[bookmark: _GoBack]SUPPLEMENTARY MATERIALS

Blossey et al: A proposal to use plant demographic data to assess potential weed biological control agents impacts on non-target plant populations


Section 1: Natural history of aquatic plants and insect herbivores

Trapa natans (Lythraceae)
Water chestnut is a floating annual aquatic plant whose native range includes Europe and Asia.  The species was first observed in North America in Concord, Massachusetts in the 1870’s (Davenport 1879) and shortly thereafter in Sanders Lake, Schenectady, New York, in 1884 (Wibbe 1886).  Initially introduced as an ornamental, T. natans is today widely distributed across northeastern North America. Its current range extends southward to the Chesapeake Bay and Potomac River, northward into waters around Montreal, and westward to Ohio.  

Water chestnut prefers nutrient-rich lakes and rivers with deep organic sediments, and can grow in intertidal zones to waters up to 3 meters deep. Plants produce a branched flexuous stem with 10-15 rosettes that are kept afloat by inflated spongy petioles.  Inconspicuous whitish flowers develop in leaf axils by mid-summer and each rosette can produce 15-20 woody nuts (containing a single seed).  Seeds ripen over time, dislodge from the plant and sink to the bottom where they overwinter or remain dormant for up to 5-10 years (Hummel and Kiviat 2004; Kunii 1988).  

Water chestnut can cover 100% of the water surface and drive major changes in the aquatic environment. Dissolved oxygen concentrations within dense beds of water chestnut can drop below 0.5mg/L, a level that is toxic to many organisms and will likely filter the ecological community to favor species tolerant of such extreme conditions (Hummel and Kiviat 2004). Sunlight blocked from entering the water column can affect primary production and community composition of submerged aquatic plants and phytoplankton. These impacts may cascade up trophic levels and affect ecological interactions. For example, in some areas water chestnut has replaced water celery and Potamogeton spp., which provide important habitat and resources to fish and waterfowl (Feldman 2001; Hummel and Kiviat 2004; Strayer et al. 2003). In addition to ecological impacts, water chestnut infestations can severely limit the recreational value and use of a waterbody. The ecological and economic threats posed by water chestnut have resulted in extensive chemical and mechanical control efforts that have been ongoing for decades (Hummel and Kiviat 2004).  The lack of success in suppressing local populations or preventing spread to additional water bodies resulted in the development of a weed biocontrol program and evaluation of North American and Asian herbivores as potential biocontrol agents (Ding and Blossey 2005; Ding et al. 2006a; Ding et al. 2006b).  


Brasenia schreberi (Cabombaceae)
Brasenia schreberi is a perennial rhizomatous plant typically found in stagnant or slow-moving oligo- or mesotrophic freshwaters ranging from 20 – 180cm deep.  The species is native and widely distributed throughout North America (where it is considered a weed in certain regions), Asia, and Australia, but the species is absent from Europe (Elakovich and Wooten 1987).  Elongated purple petioles attach to the center of oval 10-20cm long leaves, and petioles and leaf undersides are coated with a mucous substance that distinguishes this plant from other macrophytes. The mucous of B. schreberi is considered to contain antialgal, antibacterial, and allelopathic properties (Elakovich and Wooten 1987).   Single purplish flowers develop in mid-summer and the developing seeds are considered a valuable food for waterfowl in North America.  The species is widely cultivated in Asia, where young leaves are used in soups and salads (Lu et al. 1984). In North America, dense canopies of overlapping floating leaves may cover >50% of shallow water bodies with associated reductions in dissolved oxygen (Frodge et al. 1990).  


Galerucella nymphaeae (Chrysomelidae)
The genus Galerucella is distributed in temperate parts of Europe, Asia, and North America and includes important and extremely host specific species, including important biocontrol agents such as G. pusilla and G. calmariensis (Manguin et al. 1993).  Most species attack wetland or aquatic plants, including the cosmopolitan and polyphagous G. nymphaeae, the water lily leaf beetle.  The species occurs in North America and Europe and has for decades been a model species to assess speciation and reproductive isolation as a function of host plant preferences and mating isolation (Hippa and Koponen 1986; Pappers et al. 2002a; Pappers et al. 2002b). In Europe individuals feeding on water lilies (Nuphar spp.) are designated as G. nymphaeae, while those feeding on other wetland plant species (Rumex spp., Polygonum spp., Comarum palustre, etc.) as G. sagittariae (Hippa and Koponen 1986; Nokkala and Nokkala 1994; Nokkala et al. 1998; Nokkala and Nokkala 1987).  In North America, G. nymphaeae has a broad host range that includes both native and introduced taxa in the genera Polygonum, Rumex, Nuphar, Lythrum, Trapa and Brasenia (Cronin et al. 1999; Tauber et al. 1996).  

Adults overwinter in leaf litter on shore and colonize their host plants each spring.  Mating, oviposition, larval development, and pupation occur on the host plant and, depending on latitude, 1-5 or more generations can be completed in North America (Juliano 1988; Otto and Wallace 1989; Schmidt 1985; Wallace and O'Hop 1985).  In the Finger Lakes Region of central New York, G. nymphaeae appears on host plants by mid-May (Tauber et al. 1996) with females ovipositing on the upper side of the floating leaves of aquatic hosts, but consuming upper and lower leaf surfaces or even stems on other host plants.  Adults and larvae consume the upper epidermis on aquatic hosts which produce characteristic leaf scars or trenches.  This attack accelerates leaf turnover on floating aquatic species (Kouki 1991; Kouki 1993; Setälä and Mäkelä 1991; Wallace and O'Hop 1985).  Pupation occurs on the host plant.  Oviposition continues for 4-5 weeks and the F1 generation adults emerge in mid-June.  Less than 20% of all F1 females subsequently oviposit and most adults enter a reproductive diapause (Tauber et al. 1996).  The activity period of G. nymphaeae in central New York only partially overlaps with the availability of T. natans rosettes, which become available on the water surface approximately two weeks after the beetle has emerged from overwintering sites. Thus, G. nymphaeae adults may depend on alternative hosts early in their activity period before they are able to colonize T. natans, but feeding scars, adults and eggs are common on T. natans throughout the region and into the fall (Blossey, Simmons, pers. obs.) 

Galerucella birmanica (Chrysomelidae)
Galerucella birmanica is a widespread and abundant species in the Asian distribution of T. natans (Pemberton 2002).  Adults overwinter onshore in the leaf litter and colonize T. natans as rosettes appear on the water surface each spring.  Adults and larvae feed on the leaf blades creating typical “trenches” or “scars” by removing the upper epidermis and the parenchyma.  At high attack levels entire leaf blades are consumed leaving only major veins and the spongy petiole.  Females lay clusters of 15-20 eggs and larvae feed and pupate on a single rosette.  Larval development may take several weeks at northern latitudes.  In northeastern China, G. birmanica may complete only 1-2 generations with adults disappearing from T. natans in mid-late August, while in southeastern China, beetles may have an aestivation period in the hottest summer months but are still able to complete at least six generations (Ding et al., unpublished data).  The species is the most important pest of cultivated T. natans, and farmers frequently apply insecticide to mitigate the dramatic impacts of the beetle on nut yields (Khatib 1934; Lu et al. 1984; Pemberton 2002).  The species occasionally oviposits and attacks B. schreberi, which can support larval development of G. birmanica, though larval survival and adult fitness is lower relative to individuals that developed on T. natans (Ding et al. 2006a).  Galerucella birmanica is currently considered a promising biocontrol agents for invasive T. natans in North America, but the importance of the occasional attack of B. schreberi warrants further investigation.  We plan to gauge risk to B. schreberi with the demographic modelling approach outlined in the manuscript. 




Section 2: Mesocosm study to obtain plant demographic data on T. natans

Plant propagation 
We obtained emerging T. natans rosettes from populations in Massachusetts (MA), Rhode Island (RI), New York (NY), and Virginia (VA). We planted a single rosette into outdoor mesocosms (tree pots, BFG Supply, Lancaster, New York, USA; 30 per population) containing 10cm of loamy topsoil at the bottom as rooting substrate and filled with 100L of tap water.  We arranged mesocosms in a randomized block design and covered each with a screened lid.  We monitored survival weekly and number of rosettes, rosette diameter, flowering and nut production monthly from July - October 2016.  We calculated individual rosette and total plant surface areas using rosette diameters (assuming a circular surface).  We recorded nut production in November 2016 and overwintered nuts submerged in a dark environmental chamber (Nor-Lake Inc., Hudson, Wisconsin; 5C and 85% humidity).  We returned nuts to mesocosms in June 2017 and recorded germination (rosettes reaching the water surface) after 6 weeks.  We used ANOVA to evaluate effects of T. natans population identity on plant area, Generalized Linear Models (GLM) with Poisson errors (link=”log”) to estimate effect of population and plant area on number of seeds and GLMs with binomial errors (link=”logit”) to estimate effect of population on germination.  We conducted all tests in R (R Core Team 2016). 

Results
Plant area significantly varied among populations (F3,116=77.15; P<0.001) with plants from RI being smaller and more likely to have only one rosette (Table S1).  All individuals from MA and NY flowered and produced viable seed; two individuals from VA flowered but produced no viable seed, and eight individuals from RI did not flower.  Number of seeds per plant was positively correlated with plant area and significantly varied among populations (Fig. S1; Table S2a). Germination significantly varied among populations ranging from 0.68 to 0.814 (Table S2b).


Table S1.  Number of reproductive plants, plants with multiple rosettes, mean (±SE) rosette diameter (cm) and rosette area (cm2) for T. natans collected at four locations in Massachusetts (MA), New York (NY), Rhode Island (RI), and Virginia (VA) in 2016 (N=30 per population) and grown in a common garden. 
	Parameter
	Population

	
	MA
	NY
	RI
	VA

	Reproductive
	30
	30
	22
	28

	Multiple rosettes
	25
	19
	2
	30

	Rosette diameter (cm)
	28.1 ± 0.6
	20.0 ± 0.3
	17.3 ± 0.8
	20.8 ± 0.9

	Rosette area (cm2)
	1378.2 ± 95.7
	471.5 ± 52.0
	250.5 ± 19.4
	1378.2 ± 85.7
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Fig. S1.  Number of seeds according to plant area (cm2) produced by T. natans collected at four locations in MA, NY, RI and VA and grown in a common garden in Ithaca, NY 2016-2017.  Points are counts, lines represent Generalized Linear Model (binomial) predictions (black) and 95% CI (grey).  For model results please see Table S3; for two letter state codes see Table S1.



Table S2.  Generalized Linear Model (Poisson errors) results for the effects of plant area (cm2) and population identity (for two letter state code see Table S1) on number of seeds per plant (a) and germination (GLM with binomial errors, b).  Statistics (z) and P-value are Wald tests.  2 and P-values are from log-likelihood ratio tests with each parameter removed from the maximum likelihood-based model, with all other parameters retained.  It was not possible to test the significance of all terms because of higher order interactions (for two letter state code see Table S1). 
	
	Estimate
	SE
	z
	P value
	2
	df
	P value

	a
	
	
	
	
	
	
	

	Intercept
	-0.19
	0.33
	-0.57
	0.57
	
	
	

	Plant area
	0.004
	0.001
	3.63
	<0.001
	
	
	

	Population (VA)
	0.07
	0.44
	0.05
	0.96
	
	
	

	Population (NY)
	1.27
	0.37
	3.31
	0.001
	
	
	

	Population (MA)
	1.99
	0.35
	5.61
	<0.001
	
	
	

	Plant area x VA
	-0.003
	0.001
	-2.41
	0.02
	48.56
	3
	<0.001

	Plant area x NY
	-0.002
	0.001
	-1.98
	0.05
	
	
	

	Plant area x MA
	-0.003
	0.001
	-3.19
	0.001
	
	
	


b
	Intercept
	-2.60
	0.46
	-5.60
	<0.001
	
	
	

	Population (VA)
	1.40
	0.50
	2.81
	<0.001
	65.29
	3
	<0.001

	Population (NY)
	-1.1
	0.65
	-1.78
	0.08
	
	
	

	Population (MA)
	-0.96
	0.59
	-1.64
	0.10
	
	
	





Section 3: Demographic analyses


We parametrized the model (see Model Development) with values estimated from the common garden and the literature (Table S3).  Trapa natans asymptotic population growth rate was higher for MA (95% CI: 4.718-6.456 for MA) and NY (95% CI: 5.295-7.385), followed by VA (95% CI: 1.834-4.071) and RI (95% CI: 0.952-2.771).  Projected population growth rate was significantly >1 for all populations evaluated except for RI.  Growth rate for RI overlapped one, indicating that the population is expected to remain stable.  Elasticity analyses indicated that matrix elements representing germination of new seed and growth into large plants had the greatest influence on  (Fig. S2).  For the RI population, transition from new seed into small reproductive plants also had an important contribution on  (45%; Fig. S2).  Seedbank transitions accounted for a small proportion of growth rate (; <1%).  



Table S3. Symbols, parameters and values of vital rates used to construct Trapa natans demographic model using four North American populations: MA – Massachusetts; NY – New York; RI – Rhode Island; VA – Virginia
	Symbol 
	Parameter
	Population

	
	
	MA
	NY
	RI
	VA

	sBa
	cSurvival of seed in seed bank
	0.80

	gBa
	cGermination of seed in seed bank 
	0.65

	jb
	cGrowth to small plant, given germination
	0.23

	sNb
	cOverwinter survival of viable seed (deposited previous fall)
	0.92

	gNb
	Germination of viable new seed (deposited previous fall)
	0.814
	0.767 
	0.680
	0.782 

	SmSmb
	Transition from small to small plant in fall, given survival 
	0.01
	0.63
	0.01
	0.84

	Lg.Smb
	Transition from large to small plant in fall, given survival 
	0.01
	0.01
	0.04
	0.60

	FSmb
	Average number of seeds produced by small plants
	0.01
	3.0
	0.01
	1.92

	FLgb
	Average Number of seeds produced by large plants
	9.6
	10.10
	6.10
	4.33


All values refer to proportions, except fertility values which are counts. 
aValues extracted from (Kunii 1988)
bValues estimated from common garden study conducted at Ithaca NY 2016-2017. Small MA and RI plants failed to produce seed; we set those values at 0.01
cAssumed same value for all populations
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Figure S3.  Elasticities of population growth rate to changes in entries of the seasonal matrices for T. natans collected at four locations (MA, NY, RI, VA) and grown in a common garden in Ithaca NY 2016-2017.  Only elasticities greater than 0.01 are included.  Arrow width is proportional to elasticity value.
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