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SECTION A
SUPPLEMENTARY FIGURES AND TABLES
Figure S1: Food-web structure in the Bay of Quinte across three time periods: before point-source P control (pre-P control: 1972–1977), after point-source P control (post-P control/pre-dreissenids: 1978–1994), and after the dreissenid invasion (post-dreissenids: 1995–2013) in Belleville (top panel) and Hay Bay (bottom panel). Numbers represent the biomass (fish, zooplankton) and biovolume (phytoplankton) values for each identified group.
Figure S2: Thirty-six (36) combinations of feeding strategies among the top-predator, secondary consumer, and zooplankton examined with the process-based food-web model.
Figure S3: Comparison of the observed (red dots) and posterior predictive distributions of Belleville on the left (a, c, e, g, i, and k) and Hay Bay on the right (b, d, f, h, j, and l) for phytoplankton (a, b), zooplankton (c, d), planktivorous fish (e, f), benthivorous fish (g, h), piscivorous fish (i, j) biomass, and light attenuation (k, l). Black solid line and grey shaded area represent the posterior median and 2.5 - 97.5% predictive intervals for each response variable, respectively.
Figure S4: Posterior distributions of the path coefficients that represent the trophic relationships between the biotic compartments of the Bayesian hierarchical structural equation model during the pre- (black lines) and post- (red lines) dreissenid invasion periods.
Figure S5: Posterior distributions of the path coefficients that represent the relationships between the physical environment (light and water temperature) and biotic compartments of the Bayesian hierarchical structural equation model during the pre- (black lines) and post- (red lines) dreissenid invasion periods.
Figure S6: Relationships between total phosphorus and (a) top-predator, (b) secondary consumer, (c) zooplankton, and (d) phytoplankton (chlorophyll a). The thirty-six (36) combinations of feeding strategies were repeated with three phytoplankton parameter vectors: default (calibration vector, light gray dots), r-strategist (dark gray dots), and K-strategist (white dots). 
[bookmark: _Hlk7768449][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Figure S7: Food-web relationships derived from a range of feeding strategies, food-quality, and loading scenarios. Color gradient represents the feeding behaviour of the two simulated fish groups; namely, “shared” (1, blue) to “diverse” (5, red) diets between secondary consumer and top predator. Food quality is represented by the opacity of the color, ranging from high food quality of a diatom-like (r-strategist) group with transparent color to poor food quality of a cyanobacteria-like (K-strategist) group with opaque color.
Figure S8: Temporal trends of fish composition in (a) Belleville and (b) Hay Bay in the Bay of Quinte. Presented species include only those comprised in the trophic guilds of our modelling analysis (see Table S1).
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	Table S1: Trophic groups considered in the present analysis in the Bay of Quinte

	Phytoplankton community
	Zooplankton community
	Fish community

	Total phytoplankton1
	Total zooplankton2
	Benthivores
	Planktivores
	Piscivores

	Diatoms: 
Aulacoseira spp.
	Cladocerans: 
Eubosmina coregoni (h),
	White sucker
(Catostomus commersoni)
	Alewife
(Alosa pseudoharengus)
	Largemouth Bass (Micropterus salmoides)

	Asterionella spp.
Stephanodiscus spp.
	Daphnia galeata mendotae (h), Daphnia retrocurva (h),
	Common carp 
(Cyprinus carpio)
	Gizzard Shad
(Dorosoma cepedianum)
	Walleye 
(Sander vitreus)

	
Cryptophytes:
	Bosmina longirostris (h)
	Brown bullhead
(Ameiurus nebulosus)
	Spottail Shiner 
(Notropis hudsonius)
	Northern Pike 
(Esox lucius)

	Cryptomonas
	Copepods:
Cyclopoida copepodites (o),
	White perch 
(Morone americana)
	
	Bowfin 
(Amia calva)

	Cyanophytes:      
Anabaena spp.
	Mesocyclops edax (c),  
Cyclops vernalis (h)
	Yellow perch 
(Perca flavescens)
	
	

	Aphanizomenon spp Microcystis spp.
	
	
	
	

	1 Dominant species by biomass
2 Dominant species by biomass and functional groups (c: carnivore, h: herbivore, o: omnivore) as depicted in Figure S1  














	Table S2. Model performance statistics of the Bay of Quinte SEM variables.  and  denote the posterior mean of the deviance and the point estimate of the deviance, and indicates a Bayesian measure of fit or ‘adequacy’ of the model.  pD describes “the effective number of parameters”, defined as a “mean deviance minus the deviance of the means”. DIC denotes the 'Deviance Information Criterion', and is given by DIC =   + pD =   + 2 * pD. The model with the smallest DIC is estimated to be the model that would best predict a replicate dataset of the same structure with the observed data (Spiegelhalter et al., 2002)

	
	
	
	
	
	
	p-value

	Variables
	Period
	
	
	pD
	DIC
	Belleville
	Hay Bay

	Phytoplankton
	pre
	20.64
	17.75
	2.89
	23.53
	0.496
	0.462

	
	post
	14.16
	11.67
	2.49
	16.66
	
	

	Zooplankton
	pre
	37.41
	35.29
	2.13
	39.54
	0.541
	0.414

	
	post
	24.68
	22.67
	2.00
	26.68
	
	

	Planktivorous fish
	pre
	126.7
	124.0
	2.79
	129.5
	0.532
	0.498

	
	post
	101.3
	98.79
	2.55
	103.8
	
	

	Benthivorous fish 
	pre
	56.82
	53.91
	2.91
	59.73
	0.269
	0.711

	
	post
	71.38
	68.79
	2.59
	73.98
	
	

	Piscivorous fish
	pre
	97.43
	94.20
	3.22
	100.6
	0.527
	0.472

	
	post
	56.93
	53.97
	2.97
	59.90
	
	

	Light attenuation
	pre
	-32.66
	-33.98
	1.32
	-31.34
	0.631
	0.382

	
	post
	-21.04
	-22.39
	1.35
	-19.68
	
	

	Total
	
	553.89
	524.67
	29.22
	583.11
	
	

	
	
	
	
	
	
	
	
















	Table S3: Statistics of the hyperparameters used for the hierarchical specification of the path coefficients between the two time stanzas (pre- and post-dreissenid) considered in our SEM exercise. The values represent the posterior means and standard deviations (in brackets).

	Path
	Symbol
	
	

	Phytoplankton ← TP
	γ1
	1.188 
(1.484)
	0.634 
(2.841)

	Phytoplankton ← NH4
	γ2
	0.127 
(1.356)
	0.488
(2.940)

	Phytoplankton ← Temperature
	γ3
	-1.810
(3.520)
	1.906
(7.328)

	Zooplankton ← Temperature
	γ4
	0.025
(3.670)
	2.527
(8.592)

	Planktivores ← Temperature
	γ5
	3.140
(7.561)
	6.510
(16.87)

	Benthivores ← Temperature
	γ8
	-0.798
(4.065)
	2.197
(9.539)

	Piscivores ← Temperature
	γ6
	1.975
(4.830)
	3.406
(12.45)

	Secchi depth ← Phytoplankton
	β5
	-0.381
(0.991)
	0.339
(1.918)

	Zooplankton ← Phytoplankton
	β1
	0.404
(1.167)
	0.534
(2.742)

	Planktivores ← Phytoplankton
	β2
	2.139
(1.613)
	0.844
(5.936)

	Planktivores ← Zooplankton
	β3
	-0.155
(1.966)
	0.864
(3.632)

	Benthivores ← TP
	γ7
	0.790
(1.822)
	1.143
(4.836)

	Benthivores ← Zooplankton
	β6
	-0.066
(1.589)
	0.839
(4.559)

	Piscivores ← Planktivores
	β4
	0.040
(0.980)
	0.422
(3.048)

	Piscivores ← Benthivores
	β7
	1.270
(2.362)
	1.405
(6.916)

































	Table S4: Posterior error estimates for each SEM response variable. The values represent the posterior means and standard deviations (in brackets).

	Path
	

	Phytoplankton 
	0.307 (0.026)

	Zooplankton
	0.369 (0.031)

	Planktivores 
	1.134 (0.097)

	Benthivores
	0.690 (0.060)

	Piscivores 
	0.169 (0.014)

	Light attenuation
	0.577 (0.049)






























SECTION B
BAYESIAN HIERARCHICAL STRUCTURAL EQUATION MODEL
The governing equation of the structural equation (SEM) model developed for the Bay of Quinte is as follows:

where  is a  vector of observable exogenous variables;  is a vector of observable endogenous variables;  is a  vector of the errors for ;  is a  matrix of coefficients for the exogenous variables;  is a   matrix for endogenous variables. Based on the food-web conceptualization presented in Figure 1 of the main paper, with  = 3 and  = 6, the five matrices can be specified as:
 
   
The Bayesian hierarchical configuration of the Bay of Quinte SEM can thus be mathematically described as follows:








where i represents the different years of the study period (18 during the pre- and 19 during the post-dreissenid period), j represents different locations (Belleville and Hay Bay), and k stands for the pre- and post-dreissenid periods. The diagonal elements of the matrix were assigned uninformative inverse gamma prior distributions with shape and scale parameters equal to 0.001. The elements (path coefficients) for the  and matrices were specified hierarchically to derive parameter estimates specific to the two time-stanzas. All the hyperparameters associated with the hierarchical model configuration were similarly based on uninformative priors; normal, N(0, 10000), and inverse gamma, IG(0.001,0.001), prior distributions. 
We used the general normal-proposal Metropolis algorithm as implemented in the WinBUGS software (Lunn et al., 2000); this algorithm is based on a symmetric normal proposal distribution, whose standard deviation is adjusted over the first 4,000 iterations such that the acceptance rate ranges between 20 and 40%. We used two chain runs of 25,000 iterations and samples were taken after the Markov chain Monte Carlo (MCMC) simulations converged to the true posterior distribution. Convergence was assessed using the modified Gelman-Rubin convergence statistic (Brooks and Gelman, 1998). Generally, we noticed that the sequences converged very rapidly (≈3,000 iterations), and the summary statistics reported were based on the last 20,000 draws by keeping every 10th iteration (thin=10) to avoid serial correlation. The accuracy of the posterior parameter values was inspected by assuring that the Monte Carlo error (an estimate of the difference between the mean of the sampled values and the true posterior mean; see Lunn et al., 2000) for all parameters was less than 5% of the sample standard deviation. The determination of the most parsimonious models with respect to the covariates used to determine the probability of occurrence was based on the deviance information criterion (DIC); a Bayesian measure of model fit and complexity (Spiegelhalter et al., 2002).


SECTION C
Nutrient-Phytoplankton-Zooplankton-Detritus-Fish (secondary consumer)-Fish (top predator) (NPZDFCSFPR) model
Phytoplankton 


Zooplankton (where i = phytoplankton, detritus)

Secondary consumer fish (Planktivorous/Benthivorous fish, where j = zooplankton, phytoplankton, detritus)

Top predator fish (Piscivorous fish, where k = zooplankton, secondary consumer fish)

Phosphate


Detritus (Benthos/particulate matters)

External forcing: , (sediment PO4 diffusion),(exogenous loading) 


Trophic interactions:
Zooplankton growth






Secondary consumer fish growth









Top predator fish growth







Temperature effects on growth, feeding activity:
Plankton community
Phytoplankton:  
Zooplankton: 
Fish community
Secondary consumer:

 
	
	
	
Top predator:

 
	
	
	

Temperature effects on metabolic activity
Metabolic rate of biological activity:

Secondary consumer respiration:

	 


	
Top predator respiration:

	
	
	
	

Light limitation:

	
	
External forcing:  Photoperiod as a fractional day length (0< FD <1),   solar radiation,  = water temperature, depth = the depth of the water column,   = chlorophyll a concentration in μg L-1


	Table SC1. Description of model parameters, along with their calibration values and two vectors used to emulate a phytoplankton community dominated by r and K strategists.

	Symbol
	Parameter description
	Calibration
	r-strategist
	K-strategist
	Unit
	Sources

	
	Maximum phytoplankton growth rate
	2.5
	3.2
	1.8
	day-1
	1,2,3

	
	Half saturation constant for PO4 uptake by phytoplankton
	10
	6
	20
	mg P m-3
	1,2,3

	
	Maximum planktivore grazing rate
	0.45
	
	
	day-1
	4,5

	
	Maximum piscivore predation rate
	0.2
	
	
	day-1
	4,5,6

	
	Planktivore growth efficiency (phytoplankton consumption)
	0.45
	0.65
	0.25
	-
	Fitted values

	
	Planktivore growth efficiency (detritus consumption)
	0.30
	0.35
	0.25
	-
	Fitted values

	
	Planktivore growth efficiency (zooplankton consumption)
	0.55
	0.65
	0.45
	-
	5

	
	Piscivore growth efficiency
	0.15
	
	
	-
	7,8

	
	Half saturation light intensity for phytoplankton
	7
	
	
	MJ m-2 day-1
	9

	
	Background light extinction coefficient
	0.25
	
	
	m-1
	10

	
	Phytoplankton self-shading effect
	0.02
	
	
	m2 mg (Chl a)-1
	10

	
	Effect of temperature for phytoplankton growth
	0.005
	
	
	oC-2
	1,11,12

	
	Effect of temperature for zooplankton growth
	0.006
	
	
	oC-2
	11,12,13

	
	Effect of temperature for biological rate
	1.01
	
	
	oC-2
	14

	
	Phosphorus to carbon ratio for phytoplankton
	0.015
	
	
	mg P (mg C)-1
	1,2,15,16

	
	Phosphorus to carbon ratio for zooplankton
	0.029
	
	
	mg P (mg C)-1
	17,18

	
	Phosphorus to carbon ratio for planktivore
	0.04
	
	
	mg P (mg C)-1
	19

	
	Phosphorus to carbon ratio for piscivore
	0.03
	
	
	mg P (mg C)-1
	19

	
	Relative zooplankton preference on phytoplankton compared to detritus
	1
	
	
	-
	9

	
	Relative zooplankton preference on detritus compared to phytoplankton
	1
	
	
	-
	9,29

	
	Relative planktivore preference on phytoplankton compared to other food source
	0.25
	
	
	-
	20,21

	
	Relative planktivore preference on zooplankton compared to other food source
	0.65
	
	
	-
	20,21

	
	Relative planktivore preference on detritus compared to other food source
	0.1
	
	
	-
	20,21

	
	Relative piscivore preference on zooplankton compared to planktivore
	0.4
	
	
	-
	22,23

	
	Relative piscivore preference for planktivore compared to zooplankton
	0.6
	
	
	-
	22,23

	
	Slope for temperature dependence of planktivore growth
	2.3
	
	
	-
	4

	
	Slope for temperature dependence of piscivore growth
	2.3
	
	
	-
	4

	
	Slope for temperature dependence of planktivore respiration
	2.1
	
	
	-
	4

	
	Slope for temperature dependence of piscivore respiration
	2.1
	
	
	-
	4

	
	Phytoplankton respiration rate
	0.05
	0.1
	0.02
	day-1
	1,2.3

	
	Planktivore respiration rate
	0.004
	
	
	day-1
	24

	
	Piscivore respiration rate
	0.004
	
	
	day-1
	24

	
	Phytoplankton sinking loss rate
	0.05
	0.1
	0.01
	day-1
	1,3,11,15

	
	Maximum temperature for planktivore growth 
	28
	
	
	oC
	4

	
	Maximum temperature for piscivore growth
	26
	
	
	oC
	4

	
	Optimal temperature for phytoplankton growth
	18
	
	
	oC
	1,2,13

	
	Optimal temperature for zooplankton growth
	20
	
	
	oC
	12,13

	
	Optimal temperature for planktivore growth
	25
	
	
	oC
	25

	
	Optimal temperature for piscivore growth
	23
	
	
	oC
	25

	
	Maximum temperature for planktivore respiration 
	32
	
	
	oC
	4

	
	Maximum temperature for piscivore respiration
	32
	
	
	oC
	4

	
	Optimal temperature for planktivore respiration
	27
	
	
	oC
	4

	
	Optimal temperature for piscivore respiration
	27
	
	
	oC
	4

	
	Zooplankton growth efficiency (phytoplankton consumption)
	0.45
	0.65
	0.25
	-
	11,26

	
	Zooplankton growth efficiency (detritus consumption)
	0.30
	0.35
	0.25
	-
	11,26

	
	Zooplankton excretion fraction
	0.2
	
	
	-
	27

	
	Planktivore excretion fraction
	0.006
	
	
	-
	Fitted value

	
	Piscivore excretion fraction
	0.08
	
	
	-
	28

	
	Maximum zooplankton grazing rate
	0.5
	
	
	day-1
	2,11

	
	Zooplankton grazing half saturation constant
	10
	
	
	mg P m-3
	2,27

	
	Planktivore grazing half saturation constant
	10
	
	
	mg P m-3
	5

	
	Piscivore predation half saturation constant
	25
	
	
	mg P m-3
	5,7

	
	Detritus remineralization rate
	0.1
	
	
	day-1
	27

	
	Detritus sinking rate
	0.08
	
	
	day-1
	27

	1) Reynolds, 2006; 2) Jorgensen et al., 1991; 3) Arhonditsis and Brett, 2005; 4) Kitchell, 1977; 5) He et al.,1993; 6) Madon and Culver, 1993; 7) Madenjian and Carpenter, 1991; 8) Henderson et al., 2004; 9) Zhang and Arhonditsis, 2008; 10) Hamilton and Schladow, 1997; 11) Wetzel, 2001; 12) Lampert and Sommer, 1997; 13) Omlin et al., 2001; 14) Cerco and Cole (1994, and references therein); 15) Sommer, 1989; 16) Komatsu et al., 2006; 17) Hessen and Lyche, 1991; 18) Sterner et al., 1992; 19) Hendrixson et al., 2007; 20) Pothoven et al., 2008; 21) Zhang et al., 2016; 22) Keast, 1985; 23) Stein et al., 2017; 24) Svirezhev et al., 1984; 25) Jobling, 1981; 26) Sterner and Hessen, 1994; 27) Edwards,2001; 28) Werner, 1996; 29) Bruce et al., 2006





SECTION D
BAY OF QUINTE DATASET
Many long-term monitoring programs operated by multiple agencies and organizations (Department of Fisheries and Oceanography, DFO; Ontario Ministry of the Environment, Conservation, and Parks, MECP; Ontario Ministry of Northern Development, Mines, Natural Resources and Forestry, Bay of Quinte/Lower Trent conservation authorities) in the Bay of Quinte were launched in the early 1970s to examine abiotic and biotic responses to phosphorus reduction from the local municipal water treatment plants (Johnson and Hurley, 1986; Nicholls et al., 2002). For the present study, we obtained water physical properties and chemistry, plankton, and fish community data to develop two models that characterize the food-web structure in the Bay of Quinte. Here, we describe how these data were used, along with key references that offer specific information on the sampling and enumeration methods for the development of each dataset. 
Physical, water chemistry, and plankton community data have been collected since 1972, mostly during the ice-free season from mid-May until late October at various locations throughout the Bay of Quinte (Bowen and Johannsson, 2011). The physical variables comprised water temperature, oxygen, pH, conductivity, light attenuation, and Secchi disc depth, while the chemical variables were total phosphorus, soluble reactive phosphorus, dissolved inorganic and organic carbon, total Kjeldahl nitrogen, nitrate, nitrite, ammonium/ammonia, and silica. Phytoplankton (biovolume, µm3 mL-1) and zooplankton (dry weight biomass, mg m-3) samples were mainly from open water locations within the bay (Nicholls et al., 2002), collected as composites from the euphotic zone on a bi-weekly basis and identified at genus (or species) level. Field and laboratory methods of chemical analyses for nutrient concentrations were performed by the Laboratory Services Branch of the Ontario Ministry of Environment (Robinson, 1986). Detailed description of the sampling and enumeration methods are also available in Nicholls and Carney (1979) and Nicholls et al. (1986) for phytoplankton, and Bowen and Johannsson (2011) for zooplankton.
Fish community data were obtained from a long-term and intensive fish community sampling program by the Department of Fisheries and Oceans Canada (Hurley, 1986). The present analysis uses summer catch data from gillnet sampling, collected at fixed locations of the Belleville and Hay Bay since 1972 (Hossain et al., 2019). There was a change in the sampling gear used (i.e., mesh size, material, and mesh panel length) before and after 1992 (Hoyle et al., 2012; Hossain et al., 2019). Catch data were, however, standardized to a single mesh material and size for the entire study period (Hoyle et al., 2012). Further information on the gillnet sampling operation and the enumeration method of the catch data is provided by Hoyle et al. (2012) and Hossain et al. (2019).
Data implementation with the two modelling strategies considered was slightly different. The seasonal (growing-season) average water chemistry and plankton data (i.e., Belleville and Hay Bay, see Fig. 2 in the main paper) and annual fish biomass estimates from two sampling locations during 1975 - 2013 were independently used to estimate the parameters for the Bayesian hierarchical SEM. In contrast, the daily data from four locations (Belleville, Napanee, Hay Bay, and Conway) between 2002 – 2018 were used to calibrate the process-based food-web model. The predictions of the process-based model were then averaged over the growing season for subsequent analysis. Selection of the sampling locations for the data used were largely driven by the need for continuity of the sampling records and the need to attain consistency with the available fish data.
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