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Freshwater ecosystems face numerous threats, including habitat alteration, invasive species, pollution, over extraction of resources, fragmentation, and climate change. When these threats intensify and/or combine with each other, their impacts can shift the ecosystem past a tipping point, producing a major and potentially irreversible shift in state, called a regime shift. We generated an evidence map to assess the current state of knowledge on tipping points in freshwater ecosystems. Our evidence mapping exercise revealed large knowledge gaps. Specifically, there are relatively few studies that explore the effects of tipping points in relation to (1) lotic systems (i.e., rivers, streams), (2) amphibians, mammals, or reptiles, and (3) the interactive impacts of multiple threats. In addition, most studies tended to have short study durations (<1 year), and few studies explored the reversibility of an ecosystem change after a tipping point was crossed. Concentrating future research on these gaps to improve understanding of tipping points in freshwater ecosystems in a holistic manner is important to help develop tools to forecast (and thus mitigate) the emergence and effects of tipping points, as well as to guide restoration actions.
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1. Introduction

Crossing a “tipping point” can cause dramatic, long-term changes in ecosystem structure and function, resulting in entirely different ecosystems than were present before the transition. Tipping points have been identified in almost every ecosystem, with examples ranging from transitions of pine to broadleaf forest due to severe drought in terrestrial ecosystems (Haberstroh et al., 2022), to coral reefs being outcompeted by seaweed in systems with decreased herbivory in marine ecosystems (Holbrook et al., 2016). In freshwater ecosystems, examples of tipping points include switches in lakes from macrophyte-dominated, clear conditions to macrophyte-free, turbid conditions due to land-use changes (Schallenberg and Sorrell, 2009), post-invasion transitions from communities dominated by native species to invasive species communities (Hansen et al., 2013), and changes in species assemblage structure after dam construction (Gao et al., 2019), amongst other triggers.

Tipping points (also called thresholds or breakpoints) are often triggered by small alterations in the drivers present in the ecosystem (i.e., natural, or anthropogenic environmental parameters outside the natural range of variation for the ecosystem; Hughes et al., 2013; Côté et al., 2016). They may also be triggered by the intensification of single or multiple drivers, or the addition of new drivers that were not present prior to the change. If these changes in drivers result in a non-linear response in ecosystem conditions and the tipping point is crossed, the ecosystem will shift between two (or more) alternative states. This transition is considered a “regime shift” (Scheffer et al., 2001; Hughes et al., 2013; van Nes et al., 2016). If reinforced by feedback mechanisms, these transitions may be irreversible (Hughes et al., 2013; van Nes et al., 2016), at which point the ecosystem has entered a new alternative stable state (Scheffer and Carpenter, 2003). We use the term “stable” with the understanding that this is dependent on the timescale considered. Hysteresis is present if a new state can persist even when drivers are relaxed, making it difficult to return the ecosystem to its original state (Litzow and Hunsicker, 2016). While some regime shifts can be reversed once a tipping point has been crossed, it is often extremely difficult, expensive, and time-consuming to do so, making early identification and action an important goal for ecosystem managers (Kelly et al., 2014; Selkoe et al., 2015).

It is difficult to predict if tipping points will occur (Scheffer et al., 2009) or if an ecosystem has the capacity to be resistant or resilient to threats. The paths that can lead an ecosystem toward tipping are equally diverse and complex (Filbee-Dexter et al., 2017). Ecosystems that face numerous natural and anthropogenic drivers are particularly at risk of experiencing tipping points because of the increased likelihood of multiple drivers interacting additively or synergistically (Folt et al., 1999). This may push a system closer toward a tipping point than would otherwise be anticipated (Côté et al., 2016). Understanding if and when these interactions lead to tipping points, and how tipping points influence ecosystems, have been identified as research priorities across diverse ecosystems (Allsopp et al., 2019; Friedman et al., 2020; Dey et al., 2021).

Identifying the conditions that have led to previous tipping points is an important step in determining if, when, and where tipping points are likely to occur, due to the risks associated with complete ecosystem change [i.e., decline in biodiversity or ecosystem function (Evans et al., 2017) or loss of ecosystem functions and associated services (Watson et al., 2021)]. In many cases, the conditions leading to tipping points are identified only after a regime shift has occurred and therefore prediction of tipping points may not always be possible. Consequently, a better understanding of reversibility of tipping points is necessary to enable management entities to help bolster ecosystem components that facilitate management actions targeting reversibility, especially since restoration actions may not always have the expected results (e.g., Weber et al., 2020).

The threat of tipping points in freshwater ecosystems is significant (Jackson et al., 2010; Robin et al., 2014; Griffiths et al., 2017), and likely to grow. Freshwater ecosystems are in a biodiversity crisis (Harrison et al., 2018; Albert et al., 2021), with monitored vertebrates experiencing an 83% biodiversity decline since 1970 according to the Living Planet Report, well outpacing terrestrial, and marine declines (WWF, 2022). This may reflect a loss of functional resilience in these systems (e.g., Oliver et al., 2015) and is one early warning signal commonly used to identify impending tipping points (i.e., a critical slowing down; Scheffer et al., 2009). This biodiversity crisis has spurred the development of Emergency Recovery Plans to reverse this trend (Tickner et al., 2020), and calls for actions to decrease the potential for future tipping points in freshwater systems, such as controlling non-native species invasions or improving water quality.

Freshwater ecosystems are impacted by both persistent and emerging threats (e.g., Reid et al., 2019), which may interact to produce the conditions where tipping points are more likely to occur. Environmental decisions for freshwater systems will have to consider interactions of these drivers, whether they are between large-scale drivers such as climate change (IPCC, 2021), or smaller, local scale drivers such as increased boat traffic or construction of docks (Sagerman et al., 2020). With the status of many freshwater species still unclear due to lack of sufficient data (Desforges et al., 2022), improving our overall understanding of tipping points could inform future paths toward reducing the likelihood of pushing freshwater ecosystems past tipping points or in reversing the trajectory if a freshwater ecosystem has been pushed past a tipping point. Bodies involved in the regulation (i.e., government agencies), exploitation (i.e., developers or resource extractors), and protection (i.e., ecosystem managers or Indigenous communities) of freshwater ecosystems therefore require evidence of the threats, especially multiple and cumulative impacts of these threats, and of the potential for reversibility of the trajectory to and past tipping points across freshwater ecosystems.

Past reviews have focused on the theoretical basis for tipping points, including defining tipping points in different contexts (Milkoreit et al., 2018), identifying and detecting early warning signals (Burthe et al., 2016; Litzow and Hunsicker, 2016), and identifying and detecting alternative stable states (Petraitis and Dudgeon, 2004). Past reviews have also considered tipping points in different ecosystems such as marine (Rocha et al., 2015), Amazonian forest (Nobre and Borma, 2009), and polar regions (Lenton, 2012). Some of these previous reviews have focused on specific drivers of ecosystem change in different ecosystems [i.e., invasive species (Gaertner et al., 2014; Reynolds and Aldridge, 2021)]. While those reviews provide good evidence of the drivers and processes that ecosystems may experience prior to a tipping point, they do not summarize the specific evidence of freshwater tipping points for managers and practitioners faced with managing freshwater ecosystems. Freshwater tipping points are often used as examples of their occurrence in natural ecosystems (i.e., Scheffer and Carpenter, 2003), but freshwater ecosystems remain less represented in the tipping points literature than other ecosystems. For example, a recent bibliometric analysis of tipping points and related terms found marine ecosystems were represented more than twice as frequently in the literature as freshwater ecosystems (Carrier-Belleau et al., 2022). Identifying existing gaps in current knowledge of freshwater tipping points will be a valuable contribution to freshwater ecosystem management. Past reviews with a freshwater focus have considered experimental studies of tipping points due to multiple drivers across aquatic ecosystems (e.g., Carrier-Belleau et al., 2022), or field studies of regime shifts and alternative stable states in freshwater systems (Bayley et al., 2007; Capon et al., 2015), although without considering paleo-ecological data. Such syntheses provide an initial understanding of tipping points and regime shifts in freshwater ecosystems.

An evidence map is a method used to identify and describe key concepts, types of evidence, and gaps in research related to a defined area or field. The evidence map presented here provides an update to previous tipping point research by including new evidence. The objective of this evidence map is to provide a collated summary of the existing body of literature addressing the effects of tipping points, with a specific focus on freshwater ecosystems, and was initiated to help support ecological management in Canadian freshwaters but was intentionally global in scope. We describe key characteristics of the evidence base, including the number of publications, the use of tipping points terminology in these publications, the study locations and designs, the habitats and aquatic taxa, the single and multiple anthropogenic drivers of tipping points, and the measured outcomes (at the population or community level) of tipping points. We build on previous research by including: (1) observational studies (in addition to experimental studies) and paleo-ecological evidence; (2) a more recent search that includes both gray and peer-reviewed literature that captures new evidence; and (3) a description of whether studies assess the reversibility of tipping points. For this evidence map, we focus primarily on tipping points and alternative stable states, using the terminology and definitions proposed by Carrier-Belleau et al. (2022).



2. Methods

To improve the rigor, transparency, and repeatability of our methods, this synthesis was developed adopting best practices from the Collaboration for Environmental Evidence (2018) and ROSES reporting standards (Haddaway et al., 2018). At the beginning of this mapping exercise, we established an advisory team made up of Canadian scientists with knowledge of freshwater ecosystems and tipping points, and literature review experts. The advisory team consulted on all aspects of the work, including the development of the search string, inclusion criteria for article screening, and data extraction strategy.


2.1. Searching for articles

We conducted two literature searches in Web of Science Core Collection (WoSCC) accessed from the University of Ottawa's institutional subscription. The first search was conducted in October 2021 and the second in January 2022 (Table 1). We conducted a second search to capture additional terms identified from the work of Carrier-Belleau et al. (2022). A list of potentially relevant search terms was developed in consultation with the advisory team and broken into two components: population (freshwater ecosystem terms) and exposure (tipping points terms). The review team then developed a set of search strings that were modified and refined iteratively through a scoping exercise that evaluated the sensitivity of the search terms and associated wildcards. The comprehensiveness of the search strings was tested using a list of benchmark papers (Supplementary material 1) that were identified as relevant for this map by the advisory team. Search terms for both searches were limited to the English language due to project resource restrictions; however, no language, geographic, or document type restrictions were applied during the searches. We refined the results by using the post-query filter “research areas” and excluded papers from irrelevant disciplines such as medicine or criminology (Table 1). All articles found by WoSCC searches were exported into EPPI-Reviewer Web1 (Thomas et al., 2022). Prior to screening, duplicates were identified and removed. We also issued a call for evidence to target gray literature sources (i.e., thesis, government documents, consultant reports, etc.) and distributed to relevant mailing lists and social media platforms (Oct/Nov 2021).


TABLE 1 Search strings used to execute searches in Web of Science Core Collection.
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2.2. Screening and eligibility
 
2.2.1. Screening process

We screened articles found in WoSCC at two distinct stages: (1) title and abstract; and (2) full text. We screened articles found via the gray literature call at the full-text stage and these were not included in consistency checks. We used a semi-automated approach for title and abstract screening by employing a text-based machine learning algorithm in the EPPI-Reviewer software to prioritize relevant articles (Thomas, 2013). During this priority screening we identified a logical cut off point (i.e., a plateau where new articles were no longer being included) at which point title and abstract screening was stopped. All full-text screening was done in Microsoft Excel.

Prior to screening all articles, we performed a consistency check to ensure that consistent and repeatable decisions were being made by reviewers. This included allocating a subset of 167 articles at title and abstract screening (2% of all WoSCC search results) and 18 of 492 articles at full text (4% of included articles from WoSCC searches) screening stages for each reviewer to screen independently. After the consistency check screening, we did a comparison and any disagreements among reviewers were discussed and inclusion criteria clarified before moving forward. For complex cases, the review team consulted to discuss further. Reviewers did not screen any article at either stage to which they were an author. We made attempts to retrieve missing articles by requesting them via University of Ottawa and Carleton University Interlibrary Loans. No formal study validity assessment (i.e., study susceptibility to bias) was performed on included articles. However, the metadata extracted on study design allowed us to provide a very basic overview of the robustness and relevance of the evidence (i.e., internal validity) and incorporated into the discussion of results to provide recommendations for future research needs and considerations.



2.2.2. Eligibility criteria

Table 2 criteria had to be met for articles to be included in the evidence map.


TABLE 2 Article inclusion and exclusion criteria.
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2.3. Data coding strategy

Following full-text screening, we conducted meta-data extraction on all included articles. When multiple relevant studies were reported in a single article, and/or multiple datasets were used to analyze responses of different taxa to a tipping point being reached, we entered each study and/or dataset as independent lines in the codebook (refer to Table 3, for definitions of terms used throughout the evidence map). We identified and combined articles that reported data that could be found elsewhere or that could be combined with another more complete source. Here, we identified the most comprehensive article as the primary study and less complete sources as Supplementary material.


TABLE 3 Definition of terms used throughout the review.

[image: Table 3]

In developing the evidence map data extraction form and codebook (i.e., code sheet for all codes used in extraction form), we identified the following key variables through scoping activities and discussion with the advisory team: (1) bibliographic information; (2) study location [i.e., country, type of freshwater ecosystem, habitat type sensu (WWF/TNC, 2019)]; (3) system information (i.e., type of driver, tipping points terminology, reversibility); (4) taxonomic information (i.e., type of organism, number of focal species); (5) study design (i.e., study duration, type of study); and (6) outcome information (i.e., biological indicators). We developed the coding options within these key variables in a partly iterative process, adding new categories and options as consistency checks, and then data extraction proceeded. When determining whether a study had assessed the reversibility of tipping points, we used a “Yes” code if the study incorporated reversibility into a before/after study design or reported data on a shift back to the “original” state (e.g., articles that evaluated the success of a restoration action, before/after state of an ecosystem). We used a “No” code when reversibility was not assessed, or authors only suggested possible reversibility but their statements were not supported by empirical data. In most cases, we extracted data based on author reported information, although we identified major habitat types (e.g., temperate floodplain rivers and wetlands using the Freshwater Ecoregion of the World Interactive Map2 (Abell et al., 2008). We coded data that were missing or unclear as “unclear”.

We conducted a consistency check (i.e., cross-checking) at the data extraction stage with a subset of nine articles to ensure that data extraction was conducted in a consistent and repeatable manner. When inconsistencies arose, we discussed discrepancies amongst the reviewers and included additional guidance in the codebook.



2.4. Data mapping method

We created the evidence map database in Microsoft Excel and provided the number and key characteristics of the studies found on tipping points in freshwater ecosystems (see Supplementary material 2). We used descriptive statistics to describe the key variables, summarizing information in figures. We compiled the distribution and frequency of the evidence base into structured heatmaps showing linkages between two categorical variables [e.g., tipping point drivers (columns) and taxonomic responses (rows) in the presence of tipping points, and the associated regime shift components (such as alternative stable states or hysteresis)]. Because studies could include multiple interactions between drivers and responses, we mapped individual studies to more than one cell if applicable. We describe results narratively at the level of the study (see definitions in Table 3). Note that the evidence map did not estimate or validate the direction, magnitude (including effect size) or statistical significance of the effect of drivers resulting in tipping points and causing taxonomic-specific responses, but was used to identify potential gaps in the available evidence base of tipping points research (i.e., subtopics that are un- or under-reported in the evidence base that may benefit from further primary research) and evidence clusters (i.e., areas with a higher frequency of studies that may be suitable for deeper synthesis).




3. Results


3.1. Literature searches and screening

The searches in WoSCC yielded 10,782 articles (Figure 1), of which 267 were identified as duplicates and removed from the screening process. This resulted in 10,515 articles for title and abstract screening. Using EPPI-Reviewer Priority Screening (Thomas, 2013), we stopped title and abstract screening after 95% of articles (9,977/10,515) were screened as a plateau was reached with no new inclusions made after 2,084 consecutive articles. This resulted in 538 articles assumed to be irrelevant and excluded at the title and abstract stage. Of the 9,977 articles screened at title and abstract, 9,522 were excluded, yielding 455 articles for full-text screening. Of these articles, one was not retrievable through University of Ottawa or Carleton University subscriptions or Interlibrary Loans.


[image: Figure 1]
FIGURE 1
 ROSES flow diagram (Haddaway et al., 2018) indicating the results of the literature search, and the number of articles included or excluded at the screening and data extraction stages.


Full text screening removed 281 articles, most of which were excluded because of an irrelevant exposure (e.g., article did not look at a cumulative impact at the ecosystem level and instead focused on sudden catastrophes or single species collapse), target ecosystem (e.g., article examined a tipping point or associated regime shift studied in a non-freshwater ecosystem), or outcome (e.g., article only measured impacts in abiotic factors such as turbidity and nutrient levels). Articles excluded at full text with reasons for their exclusion can be found in Supplementary material 3. An additional seven research items from pre-screened gray literature submissions were obtained via social media/email and were moved forward to data extraction.

A total of 181 articles were initially included for data extraction. We excluded four articles at this stage, including three that were considered Supplementary material and one that was a missed duplicate. This resulted in 219 studies from 177 articles included in the evidence map after data extraction (see Figure 1 for flow diagram of inclusion/exclusion process results).



3.2. Summary of the evidence base
 
3.2.1. Publication trends

Article publication dates ranged from 1993 to 2022. Most of the articles were published after 2016, suggesting an increased focus on tipping points in the last seven years (Figure 2).


[image: Figure 2]
FIGURE 2
 Publication years for the 177 included articles. An additional three articles published in early 2022 were included but not shown since searches only included 1 month in 2022.


The terminology that authors used to describe tipping point research changed over time (Figure 3), from being dominated by three terms (i.e., alternative stable state, cascading effects, and stable state) in the 1990s, to 16 terms in use after 2016. Frequency of use varied depending on the time period, and new terms came into use at various periods. For example, the use of the term “alternative stable state” was common between 1996–2000 (of the eight articles published during this time period, this was the only term used), but its proportional use was less common in other time periods, and “tipping points” did not become common usage until after 2011.


[image: Figure 3]
FIGURE 3
 Change in author terminology for tipping point literature through time. The proportion of cases was determined from the total number of cases per five-year publication increment. Note that 1993-1995 and 2020-2022 are partial increments due to data availability. Only author terminology used five or more times in the database (i.e., ≥1% of all cases each) was considered.


Of the author terms used five or more times, the most frequently used terms were: regime shift (125/431 cases; 29%); alternative stable state (96; 22%); and thresholds (65; 15%). All other terms were used <30 times each. When comparing author terms that were the same as terms proposed in Carrier-Belleau et al. (2022), called “standardized terms” hereafter, breakpoint was most frequently consistent with this terminology (23/23 cases), followed by regime shift (121/125 cases), alternative stable state (89/96 cases), and tipping point (21/26 cases). Hysteresis was consistently used 50% of the time or did not match any definition clearly enough to be assigned (Figure 4).


[image: Figure 4]
FIGURE 4
 Comparison of author terms usage to standardized terminology as defined by the review team and based on Carrier-Belleau et al. (2022).




3.2.2. Study location

A total of 234 cases were studied in 44 countries (one additional case did not report the study location). Cases took place in Europe (83 cases; 35%), North and Central America (72 cases; 31%), and Asia (47 cases; 20%) (Figure 5). Cases in South America, Africa, Oceania, and Eurasia accounted for the remaining 14% (Figure 5). The most frequently studied countries were the United States (47 cases; 20%) where the most represented state was Michigan, China (38 cases; 16%) where the most represented province was Hubei Province, and Canada (21 cases; 9%) where the most represented province/territory was Nunavut (Supplementary Figures S1a–c; Supplementary material 4).


[image: Figure 5]
FIGURE 5
 Geographic distribution of evidence, displaying the number of cases per country. Since some studies were conducted in more than one country, counts are the number of cases. Esri Inc. (2022). ArcGIS Pro (Version 10.8.2). Software. Redlands, CA: Esri Inc. (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).




3.2.3. Study design

Study designs were either field-based, mesocosm experiments, laboratory-based, or a combination of different study designs. Among studies with a single study design, 157 studies (72% of 219 studies) were field-based (149 observational, eight experimental), 26 studies (12%) were mesocosm experiments, and five studies (2%) were laboratory experiments. For studies conducted using a combination of different study designs (31 studies; 14%), the majority combined field-based assessments with a laboratory or modeling component.

Study duration ranged from <1 to 61 years of sampling. Many cases had study durations of <1 year (47 cases; 21%) or between one and 10 years (62 cases; 27%) (Figure 6). There was insufficient information to determine study duration for 28 cases (12%). For studies using reconstructed sediment or peat cores or other historical sources (38 cases; considered here separately from other field-based monitoring studies for this key variable), the range in duration of years reconstructed was 60 to 2,000 years.


[image: Figure 6]
FIGURE 6
 Frequency of study duration in years. An additional 28 cases did not specify study duration. Studies using reconstructed sediment or peat cores, or other historical data are not included in counts.




3.2.4. Ecosystems and major habitat types

The most studied ecosystems were lakes (109/219 studies; 50%), followed by rivers (22; 10%), and streams (20; 9%). Wetlands, ponds, peatlands, and reservoirs were considered in eight or fewer studies each (12%). A total of 31 studies (14%) were carried out in mesocosm/laboratory settings and could therefore not be attributed to a particular ecosystem. Nine studies (4%) took place in more than one type of ecosystem, and three studies (1%) took place in other types of ecosystems, such as navigation pools (a cross between a river and a reservoir), bay transition zones, or ditches. Therefore, of the studies that reported specific individual freshwater ecosystems, most occurred in lentic systems (61%) (Figure 7).


[image: Figure 7]
FIGURE 7
 Distribution and frequency of cases (n = 222) occurring in different freshwater ecosystems (Abell et al., 2008) and major habitat types (WWF/TNC, 2019).


Regarding major habitat types, most of the cases took place in temperate floodplain rivers and wetlands (72/222 cases; 32%), followed by temperate coastal rivers (33; 15%). A similar number of cases took place in large lakes, polar freshwaters, temperate upland rivers, and tropical and subtropical coastal rivers, with between 13 to 17 cases each. Other major habitat types studied included tropical and subtropical floodplain rivers and wetlands, tropical and subtropical upland rivers, montane freshwaters, xeric freshwaters and endorheic basins, and large river deltas, with seven or fewer cases each. No cases took place on oceanic islands. Thirty-nine cases (18%) had either insufficient information to determine the type of major habitat type considered (i.e., information was unclear or not reported), or consideration of major habitat type was not directly applicable (i.e., in the case of mesocosm or laboratory studies; Figure 7).

When considering ecosystems within major habitat types, the most common combination was lakes in temperate floodplain rivers and wetlands (48 cases; 22%). Other common combinations included lakes in temperate coastal rivers (18 cases; 8%) and mesocosm or laboratory studies not attributed to a particular ecosystem (28 cases; 13%) (Figure 7).



3.2.5. Taxonomic groups

The most frequently studied taxonomic group was microbiota (138 datasets; 43%), followed by invertebrates (69 datasets; 21%), plants (59 datasets; 18%), and fish (50 datasets; 15%). The least studied taxonomic groups were birds (7 datasets; 2%), and amphibians (1 dataset; < 1%). No studies considered mammals or reptiles (Figure 8).


[image: Figure 8]
FIGURE 8
 Number of datasets (n = 324) for each taxonomic group. No studies considered mammals or reptiles.




3.2.6. Anthropogenic drivers

There were 147 studies (67%) that investigated a single driver, 66 studies that investigated multiple drivers (30%), and six studies (3%) that did not provide sufficient information to determine the type of driver studied. The most common single driver studied was chemical (67 studies; 31%), followed by climate change (28 studies; 13%), physical (25 studies; 11%), and biological (24 studies; 11%). Three studies (1%) examined other types of drivers such as flooding (potentially linked to climate change; Laine and Frolking, 2019), land-cover changes (including a gradient of agricultural, urban and impervious surfaces; Utz et al., 2009), and unspecified anthropogenic impacts due to agriculture (Krynak and Yates, 2018). The most common multiple driver combinations studied were biological/chemical and chemical/physical (18 studies; 8% each), and biological/chemical/climate change (10 studies; 5%). All other combinations were considered in fewer than 10 studies each. A single study considered four drivers (Kovalenko et al., 2018).



3.2.7. Measured outcomes

Outcome categories refer to the types of metrics that were measured in the target taxa in evaluations of tipping points (Table 4). Because several metrics could be measured for each taxon, there were 497 cases. Outcomes focused on productivity metrics such as abundance (190 cases; 38%) and biomass (121 cases; 24%), followed by metrics of community diversity (77 cases; 15%) and community composition (55 cases; 11%). Some studies reported measures on growth (18 cases; 4%), survival (9 cases; 2%), and reproduction (6 cases; 1%). Comparatively few cases focused on age-class structure (5 cases; 1%) or recruitment (1 case), and no cases measured population viability (Table 4). Examples of other types of outcomes (15 cases; 3%) included mercury (Hg) concentrations (Zhou et al., 2017) or water filtration rates in clams (Diamond et al., 2022).


TABLE 4 Outcome categories and definitions used to measure biological responses to ecosystem drivers and resulting tipping points.

[image: Table 4]

Figure 9 summarizes the distribution and frequency of tipping points studies for various intersections of taxonomic groups, drivers, and outcomes.


[image: Figure 9]
FIGURE 9
 Distribution and frequency of cases (n = 497) examining single and combined drivers of ecosystem change and resulting tipping points on taxonomic outcomes by taxa. Reptiles and mammals were not present in the captured evidence base. The only two cases considering amphibians are denoted with an asterisk (*). Bio, Biological; Chem, Chemical; CC, Climate change; Phys, Physical.




3.2.8. Tipping point identification and reversibility of effects

Most studies identified a point or date at which a tipping point occurred (142/221 cases; 64%), while 67 cases (30%) did not identify a specific moment, and 12 cases (~5%) presented unclear information regarding the event or events that led to the tipping point.

A few cases (38/221; 17%) explored reversibility after a tipping point for a given driver and its outcomes on the studied taxa. Chemical drivers were the most studied type of driver for which reversibility was assessed (17 of 38 cases).

Out of the 38 cases that assessed reversibility after a tipping point, 27 cases identified a specific point in time at which the tipping point occurred (71%), 10 (26%) cases did not, and one case (3%) provided unclear information. Out of the 183 cases that did not assess reversibility after a tipping point, 115 cases identified a specific point in time at which a tipping point occurred (63%), 57 (31%) cases did not, and 11 cases (6%) provided unclear information (Figure 10).


[image: Figure 10]
FIGURE 10
 Percentage of cases identifying specific points or dates at which tipping points occurred, by the percentage of those cases that were assessed for reversibility.






4. Discussion


4.1. Review limitations

Although our search strategy did not intend to impose any regional restrictions on the captured evidence, it may have been inherently biased toward North American studies. For instance, due to project resource limitations, we could not conduct searches in additional databases or in other languages. Furthermore, most authors and advisory team members contributing to this map were Canadian. We did attempt to mitigate some potential bias, in part, by supplementing the search with a broad call for gray literature on social media platforms. However, we acknowledge that the existing literature base is likely broader than what we captured through our search strategy and that the comprehensiveness of this map could be further improved by: (1) conducting searches in multiple databases, thesis repositories, and languages; (2) including information found in theoretical modeling studies; (3) incorporating a citation chasing strategy (backwards and forwards citation), in addition to searching bibliographies of relevant reviews; and (4) searching websites of key organizations specializing in the study of tipping points to further capture additional gray literature. With that being noted, to our knowledge, this evidence map provides the most comprehensive and up-to-date overview of the existing literature of tipping points research in freshwater ecosystems, identifying 219 studies from 177 articles.



4.2. General observations regarding the evidence base

Publication rates within the topic of tipping points appear to be increasing linearly since 2007, suggesting a stable (albeit slow) growth in research on the topic (i.e., at a rate of ~1 article per year on average; Figure 2), rather than increasing exponentially as witnessed in many evidence synthesis (e.g., Bernes et al., 2015; Haddaway et al., 2017). However, this increase in the number of tipping points papers might be an artifact of an overall increase in the number of published articles and emergence of new journals over the last few decades. According to the metrics reported in SJR Scopus data3, the total number of documents published in 2007 in the list of journals captured by this evidence map was 20,412 whereas by 2022 that number had more than quadrupled to 89,352 (Supplementary material 5). Furthermore, the use of tipping point terminology has varied over time (Figure 3), with fewer terms more historically used than others (i.e., alternative stable state, cascading effects, and stable state) and currently more than 16 terms in use. Terms such as “tipping point” have gradually become more popular. Carrier-Belleau et al. (2022) found similar patterns in the frequency in which terms were used in publications, also noting that some terms were more frequently used than others depending on the habitat being studied (e.g., “tipping point” more commonly used in terrestrial habitats compared to freshwater and marine ecosystems). In addition to changes in the frequency of term use, when comparing the context in which authors used terms with standardized definitions, terms such as “hysteresis” only matched those definitions half of the time. This implies that some terms can have multiple meanings and nuances, leading to confusion. For example, the term “threshold”, as per the definition used in this evidence map, is a synonym for tipping point (the value/zone along an environmental gradient where small changes in driver(s) cause non-linear responses in systems conditions, which lead to different states that are often irreversible) (Milkoreit et al., 2018; Carrier-Belleau et al., 2022). However, Suding and Hobbs (2009) defined “thresholds” as “points where even small changes in environmental conditions (underlying controlling variable) will lead to large changes in system state variables”. Both definitions are similar, in that “threshold” is a specific value or point, but they emphasize different aspects of the state change. Specifically, while our definition, in line with recent reviews on this subject, specifies that the new state is stable and/or potentially irreversible, the definition of Suding and Hobbs (2009) identifies these points as those that cause outsized alterations in state variables regardless of final state.

Studies evaluating tipping points were most commonly conducted in the United States, China, and Canada (Figure 5), and focused primarily on lakes (Figure 7), suggesting geographical and ecosystem biases in the evidence base. This focus on tipping points in lakes was also reported in Carrier-Belleau et al. (2022), and expected, as these systems are often considered models of complex dynamical systems reflecting how other freshwater ecosystems may work (Scheffer, 2009). However, lakes might have aroused particular research interest because they are big water bodies (and thus on the radar of publics and politicians) and some of them have immense social-economic value (e.g., the Laurentian Great Lakes, Lake Veluwe, Lake Atitlan). Most studies used observational field-based methods for assessments and only lasted a short duration (i.e., <1 year). Impacts from crossing tipping points on microbiota were most frequently studied, followed by invertebrates and plants, commonly measured by productivity (e.g., abundance, biomass) and/or diversity outcomes (Figures 8, 9). There was a general paucity of studies related to all other taxa. Two-thirds of the evidence base focused on investigating a single driver, focusing most frequently on chemical drivers, followed by climate change drivers. Additionally, there was a lack of data on the reversibility or restoration of freshwater ecosystems after a tipping point had been reached (Figure 10).



4.3. Implications for management and research

Our evidence map provides an overview of the scope and limitations of the tipping points literature in freshwater ecosystems, highlighting several points of consideration for managers and researchers.

First, most studies that we identified for the evidence map had sampling periods of <1 year. A similar pattern of short monitoring durations was also noted by Smol (2019), finding ~60% of the environmental monitoring programmes published in the 2018 volume of the Environmental Monitoring and Assessment journal, were <1 year long and over 80% <3 years in duration. This suggests that most studies examined a tipping point after or while it occurred without collecting information about the events leading to the tipping point or about the long-term impacts of that tipping point. In addition, in short-term studies it might be difficult to distinguish between the occurrence of tipping points altering the state of an ecosystem, and increased temporal variability in the response metrics that may not result in a change in state. An exception, in which sampling periods were short but reconstructed data accounted for long periods of time, were sediment and peat cores. For example, Monchamp et al. (2021) took sediment cores from Lake Joux (Switzerland) during 2016 and 2017 and reconstructed paleoecological data from approximately 1000 to 2015 CE using molecular techniques; the authors found that a change in nutrient regime had led to a regime shift during 1963–1969 CE. We acknowledge that there are multiple obstacles in designing both experimental and long-term studies, such as cost and logistics, but understanding the context in which tipping points occur can provide valuable information for the design of effective management strategies. Although long-term studies cannot be substituted by paleoecological studies, one strategy for overcoming the difficulties in establishing long-term studies could be to use paleoecological data for covering longer timescales and complementing the findings of shorter duration studies.

Second, most studies took place in lakes located in temperate regions and assessed the impacts of chemical drivers on microbiota. Accumulating knowledge of tipping points in lakes and chemical drivers can potentially result in the creation or improvement of mathematical models to assess the state of ecosystems. For example, Janssen et al. (2019) developed a model to better understand the effects of eutrophication and monitor water quality in stratified and non-stratified freshwater lakes. This kind of model can be useful for managers and policymakers in the development of early warning tools. However, for these tools to be more widely applicable and accurate, we need to improve our understanding of tipping points for: (i) different ecosystems (i.e. lotic systems, such as rivers and streams, but also other lentic systems such as wetlands, especially outside of temperate regions); (ii) un- or under-represented taxonomic groups (i.e. amphibians, mammals, and reptiles); and (iii) other types of drivers (i.e. physical and biological drivers, such as the creation of dams or the impacts of invasive species). In addition, most studies focused on productivity measures on target taxa, such as abundance and biomass. We were unable to find any studies that explicitly assessed population viability. This may have profound implications for conservation since population viability analysis can potentially be used in the tipping points context for identifying thresholds or evaluating the feasibility and success of recovery actions (Boyce, 1992).

Third, this evidence map suggests a small number of evidence clusters (i.e., most studied subtopics) that may warrant future evidence synthesis. We used an arbitrary cut-off of > 25 cases to suggest these subtopics, acknowledging that there are currently, to our knowledge, no Collaboration for Environmental Evidence standards or guidelines for setting quantitative thresholds to identify knowledge clusters and gaps. We chose a relatively large threshold of >25 cases to identify knowledge clusters to increase the chance that these subsets will have a sufficiently large sample size to conduct future secondary reviews (e.g., narrative synthesis approach or even meta-analysis). We identified two potential subtopics of interest: (1) evaluations of a single chemical driver leading to a tipping point considering (a) all aquatic taxa combined in relation to measured outcomes of abundance (53 cases), biomass (39 cases), and diversity (28 cases), and (b) microbiota alone in relation to changes in abundance (27 cases); and (2) evaluations of a (single) climate change driver leading to a tipping point considering all available aquatic taxa combined in relation to changes in abundance (26 cases) (Figure 9). From these subtopics, we could ask questions such as: How does eutrophication alter the abundance of different taxonomic groups in freshwater ecosystems? What is the effect of pesticides on freshwater biodiversity? Digging deeper into these questions might be useful for understanding the effects of tipping points at broader ecosystem scales. For example, Lewis et al. (2021) conducted a mesocosm experiment in which they tested the effects of different types of insecticides on zooplankton abundance, phytoplankton biomass, and leopard frog mass, and the potential interactive effects of these insecticides with different road salt concentrations. The authors found that not all insecticides had the same effects on the taxa studied and that salt concentrations didn't have the same interactive effects with the insecticides. Extracting data on similar studies could provide some insights about the direction of driver effects.

Lastly, few studies explored the effects of multiple drivers combined, and those that analyzed the interactions of various drivers focused on chemical drivers combined with most often, biological, physical, or climate change drivers. Disentangling the effects of multiple driver interactions on target taxa and ecosystems can be challenging (Ormerod et al., 2010), not only because of logistical constraints in experimental designs (i.e., data availability for all drivers at appropriate temporal scales), but also because drivers can act synergistically or antagonistically with each other, and in non-linear or consistent directions (Folt et al., 1999). For instance, Hoveka et al. (2016) found that the distribution of the top five freshwater invasive plants in South Africa could be expanded for some species and diminished for others due to the effects of climate change; therefore, tipping points in these freshwater ecosystems could be due to the interaction between invasive species and climate change drivers. In addition, there is also a lack of studies examining the reversibility of tipping points. Understanding if and how an ecosystem can return to its original (or near original), usually more desirable, state requires a deep understanding of the pathways that led to the tipping point and the pathways that can reverse that tipping point. The challenge is that often the pathway to reverse the tipping point is not the same as the pathway that led to the tipping point in the first place [i.e., hysteresis is present in the system (Beisner et al., 2003)]. For example, Jones (2020) examined the recovery of a section of the Potomac River (Virginia, USA). This river had a history of eutrophication due to phosphorus loading, in which subsequent reductions in phosphorus loading (up to a 90% reduction in 1980s) didn't translate to a shift back to a clear state until ~25 years later. This lagged response following an alternative pathway for recovery is an example of hysteresis; however, full recovery back to the original state may not always be possible or feasible, and we should strive to prevent an ecosystem from reaching a tipping point whenever possible.




5. Conclusion

The evidence base regarding tipping points in freshwater systems is growing rapidly yet there are still numerous deficiencies in our knowledge that make it difficult for researchers and managers to understand uncertainty and make evidence-informed decisions. It is our hope that this evidence map will identify opportunities for researchers to address research gaps and for funding bodies to prioritize efforts to address those gaps. Identifying thresholds for where tipping points occur so they can be predicted and avoided is a logical starting point for decision makers that are attempting to apply tipping point concepts and evidence to their given context. In the current context of climate change timely action is needed, however, a look into the future needs to be accompanied by reflecting on the past. It is possible that due to shifting baselines (Pauly, 1995), what we now consider a healthy ecosystem was considered degraded in the past and we need to generate intergenerational learning experiences for future generations of researchers and managers to be aware of current and past conditions.
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Included Excluded

Population (freshwater ecosystems)

(i) any freshwater ecosystem (stream, lake, river, reservoir, canal, etc.);

(i) within any climate;

(iii) in any geographical range;

(iv) in which any taxa that are aquatic or have aquatic stages in their life cycle are
being studied.

Terrestrial ecosystems or aquatic non-freshwater ecosystems such as estuaries,
marine, and terrestrial fringe habitats.

Exposure (tipping points)

Tipping points caused by:

(i) humans;

(i) climate change;

(iii) single events that accelerated a trophic collapse, in which that single event served
as a final push for the collapse but was not the sole cause.

And in which there was a direct link between freshwater ecosystems and their tipping
points. For example, cumulative effects on ecosystems over time, alternative stable
states, or trophic cascades. These cumulative effects were:

(i) the result of multiple drivers, or

(ii) single driver that affected entire ecosystems (e.g., eutrophication).

Tipping points caused by:

(i) nature (e.g., Holocene shifts in stable states)

(ii) sudden catastrophes (e.g., oil spill) instead of cumulative effects Or studies

(i) in which single species collapses were not linked to ecosystem changes;

(ii) that talked about species or population changes without talking about the driver(s)
that caused them and their system-wide implications;

(iii)) that mentioned cumulative effects as potential outcomes or next steps toward
future research.

Outcome

Biological outcomes, including metrics related to: biomass, abundance, diversity,
community composition, structure, population viability, recruitment, survival,
growth, reproduction.

Studies that exclusively focus on abiotic outcomes (hydrological/geochemical, e.g.,
turbidity, nutrient levels, water chemistry etc.)

Study design

Primary research studies that report empirical findings (qualitative and/or
quantitative data) involving field-based experimental manipulations or observations,
laboratory experiments, mesocosms, and combinations thereof.

Studies that: (i) were not supported by empirical data, (ii) reported
anecdotal evidence; (iif) were purely theoretical, review papers, and
policy discussions.

Language

English or Spanish at full text

Studies written in other languages at full text
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Outcome Outcome definitions

categories

Abundance (190) Abundance, density, catch per unit effort (CPUE) (total
numbers, of just one age class), presence/absence

Biomass (121) Biomass, yield, volume

Composition (55) | Community composition, evenness

Diversity (77) Diversity, richness

Growth (18) Metrics related to growth (changes in mass, length,
condition, foraging success)

Population Population viability, persistence, sustainability, genetic
viability (0) diversity (within species), number of hybrids (if linked
to genetic diversity)

Recruitment (1) Any metric related to recruitment (e.g., density of fry
recruiting into adult population)

Reproduction (6) Metrics related to reproduction (maturation success,
fecundity, egg survival, nest success)

Structure (5) Age class structure of population (numbers for > 1 age
class) or length-frequency distribution (i.e., replication is
not individuals)

Survival (9) Survival, mortality

Other (15) Various (e.g., trophic vulnerability, mercury

concentrations, filtration rates of clams, insufficient
information to determine outcome)

The number of cases per category are shown in brackets.
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