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A B S T R A C T   

While fragmentation and habitat loss due to water infrastructure threaten freshwater biodiversity worldwide, 
historic canals have the potential to contribute to both cultural heritage and biodiversity conservation. Shifting 
management objectives regarding historic canals from development to recreation and conservation offer op
portunities for achieving conservation targets in these anthropogenic systems. However, managing historic ca
nals often involves multiple objectives (e.g., nature conservation vs historic preservation). We reviewed ecolo
gical studies in various types of canal systems, examined the potential of historic canals to contribute to 
biodiversity conservation, and provided suggestions to promote biodiversity conservation given the opportu
nities and challenges in canal management. Canal characteristics (e.g., size, main use, surrounding environment, 
physical and hydrological properties) can be used to qualify or quantify their potential conservation value and 
risk. Changing management regimes to mimic natural flow, enhance habitat complexity, and modify con
nectivity could improve ecosystem functions and services in canals. To achieve conservation potential of historic 
canals, studies are required to fill knowledge gaps and to understand trade-offs among often competing objec
tives. The use of decision analysis such as structured decision making allows managers to incorporate multiple 
objectives, evaluate trade-offs, and address uncertainties in historic canal management.   

1. Introduction 

Water infrastructure projects such as dams and canals have con
tributed to the development of human civilization but also posed 
threats to freshwater biodiversity worldwide (Vörösmarty et al., 2010). 
Anthropogenic barriers, such as dams, have reduced the connectivity of 
around 50% of global large (> 500 km) rivers (Grill et al., 2019;  
Fig. 1a), and lowered the range connectivity around 27% for non-dia
dromous fish and 14% for diadromous fish globally (Barbarossa et al., 
2020; Fig. 1 spatial distributions of fragmented rivers and migratory 
fishes). The loss of connectivity in rivers not only affects freshwater 
biodiversity by fragmenting and degrading riverine habitats, but also 
influences terrestrial and marine ecosystems because these barriers 
reduce connections for material transportation and species movement 
across ecosystem boundaries (Álvarez-Romero et al., 2011) and aquatic 
barriers like road-stream crossings might provide novel connections for 
terrestrial organisms. 

Conversely, water infrastructure such as canals can create novel 
habitats and connections among waterbodies (Figs. 1 and 3). The total 
length of canals was over 63,000 km globally in the late 20th century 
(Revenga et al., 2000). While the effects of barriers have been studied 

from local to global scales, and databases for large and medium dams 
across the globe have been built and are freely available (http://www. 
globaldamwatch.org), anthropogenic waterways receive less attention 
(Shumilova et al., 2018), despite the fact that anthropogenic barriers 
and connections often occur within the same region (Fig. 1a). Unlike 
dams that mostly reduce natural connectivity and replace lotic habitats 
with lentic habitats (Bellmore et al., 2019), the effect of canals on 
ecosystems varies depending on the characteristics of canals and sur
rounding environments (Section 3). However, there is a lack of re
cognition of the biodiversity value in anthropogenic waterways in both 
research and policy (Chester and Robson, 2013; Clifford and Heffernan, 
2018). 

The history of human-made waterways is traced back to around 
4000 BCE by people in Mesopotamia (Iraq, Iran, and Syria) using waters 
from the Euphrates and Tigris River for diversion, irrigation, drainage, 
and navigation (Bjornlund and Bjornlund, 2010; Geyer and 
Monchambert, 2015). Since then, canals have been built across ancient 
empires (e.g., Assyria, Egypt, Rome, and eastern China) and modern 
countries around the world, primarily for development purposes such 
as water consumption for agriculture and urban water use, transpor
tation, and flood control (Hadfield, 1986; Figs. 1 and 2). Over time, 
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these structures may become part of the semi-natural mosaic (i.e., 
through succession or perception as nature by people) and cultural 
landscape and provide additional social and cultural value beyond their 
original function (Clifford and Heffernan, 2018; Hijdra et al., 2014). For 
example (see Fig. 2), six historic canals have been assigned as UNESCO 
World Heritage sites (Amsterdam Canal Ring in the Netherlands, Canal 
du Centre in Belgium, Canal du Midi in France, Grand Canal in China, 
Pontcysyllte Aqueduct and Canal in UK, and Rideau Canal in Canada) 
and some canals are considered to be national or regional heritage and 
historic sites (e.g., the Erie Canal in the US, Trent-Severn Waterway in 
Canada, Angkor canal system in Cambodia, the Ludwig-Danube-Main- 
Canal in Germany, and the European Waterways Heritage project). 

While some canals are still used and managed for their original 
intent, many historic canals have been abandoned, partially buried or 
drained, and have become isolated waterbodies and wetlands. The 
management of historic canals often includes objectives such as sus
taining and promoting ecosystem functions and cultural ecosystem 
services, which are beyond the original development and economic 
focused functions and services (Arlinghaus et al., 2002; Guo et al., 
2016; Walker et al., 2010). Nevertheless, the balance between positive 
and negative ecological effects of these systems, and the management 
implications of potentially competing ecological, economic, and cul
tural objectives have been little studied. 

We sought to address this gap. For our purposes, we defined canals 
as open (excluding pipes) anthropogenic waterways (excluding chan
nelized rivers), which connect two or more natural or anthropogenic 
waterbodies with various size, structures, and functions, such as 
transportation (e.g., navigation canals), defense (e.g., moats), and irri
gation (including ditches). We focused on historic canals and related 
aquatic environments in existence for over 100 years (up to around 

2500 years for the Grand Canal in China) because these structures have 
the greatest likelihood of social and cultural significance. Furthermore, 
the long-term ecological effects of such infrastructure may gradually 
stabilize over time (comparing to the suggested timescales for assessing 
novel ecosystems of 10–100 years; Morse et al., 2014). The social 
functions and services of canals may also change through time and 
influence management objectives, for instance, shifting from commer
cial shipping or defense functions to recreational activities and heritage 
preservation (Guo et al., 2016; Hijdra et al., 2014; Walker et al., 2010; 
examples in Fig. 2). Such changes in social function may create op
portunities for improving biodiversity conservation, which could be 
important for certain species particularly when their natural habitats 
are degraded (e.g., freshwater mussels, Gómez and Araujo, 2008; Sousa 
et al., 2019b). In addition, historic canals provide an opportunity to 
study the potential long-term socio-ecological change of ongoing canal 
construction projects around the world (Shumilova et al., 2018). Canals 
that primarily link two marine ecosystems such as the Suez and Panama 
canals are not addressed in this article because connectivity loss and 
habitat fragmentation due to water infrastructure are more prevalent 
among freshwaters (i.e., river-river and river-lake connections) or be
tween freshwater and marine systems (i.e., river-sea) than between 
marine ecosystems (i.e., sea-sea). 

Specifically, we (1) examined the background and existing ecolo
gical studies regarding the environmental effects of canals, (2) dis
cussed the potential of historic canals for ecological conservation and 
restoration, (3) assessed opportunities and challenges to promote bio
diversity conservation in historic canal management, and (4) provided 
suggestions for future decision-making to conserve biodiversity in these 
systems. 

Fig. 1. The distributions of anthropogenic fragmentations and connections (a), numbers of freshwater invasive species (b), and numbers of long-distance (> 100 km) 
migratory fish species (c) in freshwater ecoregions across the globe. Red boxes in panel (a) indicate areas with major historic canals or canal networks and yellow- 
brown lines shows rivers with medium to high degree of fragmentation (i.e., calculated as the proportion of river discharge blocked by dams per reach considering 
the influence of distance from each structure/dam, details see Grill et al., 2019). The data for migratory fish and invasive species were extracted from online database 
(Hoekstra et al., 2010) and the areas of historic canals were produced based on canals in the literature (e.g., Hadfield, 1986 and Table A1). Some local scale canals or 
abandoned historic canals that are completely dried out are not included (e.g., canals in South America, Africa, and Middle East). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 

H.-Y. Lin, et al.   Biological Conservation 251 (2020) 108764

2



2. The effect of canals on aquatic ecosystems 

To explore the potential of historic canals for aquatic ecosystem 
conservation, we conducted a (not exhaustive) review using keywords 
representing the structure and ecological conservation to identify re
levant literature from Web of Science Core Collection (1995–2020). 
Structure terms include (canal$ OR moat$ OR ditch* OR “artificial wa
terway$” OR “anthropogenic waterway$”) and ((artificial OR anthro
pogenic) AND (irrigat* OR navigat* OR drain*)) and the ecological con
servation terms include (conserv* OR restor* OR rehabi* OR biodiversity 
OR ecosystem$ OR habitat$ OR corridor$)). We did not include historic in 
the keywords for searching because most ecological studies do not 
discuss or specify the history or age of the structure, which may indicate 
a knowledge gap in long-term studies and successions in these an
thropogenic waterways. Further filters were used to select studies for 
aquatic or semi-aquatic species (including riparian plants and water
birds). Examples in this study were extracted from the final list of 504 
publications (Table A1). 

Among 504 publications, 48% were conducted in European coun
tries, 31% in the Americas (most in the US and Canada, 26%), 17% in 
Asia (most in Japan and China, 10%), 3% in Africa and Oceania, and 
2% are reviews across continents (Table A1). Nearly all studies (503) 
collect data from canals and/or ditches (but without clear definition to 
differentiate these structures) while only one study investigates aquatic 
species in moat. Sixty-six percent of the studies focus on native species 
(43% native and 23% native with conservation concern), 19% on alien 
species, and 14% include alien, native and/or native species with 
conservation concern. However, besides the examples we used here, 
most studies focus on the species composition, abundance, distribution, 
or behaviour in anthropogenic waterways without clearly examining or 
quantifying the effects on biodiversity. 

Negative effects of canals on biodiversity include (i) opening wa
terways for non-native species and exotic pathogens (Leuven et al., 

2009; Rahel, 2013; Fig. 1b; Table A2), (ii) lowering genetic diversity of 
native species/populations (due to interbreeding between local popu
lations: Muñoz-Ramírez et al., 2015), and (iii) becoming ecological 
traps (Zeug and Cavallo, 2014). These negative effects mainly result 
from the novel connection provided by canals between previously se
parated ecoregions and river basins (Figs. 1 and 2), and the unsuitable 
habitats canals created for certain species. In contrast, novel connec
tions and habitats may benefit some species by serving as (i) ecological 
corridors when natural waterways are fragmented (Guivier et al., 2019;  
Villemey et al., 2018), (ii) alternative migratory pathways (Verhelst 
et al., 2018; potential for migratory fishes: Fig. 1c), and (iii) refuges 
from human disturbances or climate change (Cowley et al., 2007;  
Gómez and Araujo, 2008; Koschorreck et al., 2020; Sousa et al., 2019b). 
Interestingly, while the stable flow regime in canals provides high 
quality habitats for the endangered freshwater mussel (Margaritifera 
margaritifera) in most years, extreme drought and lack of water level 
management in 2017 turned one canal into an ecological trap because it 
dried almost completely while the other canal and natural waterway 
still had water flow (Sousa et al., 2019a). This case shows that the 
benefits and risks of canals to organisms might depend on canal man
agement. 

Our understanding of the effects of canals is advancing as a result of 
empirical case studies across canals in different countries (Table A2). 
However, these studies mostly focus on a few species of interest at re
latively small spatial and temporal scales compared to the size and age 
of canals. In addition, the ecological condition in canals and connected 
waterbodies may show complex spatio-temporal dynamics, which de
pend on the physical, ecological, and socio-economic characteristics in 
the canal and surrounding areas (Fig. 3). To assess and explore the 
potential of canals for ecological conservation, integrated studies from 
local to regional scale will be needed. 

Fig. 2. Examples of historic canals and freshwater ecoregions influenced/connected by these waterways across the globe. (a) Rideau Canal (H Abdallah), (b) Chicago 
Sanitary and Ship Canal (D Wilson), (c) Erie Canal (J Bates), (d) Pontcysyllte Aqueduct (Arpingstone), (e) Ghent-Terneuzen Canal (C Wolter), (f) Canal du Midi (P 
Gugerell), (g) Ludwig-Danube-Main-Canal (I Giel), (h) Grand Canal (Legolas1024), (i) Buckingham Canal (M Savage), (j) Alexandra Canal (Pigmypossum), (k) 
Angkor canals (T Hestnes), (l) Lake Biwa Canal (PRST). Among these canals, four have been assigned as UNESCO World Heritage Sites (a, d, f, h), eight directly 
connect two freshwater ecoregions (a, b, c, d, g, h, i, l), and nearly all have their primary function changed from transportation and irrigation to recreation (details see  
Table A3). Photographs were distributed under CC-BY 2.0 (a, b, c, i), 2.5 (f), 3.0 (h,k) licenses, public domain, or taken by author. 
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3. Assessing potential benefits of canals 

The characteristics of canals (e.g., physical design) and surrounding 
environments (e.g., watersheds and socio-ecological contexts) could 
provide valuable information for assessing the potential (both positive 
and negative) of canals for biodiversity conservation (Table 1; Clifford 
and Heffernan, 2018). For example, the size (area or length) of an
thropogenic waterways (e.g., section B on Fig. 3) could be used to es
timate the size of novel habitats and the size of connected natural 
waterbodies could indicate the size of new accessible habitats for spe
cies/populations in other waterbodies (e.g., section C for species/po
pulations dwell in section A). Furthermore, water quality and chemical 
features such as chlorophyll a concentration, turbidity, and salinity and 
species pools in connected natural waterbodies could be used to iden
tify species that thrive in canals (Zhao et al., 2018). The potential of 
canals as migration alternatives for migratory species could be assessed 

by comparing the cumulative passability of barriers (e.g., dams, weirs, 
locks, and sluices) between natural and anthropogenic waterways. For 
example, Albert Canal might be used as a migration alternative for 
European eels because the hydropower plants along the natural wa
terway (i.e., Meuse River) cause substantial mortality rates for mi
grating eels (Verhelst et al., 2018). However, the lack of directed cur
rent in combination with monotonous littoral habitats may make long 
artificial canals de facto migration barriers for some fish species (Wolter 
and Vilcinskas, 1998). Therefore, hydrological properties that may 
guide or trigger fish migration need to be taken into consideration 
(Table 1). 

In general, the original purpose of canals and associated manage
ment and human usage schemes fundamentally determines their char
acteristics and thus influences their potential for biodiversity con
servation. For example, canals built for defense purposes (e.g., moats) 
are usually local and disconnected, while irrigation canals (e.g., canal 

Fig. 3. Possible ecological condition trajectories in different sections of a canal system. Panels on the right indicated hypothetical ecological conditions before (black 
lines), during (red lines), and after (yellow and grey lines) canal construction. Dotted lines represent the original ecological condition in each section before canal 
construction (panels A and C, and the lower line in B) or the original condition in connected natural waterbodies (the upper line in B). Canals may have multiple 
sections A (or B and C) while irrigation canals and moats may not have section C. Waterbody depictions courtesy of the Integration and Application Network 
(ian.umces.edu/symbols). Example 1: Diverting waters from Rio Grande to Peralta canals reduces available aquatic refuges in the river during drought (Cowley, 
2006); Example 2: Novel riparian (Carlson et al., 2019) and wetland habitats created along canals (Hinojosa-Huerta et al., 2002); Example 3: Freshwater discharge 
from North Crimean Canal turned a hypersaline lagoon (Bay Sivash) into brackish waters and thus reduced the abundance of native zooplankton and meiobenthos. 
However, the abundance of native species is gradually recovering after the canal closed (Anufriieva and Shadrin, 2020; Sergeeva et al., 2019). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and ditch networks) tend to be well connected as networks but are 
relatively narrow and shallow and thus subject to succession and dis
appearance if unmaintained. In contrast, navigation canals are com
parably wide, and therefore may persist longer and provide relatively 
large aquatic habitats. While disconnected or small-size waters may 
serve as refuges for invertebrates and amphibians from predation, well 
connected and large canals could provide habitats and corridors for 
large organisms like fish and waterbirds (Chester and Robson, 2013;  
Clifford and Heffernan, 2018). The trajectory of ecological condition in 
canals also varies with management intensity because some manage
ment actions like dredging and mowing may interrupt natural succes
sion (Clifford and Heffernan, 2018; Dorotovičová, 2013; Fig. 3, see next 
section). 

The dispersal of native and non-native aquatic species in canal 
systems may be asymmetrical based on the direction of water flows, the 
species' ability to swim against the flow (Fig. 3), and the ecological 
traits of native and non-native species (e.g., generalist and specialists). 
Carefully examining the ecological traits of species from surrounding 
species pools (e.g., species assemblages in canals and connected habi
tats) and the characteristics of these species in light of canal manage
ment regimes could help identify species that might benefit from novel 
canal habitats (Daniels, 2001). For example, in the central European 
bioregion, non-native freshwater fish usually have smaller body size, 
shorter life span, earlier maturation, and broader diet breath than na
tive species (Grabowska and Przybylski, 2014). Similarly, species with 
small size, high abundance, migratory behaviour, and generalist habitat 
preferences are more likely to use canals as migration routes or dis
persal corridors (Schmidt et al., 2019). 

In addition, surrounding landscape and land-use patterns also play 

important roles in aquatic and riparian communities within both nat
ural rivers and artificial canals (Carlson et al., 2019; Clifford and 
Heffernan, 2018). For example, riparian biodiversity along the Dort
mund–Ems Canal in Germany is positively related to landscape het
erogeneity (Harvolk et al., 2014). Riparian corridors along canals can 
also provide habitat connectivity for non-aquatic taxa (Fremier et al., 
2015). 

Finally, for canals within a regional network across multiple basins 
and freshwater ecoregions, such as inland waterway networks in the 
eastern North America and Laurentian Great Lakes, Europe, Russia, and 
China, there is an elevated risk of spread of non-native species (Daniels, 
2001; Leuven et al., 2009; Mills et al., 1996; Fig. 1b). The direction and 
intensity of shipping and the location of human activities such as ports, 
marinas, cities, lock and dams, fishing grounds, and aquaculture facil
ities along canals and throughout canal networks could provide valu
able information to predict the spatial distribution of non-native spe
cies. By qualifying (e.g., types of novel habitats) and quantifying (e.g., 
size of novel habitat) the potential benefit and risk of canals, managers 
could estimate and compare the cost-effectiveness of different man
agement actions for biodiversity conservation or prioritize canals/canal 
sections for conducting on-ground survey or conservation actions. 

4. Challenges in managing historic canals for biodiversity 
conservation 

After assessing the potential of canal systems for biodiversity con
servation, some changes may need to be implemented to improve the 
current condition of canals for aquatic communities or species of con
servation or management interest. Different management actions will 

Table 1 
The characteristics of canals and surrounding socio-ecological contexts that could be used to estimate the potential conservation value and risk of canals. Examples 
can be found in the main text. We assigned characteristics into four groups, setting, time, physical design, and management based on Clifford and Heffernan, 2018.    

Characteristics Estimating potential conservation value  

Setting: the capacity of the waterway influenced by surrounding environments 
Species in surrounding and connected natural habitats Potential immigrants or invaders from surrounding species pools. Species traits such as habitat 

requirements, movement/dispersal ability and pattern, trophic niche can further refine the result. 
Land-use pattern Potential habitat or migration alternative. Land-use pattern like urban, agriculture, or forestry in 

surrounding areas could have a strong influence on species composition and ecosystem services in 
aquatic and riparian systems 

Connected waterbody size Potential size of newly accessible habitat for previously isolated species or populations. 
Connections with other canals, canal networks, or port facilities Potential dispersal route for non-native or unwanted species through waterways, riparian corridors, or 

human activities.  

Physical design: the capacity of the waterway influenced by its own structures and features 
Canal size Potential size of novel riparian and aquatic habitats. 
Physical properties Potential riparian and near shore habitat: bank and shoreline structure; potential benthic habitat: depth, 

substrate material, bottom structure, sediment type. 
Hydrological properties Potential habitat or migration alternative: water supply (volume, permanency), water flow (direction, 

rate, average, and seasonal variation), water temperature (average, seasonal variation). For example, 
lotic habitats are usually found in irrigation canals while in navigation canals lentic habitats dominate 
due to different flow and purposes. 

Length and passability of canal and nearby natural waterway and the 
location of canal within migration route 

Potential of being migratory alternative for migratory species: number and types of natural (waterfalls, 
rapids) or anthropogenic barriers (dams, weirs, locks, sluice, hydropower facilities), and fish passages. 

Water quality and chemical features Potential habitat or migration alternative: nutrient and pollutant concentration, clarity, dissolved 
oxygen, and salinity. Note this characteristic is also influenced by surrounding land-use.  

Time: the past of the waterway 
Canal age and management history Proxy for natural succession and potential habitat quality and diversity. Old canals with limited 

disturbances from historical management may contain habitats more similar to natural waterbodies than 
canals with a shorter age and under intensive management in the history.  

Ongoing management: the future of the waterway 
Main use Actual current main use: set boundary conditions/restrictions for ecological enhancement; possible 

future main use should be considered if needed (changing management plans or climate). Conflicts 
between objectives and the multifunctionality of the canal (e.g., recreation, irrigation, transportation, 
and heritage) for different users and stakeholders should be considered. 

Operation and management regime Potential habitat or migration alternative: riparian and waterway vegetation management, locks, 
hydropower facilities, and water intake devices operation regime (structure, frequency, timing), water 
level and flow control. 

Capacity to manipulate water level and flow Potential climate and extreme weather refuge. Create habitable environment for human society and 
target species under changing climate or extreme events. 
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be required depending on the characteristics of canals (see Section 2) 
and the objectives of management for biodiversity conservation and 
other purposes. For instance, irrigation canals might suffer from fish 
entrainment due to the complex canal and ditch networks (Roberts and 
Rahel, 2008), nutrient loading and sedimentation due to nearby agri
culture activities and relatively small channel size (Dollinger et al., 
2015), while the main pressures in navigation canals may be physical 
disturbances such as wake wash by shipping and boating (Zajicek and 
Wolter, 2019), lack of habitat structures, and poor water quality 
(Daniels, 2001; Wolter, 2001). 

For abandoned canals, lack of maintenance over centuries may 
allow the development of mature successional stages of high con
servation value, especially for riparian and aquatic vegetation as well as 
limnophilic fish and semiaquatic birds, mammals, and invertebrates. 
For instance, in Slovakia, the aquatic macrophyte diversity is compar
able or even higher in some canals than natural waters because low 
management intensity allows natural succession and low hydrologic 
dynamics (Dorotovičová, 2013). Nevertheless, management actions 
such as maintaining water level during drought or removing non-native 
species might be required based on the need of species of conservation 
interest (Chester and Robson, 2013; Sousa et al., 2019a). For canals that 
are still heavily used, actively improving water quality and managing 
hydrological and physical characteristics may be necessary to mimic the 
condition of natural habitats and migration pathways (Verhelst et al., 
2018). This may be a challenge in areas where behaviour changes and/ 
or investments are required of property owners or local governments. 
Sustaining environmental flows in canals during extreme weather like 
abnormal precipitation periods or prolonged drought due to climate 
change could offer refuges for aquatic species (Chester and Robson, 
2013; Cowley et al., 2007). To protect native species and other species 
of interest while preventing biological invasion, connectivity may need 
to be controlled by modifying the structure or operation mode of locks 
(Silva et al., 2017; Verhelst et al., 2018) and hydropower facilities, 
changing draining time, and building selective passages and barriers 
(Rahel, 2013). Furthermore, increasing habitat complexity on the 
bottom and bank (especially given that many canals are lined with 
concrete), such as reducing the frequency of sediment clearing on the 
bottom (Chester and Robson, 2013) and creating shallow, wave pro
tected, littoral areas along the shoreline (Weber et al., 2017), could 
diversify available habitats and thus enhance biodiversity in canals 
(Harvolk et al., 2014). 

While methods described above may help a canal approach its 
ecological potential, some challenges might influence the effectiveness 
and applicability of conservation actions. The first type of challenge 
comes from knowledge gaps about how communities or species of in
terest use, adapt, and respond to artificial habitats and canal operation 
regimes (Koschorreck et al., 2020). Studies are required to examine the 
relationships between management actions, canal characteristics, and 
ecological variables in the system and the relationships between eco
logical variables and specific management objectives (examples in  
Fig. 4). While studies have been conducted to understand the species 
and functional diversity (Carlson et al., 2019; Walker et al., 2010;  
Wolter, 2001), fish recruitment (Arlinghaus et al., 2002), and animal 
movement (Hooley-Underwood et al., 2018; Vergeynst et al., 2019) in 
anthropogenic waterways (also see Table A2), systematic reviews will 
be required to evaluate the effectiveness of conservation actions by 
integrating and analyzing available data from previous studies in a 
repeatable way (Cooke et al., 2017). However, the number of studies on 
canal ecology is relatively small and most studies focus on canals in 
North America and Europe with a few species of interest (Table A1), 
regardless of the worldwide distribution of historic canals, and the 
unique management challenges and ecological contexts each canal 
faces (Fig. 1). Large-scale studies and centralized inventories (like 
global database for dams) can benefit future management because the 
effects and potential of canals could influence multiple watersheds, 
ecoregions, and jurisdictions. 

More empirical, field-based studies are also required to quantify the 
ecological effects of different canal operation and management regimes 
for objectives other than biodiversity conservation, such as manage
ment for navigation, irrigation, recreational activities, or historic con
servation. Studies on cumulative effects when multiple human dis
turbances and management actions occur simultaneously in the same 
canal system are generally lacking (for an exception see Verhelst et al. 
(2018), which examines the cumulative effect of multiple locks on the 
migration of European eel). Expert elicitation and adaptive manage
ment could be used to facilitate decision making in areas lacking em
pirical data (Bower et al., 2018) and to seek balance in the case of 
competing objectives. Bayesian networks could be particularly useful 
for assessing the passability of different structures, such as locks, dams, 
and sluices (similar to Wilkes et al. (2018)), and for identifying the 
suitability of novel habitat (Tantipisanuh et al., 2014) for native and 
non-native species in canal systems. In general, Bayesian networks are 
graphical models showing probabilistic relationships between vari
ables. For example, a Bayesian network can show how reducing lock 
maintenance and operation frequency influence historic structure 
maintenance, aquatic habitat connectivity (and subsequently the po
pulations of native and alien species), and the satisfaction of resources 
users like fishers and boaters (Fig. 4). Key advantages of Bayesian 
networks are that they can incorporate expert knowledge when em
pirical data are limited, and include new data when it became available 
through adaptive management (Martin et al., 2012). 

Another type of challenge in canal management comes from the 
potential conflicts among management objectives and constraints in 
socio-economic and political contexts. For historic reasons, canals are 
often located in populated areas (e.g., navigation canals that contribute 
to the development of villages and cities along the waterways) or in 
landscapes popular for aesthetic and recreational purposes. Canals also 
frequently stretch over multiple jurisdictions and geographic regions, 
drawing in diverse stakeholders (Llausàs et al., 2020). This complexity 
can cause conflict due to competing objectives and values among 
management authorities and stakeholder groups or even within each 
group. For example, conflicts between water resource and transporta
tion departments have been observed in managing the Grand Canal, 
China, because of the differences in management objectives and reg
ulations (Wang, 2012). While the management goal for the Rideau 
Canal, Canada, is to preserve both the cultural and natural values while 
allowing for sustainable development and recreational use (Walker 
et al., 2010), lock operation for recreational boating during summer 
months might increase the potential risk of invasion by species such as 
Asian carp species (Ctenopharyngodon idella, Hypophthalmichthys moli
trix, H. nobilis). Increasing cultural ecosystem services such as recrea
tional boating could reduce the diversity of fish communities and erode 
bank habitats (Zajicek and Wolter, 2019). Maintaining a stable and 
slow flow in canals for navigation might also create habitats unsuitable 
for rheophilic and lithophilic species. Besides expected functions and 
services, historic assets such as old locks, dams, and embankments also 
require maintenance and protection. Conserving historic infrastructure, 
which has become enmeshed in social identity for local communities, 
could hinder restoration plans for migratory fish (Fox et al., 2016). 
Preserving historic embankments may limit the capacity for improving 
riparian habitat diversity and shoreline development by property 
owners. Furthermore, the long history of anthropogenic infrastructure 
may make some stakeholders consider this novel ecosystem to be part 
of nature, thus evoking strong conservation ethos reactions to proposed 
changes in management (Fox et al., 2016). 

Lastly, management authorities might receive funds from different 
sources with associated constraints on how they can be spent (Hijdra 
et al., 2014; Wang, 2012). For instance, funds for repairing and re
newing dams and locks might only be used to improve navigation re
levant functions regardless of other values and purposes linked to these 
structures like historic preservation and biodiversity conservation 
(Hijdra et al., 2014). Because of the long lifespan of some canal assets 
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(Hijdra et al., 2014), the investment cycle for maintenance might be too 
long to make any changes that could control non-native species. For 
example, the investment cycle for historic waterway maintenance in the 
Netherlands (Hijdra et al., 2014) and the Federal Energy Regulatory 
Commission licenses for hydropower projects in the US could be up to 
50 years long, which may delay major changes to the infrastructure 
such as building selective passage for aquatic species. For canals that 
reach across multiple jurisdictions, the development and implementa
tion of new management regimes might be difficult because of in
stitutional barriers and different mandates and regulations among 
management authorities. Decision makers within and among govern
ment agencies also need to identify potential stakeholder groups that 
might be influenced by or have the ability to influence the im
plementation of new management actions. For example, focusing on the 
economic interest of one group of stakeholders caused the decommis
sion of historic canals in the Lower Ter River, Spain, which negatively 
affected downstream ecosystems and the interest of other stakeholders 
(Llausàs et al., 2020). In some cases, the preservation of a canal, or parts 
of a canal, emerge bottom up from local groups mainly interested in 
cultural or technical heritage assets (e.g., canal/historical societies), 
which may not incorporate ecological considerations (Fox et al., 2016). 

5. Reconciling conservation potential and challenges 

A structured decision making framework for canal management 
decisions can help in cases where multiple authorities or stakeholders 
with conflicting objectives are involved in canal management decisions. 
Structured decision making helps to incorporate different objectives 
and examine trade-offs among management actions in an explicit and 
transparent way (examples see Fig. 5; Bower et al., 2018; Gregory et al., 
2012). The structured decision making framework includes six steps: 
(1) problem framing, (2) determining objectives, (3) identifying alter
natives, (4) estimating consequences, (5) evaluating trade-offs, and (6) 
deciding and taking actions (Fig. 5; Bower et al., 2018; Gregory et al., 
2012). Different objectives and values of historic canals such as navi
gation, irrigation, hydropower, flood control, social identity, aesthetics, 
historic/heritage, recreation, and ecology should be defined in the first 
two steps (Fig. 5: steps 1 and 2). Key stakeholder groups may be 
identified by methods such as social network analyses (Guerrero et al., 
2013). 

Next, trade-offs among objectives could be examined and discussed 
by decision makers and stakeholders during the decision-making pro
cess (Fig. 5: steps 3 to 5). Conceptual models such as influence diagrams 
and decision trees that represent possible relationships between man
agement actions and objectives could be developed through participa
tory modelling by decision makers and stakeholders (example see  
Fig. 4; Robinson and Fuller, 2017). Qualitative or quantitative models, 
such as Bayesian networks, empirical models, and expert elicitation 
could be used to reveal and examine the interactions and trade-offs 
among objectives (Robinson and Fuller, 2017). For example, while 
building fish bypasses or modifying lock operations (e.g., frequency and 
timing) may increase the connectivity for native species, the risk of 
biological invasion considering the potential habitat/production for 
both natives and non-natives after implementation should be estimated. 
The influence of building passages or changing lock operation on other 
management objectives such as navigability and historic lock main
tenance, also require examination. In addition, draining, controlling 
vegetation (both aquatic and riparian), and clearing sediment (e.g., 
dredging) are commonly implemented to maintain navigability and 
protect historic structures of canals. However, the effects of these 
management actions on natural succession, bank and bottom dwelling 
invertebrates and fish, and vegetation communities should be assessed 
(Chester and Robson, 2013; Harvolk et al., 2014; Sousa et al., 2019b). 
Subsequently, tools, such as multi-objective optimization and trade-off 
analysis, could be used to facilitate decision-making processes by 
finding optimal or near-optimal solutions among competing objectives 
in canal management similar to studies for watershed restoration and 
water management (Martin et al., 2016; Poff et al., 2016). For example, 
these tools could identify management actions that collectively could 
achieve management objectives for historic structure protection, target 
species/habitat conservation, and recreational activities while mini
mizing the overall economic cost. 

In some cases, synergistic effects among objectives might create 
win-win situations. For instance, by redesigning waterfront landscapes 
and establishing wetland systems, both ecosystem (provision, reg
ulating, and supporting services) and cultural services (aesthetic, re
creation and tourism, education, and heritage) could be improved in 
the Xianghe section of Grand Canal, China (Guo et al., 2016). The 
structured decision making framework provides decision makers and 
stakeholders with a structured and explicit way to incorporate multiple 

Fig. 4. An example of an influence diagram showing possible relationships (influences) between management actions (white boxes) and objectives (dark grey boxes). 
Light grey boxes are ecological variables influenced by different management actions. Relationships (arrows) could be qualified or quantified through Bayesian 
networks, empirical models, and expert elicitation. 
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objectives and assess trade-offs among them, which could be critical for 
finding such win-wins. Furthermore, uncertainties from knowledge 
gaps can be modelled in the step that estimates consequences (step 4 in  
Fig. 5) and can be addressed through learning and adaptive manage
ment (feedback arrow from step 6 back to step 1 in Fig. 5). 

6. Synthesis and conclusion 

Despite the potential contribution of anthropogenic waterways to 
biodiversity conservation, these habitats are unlikely to provide the 
ecological functions and services of natural waterbodies (Carlson et al., 
2019; Chester and Robson, 2013; Harvolk et al., 2014). Therefore, 
managers should consider conserving or restoring natural waterbodies 
whenever possible. Nevertheless, in places where natural waterbodies 
are highly degraded and restoration measures are not feasible because 
of ecological, socio-economic, cultural, and political constraints, con
serving or restoring the ecosystem in anthropogenic waterways could 
be a valuable alternative. Trade-offs should be examined if the canal or 
the operation of the canal may be one of the causes of the degradation 
of natural waterbodies (e.g., alter natural flow regime). While the re
cognition of the heritage value of some old canals increases over time, 
these anthropogenic waterways also become more integrated into the 
surrounding ecosystem. Therefore, improving and protecting the eco
logical condition of historic canals could enhance both cultural and 
natural ecosystem functions and services they provide. For example, 
management plans for Rideau Canal (Walker et al., 2010) and the 
Grand Canal (Guo et al., 2016) include objectives addressing cultural 
and natural issues. In Europe, the obligation of environmental im
provement explicitly has been extended by the Water Framework 

Directive (WFD, 2000/60/EC) to heavily modified and artificial wa
terbodies (Clifford and Heffernan, 2018). 

In conclusion, while many natural waterbodies become fragmented 
by artificial barriers in rivers and streams, the transition of functions 
and services provided by historic canals over time opens windows to 
incorporate biodiversity conservation into canal management. 
Enhancing biodiversity might also attract additional resources, which at 
the same time help stop further abandonment and protect cultural 
heritage. The integration of historic canals into natural and cultural 
landscapes may raise challenges for management because of the 
knowledge gaps in ecological response and potential conflicts and 
constraints in socio-economic and political contexts. The use of struc
tured decision making processes provides an opportunity for decision 
makers and stakeholders to incorporate multiple objectives and eval
uate trade-offs (Fig. 4). We contend that even in canals for which 
management objectives exclude natural heritage, that there are op
portunities for conservation gains to be made. 
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Appendix Table A2 
Examples of the negative and positive ecological effects of canals.     

Ecological effect Location and species examined Reference  

Negative 
Possible corridors for invasive species Laurentian Great Lakes. Non-native fishes (Daniels, 2001)  

Severn and Thames Rivers, UK. Zebra mussels (Dreissena polymorpha), quagga mussels (D. rostriformis 
bugensis), Asian clams (Corbicula fluminea) 

(Gallardo and Aldridge, 2018)  

Inland waters, Poland. Tubenose goby (Protherorhinus marmoratus), round goby (Neogobius melanos
tomus), racer goby (N. gymnotrachelus), monkey goby (N. fluviatilis) 

(Grabowska et al., 2008)  

Peninsular India basins. Freshwater fishes (Grant et al., 2012)  
European watersheds. Macroinvertebrates (Leuven et al., 2009)  
European canals. Invertebrates and freshwater fishes (Galil et al., 2007)  
Rhine-Main-Danube-Canal. Freshwater fishes (Wolter and Röhr, 2010) 

Possible corridors for isolated populations 
(reduce genetic diversity) 

Rapel and Mataquito basins, Chile. Freshwater catfish (Diplomystes cf. camposensis) (Muñoz-Ramírez et al., 2015) 

Ecological traps Albert Canal, Belgium. European eel (Anguilla anguilla), Atlantic salmon (Salmo salar) (Vergeynst et al., 2019)  
Lemhi River subbasin, USA. Chinook salmon (Oncorhynchus tshawytscha) (Walters et al., 2012)  
Sacramento and San Joaquin Rivers, USA. Chinook salmon (Zeug and Cavallo, 2014) 

Migration barrier Navigation canals, Germany. Cyprinid fishes (Wolter and Vilcinskas, 1998) 
All of above Review study (Rahel, 2013)  

Positive 
Novel habitat for common species and re

fuge for endangered species 
Oder-Havel-Canal, Germany. Roach (Rutilus rutilus), perch (Perca fluviatilis) (Arlinghaus et al., 2002)  

Wieprz-Krzna irrigation canal, Poland. Bitterling (Rhodeus sericeus) (Przybylski and García- 
Berthou, 2004)  

Rio Grabde, USA. Freshwater fishes (Cowley et al., 2007)  
Rideau Canal, Canada. Freshwater fishes (Walker et al., 2010)  
Canals, Netherland. Smelt (Osmerus eperlanus), three-spined stickleback (Gasterosteus aculeatus), 
European eel 

(Brevé et al., 2014)  

Irrigation canals in Colorado, USA. Riparian plants and aquatic macroinvertebrates (Carlson et al., 2019)  
Irrigation canals, Slovakia. Aquatic macrophytes (Dorotovičová, 2013)  
Canal Imperial de Aragón and Canal de Tauste, Spain. Freshwater mussels (Margaritifera auricularia, 
Unio mancus, Potomida litoralis, Anodonta sp.) 

(Gómez and Araujo, 2008)  

Dortmund-Ems canal, Germany. Floodplain macrophytes (Harvolk et al., 2014)  
Wind River, USA. Burbot (Lota lota) (Hooley-Underwood et al., 

2018)  
Irrigation canals and ditches, Japan. Threatened freshwater fishes (Onikura, 2015) 

Ecological corridor and novel habitat/sp
awning ground 

Irrigation and hydroelectric canals in Durance River, France. Cyprinids (Parachondrostoma toxostoma, 
Chondrostoma nasus) 

(Guivier et al., 2019)  

Navigation canals. Insects (Villemey et al., 2018) 
Migration pathway and novel spawning 

ground 
Reddal canal, Norway. Atlantic herring (Clupea 
harengus) 

(Eggers et al., 2015) 

Migration pathway Lake Washington Ship Canal, USA. Sockeye (O. nerka), coho (O. kisutch), Chinook, steelhead (O. mykiss) 
salmons 

(Tabor et al., 2007)  

Albert Canal, Belgium. European eel (Nzau Matondo et al., 2017;  
Verhelst et al., 2018) 

All of above Review study (Chester and Robson, 2013)  

Appendix Table A3 
Examples in Fig. 2.        

Canal Country Freshwater ecoregion (one: within; two: direct connec
tion) 

Main function (past/current) UNESCO 
world 
heritage  

Rideau Canal Canada “St Lawrence” + “Laurentian Great Lakes” Defense and transportation/recreation Yes  
Chicago Sanitary and Ship 

Canal 
US “Laurentian Great Lakes” + “Upper Mississippi” Sewage discharge and transportation/sewage discharge and 

transportation 
No  

Erie Canal US “Northeast US & Southeast Canada  
Atlantic” + “Laurentian Great Lakes” 

Transportation/recreation and transportation No  

Pontcysyllte Aqueduct UK “Central & Western Europe” + “Northern British Isles” Transportation/recreation Yes  
Ghent-Terneuzen Canal Belgium and 

Netherlands 
“Central & Western Europe” Transportation/transportation No  

Canal du Midi France “Cantabric Coast - Languedoc” Transportation/recreation and irrigation Yes  
Ludwig-Danube-Main-Ca

nal 
Germany “Upper Danube” + “Central & Western Europe” Transportation/recreation No  

Grand Canal China “Lower Huang He” + “Lower Yangtze” Transportation/transportation Yes  
Buckingham Canal India “Southern Deccan Plateau” + “Southeastern Ghats” Transportation/drainage and transportation No  
Alexandra Canal Australia “Eastern Coastal Australia” Transportation/recreation No  
Angkor canals Cambodia “Mekong Delta” Drainage, irrigation, and transportation/recreation No  
Lake Biwa Canal Japan “Biwa Ko” + “Honshu - Shikoku - Kyushu” Irrigation, hydropower, and transportation/water supply 

and recreation 
No   
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