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Abstract
1.	 A key challenge facing ecologists and ecosystem managers is understanding what 
drives unexpected shifts in ecosystems and limits the effectiveness of human in-
terventions. Research that integrates and analyses data from natural and social 
systems can provide important insight for unravelling the complexity of these dy-
namics. It is, therefore, a critical step towards the development of evidence-based, 
whole-system management approaches.

2.	 To examine our ability to influence ecosystems that are behaving in unexpected ways, 
we explore three prominent cases of “ecological surprise.” We captured the social-
ecological systems (SES) using key variables and interactions from Ostrom’s SES 
framework, which integrates broader ecosystem processes (e.g. climate, connectivity), 
management variables (e.g. quotas, restrictions, monitoring), resource use behaviours 
(e.g. harvesting) and the resource unit (e.g. trees, fish, clean water) being managed.

3.	 Structural equation modelling revealed that management interventions often influ-
enced resource use behaviours (e.g. rules and limits strongly affected harvest or 
pollution), but they did not have a significant effect on the abundance of the man-
aged resource. Instead, most resource variability was related to ecological processes 
and feedbacks operating at broader spatial or temporal scales than management 
interventions, which locked the resource system into the degraded state.

4.	 Synthesis and applications. Mismatch between the influence of management sys-
tems and ecosystem processes can limit the effectiveness of human interventions 
during periods of ecological surprise. Management strategies should shift from a 
conventional focus on removal or addition of a single resource towards solutions 
that influence the broader ecosystem. Operationalizing Ostrom’s framework to 
quantitatively analyse social-ecological systems using structural equation models 
shows promise for testing solutions to navigate these events.
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1  | INTRODUC TION

Resource and ecosystem managers continually make decisions with 
imperfect information regarding how ecosystems function, what 
drives observed ecological changes and the degree to which their 
actions will produce the intended ecological results. The ability to 
predict ecological dynamics is arguably improving (Biggs, Carpenter, 
& Brock, 2009; Drake & Griffen, 2010; Pace, Carpenter, & Cole, 
2015). However, managers are frequently trying to effect change 
in an ecosystem (a) on short time-scales (Contamin & Ellison, 2009; 
Cumming, Cumming, & Redman, 2006), (b) at spatial scales smaller 
than the ecosystem itself (Cumming et al., 2006), or are (c) attempt-
ing to revert ecosystems back to their original state after unex-
pected change has occurred (Folke et al., 2004). These management 
targets are difficult to achieve because natural systems that are 
coupled with human systems are inherently complex, often fraught 
with uncertainty and difficult to predict (Fulton, Smith, Smith, & van 
Putten, 2011; Underdal, 2010). The challenge of understanding—let 
alone managing—the multiple components and processes underlying 
ecosystem behaviour is no small task (Costanza, 2000; Peters, 1991; 
Waltner-Toews, Kay, Neudoerffer, & Gitau, 2003) and requires a ho-
listic understanding of the dynamics that drive change in both social 
and ecological systems.

Management of ecological systems is further complicated by the 
occurrence of “ecological surprises,” which are defined as situations 
where human expectations or predictions of ecosystem behaviour 
deviate from observed ecosystem behaviour (Doak et al., 2008; 
King, 1995; Lindenmayer, Likens, Krebs, & Hobbs, 2010). Examples 
of ecological surprise include unanticipated critical transitions in 
ecosystems and management interventions that fail to influence 
ecosystems as expected (Filbee-Dexter et al., 2017). The threat of 
ecological surprise is of particular concern given the increasing fre-
quency and severity of environmental changes globally, which can 
have unforeseen consequences on ecological systems locally (IPCC, 
2014, Österblom, Crona, Folke, Nyström, & Troell, 2017). Often 
during ecological surprise, new or altered ecosystem dynamics ap-
pear to limit the effectiveness of management rules and regulations 
from influencing the ecological system (Folke, 2006; Levin, 1998). 
Resource managers and scientists have increasingly recognized the 
need to consider a broader range of factors when attempting to un-
derstand or predict these unexpected changes. This has prompted 
calls for a more complete understanding of the interactions among 
social systems of management and ecological components and pro-
cesses during unexpected ecological change.

It is common for management systems to be characterized by 
fragmented, multilevel governance structures with sector-specific 
decision-making processes (e.g. Crowder et al., 2006; Morrison, 
2017), while ecosystems are characterized by multiple known and 
unknown biotic and abiotic components with complex interactions 
that vary in time and space (Cumming, Morrison, & Hughes, 2017; 
Levin, 1998). The differences in scale and structure between these 
social and ecological systems determine the set of possible inter-
actions among different components (Brondizio, Ostrom, & Young, 

2009; Schlüter et al., 2012), and mismatch between systems may 
limit our ability to influence ecosystems during periods of rapid 
change (Alexander, Armitage, Carrington, & Bodin, 2017; Epstein 
et al., 2015; Pittman, Armitage, Alexander, Campbell, & Alleyne, 
2015). For example, the legacies of past management decisions or 
structures may contribute to contemporary ecological change and 
limit the effectiveness of recent management interventions (Jackson 
et al., 2001; Liu et al., 2007). Similarly, ecological changes or forces, 
operating at larger spatial scales than managers can influence, may 
limit effectiveness of localized management interventions (Cumming 
et al., 2006; Epstein, Vogt, Mincey, Cox, & Fischer, 2013; Koch et al., 
2009).

The ability of humans to effectively respond and adapt to ob-
served ecological change can be limited by numerous other so-
cial factors as well. For example, a lack of compliance with rules 
can result in continued removal of a resource (Leader-Williams & 
Albon, 1988; Mukul, Rashid, & Khan, 2017; Rowcliffe, Merode, & 
Cowlishaw, 2004) or degradation of an ecosystem (Hauck & Sweijd, 
1999; Kideghesho, Rija, Mwamende, & Selemani, 2013). Similarly, 
governance systems may have limited options for action due to re-
strictive policies, economic constraints, lack of knowledge or other 
considerations (Berkes & Turner, 2006; Costanza, 2000; Gadgil, 
Olsson, Berkes, & Folke, 2003).

In order to understand drivers of change in managed ecosys-
tems, there is growing awareness of the need to consider ecologi-
cal, social and social-ecological processes in an integrated fashion 
(Hughes et al., 2017). Research that integrates quantitative social 
and ecological data to test hypotheses on social-ecological sys-
tems (SESs) is rare (Vogt, Epstein, Mincey, Fischer, & McCord, 
2015; but see Laborde et al., 2016; Leslie et al., 2015; Ziegler, 
Golebie, Jones, Weidel, & Solomon, 2017). However, combining 
data from social systems and ecosystems can reveal further com-
plexity and a broader range of dynamics than analyses that focus 
on just one of the two systems (Hicks, Crowder, Graham, Kittinger, 
& Le Cornu, 2016; Moore et al., 2014; Schlüter et al., 2012). In this 
study, we apply two conceptual and methodological tools to quan-
titatively explore the relative role of human and ecological drivers 
of change on natural systems.

First, to classify and integrate social and ecological data, we used 
a conceptual framework developed by Ostrom, which is widely used 
by social-ecological researchers (McGinnis & Ostrom, 2014; Ostrom, 
2007, 2009). At its most general, Ostrom’s framework describes an 
SES as a governance system that interacts with a specific resource 
unit that exists within a broader resource system (i.e. ecosystem). 
The framework also categorizes components of SESs into multiple 
possible variables used to describe the system (McGinnis & Ostrom, 
2014). The framework facilitates synthesis across different systems 
or case studies, which allows for comparison of key relationships 
among common, standardized system components (McGinnis & 
Ostrom, 2014).

We, then, use structural equation models (SEMs) to quantify 
the potential relationships between different social and ecological 
variables in an SES. SEM is an analytical tool that enables us to link 



     |  2137Journal of Applied EcologyFILBEE-DEXTER et al.

empirical data (e.g. abundance, limits) and theoretical constructs 
(e.g. ownership or connectivity) of SESs using ecological theory and 
known attributes or dynamics of the system (Grace, Anderson, Olff, 
& Scheiner, 2010). In our application, SEMs quantify the relative im-
portance (strength of relationships) of ecological and social variables 
in driving change in the resource of interest.

We apply these tools to prominent cases of ecological sur-
prise to understand how multiple factors and processes influence 
ecosystem behaviour during these events. We selected three 
well-studied cases of ecological surprise from different ecologi-
cal contexts (marine, freshwater, terrestrial) that demonstrate the 
limits of management capacity to influence or mitigate ecolog-
ical change and variability: (a) the mountain pine beetle infesta-
tion currently occurring in the Western Boreal Forest in interior 
British Columbia (BC); (b) the persistent eutrophication of Lake 
Champlain’s Missisquoi Bay in the Northeastern United States and 
Quebec, Canada; and (c) the collapse of the cod fishery in Atlantic 
Canada’s Bay of Fundy (Figure 1). In all the managed systems, the 
resource of interest is expected to be influenced by both the larger 
resource system and actions of management. We use SEM to ex-
plore the extent that unexpected ecological behaviour in each of 
these cases is the result of social or ecological dynamics. Social 
dynamics may include a lack of management interventions, limited 
user response to management interventions, or user responses 
that do not produce the desired outcomes on short time-scales 
or at small spatial scales. Ecological dynamics may include legacy 
effects, hysteresis, climate-driven impacts or ecosystem changes 
at broader spatial scales. By quantifying relationships using a com-
mon framework, we are able to directly compare among cases to 
understand generalities in these SESs.

2  | MATERIAL S AND METHODS

This work is the result of a multiyear synthesis project undertaken 
by an interdisciplinary team of researchers. Our approach draws 
on different theory and perspectives from both natural and social 
sciences.

2.1 | SES framework

We use Ostrom’s (2007) SES framework as a starting point to se-
lect variables in our focal SES case studies. We selected variables 
that encapsulate key management and ecosystem components 
for our three SESs and verified their importance using published 
literature (Appendices S1 and S2). The management component 
of the SES includes a resource unit, harvest and/or quota, which 
correspond to Ostrom’s variables “RU5,” “I1” and “GS6” (McGinnis 
& Ostrom, 2014). The ecological component includes a resource 
system, resource unit and climate conditions, which correspond to 
Ostrom’s variables “RS,” “RU5” and “ECO1” (McGinnis & Ostrom, 
2014). In the context of the SES, the resource unit is the linking 
component, as its characteristics or abundance are theorized to be 
influenced directly by both ecological and social system compo-
nents. Because management procedures and ecological dynamics 
differed among case studies, we selected additional variables from 
Ostrom’s framework that were important for specific cases. These 
included a flow variable describing the influx of the resource unit 
for the Bay of Fundy and the Western Boreal Forest, a monitor-
ing variable for Lake Champlain and Bay of Fundy, and an owner-
ship variable for the Bay of Fundy (Ostrom: “ECO3,” “GS6” and 
“GS7”; Appendix S2). Inclusion of these additional variables did 

F IGURE  1  (a) Map of case studies 
depicting the (b) area of forest impacted 
by mountain pine beetle in 2016 in 
British Columbia, (c) Missisquoi Bay 
in Lake Champlain and (d) the Bay of 
Fundy [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a)

(b) (c) (d)

www.wileyonlinelibrary.com
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not impact the core components of our SESM, but rather provided 
context and accounted for known sources of variability within 
the social system or ecosystem. Here, there were clear benefits 
to using well-studied systems, as we were able to ensure that we 
could acquire adequate data and evidence of these relationships 
to build our models. Further, it also enabled us to explore or vali-
date previous narratives and/or hypotheses regarding the rela-
tive strengths of social and ecological drivers in these cases. We 
choose to exclude “Actor” variables (McGinnis & Ostrom, 2014) in 
our models, which represent entities that are directly or indirectly 
interacting with the resource unit (e.g. harvesting or producing re-
source units), because (a) their actions were largely represented by 
our other management variables and (b) our hypotheses were not 
focused on individual-level variables.

2.2 | Data selection

To quantify the key social and ecological variables in each case study, 
we obtained time-series data that best captured the variable over 
the period of ecological surprise (Table S1; Appendix S2).

For the Bay of Fundy, we characterized the resource unit by the 
average biomass of cod caught during random stratified trawl sur-
veys, conducted annually by the Canadian Department of Fisheries 
and Oceans (DFO) each July from 1984 to 2014 within the two 
fishing zones of the Bay of Fundy (zones 4Xsr; DFO, 2017). For the 
ecosystem variables, we defined climate as the average water tem-
perature measured at depth during these trawl surveys, flow as the 
number of 1-year-old cod entering the fishery, and resource system 
as the average trophic level of the benthic food web in the larger 
Nova Scotia bioregion each year (Bundy, Fanning, & Zwanenburg, 
2005). We used trophic level to summarize trends occurring in the 
resource system during the period of interest, because this indicator 
captures large changes in the species composition of marine eco-
systems (Shannon et al., 2014). For the management variables, we 
defined quota as the total allowable catch (TAC) set by the DFO, 
harvest as the total biomass of cod landed by Bay of Fundy fishers, 
ownership as the number of fishing licenses, and monitoring as the 
number of research trawls each year.

For Lake Champlain’s Missisquoi Bay, we characterized the re-
source unit by the summer abundance of algae (measured as the 
mean June–September concentration of chlorophyll a) from 1979 to 
2015. We defined climate as the average June–September air tem-
perature and resource system as the total phosphorus concentration 
in the water. For the management variables, we defined quota as the 
total maximum daily load (TMDL) for phosphorus set by the United 
States Environmental Protection Agency, and monitoring as the fre-
quency of water quality measures.

For the Western Boreal forest, we characterized the resource 
unit by the total cumulative area of forest in the province of BC 
affected by the mountain pine beetle annually between 1975 and 
2009. We defined harvest as the annual volume of timber harvested 
and quota as the annual allowable cut set by the BC Ministry of 
Forests, Lands and Natural Resources, resource system as area of 

forest containing trees greater than 80-years-old, and flow as the 
annual net change in forest area (area of forest reforested minus the 
area of forest burned). Finally, we defined the climate variable using 
minimum temperature thresholds for mountain pine beetle mortal-
ity that are hypothesized to be a primary factor driving continued 
population outbreaks of beetles. To account for seasonal change 
in cold tolerance of beetle larvae, we summed the number of days 
over three thresholds for 100% mortality of mountain pine beetle 
larvae in lodgepole pine forests: (a) ≤−25°C from April to June, (b) 
≤−40°C from December–March, and (c) ≤−25°C from September to 
November (Safranyik & Wilson, 2006).

For our case studies, an increase in the quantity of the resource 
unit (i.e. outcome variable) is considered to be desirable in the case 
of cod biomass in the Bay of Fundy and undesirable in the case of 
area affected by Mountain Pine Beetle in Western Boreal forest and 
phytoplankton biomass in Lake Champlain.

2.3 | Analytical approach

To identify thresholds or points of sudden nonlinear change in eco-
logical data, we performed trend analyses on time-series data of 
the resource units for each case study. For each case, we fitted a 
generalized additive model (GAM). GAMs are nonparametric exten-
sions of generalized models that fit a smoothing term to the data 
using maximum likelihood. To reduce the possibility of over-fitting 
our model (in the case of linear change), we used a penalized thin 
plate regression spline that enables the smoothing term to be re-
duced to zero (Wood, 2004). We examined the first and second de-
rivatives of the GAM to identify trends of increasing or decreasing 
response over time for each case (periods when the first derivative is 
significantly different from 0) and tipping points/critical transitions 
(periods when the second derivative is significantly different from 0; 
Toms & Lesperance, 2003).

For each case study, we constructed SEMs that described and 
measured the strength of the relationships leading from components 
of the ecological and social systems to the resource unit of interest 
(cod biomass, algal biomass, area of beetle-infested trees). SEM is a 
multivariate statistical approach used in a wide variety of ecological 
and social applications to explore relationships between dependent 
and independent variables (e.g. Byrnes et al., 2011; Dainese et al., 
2017; Seidl, Schelhaas, & Lexer, 2011). SEMs are similar to regres-
sion models (e.g. {X1, X2}→Y), but they are more flexible and can test 
“path models” consisting of multiple variables linked using multiple 
direct and indirect paths (e.g. {X1, X2}→M→Y) (Grace et al., 2010; 
Pugesek, Tomer, & von Eye, 2003; Shipley, 2016). SEM estimates 
variance and covariance matrices to characterize the structure of re-
lationships among variables, which provides increased flexibility for 
incorporating diverse types of variables and estimation techniques 
that reflect underlying assumptions about variable distributions 
and the degree or shape of paths between variables (Kline, 2011). 
In addition, because SEM takes a structural or multilevel approach 
to estimating relationships among variables, both single empirical 
measurements (“indicators”) and constructs (“latent factors” that are 
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estimated using a combination of multiple empirical measurements) 
can be included in analyses (Kline, 2011; Shipley, 2016).

The paths in our SEMs are based on known empirical links 
within systems of management and ecosystems (e.g. total allowable 
catch → landed cod) and our understanding of these systems, as 
well as the links theorized by Ostrom’s SES framework (Appendices 
S1 and S2). We used time-series data (Figure 2; n > 30 years for each 
case) to estimate the direct and indirect effects of climate, resource 
system, external flows, quota, harvest, monitoring and ownership 
on the abundance of the resource unit. To confirm that noninde-
pendence of our time-series observations would not impact model 
structure, we tested for temporal autocorrelation in the resource 
unit in each case study. We found no significant temporal autocor-
relation for the resource unit in Bay of Fundy and Lake Champlain 
(Figure S1). However, we did find significant temporal autocorrela-
tion for the Western Boreal forest resource unit. To account for this, 
we included a 1-year lagged resource unit variable that linked di-
rectly to the resource unit in this case study (RUt−1 → RU).

We fit the SEMs using the lavaan package in r (Rosseel, 2012). 
We report standardized path coefficients to allow comparison of the 

relative importance of ecological and social variables contributing to 
variability in the resource unit. The SEM figures presented here use 
standard reporting practices, with latent factors depicted as ovals 
and empirical indicators as rectangles (McDonald & Ho, 2002). For 
additional details on SEM analysis, data sources and unstandardized 
path coefficients, see Appendix S2.

3  | RESULTS

Our time-series analysis results indicate that there were signifi-
cant changes in the resource unit in the Bay of Fundy and Western 
Boreal Forest case studies, but not in the Lake Champlain case study 
(Table 1; Figure 2). In the Bay of Fundy, cod biomass declined sig-
nificantly from 1990 on, with a critical transition between 1980 and 
1982. In the Western Boreal Forest, the amount of pine impacted 
by the mountain pine beetle increased significantly from 2002 on, 
with a critical transition between 2000 and 2002 (Figure 2). In Lake 
Champlain, chlorophyll-a concentration did not change significantly 
over the period of interest, and no critical transition was detected. 

F IGURE  2 Time series of the resource units for each case study (top panel). (a) Cod biomass in the Bay of Fundy, (b) the area of pine 
trees affected by mountain pine beetle in interior British Columbia and (c) mean summer chlorophyll-a in Missisquoi Bay of Lake Champlain. 
N = 31, 36, 37, respectively. Error bars in (a) and (c) represent standard errors and are cut off for three outlier data points. Middle panel 
shows first derivative of GAM model with 95% CI (grey). Blue and red indicate the period over which the resource was significantly 
increasing and decreasing (respectively). Bottom left and middle panels show second derivative of GAM which indicates tipping points 
(orange) for cod abundance and area of diseased pine trees [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b) (c)

www.wileyonlinelibrary.com
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For this case study, the timing of ecological surprise was defined as 
the year that the TMDL management intervention was implemented, 
because there was an expectation that this action would decrease the 
frequency and severity of algal blooms (but no change was detected).

Our SEM results demonstrate that the relationships theorized 
in the SES framework explained a large amount of the variation 
in the resource unit (RU) (r2 = 0.95 for the Bay of Fundy, r2 = 0.80 
for the Mountain Pine Beetle, r2 = 0.57 for Lake Champlain). For 
these three cases of ecological surprise, the management vari-
ables within the social system had significant effects on the be-
haviour and decisions of resource users, but these decisions had 
little direct effect on the resource unit itself (Quota/Harvest→RU; 
Figures 3–5, Table 2). For all SEMs, the paths describing the effects 
of management actions on the resource unit during the period of 
surprise were not significant (Table 2). Specifically, the amount of 
cod caught by fishers in a given year was not significantly related 
to the abundance of cod in the Bay of Fundy in that year, restrict-
ing P inputs into Lake Champlain in a given year did not affect the 
biomass of algae (chlorophyll-a concentration) in the lake that year, 
and the quantity of trees harvested by logging companies in a given 
year did not affect the area of Western Boreal forest affected by 
the mountain pine beetle in that year.

In all SEMs, the paths describing management actions (paths be-
tween monitoring and quota or harvest) during the period of unex-
pected ecological change were statistically significant. For the Bay 

of Fundy, the increasing number of surveys on declining cod stock 
had a negative effect on the TAC set by managers. The quota, which 
was lowered over this period, had a significant positive effect on the 
biomass of cod harvested (Figure 3). For Lake Champlain, the fre-
quency of monitoring also had a significant negative relationship 
with quota. In the Western Boreal forest, the quota varied signifi-
cantly with harvest, but this relationship was negative such that har-
vest was low when the quota was high (Figure 5), likely driven by 
the inability of loggers to meet high “salvage logging” quotas (B.C. 
Ministry of Forests, Mines, and Lands, 2010).

Most variability in the resource unit was related to variability in 
ecosystem processes during the period of interest (Resource sys-
tem or RUt−1 → RU). The paths describing the effects of the broader 
resource system on the resource unit were significant in two of the 
three models (partial r2 > 0.80 for Bay of Fundy and Lake Champlain, 
Table 2). In other words, the average trophic level of the benthic 
food web in the Nova Scotian bioregion had a positive effect on the 
biomass of cod (Figure 3). Food webs with lower average trophic lev-
els (dominated by smaller fish and invertebrates) in the larger coastal 
region were associated with fewer cod in the Bay of Fundy. Similarly, 
in Lake Champlain, the total P in the water had the strongest influ-
ence on the amount of algae in the lake. In contrast, the amount 
of Western Boreal forest containing trees >80-year-old had no sig-
nificant effect on the amount of forest impacted by mountain pine 
beetle (Figure 5). Instead, the abundance of trees >80-year-old was 

Case r2 Est. df F p

Bay of fundy 0.67 Intercept t = 20.0 <0.001

Year 3.2 F = 22.3 <0.001

Western boreal 
forest

0.99 Intercept t = 264 <0.001

Year 8 F = 3095 <0.001

Lake champlain 0.10 Intercept t = 9.6 <0.001

Year 1.7 F = 2.2 0.122

TABLE  1 GAM results for each case. 
Models were in the form of RU~s(Year) 
and were fit by maximum likelihood using 
residual deviance. Significant p-values are 
in bold

F IGURE  3 Structural equation model 
(SEM) of Bay of Fundy cod collapse 
showing how variation in the resource 
unit (cod biomass) is associated with 
management and ecological variables. 
Numbers next to arrows are standardized 
path coefficients. Solid arrows denote 
paths that are significant (p > 0.05). Latent 
factors with fixed variance are denoted 
by ovals, while variables without fixed 
variance are denoted by rectangles. The 
data used for each variable are shown in 
the shaded boxes on the left [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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strongly influenced by the area of forest reforested or burned each 
year. Most variability in the amount of forest impacted by moun-
tain pine beetle was explained by the area impacted by disease the 
previous year, indicating that internal feedbacks on the resource 
unit were stronger than the effects of management interventions or 
changes in the larger resource system.

Paths between the climate variables and the resource units were 
only significant for the Bay of Fundy (Table 2). In the Bay of Fundy, 
water temperature had a negative effect on the biomass of cod, 
which is a cold-water species. In Lake Champlain, air temperature 
had no effect on the concentration of chlorophyll-a in the lake, but 
did significantly impact the total phosphorus in the lake (Figure 5). In 
the Western Boreal forest, temperature conditions associated with 
beetle mortality had no significant effect on the area of forest im-
pacted by the mountain pine beetle (Figure 4).

4  | DISCUSSION

By quantitatively operationalizing Ostrom’s SES framework, our 
results show that in all three cases, the managed resource (RU) re-
sponded to short-term ecological changes, not to short-term changes 
in human behaviour (i.e. people responded to management interven-
tions, but the ecosystem did not). In particular, the strong link between 
the ecosystem (resource system) and the resource unit in the Bay of 
Fundy and Lake Champlain case studies suggests that, at the scales we 
examined, short-term changes in ecological dynamics had a stronger 
influence compared with localized management interventions 
(Figures 3 and 5, Table 2). This is consistent with ecological feedbacks 
driving ecosystem structure. These results, coupled with past stud-
ies, suggest that broader spatial and temporal dynamics may limit the 
ability of management interventions to influence ecological surprise.

F IGURE  4 Structural equation model (SEM) of interior British Columbia mountain pine beetle infestation showing how variation in the 
resource unit (affected area of forest) is associated with management and ecological variables. Numbers next to arrows are standardized 
path coefficients. Solid arrows denote paths that are significant (p > 0.05). Latent factors with fixed variance are denoted by ovals, while 
variables without fixed variance are denoted by rectangles. The data used for each variable are shown in the shaded boxes on the left 
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE  5 Structural equation model 
(SEM) of persistent eutrophication 
in Missisquoi Bay of Lake Champlain 
showing how variation in the resource 
unit (mean summer Chl-a concentration) 
is associated with management and 
ecological variables. Numbers next to 
arrows are standardized path coefficients. 
Solid arrows denote paths that are 
significant (p > 0.05). Latent factors with 
fixed variance are denoted by ovals, 
while variables without fixed variance are 
denoted by rectangles. The data used for 
each variable are shown in the shaded 
boxes on the left [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Although there was not a significant relationship between the 
social systems of management and the resource unit, we found that 
the governance variables capturing rules of use in Bay of Fundy and 
Western Boreal Forest co-varied significantly with user behaviour 
(i.e. harvest affected by ownership and quota; Table 2). This result 
suggests that the users being monitored by the managers adhered 
to the strong management interventions for these systems (e.g. cod 
quota was dramatically reduced to 6% of initial harvesting levels). It 
also indicates that failure of the management systems to produce 
the intended effect on the resource unit was not because users did 
not comply with rules or policies (or at least the users that were 
tracked). However, it is worth noting that illegal fishing and illegal 
cutting are not included in the harvest variable, so this relationship 
does not capture all user behaviour.

4.1 | Ecological dynamics, reinforcing 
feedbacks, and hysteresis

The strong link between the ecological variables and RU in all case 
studies is consistent with an ecological surprise, whereby the eco-
system undergoes an abrupt shift and/or is stabilized by ecologi-
cal dynamics. Research on sudden changes in ecosystem structure 
indicates that when ecosystems are pushed beyond tipping points 
of stability, human-driven recovery can be difficult because rein-
forcing feedback mechanisms or altered ecological dynamics can 
lock the ecosystem into the new configuration (Berkes, Colding, & 
Folke, 2008; Folke et al., 2004; Scheffer, Carpenter, Foley, Folke, 
& Walkerk, 2001). This is termed hysteresis and occurs when an 
alternate ecosystem state persists, even after the initial driver of 
ecosystem change has been relaxed, because of new reinforc-
ing mechanisms (Scheffer et al., 2001). Missisquoi Bay of Lake 

Champlain typifies a classic example of hysteresis, where shallow 
lakes transition between macrophyte dominance and clear condi-
tions to phytoplankton dominance and turbid conditions at differ-
ent threshold levels of nutrients (Jeppesen, Søndergaard, Sortkjær, 
Mortensen, & Kristensen, 1990; Scheffer, Hosper, Meijer, Moss, & 
Jeppesen, 1993). A number of mechanisms stabilize lake systems in 
turbid states (reviewed in Scheffer & van Nes, 2007). For example, 
nutrient loading can induce anoxia in lake sediments causing phos-
phorus to become more bioavailable, reinforcing the turbid state 
even once external nutrient loading is reduced. There is evidence 
that the collapsed cod population is also experiencing some level of 
hysteresis. Following the dramatic loss of cod, planktivorous forage 
fishes and invertebrates increased in abundance (Bundy, Heymans, 
Morissette, & Savenkoff, 2009). Through direct predation and com-
petition for resources with cod, these groups likely delayed the re-
covery of cod stocks (Petrie, Frankt, Shackell, & Leggett, 2009). In 
both cases, our resource system variables are related to these stabi-
lizing feedback mechanisms maintaining the new ecosystem states 
(e.g. water phosphorus concentrations, average trophic level of the 
benthic food web). This suggests that during tipping points, shift-
ing the focus away from directly controlling the availability of the 
resource to focusing on ways to influence the broader resource sys-
tem may enable managers to navigate these events more success-
fully (Biggs et al., 2012).

In the Western Boreal Forest, the resource unit was strongly in-
fluenced by the mountain pine beetle outbreak strength in the pre-
vious year. This represents another type of ecological tipping point, 
where the forest is pushed past a threshold for a disease outbreak 
that sets the ecosystem on a trajectory that is difficult to deviate 
from, regardless of changes in harvest, climate, or in the broader re-
source system. Although it is surprising that environmental condi-
tions were not significant in this model, it is likely that temperature 
was critical in driving the initial outbreak of mountain pine beetle 
populations. However, once the system was pushed past this point, 
variation in annual temperature thresholds for mortality was a less 
important driver of the amount of affected forest. This is consistent 
with other positive feedbacks that lead to nonlinear population out-
breaks of insects or rapid spread of invasive species (Gibbs & Grant, 
1987; Washington-Allen & Salo, 2007).

4.2 | Underlying social drivers of 
ecological dynamics

Although SEM results show that proximate management decisions 
have been ineffective at preventing or responding to ecological sur-
prise, previous work on these systems indicate that the drivers of 
surprise are linked to a combination of historic management deci-
sions and external social and ecological changes. These drivers occur 
at larger spatial and temporal scales than the managed system, which 
may be hindering the effectiveness of management interventions. 
For example, in all cases, the resource system variables are related 
to past management decisions. Our models are not able to directly 
test the relationships between past management, external changes 

TABLE  2 SEM standardized path coefficients for the three case 
studies: cod collapse in the Bay of Fundy (BF), mountain pine beetle 
infestation in the Western Boreal Forest, interior British Columbia 
(MPB) and the persistent eutrophication of Missisquoi Bay in Lake 
Champlain (LC). Bolded standardized path coefficients are 
significant at p < 0.05. If a path was not present in the SEM for a 
given case study, the path is denoted NA

Path BF MPB LC

Ecological

Flow → Resource System 0.01 0.97 NA

Resource System → Resource Unit 0.85 −0.03 0.64

Climate → Resource System −0.08 −0.07 0.38

Climate → Resource Unit −0.13 −0.09 0.18

Resource Unit(t−1) → Resource Unit NA 0.88 NA

Management

Harvest → Resource Unit 0.06 −0.09 NA

Ownership → Harvest −0.38 NA NA

Quota → Harvest 0.87 −0.09 NA

Quota → Resource Unit NA NA 0.19

Monitoring → Quota −0.35 NA −0.66
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and the resource system (see Appendix S2 on why our models do 
not explicitly account for lagged effects of management). However, 
they are supported by a considerable breadth of scholarship that has 
focused on each specific case, as well as on understanding general 
ecosystem processes affected by management decisions (Appendix 
S1). This highlights a potential pitfall of a traditional single resource 
unit or single location management approach, whereby decisions 
and assessments are made for single resource units and do not ac-
count for processes occurring at larger spatial scales or those affect-
ing multiple components of the ecosystem. In cases such as ours, 
where the resource is strongly influenced by internal feedbacks or 
the broader resource system in which it is embedded, management 
interventions in relation to ecological surprise should occur earlier 
or be stronger or management should develop new strategies that 
act on the ecosystem in a different way (i.e. focus on the whole eco-
system such as protecting critical habitat or using multispecies maxi-
mum sustainable yield in fisheries, e.g. Hughes et al., 2017; Levin 
& Lubchenco, 2008; Worm et al., 2009). For example, managers in 
the Bay of Fundy could have cut quotas when other stocks showed 
first indications of overexploitation, forestry managers in BC could 
have prioritized diverse planting strategies, and managers of Lake 
Champlain could have focused on removing phosphorus and im-
posed stricter limits in areas of the lake that were below the critical 
thresholds of P loading required to trigger algal blooms.

Quantifying the relative importance of different management 
and ecological variables can also provide valuable information to 
managers. If an ecological variable is having a strong effect on the 
resource unit, then managers can refocus their efforts accordingly. 
Alternatively, if the important variables are larger in scale than those 
that are under control of the manager, then this information can be 
used as quantitative evidence to argue for expanded reach, collabo-
ration with other managing bodies, or adapting to the “new normal.” 
This also reinforces the importance of ongoing information sharing, 
data collection and analysis in determining appropriate management 
responses to ecological surprise.

4.3 | Quantitative applications of Ostrom’s 
framework: Insights and challenges

Despite its frequent application in SES research, few studies have 
quantitatively tested ecological hypotheses using Ostrom’s frame-
work (Hinkel, Bots, & Schlüter, 2014; McGinnis & Ostrom, 2014). 
Our study uses a novel approach that combines Ostrom’s concep-
tual framework and advanced statistical tools to integrate ecologi-
cal and social data, which enables us to quantify relative drivers of 
unexpected ecological behaviour. In this way, we provide a broader 
perspective from those provided by ecological or social science 
alone. Although there are widely accepted narratives of what drives 
resource unit dynamics in each of these cases, these narratives are 
often created in the absence of formal statistical tests or are based 
on a narrow set of data. For example, climate has been identified as 
a contributing factor of shifts in all three case studies (Appendix S2), 
but the relative importance of climate in influencing the resource 

unit in our models was small compared with other ecological pro-
cesses, suggesting that a sole focus on climate as the explanation of 
these events is not a complete nor correct conclusion.

The technique of quantitatively operationalizing Ostrom’s SES 
framework provides a useful “self-check” for managers on their man-
agement capacity and a way to determine the relative importance 
of variables affecting the managed resource. SEM is an ideal analyt-
ical tool to pair with SES dynamics because it is a highly adaptable 
framework that can be used to explore many different hypotheses. 
We focused on direct effects on the resource unit; however, other 
types of relationships can be modelled using SEMs, such as lagged 
effects, indirect effects and feedbacks, any of which may be of in-
terest to managers.

Conceptually, we found two clear drawbacks of Ostrom’s 
framework. First, it does not easily capture ecosystem-based 
management because it is focused towards a single resource unit 
and not to the resource system. As a result, this framework will 
reproduce the inherent biases in single resource management ap-
proaches. Second, the possible variables are weighted towards the 
social system, and the framework is missing important ecological 
components (e.g. abiotic conditions, biological diversity, and en-
ergy transfer) that should be included and directly linked to the 
RU if it is to properly capture the SES. For example, there were 
no internal flows on the resource system, so we used an external 
flow “ECO3” variable to capture these dynamics. These findings 
are consistent with other suggestions to improve the ecological 
components of the framework (Epstein et al., 2013; Vogt et al., 
2015). Developing a more robust and comprehensive framework 
will ensure that these tools can have better application in SES re-
search and quantitative hypothesis testing.

There also are limitations to our analytical approach. To explore the 
SES in a quantitative manner, we simplified both the social system man-
aging the resource and the ecosystem containing the resource to its 
key components, which loses fine-scale dynamics. This, in turn, limits 
our conclusions to the relative impacts of both systems and does not 
allow us to fully examine the drivers of these dynamics within either 
system (e.g. attributes of the systems of governance, specific actors, 
species interactions, environmental forcing). In addition, despite the 
relatively long-term datasets available for all the variables of interest 
in our case studies, the number of data points still limited our analy-
ses, which were, therefore, not able to fully capture important historic 
processes. This highlights the importance of maintaining and collecting 
long-term datasets to understand these dynamics, which are operating 
on multidecadal scales. Finally, selecting appropriate data for Ostrom’s 
SES variables (which are the result of a whole suite of dynamics) can be 
challenging and requires knowledge of the social and ecological sys-
tem that may be based on ecological theory or contain assumptions. 
However, considering the complexity of the SESs in our case studies, 
it is remarkable that our models explained such a large amount of the 
variation in our resource units. This approach shows promise and could 
be used to explore similar hypotheses about what drives socioecologi-
cal outcomes in other systems. For example, SES research using quanti-
tative datasets should be highly useful for validating existing narratives 
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on which social or ecological interactions are most important a chang-
ing system, and determining whether local management strategies are 
effective in influencing systems facing both local and global stressors.

5  | CONCLUSIONS

The integration of data from natural and social sciences is a critical 
step in the shift towards evidence-based, whole systems management 
approaches. Our results reveal clear limitations on management’s ca-
pacity to avoid an impending ecosystem shift or navigate an ongoing 
surprise at the time-scale and spatial scale of these management in-
terventions. Although the additional information gained through SES 
modelling may not provide a “silver bullet” for many of our current sus-
tainability challenges, we would reiterate Ostrom’s (2007) argument 
that there are no panaceas, and that these dynamics will be dependent 
on the specifics of each system. However, understanding the impacts 
of management decisions on the entire ecological system and their po-
tential to create legacy effects should continue to be an important part 
of ecosystem management. Further use of these analytical methods 
should provide a useful tool for managers, allowing for a “self-check” 
on their management capacity, informing the type and scale of solu-
tions that may be most effective and responsive in the face of rapid 
environmental change and surprise.
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