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Supplement 1. Exploring multiple methods for quantifying colonization and 
extinction rates 

 
S1.1. A description of the methods 
 Here we compare and contrast the efficacy of six methods for quantifying colonization 
and extinction rates for the fish community inhabiting ten offshore banks of the Scotian Shelf, 
NW Atlantic. The exploration was undertaken to facilitate the most effective methodology for 
evaluating the hypotheses framed in the main text.  

Since the publication of MacArthur & Wilson’s (1967) Theory of Island Biogeography, 
multiple approaches to quantifying colonization and extinction events have been proposed.  
Assuming perfect detection of all resident species at sampling, colonization is deemed to have 
occurred when a species was observed during time t but not during time t-1. Similarly, an 
extinction is deemed to occur when a species was not observed during time t but was observed in 
time t-1. This approach (hereafter referred to as “naïve”, sensu Beck et al. 2018) was employed 
in analyses of colonization and extinction for many years (e.g., Brown et al. 2001). In reality, 
however, perfect detection of all species occupying a given habitat environment is virtually 
impossible even with exhaustive sampling. This is especially true in marine ecosystems and 
particularly with respect to fishes where sampling is essentially blind. Gear avoidance, species 
that exist at low densities, and the physical constraints on sampling the entire habitat under 
consideration often result in species being underrepresented or absent in the collections. 
Imperfect detectability of species, in turn, can confound estimates of species richness and of 
colonization and extinction rates.  

Several approaches have been employed to account and correct estimates of incomplete 
detection. For example, Magnuson et al. (1994) removed species from their data sets that were 
known to exist but were too rarely sampled to elicit meaningful temporal trends in estimates of 
extinction and re-colonization.  Others sought to correct estimates of turnover (cumulative 
colonizations and extinctions per species) for sampling error as estimated from either annual 
variation in turnover or through Monte Carlo simulations of species abundances (Arnott et al. 
1999).  
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Others investigators sought to retain more species in their data set and to correct for 
potential detection errors, using criteria-based approaches to identifying colonization and 
extinction events. As the potential error lies in not detecting species that are actually present (not 
in detecting a species that was actually absent), the purpose of these criteria was to determine 
whether an absence could be recorded as an actual local extinction. Cisneros’ (1993) employed 
three criteria, at least two must be met for a species absence to be classified as an extinction: 1) a 
significant decline in species abundance prior to the disappearance, 2) an increase in mean body 
size indicating an aging population, and 3) a significant decline in dispersion (number of samples 
within an area in which the species is found). Using these criteria, Cisneros (1993) and Arnott et 
al. (2006) demonstrated that estimated turnover rates were higher than those predicted by the 
naïve approach, but noted that these rates were still likely to be underestimated.  

Several other approaches, including Bootstrap and Jacknife estimators have also been 
employed (Oksanen et al. 2017, Chao 1987, Heltshe & Forrester 1983, Smith & van Belle 1984, 
Nichols et al. 1998; Appendix A4). Nichos et al (1998) used the Jacknife approach and assumed 
that the probability of extinction was a function of the ratio of predicted (Jackknife) to observed 
species richness. However, this approach fails to explicitly account for variation in detection 
probabilities among species and is principally used to compare community states between two 
intervals in time. Acknowledging this shortcoming, Nichols et al. (1998) suggested that 
estimators based on probabilistic modelling would be more effective correcting for incomplete 
sampling. Following this logic, Kery et al. (2006) argued that maximum likelihood estimates 
derived from probabilities of detection could yield unbiased and effective estimators of species 
richness. Interest in probability-based modelling and maximum likelihood estimates of these 
vital rates intensified (MacKenzie et al. 2002, MacKenzie et al. 2003, Alonso et al. 2015) which 
led in turn to the development of a statistical package in R, island (Ontiveros et al. 2019; Table 
S1.1) designed to yield unbiased estimates of colonisation and extinction under conditions of 
incomplete sampling. This package follows the stochastic implementation of Wilson & 
Simberloff’s (1969) model of time variant species richness (Eqn. S1.1) in which the species 
complexes present in a given habitat is related to the number of species arriving from the greater 
species pool minus the number of species lost. Alonso et al. (2015) expanded this model to 
include probabilities of species-specific transitions between time periods while relaxing the 
species neutrality (all species have same vital rates) assumption of the TIB (MacArthur & 
Wilson 1967), but maintaining species independence. “island” employs annual per-sample 
presence-absence data to estimate community- or group-level probabilities of transition between 
presence and absence states over a period of at least two sampling times using a maximum 
likelihood approach (MacKenzie et al. 2003). 

island 𝑆𝑡 = 𝑆𝑡−1 + !
!𝑃𝐶𝑡,𝑡+𝑛∗"𝑆𝑝−𝑆𝑡−1#$

𝑛
" − !

!𝑃𝐸𝑡,𝑡+𝑛∗(𝑆𝑡−1)$

𝑛
"        (Eqn. S1.1) 

where S is the number of species in sampling times t and t-1, PC probability of colonization (i.e., 
transitioning from absence to presence between sampling time t and t+n), PE is the probability of 
extinction (i.e., transitioning from presence to absence between sampling time t and t+n), 𝑆𝑝 is 
the total number of species observed in a given area (such as an offshore  bank) over the full 
sampling period, i.e., the species pool, and 𝑛 is the number of sampling times over which the 
transition occurs.  
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These probabilities are used to estimate equilibrium species richness and the number of 
colonization and extinction events per unit time. All models employed subsequent to the initial 
rules-based approaches of Cisneros (1993) and Arnott et al. (2006), including island (2019), have 
assumed species independence as defined above (see their test of this assumption in Ontiveros et 
al). Fidino et al. (2019) further developed a Multi-state Dynamic Occupancy Model based on 
pair-wise interactions of species and the probabilities of community state transitions. Still in 
development, this approach requires assumptions concerning the nature of species interaction, 
few of which are currently adequately quantified.  

In our analysis, we first evaluated colonization and extinction events using the naïve 
approach (Table S1.1). We then developed and employed two rules-based approaches based on 
species presence/absence data (denoted as “PA2/3” and “PA3/5”; see Table S1.1). These 
approaches ensure that one year of absence preceded and followed by specified years of presence 
is not classified as a true local extinction. We next incorporated species abundance data into the 
PA3/5 rules-based approach (as suggested by Arnott et al. (2006)) by classifying a local 
extinction on the basis of a species’ reduction to 10% or less of its long-term maximum 
abundance for at least 3 out of 5 years (denoted as “F35” in Table S1.1). This approach was 
influenced by conservation literature’s definition of “functional extinction”, often resulting in 
failed population recovery even under conditions of reduced perturbation (Hutchings 2001, 
Hutchings & Reynolds 2004, Keith 2015). In this context several studies have found that even 
small reductions in population size can result in population growth rates (during recovery 
periods) that are different from zero (see McCauley et al. 2017). It is now widely acknowledged 
that the maximum abundance recorded for most populations of fish and other exploited animals 
from sampling in recent times is an accurate measure of its true historical maximum given that in 
most cases exploitation has been occurring for centuries Baum & Meyers 2004, Lotze & Worm 
2009, Lotze et al. 2011). For this reason, using 10% or less of a population’s current maximum 
can be considered a reasonable approximation of functional extinction.  

Finally, we compared the results of our naïve and rules-based approaches to those derived 
from two functions in the island R package (Ontiveros et al. 2019); Table S1.1). The island 
package contains functions “regular_sampling_scheme” (hereafter “islandNR5”), which predicts 
colonization and extinction probabilities under the assumption of perfect detection, and 
“sss_cedp” (hereafter “islandWD5”), which incorporates corrections for imperfect detection at 
the community level (Table 1). Both island methods assume species independence (the presence 
or absence of one species is independent of the presence or absence of another), and equal 
probabilities of detection among species. We calculated and compared estimates of colonization 
and extinction using all methods detailed in Table S1.1). For reasons detailed in the main text, 
only the results of the “PA3/5” and “islandWD5” assessments were employed in the analyses 
detailed there. 
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Table S1.1. Descriptions, pros and cons of each of the methods of quantifying colonization and 
extinction rates in this study. 

Method Description Pros Cons 

Naïve - Raw data  
- Presence after year of absence = 
colonization  
- Absence after year of presence = 
local extinction  
- Error from fit of linear model (x = 
year) 

- Quantifies short-term 
variability 
- Allows for identification 
of species involved in 
colonization/extinction 
dynamics 

- Incorrectly assumes perfect 
detectability 
- Assumes species are 
independent from one 
another 
- Temporal patterns are 
highly variable or noisy; 
reflects mainly sampling 
variability 

PA2/3 - Colonization when year of presence 
followed by at least 1 other presence 
within a 3-year time block (2 total) 
- Extinction when year of absence 
followed by at least 1 other absence in 
3 years  
- Error from fit of linear model (x = 
year) 

- Quantifies short-term 
variability  
- Partially accounts for 
detectability  
- Allows for identification 
of species involved in 
colonization/extinction 
dynamics 

- Incorrectly assumes equal 
detectability among species 
(same rules apply to all) 
- Assumes species are 
independent from one 
another 
- Temporal patterns are 
highly variable and 
somewhat noisy 

PA3/5 - Colonization: when a year of a 
species presence is followed by at 
least 2 other presences within a 5-year 
window (3 in total) 
- Extinction: when a year of a species 
absence is followed by at least 2 other 
absences in a 5-year window  
- See Supplementary material for 
examples 

- Smoothed temporal 
trends (less noisy than 
raw data) 
- Partially accounts for 
detectability 
- A simple and accessible 
method 
- Allows for identification 
of species involved in 
colonization/extinction 
dynamics 

-  Incorrectly assumes equal 
detectability among species 
(same rules apply to all) 
- Assumes species are 
independent from one 
another 
- Reduced temporal 
variability compared to naïve 
and PA2/3 approaches, but 
higher interannual variability 
compared to island methods -
- may mask long-term trends 
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F35 -Colonization when abundance ≧10% 
of the long-term maximum for that 
species on that bank and followed by 
at least 2 other years with abundance 
≧10% of maximum in a 5-year time 
block (3 total) 
- Absence = functional extinction 
when abundance <10% of the 
maximum for 3 of 5 years 
- Colonizations given priority as in the 
Presence/Absence 
(3/5-year rule) approach  
- Error from fit of linear model (x = 
year) 

- Accounts for “functional 
extinction”, when 
abundance is extremely 
low, which can have 
consequences for trophic 
and competitive species 
interactions 
- Smoothed temporal 
trends (less noisy) 
- Partially accounts for 
detectability issues 
- Allows for identification 
of species involved in 
colonization/extinction 
dynamics 

- Incorrectly assumes equal 
detectability among species 
(same rules apply to all) 
- Assumes species are 
independent from one 
another 

islandNR5  
(perfect 
detection/ no 
rules) 

Function “regular_sampling_scheme” 
in island R package (Ontiveros et al. 
2019) 
- Presence after year of absence = 
colonization  
- Absence after year of presence = 
local extinction  
- Calculates vital rates and 
probabilities across multiple sampling 
times (at least two) assuming perfect 
detectability within sampling times, 
but uses a maximum likelihood 
approach to estimating transition 
probabilities 

- Estimated from the 
original stochastic 
implementation of 
equations of TIB 
- Maximum likelihood 
approach allows for 
estimation of confidence 
intervals 
- Requires only 
presence/absence data by 
sampling time (does not 
require replicate samples) 

- Assumes species are 
independent from one 
another 
- Probabilities must be 
estimated over time periods 
of at least two years; can 
estimate annual colonizations 
and extinctions from these 
average probabilities 
- Assumes perfect detection 
of species within sampling 
times (does not consider 
variation in detection by 
using replicate samples as in 
islandWD5) 
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islandWD5  
(imperfect 
detection, i.e., 
with detection 
correction); 
referred to as 
“island” in the 
main text 

- Function “sss_cedp” in island R 
package (Ontiveros et al. 2019) 
- Based on MacKenzie’s (2003) 
likelihood function to estimate site 
occupancy, colonization and local 
extinction when species are detected 
imperfectly 
- Relies on replicate observations 
(trawl sets within banks each year): 
here, calculated probabilities for 5-
year sliding windows 
- Rates, and therefore transition 
probabilities, are estimated 
heuristically from the sum of 
probabilities of all possible detection 
histories (between consecutive 
sampling periods) 

- Estimated from the 
original stochastic 
implementation of 
equations of TIB 
- Rates based on 
probabilities of all 
presence/absence 
combinations  
- Less interannual 
variability than raw data 
or PA3/5 approach (clear, 
smoothed temporal 
trends). 

- Assumes species are 
independent from one 
another 
- Low replication (sites, 
number of transects) prevents 
species-specific 
characterization of vital rates 
and detectability. 

 
Before conducting these analyses, we edited the dataset to retain only records identified 

to the species level (the one exception being Redfish which are comprised of two, largely 
indistinguishable species) and species whose annual presence/absence history resulted in the 
assessment of at least one colonization event under the PA3/5 rule (Table 2, main text). Table 
S1.2 details the bank specific number of species retained in the edited data set (considered the 
“species pool” from which colonization of the banks occurred, Eqn. S1.5) and the number of 
species and family-/genus-level records contained in the unfiltered dataset.  
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Table S1.2. Number of species and family- and genus-level records included in the full, raw 
dataset obtained through DFO compared to those species-level records retained in the truncated 
dataset for the purpose of comparing methods. 

 Bc Bq Bw Em LH Md Mi Rw Sb Ws 

Total (raw dataset) 37 61 50 34 33 45 64 37 66 54 

Truncated 21 28 29 21 15 26 23 17 32 29 

Number of “species” removed 16  33 21 13 18 19 41 20 34 25 

% raw records removed 43 54 42 38 55 42 64 54 52 46 
 
 

We identified colonization and extinction events using the naïve, PA2/3, PA3/5 and F35 
methods according to the rules described in Table S1.1. Annual species richness was then 
derived using Equation S1.2 and turnover was calculated from Equation S1.3. Colonization and 
extinction rates were expressed as the slope of the linear relationship between cumulative 
colonizations (𝑆𝑡−1+𝐶𝑡)and extinctions (𝑆𝑡−1−𝐸𝑡) and year (see main text). Confidence 
intervals associated with colonization and extinction rates were derived from the standard error 
of the fitted slope.   
Species richness (𝑆𝑡) = 𝑆𝑡−1 +𝐶𝑡−𝐸𝑡           (Eqn. S1.2) 
Turnover (T) = (𝐶% + 𝐸%)/(𝑆%&' + 𝑆%)           (Eqn. S1.3) 
where S is the number of species, C is the number of colonizations and E is the number of 
extinctions.  

Annual species richness derived using the islandNR5 and islandWD5 methods was 
calculated from the probabilities of colonization (CP) and extinction (EP) given by the above 
noted functions (Table S1.1;) Eqn. S1.5). Colonization and extinction rates were then derived 
from the slope of the linear relationship between cumulative colonizations/extinctions and year. 
In this calculation we used generalized least squares regression, accounting for temporal 
autocorrelation (r ~ 0.82) at lag = 1 year) as  

island 𝑆𝑡 = 𝑆𝑡−1 + !
!𝑃𝐶𝑡,𝑡+4∗"𝑆𝑝−𝑆𝑡−1#$

1
" − !

!𝑃𝐸𝑡,𝑡+4∗(𝑆𝑡−1)$

1
"         (Eqn. S1.5) 

where S is the number of species, PC is the average probability of colonization (for 5-year 
sliding window), PE is the average probability of extinction (for 5-year sliding window) and 𝑆𝑝 
is the total number of species observed on the bank over the full sampling period (1970-2017), 
i.e., the species pool.  
 
S1.2. Comparison of methods 
a) Species Richness 

From the analyses detailed above we constructed time series of annual species richness, 
colonizations, extinctions and the annual ratio of colonization to extinction event for each of the 
ten offshore banks of the Scotian Shelf. We then evaluated the similarity of method-specific time 
series, using Pearson correlation coefficients (r). Finally, we assessed the extent to which the 
time series reflected the ecosystem regime shift that resulted from the sudden and near total top 
predator collapse that occurred in the early 1990s, a perturbation that resulted in compositional 
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change in community structure from large-bodied piscivore dominated system to one dominated 
by smaller bodied planktivorous and mesopredator species.  

 The time series of species richness derived from the resulting estimates of colonization 
and extinction events exhibited similar temporal trends, the naïve and PA2/3 time series 
exhibited the greatest interannual variability (Fig. S1.1). All methods yielded species richness 
time series that exhibited an increase in the early 1990s on eight of the ten the banks, the 
exceptions being Emerald and Western (Fig. S1.1). The resulting temporal series were also, with 
a few exceptions, strongly and positively correlated one with another (Table S1.3). islandNR5 
and islandWD5 produced time series virtually identical one to another (Pearson correlation 
coefficients ranging 0.79-1.00; Table S1.3).  Time series derived from the PA3/5 and F35 rules-
based methods were also nearly identical (Pearson correlation coefficients ranging 0.77-0.98; 
Table S1.3).  
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Fig. S1.1. Bank specific species richness time series for each of the 6 methods evaluated (listed 
from smallest bank (top left) to largest (bottom right))  
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Table S1.3. Pearson correlation (r) of time series (1970-2017) of annual species 
richness among the six methods considered for each of the ten banks, including 
correlation of these values with year, reflecting the long-term trends in species 
richness 

a) Baccaro (Bc), 534 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.57 1     

islandWD5 0.63 0.92 1    

PA2/3 0.88 0.61 0.67 1   

PA3/5 0.95 0.49 0.57 0.87 1  

Naïve 0.62 0.49 0.46 0.77 0.62 1 

 

b) Roseway (Rw), 551 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.63 1     

islandWD5 0.61 0.84 1    

PA2/3 0.63 0.56 0.49 1   

PA3/5 0.93 0.63 0.58 0.71 1  

Naïve 0.38 0.41 0.37 0.75 0.45 1 

 

c) LaHave (LH), 908 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.34 1     

islandWD5 0.66 0.81 1    

PA2/3 0.90 0.24 0.63 1   

PA3/5 0.95 0.23 0.62 0.89 1  
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Naïve 0.75 0.17 0.53 0.85 0.76 1 

 

d) Emerald (Em), 1 034 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.49 1     

islandWD5 0.41 0.79 1    

PA2/3 0.50 0.53 0.58 1   

PA3/5 0.77 0.54 0.59 0.76 1  

Naïve 0.42 0.43 0.27 0.57 0.46 1 

e) Brown’s (Bw), 2 243 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.90 1     

islandWD5 0.91 1.00 1    

PA2/3 0.96 0.87 0.88 1   

PA3/5 0.97 0.85 0.86 0.95 1  

Naïve 0.84 0.84 0.84 0.87 0.81 1 

 

f) Middle (Md), 2 253 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.71 1     

islandWD5 0.71 0.98 1    

PA2/3 0.80 0.80 0.80 1   

PA3/5 0.83 0.74 0.78 0.87 1  

Naïve 0.72 0.69 0.68 0.84 0.74 1 

 

g) Western (Ws), 4 442 km2 
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  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.87 1     

islandWD5 0.90 0.99 1    

PA2/3 0.86 0.79 0.80 1   

PA3/5 0.94 0.77 0.80 0.84 1  

Naïve 0.52 0.55 0.54 0.69 0.48 1 

 

h) Misaine (Mi), 4 513 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.85 1     

islandWD5 0.85 0.98 1    

PA2/3 0.88 0.81 0.79 1   

PA3/5 0.98 0.90 0.90 0.90 1  

Naïve 0.75 0.73 0.70 0.79 0.73 1 

 

i) Banquereau (Bq), 10 496 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.55 1     

islandWD5 0.59 0.98 1    

PA2/3 0.80 0.55 0.61 1   

PA3/5 0.78 0.47 0.52 0.88 1  

Naïve 0.46 0.74 0.56 0.56 0.78 0.68 

 

j) Sable (Sb), 10 537 km2  

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 
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F35 1      

islandNR5 0.62 1     

islandWD5 0.63 0.99 1    

PA2/3 0.68 0.70 0.70 1   

PA3/5 0.91 0.66 0.67 0.85 1  

Naïve 0.52 0.73 0.70 0.76 0.57 1 
 
 
 
 
b) Colonization and Extinctions  
 

Time series of cumulative colonizations (Fig. S1.2) and extinctions (Fig. S1.3) derived 
from each of the methods were next assessed. The naïve approach yielded a considerably greater 
number of colonization and extinction events (more than 200 in some cases) over the course of 
the 1970-2017 time series (Fig. S1.2-3) than any of other methods considered.   

The islandNR5 method, which contained no correction for detectability issues, exhibited 
the next highest cumulative colonization (Fig. S1.2) and extinction counts (Fig. S1.3). 
Cumulative colonization and extinction frequencies derived from the detection-corrected 
islandWD5 method were mid-range. The PA3/5 and F35 methods produced the most 
conservative (lowest) estimates of colonization and extinction events (Fig. S1.2-3).  
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Fig. S1.2. Cumulative colonization events over the 1970-2017 time period for each bank listed 
from smallest (top left) to largest (bottom right), for each of the six methods of estimation. 



Supplement to Stortini et al. (2021) – Mar Ecol Prog Ser 675: 81–96  –  https://doi.org/10.3354/meps13842 
 

15 

 
Fig. S1.3. Cumulative extinction events over the 1970-2017 time period for each bank listed 
from smallest (top left) to largest (bottom right), for each of the six methods of estimation. 
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Fig. S1.4. Annual ratio of colonization to extinction events over the 1970-2017 time 

period for each bank listed from smallest (top left) to largest (bottom right), for each of the six 
methods of estimation. 
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 Time series of the ratio of colonizations to extinctions derived from the methods 
evaluated were generally similar, exhibiting peaks (more colonizations relative to extinctions) in 
the early 1990s and late 2000s (Fig. S1.4). However, the peaks expressed in the naïve and rules-
based outputs were more pronounced relative to those expressed in the islandNR5 and 
islandWD5 outputs (Fig. S1.4), and the naïve exhibited the highest degree of interannual 
variability and the most prominent occurrence of extreme years (Fig. S1.4). The rules-based 
approaches yielded time series that were quite similar to one another but were less well 
correlated with the island-derived series. The PA3/5- and F35-derived series were virtually 
identical over time and also across banks, with a few exceptions (Table. S1.4).  
 

Table S1.4. Pearson correlation (r) of annual (1970-2017) ratio of colonization to 
extinction events (number of species) from each of the five methods for each bank (a-j). 

a) Baccaro (Bc), 534 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.31 1     

islandWD5 0.27 0.77 1    

PA2/3 0.68 0.46 0.33 1   

PA3/5 0.87 0.26 0.25 0.66 1  

Naïve 0.16 0.36 0.12 0.43 0.16 1 

 

b) Roseway (Rw), 551 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.29 1     

islandWD5 0.15 0.72 1    

PA2/3 0.47 0.24 0.12 1   

PA3/5 0.89 0.32 0.20 0.53 1  

Naïve 0.38 0.52 0.40 0.52 0.36 1 

 

c) LaHave (LH), 908 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      
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islandNR5 -0.19 1     

islandWD5 0.09 0.50 1    

PA2/3 0.85 -0.17 0.09 1   

PA3/5 0.93 -0.23 0.10 0.88 1  

Naïve 0.71 -0.22 0.06 0.76 0.71 1 

 

d) Emerald (Em), 1 034 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.58 1     

islandWD5 0.51 0.80 1    

PA2/3 0.70 0.52 0.57 1   

PA3/5 0.86 0.51 0.49 0.79 1  

Naïve 0.58 0.58 0.45 0.74 0.65 1 

 

e) Brown’s (Bw), 2 243 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.50 1     

islandWD5 0.49 0.99 1    

PA2/3 0.58 0.36 0.35 1   

PA3/5 0.67 0.24 0.22 0.69 1  

Naïve 0.59 0.53 0.52 0.55 0.56 1 

 

f) Middle (Md), 2 253 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.19 1     

islandWD5 0.23 0.91 1    
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PA2/3 0.60 0.32 0.19 1   

PA3/5 0.77 0.30 0.29 0.71 1  

Naïve 0.36 0.46 0.32 0.63 0.48 1 

 

g) Western (Ws), 4 442 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.26 1     

islandWD5 0.27 0.97 1    

PA2/3 0.36 0.22 0.24 1   

PA3/5 0.67 0.12 0.10 0.29 1  

Naïve 0.26 0.55 0.53 0.52 0.28 1 

 

h) Misaine (Mi), 4 513 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.34 1     

islandWD5 0.32 0.81 1    

PA2/3 0.61 0.37 0.23 1   

PA3/5 0.78 0.36 0.40 0.74 1  

Naïve 0.51 0.24 0.12 0.59 0.40 1 

 

j) Banquereau (Bq), 10 496 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.24 1     

islandWD5 0.30 0.96 1    

PA2/3 0.71 0.33 0.35 1   

PA3/5 0.82 0.26 0.26 0.76 1  
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Naïve 0.76 0.33 0.42 0.69 0.71 1 

 

k) Sable (Sb), 10 537 km2 

  F35 islandNR5 islandWD5 PA2/3 PA3/5 Naïve 

F35 1      

islandNR5 0.20 1     

islandWD5 0.24 0.99 1    

PA2/3 0.33 0.18 0.17 1   

PA3/5 0.79 0.11 0.13 0.62 1  

Naïve 0.01 0.62 0.55 0.53 0.15 1 
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Fig. S1.5. Relationship between mean (and associated 95% CWE for time series (n = 48)) of 
turnover (Eqn. S1.3) and bank area (log10-transformed) for each of the six methods.  
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Average long-term (1970-2017) estimates of turnover per bank as derived from all six 
methods assessed were strongly and negatively correlated with bank area (Fig. S1.5), being on 
the order of 2-3 times higher on the largest (Sable) relative to the smallest bank (Baccaro) (Fig. 
S1.5). However, consistent with previous outcomes, the magnitude of turnover as estimated 
using the naïve approach was higher than that derived using rules-based and island methods (Fig. 
S1.5) as were the confidence intervals about these estimates.  
 
S1.3 Choosing methods 

The rules-based approaches we developed were intended to correct for incorrect 
assignment of an extinction event due to a detection failure of a species from samples in a given 
year. Reduced interannual variability in species richness associated with methods that contained 
corrections for probability of detection (PA2/3, PA3/5, F35, islandWD5) relative to those that 
did not (naïve, islandNR5) provide strong evidence of incomplete detection in the database and 
the need for corrections in the methods ultimately employed. The species richness, and vital rates 
derived from these methods were generally strongly correlated with one another (Tables S1.3-4). 
The least conservative rules-based method, PA2/3, produced more short-term variability than the 
more conservative rules-based method, PA3/5 (Fig. S1.1, Fig. S1.4), implying lesser ability to 
correct for detection errors. The abundance-based approach (F35) produced results that were 
nearly identical to those derived from the adjacent presence/absence-based method, PA3/5 
(Tables S1.3-4); for the purpose of simplicity and accessibility of methods (e.g., application in 
other regions where abundance data are not available) only the PA3/5 method was considered 
further.  The two island methods also produced time series that were highly correlated (Tables 
S1.3-4), but higher variability and magnitude of colonization and extinction events more similar 
to the naïve approach led us to consider islandNR5 no further. 

  Ultimately, given the strong similarity between the outputs of the PA3/5 and islandWD5 
(referred to simply as “island” in the main text), our decision was to consider and report only the 
outcomes of the islandWD5 model in our analysis of bank specific community dynamics in the 
main text. We retained and evaluated the output of the PA3/5 analyses to assess the 
colonization/extinction dynamics of individual species within trophic groups; the island method 
being structured as it is, functions only at the community level.  

 The differences in bank-specific average annual species richness estimates between the 
PA3/5 and islandWD5 methods were never higher than 2 species (main text Table 3), but 
islandWD5 estimates tended to be higher on the smaller banks (Fig. S1.6), possibly due to the 
higher frequencies of rare species occurrences, and hence lower detectability there being 
accounted for in the islandWD5 function. The opposite was true on the larger banks (Fig. S1.6), 
where the frequency of occurrence of rare species was lower. While not statistically meaningful, 
this observation does suggest that the islandWD5 method is more effective in correcting for 
detectability. 
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Fig. S1.6. Proportion of years (48 total) during which the PA3/5 estimate of species richness was higher 

than that of island (blue), and vice versa (orange). Banks arranged small (left) to large (right). 
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Fig. S1.8. Linear relationships (coefficients provided in upper left) between annual estimates of 
species richness derived from the PA3/5 method (PA3/5 SR) and the islandWD5 method (island 
SR, lagged by 2 years). The red dashed line represents a theoretical 1:1 relationship. Pre-collapse 

values are shown as open circles, post-collapse values are shown as closed circles. 



Supplement to Stortini et al. (2021) – Mar Ecol Prog Ser 675: 81–96  –  https://doi.org/10.3354/meps13842 
 

25 

Supplement 2. Characterizing colonization and extinction events using a 
rules-based approach 

 
For our assessment of individual species’ colonization/extinction dynamics on the banks, 

in order to determine the trophic identity of those most responsible for observed temporal 
changes in overall turnover, we employed the PA3/5 method. Being structured as it is, the island 
method, which was employed for all other analyses in the main text, functions only at the 
community level. The PA3/5 method produced community-level time series of species richness 
and vital rates (evaluated in Supplement 1) most similar to the island method (referred to as 
“islandWD5” in Supplement 1) compared to the other 4 methods evaluated (Supplement 1).  

Number of colonizations (COL) and extinctions (EXT) per year, resulting species richness 
(SR, Eqn. S2.1), cumulative colonizations (CC, Eqn. S2.2), cumulative extinctions (CE, Eqn. S2.3) 
and turnover (TOV, Eqn. S2.2) are provided for each of three trophic groups, for top predators 
(PRED), for meso-predators (MESO) and for prey (PREY). Species-specific colonization and 
extinction dynamics for each bank, as defined by the PA3/5 rules (see Table S1.1), are shown in 
Tables S2.1-S2.10, where colonizations are highlighted in blue (periods of persistence, as defined by 
the PA3/5 rules, maintaining blue highlighting), and extinctions are highlighted in red (periods of 
persistent absence, as defined by the PA3/5 rules, maintaining red highlighting). These events are 
summarized for each bank in Table S2.11 (excluding species that are always present). 
 
 

PA3/5 𝑆𝑡 = 𝑆𝑡−1 +𝐶𝑡−𝐸𝑡                                  (Eqn. S2.1) 
 

where S is species richness in times t and t-1, C is the number of colonizations and E is the 
number of extinctions  
 
 

PA3/5 𝐶𝐶 = 𝑆𝑡−1 +𝐶𝑡              (Eqn. S2.2) 
PA3/5 𝐶𝐸 = 𝑆𝑡−1−𝐸𝑡            (Eqn. S2.3) 

where CC is cumulative colonizations (species added without subtracting extinctions) and CE is 
cumulative extinction (species lost without adding colonists).  

 
Turnover (T) = (𝐶% + 𝐸%)/(𝑆%&' + 𝑆%)           (Eqn. S2.4) 

where S is species richness in times t and t-1, C is the number of colonizations and E is the 
number of extinctions.  
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Table S2.1. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Baccaro 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided.  

 
 
Table S2.2. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Roseway 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided.  
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Table S2.3. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on LaHave Bank. 
Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue and true 
local extinctions are highlighted in red. Number of colonizations (COL) and extinctions (EXT) per 
year, resulting species richness (SR), cumulative colonizations (CC), cumulative extinctions (CE) 
and turnover (TOV) are also provided. 

 
Table S2.4. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Emerald 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided. 
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Table S2.5. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Brown’s 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided. 
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Table S2.6. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Middle Bank. 
Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue and true 
local extinctions are highlighted in red. Number of colonizations (COL) and extinctions (EXT) per 
year, resulting species richness (SR), cumulative colonizations (CC), cumulative extinctions (CE) 
and turnover (TOV) are also provided.  
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Table S2.7. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Western 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided. 
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Table S2.8. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Misaine Bank. 
Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue and true 
local extinctions are highlighted in red. Number of colonizations (COL) and extinctions (EXT) per 
year, resulting species richness (SR), cumulative colonizations (CC), cumulative extinctions (CE) 
and turnover (TOV) are also provided. 
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Table S2.9. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Banquereau 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided. 
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Table S2.10. Average standardized abundance (per tow) for each fish species (divided into trophic 
groups: top predators (PRED), prey (PREY) and meso-predators (MESO)) per year on Sable Island 
Bank. Using the PA3/5 criteria, described in Table S1.1, true colonizations are highlighted in blue 
and true local extinctions are highlighted in red. Number of colonizations (COL) and extinctions 
(EXT) per year, resulting species richness (SR), cumulative colonizations (CC), cumulative 
extinctions (CE) and turnover (TOV) are also provided.  
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Table S2.10. Continued… 
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Table S2.11. Details of predator, meso-predator and prey species that underwent colonizations 
(red with year of colonization), extinctions (dark blue with year of extinction), repetitively went 
extinct and recolonized (orange, with number of extinctions and/or recolonizations provided) or 
remained present without colonization or extinction dynamics (light blue). Species that that were 
light blue on all banks were not included in this table.  
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Supplement 3. Evaluating bank-specific time series of community similarity 

The consequence of increases in colonization and extinction events on the largest banks 
in the post-collapse regime was a weakening of the relationship between average annual turnover 
and bank area as assessed over the 10 banks examined (main text Fig. 6c). Notwithstanding this 
shift, the most rapid turnover dynamics, reflecting high interannual variability in species richness 
(main text Fig. 3), persisted on the smallest banks in the post-collapse time period. We therefore 
employed the vegdist function in the package “vegan” in R (Oksanen et al. 2017) using the Bray-
Curtis Index of community similarity (BCSI, Bray & Curtis 1957) to evaluate annual community 
similarity of bank-specific fish communities relative to the year 1971. The resulting outputs 
suggest that the fish community structure on the smaller banks was both temporally more 
variable and exhibited larger deviations from the 1971 starting year than was the case for larger 
banks. (Fig. S3.1), consistent with the predictions of TIB and metacomunity theory. A 
subsequent multivariate linear model of the Bray Curtis Similarity Index (BCSI) as a function of 
year and bank area (R Core Team 2019), explained 45% of variance in annual BCSI (relative to 
1971). Bank area was significantly (p < 0.001) and positively (coefficient 0.17) related to bank 
specific BCSI. Viewed from a temporal perspective, year was significantly (p < 0.001) and 
negatively (coefficient -0.003) related to bank-specific BCSI. In summary, larger banks had 
more consistent community similarity on average, and, while all banks exhibited a slight decline 
in BCSI over time (~ 0.003 yr-1), the smallest banks underwent greater changes in community 
structure overall. 
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Fig. S3.1. Time series of fish community similarity (Bray-Curtis) relative to the 
year 1971 on each of the ten banks listed from smallest (top left) to largest (bottom 
right). 
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