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Abstract

As part of flood protection and land reclamation schemes, tide gates allow rivers to discharge to sea when open, and prevent salt water intrusion when closed.  Their impact on diadromous fish migration between essential spawning and rearing habitats, and the effectiveness of mitigation measures, have received little consideration.  The River Meon, UK, discharges to sea through four top-hung counterbalanced tide gates.  In March 2012, the gates were replaced with new ones of the same design, but with an orifice installed in two of them partly to improve fish passage.  Sixty downstream migrating juvenile sea trout, Salmo trutta, were trapped approximately 4.9 km upstream of the tidal limit and tagged with acoustic transmitters in April 2011 (n = 30) and 2012 (n = 30).  Tagged individuals were detected by acoustic receivers placed near the tide gates before (year 1) and after (year 2) orifice installation.  Of the fish that approached the tide gates, 95.8% and 100.0% successfully passed in years 1 and 2, respectively.  The speed of migration at the gates was slower than for upstream and downstream reaches, and was positively related to percentage of time the gates were open.  Presence of the orifices did not influence delay.  Overall, top-hung tide gates delayed migration, potentially increasing the risk of predation and energy expenditure during the vulnerable juvenile life stage.  
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1. Introduction

Anthropogenic development has fragmented freshwater and estuarine environments, disturbing biogeochemical cycles and habitat structure via modified discharge and temperature regimes (Im et al., 2011; Poff and Hart, 2002), and altered sediment and nutrient transport (Konrad, 2009).  Infrastructure such as dams and barrages disrupt the movement of aquatic biota, including diadromous fish (Sheer and Steel, 2006) which migrate between marine and freshwater environments to spawn.  The influence of estuarine obstructions on fish migration, particularly tide gated culverts used for flood prevention and land reclamation, has received substantially less consideration than river structures.  

Tide gates form a temporal barrier to fish movement, closing when the tide floods and opening when hydraulic head differential becomes sufficient during the ebb (Giannico and Souder, 2005).  Tide gates physically prevent fish migration when closed, whilst often increasing upstream water temperature (Giannico and Souder, 2005; Tonnes, 2007) and thus susceptibility of fish to disease (Dietrich et al., 2014; Rees et al., 2014), decreasing dissolved oxygen (Portnoy, 1991; Tonnes, 2007), and masking tidal cues (Russell et al., 1998).  When tide gates are open, associated conditions such as accelerating flow velocities (Haro et al., 1998; Russon and Kemp, 2011), abrupt changes in salinity (Zaugg et al., 1985), sudden temperature gradients (Berggren and Filardo, 1993; Boyd and Tucker, 1998; Jonsson, 1991) and overhead cover (Kemp et al., 2005a) may cause stress and/or impede migration.  This may explain why tide gates can limit fish abundance, richness (Boys et al., 2012; Pollard and Hannan, 1994) and movement (Doehring et al., 2011) when compared to un-gated channels.   Previous studies have utilised nets (Boys et al., 2012; Easton and Marshall, 2000; Kroon and Ansell, 2006; Mouton et al., 2011; Pollard and Hannan, 1994; Roegner et al., 2010), mark-recapture (Halls et al., 1998) or Dual-frequency Identification Sonar (DIDSON) (Doehring et al., 2011) techniques primarily to study estuarine species native to the southern hemisphere (Boys et al., 2012; Doehring et al., 2011; Easton and Marshall, 2000; Kroon and Ansell, 2006; Pollard and Hannan, 1994) and USA (Raposa, 2002; Ritter et al., 2008; Rozas and Minello, 1998).  Unfortunately, these methodologies cannot track individuals and fail to quantify the efficiency of tide gate structures to allow free passage of diadromous fish.  Passage efficiency depends on:  1) attraction to an available route; 2) number of fish that pass as a proportion of those that approach; and 3) the time taken to pass, hereafter referred to as delay (Kemp and O'Hanley, 2010).  Delayed migration and congregation of fish at structures can increase potential for predation (Schilt, 2007) and energy expenditure (Congleton et al., 2002; Osborne, 1961), resulting in decreased fitness (Geen, 1975) and survival (Raymond, 1979).

Mitigation options for improving fish passage at river and estuarine infrastructure include fishways and bypass systems (Katopodis and Williams, 2012; Larinier, 2002).  Unfortunately, many of these are unsuitable at tide gates due to the cost of traversing high levees.  Top-hung gates can be replaced with side-hung doors and self-regulating valves that open wider for longer, but also at relatively high expense.  A variety of alternative gate modifications have been proposed, including counterbalances and  retarders that allow them to remain open for longer, and orifices that maintain connectivity and water mixing when they are closed.  To date, the effectiveness of these modifications for improving fish passage efficiency and reducing delay has not been reported.

This study aimed to assess the impact of 1) top-hung tide gates and 2) modifications on the downstream passage efficiency and delay of actively migrating juvenile sea trout (anadromous brown trout), Salmo trutta, commonly referred to as smolts.  In the UK, stocks of socio-economically important sea trout have suffered serious declines in a number of regions (Harris and Milner, 2006).  Therefore, sea trout provide a valuable model to study the impact of tide gates on the downstream migration of juvenile salmonids.  Specific objectives were to use acoustic telemetry to determine smolt passage efficiency past top-hung tide gates pre and post orifice installation and to quantify and compare delay through unimpeded (control) and tide gate (treatment) reaches within a UK chalk stream.  The results will help inform river managers of the impacts of tide gates on fish migration, and indicate how potential mitigation could be achieved.   

2. Materials and methods

2.1. Study site

During the study period, the River Meon, located in Hampshire, UK (50° 49' N; -1° 14' E; Fig. 1), had a mean (± SD) daily discharge at Mislingford (13.0 km upstream of the tidal limit) of 0.85 (± 0.10) m3 s-1 (April 2011) and 0.53 (± 0.22) m3 s-1 (April 2012).  Based predominately on a chalk aquifer, the river rises near East Meon and flows 31 km south to discharge into the Solent at Hill Head via four counterbalanced top-hung tide gates (each gate: height = 1.7 m, width = 2.3 m, Fig. 2a).  The tide gates remained open for 5.2 ± 0.3 h (mean ± SD) and 5.1 ± 0.2 h each tidal cycle at an angle of 42.0 ± 9.8 o and 45.3 ± 10.3 o, in April 2011 and 2012, respectively.  At Fishers Hill, approximately 4.9 km upstream from the tidal limit, the ‘Natural Channel’ bifurcates into a manmade ‘Canal’.  The river is designated a Site of Importance for Nature Conservation, a Site of Special Scientific Interest at Titchfield Haven Nature Reserve (Fig. 1), and has an established annual sea trout smolt run during March and April (Environment Agency, pers. comm.).  In March 2012, the Environment Agency replaced the tide gates, with the addition of a 300 mm diameter circular orifice in gates 1 and 4 (Fig. 2b) to prevent avian disease from Clostridium botulinum toxins by increasing tidal incursion upstream (Jubilo and Lamarque, 1999), and to aid diadromous fish passage.  The orifices remained fully open throughout each tidal cycle. 
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Fig. 1. The lower River Meon in Hampshire, UK, flowing through Titchfield Haven into the Solent.  Acoustic receivers 1 – 6 (    ) were deployed to assess the passage efficiency and delay of seaward migrating juvenile sea trout (smolts) released approximately 4.9 km upstream of receiver 1 at Fishers Hill (not shown).  The speed of migration through control reaches A (receivers 1-3) and C (receivers 5-6) in April 2011 and 2012 were compared with those through the treatment reach B (receivers 3-5) containing 4 tide gates, with the addition of 2 orifices in year 2.  
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Fig. 2. (a) Four counterbalanced top-hung tide gates on the River Meon at Hill Head, Hampshire, UK in 2011 (year 1), pre installation of orifices; (b) orifices were installed in two of the gates in 2012 (year 2).  

2.2. Fish capture and telemetry

Actively migrating wild smolts were caught at Fishers Hill during five nights between 6 and 12 April 2011 (year 1) and three nights between 3 and 5 April 2012 (year 2).  Winged fyke nets with a fine mesh (1 mm) catch box (height = 1.0 m, width = 0.5 m, length = 0.5 m) at the distal end were deployed in the Canal and Natural Channel during darkness between 2100h and 0300h British Summer Time (BST) and checked every hour.  In both years, a total of 30 smolts were retained for tagging, 10 and 11 from the Natural Channel and 20 and 19 from the Canal in years 1 and 2, respectively.

Smolts were held in aerated water at ambient river temperature for a maximum of 1 hour prior to being anaesthetised with MS-222 (100 mg L-1; buffered to pH 7.0 with NaHCO3) and mass and fork length (FL) measured (n = 30, FL [mean ± SD] = 195.3 ± 14.8 mm, mass = 77.3 ± 17.4 g in year 1; n = 30, FL = 202.0 ± 14.0 mm, mass = 78.7 ± 14.9 g in year 2).  Smolts were then tagged with an acoustic transmitter (Vemco, Nova Scotia, Canada; Model V7-2L, 7 mm diameter, 18.5 mm length, 1.6 g mass, 0.75 g weight in water, 30 second pulse rate) via a ventral incision sutured with 5-0 coated Vicryl absorbable sutures (Ethicon, New Jersey, USA), in compliance with UK Home Office regulations under the Animals (Scientific Procedures) Act 1986.  Mean (± SD) transmitter mass was 2.2% (± 0.5%) of smolt body mass in year 1, and 2.1% (± 0.3%) in year 2.  Mean (± SD) transmitter length was 9.5% (± 0.7%) of FL in year 1 and 9.2% (± 0.6%) of FL in year 2.  After surgery, smolts recovered from the effects of anaesthesia in an aerated water container for a maximum of 1 hour before being released downstream of the respective capture net during the hours of darkness.  

To assess the impact of the tagging procedure on survival and to quantify tag retention, a separate sample of smolts (n = 20, FL = 193.2 ± 11.0 mm, mass = 75.9 ± 15.0 g in year 1; n = 12, FL = 204.5 ± 12.0 mm, mass = 81.6 ± 16.9 g in year 2) were implanted with ‘dummy tags’ (inactive tags with equivalent dimensions, mass and shape to the transmitters - Vemco, Model V7-2L) using the same method for active tagging.  Smolts implanted with dummy tags were held in in-stream containers with a through-flow of river water for seven days and fed with mealworm once daily.  Mean (± SD) dummy tag mass was 2.2% (± 0.4%) of smolt body mass in year 1, and 2.0% (± 0.3%) in year 2.  Mean (± SD) dummy tag length was 9.6% (± 0.5%) of smolt FL in year 1, and 9.1% (± 0.5%) in year 2.  Dummy tagged fish showed 100% tag retention (n = 32) and 3.1% mortality (n = 1).  

Six stationary acoustic receivers (Vemco, Model VR2W, 69 kHz) were anchored to the river bed in Titchfield Haven Nature Reserve and Hill Head Harbour (Fig. 1), from 4 April to 23 August 2011 and 3 April to 25 June 2012.  Floats were used to orientate the hydrophone upwards in the water column, except for Receiver 5 which was attached to a buoy and allowed to rise and fall with the tide whilst facing the river bed.

Detection range and efficiency were tested under the prevailing environmental conditions at all six receivers during the first week of April in both years.  Range was defined as the maximum lateral (across the river width) and longitudinal (upstream to downstream) detection distance of tags submerged at approximately 30% and 60% water depth at regular intervals from each receiver whilst noting time and GPS coordinates.  Lateral range extended to the river banks adjacent to each receiver.  Maximum longitudinal detection radius was 118 m in year 1 and 125 m in year 2 (Table 1).  Because fish may have actively swam past the receivers (Davidsen et al., 2005; Svendsen et al., 2007), tags submerged at approximately 30% and 60% depth were towed behind a motor boat at 1 m s-1, similar to the sustained swimming speed of a 150 mm brown trout (1.17 m s-1 at 10oC) (Clough and Turnpenny, 2001).  Detection efficiency, defined as the proportion of tags identified within maximum range of each receiver, was 100% at all receivers except receiver 4 where towed tags were not detected at the furthermost bank.  Detection efficiency of tagged fish was 100% at all receives in both years with the exception of receiver 3 where efficiency was 95.7% in year 1 and 91.7% in year 2.  

Table 1. The maximum tag detection range of 6 acoustic receivers deployed in the lower River Meon, UK, in April 2011 (year 1, pre orifice installation) and April 2012 (year 2, post orifice installation) with inaccessible areas (-).

	
	Maximum Longitudinal Detection Range (m)

	Receiver No.

	Year 1
	
	Year 2

	
	Upstream
	Downstream
	
	Upstream
	Downstream

	1
	106
	90
	
	106
	90

	2
	118
	94
	
	125
	106

	3
	94
	-
	
	94
	-

	4
	75
	15
	
	75
	15

	5
	38
	62
	
	38
	75

	6
	56
	-
	
	63
	-




2.3. Environmental variables

Water conductivity, temperature, pressure and barometric pressure were logged (Solinst, Ontario, Canada; Models LTC Levelogger Junior 3001 and Barologger Gold 3001) at 10 minute intervals either side of the tide gate structure from April to June 2012.  Due to logger malfunction, these variables were only recorded downstream of the gates from April to August 2011.  Angle of tide gate opening was logged at 2 minute intervals during the same period using tri-axial static acceleration loggers (Onset, Massachusetts, USA; Model UA-004-64), and calibrated against manual angle measurements using a tape measure at low tide each week throughout April 2011 and 2012.  Discharge in the River Meon was recorded at 15 minute intervals at the Environment Agency gauging station at Mislingford.

2.4. Data analyses 

2.4.1. Passage efficiency

Passage efficiency was calculated as the number of fish detected at receiver 5 as a percentage of those recorded at receivers 3 or 4 (Fig. 1).
2.4.2. Delay

The lower River Meon was divided into control reaches A and C, respectively upstream and downstream of treatment reach B that contained the tide gates (Fig. 1).  The speed of migration was calculated for each reach as the quotient of the distance (m) separating upstream and downstream receivers and duration (s) between first detection at each, with the exception of reach C where duration between first detection at receiver 5 and last detection at receiver 6 was used.  When tags were not detected at receiver 3 (n = 3), first detection at receiver 4 was used to calculate speed of migration through reaches A and B.  Mean discharge (Qfish) and water temperature (Tempfish) during passage through each reach were calculated for individual fish.  

Kolmogorov-Smirnov tests indicated that speed of migration, Qfish, and Tempfish were not normally distributed.  Due to being robust to deviations from normality when sample size is equal (Harwell et al., 1992), mixed-measures ANOVAs with Greenhouse-Geisser correction were used to test for differences in speed of migration,  Qfish, and Tempfish between reach (controls: A and C; treatment: B) and year (year 1: pre modification; year 2: post modification).  Levene's test indicated that variance was homogenous between years (P > 0.05).  Bonferroni correction was applied when making pairwise comparisons between multiple groups.
	
Because the size of apertures did not vary considerably between gates, or throughout the period of opening, gates were classed as open or closed.  The percentage of time gates were open (GO%) during passage through each reach was calculated for individual fish.  Similarly, the influence of diurnal periodicity was considered by calculating the percentage of time it was night (N%) during the migration of individual fish through each reach.  

To increase statistical power, data from both years were aggregated in multiple regression models developed to explore the relationships between speed of migration and the confounding variables (FL, Qfish, Tempfish, GO%, N%) in reaches A and B.  Additional multiple regression models used data from each year separately to assess these relationships within years.  Year and date/time of detection were omitted from regressions due to colinearity with discharge (Pearson’s r: r > 0.9).  FL did not vary between years (t46 = -1.61, P > 0.05), had no independent relationship with speed, and was thus excluded from further analysis.  Where Kolmogorov-Smirnov tests indicated that standardised residuals were not normally distributed (P < 0.05), regressions with outliers removed corroborated the results.  Regression analyses were reported as unstandardised B coefficients and 95% confidence intervals (CI) with variance (R2) indicated as percentages.

Independent t-tests were used to assess the influence of tide gate position (open or closed) and the time of day (day or night) when fish entered the treatment reach (B) (first detection at receiver 3 or 4) on the speed of migration, and to compare conductivity and water temperature up and downstream of closed tide gates in year 2.

3. Results

3.1. Passage efficiency

In total, 25 of the 30 tagged smolts were detected in Titchfield Haven in both years.  Of these, one individual in year 1 exhibited anomalous detections indicating likely mortality and was excluded from further analysis.  Of the fish caught and released in the Natural Channel, 90.0% (n = 9) in year 1 and 84.8% (n = 10) in year 2 reached the acoustic receivers at Titchfield Haven.  For fish caught and released in the Canal, 75.0% (n = 15) in year 1 and 82.3% (n = 14) in year 2 were detected at Titchfield Haven.  Passage efficiency at the tide gates was 95.8% and 100% in years 1 and 2, respectively.    

3.2. Delay

Speed of migration was greater through the control reaches (A and C) than the treatment (B) (Table 2) (F2, 74 = 15.13, P < 0.001), with no difference between the control reaches within both years (P > 0.05) (Fig. 3).  Speed of migration through each control reach did not differ between years (F1, 46 = 0.18, P > 0.05).  Post entry to reach B (first detection at receiver 3 or 4), 60.9% and 62.5% of smolts were detected by receivers upstream, with 28.6% and 66.7% of these being detected as far upstream as receiver 1 in years 1 and 2, respectively.





Table 2. The mean ± SD speed and duration of migration, Qfish and Tempfish for acoustic tagged sea trout smolts migrating downstream in the River Meon, Hampshire, UK in year 1 (pre orifice installation, n = 23) and year 2 (post orifice installation, n = 25) through two reaches with no structures present (A and C) and one reach with tide gates (B) in April 2011 and 2012.

	Year
	Reach
	Distance (m)
	Structures
	Speed (m s-1)
	Duration (h)
	Qfish (m3 s-1)
	Tempfish (oC)

	1
	A
	581
	None
	0.15 ± 0.15
	4.06 ±   4.89
	0.88 ± 0.04
	13.06 ± 1.29

	
	B
	125
	Tide gates
	0.02 ± 0.04
	6.48 ±   9.16
	0.88 ± 0.05
	13.38 ± 1.80

	
	C
	50
	None
	0.17 ± 0.17
	2.88 ± 11.99 
	0.88 ± 0.05
	13.32 ± 1.94

	2
	A
	581
	None
	0.12 ± 0.20
	5.39 ±   4.47
	0.43 ± 0.04
	10.04 ± 0.45

	
	B
	125
	Tide gates
	0.04 ± 0.09
	23.74 ± 34.03
	0.42 ± 0.03
	10.36 ± 0.70

	
	C
	50
	None
	0.22 ± 0.24
	2.85 ±   8.65
	0.42 ± 0.04
	10.58 ± 1.20
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Fig. 3. Mean ± SE speed of migration of 23 sea trout smolts in year 1 (pre orifice installation) (      ) and 25 smolts in year 2 (post orifice installation) (      ) through two control river reaches with no obstructions (A and C) and one treatment reach with tide gates (B) in the lower River Meon, Hampshire, UK in April 2011 and 2012.  

Mean (± SD) Qfish did not differ between reaches (F1.3, 60.16 = 1.68, P > 0.05) but did differ between years (F1, 46 = 1743.09, P < 0.001) with year 1 (0.88 [± 0.04] m3 s-1) being higher than year 2 (0.42 [± 0.04] m3 s-1) (Table 2).  Mean (± SD) Tempfish was lower in reach A (11.49 [± 1.79] oC) than reach B (11.81 [± 2.02] oC) (F1.6, 72.2 = 4.08, P < 0.05) and differed between years (F1, 46 = 72.71, P < 0.001) with year 1 (13.25 [1.68] oC) being higher than year 2 (10.33 [± 0.86] oC) (Table 2). 

When data from both years were aggregated, Qfish, Tempfish, GO% and N% accounted for 19.8% of the variance in speed of migration through reach A and 40.8% through reach B, with GO% being the only significant correlate (reach A: B = 0.002, CI = 0.000 – 0.003, P < 0.05; reach B: B = 0.001, CI = 0.000 – 0.002, P < 0.001), with the exception of N% in reach B (B = 0.000, CI = 0.000 – 0.001, P = 0.05). 

Qfish, Tempfish, GO% and N% explained 34.8% and 49.3% of the variation in speed of migration through reach A, and 46.9% and 64.8% through reach B, in years 1 and 2, respectively.  GO% was the most significant correlate in reach B in both years (year 1:  B = 0.001, CI = 0.000 – 0.001, P < 0.05; year 2: B = 0.002, CI = 0.001 – 0.003, P < 0.01) and reach A in year 2 (B = 0.004, CI = 0.002 – 0.007, P < 0.01).  Speed of migration was positively related to N% through reach A in year 1 (B = 0.002, CI = 0.000 – 0.004, P < 0.05) and reach B in year 2 (B = 0.001, CI = 0.000 – 0.002, P < 0.05). 

There was no difference in speed of migration through reach B between fish entering during day or night (year 1: t13.2 = -1.34, P > 0.05; year 2: t11.2 = 1.58, P > 0.05), or when the gates were open or closed (year 1: t8.3 = -1.72, P > 0.05; year 2: t13.0 = -1.84, P > 0.05).  Four smolts (17.4%) that entered reach B at night whilst the tide gates were closed subsequently passed during the day.

When closed, mean (± SD) water temperature upstream of the tide gates in year 2 did not differ from downstream (10.2 ± 1.0 oC, t3130 = -0.31, P > 0.05).  Mean (± SD) conductivity upstream of closed gates in year 2 (29.9 ± 10.4 mS cm-1) was marginally lower than downstream (31.6 ± 10.3 mS cm-1) (t3130 = -4.53, P < 0.05).  

Whilst in reach B, more fish were first detected by receiver 4 when the tide gates were open than closed in year 2 (84.0%) compared to year 1 (60.9%) (Table 3; Fig. 4).  Fish that first approached when the gates were open were more likely to take longer than one tidal cycle to pass in year 2 (66.7%) than in year 1 (28.6%).  When fish were first detected at receiver 4 when the gates were open, the mean (± SD) time taken to pass downstream was 4.73 (± 9.36) h in year 1, and 22.63 (± 34.25) h in year 2.


Table 3. Sea trout smolt delay before passage through the tide gate structure in the River Meon, UK in year 1 (April 2011, pre orifice installation) and year 2 (April 2012, post orifice installation) and gate position when first detected at receiver 4 (immediately upstream of the tide gates).

	Category
	Gate Position
	Delay Before Passage
	Fig.
	Number of Fish

	
	
	
	
	Year 1
	Year 2

	1
	Open
	< 1 h
	4a
	7
	4

	2
	Open
	1 h to end of tidal cycle
	4b
	3
	3

	3
	Open
	> 1 tidal cycle
	4c
	4
	14

	4
	Closed
	< 1 h
	4d
	6
	1

	5
	Closed
	1 h to end of tidal cycle
	4e
	2
	1

	6
	Closed
	> 1 tidal cycle
	4f
	1
	2





	1
[image: ][image: ]
[image: ][image: ][image: ][image: ]Fig. 4. Sea trout smolt movements (        ) during approach to, and passage through, the top-hung tide gate structure in the lower River Meon, Hampshire, UK, during gate angles (        ) that vary with the tidal cycle. Smolt movement patterns were classified into 6 groups, each demonstrated by an individual fish: (a) minimal delay before passage (within 1 h) with gate open on approach to structure (detection at receiver 4); (b) intermediate delay (passage after 1 h and within the same tidal cycle) with gate open; (c) extensive delay (passage after more than one tidal cycle) with gate open; (d) no delay before passage with gate closed on approach; (e) intermediate delay before passage with gate closed; (f) extensive delay before passage with gate closed.

4. Discussion

Although tide gates are used worldwide (e.g. Belgium, Mouton et al., 2011; North America, Giannico and Souder, 2005; Australia, Kroon and Ansell, 2006; New Zealand, Doehring et al., 2011), this study is the first to quantify their impact on diadromous fish passage efficiency and delay.  While passage efficiency was high in both years (95.8% - 100.0%), sea trout smolts experienced considerable delay at the tide gates, and this was not reduced by installation of orifices designed to increase fluvial connectivity.

Mitigation of obstructions to fish passage is a key fisheries management challenge (Kemp and O'Hanley, 2010). While evaluation of the effectiveness of various mitigation measures, i.e. different fish pass and screen designs, are relatively common (e.g. Noonan et al., 2012), the impact of unmitigated infrastructure on downstream salmonid migration is seldom quantified (see Aarestrup and Koed, 2003, for an exception).  Instead, assumptions of impact tend to be accepted based on anecdote or broad scale qualitative observation of changes in abundance and diversity of target species.  In this study, the passage efficiency at temporal barriers to fish migration created by tide gates was high.  

Passage via small-scale weirs and sluices at dams may represent an appropriate analogue with which to compare the results obtained, although comprehensive quantification of these structures is also scarce.  Where such studies have been conducted, passage efficiencies are variable.  For example, at the Hunderfossen dam in south-east Norway, 100% of radio tagged hatchery-reared sea trout smolts passed via bottom and surface release spill gates (Arnekleiv et al., 2007).  For wild and stocked sea trout smolts, respectively, the passage efficiencies of low-head weirs ranged from 46 to 90% (low flows) and 92 to 100% (standard flows) on the River Tweed, UK (Gauld et al., 2013), and 29 to 82% for stocked sea trout smolts in two Danish rivers (Aarestrup and Koed, 2003).  Even fewer studies consider salmonid passage efficiency at temporal estuarine barriers.  In one example, 100% (1994) and 78.3% (1995) of Atlantic salmon, Salmo salar, and sea trout smolts passed the Tawe barrage, UK (Moore et al., 1996).  As with tide gates, opportunities for fish to pass the barrage via a navigation lock or over weirs and a fish pass were intermittent.   The high passage efficiencies recorded in the current study may to some extent be explained by the relatively large mean apertures of the gates when open (42 - 45 o).  Lower passage efficiencies may be expected for alternative tide gate designs, including other top-hung gates that only open wide during the early stages of the ebb tide.   

Despite high passage efficiency, smolts were substantially delayed at the tide gates.  The temporal functioning of the gates exerted the greatest influence on speed of migration in both the upstream control and treatment reaches.  Tide gates physically block the movement of fish when closed whilst modifying tidal migratory cues (Russell et al., 1998), flow velocities, and thermal and salinity gradients (Giannico and Souder, 2005), all of which may influence speed of migration.  Changes in flow regimes (Arnell, 2004), increasing demand for abstraction (Weatherhead and Knox, 2000; Wilby et al., 2006), and sea level rise (Nicholls et al., 1999) will likely cause tide gates to remain closed for longer in the future.  

Speed of migration in the present study was greater at night, supporting the results of a number of smolt studies (e.g. sea trout, Moore et al., 1998; Atlantic salmon, Thorstad et al., 2012).  It is proposed that nocturnal migration may be an adaptive strategy to avoid visual predators (McCormick et al., 1998) and UV radiation damage (Zagarese and Williamson, 2001) in the absence of increased water depths and turbidity.  A number of fish that approached closed tide gates at night were delayed until they were able to subsequently pass the open structures the following day.

Even when tide gates were open, the majority of smolts did not pass immediately, reflecting the influence of migratory behaviour.  Salmonid smolts actively avoid continuous overhead cover (Greenberg et al., 2012; Kemp et al., 2005a) and accelerating flow (Haro et al., 1998; Kemp et al., 2005b), features commonly created at tide gates.  Further, larger scale site specific characteristics may have been influential.  Changes in direction of flow and water levels, as the tide gates open and close, may have the potential to cause disorientation.    

Delay can have a number of negative impacts, such as increasing predation risk, particularly from piscivorous birds (Koed et al., 2006; McKay et al., 2003; Stewart et al., 2005) such as those which inhabit Titchfield Haven Nature Reserve.  Delay can also increase energy expenditure (Congleton et al., 2002), susceptibility to disease (Plumb et al., 2006), and cause mismatch between the onset of oceanic feeding and productivity (Jonsson and Jonsson, 2004), decreasing post smolt survival (Budy et al., 2002).

Modification of tide gates through installation of the orifices did not increase speed of migration.  However, river discharge varied between years, and therefore further assessment should be carried out to establish the orifices’ impact under a wider range of hydrological conditions.  Saline intrusion upstream of the gates was high post modification.  Enhanced opportunity for gradual acclimation to sea water upstream of tide gates will likely be advantageous, reducing the potential for osmotic shock when encountering an abrupt salinity transition, a condition that may reduce swimming performance (Brauner et al., 1992, 1994), ability to evade predators (Handeland et al., 1996) and overall survival (Otto, 1971).

4.1. Conclusions

In this study, the first to fully quantify the impact of tide gates on diadromous fish passage efficiency and delay, the following was found:

· Sea trout smolt passage efficiency at tide gates was high.
· Gates delayed smolt migration.
· The period of gate closure was the most significant factor in migratory delay, suggesting that smolts would benefit from the installation of modifications or gates that remain open for a longer proportion of the tidal cycle, such as retarders, side-hung doors, or self-regulating gates.
· Even in the vicinity of open gates, smolt migration was delayed, illustrating the influence of a behavioural component.
· The installation of orifices into tide gates to extend the period of connectivity and extent of saline intrusion did not reduce delay.
· Further research is needed to assess the impact of tide gates on other life stages and species. Assessment of the orifices would benefit from supplementary study across a variety of hydrological regimes, and fine-scale investigation into fish behaviour at tide gates is also required to improve development of appropriate environmental impact mitigation technology.
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