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Scientists are being asked to provide theory, information, and tools to manage trade-offs arising
from  exploitation  of  the  planet’s  biodiversity  and  ecosystems  services. The need is important for
agricultural lands where tensions between the expansion and intensification of food production
and the conservation of land, water, and biodiversity can be high. This thesis investigated the
resilience of physical habitat features, and macroinvertebrate and fish assemblages, to the
maintenance (digging out) of agricultural drains (ditches) used to provide arable land. Drain
maintenance has been the source of tension between the agricultural community and fish habitat
managers. Uncertainty about the resilience of these systems to drain maintenance has underlain
these tensions. My thesis applied an experimental design tracking the responses of eight drainreference pairs from 3-6 months prior to 22-24 months after drain maintenance. It had three
parts. The first part demonstrated that drain maintenance altered physical habitat features
considered important to fishes, as hypothesized by fishery managers, for up to two years;
however, consistent changes in the abundances and diversity of macroinvertebrates (fish prey)
were not detected. The second part provided no evidence of consistent changes in the
abundances and composition of fishes in response to the alteration of habitat, contrary to what

iii

fishery managers have hypothesized. The third part revealed that the abundances of individual
fish species in maintained sections of a drain following drain maintenance were predicted by the
abundances of each species both nearby (downstream) and further away (adjacent branch of the
watercourse)  from  the  maintained  section,  and  with  a  species’  reproductive  behaviour  in  terms  of  
spawning and nesting behaviour. My findings suggest that concerns regarding drain maintenance
may be inflated because the maintenance affects habitat features that are highly visible to
humans, but not critical to fishes, possibly because agricultural practices have selected for
adventitious fish species that are adapted to the ephemeral conditions of headwater stream
habitats, including drains. My findings also demonstrate how improved scientific knowledge
about resilience could assist resource managers in understanding trade-offs between ecosystem
services and in allocating conservation resources to systems where management actions are
needed most.
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General Introduction
Human activities are affecting biological systems across the globe (Chapin III et al.
2000). Much  of  the  Earth’s  air, water, and land have been altered through climate change (Milly
et al. 2005, Chen et al. 2011, Gibson-Reinemer et al. 2015), pollution (Backhaus et al. 2012), and
extensive changes to land cover (Tilman et al. 2001). Biodiversity and ecosystem functioning are
being altered, in some instances dramatically, through the harvesting of plants and animals
(Jackson et al. 2001, Chapin III et al. 2000), spread of invasive species (Capinha et al. 2015), and
alteration of habitat. Few pristine areas remain (Sanderson et al. 2002, Kareiva 2007).
The consequences of land cover change have reinforced the need for scientists and
resource managers to focus on the management of ecosystems (an interconnected system made
up of biological communities and their environment) (Brussard et al. 1998, Szaro et al. 1998,
Palmer et al. 2004, Naeem 2012). Ecosystem management is an approach to natural resource
management that integrates human social and economic needs. The aim of ecosystem
management is to conserve the productivity and biodiversity of a biological system while
sustaining human uses (Brussard et al. 1998, Szaro et al. 1998). The need to balance potentially
conflicting management objectives is a key challenge for successful ecosystem management. For
example, the creation of dams for hydroelectric power generation can conflict with the
management of fish production (Jackson and Marmulla 2001). Similarly, restricting the spread of
invasive species can potentially conflict with enhancing environmental connectivity to support
the production of native species (McLaughlin et al. 2013, Rahel 2013).
There is a need to develop theory, data, and tools to reduce the uncertainty with the
outcomes of human actions, identify the trade-offs between management objectives and
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ecosystem services that humans exploit, and, where possible, reconcile those tradeoffs (Laitão
and Ahern 2002, Daily et al. 2009, Naeem 2012). Reducing the uncertainty surrounding
outcomes of human actions on natural systems is critical in the creation of science policy
frameworks (e.g. Rice et al. 2015). Identification of the trade-offs is important so that the public,
as stakeholder, understands the consequences of land cover change. Reconciling trade-offs, and
the time scale required, are needed to minimize the unwanted effects of our actions. Knowing
whether the effects are long-lasting or short-lived can also be important for allocating limited
resources to solving the most pressing problems.
Understanding the theoretical stability of ecological systems is critical for achieving
successful ecosystem management policies. Conceptualization of the stability of communities
and ecosystems in the face of natural and anthropogenic disturbances can be done in terms of
resilience of component assemblages and communities and the nature of their responses to
disturbance. Resilience is the capacity of a system to undergo change following a disturbance,
reorganize and recover to a state retaining the same function and structure as before the
perturbation  (Walker  et  al.  2004).  Resilience  can  be  further  subdivided  into  ‘engineering  
resilience’  and  ‘ecological  resilience’  (Walker  et  al.  1969, Holling 1996). Engineering resilience
refers to the rate at which a system returns to single steady state (Pimm 1984). The faster a
system returns to a pre-disturbance state, the more stable the system is considered to be (McCann
2012). Ecological resilience, in contrast, is a measure of the amount of disturbance that a system
can absorb before it is flipped to an alternate state, that is from being maintained by one set of
variables and processes that control behaviour, to a different set (Holling 1973). The concept of
resilience is important to ecosystem management and policy. For example, productivity-state
curves (the relationship between the productivity of fisheries species and the state of the affected
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species or habitat), integrating an assemblage’s  resilience,  have  been  recommended  to  aid  in  
scientific advice towards consistent interpretation of aspects of the Canadian Fisheries Act
(Koops et al. 2012).
Characterizing stability empirically can be challenging. Disturbances in freshwater
systems can be classified  as  either  ‘pulse’  or  ‘press’  (Detenbeck  et  al.  1992).  Pulse disturbances
tend to be discrete events (e.g. chemical spills or treatments, short-lived hydrological
occurrences such as droughts and floods), while press disturbances usually involve major habitat
alteration (e.g. channelization of rivers, mining, timber harvesting, and urbanization. As with
disturbances, the responses to disturbance can also be classified as a short-term pulse, or
continued press response (Glasby and Underwood 1996). Pulse responses tend to be brief in
nature with assemblages typically returning to pre-disturbance conditions within 2 – 5 years
(Detenbeck et al. 1992), and press responses typically extend beyond the life-span of the longestlived species within an assemblage (Bender et al. 1984, Niemi et al. 1990, Detenbeck et al. 1992,
O’Connor  and  Lake  1994,  Walsh  et  al.  2005). Using  the  terms  of  ‘pulse’  and  ‘press’  for  both  
disturbances and responses can lead to confusion in the literature. To avoid the ambiguity of
these terms, Glasby and Underwood (1996) called the disturbances and their responses
‘perturbations’  and  furthered  classified  these  into  four  groups.  A  ‘discrete  pulse’  perturbation  
involves  a  pulse  disturbance  and  pulse  response,  while  a  ‘protracted  pulse’  perturbation  involves  
a  pulse  disturbance  and  a  press  response.  A  ‘protracted  press’  perturbation  involves  a  press  
disturbance  and  a  press  response,  and  the  relatively  rare  case  of  a  ‘discrete  press’  perturbation  
involves a press disturbance and a pulse response. While Glasby and Underwood (1996) do not
recommend the continued use of these perturbation names, it is of value to mention them here to
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illustrate the complexity of the terminology and stress the importance of identifying both the
cause and effect of a disturbance.
Empirical evaluation of press and pulse responses has inherent challenges. First, there is a
variety of metrics that can be used to measure the stability of a biological assemblage or
community, including species richness, species composition, total abundance, density or
biomass, and the abundances, densities or biomass of a individual species (Detenbeck 1992). For
management purposes, a specific end-point needs to be established to determine when a system
has recovered (Detenbeck et al. 1992, Parker and Wiens 2005), but there can be insufficient
consensus on which metrics are most appropriate. Second, whether a response observed for any
given metric represents a press or a pulse can depend on the time required for any recovery,
relative  to  the  study’s  duration.  If  study  duration  is  too  short,  a  pulse  response  could  be  
misinterpreted as a press response. Third, in practice, defining when a system has recovered can
be challenging. In systems with a static, steady-state equilibrium, determining when the system
has returned to pre-disturbance conditions can be straightforward (Detenbeck et al. 1992).
However, biological systems the assumption of a dynamic equilibrium is more realistic (Resh et
al. 1988, Parker and Wiens 2005), because biological systems are subject to natural variation
(Wiens 1984, Chesson and Case 1986, Stanley et al. 2010). Recovery must therefore be
evaluated against natural background variation (temporal and spatial) as well as responses to
anthropogenic influences beyond the influence being investigated (Parker and Wiens 2005).
Fourth, empirical data or models that could be used to predict the effects of disturbance is
lacking for many systems. Significant gaps need to be filled before the amount and quality of
existing empirical data could be used to develop a general tool for predicting the resilience of
poorly studied systems. Much of the existing data are limited by heterogeneity across studies in
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the types of disturbances studied, the metrics used, study duration, and the spatial, temporal, and
taxonomic scales considered (Ives and Carpenter 2007). Such heterogeneity is observed even
within studies of disturbances in a single ecosystem (e.g. freshwater running waters) (Niemi et
al. 1990, Detenbeck et al. 1992).
My thesis examined the magnitude and duration of the effects that maintaining (clearing
out) agricultural drains (ditches) have on fish assemblages, their physical habitat, and
macroinvertebrate prey. Broad concerns about the effects that land cover change to create arable
land has had on biodiversity in general, and fish diversity in particular, makes agricultural
drainage a suitable system in which to examine the resilience of assemblages to anthropogenic
disturbance (Butler et al. 2007). Recognizing the environmental impacts that agriculture has had,
there is increasing focus of sustainable and conservation policies balancing the need for
increasing agricultural production while simultaneously preserving ecosystem functions and
biodiversity (Tilman et al. 2001). The resilience of these fish systems is poorly understood, and
planning and following up drain maintenance provides the opportunity to look at these issues
experimentally.
Agricultural land cover is globally extensive; croplands and pastures occupy
approximately  40%  of  the  Earth’s  surface,  and  represent  one  of  the  largest  terrestrial  biomes  
(Ramankutty and Foley 1999, Asner et al. 2004). With population growth, global agricultural
production will nearly double by 2050 (Tillman 1999). There are tradeoffs between agricultural
production and other ecosystem services, and unless agricultural expansion is managed
sustainably both agricultural and natural ecosystems will suffer degradation (Chapin III et al.
2000, Tilman et al. 2001). This is particularly concerning as replacing lost ecosystem services
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could quickly become prohibitively expensive (Palmer and Filoso 2009). Rapid expansion of
agriculture within the next 40 years has the potential to result in severe, widespread
environmental damage, and a significant loss of other services provided by the land (Tilman et
al. 2001). Minimizing these potential impacts, while still providing for an adequate global food
supply is a pressing concern and challenge for sustainable development and ecosystem
management.
The success of agriculture has been linked intrinsically to the construction of agricultural
drains. Agricultural drains are integral parts of the network of watercourses allowing for
movement of water from agricultural lands (Emerson 1971, Edwards et al. 1984). They function
to move water from fields and pastures, thereby lowering the water table, allowing for deeper
and more extensive root growth and enabling agricultural production on otherwise perennially
waterlogged fields (Van der Gulik et al 2000). Agricultural drainage is important for maintaining
and increasing agricultural production in areas around the world. Well-established drainage
networks are prevalent in many parts of the developed world, including Canada (e.g. Van der
Gulik et al. 2000), United States (e.g. Pavelis 1985), Europe (e.g. Burgi et al. 2015), New
Zealand (e.g. Greer et al. 2012), and the population expansion in developing and newly
industrialized countries is putting increased pressure on existent food resources with a resulting
increase in the optimization of arable land (e.g. Wang et al. 2007). Within North America,
approximately 25% of cropland is artificially drained (Skaggs et al. 1994), and in Ontario alone
much of the 3.4 million ha of crop and pasture lands are subject to drainage (Ritter et al. 1995)
Drains require periodic maintenance (cleaning out) in order to maintain the function of
draining water from fields. Sediment buildup from field runoff and bank erosion, as well as
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increased in-stream macrophyte growth, can impede flow resulting in potential flooding (Kaenel
and Uehlinger 1988, Hearne and Armitage 1993, Skaggs et al. 1994). A primary method of drain
maintenance in southern Ontario involves clearing the drain channel of vegetation and debris
using an excavator (backhoe) and removing vegetation from at least one side of the drain. Drain
maintenance is typically completed when required; however, some municipalities maintain
drains proactively, before any major impediments to drainage have occurred in the channel.
Recently maintained drains are easily identified. Mounds of extracted sediment on the edge of a
drain devoid of vegetation clearly mark a maintained drain.
In southern Ontario, the lack of understanding about how human actions like drain
maintenance affect fishes has been the source of tension between agricultural community,
drainage managers, and fishery managers. These tensions are due, in part, to how drains are
managed. Provincially, the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA)
manages the creation and maintenance of drains under the Drainage Act (1989). The agricultural
community and drainage superintendents believed that drains did not hold resident fish
populations, and transient fishes were secondary to crop production. Prior to the recent revisions
to the federal Fisheries Act (1985), the Department of Fisheries and Oceans (DFO) managed fish
habitat within drains. Drains were considered habitat important to fishes, as many drains were
created from natural streams and most drains empty into larger natural streams, ponds, rivers or
lakes. Maintaining drains without proper paperwork from the relevant Conservation Authorities
or DFO could result in legal action. For example, in 2007 a farmer was threatened with $300,000
in fines for the destruction of fish habitat following maintenance of his drain (“Local  Farmer  
Faces  Fines”,  2007).  Following  recent revisions to the Fisheries Act, DFO is now managing
serious harm as it applies to fishes important to commercial, recreational or Aboriginal (CRA)
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fisheries, as well as the prey species and the habitat on which these fishes depend, together
termed relevant fish. The list of relevant fish species considered for protection under the revised
Fisheries Act, as well as those species protected under alternate legislation (e.g. federal Species
at Risk Act) is comprehensive, and there is still uncertainty regarding how drains will be
managed under the revised act.
Greater understanding of the impacts of drain maintenance is needed to ease tensions
between the agricultural community, drainage superintendents, and fishery managers. If drain
maintenance does not have strong, lasting effects on fishes, then routine drain maintenance may
represent a habitat alteration that can be conducted with minimal government supervision under
the revised Fisheries Act. If drain maintenance has strong and lasting effects, then stronger,
science-based practices and policies will be needed to minimize those effects. In a survey of 24
pairs of drains and natural watercourses (watercourses no classified as agricultural drains, and
consequently not subject to maintenance) from across southern Ontario, Stammler et al. (2008)
were unable to detect consistent differences in the composition, and size and age structures, of
fish assemblages between agricultural drains and natural watercourses. They hypothesized that
the lack of consistent differences could be due to rapid recovery of fish assemblages following
drain maintenance, because none of their drains had been maintained within seven years.
However, the hypothesized pathway of effects whereby drain maintenance would alter fish
assemblages remains untested. Fishery managers have implicitly hypothesized that drain
maintenance alters the physical habitat or food resources available to fishes and hence the types
and numbers of fishes occupying the maintain section of watercourse afterward. The resilience of
drain fish assemblages is poorly understood. Drain fish assemblages could be made up primarily
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of adventitious species, accustomed to living in systems with high variability in habitat
availability (frequent occurrence of disturbance) due to seasonal flooding and desiccation.
I completed a comprehensive field study examining the effects of drain maintenance on
resident fish assemblages, their habitat, and potential food resource. The study paired each
maintained drain, with an unmaintained drain, of similar size and position in the watercourse, to
act as a reference condition and account for natural changes in assemblage structure. Chapters
are arranged in logical progression, examining the working hypothesis of conservation and
fisheries managers, that the drain maintenance affects fish habitat, and this in turn will affect fish
assemblages (pathway of effect). Chapter I tests whether drain maintenance results in a pulse
effect in physical habitat features and potential food resources (benthic macroinvertebrates)
important to fishes. Chapter II tests whether drain maintenance leads to a pulse effect in the
numbers and kinds of fishes. The resilience of drain fishes to the disturbance of drain
maintenance is established in this chapter. Chapter III uses a model developed for colonization of
new habitat by invasive fishes to infer how local and regional densities of fish outside the
maintained section of watercourse, movement, and reproduction influence the densities observed
in the maintained section following maintenance. These chapters provide an explicit test of the
working hypothesis of Fisheries and Oceans Canada, provide initial insights into the factors
shaping resilience of fish assemblages in maintained sections of agricultural drains, and will
contribute to the growing body of research on anthropogenic effects on assemblages with
agricultural watercourses (e.g. Painter 1999, Hudson and Harding 2004, Jowett et al. 2009, DWA
2010, and Greer 2012).

9

References
Asner, G.P., Elmore, A.J., Olander, L.P., Martin, R.E., and Harris, A.T. 2004. Grazing systems,
ecosystem responses, and global change. Annual Review of Environment and Resources
29: 261-299.
Backhaus, T., Snape, J., and Lazorchak, J. 2012. The impact of chemical pollution on the
biodiversity and ecosystem services: The need for an improved understanding. Integrated
Environmental Assessment and Management 8: 575-576.
Bender, E.A., Case, T.J., and Gilpin, M.E. 1984. Perturbation experiments in community
ecology: theory and practice. Ecology 65: 1-13
Brussard, P.F., Reed, J.M., and Tracy, C.R. 1998. Ecosystem management: what is it really?
Landscape and Urban Planning 40: 9-20.
Burgi, M, Salzmann, D., and Gimmi, U. 2015. 264 years of change and persistence in an agrarian
landscape: a case study from the Swiss lowlands. Landscape Ecology 30: 1321-1333.
Butler, S.J., Vickery, J.A. and Norris, K. 2007. Farmland biodiversity and the footprint of
agriculture. Science 315: 381-384.
Capinha, C., Essl, F., Seebens, H., Moser, D., and Pereira, H.M. 2015. The dispersal of alien
species redefines biogeography in the Anthropocene. Science 348: 1248-1251.
Chapin III, F.S., Zavaleta, E.S., Eviner, V.T., Naylor, R.L., Vitousek, P.M., Reynolds, H.L.,
Hooper, D.U., Lavorel, S., Sala, O.E., Hobbie, S.E., Mack, M.C., Diaz, S. 2000.
Consequences of changing biodiversity. Nature 405: 234-242.
Chen, I-C., Hill, J.K., Ohlemüller, R., Roy, D.B., and Thomas, C.D. 2011. Rapid range shifts of
species associated with high levels of climate warming. Science 333: 1024-1026.
Chesson, P.L., and T.J. Case. 1986. Overview: nonequilibrium community theories: chance,
variability, history, and coexistence. Pages 229-239 in J. Diamond and T.J. Case, editors.
Community ecology. Harper and Row, New York, New York, USA.
Daily, G.C., Polasky, S., Goldstein, J., Kareiva, P.M., Mooney, H.A., Pejchar, L., Ricketts, T.H.,
Salzman, J., and Shallenberger, R. 2009. Ecosystem services in decision making: time to
deliver. Frontiers in Ecology and the Environment. 7: 21-28.
Detenbeck, N.E., DeVore, P.W., Niemi, G.J., and Lima, A. 1992. Recovery of temperate-stream
fish communities from disturbance: A review of case studies and synthesis of theory.
Environmental Management 16: 33-53.
DWA (Deutsche Vereinigung für Wasserwirtschaft, Wasser und Abfall). 2010. Neue Wege der

10

Gewässerunterhaltung – Pflege und Entwicklung kleiner Flieβgewässer.  Merkblatt  
DWA-M 610
Edwards, C.J., Griswold, B.L., Tubb, R.A., Weber, E.C. and Woods, L.C. 1984. Mitigating
effects of artificial riffle and pools on the fauna of a channelized warmwater stream.
North American Journal of Fisheries Management 4: 194-203.
Emerson, J.W. 1971. Channelization: a case study. Science. 173: 325-326.
Gibson-Reinemer, D.K., Sheldon, K.S., and Rahel, F.J. 2015. Climate change creates rapid
species turnover in montane communities. Ecology and Evolution 5: 2340-2347.
Greer, M.J.C., Closs, G.P., Crow, S.K. and Hicks, A.S. 2012. Complete versus partial
macrophyte removal: the impacts of two drain management strategies on freshwater fish
in lowland New Zealand streams. Ecology of Freshwater Fish 21: 510-520.
Hearne, J.W. and Armitage, P.D. 1993. Implications of the annual macrophyte growth cycle on
habitat in rivers. Regulated Rivers: Research and Management 8: 313-322.
Holling, C.S. 1973. Resilience and stability of ecological systems. Annual Review of Ecology,
Evolution and Systematics 4: 1-23.
Hudson, H.R. and Harding, J.S. 2004. Drainage management in New Zealand: A review of
existing activities and alternate management practices. Science for Conservation 235: 139.
Jackson, D., and Marmulla, G. 2001. The influence of dams on river fisheries. Pages 1-44 in G.
Marmulla, editor. Dams, fish and fisheries: opportunities, challenges and conflict
resolution. UNFAO. Fisheries Technical Paper 419. Rome.
Jackson, D., Peres-Neto, P.R., and Olden, J.D. 2001. What controls who is where in freshwater
fish communities – the roles of biotic, abiotic, and spatial factors. Canadian Journal of
Fisheries and Aquatic Sciences 58: 157-170.
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J.,
Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A., Hughes, T.P., Kidwell, S., Lange,
C.B., Lenihan, H.S., Pandolfi, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J., Warner,
R.R. 2001. Historical overfishing and the recent collapse of coastal ecosystems. Science
293: 629-637.
Jowett, I.G., Richardson, J. and Boubée, J.A.T. 2009. Effects of riparian manipulation on stream
communities in small streams: two case studies. New Zealand Journal of Marine and
Freshwater Research 43: 763-774.
Kaenel, B.R. and Uehlinger, U. 1988. Effects of plant cutting and dredging on habitat conditions
in streams. Archiv für Hydrobiologie 143: 257-273.

11

Kareiva, P., Watts, S. McDonald, R., and Boucher, T. 2007. Domesticating nature: Shaping
landscapes and ecosystems for human welfare. Science. 316: 1866-1869.
Koops, M.A., Koen-Alonso, M., Smokorowski, K.E., Rice, J.C. 2012. A science-based
interpretation and framework for considering the contribution of the relevant fish
to the ongoing productivity of commercial, recreational or Aboriginal fisheries. DFO
Canadian Science Advisory Section Research Document 2012/141. iii + 28 p.
Leitão, A.B., and Ahern, J. 2002. Applying landscape ecological concepts and metrics in
sustainable landscape planning. Landscape and Urban Planning. 59: 65-93.
Local Farmer Faces $300,000 in Fines for Cleaning out Ditches Without Permit (2007, October).
Farmers Forum. Retrieved from http://www.farmersforum.com
McLaughlin, R.L., Smyth, E.R.B., Castro-Santos, T., Jones, M.L., Koops, M.A., Pratt, T.C., and
Velez-Espino, L.A. 2013. Unintended consequences and trade-offs of fish passage. Fish
and Fisheries 14: 580-604.
Milly, P.C.D., Dunne, K.A., and Vecchia, A.V. 2005. Global pattern trends in streamflow and
water availability in a changing climate. Nature 438: 347-350.
Naeem, S., Duffy, J.E. and Zavaleta, E. 2012. The functions of biological diversity in an age of
extinction. Science 336: 1401-1406.
Niemi, G.J., DeVore, P., Detenbeck, N., Taylor, D., Lima, A., and Pastor, J. 1990. Overview of
case studies on recovery of aquatic systems from disturbance. Environmental
Management 14: 571-587.
Painter, D. 1999. Macroinvertebrate distributions and the conservation value of aquatic
Coleoptera, Mollusca and Odonata in the ditches of traditionally managed and grazing
fen at Wicken Fen, UK. Journal of Applied Ecology 36: 33-48.
Palmer, M., Bernhardt, E., Chornesky, E., Collins, S., Dobson, A., Duke, C., Barry, G.,
Jacobson, R., Kingsland, S., Kranz, R., Mappin, M., Martinez, M.L., Micheli, F., Morse,
J., Pace, M., Pascual, M., Palumbi, S., Ashley, O.J.R., and Alan, S. 2004. Ecology for a
Crowded Planet. Science 304: 1251–1252.
Palmer, M. A., and Filoso, S. 2009. Restoration of ecosystem services for environmental
markets. Science 325: 575-576.
Parker, K.R. and Wiens, J.A. 2005. Assessing recovery following environmental accidents:
environmental variation, ecological assumptions, and strategies. Ecological Applications
15: 2037-2051.
Pimm, S.L. 1984. The complexity and stability of ecosystems. Nature 307: 321-326

12

Rahel, F.J. 2013. Intentional fragmentation as a management strategy in aquatic systems.
BioScience 63: 362-372.
Ramankutty, N. and Foley, J. 1999. Estimating historical changes in global land cover: croplands
from 1700 to 1992. Global Biogeochemical Cycles 13: 997-1028.
Resh, V.H., Brown, A.V., Covich, A.P., Gurtz, M.E., Li, H.W., Minshall, W., Reice, S.R.,
Sheldon, A.L., Wallace, J.B., and Wissmar, R.C. 1988. The role of disturbance in stream
ecology. Journal of the North American Benthological Society 7: 433-455.
Rice, J., Bradford, M.J., Clarke, K.D., Koops, M.A., Randall, R.G., and Wysocki, R. 2015. The
science  framework  for  implementing  the  fisheries  protection  provisions  of  Canada’s  
Fisheries Act. Fisheries 40: 268-275.
Ritter, W.F., Rudra, R.P., Milburn, P.H., and Prasher, S. 1995. Drainage and water quality in
northern United States and eastern Canada. Journal of Irrigation and Drainage
Engineering 121: 296-301.
Sanderson, E.W., Jaiteh, M., Levy, M. a., Redford, K.H., Wannebo, A. V., and Woolmer, G.
2002. The Human Footprint and the Last of the Wild. BioScience 52: 891–904.
Schlosser, I.J. 1987. The role of predation in age- and size-related habitat use by stream fishes.
Ecology 68: 651-659.
Schlosser, I.J. 1990. Environmental variation, life history attributes, and community structure in
stream fishes: implications for environmental management and assessment.
Environmental Management 14: 621-628.
Skaggs, R.W., Breve, M.A., and Gilliam, J.W. 1994. Hydrologic and water quality impacts of
agricultural drainage. Critical Review of Environmental Science and Technology 24: 132.
Smith, K.L. 2003. Strategies for the assessment of fish species composition in Great Lakes
streams. M.Sc. thesis, Department of Fisheries and Wildlife, Michigan State University,
East Lansing, Michigan.
Stanley, E.H., Powers, S.M., and Lottig, N.R. 2010. The evolving legacy of disturbance in
stream ecology: concepts, contributions, and coming challenges. Journal of the North
American Benthological Society 29: 67-83.
Szaro, R.C., Sexton, W.T., and Malone, C.R. 1998. The emergence of ecosystem management as
a  tool  for  meeting  people’s  needs  and  sustaining  ecosystems.  Landscape  and  Urban  
Planning 40: 1-7.
Tilman,  D.,  Fargione,  J.,  Wolff,  B.,  D’Antonio,  C.,  Dobson,  A.,  Howarth,  R.,  Schindler,  D.,  

13

Schlesinger, W.H., Simberloff, D. and Swackhamer, D. 2001. Forecasting agriculturally
driven global environmental change. Science 292: 281-284.
United Nations, Department of Economic and Social Affairs, Population Division. 2013. World
Population Prospects: The 2012 Revision, Key Findings and Advance Tables. Working
Paper No. ESA/P/WP.227.
Van der Gulik, T.W., Christl, L.H., Coote, D.R., Madramootoo, C.A., Nyvall, T.J., and Sopuck,
T.J.V. 2000. Managing excess water. In The health of our water – toward sustainable
agriculture in Canada. Edited by D.R. Coote and L.J. Gregorich. Research Planning and
Coordination Directorate, Research Branch, Agriculture and Agri-Food Canada, Ottawa,
Ontario. pp. 121-129.
Vander  Veen,  S.  2001.  Fact  Sheet:  So,  what’s  a  municipal drain? from the Ontario Ministry of
Agriculture, Food and Rural Affairs, Order No. 01-059. Agdex 752.
Walker, B., Holling, C.S., Carpenter, S.R. and Kinzig, A. 2004. Resilience, adaptability and
transformability in social-ecological systems. Ecology and Society 9: 5.
Wang, S., Wang, X, Brown, L.C., and Qu, X. 2007. Current status and prospects of agricultural
drainage in China. Irrigation and Drainage. 56: S47-S58.
Wiens, J.A. 1984. On understanding a non-equilibrium world: myth and reality in community
patterns and processes. Pages 439-457 in D.R. Strong, D. Simberloff, L.G. Abele, and
A.B. Thistle, editors. Ecological communities: conceptual issues and the evidence.
Princeton University Press, Princeton, New Jersey, USA.

14

Chapter 1
Agricultural drain maintenance alters physical habitat, but not macroinvertebrate
assemblages exploited by fishes
Abstract
The effect of drain maintenance on fish habitat and benthic macroinvertebrate
assemblages (fish prey) was investigated for eight agricultural drains in southwestern Ontario.
The investigation employed a replicated Before-After Control-Impact (BACI) design where each
drain was paired with an unmaintained reference drain of similar size and position in the
watershed. Seven variables characterizing habitat features important to fishes and three variables
characterizing the taxonomic abundance, densities, and relative densities of benthic
macroinvertebrates were measured before drain maintenance and 10 – 12 times over the 2 years
following maintenance. Pulse responses were detected for three habitat variables quantifying
vegetative cover: percent vegetation on the bank, percent in-stream vegetation, and percent
cover. All three variables returned to pre-maintenance levels within two years of maintenance.
No consistent changes were observed in the remaining habitat features measures or in the
richness and densities of benthic invertebrate assemblages following drain maintenance. My
results suggest that key features of fish habitat are resilient and benthic invertebrate assemblages
are resistant to drain maintenance.

Introduction
New scientific approaches, tools, and data are needed to manage the tradeoffs between
ecosystem services exploited for human use and conservation of biodiversity that generates those
services (Naeem 2012). Almost  all  of  the  world’s  land  area  has  been  impacted  by  human  
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activities and pristine areas of wilderness no longer exist (Sanderson et al. 2002, Kareiva et al.
2007). Concern for fisheries, wildlife, and biodiversity is heightening as human populations
continue to expand and domesticate landscapes (Malmqvist and Rundle 2002). Domesticated
ecosystems are systems where some ecosystem services have been favoured over others, e.g., the
production of food for human consumption over biodiversity in agricultural landscapes (Kareiva
et al. 2007). Approaches, tools, and data that improve our understanding of ecosystem structure
and function, and our ability to predict responses to human activities, will assist in the
characterization of trade-offs associated with human activities and contribute to the development
of practices that minimize these trade-offs (Kareiva et al. 2007).
Ecologists conceptualize the stability of assemblages, communities and ecosystems in the
face of natural and anthropogenic disturbances in terms of their resilience. Resilience refers to
the property of a system to reorganize and recover following a disturbance, to a state with the
same structure and function present prior to the disturbance (Walker et al. 2004). The term
resilience  can  be  split  into  ‘engineering  resilience’  and  ‘ecological  resilience’  (Walker  et  al.  
1969, Holling 1996). Engineering resilience refers to the rate of return of a system from
disturbance to a prior steady state, and essentially just puts a different term to Pimm’s  original
(1984) definition of resilience. In contrast, ecological resilience measures the amount of
disturbance that a system can absorb before it shifts to an alternate state (Holling 1973). These
properties are used to characterize the ways in which a system responds to a disturbance;
whether the biological community in question remains unchanged (resistant), or whether any
change is short lived (pulse response), or the change persists (press response). The concept of
resilience is gaining importance in efficient ecosystem management and policy creation. For
example, productivity-state  curves,  integrating  an  assemblage’s  resilience,  are  among  the  
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recommended aids for scientific advice towards consistent interpretation of aspects of the
amended Canadian Fisheries Act (Koops et al. 2012).
This study tested how the maintenance (digging out) of agricultural drains affects habitat
features important to fishes, including physical features offering refuge, feeding, and spawning
locations, and features of benthic invertebrate assemblages that represent potential prey resources
for fish. Drain maintenance provides an opportunity to examine the stability of these ecosystem
features in a domesticated ecosystem and in a context important to natural resource managers.
Agricultural drains are ubiquitous in agricultural regions and roughly 50% of global land area is
managed for crops or pasture (Kareiva et al. 2007). Drains remove water from fields inundated
with standing water, or where the water table is too high to provide adequate aerated soil for root
growth. Removal of excess water provides plants with access to nutrient-rich soils ideal for
agricultural production (Van der Gulik et al. 2000). Agricultural drains can be man-made
channels or channelized headwater streams redirected to run between fields and along roadsides
(Emerson 1971, Edwards et al. 1984). Both eventually outlet water to larger, unmaintained
watercourses. Drains require maintenance when they no longer move water efficiently from crop
fields and pastures, due to erosion and destabilization of banks, sedimentation, and growth of instream vegetation (Skaggs et al. 1994). Drains also provide habitat for fishes (Stammler et al.
2008). Drain maintenance has the potential to alter habitat features important to fishes and their
invertebrate prey, including removal of riparian vegetation providing cover from overhead
predators and solar radiation, sediment and vegetation influencing water velocity, depth-width
ratios affecting discharge and degree of channelization, and physical removal of benthic prey.
Ideally, a successful management plan for agricultural drains would balance the need to produce
crops (food) for human consumption with the management of fish diversity.
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This study focused on drain maintenance in drains located in Southern Ontario, Canada.
In this region, the management of drains has been a source of tension between farmers and
drainage superintendents responsible for drain maintenance, on the one hand, and federal
fisheries managers and conservation authorities tasked with preserving aquatic habitat and fishes,
on the other hand. Drainage superintendents have historically managed drains according to the
provincial Drainage Act, which has provisions for the creation and maintenance of surface
drains. Until 2013, fish habitat was managed under the federal Fisheries Act and the guiding
principle of no net loss of fish habitat. The revised Fisheries Act now focuses on serious harm to
fishes important to commercial, recreational or aboriginal (CRA) fisheries, rather than fish
habitat, as before (Rice et al. 2015). However, uncertainty surrounding how to manage drain
maintenance remains. Most fish species fall under the CRA definition, and habitat alteration has
the potential to cause serious harm. A more thorough understanding of how fishes, and their
habitat and food sources, respond to drain maintenance is needed to develop management
strategies and practices that reconcile the trade-off between crop production and biodiversity
conservation, and to ease tensions between the stakeholders and agencies involved with drain
maintenance (Needelman et al. 2007).
Key questions underlying the concerns about drain maintenance are whether maintaining
drains alters fish habitat and for how long. Fish habitat refers to the spawning, nursery, rearing,
feeding or migration areas that fishes require, both directly and indirectly, to complete their life
cycles. Changes to fish habitat, or food resources, can result in changes to population dynamics
and ultimately species diversity (Walser and Bart 1999, Greer et al. 2012). Stammler et al.
(2008) compared the habitat features and fish assemblages of 24 matched pairs of drains and
reference watercourses. They found no evidence for consistent differences in physical habitat
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features important to fishes, or in the kinds, sizes, and life stages of fishes inhabiting the two
types of watercourse. They hypothesized that any effects of drain maintenance on fish habitat
and assemblage structure might be short-lived, consistent with a pulse response to drain
maintenance. However, explicit tests of this hypothesis remain lacking.
In this study, I tested for a pulse effect in physical habitat features important to fishes and
in benthic invertebrate assemblages (fish prey). My study considered seven habitat variables:
channel width, water depth, water velocity, substrate composition, bank vegetation, in-stream
vegetation, and percent overhead cover. Stream width and depth increase in a downstream
direction (Beschta and Platts 1986) and artificially increasing width and depth in an upstream
location of a watercourse through drain maintenance could shift assemblage structure in favour
of species preferring deeper water. Water velocity is an important predictor of fish assemblage
structure (Beschta and Platts 1986). Natural watercourses tend to be comprised of alternating
shallow riffles of higher water velocity and deeper pools of lower water velocity. Drain
maintenance homogenizes depth profiles along the length of the drain and removes in-stream
vegetation, resulting in increased velocities in sections where water velocities were formerly
slow, potentially leading to a loss of pool-inhabiting species. Substrate composition is important
for fish reproduction (Cummins 1974), with many species requiring substrate-spawning habitat
relatively free of fine sediment (Waters 1995). Drain maintenance removes excess sediment
within the channel and could expose coarser substrates for a short period of time. Bank
vegetation provides cover, shade, and allochthanous inputs through overhanging grasses and
shrubs. In-stream vegetation is a source of cover and refuge for fishes, and spawning habitat for
some species (e.g., Lepomis gibbosus). Overhead cover provides important habitat functions to
all stream fishes, particularly in slower moving pools (Elser 1968, Lewis 1969), including refuge
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from predators, thermal refuge, and feeding areas. In response to drain maintenance, I predicted
that wetted width, stream depth and water velocity would increase due to the action of the
backhoe in removing in-stream obstructions, substrate size would increase with increased water
velocities and removal of sediment, and in-stream, bank, and overhead vegetation and cover
decrease as a consequence of maintenance activities. I further tested whether these expected
changes were transient over my two-year study period.
My test also considered changes in three features of benthic macroinvertebrate (BMI)
assemblages: the richness (#) of taxonomic orders and families (taxonomic richness), overall
abundance, and changes in the relative densities of chironomid larvae. The focus on chironomids
was due to their common occurrence in agricultural streams in southern Ontario (Barton 1996),
numerical dominance post disturbance in agricultural drains (Collier and Quinn 2003), and
importance as a food resource for fishes. I predicted that drain maintenance would cause a
reduction in taxonomic richness and abundance because of alteration of in-stream habitat
important to macroinvertebrates and the potential for their physical removal during maintenance.
I also predicted that assemblages would be dominated by chironomid taxa immediately following
drain maintenance, because these opportunistic omnivores thrive in habitats less conducive to
other taxonomic families of macroinvertebrates. I also tested whether these expected changes
were transient over my two-year study period.
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Materials and methods
Site Selection and Timing of Sampling
My study used a replicated Before-After-Control-Impact (BACI) design (Stewart-Oaten
1986) consisting of eight pairs of maintained (impact) and reference (control) drains. Drain pairs
were selected with the aid of municipal drainage superintendents. Maintained drains were
watercourses that required and received maintenance during the duration of the study. Reference
drains were watercourses that had not been maintained in the five years prior to the study, did not
require maintenance, and were not maintained during the study. Drains that had not been
maintained in the recent past were used as references because Stammler et al. (2008) determined
that habitat features and fish assemblages occurring in these kinds of drain systems did not differ
significantly from habitat features and fish assemblages found in natural (unmaintained)
watercourses. Within each pair, reference drains were selected from the same sub-watershed as
the maintained drain. Neither the maintained drain nor the reference drain in a pair was
consistently above the other within the watershed. Maintained and reference drains were similar
in their habitat features; maintained sites did not differ significantly from the upstream reference
sites in mean width, depth, current velocity, mean substrate size, % bank vegetation, % in-stream
vegetation, and estimated overhead cover pre-maintenance (see below; Table 1). Although
random selection of maintained and reference sites was not possible, possible reference drains
were first identified from maps, and accessible sites were matched as closely as possible to the
maintained drain to avoid consistent bias.

21

Table 1-1: Comparison of habitat features between maintained and corresponding sites prior to drain maintenance. N = 8 pairs.

Drain

Reference
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Parameters

Minimum

Maximum

Median

Minimum

Maximum

Median

P

df

Width (m)

1.44

4.03

2.54

1.41

3.7

2.24

0.2

7

Centre depth (m)

0.09

0.45

0.19

0.12

0.37

0.25

0.67

7

Flow velocity (m/s)

0

0.19

0.085

0

0.25

0.095

0.44

7

Substrate composition

0.0625

2

0.0729

0.0625

4

0.0729

0.72

7

Bank vegetation (%)

60

100

95

65

95

85

0.75

7

In-stream vegetation (%) 0

80

59

0

82

17

0.3

7

Overhead cover (%)

75

42.5

10

90

35

0.88

7
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Maintained drains required maintenance extending downstream from a tile outlet. This
ensured that the drain pairs were from similar positions in the watershed, and the watercourses
were wadeable and could be sampled using back-pack electrofishing. Drains were typically
maintained using an excavator that removed in-stream vegetation and sediment along the most
accessible bank (Figure 1). If heavy bank vegetation made access with the excavator difficult, a
technique called brushing was employed prior to removal of streambed obstruction with the
excavator. Brushing involved the use of large mowers to cut the bank vegetation. Brushing is
advantageous over vegetation removal because it leaves bank-stabilizing root systems in place
(Evanitski 2008).
Two sampling sites were selected on each of the drains within a pair. On the maintained drain,
one site was selected within the maintained area and a second site was selected downstream of
the maintained area (downstream reference). Downstream sites were located 200 to 800 m below
the maintained section. Locations of sampling sites on the maintained section of the drain were
determined based on access points and road crossings or laneways on private land within the
section to be maintained. Bank slope, impassable vegetation, and fences or other barriers
influenced accessibility. On the reference drains, two sites were selected so that their absolute
and relative positions within the watercourse matched that of the sites on the corresponding
maintained drain. Sampling sites at road crossings were selected to be at least 20 m away from
the culvert to minimize the effects of road crossings on habitat, macroinvertebrate and fish
assemblage structure (Warren and Pardew 1998). Lengths of the sampling sites were determined
following the protocol of Smith (2003), which was developed specifically for sampling streams
within the Great Lakes basin. Sampling sites were arranged as six contiguous subsections of
three mean stream widths (MSW) each, for a total length of 18 MSW.

23

Figure 1-1: Before and after routine agricultural drain maintenance in southwestern Ontario. One
bank was brushed prior to the excavator removing in-stream vegetation and sediment from the
stream channel.
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Drain maintenance was completed in the fall and early winter after the fall crop harvest.
Four drains were maintained in fall 2006 and four drains were maintained late fall or early winter
2007. Each drain pair was sampled one to two times prior to the drain maintenance and at
approximately monthly intervals throughout the following two growing seasons. At each
sampling time, the watercourses of each pair were sampled on the same day so that the
influences of any seasonal or weather related changes in discharge and depth were minimized.

Habitat Sampling
Sample sites were divided into six contiguous subsections of three mean stream widths
(MSW). Habitat measurements were made in each of the six subsections within a site. In each
subsection, I set up a  transect  from  the  water’s  edge  on  one  side  of  the  drain  that extended
perpendicular to the other side of the drain. Distance from edge-to-edge was measured (wetted
width) to the nearest 0.1 m. Three equidistant points along the transect (0.25, 0.5, and 0.75 of the
wetted width) were identified. At each point stream depth was measured to the nearest 0.1 m
using a metre stick, current velocity was measured to the nearest m/s using a flow meter (Global
Water FP311) held at approximately 0.6 water depth (Gallagher and Stevenson 1999) and
substrate composition was visually estimated as the percentage of substrate belonging to each of
the six classes found in the modified Wentworth classification: clay, silt, sand, gravel, cobble,
and boulder (Cummins 1962). Bank vegetation was estimated visually in each subsection along a
transect extending perpendicularly out  from  the  water’s  edge to a distance of 5 m (Simonson et
al. 1994). Vegetation types (grasses, forbs, shrubs and trees) were recorded but not distinguished
for the purpose of analysis. Bank vegetation was recorded as the percent of bank covered by
vegetation rather than rock or bare soil, and was estimated to within 5%. Percent of in-stream
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vegetation was estimated visually to the nearest 5% for each subsection along the cross channel
transect. Overhead cover was estimated visually as the percent of cover from vegetation
overhanging banks, as well as fallen logs or other in-stream debris, and was also estimated to
within 5%. Concerns regarding the precision of estimates, particularly with bank vegetation,
have been attributed to the relative complexity of the variables frequently used, and the difficulty
in defining vegetation types (ie: when vegetation type is used to define a vegetative bank
community) (Wang et al. 1996, Stanfield 2013). In this study, because of the large amount of
change expected with bank vegetation following drain maintenance, a vegetative community
description of bank vegetation was foregone in favour of describing the percent of bank space
containing any vegetation at all, and as such the precision of visual estimates was expected to not
be significantly below those of measured habitat variables.
Invertebrate Sampling
Sampling sites varied in the homogeneity of substrate. At sites with homogenous
substrate, three invertebrate samples were collected at random locations throughout the site
(Jones et al. 2007). Within each site subsection three potential sites were identified, one towards
the right bank, one in the centre, and one towards the left bank. The three sites selected for
benthic invertebrate sampling were selected through random numbers. At sites with
heterogeneous substrates, three samples were collected in the dominant substrate (Jones et al.
2007). Collections were made using a t-sampler with a circular bottom opening of 20.32 cm in
diameter. The sampler was placed on the substrate and the substrate was manually disturbed to a
depth  of  approximately  10  cm.    A  500  μm  mesh  attached  to  the  t-sampler retained the collected
substrate  and  benthic  invertebrates.  Mesh  aperture  was  chosen  at  500  μm  and  represented  a  
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reasonable compromise between collecting macroinvertebrates too small to be able to adequately
identify, and collecting only larger (easily identifiable) macroinvertebrates to the exclusion of
worms and smaller insects (Jones et al. 2007). The sample was washed in the net to remove very
fine sediment particles. Rocks, wood, and leaves were also discarded after any attached
macroinvertebrates were removed. The sample was then emptied into a freezer bag and
preserved in 70% ethanol. Samples were later examined using a dissecting microscope and
invertebrates were identified to taxonomic order for Hirudinea, Acariformes, Amphipoda,
Decapoda, Isopoda, Cyclopoida, Megaloptera and Tricladida, and to taxonomic family for
Lumbriculida, Haplotaxida, Coleoptera, Diptera, Ephemeroptera, Hemiptera, Odonata,
Plecoptera, Trichoptera, Lamellibranchia, and Pulmonata.
Data Analyses
I tested for evidence of a pulse response to drain maintenance in five steps. First, the
metrics for individual samples for the eight drain-reference pairs were averaged for each of four
time periods: 3-6 months prior to drain maintenance, 5-7 months, 10-12 months, and 22-24
months following drain maintenance. The averaging was done to minimize natural temporal
variability, which could limit my ability to detect changes following drain maintenance (Hall
1972; Schlosser 1982), reduce sample-to-sample variation and reduce the number of time periods
in my analyses, given that the number of maintained-reference pairs was limited to eight.
Second, the values of each metric were log10 transformed, and the difference between values
measured for a given metric (e.g. % overhead cover) in the maintained drain and in the reference
of a pair was calculated for each sampling period following Stewart-Oaten (1986), using the
following formula:

27

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒  𝑟𝑎𝑡𝑖𝑜
= 𝑙𝑜𝑔10(𝑚𝑎𝑖𝑛𝑡𝑎𝑖𝑛𝑒𝑑  ℎ𝑎𝑏𝑖𝑡𝑎𝑡  𝑚𝑒𝑡𝑟𝑖𝑐) −   𝑙𝑜𝑔10(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  ℎ𝑎𝑏𝑖𝑡𝑎𝑡  𝑚𝑒𝑡𝑟𝑖𝑐)
Log10 transformation results in the difference representing a logged response ratio comparing
the condition in the maintained watercourse to that in the corresponding reference watercourse.
Response ratios are widely used in ecology and the log transformation also normalized values of
the response ratios. Taking the difference of the response ratios also helps to ensure the
independence of samples across time, even if the temporal samples themselves are not
independent (Stewart-Oaten et al. 1986). Each error is comprised of two parts: “sampling error”
(assumed  to  be  independent)  and  the  “process  error”  (the  difference  between  the  actual  value  and  
the expected value at a given time point). Therefore,
𝐸

=    𝑢

+𝑣

where E is the error at time tij and in place k, and u and v are the sampling and process errors
respectively. If the process errors are the same (vij1 = vij2) then the difference will be independent
(δij = uij1 – uij2) as the sampling errors are assumed to be independent. It’s  important  to  note  that  
it is the differences (δij = Eij1 - Eij2), not successive temporal samples, that are uncorrelated.
Third, I tested for evidence of an overall change in physical habitat and benthic
macroinvertebrates using separate multivariate  analyses  of  variance  (MANOVA’s)  relating  the  
logged response ratios for metrics of physical habitat attributes, or of benthic macroinvertebrates,
to drain-reference pair and time period. A statistically significant test for time period effects was
interpreted as evidence that the response ratios might have changed following drain maintenance.
Fourth, I identified which habitat and benthic macroinvertebrate features changed following
drain maintenance using separate mixed model analyses of variance relating response ratios for
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the individual variables with drain-reference pair and time period. In these analyses, drainreference pair (drain pair ID) was treated as a random blocking effect to account for pair-to-pair
variation in habitat or benthic macroinvertebrates, and time period as a fixed effect. A
statistically significant test for the time period effect was interpreted as evidence that the
response ratio might have changed following drain maintenance. Fifth, I then assessed whether
the change was consistent with a pulse effect by combining visual inspection of the temporal
changes in the response ratio with calculation of two linear contrasts: the change in response
ratio from 3-6 months prior to maintenance and 5-7 months following maintenance and the
change from 3-6 months prior to maintenance and 22-24 months following maintenance. The
temporal changes in response ratio were considered consistent with a pulse response when the
change in response ratios over time was visually consistent with a pulse response and the first
linear contrast was statistically significant, indicating a change following drain maintenance, and
the second linear contrast was not statistically significantly different, suggesting that the
response ratio after 22-24 months had returned close to the pre-maintenance condition. These
steps were carried out twice: once using the reference sample downstream of the maintained
section as the reference condition and once using the upstream reference on the unmaintained
reference watercourse as the reference condition. I considered the two different references to
balance the effects that spatial variation could have on my tests. The suitability of downstream
reference sites could be poor if the effects of drain maintenance (e.g. sedimentation) extended
downstream beyond the maintained site. The suitability of reference sites on adjacent
watercourses could be poor if features such as land use or crop type differed between the two
watercourses within a pair.
All analyses were conducted in JMP (12.0).
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Results
Changes in physical habitat features following drain maintenance
Overall, there was evidence of a pulse response in the physical habitat variables, although
the form of response differed among the variables. For both response ratios using the adjacent
watercourse as a reference and response ratios using a downstream drain segment as a reference,
MANOVA indicated that, after blocking for variation across maintained-reference pairs, the
combined response ratios for the metrics of physical habitat changed significantly across time
periods  (analysis  using  the  adjacent  reference:  Pillai’s  trace  =  1.47, F= 2.35, df =21,51, P =
0.0068; analysis using the downstream reference: Pillai’s  trace  =  1.57, F = 2.68, df = 21,51, P
=.0021). When the adjacent watercourse was used as a reference, temporal changes were evident
in the response ratios for bank vegetation, in-stream vegetation, percent overhead cover, and
water velocity (two-way  ANOVA’s:  time  period  effect:  all  F’s  >  4.36,  df =  3,21,  all  P’s  <  0.016).  
There was no evidence of consistent change in the response ratios across time periods for width,
depth, and mean substrate size (two-way  ANOVA’s:  time  period  effect:  all  F’s  <  1.72,  df  =  3,21,  
all  P’s  >  .19).  When  the  downstream  segment was used as a reference, temporal changes were
evident in the response ratios for bank vegetation, in-stream vegetation, percent overhead cover
and depth (two-way  ANOVA’s:  time  period  effect:  all  F’s  >  5.72,  df  =  3,21,  all  P’s  <  0.005).  
There was no evidence of consistent change in the response ratios across time periods for mean
water velocity, width, and substrate size (two-way  ANOVA’s:  time  period  effect:  all  F’s  <  2.42,  
df  =  3,21,  all  P’s  >  0.095).  
Comparisons across time periods provided further evidence for a pulse effect in the cover
variables and water velocity. For analyses using the adjacent watercourse as a reference and
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analyses using the downstream drain segment as a reference, response ratios for bank vegetation,
in-stream vegetation, and percent overhead cover declined significantly from before to
immediately after drain maintenance (linear contrasts between t -3- -6 months and t 5-7 months:
all  F’s  >  20.6,  df  =  1,21,  all  P’s  <  0.0002).  With the exception of percent overhead cover, by the
end of the study, the response ratios for these cover variables did not differ significantly from the
response ratios at the start of the study, suggesting a return to near initial conditions (linear
contrasts between t -3- -6 months and t 22-24 months:  all  F’s  <  3.53,  df  =  1,21,  all  P’s  > 0.074).
When the downstream unmaintained section was used as reference, percent overhead cover
remained significantly different from before maintenance values (F = 5.32, df = 1,21, P = 0.031.
For the analysis using the adjacent reference, the response ratio for mean water velocity also
increased from before to immediately after drain maintenance (F = 11.37, df = 1, 21, P = .0029),
but by the end of the study did not differ significantly from values measured prior to drain
maintenance (F = 1.12, df = 1, 21, P = 0.301). For the analysis using the downstream reference,
the response ratio for mean depth also increased from before to immediately after drain
maintenance (F = 11.93, df = 1,21, P = 0.0024), and, by the end of the study, remained
significantly higher than values measured prior to maintenance (F = 13.73, df = 1,21, P =
0.0013).
There was evidence of heterogeneity in some of the responses following drain
maintenance (Figures 1 and 2), but there were reasonable explanations for this in most cases. For
example, there was very little change in in-stream vegetation in Big Creek. This was due to the
lack of vegetation at the start of the study and thus no opportunity for change. Heterogeneity was
also observed in the responses of percent overhead cover in Hanna, Hepburn and Hall drains.
This was due to the removal of fallen logs and other large woody debris from the stream channel,

31

as well as the removal of shrubs from the stream bank. While stream bank vegetation grew back
in the form of grasses and forbs, cover from shrubs had not yet recovered.

Changes in benthic macroinvertebrate assemblages following drain maintenance
Forty-three BMI taxonomic groups were collected across the 8 drain pairs (Table 2),
including 8 groups identified to taxonomic order and another 35 groups (from 11 orders)
identified to taxonomic family. BMI richness ranged from 2 to 19 (𝑥 = 9.6; sd = 3.4) taxonomic
groups across the sample sites and times. BMI density ranged from 9 to 547 (𝑥  = 161.9; sd =
105.3) individuals per 0.1 m2. The dominant orders across all drains sampled were the Diptera,
Coleoptera, and Haplotaxida (Table 2). Within the Diptera, Chironomidae was the most
abundant taxon. Groups rarely encountered included the Megaloptera, Plecoptera, Odonata, and
Mollusca (Lamellibranchia and Pulmonata).
Overall, there was no evidence of a pulse response in the benthic macroinvertebrate
variables measured. For both response ratios using the adjacent watercourse as a reference and
response ratios using a downstream drain segment as a reference, MANOVA indicated that, after
blocking for variation across maintained-reference pairs, the combined response ratios for the
benthic macroinvertebrate metrics did not change significantly across time periods (analysis
using  the  adjacent  reference:  Pillai’s  trace  =  0.18, df = 9,63, P = 0.90; analysis using the
downstream reference: Pillai’s  trace  =  0.32, df = 9, 63, P = 0.58). When the adjacent watercourse
was used as a reference, there was no evidence of consistent change in the response ratios across
time periods for BMI density, BMI taxa richness, or the % of total density occupied by
chironomids (two-way  ANOVA’s:  time  period  effect:  all  F’s  < 0.66,  df  =  3,21,  all  P’s  > 0.58).
When the downstream segment was used as a reference, there was again no evidence of
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consistent change in the response ratios across time periods for BMI density, BMI taxa richness,
or the % of total density occupied by chironomids (two-way  ANOVA’s:  time period effect: all
F’s  <  1.21,  df  =  3,21,  all  P’s  >  0.33).

Discussion
My findings provide evidence of a pulse response to drain maintenance. The response
was limited to a subset of the physical habitat features measured and all but one of the features
affected, water depth, returned to pre-maintenance conditions within two years of maintenance.
No consistent changes in features of the BMI assemblages were detected following drain
maintenance.
The changes detected in physical habitat were consistent with my predictions, although there
were features that I predicted would change but did not. My metrics of in-stream vegetation,
bank vegetation, and overhead cover all declined by 87%, 35%, and 86%, respectively, following
drain maintenance. These changes represent visibly obvious outcomes of the excavation that
occurs during drain maintenance (Evanitski 2008). Predicted changes in water velocity and depth
were detected, but their detection was dependent on which reference was used. When the
adjacent watercourse of a pair was used as a reference, there was evidence of an increase in
water velocity, on average, following drain maintenance. This change was not detected when the
sample site downstream of the maintained section was used as a reference. It is possible that the
change detected in the former test was not detected in the latter test because an increase in water
velocity in the maintained section influenced water velocity proportionally in the downstream
reference section (Gordon et al. 2004). Similarly, I found no evidence for the predicted increase
in water depth following drain maintenance when the reference section on the adjacent
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Figure 1-2: Change in response ratios of the 7 habitat variables using the adjacent unmaintained drain as
reference. Changes were evident in % bank vegetation, % in-stream vegetation, % cover and velocity.
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Figure 1-3: Change in response ratios of the 7 habitat variables using the downstream unmaintained site
as reference. Changes were evident in % bank vegetation, % in-stream vegetation, % cover and depth.
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Table 1-2: List of the benthic macroinvertebrate taxa collected and their presence at either upstream (US)
or downstream (DS) sites on both the maintained and reference drains.

Order
Hirudinea

Suborder

No. of times detected (out of 8 drains)
Maintained drain Reference drain
US
DS
US
DS
3
1
5
4

Family

Lumbriculida

Lumbriculidae

3

2

2

2

Haplotaxida

Naididae
Tubificidae

2
7

5
4

5
7

2
7

Acariformes

3

5

6

5

Amphipoda

4

4

4

4

Decapoda

0

3

1

0

Isopoda

1

5

2

3

Cyclopoida

3

2

2

3

Coleoptera

Chrysomelidae
Dytiscidae
Elmidae
Haliplidae
Hydrophilidae

2
6
5
4
3

1
1
7
6
1

0
5
6
5
4

1
5
7
3
4

Diptera

Ceratopogonidae
Chironomidae
Empididae
Psychododae
Simulidae
Tabanidae
Tipulidae

7
8
0
3
0
6
5

8
8
0
1
4
6
4

7
8
1
2
1
7
7

7
8
0
4
0
6
6

Ephemeroptera

Baetidae
Caenidae
Ephemerellidae
Heptageniidae
Leptophlebiidae

4
5
1
3
1

6
4
1
6
2

1
4
1
1
0

2
6
1
2
1

Hemiptera

Corixidae

6

5

6

5

2

1

0

0

Megaloptera

36

Odonata

Zygoptera Coenagrionidae
Anisoptera Libellulidae

4
2

1
0

2
2

1
0

Plecoptera

Capniidae
Perlodidae

1
1

2
2

1
1

2
4

Trichoptera

Brachycentridae
Hydropsychidae
Hydroptilidae
Leptoceridae
Limnephilidae
Odontoceridae
Polycentropodidae

0
0
1
2
0
1
1

2
5
2
1
6
0
0

0
5
0
1
2
1
0

0
4
0
0
1
0
0

Lamellibranchia

Sphaeriidae

0

2

0

3

Pulmonata

Physidae
Planorbidae

3
2

1
1

2
2

1
0

0

1

1

1

Tricladida
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Figure 1-4: Change in response ratios for the benthic macroinvertebrate variables with the adjacent
unmaintained drain as reference, following drain maintenance.
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Figure 1-5: Change in response ratios for the benthic macroinvertebrate variables with the downstream
unmaintained site as reference, following drain maintenance.
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watercourse was considered, but I did when the downstream reference was considered. In this
case, the difference may be easier to detect using the downstream reference because the depth
increase would be limited to the maintained section and would deviate from the normal depth
gradation that occurs longitudinally along a watercourse (Gordon et al. 2004). I also found no
support for my predictions for drain width and substrate size. It remains unclear why these
predictions were not supported. It is possible that there was no change in drain width following
maintenance because the physical action of removing in-stream vegetation and excess sediment
did not require an expansion of channel width. It is also possible that there was no change in
substrate size following maintenance due to the natural geomorphology of the drain sites
favouring finer substrates.
The changes in physical habitat were short-lived and similar in duration to habitat
recoveries reported for other types of habitat alteration. My findings were comparable to the 12month responses reported by Monahan and Caffrey (1996) for vegetation biomass recovery to
near pre-disturbance levels following cutting. My findings of habitat recovery were longer in
duration compared to the short-term results of Pedersen et al. (2011) who found that stream
macrophyte cover had recovered to pre-disturbance values by 30 days following physical weedcutting in July and August, and Kaenel et al. (1998) who reported a 4 month response for plant
biomass recovery following late spring plant removal. The lack of a response in the other habitat
variables was consistent with other measured disturbances to fish assemblages, such as the major
oil spill reported by Kubach et al. 2011 in which no change in habitat was reported.
Despite the changes in physical habitat, my predictions for how the benthic
macroinvertebrates would change in response to drain maintenance were not supported. It is
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possible that BMI are resistant to the habitat changes caused by drain maintenance, because the
hyporheic zone within agricultural drains was not entirely disturbed or removed, and provided a
sufficient refugium from maintenance activities (Lancaster and Belyea 1997, Townsend et al.
1997), or the BMI in the removed material were able to return to the watercourse. Alternatively,
the BMI may have been affected, but rebounded in the 3 - 6 months between the pre and first
post samples. Life history aspects, including adaptations to unpredictable flow patterns and
variable organic inputs, as well as voltinism, the number of generations per year, may influence
the speed with which BMI assemblages recover following disturbance (Niemi et al. 1990,
Wallace 1990). Bivoltine taxa (e.g. some Ephemeroptera) in Ontario have a larger winter cohort,
overlapping a smaller summer cohort (Rowe and Berrill 1989), adult insects are therefore present
at multiple times throughout the year to lay eggs in disturbed areas. A recovery time lasting from
3 – 6 months is plausible in comparison to BMI assemblage recovery times recorded for other
pulse disturbances in lotic environments. A 4 – 6 month recovery time was recorded for species
richness and abundances following late spring macrophyte removal (Kaenel et al. 1998) and a
summer flood elicited a 5 – 7 month recovery time for taxa numbers and densities (Collier and
Quinn 2003). Also supporting my results were those of Louhi et al. (2010) who found no
consistent difference between the BMI assemblage in a forestry drainage system, subject to ditch
cleaning, and reference watercourses, sampled on a yearly basis before and after maintenance
activities. Lastly, it could be that my estimates of BMI richness and abundance were too
imprecise to detect changes following drain maintenance, due to spatial variability in richness
and abundance between and within sites, temporal variability in relation to reproductive cycles,
or variability in the effectiveness and amount of substrate sampled at each sample location.
Diversity estimates (e.g. Shannon’s Index) are frequently used in bio monitoring situations, and
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combine taxa richness with abundances in a summary statistic, giving an indication of relative
densities (Rosenberg and Resh 1996). Diversity indices describe the relative relationships of
different categories within a community, and may be of interest in long-term biomonitoring
studies, but in this instance I was expecting a relatively large effect in BMI assemblage change,
and had employed a sampling protocol similar to others that had been successful in identifying a
disturbance response (Kaenel et al. 1998, Fritz and Dodds 2004, Kyriakeas and Watzin 2006,
Louhi et al. 2010).
My findings are valuable because, until now, standardized replicated data explicitly
tracking the effects of drain maintenance over time have been lacking. Taken together, my
findings  support  the  habitat  aspect  of  Stammler  et  al.’s  (2008)  hypothesis  that  the absence of
consistent differences in physical habitat and fish assemblages between drains and natural
watercourses observed in their study was a consequence of drains recovering quickly following
maintenance. Additionally, despite the growing body of literature on the impacts of drain
maintenance through dredging, weed-cutting and macrophyte removal on fish assemblages
(Greer et al. 2012) and on benthic invertebrate assemblages (Armitage et al. 1994, Monahan and
Caffrey 1996, Kaenel et al. 1998, Aldridge 2000), the primary focuses within the literature have
to date been on the faunal assemblages and no predictions have been explicitly tested on the
recovery of the vegetation and physical habitat features following drain clearing activities.
Further, my study suggests that some changes drain maintenance is expected to cause can be
subtle and difficult to detect (e.g. changes in depth), heterogeneous across drains (e.g. changes in
width), or may not be realized at all (e.g. changes in substrate size). It also suggests that the
changes in physical habitat are not accompanied by detectable changes in BMI, a feature
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important to fish production that Stammler et al. did not examine. Assessing how these findings
extend to fish assemblages remains an important next step and is addressed in Chapter 2.
For now, the responses observed following drain maintenance are significant enough in
magnitude and biology to support the concerns held by fishery managers. Overhead cover, bank
vegetation and in-stream vegetation are important to the life histories of fishes, providing
spawning and rearing sites (Bouseau 1954), refuges for and from predators (Mortensen 1977,
Angermeier and Karr 1984, Greer et al. 2012), feeding grounds (Garner et al. 1996), and habitat
for thermoregulation (Beschta and Platts 1986, Rutherford et al. 2004). Therefore, the potential
exists for the habitat changes to cause physical harm to fishes, the principle that guides policy
decisions under the new Fisheries Act. The lack of change observed in BMI should also be
interpreted carefully until corresponding analyses of fish assemblages are completed. The
absence of any consistent change in BMI species and abundance following drain maintenance
suggests that secondary productivity may not be affected greatly by the excavation. Still, the
availability of invertebrate prey to fishes could be affected by the changes to cover, depending on
how and where the different fish species feed. For example, many of the shiner species,
including Rosyface Shiner (Notropis rubellus), feed on overhead drop or prey attached to
vegetation. Changes in cover could also result in suppressed feeding rates, irrespective of prey
abundance, if the absence of overhead and in-stream cover results in increased predation risk
(Angermeier and Karr 1984). Furthermore, while the changes in physical habitat appear to be
short lived, the effects on fishes could be longer lasting depending on their life history and
population dynamics.
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My study has five important limitations that warrant additional consideration, because
they bound how my findings are interpreted and can identify opportunities for future studies.
First, it is possible that responses to drain maintenance were missed due to the relatively short
duration and course sampling frequency used in my study. Logistical considerations limited post
maintenance sampling to two years, so it remains possible that any delayed changes to drain
maintenance could have been missed. I consider this unlikely given that that the responses
observed had returned close to pre-maintenance conditions and given the coherence between my
findings and those of Stammler et al. for drains that had a longer history since their last
maintenance. It is also possible that any rapid pulse responses, especially immediately following
drain maintenance, could have been missed in between sampling times. Such responses would
likely not have lasting effects on fishes or elicit strong concern among fishery managers. Second,
there may be important habitat features that my study did not measure, given the open-ended
way in which habitat is commonly defined and the myriad of habitat features that can be
measured for watercourses (Bain and Stevenson 1999). My study focused on key habitat features
that drain maintenance was expected to change and their measurement using standardized
methods. The responses of fish assemblages to drain maintenance could offer insight into
whether important habitat changes were overlooked. Third, my sample sites were limited to
headwater drains in southwestern Ontario and do not encompass the breath of drain locations, in
terms of surficial geology, and drain sizes. I expect that my findings will extend more widely,
because of the coherence between my findings and those of Stammler et al. for drains over a
wider range of surficial geology. Also, large drains may respond differently to drain maintenance
than small drains, but they likely require maintenance less often, because of their size, and are
also much less common. Maintenance of small drains could have significant cumulative effects

44

at the landscape level (Rice et al. 2015), because they occur widely and a significant proportion
of them can be maintained in any year (see Allred et al. 2013 for an example involving the
cumulative loss of net primary production through the direct removal of vegetation to construct
oil pads and roads). Fourth, my taxonomic treatment of BMI was coarse. More precise
identification methods are becoming available (Hubert et al. 2008) and increased precision is
sought for biomonitoring (Barton 1996). However, my study assessed whether there was a gross
change in the macroinvertebrate assemblage following drain maintenance, from the perspective
of food resources available to fishes, rather than the more rigorous needs of biomonitoring, and
BMI identification to the family level has been deemed sufficient for bioassessment purposes
(Bailey et al. 2001). A key assumption is that fishes are not strongly selecting prey based on
species, but rather more general aspects of invertebrate prey, such as body size and activity (Ross
2013). Fifth, due to the limited number of suitable drains identified, and the consequently small
sample size, there may be an issue with the power to detect differences following maintenance.
However, while this issue may exist, there is no evidence in the data that suggests a response
occurred but was missed due to low power. For example, looking at the benthic
macroinvertebrate response ratios in figure 4, there is variation among all eight drain pairs, but
there is no consistent evidence of even a weak pulse that may have been detected with greater
power.
Combining ongoing decisions to maintain drains with standardized sampling protocols
and a paired before-after-control-impact design has allowed me to collect novel data relevant to
the trade-off between the needs of farmers to remove excess water from their land and preserving
habitat  to  support  fish  diversity.  My  data  support  the  fishery  managers’  concern  that  drain  
maintenance alters fish habitat, but also suggest that the habitat features of these systems are
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resilient to drain maintenance. It will help resolve the tension between the agricultural
community, drain superintendents, and fishery managers, help support the development of best
practices for drain maintenance, and help determine how drain maintenance should be handled
within the new Fish Protection Program.
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Chapter 2
Resilient fishes in agricultural drains: No evidence for change in assemblage composition
over two-years following drain maintenance
Abstract
The effect of a change in habitat following drain maintenance on resident fish
assemblages was studied in eight agricultural drains in southwestern Ontario. The presence of a
short-term pulse response was tested for using a paired Before-After-Control-Impact (BACIP)
design; each drain was paired with a reference drain of comparable size and stream order. Fish
assemblages were sampled prior to maintenance and repeatedly over the 2 years following
maintenance. Assemblage structure within maintained sections was predicted to initially become
less similar to those from downstream assemblages following maintenance, and was also
predicted to return to pre-maintenance conditions within 2 years. Species richness and abundance
were both predicted to decrease following disturbance and rebound towards pre-disturbance
values within 2 years. A pulse response in fish assemblages corresponding to the pulse response
observed in fish habitat following drain maintenance was not detected. Assemblage structure
within maintained sites varied greatly relative to downstream reference sites, but did not change
in similarity with those assemblages following maintenance. Responses in fish species richness
and abundances varied considerably, however, there was no significant decrease detected in
either variable following maintenance across all eight drains. These results suggest that routine
maintenance in some agricultural drains may not fall outside the range of predictable
disturbances for drain fish assemblages, and that maintenance activities may not have as
deleterious an effect on fish assemblages as previously perceived.
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Introduction
Globally, there is increased emphasis being placed on understanding and managing the
ecological processes and dynamics of impacted  systems  (Kareiva  et  al.  2007).  Truly  ‘wild’  
ecosystems are largely non-existent (Sanderson et al. 2002) and expanding human populations
continue to change ecosystems by exploiting certain ecosystem attributes or services desired by
humans, such as increased food production on agricultural land, at the expense of other services,
such as the diversity and production of fishes (Kareiva et al. 2007). Biodiversity and ecosystem
function are closely entwined and biodiversity preservation is essential to the maintenance of
ecosystem functioning and the ability of systems to provide resistance and resilience to
environmental change (Chapin et al. 2000). As such, wildlife and conservation managers are
tasked with reconciling the demands of human habitation and activities on natural systems with
those of biodiversity conservation. Achieving this reconciliation will require the development of
new tools and approaches for the management of altered systems (Naeem et al. 2012).
Conceptualization of the stability of an assemblage or population subjected to disturbance
can be done in terms of the response of the assemblage; whether it remains in a pre-disturbance
state (resistant), or the recovery and reorganization of the assemblage following disturbanceinduced change, to a state that is similar in structure and function to the pre-disturbance
assemblage (resilience) (Walker et al 2004). Resilience can further be subdivided into
‘engineering  resilience’  and  ‘ecological  resilience’  (Walker  et  al.  1969,  Holling  1996).
Engineering resilience is the rate of return of a system from disturbance to a prior steady state
and  is  similar  to  Pimm’s  (1984)  definition  of  resilience,  while  ecological  resilience  refers  to  the  
amount of change a system can absorb before it is flipped into an alternate state (Holling 1973).
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Disturbances to populations or assemblages can take two major forms: a short-lived  ‘pulse’  
disturbance of brief duration and minimal physical impact (e.g. flood, drought, chemical spill)
and a long-lived  ‘press’  disturbance involving greater physical alteration of habitat (e.g. dams,
housing developments, stream channelization, major land cover change) (Bender et al. 1984,
Niemi et al. 1990, Detenbeck et al. 1992, Lake 2000). Responses to disturbances can likewise be
classified as short-term (pulse) or continued (press) (Glasby and Underwood 1996). Glasby and
Underwood  (1996)  avoided  the  ambiguity  in  the  terms  ‘pulse’  and  ‘press’,  by  collectively  calling  
them perturbations, and further classifying perturbations in to  four  groups.  A  ‘discrete  pulse’  
perturbation  involves  a  pulse  disturbance  and  pulse  response,  while  a  ‘protracted  pulse’  
perturbation  involves  a  pulse  disturbance  and  a  press  response.  A  ‘protracted  press’  perturbation  
involves a press disturbance and a press  response,  and  the  relatively  rare  case  of  a  ‘discrete  
press’  perturbation  involves  a  press  disturbance  and  a  pulse  response.    While  Glasby  and  
Underwood (1996) do not advocate for the continued use of these perturbation names, it is of
value to mention them here to illustrate the complexity of the press and pulse terminology and
the importance of identifying both cause and effect of a disturbance.
This study tested how the maintenance (digging out) of agricultural drains (ditches)
affects the diversity and abundances of fishes occupying watercourses within and leading out of
agricultural areas. The need to reconcile agricultural practices with preservation of biodiversity is
recognized widely. Approximately  50%  of  the  world’s  land  area  is  used for crops or pasture
(Kareiva et al. 2007). Agricultural activities, including the conversion of land cover for
agricultural use, reduce the taxonomic and genetic diversity of plants on agricultural lands, by
definition, and routinely correspond with declines in the taxonomic diversity of terrestrial and
aquatic animals (Butler et al. 2007). The maintenance of agricultural drains also affords a unique
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opportunity to experimentally examine the stability of fish assemblages in an ecological situation
of significant relevance to fishery and habitat managers. Agricultural drains are ditches that run
between fields and along roadsides, and are a common feature of agricultural landscapes. Most
of the 3.4 million hectares of cultivated farmland in Ontario has benefited from drainage
improvements (Ritter et al. 1995), resulting in hundreds of km of drains. Drains can be
channelized headwater streams or man-made channels that carry water into larger streams and
rivers. They are used to remove water from lands where the water table is too high to provide
adequate aerated soil for root growth. The removal of water makes the nutrient-rich soil available
for agricultural production. Drain maintenance entails the mowing of vegetation on at least one
bank, as well as the physical removal of in-stream vegetation, debris, and excess sediment
through the use of a backhoe. It is required periodically because bank erosion and destabilization,
sedimentation, and growth of in-stream macrophytes (Skaggs et al. 1994) can  impede  the  drain’s  
ability to carry excess water away from fields. Drain maintenance can potentially alter the
physical habitat, and the food resources available to fishes, and thereby alter the numbers and
kinds of fishes that occupy watercourses on agricultural land. Habitat alteration can take place
through the removal of riparian vegetation, removal of in-stream vegetation and excess sediment,
and the restoration of the depth/width ratio through channelization. The removal of riparian
vegetation has the potential to impact fish assemblages as riparian zones function to filter runoff,
influence cover, water temperature, primary production, and are a source of terrestrial
invertebrate food input (Gregory et al. 1991, Fitch and Adams 1998). In-stream vegetation is
important to fishes as it provides refuge from predators, areas of high density invertebrate prey,
spawning sites, and nursery habitat for larval fishes (Dibble et al. 1996, Petr 2000).
Channelization has the potential to impact fishes through reduced physical habitat heterogeneity,
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which has been linked to reduced species diversity (Etnier 1972, Walser and Bart 1999).
Improved understanding of the responses of fish assemblages to drain maintenance could
contribute to the development of management practices and plans that balance the need to
produce crops for human consumption and the preservation of fish biodiversity.
My study focuses on the effects of drain maintenance in Southern Ontario, Canada,
where decisions surrounding the maintenance of drains have been an ongoing source of tension
between farmers and drainage superintendents who coordinate drain maintenance to support crop
production, and federal fishery managers and local conservation authorities tasked with
preserving fishes and their habitats. Drain maintenance is managed provincially under the
Drainage Act. Drainage superintendents coordinate the maintenance, repair and improvement of
drainage works throughout Ontario. Fishery resources are managed under the federal Fisheries
Act. Until 2013, fishery managers managed fish habitat under a principle of no net loss. Drain
maintenance was viewed by fish habitat managers as a threat to fish habitat through the potential
alteration or destruction of destruction of habitat following maintenance. There was also concern
that maintenance activities could have significant, lasting effects on the fish assemblages within
drains (Stammler et al. 2008). The revised Fisheries Act now manages serious harm to
commercial, recreational, and aboriginal (CRA) fisheries, instead of fish habitat. Despite the
policy change, drain maintenance still represents as a potential source of serious harm to fishes
and lists of fishes covered under CRA fisheries include virtually all species found within a
political jurisdiction. A science-based management plan for drain maintenance could help ease
tensions between farmers, drainage superintendents, and fishery managers.
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The tensions surrounding drain maintenance are the consequence of uncertainty about how drain
maintenance affects fishes, and the habitat features upon which they depend. Initially, the
agricultural community believed that drains were not inhabited by significant numbers and
species of fish and therefore should not be managed under the Fisheries Act. Conversely, fishery
managers believed that agricultural drains had the potential to be inhabited by significant
numbers of fishes that could be affected negatively by drain maintenance and should be managed
under the Fisheries Act. In response, Stammler et al. (2008) compared 24 matched pairs of drains
and natural watercourses and found that drains are inhabited by a variety of fishes, including
species important for recreational fishing, such as northern pike (Esox lucius). Further, the
numbers, kinds, sizes, and life stages of fish did not differ systematically between the two types
of watercourse, nor did physical habitat features important to fishes. Two limitations with this
study were that most of the drains had not been maintained for considerable time so important
short-term effects could have been missed and the study employed a comparative design so the
hypothesis that drain maintenance alters important aspects of fish habitat and ultimately the
structure of the fish assemblage could not be examined explicitly. Information on the recovery
capacity of freshwater stream fish assemblages is lacking and incomplete. Detenbeck et al.
(1992) compiled a review of the recovery of freshwater fish assemblages following disturbance,
and, while there have been studies since then, (e.g. Ensign et al. 1997, Kubach et al. 2011,
Poulos et al. 2014) there are insufficient data to predict how fishes can be expected to respond to
drain maintenance.
In this study, I tested experimentally for a pulse effect in the species richness,
abundances, and assemblage structure of fishes following drain maintenance. This represents a
test of the second part of the hypothesized mechanism by which fishery managers believe drain
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maintenance could negatively affect fishes. Chapter 1 demonstrated that, over for a period up to
two years, drain maintenance induced a pulse response in physical habitat features important to
fishes, but did not affect abundances of benthic macroinvertebrates (fish food). I predicted that
the species richness and abundances of fish would decline following drain maintenance, but later
return to pre-maintenance levels as physical habitat attributes recovered. I expected to observe
declines in species richness and abundance because the resource managers expect the habitat
changes to affect fishes in a negative way. I also predicted that the composition of the fish
assemblage would change following drain maintenance and return to pre-maintenance levels as
physical habitat recovered. However, I could not predict the specific nature of change expected,
because the recovery capacity may vary among fish species.

Materials and methods
Site Selection and Timing of Sampling
My study employed a replicated, paired Before-After-Control-Impact (BACI) design
(Underwood 1992) consisting of eight pairs of maintained (impact) and reference (control)
drains. Drain pairs were selected with the aid of municipal drainage superintendents. Maintained
drains were watercourses that required and received maintenance during the duration of the
study. Reference drains were watercourses that had not been maintained in the five years prior to
the study, did not require maintenance, and were not maintained during the study. Drains that
had not been maintained in the recent past were used as references because Stammler et al.
(2008) determined that habitat features and fish assemblages occurring in these kinds of drain
systems did not differ significantly from habitat features and fish assemblages found in natural
watercourses. Within each pair, reference drains were selected from the same sub-watershed as
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the maintained drain. Neither the maintained drain nor the reference drain in a pair was
consistently above the other within the watershed. Maintained and reference drains had similar
habitat features. Although random selection of maintained and reference sites was not possible,
possible reference drains were first identified from maps, and accessible sites were matched as
closely as possible to the maintained drain to avoid consistent bias. Maintained sites did not
differ significantly from the upstream reference drain sites in mean width, depth, current
velocity, mean substrate size, % bank vegetation, % in-stream vegetation, and estimated cover
pre-maintenance. Their location in the same watershed ensured that the two watercourses within
a pair shared access to same pool of fish species downstream.
Maintained drains required maintenance extending downstream from a tile outlet. This
ensured that the drain pairs were from similar positions in the watershed, fish colonizing the
maintained sections would come from downstream, and the watercourse was wadeable and could
be sampled using back-pack electrofishing. Drains were maintained using an excavator to
remove in-stream vegetation and sediment along the most accessible bank. If stream access with
the excavator was made difficult due to heavy riparian vegetation, a technique called brushing
was employed prior to excavation. Brushing involves the cutting of bank vegetation with a large
mower, leaving root systems in place (Evanitski 2008).
Two sampling sites were selected on each of the drains within a pair. On the maintained
drain, one site was selected within the maintained area and a second site was selected
downstream of the maintained area. Downstream sites were located 200 to 800 m below the
maintained section. Locations of sampling sites on the maintained section of the drain were
determined based on access points and road crossings or laneways on private land within the
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section to be maintained. Bank slope, impassable vegetation, and fences or other barriers
influenced accessibility. On the reference drains, two sites were selected so that their absolute
and relative positions within the watercourse matched that of the sites on the corresponding
maintained drain. Sampling sites at road crossings were selected to be at least 20 m away from
the culvert to minimize the effects of road crossings on fish assemblage structure (Warren and
Pardew 1998). Lengths of the sampling sites were determined following the protocol of Smith
(2003), which was developed specifically for sampling streams within the Great Lakes basin.
Sampling sites were arranged as six contiguous subsections of three mean stream widths (MSW)
each, for a total length of 18 MSW.
Drain maintenance was completed in the fall and early winter after the fall crop harvest,
allowing for maintenance after fish spawning, and also allowing for easy access to the drain
without destruction to crops. Four drains were maintained in fall of 2006 and four drains were
maintained in late fall or early winter of 2007. Each drain pair was sampled one to two times
prior to the drain maintenance and approximately monthly through the following two growing
seasons, from April/May to September/October. Further, drains maintained in 2006 were also
sampled intensively at 1-2 days, 5-7 days, 14 days and 28 days post maintenance. Based on data
gathered from the first four drains, as well as practical reasons including winter emigration of
fishes out of shallow streams (Schlosser 1982), sampling of the four drains maintained in 2007
commenced 4 - 6 months following maintenance (spring 2008).
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Fish Sampling
A two-person crew sampled fishes using a backpack electrofishing unit (Smith-Root Inc.,
Vancouver, WA, U.S.A.). One crewmember operated the backpack electrofishing unit, while the
second crewmember netted fish that were temporarily immobilized by the current. A triple-pass
depletion method was employed, with each pass systematically sampling the entire stream width
and proceeding in an upstream direction. Captured fishes were placed in buckets and held in the
shade until the completion of the final pass, at which time each fish was identified, enumerated
and released. The first 30 individuals of each species were measured for total length prior to
release. Voucher specimens of one individual of each species were collected at each sample site.
When the size and species of fish allowed, the voucher consisted of a photograph. Otherwise, the
individual was given an overdose of clove oil (eugenol) at an approximate concentration between
500 and 1000 mg/L (Neiffer and Stamper 2009) and preserved initially in 10% formalin,
transferred to 70% ethanol upon return to the laboratory.

Data Analyses
For each sampling event (day and site), I estimated species richness and, for each species,
the number of individuals captured over three electrofishing passes (species abundance). Total
fish abundance for a sample event was calculated by summing the abundances of all species
caught during that event. Values of species richness, species abundance, and total abundance
were averaged for multiple sampling events conducted 3-6 months prior to drain maintenance,
and 5-7 months, 10-12 months, and 22-24 months following drain maintenance. This averaging
was done to minimize natural temporal variability, which could limit my ability to detect
changes following drain maintenance (Hall 1972; Schlosser 1982), and to reduce the number of
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sampling times in my analyses, given that the number of maintained-reference pairs was limited
to eight. Three to six months prior to drain maintenance, and 10-12 and 22-24 months post drain
maintenance corresponded with August-October (late summer/fall). Five to seven months post
maintenance corresponded with April to June (spring/early summer).
I tested for pulse responses in mean species richness and mean total abundance following
drain maintenance in 4 steps. First, for each metric, response ratios were calculated by dividing
the value of metric calculated for the maintained watercourse in each sample period (3-6 months
prior to drain maintenance, and 5-7, 10-12, and 22-24 months following drain maintenance),
respectively, by the corresponding value of the metric calculated for the reference watercourse in
the same sample period. Second, values of the response ratio were log10 transformed. Log10
transformation results in the difference representing a logged response ratio comparing the
condition in the maintained watercourse to that in the corresponding reference watercourse.
Response ratios are widely used in ecology and the log transformation also normalized values of
the response ratios. Taking the difference of the response ratios also helps to ensure the
independence of samples across time, even if the temporal samples themselves are not
independent (Stewart-Oaten et al. 1986). Each error is comprised  of  two  parts:  “sampling  error”  
(assumed  to  be  independent)  and  the  “process  error”  (the  difference  between  the  actual  value  and  
the expected value at a given time point). Therefore,
𝐸

=    𝑢

+𝑣

where E is the error at time tij and in place k, and u and v are the sampling and process errors
respectively. If the process errors are the same (vij1 = vij2) then the difference will be independent
(δij = uij1 – uij2)  as  the  sampling  errors  are  assumed  to  be  independent.  It’s  important  to  note  that
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it is the differences (δij = Eij1 - Eij2), not successive temporal samples, that are uncorrelated.
Third, I tested for changes in the log response ratios for species richness and total abundance
using separate two-way analyses of variance (ANOVA) relating the separate log response ratios
to drain-reference pair and sample period. Drain-reference pair was treated as a random effect
and time period as a fixed effect. A statistically significant test for the time period effect was
interpreted as evidence that the response ratio might have changed following drain maintenance.
Fourth, when a change in a response ratio over time was detected, I assessed whether the change
was consistent with a pulse effect by combining visual inspection of the temporal changes in the
response ratio with calculation of two linear contrasts: the change in response ratio from 3-6
months prior to maintenance and 5-7 months following maintenance and the change from 3-6
months prior to maintenance and 22-24 months following maintenance. The temporal changes in
response ratio were considered consistent with a pulse response when the change in response
ratios over time was visually consistent with a pulse response and the first linear contrast was
statistically significant, indicating a change following drain maintenance, and the second linear
contrast was not statistically significantly different, suggesting that the response ratio after 22-24
months had returned close to the pre-maintenance condition. These steps were carried out twice:
once using the reference sample downstream of the maintained section as the reference condition
and once using the upstream reference on the unmaintained reference watercourse as the
reference condition. I considered the two different references to balance the effects that spatial
variation could have on my tests. The suitability of downstream reference sites could be poor if
the effects of drain maintenance extended downstream beyond the maintained site. The
suitability of reference sites on adjacent watercourses could be poor if features such as land use
or crop type differed between the two watercourses within a pair.
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I tested for a pulse response in the composition of the fish assemblages using principal
response curves (PRC) (Van den Brink and ter Braak 1999). Principal response curves provide a
summary of how a stressor affects an entire assemblage of organisms over time. Principal
response curve analysis is based on partial redundancy analysis (RDA), a multivariate analogue
of regression that estimates the relationship that maximizes the explanatory power between a
matrix of environmental variables (X), in my case the designation of maintained or reference site
and sampling period, and a matrix of species abundances (Y). In a Principal Response Curve, the
temporal changes in assemblage composition in a maintained watercourse are expressed as
deviations from the species assemblage in the unmaintained reference watercourse, in a manner
analogous to the univariate response ratios described above. These relative values or treatment
scores (y-axis) are displayed graphically against time (x-axis) with larger vertical displacements
from the Y origin indicating a greater overall difference in the species composition of fishes of
maintained and reference watercourses. The treatment scores were calculated for each drain pair
as:

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑠𝑐𝑜𝑟𝑒 =

(𝑇𝐴𝑈   ×    𝐶 )
𝑠𝑑_𝑒𝑛𝑣

where TAU is the total standard deviation of the species data, Cdt are the standard canonical
coefficients for each sample period, and sd_env is the standard deviation of environmental
variables (ter  Braak  and  Šmilauer  2002).  A  second plot of species weights is added to the
Principal Response  Curve,  depicting  the  species’  affinities  with  the  PRC  curves.  For  example,  in
the PRC when the adjacent stream was used as a reference, Umbra limi (Central Mudminnow)
has a positive species weight and correspondingly has a lower abundance in the maintained
section of Big Creek than in the Big Creek reference. Conversely, Etheostoma nigrum (Johnny

64

Darter) is considerably more abundant in Big Creek than in the adjacent reference, but is less
abundant in Kerr drain than in the corresponding adjacent reference. Only species with a weight
of 0.5 and higher, or -0.5 and lower, are displayed. Species with a weight near 0 show either no
treatment response or a response unrelated to the principal response curve (Van den Brink and
ter Braak 1999). Separate Principal Response Curve analyses were completed using the
downstream reference and the reference on an adjacent drain. F-ratio and p-value statistics
indicating whether the fish assemblages in maintained drains differed significantly from those in
the reference watercourses, for the canonical axes were calculated using permutation tests based
on 9999 permutations. Percentages of the total variance explained by time, treatment (drain
maintenance), and the first RDA axis were also calculated.
Prior to the Principal Response Analyses, abundances of all species were transformed as
log10(2x + 1), where x equals the species average abundance for a sample period, following
Moser et al. 2007. Log transformation was done to normalize the data set and accommodate a
small number of species with high abundances. A value of 1 was added to all abundance values
to accommodate the large number of 0 values in the dataset. Multiplying abundance by 2
distinguishes between instances where abundance is 0 and instances where abundance is low,
e.g. 1 individual (Van den Brink et al. 1995).
Tests for a pulse response in species richness and abundance were conducted using JMP
12.0. Tests for a pulse response in species composition were conducted using CANOCO 4.5 (ter
Braak  and  Šmilauer  2002).
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Results
A total of 35,492 fish from 10 taxonomic families, 30 genera, and 42 species were
collected across the eight drain pairs (Table 1). Thirty species were present in both maintained
and reference watercourses. Seven species were found only in maintained watercourses (five in
Hall Drain). Five species were found only in reference watercourses (three in Haymarsh Drain
reference) (Table 1).
There was no evidence of a pulse response in either species richness or fish abundance
following drain maintenance. There was no consistent change in the response ratios for species
richness following drain maintenance, regardless of whether the comparable section on an
adjacent watercourse or the section downstream of the maintained site was used as a reference
(two-way ANOVAs: F = 1.97, df = 3,21, p > 0.15 and F = 0.69, df = 3,21, p > 0.57 for the
analysis using the downstream reference and reference on an adjacent watercourse, respectively;
Figs. 1(b) and 2(b), respectively). Similarly, there was no consistent change in the response ratios
for the total abundances of fishes following drain maintenance, regardless of which site was used
as a reference (two-way ANOVAs: F = 3.15 df = 3,21, p > 0.05 and F = 0.53 df = 3,21, p > 0.66
for the analysis using the reference on an adjacent watercourse and downstream reference,
respectively; Figs. 1(a) and 2(a), respectively).
Visually, there was also no strong indication of a pulse response in species richness and
total abundance across the drain pairs. When the adjacent watercourse was used as a reference,
only the Hall and Hepburn pairs displayed changes that might be consistent with a pulse
response (Fig. 1). The remaining pairs displayed little evidence of temporal changes in species
richness or overall abundance following drain maintenance. Similarly, when the downstream site
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was used as a reference, only Hall displayed any indication of a pulse response in species
richness and total abundance, while the remaining pairs displayed little change following drain
maintenance (Fig. 2).
There was also no evidence of a pulse response in the composition of the fish
assemblages following drain maintenance. Composition of the assemblages largely remained
unchanged (Figs. 3 and 4). When the adjacent drain was used as a reference, the principal
response curve displayed no visual evidence of consistent change following drain maintenance
(Fig. 3). Statistically, there was also no evidence that the composition of fishes in the paired
maintained and reference drains differed significantly (F = 2.88, P = 0.062). When the
unmaintained section downstream of each drain was used as a reference, the principal response
curve again revealed no evidence of consistent change following drain maintenance (Fig. 4) and
again there was no evidence that the composition of fishes in the paired maintained and reference
drains differed significantly (F = 2.03, P = 0.46).
Visually, the differences between differences in composition between maintained and
reference watercourses remained consistent over time, and before and after drain maintenance.
There was some suggestion of certain maintained and reference sections becoming more similar
over the two years, such as Big Creek, Hall, and Hepburn in the analysis using the adjacent
reference (Fig. 3) and Big Creek, Hall, and Kerr in the analysis using the downstream reference
(Fig. 4). None of the individual response curves showed indications of a pulse effect.
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Table 2-1: Numbers of fish species detected in upstream (U) and downstream (D) sample sites of
maintained and reference drains. US and DS denote up and downstream respectively and represent sites
within maintained sections and below, and the corresponding sites on the reference drains.
No. of times detected (out of 8
drains)
Maintained drain

Reference drain

Family

Scientific name

Common name

U

D

U

D

Salmonidae

Oncorhynchus mykiss

Rainbow Trout

2

3

0

0

Salmo trutta

Brown Trout

0

0

0

1

Salvelinus fontinalis

Brook Trout

0

1

0

0

Esocidae

Esox lucius

Northern Pike

1

1

1

1

Umbridae

Umbra limi

Central Mudminnow

7

6

7

5

Catostomidae

Catostomus commersonii

White Sucker

8

8

7

8

Hypentelium nigricans

Northern Hog Sucker

0

1

0

0

Campostoma anomalum

Central Stoneroller

2

3

2

2

Cyprinus carpio

Common Carp

0

2

0

3

Hybognathus hankinsoni

Brassy Minnow

0

1

2

1

Luxilus chrysocephalus

Striped Shiner

3

4

1

0

Luxilus cornutus

Common Shiner

4

5

1

1

Margariscus margarita

Pearl Dace

1

0

3

2

Nocomis biguttatus

Hornyhead Chub

1

3

2

1

Nocomis micropogon

River Chub

0

1

2

0

Notemigonus crysoleucas

Golden Shiner

0

0

1

0

Notropis hudsonius

Spottail Shiner

0

1

0

0

Notropis rubellus

Rosyface Shiner

0

1

0

0

Chrosomus eos

Northern Redbelly Dace

5

7

5

4

Pimephales notatus

Bluntnose Minnow

2

4

2

4

Cyprinidae
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Table 2-1 (Continued)
No. of occurrences
Maintained drain

Reference

Family

Scientific name

Common name

US

DS

US

DS

Cyprinidae

Pimephales promelas

Fathead Minnow

5

4

5

3

Rhinichthys atratulus

Blacknose Dace

8

8

7

8

Semotilus atromaculatus

Creek Chub

8

8

8

8

Ameiurus melas

Black Bullhead

0

1

0

0

Ameiurus nebulosus

Brown Bullhead

0

1

1

0

Noturus flavus

Stonecat

0

1

0

1

Noturus gyrinus

Tadpole Madtom

0

2

0

0

Gasterosteidae

Culaea inconstans

Brook Stickleback

8

8

8

8

Centrarchidae

Ambloplites rupestris

Rockbass

3

4

1

1

Lepomis cyanellus

Green Sunfish

0

0

1

1

Lepomis gibbosus

Pumpkinseed

2

4

2

1

Lepomis peltastes

Northern Sunfish

0

2

0

1

Micropterus dolomieu

Smallmouth Bass

0

2

0

1

Micropterus salmoides

Largemouth Bass

3

2

2

3

Pomoxis nigromaculatus

Black Crappie

0

0

1

0

Percina maculata

Blackside Darter

0

1

1

1

Etheostoma caeruleum

Rainbow Darter

1

3

1

3

Etheostoma exile

Iowa Darter

1

1

1

0

Etheostoma microperca

Least Darter

2

2

3

4

Etheostoma nigrum

Johnny Darter

3

4

4

6

Perca flavescens

Yellow Perch

0

0

1

0

Cottus bairdii

Mottled Sculpin

3

3

0

2

Ictaluridae

Percidae

Cottidae
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(a) species richness
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Figure 2-1: Change in the response ratios for species richness (a) and total abundance (b) for drain fish
assemblages following drain maintenance. Response ratios were calculated using an adjacent
unmaintained drain as reference.
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(a) species richness
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Figure 2-2: Change in the response ratios for species richness (a) and total abundance (b) for drain fish
assemblages following drain maintenance. Response ratios were calculated using the unmaintained
downstream section as reference.
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Central Mudminnow
1
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Figure 2-3: Principal response curve (PRC) displaying the effect of drain maintenance when an adjacent
unmaintained drain was used as a reference. The Y-axis in the left panel presents the difference between
the maintained and reference sites within a pair along first canonical axis of the RDA at sample periods
before and after drain maintenance. The right panel displays the position of common fish taxa along that
first canonical axis.
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Figure 2-4: Principal response curve (PRC) for the effect of drain maintenance, using the unmaintained
downstream section as reference, and blocking for drain-reference pair. Presented is the first canonical
axis of the PRC, as well as the taxon weights for each of the most common taxa.
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Discussion
My findings do not support the hypothesis that fish assemblages exhibit a pulse response
following drain maintenance. The analyses revealed no consistent changes in the overall
abundances of fish, the numbers of species observed, and the composition of fish assemblages
following agricultural drain maintenance.
The lack of changes in fish assemblages within drains following maintenance was not
consistent with my predictions. Fish assemblages appeared to be resistant to the short-lived
changes in habitat resulting from drain maintenance. It is possible that fish assemblages are
resistant to habitat changes because of the inherent features present in the headwater assemblage
structures selected for by agricultural stresses. Assemblages in agricultural areas are often low in
species richness and abundances, and are often dominated by cyprinids (Schlosser 1987, Smiley
et al. 2008, Crail et al. 2011). In addition, the mobility, reproductive strategies, habitat
tolerances, relatively small body sizes, and short generation times allow for rapid colonization
and a high degree of resilience to disturbance (Dolloff et al. 1994; Meador and Carlisle 2007;
Trebitz et al. 2007; Stewart et al. 2007). The seasonal movement in and out of headwater
drainage areas may also contribute to the apparent resistance of fish assemblages to maintenance.
Fishes tend to move out of shallower headwater reaches in winter (Cunjak 1996) and both adults
and juvenile recruits return to headwaters in the spring (Schlosser 1987).
My findings are valuable because they support the hypothesis of Stammler et al. (2008)
that the effects of drain maintenance of fishes could be transient. Stammler et al. (2008) found
that there was a lack of consistent difference in the fish assemblages between drains and natural
watercourses on agricultural land, and hypothesized that these findings were a consequence of

74

drains recovering quickly following maintenance. Further, my study represents a stronger cause
and effect assessment of the impacts of drain maintenance on fish assemblages, an aspect that
was beyond the scope of the research question of Stammler et al. (2008). It suggests that while
there is some transient habitat change immediately following maintenance, fish assemblages are
resistant to the changes due to drain maintenance. My findings taken with those of Stammler et
al. reveal a more comprehensive picture of drain maintenance.
Taken together with the findings of Chapter 1, my results do not support to the hypothesis
held by fishery managers that the alterations in physical habitat caused by drain maintenance
affect the composition of fish assemblages found in the drains. Despite the potential for the
changes in habitat to cause a loss in the sustainability or productivity of a fishery through
physical harm to a supporting species (Chapter 1), no adverse effects of habitat change on the
fish assemblages in drains were realized. This replicated study, incorporating a paired BeforeAfter-Control-Impact (BACI) design, presents a rigorous treatment examining the assumptions
previously held by fishery managers’  and  allows  for  the  reevaluation  of  how  drain  maintenance  
is handled under the revised Fisheries Act.
The results of this study have the potential for affecting the treatment of drains and drain
maintenance under the updated Fisheries Protection Provisions (FPP) of the federal Fisheries
Act. A prominent feature of the FPP is the self-assessment of smaller projects (Rice et al. 2015).
Self-assessments require knowledge of the site, habitat features, potential habitat changes, and
the fish species present. A further requirement of projects not requiring authorization by fisheries
managers is that there is either zero fish death or residual impact on habitat (Rice et al. 2015).
Based on the combined results of assessments of the fish, habitat, and benthic macroinvertebrate
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assemblages, drain maintenance meets the requirements of a project not requiring authorization
and a suitable candidate for the self-assessment feature of the FPP. Two major benefits are
present with the classification of routine drain maintenance for self-assessment: greater
efficiency in the allocation of resources towards larger projects requiring authorization under the
FPP, and a resolution to the conflict occasionally present among fisheries managers, drainage
superintendents, and landowners.
Ecologically, these results raise an interesting question; does the visual appearance of a
major ecological impact always correlate with an actual ecological impact? The dramatic visual
impression of drain maintenance following the removal of bank and in-stream vegetation belies
the nature of the effects on both the habitat and fish assemblages. The bank-side observer may
make assumptions about the detrimental effects of drain maintenance activities on the resident
fish assemblages from only a subset of highly visible habitat features. These obvious changes in
habitat features may not be as important to the persistence of drain fish assemblages as other
features not apparent without specific investigation (ie. in-stream habitat). Agricultural land
represents a regime shift (Folke et al. 2004) from the Carolinian forests and wetlands present
prior to agriculture, and has resulted in a community of fishes resistant to habitat disturbances of
magnitude comparable to the effects of drain maintenance. This raises further questions about
what such resistance may indicate about possible rehabilitation efforts surrounding drains.
Studies have indicated that for stream invertebrates, fishes, and salamanders, assemblage
structures resulting from agricultural stresses may persist for a long time following reforestation
(Harding et al. 1998, Surasinghe and Baldwin 2014). Could drain fish assemblages be equally
resistant to rehabilitation efforts (increased riparian width, increased sinuosity etc.) and remain at
a current assemblage structure?
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My study is subject to five limitations and uncertainties that are important to consider, as
they may impact how the results are used in the management of drain maintenance going
forward. First, it is possible that the grain of sampling was such that short-term pulse effects
within six months were missed. However, this is unlikely as preliminary data from the first four
weeks following maintenance in four drains showed no significant change in abundance or
species richness (Appendix 1). It is also possible that a delayed response was missed due to the
duration of the sampling in this study. I also consider this unlikely given the findings of
Stammler et al. (2008) for drains that had a longer time since last maintenance than the ones in
this study. Second, the assemblages in this study were limited to common fishes. Invasive
species (with the exception of Common Carp, Cyprinus carpio, in Kerr and Big Creek drains),
species-at-risk, and recreationally important species (with the exception of isolated individuals of
Largemouth Bass (Micropterus salmoides), Smallmouth Bass (Micropterus dolomieu), and
Rainbow Trout, Oncorhynchus mykiss),were not present in any of the study streams. It is
reasonable to suggest that assemblages containing established invasive species may respond
similarly to those in this study, as the characteristics enabling the invasion of species are often
well aligned with those characteristics allowing species to live in degraded habitats (Kolar and
Lodge 2002, Marchetti et al. 2004). Species-at-risk may warrant concern, however a recent study
involving the maintenance of a drain containing a substantial population of Grass Pickerel (Esox
americanus vermiculatus) indicated that they may also be resistant to maintenance activities
(Kramski 2015). Third, the sampled sites in this study were limited to smaller headwater drains
in southwestern Ontario, and do not represent the full complement of drain types, with respect to
surficial geology and drain size. However, I expect that my findings are applicable to a much
broader array of drains, because of the consistency of my results with those of Stammler et al.
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(2008) for drain encompassing a wider range of sizes and surficial geology. Fish assemblages in
larger drains may respond differently than the assemblages in my study, however, larger drains
are also less likely to require frequent maintenance, and are generally less common than smaller
headwater drains. Fourth, it is possible that no effect of drain maintenance on fish assemblages
was detected as the study examined a disturbance effect in an already degraded system. While it
is possible that the degraded nature of agricultural watercourses could make detection of changes
following disturbance more difficult, based on the perception held by fisheries managers, I was
expecting a large response in the fish assemblages following maintenance. Such a large response
should have been detectable above the underlying influences of agricultural land cover changes.
In conjunction with this is also the issue over the power to detect effect differences given the
small sample size. However, while this issue may exist, there is no evidence in the data that
suggests a response occurred but was missed due to low power. For example, looking at the
principal response curve in figure 3, there is variation among all eight drain pairs, but there is no
consistent evidence of even a weak pulse that may have been detected with greater power.
Finally, there is a possibility of selection bias due to the non-random selection of drains
scheduled for maintenance and their reference drains. The possibility of unknown systematic
differences between sites (e.g. differences in farming practices or other land uses) may confound
the BACI results as the background differences between the maintained and reference drains
may not remain consistent across time, making the detection of maintenance effects difficult.
However, part of the reference drain selection process included pairing nearby drains, and as
such also subject to similar farming practices with respect to crop cover, and as with the
uncertainty regarding the underlying effect of agriculture, the expected effect on fishes should
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have been large enough to detect above the background variability arising from systematic
differences.
This examination of the fish assemblage responses to the habitat changes following drain
maintenance has answered key questions surrounding the trade-offs associated with the
maintenance of agricultural watercourses and the preservation of resident fish assemblages.
Following on from the findings of Chapter 1, my data for drain fish assemblages does not
support  fishery  managers’  current  working  hypothesis  that  changes in habitat due to drain
maintenance will cause changes in the structure of fish assemblages or the abundance of fishes.
My research will help to support policy development and best practices, as it suggests that
routine drain maintenance is within the range of projects suitable for self-assessment in the new
Fisheries Protection Provisions of the revised federal Fisheries Act. However, that drains are
important habitat within the agricultural landscape is no longer disputed (Herzon and Helenius
2008), and policy needs to reflect the dual nature of agricultural drains.
An avenue for potential future work would be to examine resilience in agricultural
landscapes from the perspective of lower level metrics. For example, an examination of the
diversity relationships between species and genetic diversity, both at the local (alpha diversity)
and regional levels, as well as the difference between maintained and unmaintained sites (beta
diversity). Studies have found parallel changes in both genetic and species diversity at both the
alpha and beta levels (e.g. Evanno et al. 2009), and it would be an interesting study to see
whether such a parallel relationship holds true for fish assemblages following drain maintenance.
Adding a genetic component to the study of agricultural drain maintenance would add a further
dimension to our understanding of the resilience of assemblages in agricultural landscapes.
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Appendix 1 - Changes in Fish assemblage and drain habitat within 4 weeks of maintenance
The first four drains maintained in 2006 were sampled intensively to four weeks postmaintenance. There was variation across the four drains in terms of the responses of species
richness and abundance following maintenance (Figure A1). This variation made determination
of a maintenance effect difficult, and resulted in no mean difference in either species richness
(two-way ANOVA; F = 0.70, df = 4,12, p > 0.61) or abundance (two-way ANOVA; F = 0.74, df
= 4, 12, p > 0.58). immediately following maintenance.
Although no mean differences were detected it is interesting to note that both species
richness and overall abundance in the maintained drains were below the levels seen in the
unmaintained reference drains of similar size.
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Figure 2-A1: Changes in species richness and log-transformed species richness (a) and abundance (b)
relative to downstream reference sites, immediately following and up to 1 month after drain maintenance.
There were no mean differences in either species richness or abundance across the four drains sampled.
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Chapter 3
The ecology of resilience for fish assemblages in agricultural drains following maintenance
Abstract
Identifying the structure of headwater fish assemblages and resilience in freshwater
streams is an important step in understanding the processes following disturbance, particularly in
variable, athropogenically-impacted systems. Starting with the neutral model and adding speciesspecific factors, I made a series of predictions surrounding upstream fish abundances following
drain maintenance. I predicted that i) models incorporating a  species’  reproductive guild,
describing reproductive preferences, and aspect ratio, a correlate for dispersal capability, would
offer more explanatory power than models containing abundances alone; ii) species belonging to
reproductive guilds favouring substrates would be greater in upstream abundance than species
belonging to guilds favouring aquatic vegetation, and iii) species with greater aspect ratios and
thereby greater dispersal capability would have greater abundances upstream than those with
lower aspect ratios. Using the information-theoretic approach, I tested a set of eight competing
models explaining abundances within maintained sections following drain maintenance in eight
maintained agricultural drains in southwestern Ontario. The top model explaining upstream
abundances included downstream abundances, regional abundances, and reproductive guild
membership. My findings suggest that mechanisms shaping the abundances of fishes following
disturbance is more complex than expected from a neutral model alone, and that resilience in fish
assemblages following drain maintenance is a consequence of immigration from local and
regional sources, and specifies-specific reproductive requirements.
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Introduction
The increasing anthropogenic pressures, through population expansion and the
corresponding expansion and intensification of agricultural production, placed on natural
systems are increasing the need to develop new tools and approaches for effective ecosystem
management (Naeem 2012). Among the tools required is a deeper understanding of the
ecological processes important for species assembly and community structure, particularly those
assemblages within habitats subject to intense human influence. Within stream ecosystems
managers are tasked with creating adequate conservation and management plans to
accommodate both fish species biodiversity and human needs. Increasingly, conservation
managers find themselves in positions of having to prioritize the systems and habitats on which
to use limited financial and human resources. Identifying habitats and systems where routine
habitat alteration presents low concern, enables allocation of resources to projects in greater need
of further research or more involved management.
Stability of assemblages subject to anthropogenic and natural disturbance is
conceptualized through resilience and resistance. Resilience of an assemblage refers to the
capacity of a disturbed assemblage to return to a state within natural limits of variation of the
original state (Walker et al. 2004). Resilience of a system can be eroded (Gunderson 2000, Folke
2003), and systems can be forced into an alternate state (regime shift) (Folke et al. 2004).
Holling  (1973)  defined  ‘ecological  resilience’  as  the  amount  of  disturbance  a  system  is  able  to  
absorb before it is shifted to an alternate state (stability domain), and distinguished this from
‘engineering  resilience’,  which  refers  to  the  rate  of  return  of  a  system  from  disturbance  to  a  prior  
steady state. Walker et al. (2004) identified four critical aspects of resilience: latitude, the
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maximum amount a system can be changed before losing its ability to recover and reorganize
within the current state; precariousness, how close the trajectory of a system is to a threshold,
that if breached would result in a regime shift; resistance, the ease or difficulty with which a
system is changed; and panarchy (cross-scale relations), the manner in which the first three
attributes are influenced by the dynamics of systems at scales above and below the scale of the
system of interest. Regime shifts in ecosystems can be largely attributed to human actions (Folke
et al. 2004), often resulting in compromised ecosystems such as those simplified, weedy systems
resulting from historical overfishing, which consequently respond rapidly and unpredictably to
external influences (Jackson et al. 2001b). Varying land-use at the catchment scale has been
shown to influence fish assemblages (Yates and Bailey 2010). However, there are assemblages
that are resistant to anthropogenic disturbances within systems that have historically undergone a
regime shift due to human influences, as is the case with fish assemblages being resistant to
routine drain maintenance (Chapter 2). While studies on the abiotic and biotic structuring of
freshwater fish assemblages are readily available (e.g. Jackson et al. 2001a), there are no studies
specifically looking at the structuring of resistant assemblages in variable headwater drains,
subject to regular environmental and anthropogenic disturbance.
This study examined how local and regional abundances within agricultural drains, as
well as ecological features of the assemblage fishes, may combine to achieve assemblage
resilience in these anthropogenically impacted headwater habitats. Routine maintenance of
headwater agricultural drains in southern Ontario provides an excellent opportunity to study the
structuring of resilient fish assemblages subject to environmental and anthropogenic disturbance.
Drains function agriculturally to move excess water from crop and pasture fields, and
biologically, among other things, as fish habitat (Stammler et al. 2008, Crail et al. 2011). They
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are subject to periodic cleaning to remove excess sediment, in-stream vegetation and
overhanging bank vegetation to maintain adequate flow (Skaggs 1994). Agricultural drains are
connected to the broader watershed; first and second order agricultural drains are frequently
connected to 3rd and 4th order drains or un-maintained streams with these being connected to
mainstem rivers, ponds and lakes, allowing for the potential of fish movement throughout the
network. Previous research has established no differences in the habitat or fish assemblages in
watercourses classified as agricultural drains and streams of similar size and position in the
watershed not classified as drains (Stammler et al. 2008). Although stream fish appear to be
resilient to drain maintenance (Chapter 2), drains are subject to other disturbances resulting in
movement of fishes in and out of these headwater reaches (e.g. seasonal drought and extreme
temperatures).
Movement by fishes into areas following perturbations is important in structuring fish
assemblages and the regulation of metapopulations (Brown and Kodric-Brown 1977, Petersen
and Bailey 1993, Snodgrass et al. 1996, Albanese et al. 2009). Colonists moving into disturbed
areas come from adjacent stream reaches in close proximity to the disturbed area, or can come
from other stream branches within the same drain network and watershed. The spatial
distribution of colonists should have an influence on colonization and recovery rates (Schlosser
and Angermeier 1995, Adams and Warren 2005). With respect to resilience, the larger regional
species pool from which local assemblages are structured, and the factors determining species
pool composition can influence the resilience of individual fish assemblages in maintained
reaches (Walker et al. 2004). Large-scale, regional processes (e.g. speciation, dispersal, land
cover influences) determine the species available to occur in regional assemblages while local,
small-scale processes (e.g. disturbance), as well as species traits can limit the number of species
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that occur in local assemblages (Ricklefs 1987, Angermeier and Winston 1998, Albanese et al.
2009). Connectivity of a frequently disturbed stream reach to other stream branches or
downstream reaches could potentially influence assemblage structure and resilience within the
disturbed sections.
Individuals entering a disturbed area come from a pool of available colonists. The
mechanisms underlying the movement of fishes into disturbed sites, and determining which
species from the pool of available species are the ones to form assemblages in these disturbed
headwater drain reaches remain poorly understood (Albanese et al. 2009). The neutral
perspective of species recolonization assumes that the species available for colonization are
neutral, or equivalent, in net fitness (birth and death rates), and dispersal rates (Hubbell 2001),
different only in the abundances in the species pool, and that communities are structured through
ecological drift and stochastic dispersal. However, recent studies on colonization and
recolonization of habitats by stream fishes have identified that biotic, organism-specific features
in addition to colonizer-pool abundances influence the assemblage structure in new and recently
disturbed habitats (Detenbeck et al. 1992, Ensign et al. 1997, Albanese et al. 2009, Stoll et al.
2013, Stoll et al. 2014). Albanese et al. 2009 and Stoll et al. 2014 both reinforce that the
abundance of species within the regional is important in determining the resulting assemblage
structure in newly colonized habitats, while Woodford et al. (2013) emphasizes the importance
of propagule pressure in the establishment of invading species. Albanese et al. (2009) further
identify  the  importance  of  fish  mobility  in  a  species’  ability  to  colonize,  and  Radinger  and  
Wolter (2013) identified a relationship between fish mobility and dispersal distance. Further
organism-specific features influencing recovery and recolonization that have been identified
include reproductive behaviour (e.g. parental investment in offspring through nest building or
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egg guarding, microhabitat requirements for nest building or spawning) (Detenbeck et al. 1992;
Ensign et al. 1997) and flow preference (Stoll et al. 2014).
In this study I tested a set of competing statistical models derived from possible
mechanisms contributing to assemblage structure in anthropogenically impacted headwater
agricultural drain habitats. The models tested considered abundance only, both directly
downstream and regional as well as models incorporating reproductive behaviour and swimming
capability. Regional abundances were determined from abundances from an adjacent drain of
similar size and position within the same network. Reproductive guild membership represented
reproductive behaviour with respect to nest building/guarding behaviour and microhabitat
requirements for spawning, and caudal fin aspect ratio as a predictor of swimming ability (Pauly,
1989; Radinger and Wolter, 2013). My hypothesis was that species abundances in the regional
pool in addition to organism-specific traits influencing colonizing ability (swimming capability)
and establishment (reproductive behaviour) would explain assemblage structure in recently
maintained drain sections. I predicted that i) models incorporating organism-specific traits would
offer more explanatory power than models with abundances alone; ii) species showing a
reproductive substrate preference (lithophils and speleophils), would have higher abundances
within the maintained assemblages than species with reproductive plant affiliations (phytophils),
those often nesting amongst vegetation and roots (polyphils), or those species using kidney
secretions to bind nest building materials together (ariadnophils) and iii) species with greater
caudal fin aspect ratios (indicating the potential for greater swimming capabilities) would have
greater abundances following drain maintenance than those with lower aspect ratios.
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Materials and methods
Site selection and timing of sampling
My data were collected from a replicated Before-After-Control-Impact (BACI) design
used to assess whether a stress has resulted in a change in the assemblage, and to estimate the
magnitude of the effect (Stewart-Oaten 1986). The design consisted of eight pairs of maintained
(impact) and unmaintained reference (control) drains. Municipal drainage superintendents aided
in the selection of suitable drains. Maintained drains were watercourses that required and
received maintenance during the duration of the study, while reference drains were watercourses
that neither needed, nor had been maintained in the five years prior to the study. Drains that had
not been maintained in the recent past were used as references because Stammler et al. (2008)
determined that habitat features and fish assemblages occurring in these kinds of drain systems
did not differ significantly from habitat features and fish assemblages found in natural
watercourses. Within each pair, reference drains were selected from the same sub-watershed and
were of similar habitat features as the maintained drains. Maintained and reference sites did not
differ significantly in mean width, depth, current velocity, mean substrate size, % bank
vegetation, % in-stream vegetation, and estimated % overhead cover, pre-maintenance (Chapter
1).
Drain requiring maintenance extending downstream from a subsurface tile outlet were
chosen, as this ensured that drain pairs were of similar position in the watershed, and that the
watercourses were wadeable and could easily be sampled using backpack electrofishing. Drains
were maintained by excavating in-stream vegetation and excess sediment from the stream

93

channel. If heavy vegetation made accessibility to the drain channel difficult, the bank would
first be brushed, which involved cutting the bank vegetation with large mowers.
Two sampling sites were selected on each of the drains within a pair. On the maintained
drain, one site was selected within the maintained area and a second site (downstream reference)
was selected downstream of the maintained area. Downstream sites were located 200 to 800 m
below the maintained section. Locations of sampling sites on the maintained section of the drain
were determined based on access points and road crossings or laneways on private land within
the section to be maintained. Bank slope, impassable vegetation, and fences or other barriers
influenced accessibility. On the reference drains, two sites were selected so that their absolute
and relative positions within the watercourse matched that of the sites on the corresponding
maintained drain. Sampling sites at road crossings were selected to be at least 20 m away from
the culvert to minimize the effects of road crossings on fish assemblage structure (Warren and
Pardew 1998). Lengths of the sampling sites were determined following the protocol of Smith
(2003), which was developed specifically for sampling streams within the Great Lakes basin.
Sampling sites were arranged as six contiguous subsections of three mean stream widths (MSW)
each, for a total length of 18 MSW.
Drain maintenance was completed in the fall and early winter after the fall crop harvest.
Four drains were maintained in fall 2006 and four drains were maintained late fall/early winter
2007. Each drain pair was sampled 1-2 times prior to the drain maintenance and at approximately
monthly intervals throughout the following two growing seasons. At each sampling time, the
watercourses of each pair were sampled on the same day so that the influences of any seasonal or
weather related changes in discharge and depth were minimized.
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Fish sampling
A crew of two people sampled fishes using a battery-operated backpack electrofishing
unit (Smith-Root Inc., Vancouver, WA, U.S.A.). One person operated the backpack unit. The
second person netted fish that were temporarily immobilized by the electric current. Blocking
nets were placed at either end of the site to prevent movement in and out of the site. A triple-pass
depletion method was employed, and each pass systematically sampled the entire stream width,
progressing in an upstream direction. Captured fishes were held in buckets placed on the streambank in the shade, until the completion of the final pass, at which point they were identified,
enumerated, and released. Voucher specimens of one individual of each species at each site were
collected, and when the size of the fish allowed, a photograph was taken as voucher. Where the
size did not permit for suitable voucher photography, the individual was given an overdose of
clove oil (eugenol) at an approximate concentration between 500 and 1000 mg/L (Neiffer and
Stamper 2009) and initially preserved in 10% formalin. On return to the lab the voucher fishes
were transferred to 70% ethanol.
My analysis required measures of abundance, reproductive guild membership, and caudal
fin aspect ratio. Abundance was measured as the total number of individuals for each species
collected in three passes with the electrofisher and converted into catch-per-unit-effort (CPUE)
using time spent electrofishing. Regional abundance CPUE was summed over the two sample
sites from each reference drain. Reproductive guilds (found in Coker et al. 2001, following
definitions by Balon (1975, 1981)) were  used  as  indicators  for  species’  affinities  for  certain  
substrates. Measurements of aspect ratio of the caudal (tail) fin were acquired from FishBase,
and serves as a predictor of fish dispersal capabilities (Pauly 1989, Radinger and Wolter 2013).
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Data Analysis
I tested my prediction models using organism-specific traits would offer more
explanatory power than models with abundances alone by comparing a set of eight mixed-effects
models using an information-theoretic approach (Burnham and Anderson 2002) to evaluate the
relative fit of the candidate models in explaining species abundances following agricultural drain
maintenance. Downstream and regional abundances, reproductive guild and caudal fin aspect
ratio were taken as fixed effects, directly affecting upstream abundance within the model.
Downstream abundance was assumed to directly affect the assemblage within maintained
sections, and so was present in all models. To account for spatial differences among drain pairs,
a random drain effect was added to each model. Species were not separated out in the model, and
models incorporated the entire assemblage. CPUE was fourth-root transformed to normalize the
data prior to analyses (Cottenie 2005).
Models were tested in a three-step process. First,  I  ran  a  ‘nuisance’  set  of  models  to  
account for potential variation due to factors not directly within the competing hypotheses being
tested, including sampling time and fish body size. If either parameter explained more variation
in the data than the intercept model alone, thereby indicating that it may have been an important
source of variation, it would have been brought forward and incorporated into all models as a
nuisance parameter. Second, I calculated AICC and Akaike weights to assess the relative fit of
the candidate models. AICc accommodates small sample sizes, and Burnham and Anderson
(2002) recommend using it over AIC if n is small or the number of parameters (K) is large. AICC
scores are calculated using the following equation:
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𝐴𝐼𝐶𝑐 =    −2𝐿𝐿 + 2𝐾(

𝑛
)
𝑛−𝐾−1

Where LL is the log-likelihood, K is the number of parameters and n is the sample size.
Using the AICC scores, weights are calculated as:

𝜔=

exp  (− ∆𝑖⁄2)
∑ exp  (− ∆𝑟⁄2)

Akaike weights ranging from 0 to 1 and are useful in determining the weight of evidence that a
specific model is the best approximating model in the model set. Third, I calculated the percent
of additional variance explained by each variable in the top model. To do this I calculated the R2
for the top model and then removed variables sequentially, calculating the ΔR2 at each step in
order to establish the variance explained by each variable. I calculated leverage plots for each of
the predictors in the best model to visually examine the distribution of the individual species by
drain across each predictor..
To test my predictions for the organism-specific characteristics I first calculated leastsquare means for the CPUE in each reproductive guild to test my prediction that species showing
substrate affinities, as opposed to those showing plant affinities would be greater in abundance in
the maintained sites. Second, I calculated a leverage plot, regressing upstream abundance
(CPUE) in maintained sites against caudal fin aspect ratio to test my prediction that species with
greater caudal fin aspect ratios would have greater abundance.
AIC model analyses were performed using R version 3.0.2, package AICcmodavg. Leastsquare means were calculated with JMP version 12.0.
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Results
Thirty-eight species from 10 taxonomic families and 29 genera were included in the
analysis (Table 1). Five species were not collected within the maintained section of the drain,
and were only found downstream, or in the reference regional watercourse. Four species were
only found in 1 or 2 maintained drains, but not in the reference watercourse representing the
regional pool. The only species present in all 8 maintained sections, downstream sections and
reference watercourses was the Brook stickleback, Culaea inconstans. Nine reproductive guilds
encompassing both open substratum and nest spawners were used, and caudal fin aspect ratios
ranged from 0.63 to 2.91 across all 38 species (Table 1 and 2).
Delta AICc scores of 0.00, 1.82 and 7.67 were obtained for time, intercept and body size
respectively in the nuisance model set. As models with delta AICc scores of < 2 are not
considered different from one another, neither time nor body size were brought forward as
nuisance parameters. The model including downstream and regional abundances of fish species,
plus reproductive guild, provided the best approximating model from the model set explaining
the abundances of fishes in maintained sites (Table 3). This supported my prediction that
ecological traits of the assemblage species, in addition to downstream abundance alone, or
downstream and regional species abundances, would be important in predicting abundances in
the maintained section. This top model was the only model to fall within the 95% confidence set
of models (Table 3), and of the three predictor variables in the model, reproductive guild
membership offered the greatest contribution of explanatory power, explaining 7.9% of the total
variance versus 5.8% and 5.1% for downstream abundance and regional abundance respectively
(Table 4). Caudal fin aspect ratio provided no additional predictive power (Table 3) to the model,
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suggesting that swimming ability was not important in explaining fish abundances in maintained
drains.
Collectively, my prediction that species showing a substrate preference (lithophils and
speleophils) would be greater in number than species with plant affiliations (phytophils), species
nesting amongst macrophytes and roots (polyphils), and species using kidney secretions to bind
nesting materials (ariadnophils) was supported, with species showing a reproductive substrate
preference accounting for 61.0 % of the total CPUE (Table 2). Not explicitly in my predictions
were the other attributes of reproductive behaviour encompassed by guild, including guarding
behaviour and nest or open-substrate spawning behaviour. Nest-guarding species accounted for
63.4 % of the total CPUE at maintained sites. When the individual guilds were examined, three
of the nine guilds present, non-guarding, open-spawning phyto-lithophils (A.1.4), nest-guarding
polyphils (B.2.2) and nest-guarding phytophils (B.2.5) accounted for only 0.3% of the total
CPUE collectively (Table 2). The greatest proportion of the total fishes caught (CPUE) over the
sampling period by guild, was within the ariadnophils (B.2.4), in which the Brook stickleback,
Culaea inconstans, was the only species in this guild collected in upstream maintained sites
(Table 5).
Aspect ratio of the caudal fin had no additional predictive capacity for abundances in
maintained sites (Table 2). My prediction of fishes with higher caudal fin aspect ratios having
higher abundances was not supported. The majority of individuals present in maintained
assemblages have caudal fin aspect ratios ranging from 1.1 to 1.6. Brook stickleback, the species
with the greatest abundance had an aspect ration of 1.52.
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Table 3-1: Species captured in all 8 drain pairs, as well as the predictor variables of aspect ratio and
reproductive guild.
Caudal Fin
Aspect ratio
1.67
1.92
1.54

Family

Species

Salmonidae

Oncorhynchus mykiss
Salmo trutta
Salvelinus fontinalis

Esocidae

Esox lucius

1.39

Umbridae

Umbra limi

1.16

Catostomidae

Catostomus commersonii

1.59

Hypentelium nigricans

1.4

Campostoma anomalum

2.11

Cyprinus carpio

1.89

Hybognathus hankinsoni

2.91

Luxilus chrysocephalus
Luxilus cornutus

2.57
2.13

Margariscus margarita

1.48

Nocomis biguttatus
Nocomis micropogon

1.61
1.36

Notemigonus crysoleucas

1.68

Notropis hudsonius

1.98

Chrosomus eos

1.15

Pimephales notatus
Pimephales promelas

1.11
1.51

Rhinichthys atratulus

1.38

Semotilus atromaculatus

1.11

Cyprinidae
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Reproductive guild
Non-guarder; brood hider; lithophil
Non-guarder; brood hider; lithophil
Non-guarder; brood hider; lithophil
Non-guarder; open substratum spawner;
phytolithophil
Non-guarder; open substratum spawner;
phytophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; brood hider; lithophil
Non-guarder; open substratum spawner;
phytolithophil
Non-guarder; open substratum spawner;
phytolithophil
Guarder; nest spawner; lithophil
Guarder; nest spawner; lithophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; brood hider; lithophil
Non-guarder; brood hider; lithophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; open substratum spawner;
phytophil
Guarder; nest spawner; speleophil
Guarder; nest spawner; speleophil
Non-guarder; open substratum spawner;
lithophil
Non-guarder; brood hider; lithophil

Table 3-1 (Continued)
Family

Species

Ictaluridae

Ameiurus melas
Ameiurus nebulosus
Culaea inconstans
Ambloplites rupestris
Lepomis cyanellus
Lepomis gibbosus
Micropterus dolomieu
Micropterus salmoides
Pomoxis nigromaculatus
Percina maculata
Etheostoma caeruleum

Gasterosteidae
Centrarchidae

Percidae

Cottidae

Caudal Fin
Aspect ratio
1.28
1.16
1.52
1.05
1.61
0.72
1.43
1.22
1.57
0.84
1.44

Etheostoma exile

0.75

Etheostoma microperca

1.22

Etheostoma nigrum

0.63

Perca flavescens

1.23

Cottus bairdii

1.18
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Reproductive guild
Guarder; nest spawner; speleophil
Guarder; nest spawner; speleophil
Guarder; nest spawner; ariadnophil
Guarder; nest spawner; lithophil
Guarder; nest spawner; polyphil
Guarder; nest spawner; polyphil
Guarder; nest spawner; lithophil
Guarder; nest spawner; phytophil
Guarder; nest spawner; ariadnophil
Non-guarder; brood hider; lithophil
Non-guarder; brood hider; lithophil
Non-guarder; open substratum spawner;
phytolithophil
Non-guarder; open substratum spawner;
phytophil
Guarder; nest spawner; speleophil
Non-guarder; open substratum spawner;
phytolithophil
Guarder; nest spawner; speleophil

Table 3-2: Number of species collected and the corresponding percent of the total upstream CPUE
within each reproductive guild.

Nonguarders

Guild
Code

Guild Name

Description

A.1.3

Open substratum
spawners: Lithophils

A.1.4

Open substratum
spawners: Phytolithophils
Open substratum
spawners: Phytophils

Eggs are deposited on
a rock, rubble or gravel
substrate.
Eggs are deposited in
clear water on plants,
logs, gravel and rocks.
Eggs are attached with
adhesive membranes to
submerged aquatic
plants and/or recently
flooded terrestrial
plants.
Eggs are hidden in
specifically
constructed places. ie.
Salmon redds
No specific nest
building material,
although frequently
built amidst roots and
submerged plants.
Eggs are deposited on
cleaned areas of rocks
or in pits dug in gravel.
Males use a viscid
thread secreted by the
kidneys to build a nest.
Males continue to
ventilate and guard the
eggs.
Nests are built on soft,
muddy bottoms often
amidst plant roots.
Eggs are deposited and
guarded in natural
cavities, specifically
built burrows, or on the
cleaned area on the
underside of flat rocks.

A.1.5

Guarders

A.2.3

Brood hiders:
Lithophils

B.2.2

Nest spawners:
Polyphils

B.2.3

Nest spawners:
Lithophils

B.2.4

Nest spawners:
Ariadnophils

B.2.5

Nest spawners:
Phytophils

B.2.7

Nest spawners:
Speleophils
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Number of
species in
maintained sites
3

% of Total
Upstream CPUE

2

0.1

3

3.7

5

11.4

1

0.1

3

6.3

1

35.0

1

0.1

4

21.9

21.4

Table 3-3: Model variables, least-likelihood, K,  ΔAICc,  and  AICcWt  values  for  the  set  of  12  candidate  
models predicting upstream abundances.

Candidate Model

LL

K

ΔAICc

AICcWt

Abundance.down + Abundance.reg + RG

-2669.50

13

0.00

0.70

Abundance.down + Abundance.reg + RG + AR

-2669.71

14

1.67

0.30

Abundance.down + RG

-2660.21

12

16.50

0.00

Abundance.down + RG + AR

-2660.29

13

18.41

0.00

Abundance.down + Abundance.reg

-2636.61

5

49.33

0.00

Abundance.down + Abundance.reg + AR

-2617.23

6

51.09

0.00

Abundance.down

-2617.25

4

86.06

0.00

Abundance.down + AR

-2496.59

5

88.06

0.00

Intercept

-5187.64

3

125.32

0.00

RG, reproductive guild; AR, caudal fin aspect ratio; K, number of parameters. n = 1064
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Table 3-4: Contribution of individual variables within the top model to goodness-of-fit. The difference
between R2 values for each added variable is shown as the overall % of total variance in upstream
abundance explained by each individual variable in the top model.

Model

R2

Variables

% additional variance
explained

Best model

Abundance.down

0.058

+ 5.8

Abundance.down + Abundance.reg

0.109

+ 5.1

Abundance.down + Abundance.reg + RG

0.188

+ 7.9
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Table 3-5: Least-square means for CPUE at maintained sites for each reproductive guild. Nest-guarding
ariadnophils had the greatest LS-mean CPUE, and was comprised of a single species, Culaea inconstans.

Guild
Code
A.1.3

Guild Name

Least Square Mean

Std Error

0.056

0.011

0.039

0.012

0.063

0.010

0.041

0.0071

B.2.2

Open substratum:
Lithophils
Open substratum:
Phyto-lithophils
Open substratum:
Phytophils
Brood hiders:
Lithophils
Nest: Polyphils

0.039

0.017

B.2.3

Nest: Lithophils

0.043

0.0088

B.2.4

Nest: Ariadnophils

0.20

0.019

B.2.5

Nest: Phytophils

0.048

0.017

B.2.7

Nest: Speleophils

0.069

0.0087

A.1.4
A.1.5
A.2.3
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Upstream abundance (CPUE)
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Figure 3-1: Leverage plots for reproductive guild, regional abundance and downstream abundance in the
model predicting upstream abundance in maintained sites.
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Discussion
Assemblage structure in environmentally variable headwater drains in southern Ontario is
shaped by regional fish abundance and reproductive guild membership. Assemblage structuring
in maintained agricultural drains appears to be biologically more complex than would be
expected for a neutral model based on downstream abundance alone. Headwater drain fish
assemblages resistant to drain maintenance appear to be at least partially structured through a
combination of species-specific traits (reproductive guild), features of the available habitat
(substrate), and abundances in local and regional assemblages.
My study provides a novel investigation into the structure of headwater fish assemblages
in agricultural drains. The general paradigm is that fish assemblages in highly variable streams
are primarily structured through abiotic environmental filtering (Jackson et al. 2001; Troia and
Gido 2015). Among functional strategies (i.e. feeding strategies, reproductive strategies,
locomotion strategies), reproductive life history strategies are not dispersed evenly in
headwaters, rather they appear to be strongly filtered (Poff and Allan 1995; Olden et al. 2006;
Troia and Gido 2015). Troia and Gido (2015) defined reproductive life history strategies as a
combination of size at maturity, fecundity and parental investment in offspring. In the current
study, reproductive guild seems to be capturing individual substrate requirements during key life
stages of resident drain species, and abundances are divided between parental investment
strategies (non-guarding, open-substratum spawning vs nest-guarding) and is consistent with
other studies (Freedman et al. 2003).
Reproductive guild membership did not capture substrate preferences for all species. The
Brook Stickleback, the most abundant species in the drain network, belongs to the ariadnophil
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reproductive guild. Ariadnophils use a viscid thread secretion from male kidneys to bind together
nesting materials. My initial prediction had been for the ariadnophils to have lower abundance,
based on an assumption that they would prefer vegetation and detritus for nest building.
However, Brook Sticklebacks show an affinity to silt-substrates, particularly within their first
year (Stewart et al. 2007).
I  found  no  evidence  of  a  link  between  species’  caudal  fin  aspect  ratios  and  abundances  
following drain maintenance. Lack of correlation between upstream abundances and the
predictor of swimming ability of species within a colonizing pool can be potentially attributed to
an increase in vagility of stream fishes following disturbance (Gunning and Berra, 1969).
However, lack of quantitative data on movement could obscure a relationship. Albanese et al.
(2009) demonstrated that mobility, measured through upstream movement rates, influenced
colonization rate to a greater degree than abundance alone. Rodríguez (2002) established that
movement in fishes can represent the product of displacement distance combined with the
frequency of moves, thereby allowing dispersing fish to move a great distance through a series of
frequent, short moves. Dispersal such as this would not be picked up by caudal fin aspect ratio,
which is representing activity levels.
This study also emphasizes the importance of stream reach connectivity within
agricultural drain systems. Regional abundances, represented by abundances present in a
neighbouring stream branch, were important predictors of upstream abundances following drain
maintenance. This suggests that local drain assemblages are influenced by broader, networkwide processes, including a high degree of movement within drain networks and dispersal from
greater distances, rather than solely being structured based on the abundance of species in
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downstream assemblages. Previous studies have demonstrated that large-scale system-wide
processes, such as flooding and droughts, are responsible for creating and destroying suitable
habitat patches in variable environments (Ricklefs 1987, Jackson and Harvey 1989, Hugueny and
Paugy 1995, Schlosser and Angermeier, 1995; Angermeier and Winston 1998, Labbe and Faush,
2000, Johnson et al. 2007), and the system-wide movement is an important factor in fish
assemblage persistence in intermittent streams.
Angermeier and Winston (1998) identified that a key limitation to studies on regional
influence on local assemblages was the definition of regional species pools. Angermeier and
Winston (1998) found that regional diversity was consistently a good predictor of local diversity
at three regional scales, encompassing drainage basins, drainage basins divided into
physiographic regions (ie. Coastal Plain, Piedmont, etc. found in Virginia), and sub-drainages.
They identified that a suitable region should be environmentally homogeneous, equally
accessible throughout to all species in the region, and enclosed by ecologically relevant
boundaries (Angermeier and Wilson 1998). Stream fish can generally not move across drainage
boundaries, making drainage basins suitable large-scale regions (Angermeier and Wilson 1998).
In regions of broad-scale land cover change, such agricultural areas in southwestern Ontario,
which may have influenced the fish assemblages present (Kilgour and Stanfield 2006),
individual watersheds may present another smaller-scale region. The region used in this study is
defined on a smaller scale, of agricultural drainage network, measured on a neighbouring branch.
Defining appropriate regions is contingent upon the questions being asked. While species
diversity at multiple regional scales may predict local diversity, regional effects (ie. watershed
area, habitat complexity, number of stream orders present, land cover etc.) on local diversity are
scale dependent (Angermeier and Winston 1998).
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My study is valuable for three ecological and management reasons. First, ecologically my
study is valuable as it offers a first look at what is important in the structuring or resistant fish
assemblages in variable headwater drains. Panarchy (cross-scale relations) is an important
contributor to local resilience (Folke et al. 2004, Walker et al. 2004), and this study provides
some insight into the structuring of local assemblages from attributes at different scales and
supports the importance of cross-scale relations. Second, my study is important from a
management perspective as it highlights the importance of maintaining connectivity within drain
networks in order to maintain resilience in local headwater assemblages. While drain
maintenance may now require less oversight (Chapters 1 and 2) from fisheries managers, other
work potentially reducing fish passage within the drain network will need to be examined under
the lens of maintaining system resilience. Third, this study provides some insight into the way
drain maintenance should be structured on the landscape. Currently drain maintenance is on an
“as  needed”  basis,  with  smaller  drain  sections  being  maintained  throughout  the  landscape  and  
varying from year to year. The new fisheries policy will also need to take cumulative effects into
consideration (Rice et al. 2015), and a change to the manner in which drains are maintained
could result in cumulative effects being identified, if neighbouring drains are maintained
concurrently.
My study is subject to three important limitations that warrant consideration. First, the
regional pool abundances used in the models may not have been representative of the species
pool available. Abundances for the regional pool were taken from sites of similar position in the
watershed, while a species pool gathered from sampling in larger stream orders may have
elucidated a different relationship to local abundances in maintained sections. Angermeier and
Winston (1998) estimated regional abundance from 3rd – 5th order streams in order to avoid

110

inflating the species pool. Second, my study did not include a direct measure of movement or
movement potential, rather it was limited to a correlate of swimming ability. A species whose
movement includes frequent short distances moves may have greater predictive power of
upstream abundances, irrespective of swimming ability. Third, my study was limited to
headwater agricultural drains, however I expect that my results would be applicable to a much
wider array of drains, given the consistency of my finding of resistant fish assemblages (Chapter
2) with the findings of Stammler et al. (2008) for drains encompassing a much broader range of
size, surrounding land cover, and surficial geology.
Watercourses on agricultural land in southwestern Ontario have been extensively
maintained for the last 150 years (Ritter et al. 1995). The likelihood is large that watercourses on
agricultural land have undergone a regime shift, as land cover changed from forests and wetlands
to agriculture. Years of disturbance coupled with the inherently variable nature of small
headwater streams have selected for benthic fish species whose life-histories and tolerance levels
allow them a high degree of persistence within agricultural drains. Life-history attributes that
have been demonstrated to allow for rapid recovery following disturbance include smaller body
size (Schlosser, 1990; Niemi et al., 1990; Detenbeck et al. 1992; Minns 1995), shorter generation
times (Schlosser, 1990), and a greater aptitude for mobility within the stream network. It is from
this  pool  of  already  “drain-tolerant”  fishes  that  assemblages  in  areas  of  drain maintenance are
constructed.
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General Discussion
My study has three scientific contributions. Chapter 1 provided the first standardized
replicated assessment of the effects that drain maintenance has over time on physical habitat and
food resources important to fishes. Chapter 2 standardized, replicated study assessing whether
fish assemblages are affected by the habitat changes caused by drain maintenance. Together, the
first two chapters support the hypothesis of Stammler et al. (2008) that the lack of consistent
differences in fish assemblages between drains and natural watercourses on agricultural land
could be due to resistance to, or rapid recovery from, drain maintenance. Chapter 3 provides
further support for the importance of regional abundances and ecological traits of species in the
structuring of local fish assemblages and how these contribute to achieve resilience in headwater
streams subject to anthropogenic disturbance.
A significant component of this thesis was the test of Fisheries and Oceans’ working
hypothesis on the impacts of drain maintenance on resident fish assemblages. That drains are
important fish habitat is no longer disputed (Herzon and Helenius 2008, Stammler et al. 2008),
but the impacts of maintenance activities on fish assemblages required further investigation. The
working hypothesis was potentially formulated based on the drastic visual impact of drain
maintenance. The removal of in-stream and bank vegetation, and the subsequent excavation of
the channel, can appear to the bank-side observer as severe habitat destruction. Similar drainage
maintenance and improvements were made to a forestry drainage network in Finland, to which
assemblages also appeared resistant (Louhi et al. 2010). The authors stressed that such
disturbances need to be viewed in the landscape context, and that the original community needs
to be considered (Louhi et al. 2010). A regime shift has likely already occurred in such managed
landscapes (ie. agricultural and forestry land) (Folke et al. 2004), and the species that remain are

116

likely more broadly tolerant of anthropogenic disturbances (Hawkins et al. 1982). The
examination of the impacts of drain maintenance on fish habitat and potential food resources,
followed by an examination of the fish assemblage response to the habitat changes brought on by
routine maintenance, has answered key questions surrounding the trade-offs associated with the
maintenance of drains for optimal agricultural production, and the preservation of biodiversity
and resident drain fish assemblages. Collectively, the findings in the first two chapters do not
support  fishery  managers’  current working hypothesis that changes in habitat following drain
maintenance will directly lead to changes in the structure of resident fish assemblages, or fish
abundance. This research will help to support policy development with respect to agricultural
drain maintenance.
The resilience of fish habitat following drain maintenance, and the resistance of fish
assemblages to the habitat changes suggest that drain maintenance does not require a high degree
of manager oversight. The policy implications of this are such that routine drain maintenance,
involving the brushing of banks, and mechanical excavation of in-stream vegetation and excess
sediment, is within the range of projects suitable for self-assessment in the new Fisheries
Protection Provisions (FPP) of the revised federal Fisheries Act (Rice et al. 2015). Incorporating
drain maintenance into the FPP has two major benefits: first, it allows for less oversight, and
therefore greater efficiency in the allocation of resources towards larger projects requiring
manager assessment under the FPP, and second, it helps resolve the conflict periodically present
among fisheries and conservation managers, fisheries officers, drainage superintendents, and
landowners.
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There are provisos inherent in the recommendations from this study that need to be
considered with implementation of the FPP. The fish assemblages in the study drains contained
no listed species, no significant populations of recreationally important species (ie. Largemouth
Bass and trout species), and no invasive species (with the exception of Common Carp in Big
Creek and Kerr drains). Listed species-at-risk, either those species whose populations have
decreased through habitat degradation, or peripheral species at the edge of their range (e.g.
Pugnose Minnow, Opsopoedus emiliae, in southwestern Ontario) may warrant management
oversight, however it is encouraging to note that a recent study involving maintenance of a drain
containing the listed Grass Pickerel (Esox americanus vermiculatus) suggested that this species
may respond similarly to common fishes following drain maintenance (Kramski 2015). Larger
recreationally important fishes now fall directly under the revisions of the Federal Fisheries Act
as part of the CRA fishery, including fishes of commercial, recreational and aboriginal
importance (Rice et al. 2015), however, I do not expect that these fishes would respond
differently to drain maintenance than the assemblages in this study, provided that maintenance
activities are carried out in the late fall and winter, avoiding times when drains may be used as
critical nursery habitat. It is also reasonable to suggest that assemblages containing established
invasive species may respond similarly to the assemblages in this study. It may be a concern that
drain maintenance could facilitate invasion by alien species as the characteristics enabling
invasion are often similar to those characteristics allowing species to live in variable, degraded
habitats (Kolar and Lodge 2002, Marchetti et al. 2004), however, for those same reasons I think
it less likely that drain maintenance would be the driving factor behind invasion. There is also
the possibility that other factors, not directly accounted for in this study, are interacting with the
effect observed. An effect may be difficult to detect in an already declining system with low
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initial richness or abundance, or an initial state of reduced vegetation. An additional interaction
term in the mixed models of Chapters 1 and 2 may have picked this up, however as Fisheries and
Oceans Canada were not making such a prediction, there was no justification at the start of the
study to predict that the initial state of the drains would influence any effect of maintenance.
Drain maintenance ought to continue to occur at the current rate of frequency, both in time and
throughout the landscape in order to manage the risk of cumulative effects. If a number of
neighbouring drains within the same small locale were to be maintained concurrently, there may
be an impact on the local and regional species pool, and the dynamic system observed in this
study may be adversely affected. Finally, my findings are limited to the effects of drain
maintenance on physical habitat, benthic macroinvertebrates, and fish assemblages, and are not
intended to address the broader effects that agriculture has had on habitat and biodiversity over
the past 150 years of practice, such as selection for a narrow subset of assemblages that can
thrive in agricultural settings (Kilgour and Stanfield 2006). However, studies considering the
resilience of physical habitat, benthic macroinvertebrate assemblages, and fish assemblages to
activities such as drain maintenance could be important for habitat restoration efforts attempting
to restore the habitat and biodiversity to a state present before the wide-scale land cover change
to agriculture.
Implications for this research adding to the broader need for theory, tools, and data
(Ensign et al. 1997, Laitão and Ahern 2002, Naeem et al. 2012) are mixed and frustrating. On the
one hand, this was the first explicit test of the working hypothesis of fisheries managers with
respect to drain maintenance, it provided new data on drains and on the resilience of fishes in
headwater watercourses on agricultural land, and this study demonstrates how an adaptive
management approach and the BACI design can be used successfully and relatively easily to
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acquire data. On the other hand, contributions to theory are perhaps more limited. Chapter 2
provides data that may help theorists bound the range of effect size and recovery that ecologists,
conservation and resource managers, and policy makers would like theory to predict. Chapter 3
demonstrates that theoretical frameworks designed for colonization biology (Brown and KodricBrown 1977, Albanese et al. 2009), assemblage composition (Jackson and Harvey 1989,
Angermeier and Winston 1998) and resilience (Holling 1973, Folke 2003, Walker et al. 2004),
can contribute to our understanding of the ecology of agricultural drains. For now however,
studies such as mine may be the most appropriate approach until we have an adequate theory or
comprehensive data set, with which to make predictions needed to manage human-altered
systems.
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