = not significant. 
 
3 Log values used for ANOVA and ANCOVA models to satisfy residual assumptions.
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Table 3.  Lifetime-average root growth rates and final shoot-to-root ratios (mean±1 SE) 
for seedlings, stratified by those that died versus those that survived until the end of the 
experiment.  Seedlings harvested for interim measurements were not included in these 
samples since their ultimate fates were not known. 
 

ROOT GROWTH RATE (mm d-1) 

Drawdown  POFR POFR  SAGO SAGO  SAEX SAEX 
Rate  live dead  live dead  live dead 

          

0  2.17 
(±0.14) 

0.95 
(±0.09)  4.63 

(±0.39) 
1.69 

(±0.32)  3.08 
(±0.24) 

1.02 
(±0.15) 

1  2.06 
(±0.14) 

1.27 
(±0.16)  3.57 

(±0.34) 
1.82 

(±0.47)  1.88 
(±0.17) 

1.13 
(±0.15) 

3  1.09 
(±0.14) 

1.59 
(±0.09)  1.69 

(±0.29) 
1.68 

(±0.18)  1.41 
(±0.16) 

1.06 
(±0.11) 

6  --1 1.4 
(±0.09)  0.72 

(±0.46) 
1.36 

(±0.1)  -- 1.15 
(±0.07) 

9  -- 1.37 
(±0.09)  -- 1.45 

(±0.09)  not tested not tested 

          

SHOOT:ROOT MASS RATIO (g g-1) 

Drawdown  POFR POFR  SAGO SAGO  SAEX SAEX 
Rate  live dead  live dead  live dead 

          

0  1.61 
(±0.12) 

3.99 
(±0.78)  1.32 

(±0.17) 
4.68 

(±1.6)  1.06 
(±0.06) 

4.74 
(±0.75) 

1  1.64 
(±0.26) 

7.71 
(±1.83)  1.42 

(±0.09) 
2.7 

(±0.64)  1.14 
(±0.08) 

4.53 
(±0.67) 

3  2.14 
(±0.39) 

3.02 
(±0.35)  1.66 

(±0.31) 
2.52 

(±0.3)  1.45 
(±0.2) 

3.25 
(±0.46) 

6  -- 3.26 
(±0.3)  1.94 

(±0.39) 
2.67 

(±0.21)  -- 3.6 
(±1.11) 

9  -- 2.82 
(±0.19)  -- 2.71 

(±0.23)  not tested not tested 

          
 
1 Dashed lines indicate that no seedlings survived in this group



 

 
 
 
 
 

Table 4.  Top candidate models for logistic regression models of seedling survival as a function of drawdown rate, shoot:root mass 
ratio, and root length.  Reported information for each model includes number of parameters (K), Akaike Information Criteria (AIC), 
relative difference (AICdiff), and Akaike weights (wi).  Model 4 is the most likely for both POFR and SAGO, whereas the first four 
models for SAEX are equally likely given the data. We considered 16 models total per species; best models are in bold print.   
 
Model Deviance K1 AIC2 AICdiff wi Parameters1 

       
POFR       

1 57.17 8 73.96 3.84 0.09 rate+root+srr+rate:root+rate:srr+root:srr+rate:root:srr 
2 59.14 7 73.74 3.63 0.10 rate+root+srr+rate:root+rate:srr+root:srr 
3 59.70 6 72.15 2.04 0.21 rate+root+srr+rate:root+rate:srr 
4 59.79 5 70.11 0.00 0.59 rate+root+srr+rate:root 
5 74.10 4 82.31 12.20 0.00 rate+root+srr 

SAGO       
1 78.46 8 95.31 3.28 0.11 rate+root+srr+rate:root+rate:srr+root:srr+rate:root:srr 
2 81.47 7 96.13 4.10 0.07 rate+root+srr+rate:root+rate:srr+root:srr 
3 81.56 6 94.05 2.03 0.21 rate+root+srr+rate:root+rate:srr 
4 81.68 5 92.03 0.00 0.58 rate+root+srr+rate:root 
5 92.12 4 100.35 8.32 0.01 rate+root+srr 

SAEX       
1 72.96 8 89.86 0.03 0.25 rate+root+srr+rate:root+rate:srr+root:srr+rate:root:srr
2 75.13 7 89.83 0.00 0.25 rate+root+srr+rate:root+rate:srr+root:srr 
3 77.34 6 89.86 0.03 0.25 rate+root+srr+rate:srr+root:srr 
4 79.69 5 90.06 0.22 0.23 rate+root+srr+root:srr 
5 88.30 4 96.54 6.71 0.01 rate+root+srr 
       

1 K is the number of model parameters, including intercept.  Parameter abbreviations are: rate=drawdown rate (cm d-1); 
srr=shoot:root mass ratio (g g-1); root=lifetime mean root growth (mm d-1). 
2 Akaike Information Criteria was calculated using the correction for when K is large relative to sample size (Burnham and 
Anderson 1998). 
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Table 5.  Model parameters and diagnostics for the best logistic regression survival model for each species.  Model parameter 
information includes mean values for centered variables (offsets from the raw data values), coefficient estimates and their standard 
errors, and variance inflation factors.  Abbreviated parameter names are the same as for Table 4. 
 

                
  POFR Best Model1  SAGO Best Model1  SAEX Best Model1 

Model 
Parameter 

 Offset/ 
Mean 
Value2 

Coeff 
Value SE VIF 

 Offset/ 
Mean 
Value2 

Coeff 
Value SE VIF 

 Offset/ 
Mean 
Value2 

Coeff 
Value SE VIF 

                
intercept  -- 1.17 0.54 --  -- 1.98 0.54 --  -- -5.09 1.75 -- 

rate  -- -1.58 0.32 2.72  -- -1.26 0.27 3.94  -- -0.43 0.33 8.4 

root  1.54 3.22 0.89 1.68  2.34 1.2 0.42 2.41  1.47 -2.94 1.36 5.06 

srr  3.11 -0.68 0.26 1.27  2.24 -1.03 0.31 1.25  2.98 -4.01 1.14 3.61 

rate:root  -- -1.41 0.35 3.53  -- -0.54 0.17 5.19  -- -0.39 0.29 3.12 

rate:srr  -- -- -- --  -- -- -- --  -- 0.25 0.18 8.02 

root:srr  -- -- -- --  -- -- -- --  -- -2.78 0.89 6.67 
                

 

1 Models with the highest Akaike weights (see Table 4).  For SAEX, the best model was only marginally better than the next 3 alternatives, since 
four models were weighted nearly equally. 
 
2 Mean values for centered data parameters.  The biological variables root growth (‘root’) and shoot:root mass ratio (‘srr’) were centered about 
their means for each species.  Drawdown rate (‘rate’) was not centered. 
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Table 6.  Change in odds ratios with drawdown rate for unit increments in root growth 
(+1 mm d-1) and shoot:root mass ratio (-1 g g-1).  For POFR and SAGO, the shoot:root 
ratio odds ratio does not change because these species models have no interactions terms 
with that factor.   
 

Drawdown Rate 
(cm d-1) 0 1 2 3 4 5 6 

        

Root Growth        
POFR 24.99 6.13 1.50 0.37 0.09 0.02 0.01 
SAGO 3.33 1.94 1.13 0.66 0.39 0.22 0.13 
SAEX 8.10 5.46 3.68 2.48 1.68 1.13 0.76 

        
Shoot:Root Ratio        

POFR 1.98 1.98 1.98 1.98 1.98 1.98 1.98 
SAGO 2.79 2.79 2.79 2.79 2.79 2.79 2.79 
SAEX 529 412 322 251 196 153 119 
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Table 7.  Relative expression of growth, allocation and physiological traits in response to 
water stress.  Comparisons are based on final values between treatment groups, not on 
repeat observations made on individuals. 
 

Seedling Response to Water Stress POFR SAGO SAEX 

    

Reduced shoot growth Moderate Moderate Moderate 

Reduced root growth Moderate Moderate Moderate 

Reduced total biomass Low High Moderate 

Reduced leaf length Low High High 

Baseline rate of leaf abscission Low High Low 

Increased leaf abscission None None None 

Reduced shoot:root ratio None None None 

Reduced specific leaf area High None None 

Reduced C:N ratio Moderate Moderate Moderate 

Tolerance to low internal ' Low Low Low 

Baseline water use efficiency Low Low High 

Increased water use efficiency Moderate High Moderate 
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FIGURES 

Figure 1.  Seedling survival by species and treatment level.  Survival was estimated for 
censored data using the Kaplan-Meier method, which is a stepped function.  Dashed line 
indicates median survival.   
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Figure 2.  Hazard rate for seedlings subjected each drawdown rate.  The smoothed 
function approximates the instantaneous per capita hazard rate from Kaplan-Meier 
survival curves for each species.  At the 3, 6, and 9 cm d-1 rates, mortality increases 
sharply after an initially low period and decreases once many of the susceptible seedlings 
are dead.  The temporal onset of increased mortality is different for each species within 
each treatment group.  Curves were plotted using a cubic-B spline smoothing function 
(predict.smooth.spline function, Splus). 
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Figure 3. Seedling total dry biomass (top) and shoot and root growth (bottom) for 
different species and treatment groups over the experiment period.  Biomass and longest 
root length were measured once from harvested seedlings; plotted points in time reflect 
means±1SE for different groups.  Shoot height was measured weekly, and plotted points 
reflect means±1SE of all seedlings alive at the sampling time. 
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Figure 4.  Differences in seedling morphological and physiological measures by species 
and treatment group at final harvest (mean ± SE).  Data series plotted are (a) shoot-to-
root mass ratio (g g-1); (b) specific leaf area (m2 kg-1); (c) carbon-to-nitrogen mass ratio (g 
g-1); and (d) (13C.  Lines are shown to distinguish species; each treatment group is a 
separate sample.  Too few seedlings from the 6 and 9 cm d-1 treatment groups survived 
the experiment for analysis.   
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Figure 5.  Response surfaces for logistic regression models of survival probability as a 
function of shoot:root mass ratio and lifetime mean root growth rate (mm d-1).  For these 
plots, the drawdown rate is held constant at 1 cm d-1 in order to show species differences.  
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Figure 6.  Predicted survival probability at a projected drawdown rate of 1 cm d-1 as a 
function of (a) root growth and (b) shoot-to-root ratio.  In order to allow comparison 
between species, one biological factor varied while the other was held constant at its 
mean value for the seedlings that survived the experiment at this drawdown rate.  For 
example, panel (a) shows the variation in survival with root growth at a mean shoot:root 
ratio value for live seedlings of each species. 
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CHAPTER 4: Recruitment Model Synthesis and Applications 
 

INTRODUCTION 

Under a natural disturbance regime, abiotic factors drive recruitment dynamics of 

pioneer woody species in arid-land riparian ecosystems (Mahoney and Rood 1998, Patten 

1998).  Historically, the predictability of seasonal hydrologic cycles in the lower reaches 

of snowmelt-driven rivers in California’s Central Valley allowed disturbance-adapted 

willows and cottonwoods to thrive and dominate near-channel areas (Thompson 1961, 

Karrenberg et al. 2002, Rood et al. 2003, Lytle and Poff 2004).  In this ecoregion—as in 

much of the developed world—dams, flow regulation and levee construction on most 

major streams have created an artificially stable physical regime, which arrests the 

ecological processes that generate and maintain the natural, non-equilibrium ecosystem 

(Ligon et al. 1995, Poff et al. 1997, Trush 2000, Nilsson et al. 2005).   

The result on many regulated rivers in arid-land ecosystems has been the shift 

from abiotic drivers of vegetation dynamics to biotic ones such as plant competition and 

invasion by exotic or native upland species (Busch and Smith 1995, Everitt 1998, 

Peterson 2000).  Despite this trend on many regulated rivers, the results presented in 

Chapter 1 suggest that along the lower Tuolumne River (and likely other regulated San 

Joaquin Basin streams), abiotic forces still largely control vegetation dynamics.  

However, flow regulation has severely modified the timing and spatial distribution of 

resources.  The historically abundant and transient resource pools associated with floods 

(e.g., increased soil moisture, nutrients and light) are no longer supplied at the 

appropriate time and rates to sustain pioneer seedlings beyond the first year (Nilsson et 
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al. 1997, Patten 1998).  As a result, seedlings on regulated rivers establish lower on banks 

and suffer higher overwinter mortality than under historical conditions, resulting in a 

lower frequency of viable cohorts (Rood 1999, Johnson 2000).  Over the long term, flow 

regulation can shift the population structure toward older individuals (Everitt 1995, Scott 

et al. 1997, Samuelson and Rood 2004) and alter the dominance in the near-channel 

riparian zone from pioneer communities to ones less dependent on disturbance for 

establishment (Busch and Smith 1995, Everitt 1998). 

In order to restore pioneer riparian species and their dependent communities, we 

need to understand the linked physical and biological processes that limit seedling 

recruitment and predict ecosystem responses under various natural and managed 

disturbance regimes.  Important field studies and experiments were conducted in this area 

over the last quarter century in several western North American riparian ecosystems (e.g., 

McBride and Strahan 1984, Rood and Mahoney 1990, Stromberg et al. 1991, Segelquist 

et al. 1993, Johnson 1994, Auble et al. 1997).  Many of the patterns and processes 

described in this research were synthesized by Mahoney and Rood (1998) into a concise 

conceptual model which they named the “recruitment box” (Figure 1).  This model 

describes the key ecological processes that drive pioneer seedling recruitment in near-

channel riparian zones.  First among these is site hydrology (Figure 1a), which is driven 

by channel morphology and flow regime.  Site hydrology determines the availability and 

condition of potential seedbeds, water table dynamics throughout the growing season, 

and the intensity of geomorphic forces (scour and deposition) that drive overwinter 

mortality of seedlings.  Secondly, annual variation in the magnitude of seed production 

and the timing seed dispersal (Figure 1b) are critical in determining the potential for 
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recruitment. Riparian willow and cottonwood species in the San Joaquin Basin do not 

maintain a seed bank, and have short seed viability.  Therefore, propagule availability is 

constrained approximately to the duration of seed dispersal (Stella et al. in press).  

Finally, the survival of new germinants in the first year is limited by their drought 

tolerance and avoidance mechanisms (Figure 1c).  As documented in Chapter 3, survival 

of willow and cottonwood seedlings is correlated with high root growth rates and low 

shoot-to-root biomass allocation, as well as physiological (e.g., seasonal stomatal 

conductance) and morphological (e.g., specific leaf area) traits that reduce transpiration 

loss at high moisture deficit levels.  The resulting landscape pattern in alluvial river 

systems is a narrow band of seedling recruitment constrained at the upper end by 

desiccation and at the lower end by overwinter mortality due to scour and deposition 

(Figure 2). 

In the first three chapters of this dissertation we rigorously quantified each factor 

in the recruitment box model.  In Chapter 1 we tested several key assumptions regarding 

the influence of biotic factors on recruitment in flow-altered riparian systems; in Chapter 

2 we documented and modeled seed dispersal; and in Chapter 3 we measured seedling 

mortality and physiological response to drought stress from simulated river stage 

declines.  All studies focused on the three pioneer woody species that dominate the near-

channel plant community in the San Joaquin Basin:  Fremont cottonwood (Populus 

fremontii S. Watson ssp. fremontii; POFR), Goodding’s black willow (Salix gooddingii 

C. Ball; SAGO), and narrow-leaved willow (Salix exigua Nutt.; SAEX). 

In this chapter, we use our experimental results regarding site hydrology, seed 

dispersal patterns, and seedling ecophysiology to make quantitative the conceptual 
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recruitment box model. Model inputs are empirically-derived functions that approximate 

the physical factors (e.g., stage-discharge relationships, hydrology, seasonal temperature) 

and ecological processes (seed dispersal timing, drought-induced mortality) that we 

quantified in field studies, experiments, and monitoring (e.g., climate and flow records).  

We developed input functions using established analyses in the fields of agricultural 

meteorology, population survival analysis, fluvial hydrology, and plant community 

ecology.  The resulting process-based model predicts end-of-summer seedling densities 

and their topographic positions along river banks.  We tested the model by comparing 

predicted annual, species-specific distribution patterns along the lower Tuolumne River 

in 2002-04 to observed seedling patterns found in independently-collected field data (as 

detailed in Chapter 1).   

Developing a field-tested predictive model is not only ecological interesting, but 

also relevant to river management and conservation.  The work described below is a 

prototype from which more refined versions may be developed.   By integrating the 

recruitment model with other analytical tools (e.g., spatially-explicit GIS-based models), 

this approach can be used to address a number of important needs, such as prioritizing 

riparian floodplain preservation areas, guiding floodplain rehabilitation designs, 

optimizing restoration flow strategies, and simulating the impacts of climate-driven 

changes in the seasonal flow and temperature regimes. 
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METHODS 

Study area 

Field work was conducted in the San Joaquin Basin, which covers 35,000 km2 in 

California’s southern Central Valley (Figure 3).  The lower basin below the foothills 

(<200 m elevation) experiences a Mediterranean climate, with an average of 30 cm of 

precipitation falling primarily between October and April, followed by a prolonged 

summer drought (USACE 2002).  The Tuolumne River is the largest of three major 

tributaries to the San Joaquin River; its basin covers 4,900 km2 (McBain & Trush Inc. 

2000).  The willow and cottonwood species we studied inhabit the lowland alluvial 

floodplains of the San Joaquin River and its tributaries. These reaches are also the most 

heavily regulated, with major dams and reservoirs for irrigation, flood control and 

hydropower at the transition between Sierra Nevada foothills and valley floor. 

From 2002 through 2004, we collected data on seed dispersal timing and seedling 

establishment patterns along the lower Tuolumne River (Figure 3).  Seed release data 

were collected at three sites distributed throughout the lower 52 km of the river, 

extending from the most downstream dam at La Grange to the confluence with the San 

Joaquin River.  The seedling surveys, which were used to test the recruitment model were 

conducted at active sandbars (sensu Dixon 2002) along the lowest 20-km sand-bedded 

subreach of the river, which extends from Modesto to the San Joaquin River confluence 

(Figure 3, inset).  Data collection methods are described in previous chapters.  In 

addition, we monitored river stage at three near-channel sites within the sand-bedded 

reach where we conducted seedling demographic studies (Figure 3, inset).  These sites 
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are located at river kilometers 8.2, 9.7 and 11.3 and span the range of channel 

morphologies that occur throughout the larger reach. 

 

Recruitment model approach 

In keeping with the overall structure of the recruitment box framework (Figure 1, 

Mahoney and Rood 1998), the quantitative model we developed integrates the three main 

processes that constrain successful recruitment: site hydrology, seed dispersal timing, and 

seedling desiccation tolerance (Figure 4).  These processes differ in complexity and scale, 

and influence recruitment of the three focal species to varying degrees.  Empirically 

modeling recruitment, therefore, required investigations at both coarse and fine scales, 

with a separate focus on each species. We modeled each process using data from field 

studies and experiments to provide input functions for a recruitment model that predicts 

end-of-summer seedling patterns across a range of real and simulated environmental 

conditions (Table 1).  In the sections below, we briefly summarize the data and results 

reported in detail in previous chapters and focus on how we generated numerical input 

functions and integrated them into the recruitment model. 

In developing a basic empirical model framework, we strove to capture the salient 

patterns of interannual and species-level recruitment using the fewest parameters possible 

and input functions most-readily verified by field data (Figure 4).  This required making a 

number of simplifying assumptions about natural conditions that we did not measure.  

Other process-based recruitment models developed to date (e.g., Dixon 2001, Stillwater 

Sciences 2003) incorporate spatially-explicit data (e.g., river cross-sections and hydraulic 

models) and ecologically important but highly variable parameters (e.g, depth of soil 
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capillary zone) and dynamic functions (e.g., shear stress equations that predict seedling 

loss to scour).  Those ecological processes undoubtedly influence recruitment success to 

some degree, but our goals in this exercise were to describe the natural system as 

concisely as possible and to establish the basic feasibility of this method for predicting 

actual patterns of seedling recruitment.  Note, however, that our model predicts 

recruitment within the first year, and not mechanisms such as overwinter scour loss, 

density-dependent mortality rates, or other interannual processes that affect long-term 

establishment rates.  Nevertheless, the model described here may be refined and 

combined with other analyses to simulate both spatially-explicit and longer-term 

recruitment dynamics. 

 

Site hydrology and rating curve development 

The first data component in the recruitment model is the stage hydrograph, which 

is the time series of river stage at a representative site.  It is generated using two 

components, a daily flow record and a rating curve, or site-specific stage-discharge 

relationship (Figure 4a).  Flow records for the period of study (2002-04) were obtained 

for the Tuolumne River at Modesto from the USGS (gauge #11290000) and the 

California Data Exchange Center (CDEC, gauge code MOD). 

Because permanent flow gauges are typically installed at stable river cross 

sections (e,g., at bridge abutments), the resulting rating curves are seldom appropriate for 

estimating stage changes in reaches of ecological interest.  In the case of our study, the 

USGS gauge was at the upstream end of the sand-bedded reach, and the engineered 
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cross-section at Modesto was not appropriate to represent the low-gradient bank and bar 

morphology that supports seedling germination in the lowest river reach. 

As a better approximation of natural conditions, we developed rating curves at 

three representative active bars in the sand-bedded reach of the river.  These sites were 

the same ones used for the seedling competition study described in Chapter 1.  In 

December 2001, a pressure transducer stage recorder and data logger (Model WL-15, 

Global Water Instrumentation, Inc., Gold River, CA) was installed at a stable bank 

position at each sandbar site.  Continuous stage readings (15-30 min recording intervals) 

were logged for three years.  During this period there were several short-term events in 

which river stage and discharge varied through a wide range of values.  We used these 

events to calibrate the sandbar rating curves by comparing the transducer stage records 

against the upstream discharge records (USGS real-time and CDEC hourly) for the same 

period.  First, the flow travel time between Modesto and the sandbar sites was computed 

by estimating the lag between sharp flow peaks.  The mean lag time for six flow events, 

6.0 hours, was added to the Modesto data time stamps in order to match stage and 

discharge values at the sandbar sites.  Secondly, the flow-discharge relationship was 

plotted using the largest discrete high flow events in our data record.  The final rating 

curve was generated using a cubic-B spline fit to these data (‘smooth.spline’ function 

with 12 degrees of freedom, S-Plus, Insightful Corp., Seattle, WA). 

For the initial recruitment model run, we used the rating curve from one site 

(Sandbar #3 in Chapter 1) to generate daily stage hydrographs for 2002-04.  This series 

was computed by translating the mean daily flow record into units of centimeters above 

baseflow via the rating curve.  Linear interpolation was used as necessary to compute 
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stage values between points on the empirical rating curve.  Though its elevation varied 

each year (range 6.7-10.2 m3 s-1), annual summer baseflow was used as the appropriate 

datum to enable comparisons with the model validation data, which measured seedling 

quadrat elevations relative to the stable river stage at the end of summer each year. 

 

Seed dispersal timing  

From 2002 through 2004, we collected data on seed release timing and seed 

viability at three floodplain sites on the Tuolumne River (see Chapter 2 for detailed 

methods).  The sites were distributed broadly along the 52-km lower reach from La 

Grange to the San Joaquin River confluence (Figure 3).  At each site, air temperature was 

recorded and open catkins counted from a fixed position for 10 dominant female trees of 

each species, which were surveyed 13-20 times during each growing season.  We pooled 

estimates of catkin counts to calculate a species-specific, site-level index of seed release 

timing (Figure 4b).  This index is expressed in units of open catkins tree-1 survey-1, and 

describes the relative density of seeds available throughout the growing season.  In the 

recruitment model we used linear interpolations between survey dates to estimate 

fecundity index values during those periods.   

In order to compare seed dispersal timing between species and years, we summed 

the site-based fecundity index as a cumulative distribution to calculate quantiles of seed 

release density and the corresponding dates when they occurred.  Our relevant metrics for 

defining peak seed release were the julian dates corresponding to the 20th and 80th 

cumulative quantiles, which capture the middle 60% of the seed density distribution.  
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For the purposes of testing the recruitment model, we relied on the observed seed 

release densities rather than the ones approximated using the heat-sum model described 

in Chapter 2.  For this first draft of the recruitment model, we judged that it was more 

important to use empirical data to assess the feasibility of the overall simulation approach 

(Figure 4), since the data were available.  Future versions of the fecundity function, 

which are described in the Discussion section below, will use the degree-day model to 

predict the fecundity index for years without empirical observations.   

 

Seeding desiccation tolerance and survival modeling 

The seedling survival component of the recruitment model (Figure 4c) was 

developed and calibrated using a simulated water table decline experiment, which is 

detailed in Chapter 3.  The plants used in the study were grown from seed collected from 

riparian sites along the Tuolumne and San Joaquin rivers.  The experiment was conducted 

outdoors at the Russell Research and Extension Station at the University of California in 

Lafayette, CA.  Plants of the three target species (734 seedlings total) were grown in 125-

cm long PVC tubes packed with river sand and suspended in steel tanks.  Each of the 20 

tanks was randomly assigned one of five drawdown treatments (0, 1, 3, 6, and 9 cm d-1).  

The experiment was run for 7 weeks and survival rates at day 50 calculated.   

From the empirically-derived Kaplan-Meier survival estimates calculated in 

Chapter 3, we modeled survival of the seedling cohorts using a parametric accelerated 

failure time regression model with drawdown rate as the single covariate (Kalbfleisch and 

Prentice 2002).  Models were developed separately for each species, and parametric 

distributions were selected based on fits to the data and graphical analysis of the 
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empirical hazard functions (Harrell 2001).  We generated response surfaces and equi-

probability contour plots of cohort survival as a function of drawdown rate and time since 

beginning of drawdown.  As a check on the models we compared the regression model 

projections to the empirical survival times estimated from Kaplan-Meier non-parametric 

distributions for specific survival quantiles. 

 

Recruitment model structure 

This section describes the recruitment model structure and rule-based 

computational sequence that employs the input variables described above.  The sequence 

begins with the physical factors of hydrology and river bank morphology that determine 

the plant resource environment and disturbance regime.  We represented the seasonal 

pattern of seedbed moisture conditions using annual stage hydrographs computed from 

continuous flow records and the rating curve (i.e., stage-discharge relationship) calibrated 

at the representative sandbar site (Figure 4a).   

For simplicity, we assumed that the model riverbank had a uniform substrate, no 

vegetation competition (see Chapter 1) and a uniform bank slope with no variation in 

seed trap efficiency (e.g., no local depressions to catch extra seeds).  This idealized bank 

profile is fundamentally different from most natural, topographically-complex river 

cross-sections, where higher seedling densities would be expected to occur in local 

depressions and across flat sandbar benches where receding waters deposit large 

aggregations of seeds (Nilsson et al. 1991, Merritt and Wohl 2002).  The abstracted bank 

profile does nevertheless experience a realistic inundation pattern, since the non-linear 
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rating curve captures the interactions of floodplain cross-sectional shape, flow velocity 

and energy slope across the range of river discharge.   

For each of the three years modeled (2002-04), the potential for recruitment was 

constrained to begin on the day of peak spring discharge.  This constraint was necessary 

to prevent recruitment from occurring on the ascending limb of spring flow pulses, which 

would be unrealistic given that the overwhelming majority of seeds deposited before the 

peak would be washed away.    

To this physical template we added a species-specific fecundity function that was 

derived from our observations of seed release timing (Figure 4b; see also Chapter 2).  We 

simulated initial seedling densities and rooting elevations in daily time steps, recording 

the mean daily inundation elevation on the bank and the relative density of seeds 

available for each day.  Rooting elevation was calculated in reference to the stage of the 

mean summer discharge from June 15-Oct 1 (referred to hereafter as ‘summer 

baseflow’).  We assumed that all daily germination occurred at the average flow stage for 

a particular day.  In this modeling approach, each day with a seed release density >0 

resulted in a new seedling cohort, which was tracked individually from the date of 

germination to the end of summer (Oct 1).  This process was performed for each species, 

resulting in multiple daily cohorts for intervals when species’ seed release periods 

overlapped.  

For each daily cohort, we calculated seedling survival rates throughout the 

growing season to estimate an end-of-summer seedling density.  Survival rates were 

estimated using the species-specific, accelerated failure time regression model (Figure 

4c) fitted to seedling survival data from the simulated river stage decline experiment 
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(Chapter 3).  Beginning with its date of germination, we modeled survival for each cohort 

in weekly time steps.  We computed 7-day average stage changes from the continuous 

stage hydrograph and generated a weekly survival rate from the failure time model for 

each time step.  This process was iterated for each week from germination until Oct 1.  

For each daily cohort, an end-of-summer seedling density was computed as the product 

of the initial density and all weekly survival rates.   

 

Model predictions 

The result of this process is a first-year recruitment pattern prediction for each 

species, consisting of a dually-distributed (by density and elevation) sample of daily 

seedling cohorts.  Because of the spatially-abstract rating curve, we would not expect the 

recruitment model to predict the variation in seedling density resulting from topographic 

complexity, since the simplified bank profile does not model seedling aggregations that 

would occur on extensive horizontal bank surfaces typical of alluvial river reaches.  

However, a good model should predict the most prevalent bank elevation and seedling 

density combinations, as well as the maximum limits of each response variable.  When 

projected in a two-dimensional factor space (density and elevation), the plotted predicted 

daily cohort points should cluster at similar coordinates to those of the seedling quadrats 

observed in the field.  Also, our predictions should match the relative differences by year 

and species in both seedling density and seedling position. 
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Testing the model 

We tested the model predictions using field observations of young-of-the-year 

seedling surveys conducted along the lower 20 km of the Tuolumne River in late summer 

2002-2004 (Figure 3).  The site selection criteria and sampling procedure are detailed in 

Chapter 1.  In summary, we conducted annual seedling surveys at 8-11 active sandbars, 

recording species composition, density, and elevation above summer baseflow in 

contiguous 1 m2 quadrats on transects extending from the channel margin to the upslope 

limit of the active channel.  All quadrats found to contain !3 seedlings of the target 

species (any combination) were recorded; those with fewer seedlings were omitted 

because of detection problems.  A total of 86 transects were searched over the three 

years, with >700 quadrats surveyed per year.  All surveys were conducted while the river 

was at summer baseflow levels; this corresponded to discharges of 6.9±0.07 m3s-1 in 

2002, 10.2±0.1 m3s-1 in 2003, and 6.7±0.07 m3s-1 in 2004 (mean ± 1SE of average daily 

discharge from June 15 to Oct 1).  

 

RESULTS 

Site hydrology and rating curve 

The rating curve developed at Sandbar #3 shows a fairly linear trend between 

discharge and river stage through approximately 40 m3s-1 (Figure 5).  Above this flow 

level, which corresponds to approximately 150 cm above baseflow, stage changes occur 

more gradually with increased discharge.  Because the winter flow peaks used to plot the 

curve did not reach summer baseflow levels on either ascending or descending limbs, we 
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modeled the lowest part of the rating curve using a linear extrapolation of the data to 

flows <8 m3s-1 (Figure 5).   

Alluvial river reaches are subject to dynamic geomorphic forces that alter their 

channel morphologies at high flows.  As a result, stage-discharge relationships can shift 

following major flow events.  We checked for this pattern by calibrating the stage-

discharge relationship at Sandbar #3 using high flow events that occurred December 2001 

and again in March 2004.  The resulting rating curves diverged in the discharge range 30-

60 m3s-1, corresponding to 1-2 m above baseflow.  This result implies that some rating 

shift had occurred, likely as a result of the peak flows in winter 2004.  Because the rating 

curve in this trial run of the recruitment model is not intended to represent a specific site, 

but is instead an index of the entire reach, we limited the model input to the rating curve 

from 2001.  In addition to the prediction error resulting from using one rating curve to 

represent stage-discharge relationships throughout the reach, the morphological changes 

at the Sandbar 3 site during the study introduce additional error in predicting recruitment 

at that particular site. 

 

Seed dispersal timing 

Seed release for POFR preceded SAGO and SAEX in all years at all sites but one 

along the Tuolumne and San Joaquin rivers (Table 2 in Chapter 2). Across all years and 

phenology study sites, the mean date of peak seed release initiation (the 20th cumulative 

seed density quantile) was May 15 for POFR (range April 16-June 10), May 30 for 

SAGO (range May 19-June 19), and May 31 for SAEX (range May 8-July 2).  In 2004, a 

year with an unusually warm spring, seed release occurred substantially earlier at all sites 
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for all species compared to 2002 and 2003.  For the purposes of the recruitment model 

inputs, the three Tuolumne River sites were aggregated to provide one input sequence for 

each year (Figure 6). 

 

Seeding desiccation tolerance and survival model 

For all species, the empirical survival data were robustly approximated using an 

accelerated failure time regression model with drawdown rate as the single covariate and 

the distribution of seedling mortality dates described by a Weibull function (Kalbfleisch 

and Prentice 2002).  In all species’ regression models, drawdown rate was a significant 

predictor of survival time (all z values " -6.9, p<0.0001).  Model parameter values are 

summarized in Table 2.  Each model had three parameters, one each for the drawdown 

rate and the Weibull distribution scale and location terms. 

Plots of predicted survival distributions using the regression models approximated 

the Kaplan-Meier empirical distributions for the drawdown rates tested (Figure 7, bottom 

row).  Modeled mortality quantiles were in accordance with point estimates from the 

data, particularly for SAGO and for survival quantiles !50%.  Median mortality equi-

probability lines were contained within the Kaplan-Meier 95% confidence limits for the 

empirical data for all species.  The models predicted SAGO mortality times well in 

general; POFR and SAEX models tended to overestimate mortality time for low mortality 

quantiles at low drawdown rates.   

Response surface plots illustrate different species’ mortality patterns (Figure 7, 

top row).  The SAGO surface is more convex than the other two, indicating higher 

survival relative to the other two species at drawdown rate "3 cm d-1.  SAGO mortality 
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increases sharply as the drawdown rate increases above 3 cm d-1.   POFR and SAEX have 

similar mortality responses at low stage decline rates; however, SAEX experiences higher 

mortality than POFR at steeper rates. 

 

Model predictions 

The recruitment model predicted the highest density of seedlings to occur at or 

slightly above mean summer stage (Figure 8).  Most of the predicted daily seedling 

cohorts had rooting elevations within 10 cm of baseflow because the bulk of the seed 

release period in all years occurred after the spring managed flow pulse.  The predicted 

density ranged two orders of magnitude from 1 to 100 seedlings m-2 and generally 

decreased with elevation.  

Plots of predicted seedling daily cohort density versus elevation show distinct 

patterns between years (Figure 8).  The highest seedling densities and rooting elevations 

were predicted for all species to occur in 2004, the year with the highest spring flows.  In 

2004, densities of up to 35 seedlings m-2 were modeled at bank elevations up to 80 cm 

above baseflow stage, though most seedlings were predicted to establish between 0-30 

cm.  For 2002, the model also predicted that the majority of seedlings to occur below 30 

cm, with densities "10 seedlings m-2 above that level.  For 2003, a year when flows never 

increased above 20 m3 s-1 after May 1, most seedlings were predicted to occur within 10 

cm of baseflow stage, and virtually none were expected above 45 cm.    

Species differences were also apparent in the model predictions.  The model 

predicted that POFR would have seedlings highest on the bank in all years.  This pattern 

was driven by its dispersal earlier in the spring, when the flow stage was highest.  Of the 
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three species, SAGO seedlings were predicted to have the highest densities, up to 92 

seedlings m-2, compared to a maximum of 50 seedlings m-2 for POFR and 36 seedlings m-

2 for SAEX.  The higher SAGO density was driven by both its higher overall fecundity 

(Figure 6) and survival rate (Figure 7). 

 

Model validation 

The validation data from the reach-wide seedling surveys show that the empirical 

model broadly replicates the basic recruitment patterns.  The model captures the relative 

rankings of density and rooting elevation by species and year.  In both the model 

predictions and field data, 2004 supported the highest seedling densities and the highest 

rooting elevations, and 2003 the lowest levels of both factors.  Both predicted and 

observed data sets showed SAGO densities to be highest and SAEX the lowest. 

When plotted in density-by-elevation factor space, most of the observed seedling 

quadrats were located in the same plot areas as most of the predicted daily seedling 

cohorts (Figure 8).  For example, for POFR in 2002 both predicted and observed densities 

were limited to "100 seedlings m-2, and the majority of seedlings were rooted at "40 cm 

elevation above baseflow (with some low-density cohorts predicted but not observed 

above that stage).  In 2003 the vast majority of seedlings of all three species were 

predicted to occur below 10 cm, and the field data are in agreement, with the exception of 

3 quadrats containing SAGO seedlings at elevations between 20-40 cm.   

When we compared the predicted data with field data from only Sandbar #3, 

which was used to generate the rating curve, the predicted and observed correspond better 

with regard to elevation and density for 2002 and 2004 (Figure 9).  In those years the 
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Sandbar #3 quadrat observations plot fairly close to the densest point estimates of bank 

elevation and density predicted by the model.  In 2003, no seedlings were found at 

Sandbar #3; there was no agreement with model predictions for that year. 

The model does have some shortfalls.  There is more variation in observed 

seedling densities than those predicted by the model and less variation in rooting 

elevation (Figure 8).  One major difference between the modeled and observed 

distributions is that very few seedlings were observed higher than 40 cm above summer 

baseflow.  The model predicted low densities ("10  seedlings m-2) would occur up to 80 

cm; field surveys did not bear that out.  In addition, at two sandbars in 2004, some SAGO 

and POFR quadrats supported seedling densities an order of magnitude higher than 

predicted (1000-1600 seedlings m-2), and one SAGO quadrat was two orders higher (104 

seedlings m-2).  The recruitment model did not capture this extreme range of seedling 

densities.  The other 11 sandbars in the reach supported seedling densities more in line 

with the model’s predictions. 

 

DISCUSSION 

In this chapter we synthesized the ecological investigations detailed in Chapters 

1-3 into a numerical, predictive model of first year seedling recruitment patterns.  The 

model generates point estimates of seedling density and elevation based on projections of 

bank inundation levels during the growing season, seed release timing and density, and a 

survival function that quantifies seedling mortality from desiccation induced by water 

table decline.  We simulated annual recruitment distributions at a site for three years for 

the three dominant woody pioneer species in San Joaquin Basin riparian zones, and 
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compared these predictions against field data from a 20-km river reach for the same time 

period.   

Despite the simplifying assumptions and abstraction of topography inherent in the 

model, its predictions nevertheless capture the basic patterns of interannual and species-

level differences in recruitment.  As a spatially-implicit simulation for one site, the model 

clearly underrepresents the high variability in young-of-the-year seedling densities 

encountered within the reach, and it overestimates the range of elevations at which 

seedlings establish (Figure 8).  However, the model’s estimate for both response variables 

are more realistic when compared against actual density and elevation distributions at the 

sandbar used to model the hydrology function (Figure 9).  The successful basic pattern 

replication conducted in this exercise is a first step toward developing the recruitment 

model into an analytical tool for evaluating the impacts of management actions, 

restoration strategies, and climate-induced changes in physical ecosystem drivers.  

 

Model simplicity versus natural complexity 

The recruitment model as currently designed estimates the central tendencies for 

seedling density and rooting elevation but none of the variability in those properties 

evident throughout the reach.  In order to simulate the variability in recruitment inherent 

in a topographically and ecologically diverse reach, future applications of the model will 

need to integrate a range of boundary conditions and input functions.  This could be 

accomplished by representing inputs as distributions, rather than single estimates of 

natural conditions, and using Monte Carlo methods to generate distributions of outcomes.   
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The first step would be to represent the topographic diversity as a distribution of 

stage-discharge relationships (based on channel cross-sections and hydraulic model 

estimates) representative of those in the reach.  The fecundity function could be modified 

by simulating variation in seed release timing between sites, as was observed in the field 

(Chapter 2), and by modifying the fecundity multiplier for species individually based on 

estimates of per-tree seed production and/or the relative abundance of parent trees in the 

reach.  The survival function could also be represented as a distribution of failure time 

models to account for heterogeneity in baseline hazards among individuals (Zens and 

Peart 2003) or among site groups (Dunlap et al. 1994).  In the sections below we discuss 

the issues of model realism inherent in each of the model’s input functions. 

A second general issue concerns the nature of the density predictions.  Because 

the model is spatially-implicit, not explicit, it is difficult to compare observed field 

densities to predicted ones at elevations where the river stage is stable for much of a 

species’ seed release period.  This occurred during the middle and late summer of all 

three years modeled; most of the seed dispersal occurred when the river was at summer 

baseflow stage (Figure 6).  In this situation, the model predicts seedlings to germinate on 

top of seedlings already present along a narrow strip of bank.  These predictions are 

represented as horizontal linear clusters of points, each of which represents a daily cohort 

prediction (Figure 8).  Because in the real world these elevation levels correspond to the 

same narrow regions of riverbanks, the modeled situation begs the question whether to 

interpret the multiple density estimates additively.   

Because of the lack of topographic complexity in the recruitment model, it is most 

appropriate to consider the density estimates as relative probabilities of seedling 
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occurrence, and to integrate them across the elevation gradient (i.e., add them for each 

increment of elevation).  Practically, this would be accomplished with a smoothing 

function to approximate a probability density function along the elevation axis.  

Admittedly, this process does not account for issues of crowding or biotic effects, such as 

density-dependent mortality, as the probabilities pile up for stable flow periods.  Under a 

natural flow regime, this situation would rarely be encountered except at summer 

baseflow stage, and field evidence suggests that seedlings germinating at the baseflow 

waterline are lost to wave action and the mild disturbance that occurs with repeated flow 

flucturations (J. Stella, unpublished data).  Under regulated conditions, however, stable 

flows occur at multiple elevations (Figure 6), so representing the effect on seedling 

occurrence probability is more important at these stages.   

 

The site hydrology component 

There are several ways in which the model over-simplifies the physical and 

biological interactions that result in successful seedling cohorts.  One emergent property 

of the model predictions is the tendency to trace a linear path of density-elevation 

combinations at higher bank elevations (Figures 8 and 9).  This linear pattern, which 

tends to plot diagonally from upper left to lower right in density-elevation factor space, is 

driven by the interaction of the early spring stage hydrograph with the fecundity function.  

The frequency of points is determined by the model’s cohort generation time, which is 

daily in this case.  As a result, the modeled cohorts track the daily flow recession along 

banks at the beginning of the seed release period, resulting in predictions of low seedling 

densities to occur at high elevations.  In most cases, this was not observed in the field.    
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The spatially-abstract representation of reach topography in the model may 

explain why seedlings predicted to occur at rooting elevations above 50 cm were not 

observed.   The rating curve used to drive the stage hydrograph (Figure 5) may not be 

representative of the other sandbars in the reach.  Sandbar #3 was located in a more 

confined river reach relative to most of the other sandbars, which may have resulted in a 

proportionally higher bank stage with increases in discharge.  Translated through the 

model, the result would be higher rooting elevations than would be predicted with a 

rating curve for a less-confined reach.  Using a different stage-discharge relationship (or 

better yet, a distribution of relationships based on reach topography) should generate 

more realistic predictions. 

It is also possible that in the field validation data, non-random patterns in sandbar 

topography reduced the probability of observing seedlings at higher elevation.  Most of 

the sandbars surveyed had cross-sections characterized by a series of flat benches that 

stepped up from baseflow stage to the upslope boundary between the active channel and 

floodplain (e.g., the sandbars used in the Chapter 1 competition experiment).  In alluvial 

rivers these surfaces are the consequence of the dominant flow regime and tend to have 

similar inundation discharges throughout an alluvial reach (Dunne and Leopold 1978).  

Most of the sandbars we surveyed had a wide, flat bench located 20-50 cm above 

baseflow stage with more steeply sloped surfaces above 50 cm.  Given our transect 

sampling design, this morphology resulted in more quadrats searched on the low, flat 

benches and fewer on the higher surfaces.  In a more advanced simulation, we could 

weight the model predictions (which assume equal probability of observing seedlings at 

all elevations) by a topographically-weighted elevation distribution.    
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The fecundity component 

There are some ways in which the recruitment model’s fecundity function failed 

to completely capture the biology of real dispersal processes.  The three main issues with 

the fecundity function are concerned with the representation of natural variability in 

fecundity, functional form, and dispersal time from tree to riverbank.  As with all the 

input functions, we approximated a central tendency for the fecundity function based on 

mean catkin counts from all of our sites.  This initial condition does not allow for any 

variation in the initial seedling density due to natural conditions such as topography (e.g., 

higher seed-trapping efficiency in local depressions), hydraulics (e.g., higher seed 

dispersal in eddies and sinuous waterlines along broad sandbar benches), and distance to 

parent trees.  The result is a lack of variation in seedling density predicted by the model 

compared to that found between field sites.  For example, seedling quadrat densities 

observed for POFR and SAGO in 2004 ranged five orders of magnitude, with the highest 

densities (103-104 seedlings m-2) occurring exclusively at two sandbars.  All other 

sandbars had seedling densities closer to predicted values ( "100 seedlings m-2).   

Secondly, there is no inherent reason why the initial seedling densities 

approximated by the fecundity function should match actual densities of germinants.  The 

fecundity function is based on distant observations of open catkins counted using a rapid 

survey method.   Catkins of each of the species in our study vary in size, morphology, 

seed abundance, and visibility.  Furthermore, the protocol used to estimate catkin density 

limited counts to 20 seconds for reasons of sampling efficiency and standardizing field 

efforts between surveys.  This method had the result of flattening the fecundity curves at 
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the peak of the seed release period (Figure 6), particularly for POFR and SAGO, since 

the abundance of catkins on most trees at these periods exceeded the observer’s ability to 

count.  As a result, the model likely underestimated initial densities during the peak seed 

release period, which occurred when the river was at baseflow stage in the years studied.  

Increasing the kurtosis of the fecundity input function should in theory lead to greater 

variability in the density of seedlings predicted to establish at low elevations, since they 

will have a greater range of starting densities.  Also, in order to more realistically 

estimate an index of propagule availability, catkin density should be scaled by an 

estimate of seed abundance per catkin.  The relationship may not be a simple linear one 

as initially specified in the model (i.e., one initial germinant per catkin observed), but 

some other scale (e.g., cubic, if seed abundance is proportional to catkin volume). 

Thirdly, the fecundity function assumes no dispersal time between seed release 

(as observed on the trees) and seedling emergence.  In reality, a host of complex 

processes are responsible for seed dispersal to riverbanks, including location of parent 

trees, and dominant patters of wind and river flow.  In the specific case of the lower 

Tuolumne River study reach, the phenology sampling site furthest downstream released 

seeds later than upstream sites for all three species (Chapter 2, Table 2).  The sandbars 

surveyed for model validation were located at the downstream end of the reach and 

would have received seeds from upstream sites before those from local trees.  This 

situation may have resulted in a delay in the time from tree to bank.  Introducing a time 

lag in the model fecundity function would tend to decrease elevation predictions for the 

years we simulated, because seeds would be deposited later during the receding flow 

pulse.  This can be visualized by a right shift in the seed release patterns relative to flow 
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in Figure 6.  A more complex simulation model could represent fecundity as a series of 

seed release functions from various sites with or without a travel time lag built in. 

 

An extension of the fecundity function 

In addition to the model refinements outlined above, the fecundity function may 

be modeled for years when it was not observed in the field.  In Chapter 2 we described a 

method of simulating the timing of specific quantiles of seed release density (i.e., the 

fecundity function) using a degree-day model based on a seasonal air temperature record.  

The degree-day model predicted the variation in the timing of seed release initiation (the 

20th seed release density quantile) across years and sites with 54-70% better accuracy 

than julian day averages, with the POFR and SAGO degree-day models performing 

substantially better than the SAEX model. 

In order to model the fecundity function in the recruitment model (rather than 

using directly-observed data), the seasonal timing would be determined by heat sum 

targets computed for a range of seed release quantiles.  Recall that the degree-day model 

has two empirically-derived parameters: a degree-day threshold corresponding to a 

quantile of seed release density (the response factor of interest), and a base temperature 

that represents a lower thermal limit to biological development (Arnold 1959, Yang et al. 

1995).  The degree-day threshold for a quantile of interest is computed empirically as the 

mean of the nine (3 sites in 3 years) degree-day sums corresponding to observed dates for 

that quantile.   

Modeling the fecundity function for a particular location and year is accomplished 

in two steps.  First, a cumulative degree-day series is generated from the daily 



 

 
 
 

188

temperature record for that site.  Secondly, the dates corresponding to the desired seed 

release quantiles are indexed by cross-referencing the heat sum targets for those 

quantiles.  The result is a fecundity function for each species at a particular site that is 

generated solely by the local daily temperature record (Figure 10).   

This basic degree-day fecundity function can be extended to include the processes 

of dispersal and short-term ecosystem storage that occur while seeds are still viable 

(Pelzman 1973).  The seed germination trials summarized in Chapter 2 indicate that there 

is some limited time when seeds are viable following catkin dehiscence.  In theory, this 

interval effectively lengthens the period of peak seed availability, especially for POFR, 

which has the most long-lived seeds (54 ± 6 days per seed batch, mean±1SE).  This time 

extension may be important in evaluating the effects of late-season high flows on 

potential recruitment and community dynamics (Pelzman 1973, Poff et al. 1997, Rood et 

al. 2005).  We can represent this storage potential as an extension of the seed release 

period (the shaded regions in Figure 10), which we derived empirically from lab 

germination trials.   

It is important to note that this time extension on the propagule availability 

function represents near-optimal conditions.  The seed viability results were obtained 

under relatively mild laboratory conditions, and field conditions are undoubtedly more 

variable and potentially detrimental (e.g., exposure to increased humidity and high 

temperatures, insects and fungal pests).  Secondly, we observed that longer storage times 

caused a substantial delay in germination, which in other studies is correlated with slower 

field emergence, seedling development, and plant vigor (Roberts 1972, Bradbeer 1988, 

Smith and Berjak 1995, Bonner 1998).  The realized extension of the fecundity function 
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due to seed viability is likely somewhat less than what the shaded areas of Figure 10 

indicate. 

 

The seedling survival component 

There are two key ways in which the seedling survival function may over-

simplify the ecological processes it approximates, resulting in overestimates of predicted 

seedling survival.  First, it is possible that the seedling mortality experienced in the 

drawdown experiment (Chapter 3) was lower than what typically occurs in the field, 

resulting in a too-shallow regression model response function (Figure 7).  Secondly, the 

sequential method we used to calculate weekly survival rates may have resulted in 

overestimates of final seedling cohort densities.    

Regarding the first point, seedling survival rates from the seedling demography 

study described in Chapter 1 are typically higher than those generated by the recruitment 

model.  The lowest survival rates computed by the model for any daily cohorts ranged 

over the three years modeled from 56-65% for POFR, 88-93% for SAGO, and 28-41% 

for SAEX.  In all the years modeled, these survival predictions were driven by the low 

stage decline rates that extended throughout the summer under the regulated flow regime.  

The accelerated failure time models predict 50-day survival rates of !65% for stage 

decline rates "1 cm d-1 and as a result, the recruitment model predicted that most 

seedlings would be alive at the end of the summer.  In contrast, end-of-summer survival 

of seedlings in the field demographic study ranged 17-56% across all species during a 

period when flow levels averaged <1 cm d-1 (Table 1 in Chapter 1).  Though the modeled 

and observed survival estimates are not exactly comparable, partly because of varying 
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timeframes used to compute them, the large disparity suggests that field survival rates are 

somewhat lower than those observed experimentally.   

The other issue inherent in the survival function is the computational process 

involved.  We modeled weekly survival using weekly-averaged stage change.  For ease 

of calculation we assumed a continuous distribution of seedling density, rather than a 

distribution of discrete individuals.  This resulted in non-integer density estimates which 

may overestimate survival, especially at low predicted densities, as a result of the method 

of multiplying weekly survival rates.   

Furthermore, each weekly survival estimate was calculated from a new iteration 

of the failure time survival model.  This was necessary because the model equation does 

not allow for calculating the interaction between drawdown rate and time from the start 

of drawdown.  This resulted in limiting survival estimates to the first seven days from the 

start of stage decline in the survival model (the left-most factor space in Figure 7, 

bottom), effectively ‘resetting the clock’ for each subsequent calculation.  In this model 

system, there is no memory of previous stage decline rates, as in real systems when plants 

are stressed and more susceptible to mortality even when conditions improve.  This 

computational process likely results in overestimated survival rates.   

This recruitment model’s survival overestimates may be addressed in future 

versions two ways.  First, the drawdown rate coefficient in the survival models (Table 2) 

may be increased to the point that survival rates predicted at low stage declines match 

those observed in the field demographic study (Table 1 in Chapter 1) or other relevant 

studies.  Secondly, future versions of the recruitment model may simulate mortality using 

some other input function, for example a general linear model in which interactions 
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between drawdown rate and seedling endurance time may be computed directly.  We 

used the accelerated failure time regression model initially as the best approximation of 

the empirical data, which had censored observations and necessitated using a model 

structure suited to this type of data. 

The effect of adjusting the recruitment model survival function, either through 

modifying the drawdown rate coefficient in the failure time model or by changing the 

computational form to allow for interactions of stage decline rate and time, would be to 

decrease the final seedling density estimates.  For the years modeled, this would have a 

proportionally greater impact on the earliest-germinating cohorts that established at high 

bank elevations early in the spring.  This may result in much lower or zero densities at 

bank heights <40 cm above baseflow, a scenario that would more closely approximate the 

validation data. 

 

Model applications 

Once the input functions in the basic recruitment model are refined, the model 

may be applied to specific management questions or ecological scenarios.  Three of the 

most feasible of these are rehabilitating individual floodplain sites, designing restoration 

flow regimes, and projecting the impact of climate-driven changes in the flow and 

temperature regimes. 

Rehabilitation of channels and floodplains in severely degraded river reaches 

modified by aggregate mining, agriculture and flood control structures is an increasingly 

frequent restoration activity in the San Joaquin Basin.  Large-scale projects with 

floodplain regrading and revegetation components have already been conducted on the 
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Tuolumne and Merced rivers (e.g., CDWR (California Department of Water Resources) 

2002), with more considered and planned on these and other Basin rivers (McBain & 

Trush Inc. 2000, Stillwater Sciences 2001, 2003).  The recruitment model can be a useful 

design component for these projects to identify floodplain elevations that would 

maximize the probability of natural recruitment to occur under current or projected flow 

conditions.  This process would be a straightforward extension of the recruitment model 

described above, by using the rating curve for the site of interest in the model and 

entering a range of likely flow scenarios and fecundity functions (or modeling them using 

heat sums from air temperature records).  The result would be a series of annual 

probability distributions, each of which would predict where seedlings would most likely 

occur on banks in a given year.   

A second application, one with significantly higher computational complexity, 

would be to couple the recruitment model with a landscape model to generate spatially-

explicit recruitment predictions for a specific river reach.  This approach would require 

that stage-discharge relationships be established throughout the reach with sufficient 

density to capture the diversity of site hydrology that drives the model assumptions.  

Typically, these rating curves are generated using a hydraulic model with channel cross-

sections generated either from field surveys or from a GIS-based digital terrain model.   

This approach has been applied to other riparian vegetation models with mixed 

success (Auble et al. 1994, Dixon 2001, Stillwater Sciences 2003).  Auble and others 

(1994) developed a successful gradient analysis of herbaceous community cover along 

the Gunnison River, CO, using bank inundation duration predicted from a hydraulic 

model.  Dixon (2001) hydraulically modeled local scour and inundation factors on 
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sandbars along the Wisconsin River, WI to generate explanatory variables in a seedling 

recruitment model.  Though the Wisconsin River model predicted the distribution of 

seedlings fairly well for the four years of that study, modeled projections for a long-term 

historical simulation were not consistent with the current population structure as observed 

from tree-ring records.  An important consideration in taking a spatially-explicit approach 

is to evaluate the scale of model predictions relative to the precision of both the 

topographic model (i.e., vertical elevation accuracy) and the hydraulic model (i.e., the 

predicted stage-discharge relationship).  Recruitment model results that cover a narrow 

range of elevation (as occurred in the Tuolumne River model simulation as a result of the 

managed flow regime in 2002-04) will have limited interpretability when extended using 

a terrain model with 0.5 m accuracy.  However, this approach may be appropriate for 

understanding the effects of large-scale differences in the flow regime (e.g., managed 

versus unimpaired) or stage-discharge relationship (e.g., leveed or unconfined reaches) 

on recruitment probability (Auble et al. 1994, Gergel et al. 2002).  A further extension 

using a GIS-based approach would be to predict the spatial extent of recruitable 

floodplain surfaces based on a particular flow scenario.  This approach would be useful 

for restoration planning throughout a reach (e.g., Stillwater Sciences 2003), as well as for 

estimating the initial cohort size for a stage-structured population model (e.g., Lytle and 

Merritt 2004). 

The recruitment model may also be extended to simulate important life history 

processes that occur after the first year and that influence the population structure and 

successional dynamics of pioneer riparian trees.  For example, overwinter scour mortality 

is an important process that limits the success and density of annual seedling cohorts 
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(Chapter 1).  Any long-term model of tree establishment will need to quantify the effect 

of hydrogeomorphic disturbance and other interannual mortality agents on cohort density 

and geographic distribution.  The details of these methods are beyond the scope of this 

chapter, but we outline here some possible approaches.  Most simply, a static scour 

assumption may be added to the spatially-implicit model outlined in this chapter by 

setting a minimum elevation above baseflow for interannual survival.  If we assume that 

bank elevation is correlated with shear stress, stream power, or some other measure of 

hydraulic force experienced by rooted seedlings, the minimum establishment elevation 

would be expected to vary with the stage-discharge relationship used in the model 

(Bendix 1999, Friedman and Auble 1999).   

In a multi-year simulation, the overall success of an annual cohort may be 

modified to account for scour in subsequent years, with some assumption of decreasing 

susceptibility as the cohort ages.  In a spatially-explicit model, the first step is to identify 

a disturbance threshold that corresponds to seedling mortality, for example, a critical 

shear stress or streampower estimate sufficient to scour the bank to the depth of seedling 

roots.  Secondly, a hydraulic model would be used to compute scour elevation at each 

cross-section (Dixon 2001).  This approach may be used to simulate multi-year patterns 

in cohort survival given various interannual flow regimes.   

This approach would need to take into account the processes of channel migration 

and floodplain accretion that drive new stand establishment in alluvial reaches, processes 

that are not captured in most hydraulic models (e.g., the one-dimensional HEC-RAS 

model commonly employed by the U.S. Army Corps of Engineers).   This issue was 

addressed implicitly by Lytle and Merritt (2004) in a non-spatial, structured population 
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model for plains cottonwood (Populus deltoides) by reducing each cohort’s mortality rate 

(expressed as a stage transition probability) as it aged.  The lower mortality rates assumed 

that the channel migrated away from established stands as the floodplain developed, 

giving older trees a better chance of living to the next age group than younger trees closer 

to the channel.  This assumption of lower susceptibility to large floods with cohort age 

may not be appropriate for large reaches of the lower Tuolumne River and other 

regulated rivers where channel migration and floodplain accretion is severely curtailed by 

sediment impoundment, channelization, and severe flow modification (Ligon et al. 1995, 

Trush 2000).  

Lastly, the recruitment model may be used to simulate variation in the probability 

of successful cohorts to establish over long periods of time.  This process may be run 

backwards (‘hindcasting’) to compare the effects of flow regulation to unimpaired 

conditions on the current population structure.  Equally, it can be run forwards to project 

changes in recruitment dynamics under proposed flow management or climate change 

scenarios.  As mentioned above, predicting population structure will require some 

quantification of longer-term mortality processes in order to accurately predict the current 

distribution of tree cohorts (Dixon 2001, Lytle and Merritt 2004).  Optimally, these 

predictions should be validated by the cohort structure evident in the population age 

structure of floodplain forest stands throughout a reach (Merigliano 1996, Scott et al. 

1997).  However, independent validation of population age structure predictions using 

tree rings records or aerial photos may not be possible for streams heavily modified by 

floodplain development, such as the lower Tuolumne River, since remnant stands of adult 

trees are sparse and highly fragmented.   
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Projecting the effects of future climate change on seeding recruitment has the 

added complexity of simulating a new temperature regime as well as a new flow regime.  

The degree-day model we developed (Chapter 2) predicts that for the temperature 

regimes in the range observed during this study, seed release occurs earlier in years with 

a warm spring.  Snowmelt will be expected to occur earlier in these years as well, setting 

the boundary conditions for good recruitment potential during the seed release period.  

Synchronized changes in snowmelt timing and flowering date have been observed in the 

Western U.S. over the last 30 years (Cayan et al. 2001).  It remains to be seen, however, 

to what extent pioneer riparian trees can adapt interannually to the extended temperature 

shifts predicted by climate models (IPCC 2001), or whether there are physiological limits 

to development phenology that cause a decoupling of biological response from the 

physical regime (Chuine and Beaubien 2001, Penuelas and Filella 2001). 
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TABLES 

Table 1.  Inputs into the recruitment model.  Conceptual model components refer to the 
‘recruitment box’ framework of Mahoney and Rood (1998).  For all three components, 
empirical data were collected, analyzed, and modeled to provide quantitative input 
functions for the recruitment model.  All data collection occurred along the Tuolumne 
River from 2002-04 except the simulated water decline experiment, which was conducted 
in 2002 at the University of California’s Russell Reservation Research Station in 
Lafayette, CA.   
 

Conceptual 
Model 

Component 
Empirical Data Collected Modeled Input Function 

   
Site hydrology Pressure transducer stage data from 3 

sandbar sites 
 

Daily flow records for the Tuolumne 
River at Modesto 

(USGS gauge #11290000) 

Calibrated stage-discharge 
relationships and continuous stage 

hydrographs that predict inundation 
levels at representative sandbar sites 

   
   

Seed dispersal 
timing 

Seasonal fecundity index (open 
catkins tree-1) for 3 species at 3 

floodplain sites 
(30 trees per species total) 

 
Continuous air temperature at the 

floodplain sites 

Empirical fecundity function 
(direct input of the fecundity index) 

 
(See Discussion section application 
of the Chapter 2 degree-day model 
to simulate the fecundity function 

as a probability density) 
   
   

Seedling 
desiccation 
tolerance 

Seedling survival, growth and 
physiology in response to simulated 

water table declines 
(experimental rates: 0, 1, 3, 6, and 9 

cm d-1 for 50d) 

Parametric accelerated failure time 
regression model that estimates 
seedling cohort mortality at a 

continuous range of stage decline 
rates 
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Table 2.  Accelerated failure time regression model coefficients for each species.  The 
model predicts seedling mortality from start of drawdown as a function of drawdown rate 
using a Weibull distribution with three parameters, intercept (or location), slope (of the 
drawdown rate covariate), and scale.  Values in parentheses are lower and upper 95% 
confidence intervals for the parameter estimates. 
 

 Total 
Observations 

Censored 
Observations Intercept Slope Scale Log-

likelihood 
       

POFR 239 87 4.24 
(4.09,  4.40)

-0.14 
(-0.16,  -0.11) 0.52 -671.99 

       

SAGO 221 108 4.51 
(4.34,  4.68)

-0.15 
(-0.18,  -0.12) 0.38 -499.21 

       

SAEX 203 88 4.40 
(4.17,  4.63)

-0.19 
(-0.24,  -0.14) 0.66 -546.44 
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FIGURES 

 
Figure 1.  The ‘recruitment box’ conceptual model (figure adapted from Mahoney and 
Rood 1998).  Successful seedling recruitment is constrained by (a) site hydrology, which 
incorporates river stage and water table dynamics; (b) seed dispersal timing, which 
incorporates seasonal variation in seed density; and (c) seedling desiccation tolerance, 
which is a function of the rate and duration of water table decline.   
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Figure 2.  Seedling recruitment patterns typical of semi-arid alluvial river systems.  
Seedling recruitment is constrained in the first year by desiccation-inducted mortality at 
high bank elevations, and overwinter mortality from scour and deposition at lower 
elevations. 
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Figure 3.  The lower Tuolumne River study reach.  Solid dots indicate location of 
sandbars used for developing stage-discharge relationships.  Seedling transect surveys 
were conducted annually from 2002-04 on 13 sandbars distributed throughout the 20-km 
reach from Modesto to the confluence with the San Joaquin River.   
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Figure 4.  Recruitment model structure and computational sequence.  The model 
integrates empirically-derived input functions that describe site hydrology, dispersal 
timing and density, and seedling survival rates.  Annual predictions of end-of-summer 
seedling composition, density and elevation were tested against field data from 2002-04. 
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Figure 5.  Stage-discharge relationship used to generate initial conditions of seedling 
density in relation to bank position and river hydrology.  River stage data was recorded at 
one sandbar using a continuously-recording pressure transducer.  The rating curve was 
computed by matching stage data with real-time discharge records from an upstream 
USGS gauge (#11290000, Tuolumne River at Modesto) and correcting for travel time.  
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Figure 6.  Timing and density of seed dispersal in relationship to Tuolumne River 
discharge, 2002-2004.  Discharge and seed dispersal density were input into the 
recruitment model in daily time steps. 
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Figure 7.  Species-specific seedling mortality predictions generated using a parametric 
accelerated failure time regression model with a Weibull hazard distribution.  Top row 
shows predicted response surface as a function of rate and duration of groundwater stage 
decline.  Bottom row compares mortality quantiles for the failure time model (lines) with 
empirical Kaplan-Meier empirical survival estimates from the experiment data (points) 
with 95% confidence intervals for median survival (dotted lines).  
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Figure 8.  Comparisons of annual species-specific model predictions (open circles) with 
observed seedling densities and elevation (crosses) for 2002-04.  Predicted data are for 
one sandbar site; field observation data is pooled for the entire reach (13 sandbars total). 
 

1 10 100 1000 10000

0
20

40
60

80
10

0 POFR 2002

1 10 100 1000 10000

0
20

40
60

80
10

0 POFR 2003
Predicted
Observed

1 10 100 1000 10000

0
20

40
60

80
10

0 POFR 2004

1 10 100 1000 10000

0
20

40
60

80
10

0 SAGO 2002

1 10 100 1000 10000

0
20

40
60

80
10

0 SAGO 2003

1 10 100 1000 10000

0
20

40
60

80
10

0 SAGO 2004

1 10 100 1000 10000

0
20

40
60

80
10

0 SAEX 2002

1 10 100 1000 10000

0
20

40
60

80
10

0 SAEX 2003

1 10 100 1000 10000

0
20

40
60

80
10

0 SAEX 2004

seedling density (stems/m2)

el
ev

at
io

n 
ab

ov
e 

su
m

m
er

 b
as

ef
lo

w
 (c

m
)



 

 214 
 
 

Figure 9.  Comparison of modeled recruitment (open circles) with observed field data 
(crosses) for the sandbar used to generate the rating curve in the recruitment model 2002-
04.  Field data consist of pooled observations from three transects.  No seedlings were 
detected in 2003. 
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Figure 10.  A simulation of the fecundity function using degree-day model.  Fecundity is 
modeled as a density distribution for (a) a generalized case, and field-parameterized 
examples for (b) POFR, (c) SAGO, and (d) SAEX.  The basic seed release component is 
a probability function (bold line) using the optimized degree-day seed release quantile 
model for each species and the degree-day record for a particular site and year (Tuolumne 
River Basso site in 2004 for this example).  Arrows 1 and 2 in each panel indicate the 
JD20 and JD80, or dates corresponding to 20th and 80th quantiles of seed release density.  
This interval is defined as the peak seed release period.  The shaded region represents the 
maximum potential propagule storage afforded by seed longevity (see Chapter 2).  
Storage potential varies somewhat with seasonal timing because seed batches collected 
late in the season had consistently low germination rates.  Arrow 3 marks the modified 
JD80 using this approach and represents the maximum potential extension of the peak 
seed release period. 
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