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Ecological Studies of Willow (Salix caroliniana): Final Report – Year 1
INTRODUCTION  
The headwater region of the Upper St. Johns River in east-central Florida contains vast wetlands dominated by willow marshes, wet prairies, sloughs, shrub swamps and forested swamps.  Over the past 40 years, woody shrubs – primarily Carolina willow (Salix caroliniana Michx.) – have encroached into areas that historically were herbaceous marsh.  Woody shrub encroachment has been attributed to hydroperiod reductions, reduced fire frequency, and disturbance caused by construction activities.  However, little research has addressed the ecology of willow invasion.  
The St. Johns River Water Management District (SJRWMD) is investigating methods of restoring herbaceous wetlands using mechanical and chemical methods.  Once restoration is achieved, the SJRWMD needs to manage herbaceous marshes to minimize reversion to willow shrub wetland. Accomplishing this task requires understanding the factors that facilitate willow invasion of herbaceous wetlands.   The objectives of this project were to determine how: 
1) environmental factors such as soil type (peat, sand, clay), hydrology (saturated, flooded, dry), and nutrients (phosphorus, nitrogen, micronutrients) affect willow seed germination, growth, and survival; and 
2) fire, hydrology, and interspecific competition control the distribution of willow in marsh habitats.
We envision the willow invasion as a multi-phase (Introduction → Colonization → Naturalization) and multi-scale process (individual, population, and region).  We are addressing each part and will integrate them into a predictive, demographic model (Fig. 1) to inform management decisions.  
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We are combining greenhouse, field, and natural experiments with field observations, dendrochronology, and modeling to evaluate the invasion potential and population trends of willow within the regional landscape.  We will parameterize the model with probabilistic estimates of vital rates that reflect the performance of willow in contrasting environments, evaluate its relative success across regional ecosystems and map expected invasion fronts using geographic information systems (GIS).  The goal is to identify areas susceptible to colonization and expansion of willow, identify practical management techniques and prioritize management on areas critical for halting and eventually reversing the current invasion of herbaceous wetlands.

This report describes the major project elements completed in 2008-2009 and those that are still underway, and explains how they relate to overall objectives. Experiments in growth chambers demonstrated causal relationships between soil type and moisture and germination success.  Experiments in the greenhouse identified relationships between soil type, nutrient levels, and hydrologic regime, and the responses of willow seedlings and large cuttings.  Field experiments investigated responses of willow to interspecific competition along the upland-wetland ecotone, and to elevation within a marsh.  We describe seedling and adult survival, growth, and mortality in different habitats and estimate seed production and dispersal.  We compare growth rates of willows in the natural setting to those observed in greenhouse trials and identify reliable measures of willow growth.  Project elements are presented herein as tasks, with numbers corresponding to those in the Scope of Work.  
Extensive documentation of this project, including photographs, raw data, spreadsheets and preliminary analyses are available on-line at http://biology.ucf.edu/~pascencio/willow%20research.html
Task 2.1 – Germination and early survival and growth experiments
Germination experiments - Between February 24 and April 24, 2009 we completed two experiments evaluating the effect of water availability and substrate type on germination and seedling survival of Carolina willow. For both experiments we selected only viable seeds, based on color and texture. Prior to the beginning of the study, two phenotypes (rough brown and smooth green seeds) were put into a Petri dish with water in a growth chamber for one day. Results indicated that smooth green seeds were the only viable seeds (Fig. 2)
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Figure 2.  Nearly 100% of green willow seeds are viable.  
In the first experiment, we evaluated the effect of water availability on seed germination by filling 420 ml pots with either approximately 90 g of commercial potting soil or with sand. Pots then were moistened to carrying capacity with tap water and placed into a 946 ml plastic container. Twenty seeds of S. caroliniana were non-discriminately scattered on the surface of each pot; we collected these seeds in the southern area of the Saint Johns River (Indian River Co., FL) on February 21, 2009. Immediately after sowing, we applied six different water availability treatments: the first five in combination with pot soil: 1) continuous flooding (5 cm above the soil surface), 2) soil continuously kept moist by capillarity (the outside container always filled with 2 cm of water), 3) watered daily, 4) watered once every 3 d, 5) watered once every 5 d, and 6) in sand instead of potting soil, watered once every 8 d. We used six replicates per treatment (total n = 36; 6). 
Samples were put into a CMP 4030 plant growth chamber (CONVIRON, Canada) with controlled temperature (Fig. 3), which was based on winter season data from the nearby town of Lake Placid, FL and Archbold Biological Station, FL. Germination (considered as the emergence of the radicle) and survival were recorded daily for 30 d. We used exponential and Weibull survival analysis models (R software) to evaluate germination. In addition, we evaluated percent mortality (data arcsine transformed) of germinated seedlings using ANOVA.
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Figure 3.  Maximum and minimum daily temperatures (upper trace) and light regime (lower traces) used in the germination experiments.
There were no significant differences in mean lag time, T(50) and maximum germination rate among watering treatments (Table 1). The final proportion germinating was higher for the capillarity treatment compared to watering every 8 days. There was no evidence of other significant differences for final germination proportion. The Weibull model better represented the germination schedule than the Exponential model, supporting our observation that most germination occurred rapidly, generally during the first 5 d in the pots (Table 2, Fig. 4; notice the scale far from 1.0). 

Table 1. Germination attributes of watering treatments of Salix carolineana (n=20 seeds per replicate, 6 replicates). 
	Treatment
	Mean lag time
(days)
	T(50)
(days)
	Maximum germination rate
(seeds/day)
	Final Germination rate
(Proportion)

	
	mean
	SE
	mean 
	SE
	mean 
	SE
	mean 
	SE

	Continuously flooded 
	5.38
	0.47
	4.00
	0.00
	5.33
	1.15
	0.39
	0.06

	Kept moist by capillarity 
	4.60
	0.41
	3.67
	0.21
	7.50
	1.06
	0.63
	0.09

	Watering daily
	4.64
	0.47
	4.00
	0.45
	5.33
	0.95
	0.38
	0.07

	Water once every 3 days
	4.40
	0.26
	4.00
	0.45
	5.00
	0.73
	0.41
	0.04

	Watering once every 5 days
	4.75
	0.48
	3.50
	0.22
	4.33
	0.80
	0.43
	0.08

	Watering once every 8 days
	3.85
	0.07
	3.67
	0.21
	3.67
	0.76
	0.25
	0.06

	F (among watering treatments)
	1.69
	
	0.546
	
	1.99
	
	3.19
	

	P
	0.167
	
	0.740
	
	0.108
	
	0.02
	


Table 2. Survival analysis of the first germination experiment, which compared treatments that simulated a water gradient.

	Water

Treatment
	p; null no difference between models
	Scale
	P; null: no difference among treatments using Weilbull model

	Overall
	<0.0001
	0.698
	0.00045

	Overall *
	<0.0001
	0.668
	0.087


* If an extreme replicate in capillarity treatment is excluded.

Using all replicates, capillarity was the only treatment that differed significantly from all others (Table 3).

Table 3. Survival analysis significance of contrasts between the capillarity treatment and all others.

	Treatment
	Value
	SE
	z
	P

	Daily
	0.316
	0.0904
	3.49 
	0.0005

	Every 3 days
	0.270
	0.0903
	2.99 
	0.003

	Every 5 days
	0.260
	0.0903
	2.88 
	0.004

	Flooded
	0.302
	0.0904
	3.34 
	0.0008

	Sand (8 days)
	0.418
	0.0906
	4.61 
	<0.0001


Most willow germination occurred rapidly after the initial watering, reducing the effect of moisture treatments. Water by capillarity was the best condition for germination. It was notable the some seeds germinated and survived in flooded conditions.  In terms of mortality, the driest treatment (sand with 8 d between watering) was the only one that differed significantly from the other treatments (Figure 5, Tables 4, 5).

Table 4. Analysis of variance of percent mortality (data arcsin transformed) among moisture treatments in the first germination experiment.

	
	df 
	SS
	MS
	F
	P    

	Treatments
	5   
	5.1
	1.02  
	8.3742
	<0.0001

	Residuals
	30
	3.7
	0.12
	
	


[image: image6.emf]0

0.2

0.4

0.6

0.8

1

0 10 20 30

Days

Proportion germinating 

capillarity

daily

every 3

every 5

flooded

every 8


Figure 4.  Germination of Carolina willow seeds in the six different moisture treatments established in the first germination experiment.
Table 5 Tukey’s HSD comparisons among treatments in the first germination experiment.
	Comparison
	diff


	p adj

	every_5-capillarity 
	0.306
	0.65

	every_3-capillarity 
	0.361  
	0.49

	daily-capillarity   
	0.438
	0.28

	Flooded-capillarity 
	0.526
	0.13

	sand-capillarity
	1.237
	0.00001

	every_3-every_5     
	0.053
	0.99

	daily-every_5
	0.130 
	0.99

	Flooded-every_5     
	0.219
	0.88

	sand-every_5
	0.930
	0.001

	daily-every_3      
	0.077
	0.99

	Flooded-every_3     
	0.165
	0.96

	sand-every_3 
	0.876
	0.002

	flooded-daily      
	0.088
	0.99

	sand-daily
	0.799
	0.005

	sand-flooded
	0.711
	0.016
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Figure 5. Proportion mortality by treatment (+ 1 SD) in the first germination experiment. Bars with the same letter were not significantly different.

Based on results of the first experiment, we performed a second experiment using only the capillarity treatment. On March 27, 2009, we filled pots with six different soil types that varied in nutrient concentration, composition, and the sites from which they were collected (Table 6).  We used the same pots and the same amount of soil as the first germination experiment. We moistened pots with tap water and planted thirty seeds per pot; seeds were collected on March 25, 2009 from four different sites in the Saint Johns River (Indian River Co., FL) area (Figure 6). We used all possible combinations of soil type and sites, for a total of 24 pots. Pots were put into the growth chamber and were rearranged weekly to minimize spatial bias. We recorded and analyzed germination and survival in the same manner as the first experiment.
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Figure 6.  Location of seed and soil samples within the upper St. Johns River basin.  
Table 6. Summary of soils used in the second germination experiment.

	Soil 
	Collected site
	Soil type
	Nutrients (g)

[NH4 +]    [PO4 -]  [ K+]
	Composition (%)

	BC
	Blue Cypress Marsh
	Peat
	0.47
	1.07
	3.33
	100

	RL
	River Lakes
	Peat
	1.51
	0.88
	1.07
	100

	SJ
	St. Johns
	Sand
	0.09
	0.04
	0.90
	100

	BC/RL
	Blue Cypress Marsh / River Lakes
	Peat
	0.99*
	0.98*
	2.20*
	50 : 50

	BC/SJ
	Blue Cypress Marsh / St. Johns
	Peat/sand mix
	0.28*
	0.56*
	1.71*
	50 : 50

	RL/SJ
	River Lakes / St. Johns
	Peat/sand mix
	0.80*
	0.46*
	0.58*
	50 : 50


* Estimated based on the relative contribution of each soil
There were no significant differences in mean lag time, T(50), maximum germination rate and final proportion germinating among soils (Table 7). As before, the Weibull model better represented the germination schedule than the Exponential model, supporting our observation that most germination occurred rapidly (Table 8, Figs 7, 8; notice scale far from 1.0). We therefore used the Weibull model to test for differences in germination schedule among soils and seed sources (Table 9).  Overall the data did not demonstrate differences in germination among soil types nor seed sources, but seeds from southern sources (SR60 and SR192) tended to have lower germination compared to the other sites (Fig. 7).  The exception was seeds planted into RL/SJ soil, which had high germination of seeds from Hw60. The model including the interaction between soil type and seed source had the best fit of all possible nested models of these variables (p <0.0001 compared to the additive model of these variables). There was no support for overall differences among soil types or seed sources in proportional seedling mortality (Fig. 9).

Table 7. Germination attributes of Salix carolineana among soil types (n = 30 seeds per replicate, 4 replicates or locations). 
	Treatment
	Mean lag time
(days)
	T(50)
(days)
	Maximum germination rate
(seeds/day)
	Final Germination rate
(Proportion)

	
	mean
	SE
	mean 
	SE
	mean 
	SE
	mean 
	SE

	BC
	3.5
	0.2
	3.0
	0.0
	22.8
	1.9
	0.9
	0.1

	BC/RL
	4.1
	0.3
	3.0
	0.0
	19.5
	1.6
	0.9
	0.0

	BC/SJ
	3.6
	0.3
	3.0
	0.0
	24.8
	2.9
	0.9
	0.0

	RL
	3.7
	0.3
	3.0
	0.0
	22.5
	2.2
	1.0
	0.0

	SJ
	3.9
	0.2
	3.3
	0.3
	20.5
	1.3
	0.9
	0.0

	RL/SJ
	4.5
	1.0
	3.5
	0.5
	18.5
	3.8
	0.9
	0.1

	F 
	0874
	
	0.840
	
	0.925
	
	0.185
	

	P
	0.671
	
	0.539
	
	0.487
	
	0.964
	


Table 8. Germination attributes of Salix carolineana among locations over all soil types. Interactions can not been evaluated with these data. Means with different letters are significantly different after Tukey’s HSD.
	Treatment
	Mean lag time
(days)
	T(50)
(days)
	Maximum germination rate
(seeds/day)
	Final Germination rate
(Proportion)

	
	mean
	SE
	mean 
	SE
	mean 
	SE
	mean 
	SE

	S46
	a 3.4
	0.17
	3.0
	0.00
	29.0
	0.45
	1.0
	0.01

	S50
	ab 3.6
	0.14
	3.0
	0.00
	29.2
	0.83
	1.0
	0.03

	H60
	b 4.8
	0.55
	3.5
	0.34
	26.2
	1.51
	0.9
	0.05

	R192
	ab 3.7
	0.17
	3.0
	0.00
	25.8
	0.91
	0.9
	0.03

	
	4.03
	
	2.14
	
	3.14
	
	3.18
	

	P
	0.02
	
	0.13
	
	0.05
	
	0.05
	


Table 9. Results of survival analysis of the second germination experiment, which tested effects of soils and seed sources.  

	Soil

Treatment
	P among models; null: Exponential model is equal to Weilbull model
	Scale
	P among seed sources for Weilbull model; null: locations have same germination within a soil type

	BC
	0.007
	0.834
	0.000004

	BC / RL
	0.014
	0.848
	0.007

	BC / SJ
	< 0.00001
	0.690
	< 0.00001

	RL
	< 0.00001
	0.736
	0.00012

	SJ
	0.04
	0.873
	0.036

	SJ / RL
	< 0.00001
	0.439
	< 0.00001

	Overall (among soils)
	0.00035
	0.913
	0.095


Table 10. Analysis of variance of percent mortality (data arcsin transformed) among seed sources and soil types in the second germination experiment.

	
	df
	SS
	MS
	F
	P    

	Soils
	5
	0.26
	0.052
	1.01
	0.45

	Seed Source
	3   
	0.02
	0.006  
	0.11
	0.95

	Residuals
	15
	0.777
	0.052
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Figure 7.  Germination of Carolina willow seeds among different seed sources over all soil types.
[image: image10.emf]0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30 35

Time

Proportion germinating

BC

BC_RL

BC_SJ

RL

SJ

SJ_RL


Figure 8.  Germination of Carolina willow seeds among soil types over all locations.
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Figure 9. Proportion of seedling mortality (+ 1 SD) as a function of soil type and (BOTTOM) seed population. Soils are described in Table 6. 
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Figure 10. Proportion of seedling mortality (+ 1 SD) as a function of seed population. 
Early survival and growth experiments with willow seedlings and cuttings – We are in the process of completing two greenhouse experiments to assess germination and early survival of Carolina willow seedlings and cuttings under different soil textures, nutrient levels and moisture regimes.  Both experiments used a similar randomized complete block design with six levels of soil texture crossed with four levels of moisture, and maintained at one of six nutrient levels (Fig. 11).  Each treatment combination was replicated 4-8 times, with the goal of maintaining a completely balanced design. 

We created six soil treatments using pure soils and 50:50 mixtures (by volume) of three soil types (Table 6).  The resulting six treatments spanned a range of wetland soils typical of sites that are susceptible or resistant to willow invasion.  We collected inorganic soil (Floridana sand) from a site within St. Johns Marsh Conservation Area (SJMCA) near Sawgrass Lake.  Willow was absent from this site, which was dominated by grasses, and cabbage palm (Sabal palmetto).  We collected organic soil with high nitrogen and  phosphorus from the River Lakes Conservation Area (RLCA), an area where invading willows were destroyed using intensive mechanical treatments.  We collected organic soil with lower phosphorus levels from Blue Cypress Marsh Conservation Area (BCMCA) in an interior location where willows were small and more sparsely distributed within a sawgrass (Cladium jamacensis) marsh (Fig. 12).  
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Fig. 11.  One-quarter of the cross-over experiment.  Each nutrient treatment was delivered to an individual pot in sequence; thus, the treatments “cross-over” and responses to every treatment are recorded for each individual pot. This can be visualized as a rotation of the watering treatments (colored text) in the diagram above.

We established six nutrient treatments using fertilizers to produce:

1) ambient nutrients (i.e., those in well water)

2) enhanced NH4 (4x the highest concentration found in WQ (water quality) samples taken at enriched marsh sites - 50 mg/l) 

3) enhanced PO4 (twicethe highest concentration found in WQ samples taken at enriched marsh sites - 25 mg/l/l)

4) enhanced NH4 & PO4
5) enhanced micronutrients: K = 800 µg/l, Cu = 5 µg/l, Mg =1400 µg/l, Fe = 600 µg/l, 

6) enhanced NH4, PO4 & micronutrients.

Nutrient additions were the mean concentrations found in water samples collected in impacted or higher-nutrient areas in SJMCA.  Nutrients were delivered to the pots biweekly by watering at the same time pots were re-randomized to new positions within the greenhouse (Fig 12). 

The hydrologic regime followed one of four schedules (cf. Pezeshki et al. 1998):

1) Ambient Rainfall = watered from above twice weekly with tap water; total application of water equivalent to mean central Florida annual rainfall.  When watering exceeded evapotranspiration, water sometimes accumulated 1-2 cm deep in the plastic bucket, allowing soil to wick water up.

2) Simulated Drought = watered from above twice weekly with tap water; total application of water equivalent to one-half the mean central Florida rainfall (as estimated from past 20 years of precipitation data).  Water never accumulated in the plastic bucket so soils were never saturated.

3) Constant Inundation = watered from above twice weekly with tap water, but with water levels maintained above the soil surface by ~ 1 cm.  Soils were constantly saturated and the soil surface was flooded.

4) Fluctuating Water Level = This treatment simulated flashy (short-term) changes in hydrology. In week 1 of this treatment, pots were watered from above twice weekly with tap water, with total application of water equivalent to mean central Florida annual rainfall.  This is identical to the Ambient Rainfall condition.  In weeks 2 & 3, pots were watered from above twice weekly with tap water, but with water levels maintained above the soil surface by ~ 1 cm.  This is identical to the Constant Inundation condition. In the last week of the Fluctuating Water Level treatment, water was removed from the buckets and pots again were watered from above twice weekly with tap water, with total application of water equivalent to mean central Florida annual rainfall (= Ambient Rainfall condition).  

We superimposed soil moisture treatments to the 36 soil type/nutrient treatment combinations using a cross-over design (Mead 1988). Soil moisture treatments were applied in sequence to each pot, the sequence being different for different pots.  Soil moisture was rotated monthly, with each pot provided with each soil moisture treatment once during the experiment.  This design was logistically feasible and also had very high statistical power. 
One seedling or one rooted cutting was in each pot during the cross-over experiment.  We collected seeds and cuttings from multiple willows at four locations  within SJRWMD lands and pooled them into homogeneous groups. Thirty seeds were initially germinated per pot and then thinned to reach one established seedling per pot. Cuttings were rooted in pots with moist potting soil, then removed, washed, and transplanted to pots with the experimental soil types. Plants were acclimated to greenhouse conditions for at least a month prior to the start of the experiment (Fig. 13).
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Fig. 12.  Location of soil collection sites within the upper St. Johns River basin.  RL (peaty soil with high nitrogen); RL = sandy soil; BC = Blue Cypress (peaty soil with high phosphorus).
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Fig. 13.  Willow cuttings (foreground) and seedlings (background) in greenhouse erected for this project on the UCF campus.

These experiments are scheduled for completion on October 1-2, 2009.  Because they rely on measuring the same plants under rotating watering treatments, preliminary data would be uninformative and therefore are not included in this report.

Task 2.2 – Willow Transplantation 
We conducted two manipulative field experiments (sensu Diamond 1986) in the northern, central, and southern regions of the Upper St. Johns River Basin.  Each experiment tested a major factor that was thought to influence willow invasion (interspecific competition and hydrology) For each experiment, we collected seeds and cuttings from multiple willows at >20 locations within SJRWMD lands and pooled seeds and cuttings (independently) into homogeneous groups, as described in the previous section.  Seeds were germinated in pots, while cuttings were planted into small (4” diameter) pots with commercial potting soil to force rooting into the native soil after transplanting. We transplanted 1-10 seedlings (initial number will be used as covariate) or one rooted cutting per plot and randomly assigned each group to one of the experimental treatments, described below. 
Interspecific Competition - We examined competitive interactions between willow seedlings and cuttings and the native plants in areas with different soils and different hydrology.  We established three transects in areas chosen to represent the range of available soil types and hydrological gradients (Fig. 14).  Transects spanned the floodplain from the St. Johns River or a nearby canal to a shrub- or tree-dominated hammock or upland.  We quantified competitive interactions between willow seedlings and the dominant clonal grasses and shrubs under open (e.g., herbaceous wetland) and shaded (e.g., wetland/upland ecotone) conditions. 

Treatments were willow seedlings or a cutting planted:

(1) without neighbors in a 30 cm radius within a gap > 1 m2
(2) within a circular plot with grass cover >50% and no shrubs closer than 50 cm

(3) within a circular plot with at least one non-willow shrub or tree closer than 40 cm

We recorded willow survival and growth monthly as a function of grass and forb cover and tree presence.  At the end of this experiment, which remains in progress, the UCF team will harvest the aboveground biomass of willow transplants and dry and weigh them.  Results to date indicate a strong effect of region, with no experimental willows surviving in the northern and central blocks.  Almost all willows in the northern region perished within a month of transplanting due to prolonged dry period and the sandy native soil (Fig. 15).  One remaining individual died a few months later, after being inundated by rising water levels from Tropical Storm Fay.  Similarly, most individuals in the central block succumbed during the April drought and the few remaining transplants died after prolonged inundation with water, as marsh levels rose during the summer rainy season (Figs. 16).  Currently, only six transplants remain alive in the southern block, too few to draw meaningful conclusions about the influence of interspecific competition (Table 10).  We plan to obtain this information using another competition experiment, which will be conducted in the southern region in 2010.
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Figure 14.  Locations of the north (red), central (blue) and southern (yellow) blocks of the willow competition experiment.  Seedlings and cuttings were planted in four locations along the river-to- upland gradient: along a river, stream or airboat trail; at the wetland/upland transition zone; and at two intermediate locations between these two extremes.  Within a block, willow cuttings and seedlings were planted in an open area; near a grass or forb; or near of a non-willow shrub.  Each circle on the map identifies one of these six treatments, which are repeated four times along the gradient (the four parallel lines of circles).
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Figure 15.   Percent survival of willow cuttings in the competition experiment.  All willows transplanted into the northern and central blocks died by late August.  
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Figure 16. August water levels in the central block exceeded 0.85 m and killed the two remaining willow cuttings at this site, which was 1/3 up the gradient from the river margin to a cypress hammock.  The site was >15 m from the water’s edge when the experiment began in April, 2009.  UCF graduate student Beth Stephens shows the water depth with her 2.3 m kayak paddle.  
Table 10. Results of the field competition experiment.  Analysis is of survival.  Table entries are sources of variation, degrees of freedom (df), Chi square (Chisq), and their corresponding significance levels.  This experiment is on-going but unless willow plants re-sprout from their roots, we expect final results will be very similar.
	Source of variation
	df
	Chisq
	P

	Region (R)
	2
	40.27
	>0.0001

	Location along gradient (L)
	3
	0.29
	0.96

	Competitor (C)
	2
	0.03
	0.99

	Willow stage (W)
	1
	21.34
	>0.0001
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Figure 17.  One of the four replicate willow islands, on Day 1 of the experiment.  Colored flags mark seedlings and cuttings collected from different populations.  
Hydrology –Variation in hydrology may explain substantial variation in willow distribution. We used a replicated experiment to determine whether hydrology affects willow recruitment into wetlands. We transplanted willow seedlings and cuttings onto four artificial islands (Fig. 17) positioned a few meters from shore in BCMCA. Seedlings and cuttings were distributed on each island at four locations differing in elevation from marsh water level in April 2009: 0, 17, 35 and 50 cm from water level (Fig. 18).  We monitored survival and growth monthly and will harvest plants to determine biomass before flowering occurs in 2010.  

This experiment is ongoing but we expect the preliminary results reported here to remain true, provided that the water level remains within its historical trajectory.  Survival of seedlings is low at all but the +35 cm marsh water level (Fig. 18) but most surviving plants are vigorous and several already are >25 cm in height (the initial height of cuttings).  In contrast, survival of  cuttings is high at all except the 0 cm marsh water level (Fig. 18), and all surviving plants are large.   Several cuttings are >1.2 m high.
Task 2.3 – Fire Response

Determining how Carolina willow responds to prescribed burning was not a focal point of investigation in Year 1.  Instead, we will take advantage of prescribed burns conducted in previous years to identify demographic responses of willow (e.g., seedling and adult survival and growth rates).  We will use these data to plan a BACI (Before/After Control/Impacted) experiment for Years 2 & 3.  

Task 2.4 – Willow Life History
We collected demographic data to estimate vital rates (age, fertility, growth and survival) and population structure of willow across different habitats and management units on the river. Because individual willow trees are virtually impossible to distinguish in the field, we collected data at the level of ramets (rooting branches). To date, this effort has yielded information on several aspects of willow allometry.  For example, the estimated number of flowers per plant is significantly correlated with basal diameter of the rooted branch (no. of inflorescences = 24.2 branch diameter1.18; P < 0.011, R2 = 0.15.)

These and additional information on vital rates will be ordinated (in a main data matrix) to identify clusters and associate the variation with environmental and management variables (using a secondary data matrix). We will use this approach to identify the structure of the demographic information. The demographic data will be organized based on the clusters and integrated in matrix population models to assess stochastic population growth and other demographic parameters such as elasticities and sensitivities. These parameters will allow identifying major population trends and management targets. 

To achieve these goals, we recently began using standard dendrochronology and allometric techniques to determine whether growth rings, basal diameter, number of nodes or some other measure reflects differences in age structure and growth rates among different willow populations.  We will empirically test the hypothesis that willow growth rings (Fig. 18) are annual and that their width is associated with the dry winter and wet summer seasons in Florida.  We will use stepwise discriminant function analysis to identify the smallest reliable set of nondestructive willow traits (e.g., basal area, number of branching nodes, annular ring counts) that are predictive of age and growth rates.  We are using standard methods (Cook and Kairiūkštis 1990) to sample 10-20 willows of various sizes and growth forms at each of the long-term demographic study sites, for a total sample size of 30-100 individuals.  This sample size will detect a statistically significant pairwise correlation of r = 0.25-0.36, which approaches the lower limit of biological importance (R2 = 6-13%) at α = 0.05.
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Figure 18.  Responses of willow seedlings (TOP) and cuttings (BOTTOM) planted at different heights above the marsh on replicated artificial islands.  This experiment is ongoing.
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Figure 19.  A cross-section of willow trunk with one half stained to distinguish growth rings.  
Task 2.5 – Spatial Analysis of Willow Distribution

We are characterizing the general distribution of willow populations in the St. Johns River landscape using GIS, including layers on habitat classified by vegetation, soils, hydrology and fire regimes.  Combined with detailed information on colonization and extinction probabilities in different habitats (obtained from these experiments and field sampling), this landscape component will allow us to understand the metapopulation dynamics of willow and identify key opportunities for halting its spread. A spatial model that predicts the distribution of willow based only on soils is presented in Figure 19.  
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Fig. 20.  (LEFT) Predicted distribution of willow shrub wetlands based on soil type.  Red and orange shading indicates regions with a high probability of having willow shrub wetlands, blue and gray depict regions with low probability. (RIGHT) Actual distribution of willow shrub wetlands (black), as mapped by the District.
Task 2.6 - Demographic Modeling

Information on germination, vegetative reproduction, survival, and mortality will be compared to estimates obtained from the long-term demographic and dendrochronology studies to develop a demographic model.  We will integrate the estimates of vital rates across different environmental conditions in demographic models (Fig. 1) to estimate vital rate elasticities (relative population growth change with vital rate change) and population trends. Status of the current demographic modeling database is in Figure 20 and both raw data and spreadsheets are available at http://biology.ucf.edu/~pascencio/willow%20research.html
Task 3.1-3.3.  Data Analysis and Final Report 
This report includes information from field observations, demography, and experiments in growth chambers, the greenhouse, and in the field.  Combined with results of GIS modeling, we can begin to understand the demography and distribution of willow.
Willows produce tremendous numbers of wind-dispersed seeds over seeds are shed over a very a time period of 2-4 weeks beginning in late February and lasting until late March.  Early seed production gives willow the advantage of colonizing open habitats.  Only green seeds are alive and for all practical purposes viviparous; willow seeds have no tangible dormant stage (Lee 1994, Hanselman et al. 2005, Lee et al., pers. comm.) and probably remain viable for only a few days.  Determining the exact length of viability and any seasonal variation in seed survival and germination is a focal point of next year’s effort.
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Figure 21.  Checklist of the current database on willow life history and demography, showing data already collected, and planned for Years 2 & 3.
Willow seedlings sprout rapidly under almost any moist conditions, including while floating on the water’s surface or while submerged.  We observed seeds that sank to the bottom of containers extending cotyledons and elongating their stem to the surface, as well as floating seeds with cotyledons at the surface extending a root toward the bottom (Fig. 21).  The latter look similar to duckweed and may easily be mistaken for it in the field.
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Figure 22.  A willow seedling with cotyledons barely emerged and floating on the surface, sending its root toward the bottom.  The size, color and orientation of floating willow seedlings are similar to duckweed.
Lack of dormancy, and absence of a seed bank (Lee 1994, Hanselman et al. 2005, Lee et al., pers. comm.) provide an opportunity to prevent Carolina willow from invading areas undergoing construction and other disturbances.  Timing activities to avoid peak seed dispersal will reduce opportunities for willow to invade.  

Willow seedlings depend on consistently moist conditions for survival and growth.  Experiments in a germination chamber, the greenhouse and field experiments consistently show high seedling survival in well-watered conditions and very low survival under dry conditions.  In the germination chamber, seedling mortality was lowest when soil remained moist from capillary action and was highest in sandy soil with long intervals (8 d) between watering.  In the greenhouse, willow seedlings fared poorly under reduced water treatments that simulated drought, while in the field competition experiment, seedlings died quickly in two floodplain areas that remained dry in spring.  In addition, very few willow seedlings survived atop the willow islands, which – despite being composed of peaty soil – dried to the point of cracking in late spring.  Four independent lines of evidence show that willow is very susceptible to dry conditions.

While more tolerant of dry conditions, willow cuttings also grow best when soil is continually saturated with water.  However, prolonged inundation can kill both willow seedlings and cuttings.  All willows still alive in the field competition experiment died when flooded by >0.5 m of water for several weeks.  A similar pattern is evident in the willow island experiment, where both seedlings and cuttings have reduced survival at the lowest elevation, which has been underwater for several months.  Seedlings are especially susceptible to mortality from flooding.  Submerged willows often become fouled with algae and bladderwort (Utricularia sp.) or overtopped by water hyacinth (Eichhornia sp.), which may increase the rate of mortality.
Successful establishment of willow clearly depends on a specific set of hydrologic conditions in the post-seed dispersal weeks.  Dry conditions decrease survival while flooding kills both seedlings and larger cuttings.  Results of the greenhouse cross-over experiment (Fig. 10) will provide detailed information about the relative importance of hydrologic regime, soil type and nutrient levels on willow survival and growth.  We expect that manipulating hydroperiod and marsh water levels will be an effective management tool for limiting willow invasion and restoring recently-invaded marshes.  Drought and flooding may be less effective in controlling larger willows; we plan to quantify size and seasonal thresholds experimentally in Years 2 & 3. 
Soil type is a good predictor of willow distributions in the upper St. Johns River basin (Fig. 19) but had little influence on willow germination in our experiment.  Instead, the water-holding capacity of soils may control willow survival and growth in the seedling stage.  Results of the competition experiment support this hypothesis; almost all willow seedlings in the northern and central blocks perished within the first month, when little rain fell and the soil was dry.  At the same time, seedlings persisted in the southern block, which has moist peaty soil.  The greenhouse experiments will provide an additional test of this hypothesis.   
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Figure 23.  Grasses and other wetland plants recruited onto the experimental islands are competing with the willows.
We cannot yet assess the influence of nutrients on willow survival and growth but we see no obvious differences among nutrient treatments in the greenhouse experiment.  We anticipate that these results will become available in October.  If warranted, we can do classic dose-response experiments to quantify the effects of a range of nutrient concentrations on willow survival and growth.

Low survival in the field competition experiment precludes interpreting the effects of grasses, forbs, non-willow shrubs and trees on Carolina willow seedlings and cuttings.  However, diverse wetland plants are recruiting onto the willow islands, where they appear to be competing with the willow seedlings and cuttings that we planted (Fig. 21).  At the conclusion of this experiment, we will harvest, weigh, and identify these species and estimate their effect on willow survival and growth.  We will conduct a larger field competition in the southern region in Year 2.

We are continuing to gather data for our demographic model.  To date, we have established statistical relationships between maximum branch diameter, rooted branch basal diameter and the number of inflorescences.  We also have cored eleven willows from a single population, and all stems have obvious growth rings.  We can obtain similar data from willow cuttings planted into the competition and island experiments for comparison.
YEARS 2 & 3
Data collection on the willow germination, competition, and hydrology experiments will be extended into Years 2 & 3 to assess responses during more of the plant’s growth cycle.  In addition, we will harvest and analyze above- and below-ground biomass, which requires time for plant tissues to dry in ovens.  
We will conduct additional experiments based on results and hypotheses generated in Year 1.  The UCF team will again coordinate with District staff in identifying high-priority management concerns and focusing experiments.  Additional experiments may investigate thresholds of willow susceptibility to inundation, seed viability over time, and potential for herbivore control. As in Year 1, accessing sites by water will require the UCF team to use kayaks and motorized johnboats owned by UCF, occasional rental of airboats, and specialized District vehicles (small airboats, marsh masters).
Two main issues require attention in Years 2 & 3.  Survivorship in the competition experiment was very low in the northern and central blocks so any potential effect of competition was overwhelmed by a large block effect.  We therefore will perform another competition experiment in the southern block, where willow invasion is the most extensive.  The second issue is prescribed burning. This effort has been shifted into Years 2 & 3, although we gathered useful information during the demography studies in Year 1 that might be helpful in determining the responses of willow to fire.  Repeated dormant season fires, a well as growing season fires, can be useful tools for controlling willow invasion into floodplain marshes (Lee et al. 2005a, Lee et al. 2005b).
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