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1 Introduction 

Coastal floodplains and estuaries are among the most diverse and productive 

ecosystems on the planet, but have also served as key locations of human settlement 

for millennia (Tockner and Stanford 2002). Over 500 million people live in coastal 

floodplains around the world, though coastal deltas cover only 5% of the global land area 

(Kuenzer and Renaud 2012). They also provide human communities with fertile soil, 

fresh water, and access to marine resources and transportation routes. These coastal 

floodplains also provide important rearing habitat for numerous juvenile fishes in tidal 

creeks and wetlands (Beck et al. 2001), many of which are commercially important. 

However, recent rapid population growth and associated human activities have resulted 

in widespread habitat degradation and severe biodiversity losses in estuaries around the 

world (Lotze et al. 2006).  

One of the key challenges of floodplain management is providing flood protection 

while maintaining ecosystem connectivity. Cities located in coastal deltas are prone to 

floods on two fronts: from the ocean and from upriver. This flood risk has led to 

extensive development of flood control infrastructure to protect property and people from 

flood damages. Flood control structures typically consist of dikes or levees along river 

mainstems, with floodgates and pumping stations installed at tributaries to allow 

drainage out to sea while preventing the river or tides from backing up water levels 
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are associated with reduced fish passage and altered habitats around the world 

(Giannico and Souder 2004, Kroon and Ansell 2006, Scott et al., In Press), and therefore 

highlight the challenges of balancing flood protection and floodplain connectivity.  

Floodgates can sever connectivity within tidal floodplains, with negative 

consequences for water quality and biodiversity (Giannico and Souder 2005). These 

flood control structures may impact fishes in two ways: altering water quality and 

restricting fish passage (Kroon and Ansell 2006). First, floodgates can alter water quality 

by restricting tidal exchange (Raposa and Roman 2003, Ritter et al. 2008). Floodgates 

are associated with hypoxic dead zones due to eutrophication in the stagnant upstream 

habitats (Portnoy 1991, Gordon et al. 2015). Impounded water in tidal creeks also tends 

to have higher concentrations of nutrients, fecal coliforms, and heavy metals, as well as 

high turbidity and siltation rates (Giannico and Souder 2004, Portnoy and Allen 2006). 

Second, when closed, floodgates physically restrict fish passage, impeding migratory 

fishes from entering or leaving tidal creeks (Bass 2010, Doehring et al. 2011, Wright et 

al. 2014). These impacts may together contribute to the observed alterations to fish 

communities associated with floodgates around the world (Pollard and Hannan 1994, 

Halls et al. 1998, Scott et al., In Press). In Australia’s lower Clarence River, for example, 

gated creeks had lower richness and abundance of commercially important fish and 

crustacean spec tted  spec ttJ500053>[2-3(cia )-60(2990 4340.52 Tm)
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Most of this population resides in the Lower Fraser region, which has over 400 

floodgates and 600 kilometers of dikes to protect urban and rural areas from flooding 

(The Fraser Basin Council 2010a). The development of flood control infrastructure has, 

however, resulted in reductions in the quantity and quality of fish habitats. Since diking 

began in the late 1800’s, an estimated 70-80% of wetland habitats have been partially or 
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situated downstream of the floodgates, where habitats are connected to the river 

mainstem. Given that there are a variety of floodgate designs and management regimes, 

I hypothesized that floodgate openness would vary widely, with some gates remaining 

closed most of the time and other gates opening daily with the changing tides. I also 

hypothesized that where gates are open for longer periods of time on average, fish 

communities found upstream of the floodgates would be more similar to those found 

downstream of the floodgates. Collectively, these data can be used to identify 

opportunities to move towards fish-friendly flood protection. 
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2 Methods 

2.1 Site Selection 

For this study, I sampled 22 tributaries in the Lower Fr
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Figure 1 Map of sampling sites 
This map shows the locations of sampling sites within the Lower Fraser region of British 
Columbia, Canada. Filled circles indicate sites with floodgates and open circles sites without 
floodgates. 

2.2 Quantifying Floodgate Operations 
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floodgates every daylight hour from July 2014 to January 2015, and then again from 

April – July 2015. Cameras were removed from January to April 2015 to avoid losing 

cameras due to vandalism and water damage during particularly high tides or winter 

storms, when large volumes of water are pumped over the dikes. Once every 4-6 weeks, 

I visited the sites to check the cameras, change batteries, and download the photos. 

Images were then reviewed to determine whether gates were open or closed every 

daylight hour at each site. Cameras were mounted inside of a PVC pipe housing and 

locked to railings, grates, or fences around the floodgates (Appendix Figures A1-A3). 

Despite attempts to protect cameras within this housing, some data are missing for 

some sites and time periods due to theft, water damage, and the camera shifting 

positions. 

The collected time-lapse videos were reviewed frame-by-frame to assess gate 

openness. The gates were described as open or closed based on a minimum threshold 

of openness set when water was able to visibly flow between the edge of the gate and 

any adjacent structures such as walls or other gates (typically a ~5-10 degree opening 

angle). In Oregon, juvenile coho salmon have been observed passing through a top-

hinged floodgate while it was open to angles of 7-16 degrees (Bass 2010).  Although 
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accumulated above the gates to overcome friction in the hinges and the pressure of 

water downstream of the floodgates holding them closed (Giannico and Souder 2005, 

Thomson 2005). In the time-lapse footage, floodgates typically closed before the water 

fully submerged them and were also closed when the tide receded several hours later 

(personal observation). Furthermore, most floodgates are accompanied by pumping 

stations that remove excess water from upstream when the downstream water level is 

high 
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edge while another member waded with the other end toward the center of the channel 

and then back to shore, where crewmembers quickly pulled up the excess net onto the 

bank while forming a purse to hold the captured fish. Some sites were too deep to safely 

wade with the seine net. At these locations, I rowed an inflatable raft to pull one edge of 

the seine net while the other end was held at the waters’ edge. Captured fish were given 

a unique fish ID number, identified to species, measured to fork length, and weighed 

before being released back to the location of capture. 

Exact locations of seine hauls were chosen based on practical and biological 

reasons. At the four sites without floodgates, seines were conducted approximately 30-

50 m apart and on either side of a place that might have had a floodgate. For example, 

dikes can often occur under railroads or roads, but at the sites without floodgates, 

bridges were installed over an interruption in the dike rather than floodgates. Exact seine 

locations were selected based on the ability to pull the seine net up on the bank 

(influenced by slope of bank), safe access to the shoreline, and the need to be a safe 

distance from pump intakes and outfalls. As much as possible, I selected seine locations 

to represent one or two habitat types and attempted to find similar habitats upstream and 

downstream where they 
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Site Name 
Municipal-
ity Coordinates  

Floodgate 
Description 

Camera  

Set-Up 

Dist. 
from the 
Ocean 
(km) 

Water-
shed 
Area 
(km2) 

Land Use (% of Watershed Area) 

Agr. & 
Rural  Urban  

Undevel. 
Areas, 
Parks & 
Protected 
Areas 

Other 
Human 
Use (e.g. 
Roads, 
Industry) 

Yorkson 
Creek 

Langley 
49° 11.464'N 

122° 39.331'W 

2 side-
mounted 

gates  

 

Camera 
focused on 

1 gate 
45.4 17.13 39.82% 26.74% 16.93% 16.51% 

* These areas are very flat; consequently the ArcGIS watershed tools were unable to predict the watershed boundaries. These estimates are based on hand-
-
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2.5 Statistical Analysis 

I conducted two main analyses to a) examine patterns in gate openings and 

explore what site characteristics could affect gate openings and b) to understand how 

differences in fish communities on either side of the dikes relate to floodgate openness. 

These analyses also included several site characteristics as variables (Table 1).  

I
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To test whether the downstream fish communities would be suitable for use as the 

‘reference state’, I plotted downstream fish captures, biomass, and richness against 

floodgate openness and did not find any strong relationships between openness and 

downstream fish variables, thus I am confident that the log-response ratio is an effective 

metric for this purpose
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3 Results 

Time-lapse camera footage, combined with pre-existing data from two sites, 

revealed high levels of variability in operation of floodgates in this region. Many of the 

floodgates were closed almost all of the time – approximately 40% of all sites had 

floodgates that opened for less than 10% of the day on average (Figure 2). While most 

sites opened infrequently or for short periods of time, five of these 18 sites (~30%) 

opened for more than half of the day on average. Thus, there is a wide range of existing 

variation in floodgate operations in this region. 

 

Figure 2 Variation in floodgate operations 
Histogram showing the frequency of sites by the annual average proportion of daylight hours that 
their floodgates opened. 
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There were seasonal patterns in floodgate openings, where many floodgates 

remained closed for most of the Fraser River freshet in July 2014 and again from mid-

May through June of 2015, but opened and closed more sporadically during the rest of 

the year (Figure 3, Appendix Figure A4). Floodgate opening patterns also appeared to 

vary regionally, with sites closer to the ocean possibly showing more of a tidal signature 

and those further upriver more closely following the freshet patterns (Figure 3b-f).  

Fraser River discharge was the only factor that was consistently supported for 

explaining patterns of floodgate operations, with an inverse relationship between mean 

daily discharge and floodgate opening time (Table 2, Figure 3), such that gates were 

closed more during periods of high flow. The top model included distance upriver, Fraser 

River discharge, and the temporal autocorrelation parameter as fixed effects, but since 

all models ranked similarly (ΔAIC<8), I report the unconditional model averaged 

coefficients and parameter weights (Table 2). Mean discharge was the only parameter 

with confidence intervals not intersecting zero. Site-level factors received much less 

support than flow for their ability to explain gate openness patterns. Although the 

distance from the floodgate to the ocean may have some influence on gate openness, it 

received only 53% of the support based on model averaged fixed effects. 

Table 2 Summary of AIC model averaging output for floodgate openness 
GLMM 

Parameter Parameter 
Estimate 

95% Confidence 
Interval 

Parameter 
Weight 

# Models with 
Parameter 

Intercept  
(manual gates, no pumps)* 

-0.29 -1.02 to 0.45 NA 32 

Mean Discharge (m3/s) -0.13 -0.17 to -0.08 1.00 32 

AR1 Temporal Component 1.09 1.06 to 1.12 1.00 32 

Distance Upriver (km) 0.26 -0.07 to 0.59 0.53 16 

Pumps (Present) -0.20 -1.06 to 0.67 0.30 16 

Watershed Area (km2) 0.06 -0.29 to 0.41 0.29 16 

% Watershed with Developed 
Land Use 

0.03 -0.39 to 0.45 0.28 16 

Gate Type  

• Manual sluice gate 

• Side-hinged 

• Top-hinged 

 

- 

-0.32 

-0.7397 

 

- 

-1.38 to 0.73 

-1.98 to 0.50 

0.23 16 

* The base model was for a site with manual floodgates and no pumps. 



 

22 

 

Figure 3 Time series of Fraser River flow and floodgate operations 
Time series of a) Daily mean discharge in the Fraser River at Mission (Data courtesy of the Water 
Survey of Canada - Station # 08MH024); b-f) proportion of each day the floodgates opened in 
different sections of the Lower Fraser. Lighter lines represent individual sites’ timeseries, while 
the dark bolded lines represent the average across sites for that subregion. Site groupings are 
roughly listed from sites furthest upriver (b) to sites that are closest to the ocean (f). Data were 
not collected during the blank period to avoid losing cameras due to vandalism and water 
damage during winter storms that can lead to high water levels in the tributaries. 

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul

0

5000

10000
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I explored potential relationships among flood box characteristics, site location, 

and watershed land use with Principal Components Analysis (PCA). The PCA analyses 

revealed that pumps seem to be placed at floodgates situated in larger, more developed 

watersheds (Appendix Figure A5). Differing gate types did not appear to correlate 

strongly with other site level factors (Appendix Figure A6). 

I captured a total of 7,531 fish across all sites between July 30th and August 27th, 

2014. Most of the fish captured were likely juveniles of their species, as over 75% of all 

fish captured had a fork length of less than 40 mm. Over half of the fish captured were 

three-spine stickleback (Gasterosteus aculeatus, 4697 in total), and 1319 were 

unidentified juvenile cyprinids. Other commonly captured species (with more than 100 

individuals) were pumpkinseed (Lepomis gibbosus), northern pikeminnow 

(Ptychocheilus oregonensis), prickly sculpin (Cottus asper), and peamouth chub 

(Mylcheilus caurinus). I captured few juvenile salmon - 11 chum (Oncorhynchus keta) 

and 17 coho (O. kisutch) - in the sampling period. Full details on the fish species counts 

for each site are given in Appendix Table A1. 

There was a negative relationship between floodgate openness and observed 

fish community differences above and below floodgates, such that fish communities 

differed more where floodgates opened less (Figure 4). For linear models with Bray-

Curtis community dissimilarities as the response variable, models with floodgate 

openness ranked highly in AICc model selection. Openness received the highest 

parameter weight (0.69) while site covariates received much less relative support (Table 

3). The model averaged openness parameter estimate was the only one with confidence 

intervals excluding zero. Based on model-averaged results, upstream and downstream 

fish communities were on average 23% more similar (less dissimilar) in fully connected 

sites when compared to sites where floodgates never or rarely opened (Table 3). 
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native fish species downstream of floodgates, so this would translate to approximately 

one fewer native species upstream if floodgates never opened. This model, however, 

shows a relative increase in upstream native species richness as floodgate openness 

increases, with little to no difference in upstream-downstream native species richness 
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level covariates nor floodgate openness appeared to have any effect on the response 

ratios of biomass or counts of native or non-native fish.  

Table 3 Summary of AICc model averaging output for fish community 
models 

Response Variable Parameter Parameter 
Estimate 

95% Confidence 
Interval 

Parameter 
Weight 

Bray-Curtis Community 
Dissimilarities 

Intercept  0.60 0.41 to 0.80 NA 

Mean Proportion Open -0.23 -0.43 to -0.03 0.69 
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stickleback, juvenile cyprinids, and sunfishes. The log-response ratio for prickly sculpin 

(Cottus asper) captures, however, indicated that relatively few sculpins were captured 

above floodgates that seldom opened compared to areas where they opened for longer 

periods (Table 3). If floodgates never opened, the model would estimate the upstream 

number of prickly sculpins at approximately one quarter of that found downstream, but if 

floodgates opened 80% of the day, on average there would be little to no difference in 

sculpin numbers above and below floodgates. 

 

Figure 6 Dissolved oxygen concentrations above/below floodgates and 
operations 

Dissolved oxygen concentrations (mg/L) measured ~15 m upstream (grey) and downstream 
(blue) of the floodgates plotted against the mean proportion of the day floodgates opened. The 
plotted line is based on a single linear model comparing upstream dissolved oxygen 
concentration with floodgate operations and is meant for visualization purposes. 

Water quality parameters (dissolved oxygen, temperature, conductivity, and 

salinity) were visualized against floodgate operations and site characteristics (Table A3). 
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Temperature, conductivity, and salinity above and below floodgates did not appear to 

vary with floodgate operations. Dissolved oxygen concentrations were on average lower 

above floodgates than below (Figure 6), with concentrations averaging at 4.11 (s.d. = 

2.91) mg/L above floodgates and at 6.77 (s.d. = 2.79) mg/L below floodgates. Linear 

modelling indicated that upstream dissolved oxygen concentrations were greater on 

average where floodgates opened more frequently or in sites without floodgates (Figure 

6, Table 4). Models including floodgate openness ranked highly based on delta-AIC 

scores and model averaging estimated a parameter weight of 0.93, indicating a high 

degree of support for an effect of floodgate operations on upstream dissolved oxygen. 

Based on the model averaged parameter estimate for floodgate openness (Table 4), 

dissolved oxygen concentrations were on average 5.9 times lower in reaches above 

floodgates that never or rarely opened compared to sites where there are no floodgates 

or where floodgates opened more frequently. Linear models and AICc model averaging 

did not indicate much support for an effect of floodgate operations on downstream 

dissolved oxygen concentrations (Table 4).  

Table 4 Summary of AICc model averaging output for upstream dissolved 
oxygen 

 Parameter Parameter 
Estimate 

95% Confidence 
Interval 

Parameter 
Weight 

Upstream Dissolved Oxygen Intercept  3.89 0.52 to 7.26 NA 

Mean Proportion Open 5.89 2.03 to 9.75 0.93 

Distance Upriver (km) -0.04 -0.09 to 0.01 0.40 

Watershed Area (km2) 0.03 -0.04 to 0.11 0.11 

% Watershed with Developed 
Land Use 

-2.28 -8.83 to 4.26 0.10 

Number of floodgates -0.11 -1.3 to 1.08 0.09 

Downstream Dissolved 
Oxygen 

Intercept 7.59 4.32 to 10.86 NA 

Number of floodgates -0.65 -1.43 to 0.14 0.42 

Mean Proportion Open 2.42 -1.05 to 5.89 0.33 

Watershed area (km2) 0.02 -0.05 to 0.09 0.17 
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4 Discussion 

These results demonstrate considerable variation in floodgate operations in the 

Lower Fraser River area of British Columbia, Canada, and that these operations can be 

related to their impacts on fish biodiversity and water quality. Floodgate operations 

varied substantially across sites, with most floodgates opening for less than one quarter 

of the day on average. Differences in fish communities above and below floodgates were 

more pronounced where floodgates were closed for more time. Furthermore, in sites 

where floodgates seldom opened, upstream fish communities had relatively fewer native 

species than at sites where floodgates opened more often. These findings provide 

evidence that impacts to fish communities can vary with the time that gates are open. 

Accordingly, there may be opportunities to mitigate impacts to tidal creek fish 

communities by altering floodgate operations. 

4.1 Floodgate Operations 

I found substantial variation in the opening patterns of floodgates throughout the 

region, with several floodgates remaining closed for weeks and others opening daily. 

While some floodgates opened for more than 50% of the day on average, almost half of 

the floodgates in this study opened for less than 20% of the day on average (Figure 2). 

Some of this variation may reflect the local scale at which floodgates are typically 

managed, with different designs and management routines employed in different locales 

(Bass 2010). The seasonal patterns of floodgate openings appeared to vary throughout 

the Lower Fraser region. For example, the three Fraser Valley sites typically opened for 

longer portions of the day but were closed during the freshet (Figure 3b). The four 

floodgates on the Pitt River, however, typically opened infrequently and for short periods 

of time (Figure 3c), while sites along the Coquitlam River opened for longer periods of 

time on average and appeared to vary most with tidal cycles (Figure 3d). Topography 

and floodgate elevation may be factor
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patterns. For example, many floodgates are situated in areas built upon reclaimed 

wetlands (rather than on creeks or sloughs) that historically would have been inundated 

for much of the year, and therefore must remain closed to keep the reclaimed land dry. 

Much of the land along the Pitt River was formerly wetland (DFO 1999) and is situated at 

or within several meters of sea level, which could partly explain why Pitt River floodgates 

tend to open less. The observed spatial variation may also be related to differences in 

management and operations across jurisdictions. In British Columbia, municipalities or 

local diking districts typically manage their own flood control works under the oversight of 

a provincial dike inspector, resulting in a diversity of floodgate designs and management 

routines (LGL Limited et al. 2009, The Fraser Basin Council 2010). Although some of the 

variation in opening patterns has previously been noted, there are a limited number of 

sites with pre-existing data on floodgate operations (Thomson 2005). My study 

represents a key step towards understanding variation in the operation of floodgates 

across this economically and ecologically important region. 

I found that Fraser River flow (i.e., mean daily discharge at Mission) was the 

most important factor determining observed floodgate operation (Table 2), and that 

floodgates were more likely to be closed during periods of high discharge in the 

mainstem. This pattern is likely due to the influence of the Fraser River freshet, a 

snowmelt-driven period of high flow in the spring and early summer, with typical daily 
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likely to be injured or killed (Thomson 1999). Thus, the temporal pattern of floodgate 

closures means that they can have disproportionately large impacts on juvenile salmon 

The spring freshet, however, does not appear to influence floodgate operations in 

the same way throughout the Lower Fraser (Figure 3). The position of a tributary within 

the Lower Fraser (i.e. distance from the ocean) may have had some importance to 

floodgate operations (Table 2). Other work has noted that floodgates positioned closer to 

the ocean are more likely to be controlled by tidal cycles (LGL Limited et al. 2009). 

Although the Fraser River is tidal to ~115 km from the ocean (Levings et al. 1995), the 

strength of the tides diminishes at locations further upriver. The data showed a trend 

towards floodgates opening longer on average at sites further upriver, and this could 

reflect differences in the influence of the freshet and the tides.  

The specifics of floodgate design and management are often discussed when 

considering how to alleviate impacts on fish passage and water exchange (Charland 
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the potential to produce high water velocities or to become inaccessible to fish if 

installation heights do not match water levels (Haro et al. 2004, Bass 2010). For 

example, culverts and floodgates might become ‘perched’ at low tide if the gates are 

installed higher than low tide depth, thereby preventing fish from travelling upstream 

through an open gate (Novak and Goodell 2007, Bass 2010). Conversely, if floodgates 

are installed too low, floodgates may remain underwater for long periods of time and 

therefore be prevented from opening (Giannico and Souder 2005). Many floodgates are 

also fitted with grates or trash racks that could block larger fish from passing through the 

floodgates, especially when debris is pilled against the racks.  Furthermore, the angle of 

floodgate opening could limit the size of fish that can pass through an open floodgate 

(Bass 2010, Greene et al. 2012). Future studies could investigate how much time fish 

passage is actually possible based on water velocity, gate opening angles, and the 

presence of other structural barriers. Such details could aid in crafting floodgate designs 

that would be better for fish passage.  

4.3 
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accommodating occasional flooding, managed retreat from flood-prone areas, and 

avoiding development in floodplains. In most areas along the Fraser River, the preferred 

option of local and provincial government representatives was to build more flood 

protection infrastructure given that allowing flooding will not be feasible in developed 

areas (Delcan 2012). These forthcoming flood infrastructure upgrades represent an 

opportunity to improve access to tidal creek habitat for native fishes while protecting 

people from floods. Recently, there has been increased interest in building fish-friendlier 

infrastructure in the Lower Fraser region (The Fraser Basin Council 2010). This study 

reveals opportunities to improve habitat for native fishes by altering floodgate operations.  

Many floodgate and pumping station designs have been created to improve fish 

passage, some of which also allow for water exchange across floodgates (Charland 

1998, Giannico and Souder 2005). Where there is sufficient available labour, the 

simplest option may be simply to chain a subset of floodgates open when there is no 

elevated flood risk although this poses a risk of human error; this is already employed at 

a few sites in the Lower Fraser. Another option is installing self-regulating tide gates 

(SRTs), which are designed to stay open for longer portions of the tidal cycle than 

traditional tide gates (Greene et al. 2012). Other designs involve installing a ‘pet door’ 

(i.e., a small orifice in the gate’s face) in a floodgate that allows fish to swim through 

even when the gates are closed, although this can be clogged with debris and requires 

regular maintenance (Giannico and Souder 2005). One of the more popular solutions for 

fish passage in the Lower Fraser is the installation of fish-friendly pumps. 

Fish passage has been addressed at several sites, including ones in this study, 

by installing fish-friendly pumps that are less likely to entrain and kill fish on their way 

downstream via the pumps (Thomson 1999). The main purpose of these pumps is to 

allow fish passage from the tributary to the mainstem. This could be important for 

juvenile salmonids, since the pumps are typically the only method of water exchange 

during the Fraser River freshet, when high water levels force floodgates closed. While 

fish-friendly pumps play an important role in allowing juvenile salmon to leave the 

system during the freshet, they do not allow bi-directional fish passage. Tidal creeks can 

represent important nursery habitats for rearing and protection from predators, and this 

role necessitates bi-directional fish movement. For example, Chinook salmon using tidal 
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Appendix.  
 
Supplemental Figures and Tables 

Camera Placement Details 

 

Figure A1. Brinno TLC200 time-lapse camera in weatherproof housing 
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Figure A2. Cameras were placed inside a protective housing like the one 
pictured here and locked to flood box accessory structures (e.g. 
grates and railings). At this site and several others, floodgates are 
located beneath a grate. The camera lens was positioned to focus 
on the gate(s) through holes in the grate. 
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Figure A3. An example of camera installation: Here the camera was locked to a 
railing above the floodgate. Ropes were used to angle the camera 
into a good position to focus on the floodgate below. At other sites, 
pieces of foam and zip ties were used to adjust camera angles. 
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Figure A4. Time series of observed floodgate openings for each site from July 2014 through July 2015. Sites are ordered 
by increasing distance from the ocean. Blank periods are due to dysfunction, vandalism, or preventative 
removal in late winter.
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Fish Capture Data Summaries 

Table A1 Summary of fish captures at each site listed by species 
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Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 6 16 69 

Salmonidae Chum salmon (Oncorhynchus keta) 5 39 55 

Coho salmon (Oncorhynchus kisutch) 1 - 67 

Upstream Centrarchidae Pumpkinseed (Lepomis gibbosus) 1 - 71 

Cottidae Prickly sculpin (Cottus asper) 1 - 62 
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West Creek 

Downstream Cottidae Prickly sculpin (Cottus asper) 8 59 84 

Juvenile sculpin (Cottus sp.) 1 - 80 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 4 22 42 

Salmonidae Bull trout (Salvelinus confluentus) 3 210 408 

Mountain whitefish (Prosopium williamsoni) 1 - 110 

Upstream Cottidae Juvenile sculpin (Cottus sp.) 2 26 31 

Centrarchidae Unidentified juvenile sunfish 2 28 37 

Cyprinidae Unidentified juvenile minnow 55 12 29 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 5 20 27 

Salmonidae Chinook salmon (Oncorhynchus tshawytscha) 1 - 80 

Coho salmon (Oncorhynchus kisutch) 1 - 63 
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Chillukthan 
Slough 

Downstream Centrarchidae Pumpkinseed (Lepomis gibbosus) 3 62 68 

Cottidae Prickly sculpin (Cottus asper) 82 17 97 

Juvenile sculpin (Cottus sp.) 1 - 21 

Cyprinidae Peamouth chub (Mylcheilus caurinus) 1 - 43 

Unidentified juvenile minnow 4 20 27 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 
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Unidentified juvenile minnow 10 26 43 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 78 22 56 

Pleuronectidae Starry flounder (Platichthys stellatus) 1 - 73 

Upstream Centrarchidae Black crappie (Pomoxis nigromaculatus) 2 < 20 87 

Cottidae Prickly sculpin (Cottus asper) 1 - 91 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 13 < 20 64 

Duncan-Bateson 
Slough 

Downstream Catostomidae Unidentified juvenile sucker  11 29 41 

Cyprinidae Northern pikeminnow (Ptychocheilus oregonensis) 4 89 147 

Redside shiner (Richardsonius balteatus) 2 67 72 

Unidentified juvenile minnow 55 < 20 34 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 6 20 56 

Upstream Cyprinidae Northern pikeminnow (Ptychocheilus oregonensis) 2 61 118 

 Unidentified juvenile minnow 4 20 28 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 638 16 51 

Fenton Slough 

Downstream Centrarchidae Largemouth bass (Micropterus salmoides) 10 43 
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Redside shiner (Richardsonius balteatus) 8 60 67 

Unidentified juvenile minnow 6 9 31 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 6 < 20 32 

Upstream 
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Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 160 21 40 

Upstream Centrarchidae Unidentified juvenile sunfish 1 - 52 

Cyprinidae Northern pikeminnow (Ptychocheilus oregonensis) 3 58 70 

Unidentified juvenile minnow 7 < 20 33 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 820 20 41 

Salmonidae Coho salmon (Oncorhynchus kisutch) 14 51 82 

Mundy Creek 

Downstream Centrarchidae Pumpkinseed (Lepomis gibbosus) 1 - 67 

Cottidae Prickly sculpin (Cottus asper) 6 70 90 

Juvenile sculpin (Cottus sp.) 3 < 20 23 

Cyprinidae Peamouth chub (Mylcheilus caurinus) 1 - 47 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 84 15 72 

Salmonidae Chum salmon (Oncorhynchus keta) 2 43 58 

Coho salmon (Oncorhynchus kisutch) 1 - 77 

Upstream Cottidae Prickly sculpin (Cottus asper) 1 - 100 

Cyprinidae Unidentified juvenile minnow 6 22 33 

Gasterosteidae Three-spined stickleback (Gasterosteus aculeatus) 192 17 54 

Nathan Slough 

Downstream Centrarchidae Largemouth bass (Micropterus salmoides) 1 - 211 

Pumpkinseed (Lepomis gibbosus) 2 82 8
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Wilson's Farm 
Slough 

Downstream Centrarchidae Largemouth bass (Micropterus salmoides) 1
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Site 
Mean proportion 
of the day gates 
opened 

Up/Down-
stream 

Total Fish 
Captured 

Total 
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Non-
native 
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Figure A5. PCA ordination plot of site characteristics by pump 
presence/absence 

Shown here is a Principal Components Analysis ordination plot displaying relationships between 
site characteristics. Points are colour-coded to represent the presence (filled squares) or absence 
(open squares) of pumping stations at a floodgate site. Green lines represent the loadings for the 
number of floodgates, the watershed area, the percentage of the watershed with developed land 
uses, and the distance from the ocean to the floodgate, labeled clockwise from the top.  
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Figure A6. 



 

65 

 

Figure A7. Loadings for Principal Component 1 
These are the loadings for the first principal component of a PCA performed on site 
characteristics of floodgate sites.  

 

 

Figure A8. Loadings for Principal Component 2 
These are the loadings for the second principal component of a PCA performed on site 
characteristics of floodgate sites.  

0.6117

watershed

dist.to.ogate.numbdeveloped- 1- 0 . 8- 0 . 6- 0 . 4- 0 . 200 . 20 . 40 . 60 . 8

L

o

ad

i

ng


