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ABSTRACT
Key-words: Understanding intraspecific variability in fish somatic growth rates is im-
roach, portant as growth is a key life history trait that plays a fundamental role
chub, in many biological and ecological processes. Here, the influence of envi-
disturbance, ronmental and chemical parameters was tested on intraspecific variability
somatic growth, in growth rates of the cyprinid fishes roach Rutilus rutilus, chub Squal-
environmental ius cephalus and dace Leuciscus leuciscus across 13 rivers in England,
change and also compared with those for barbel Barbus barbus from the same

rivers. Outputs indicated that growth rate responses to the parameters
were species-specific, with more significant effects generally detected on
juvenile growth than lifetime growth. For R. rutilus and S. cephalus, lat-
itude (as a surrogate of temperature) was the most significant predictor
of their growth rates, with growth rates decreasing as latitude increased.
Contrary to prediction, aspects of degraded water quality accelerated the
growth rates of these fishes, except in B. barbus, although concentrations
of nitrogenous compounds were below toxicity thresholds. This empha-
sizes the ability of populations of these cyprinid fishes to tolerate some
environmental disturbances and, in entirety, suggests that the intraspe-
cific variability in the growth rates of these fishes is significantly influenced
by abiotic parameters and their association with levels of anthropogenic
disturbance.

RESUME

Influences de parameétres environnementaux et chimiques sur les modéles de croissance
spatialisés de quatre cyprinidés fluviaux

Mots-clés : Comprendre la variabilité intraspécifique des taux de croissance somatique de
gardon, poissons est important car la croissance est un trait d’histoire de vie clé qui joue
chevesne, un role fondamental dans de nombreux processus biologiques et écologiques.
perturbation, Ici, I'influence des paramétres environnementaux et chimiques a été testée sur la

variabilité intraspécifique des taux de croissance des cyprinidés, gardon Rutilus
rutilus, chevesne Squalius cephalus et vandoise Leuciscus leuciscus de 13 rivieres
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croissance en Angleterre, mais aussi sur ceux du barbeau Barbus barbus des mémes rivieres.
somatique, Les résultats indiquent que les réponses des taux de croissance a ces parameétres
changements sont spécifiques de I'espéce, avec des effets plus importants généralement détec-

environnementaux tés sur la croissance des juvéniles que ceux détectés sur la croissance sur toute la
vie. Pour R. rutilus et S. cephalus, la latitude (comme substitut de la température)
est le facteur prédictif le plus important de leur taux de croissance, avec des taux
de croissance diminuant & mesure que la latitude augmente. Contrairement a la
prédiction, I'aspect dégradé de la qualité de I’eau accélére les taux de croissance
de ces poissons, sauf pour B. barbus, alors que les concentrations des composés
azotés sont inférieures aux seuils de toxicité. Cela souligne la capacité des popu-
lations de ces cyprinidés a tolérer certaines perturbations de I’environnement et,
en tout cas, suggere que la variabilité intraspécifique dans les taux de croissance
de ces poissons est fortement influencée par des parameétres abiotiques et leur
association avec le niveau de perturbation anthropique.

INTRODUCTION

Identifying the factors affecting fish growth rates is important ecologically due to the im-
portance of growth as a key life history trait and its role in, for example, production and
juvenile recruitment (Brandt et al., 1992; Berkeley et al., 2004). In the freshwater phase
of stream-dwelling salmonid fishes, biotic factors are important determinants of individual
growth rates due to, for example, competition for territory and food (Keeley, 2001; Richard
et al., 2015). These density-dependent effects are usually detected via impaired growth
(Richard et al., 2015). For riverine populations of cyprinid fish populations in temperate rivers,
density-dependent processes tend to be less evident, due in part to the influence of climatic
factors during the early-life phases of cohorts that regulates their recruitment, often resulting
in low survivorship and, subsequently, relatively low competition for food resources (Nunn
et al., 20083, 2007). In these fish communities, environmental factors (e.g. river flow, temper-
ature) and changes in water chemistry (e.g. nutrient enrichment arising from anthropogenic
disturbances) tend to be more important influences on fish ecology generally and growth
specifically (Lappalainen et al., 2008; Britton et al., 2013).

Spatially, the influence of latitude on water temperature is recognised as a major determinant
of fish growth rates in the northern hemisphere (Blanck and Lamouroux, 2007; Lappalainen
et al., 2008; Carmona-Catot et al., 2011), with a general pattern of reduced growth with in-
creased latitude due to lower temperatures and shorter growth seasons ((Blanck and Lam-
ouroux 2007; Lappalainen et al., 2008; Carmona-Catot et al., 2011). Nevertheless, anthro-
pogenic activities that modify physical habitats and water quality can also strongly influence
growth rates due to the shifts in geomorphic, hydrologic and chemical characteristics of rivers
that result in significant changes in the structure and function of fish communities (Welcomme
et al., 2006; Beardsley and Britton, 2012; Britton et al., 2013). Moreover, considerable inter-
specific differences are often evident (Magalhdes et al., 2003; Simkova et al., 2006) with, for
example, species such as roach Rutilus rutilus tending to grow faster and dominate low-
land river fish communities receiving high nutrient loads (Willemsen, 1980; Beardsley and
Britton, 2012), with species such as European barbel Barbus barbus increasing their growth
rates and importance in communities as loadings decrease (Britton et al., 2013). Neverthe-
less, there remains considerable spatial uncertainty over the respective responses of species
within cyprinid fish communities to these anthropogenic disturbances (Britton, 2007).

Fish growth rates vary throughout their life due to the resource trade-off between growth and
other life history traits (Roff, 2000). The trade-off between growth and reproductive traits is
particularly important (Roff, 1983, 2000; Britton et al., 2013), with juvenile fish investing en-
ergy primarily in somatic growth to maximise their early-life growth and ontogenetic develop-
ment; with sexual maturity, increased energy is invested in gonad development, reducing so-
matic growth rates and, potentially, shifting the intensity of how exogenous factors influence
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their growth patterns (Partridge et al., 1991; Glazier, 1999). Consequently, the response of
fish growth rates to abiotic variables might show considerable variability across different life
phases, such as between juveniles and adults (Roff, 1983, 2000).

The aim of this study was to thus identify how growth rate metrics for a range of cyprinid
fishes were impacted by environmental parameters and water chemistry. Focusing on R. ru-
tilus, dace Leuciscus leuciscus and chub Squalius cephalus, the study areas were a series of
lowland rivers in England that were also used in the study of Britton et al., (2013) on B. barbus,
thus enabling comparison of growth rate patterns across four cyprinid species. The objectives
were to: (i) identify spatial patterns in the growth rates of these species over their life-span and
in their juvenile life stages; and (ii) test the influence of a range of environmental and chemical
parameters on these spatial growth patterns. We test the hypothesis that latitude and water
chemistry have significant influences on the growth rates of these fishes, with faster growth
rates at lower latitudes and in rivers with metrics indicating improved water quality.

MATERIALS AND METHODS
>FISH POPULATION SAMPLING AND INITIAL DATA ANALYSES

The study was based on the rivers used in Britton et al. (2013) which used data on B. barbus
growth rates from 13 rivers in England for which sufficient abiotic data were also available for
subsequent testing (Tables | and Il). Their actual locations in England are available in Britton
et al. (2013). The data used here for R. rutilus,S. cephalus and used L. leuciscus were available
from stock assessment exercises completed by the Environment Agency of England in 2005,
with each river sampled once using DC electric fishing (hand-held or boat mounted depending
on the size of the river). All fish captured were netted and processed before being returned
to the river, where processing involved fish identification to species, measuring fork length
(nearest mm) and removing 3 to 5 non-regenerated scales for subsequent age and growth
analysis. In these surveys, sexual differentiation of the fishes could not be completed and so
the growth analyses are for combined sexes.

Scales were aged on a projecting microscope; to minimise errors in age estimation, a quality
control procedure was utilised as described in Musk et al. (2006) and all scales were viewed
for an individual fish prior to its age determination. Agreement in ages during the quality con-
trol procedure were always above 90% for fish up to the age of 6 years old but were reduced
thereafter; values for each age then varied between 65 and 89% with a general pattern of re-
duced agreement with age. The age ranges of the species also varied, with R. rutilus present
in samples to age 14 years, S. cephalus to 18 years and L. leuciscus to 8 years, with their
annual growth increments decreasing markedly with age, with minimal increases at advanced
ages. This combination of this decreased growth and issues with age agreement meant that
data for older fish in samples were not included in subsequent analyses, with R. rutilus and
S. cephalus included up to 10 years and L. leuciscus 6 years. Following ageing of the scales,
they were measured to allow lengths at age to be derived by back-calculation using the scale
proportional method (Francis, 1990).

For each species in each river, the growth analyses were completed by determining two mea-
sures of growth rate, with statistical complications (e.g. auto-correlation, pseudo-replication)
from using repeated measurements from individual fish in the same test (i.e. all growth incre-
ments gained from back-calculated lengths) eliminated by use of only one growth metric per
individual fish in subsequent analyses (Beardsley and Britton, 2012). The first growth metric
was the determination of the mean standardized growth residuals for each river per species
(Jones, 2000; Benstead et al., 2007; Storm and Angillett, 2007). For each species, this re-
quired the length at age data for all rivers (restricted upper ages; rationale already described),
with the mean length at each age determined using the log-log quadratic function of Vilizzi
and Walker (1999) who identified this as the most precise and biologically meaningful growth
model of five quadratic functions (Vilizzi et al., 2013). Whilst the von Bertalanffy growth model
could have been used as an alternative for this, a preliminary examination of its use revealed

12p3



C. Liu et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 12

02’0 F9¥'0- €l 0C0FVL'O- | VS lc0¥20 89 12’0 FG0°0— 9G G1'0¥80°0 €l ¢c’0+ .00~ 89 asnQ 1v
9v'0 F G¥'0- 44 GE0F0CH | €I - - - - €7'0 F00°0 6¢ er'0FE€L0 Gc UoAY g
8L°0 F 670 c6 0c0F€L0- | 89 Z1'0¥60°0 el 9L'0F 910 69L | G20 F€EE0 0. 6¢'0 ¥80°0 69 uoppo-]
¢c’0F0vo- 89 lc0¥ce'0- | 09 | cLOF90°0- | 6EL GL'0F€0°0- | 62} 61'0 ¥ 00— ¥9 02'0¥80°0 09 90N
0€'0F9L0- 4 6¢'0F/G0- | G | €¢0FEG0- 08 0€°0¥800 96 €¢0¥c0- 96 Ge'0 ¥ 90°0- VA4 Kempaiy
9¢'0F €0 9G 82'0F910 14 ¢c’0F180 AS [AAVRRAA] AS €€0F 910 Gl €E0F VL0 A I19A]
cr'oF el o- 0¢€ Y0¥ ¥€0- | 6¢ | 0C0F6E0- 08 NAVERAN ¢l 6¢'0¥6L0 89 0c0F0 G9 mouly

- - - - LG'0 ¥ 60°0- i €20 ¥90°0- yAS GG'0 ¥ €0~ 9¢ 180 ¥ G0°0- /¢ swl
IGO0 FEPO0 8l 8.'0F 260 (s G20 F9€0 09 8¢'0F8L0 86 IZAVRE ZAY) 12°] G2'0F600 VA4 leog
9’0 ¥ G6°0 ve 90 FvLL 43 €L'0¥F 20 cel k2’0 €300 96 9L'0F¥1'0 | 60F | 8L'0F00°0— | SOF | WwamiaQ
820 FG€0 €§ 860820 6L | Lc0F6590- 194 Ly'0F 200 9¢ 0¥ v 0~ G9 0¢0FLL'0- Gg sueq
€L'0F¢200 veL 620 ¥68°0 ¥S L 0F Lc0- ¥9 1’0 F 810~ 69 ¢ck0F L0~ 09 'O F ¥E0- 6 Speym
G20 F €80~ €¢ GZ0F0€0- | 0c | ¥e0+9L0- 86 €20 F€E0- 514 9¢0F L0~ €¢ cr'0F8L0- 8l PPIN
¢e07F /20~ LS ¥9'0 ¥ ¢1'0- L G¢'0F 100 89 /1’0 F €E°0- 9/ ¢G'0F €0~ €l 280 F 020~ 0l aemg

"9SNQ 1eaJr) =8snQ 15 PUB UOAY [03SLG = UOAY g pue SHWI| 90USPHUOD 9% GE = UBaW 8y} pUnoJe Jolig "se1oads pue JeAll Jey) Joj snjnuue jsej je yibus|
p8]2|No[RD-Y0or] JO [eNpISa. PaSIpJepUR)S UBaW = aWi}al] pue ‘sejoads pue JsAll jey} 104 Z pue | ebe ussmiaq JusLialoul Yibus| paje|nofeo-yoeq JO [enpisa. pasipiepue)s
ueaW = gjiusAN ‘ezis ejdwes = U aioym “oALl Yore o) SNOSIoNs| snasiona pue snjeydad snjjenbs ‘snjianJ snjiny Joj ‘sjenpisal pazipJepue)s uesw Se ‘SoLewW YIMoJL)

12lqeL

12p4



C. Liu et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 12

Table Il
Abiotic data, expressed as mean standardized residuals for each river, that were used for testing against
the fish growth metrics (cf. Table ) and where B Avon = Bristol Avon and Gt Ouse= Great Ouse.

Swale 1.63 0.36 -1.15 -0.82
Nidd 1.63 1.42 -1.61 -0.5
Wharfe 1.18 -0.91 -1.51 -0.51
Dane 0.73 0.68 0.25 0.69
Derwent 0.29 1.07 -0.6 1.46
Soar 0.29 -0.76 1.29 2.56
Teme -0.16 0.33 -0.68 -0.89
Arrow -1.05 -0.24 0.34 0.03
Ivel -0.16 -1.87 0.9 0.04
Medway -1.05 0.01 1.67 -0.8
Mole -1.05 -0.53 0.53 0.35
Loddon -1.05 -1.42 0.52 -0.76
B Avon -1.05 1.2 0.07 -0.1

Gt Ouse -0.16 0.65 -0.02 -0.74

minimal differences in the estimates of mean length from age using both models and so the
use of the log-log quadratic function was personal preference of the authors. These values
then enabled the standardized residual of the length at age of each fish to calculated (Britton
etal., 2010; Beardsley and Britton, 2012), enabling calculation of mean standardized residuals
per river that were used to subsequently test the effects of the abiotic factors on the growth
rate of each species.

The second growth metric was focused on the growth increment produced between age 1
and 2 years, the rationale being that: (i) using length at age 1 as the increment might be af-
fected by the timing of adult spawning and multiple spawning events in S. cephalus (Bolland
et al., 2007), resulting in variability in the duration of the growth season for 0+ fish that was
unlikely to be related to abiotic variables alone; and (ii) between age 1 and 2, the focal species
are, generally, still sexually immature at this latitude (e.g. Lappalainen et al., 2008) and so en-
ergy resources for growth are used primarily for somatic growth, rather than gonad growth (in
contrast to fish of age >2 years). This growth metric (hereafter referred to as “juvenile” growth)
was calculated by calculating the annual growth increment from the back-calculated lengths
at age 1 and 2 of each fish. For each species, the mean increment and standard deviation
was calculated, enabling the increment for each individual fish to then be represented as a
standardized residual. The mean standardized residual for each river was then calculated and
used to subsequently test against the abiotic data.

The availability of abiotic data for testing against the growth data for each species used
actual data from each river and for water temperature, a surrogate dataset, as tempera-
ture data were not available. These surrogate temperature data were the latitude and lon-
gitude of each site, with air temperature not used as it was co-correlated with both variables,
whereby temperatures decreased significantly from south to north, and from east to west
(Britton et al., 2013). For water chemistry, the data available were mean concentrations of
ammonia, nitrate and phosphate (as orthophosphate) over the study period, and biological
water quality as expressed as mean values of the biological monitoring working party score
(BMWP) where higher values indicate higher biological water quality (Hawkes, 1998). These
data were available as means from data collected by the Environment Agency between 2004
and 2006 from the study reaches (Environment Agency, 2013). Co-linearity was evident in the
data between BMWP and phosphate and so only BMWP was used in subsequent analyses.
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For each factor, their mean value and standard deviation was determined for all rivers, with
values for individual rivers then expressed as their standardised residual for the purposes of
testing against the standardised growth residuals.

Univariate regression was initially used to identify the relationships between the growth and
abiotic data. To then identify the abiotic variables that explained most of the variation in the
growth metrics of each species, stepwise multiple linear regression was used where the de-
pendent variable was the mean standardized residuals for each river and the independent
variables inputted into the model were latitude, longitude, ammonia, nitrate and BMWP. The fi-
nal model provided the significant predictor variables and their standardized beta coefficients
(8), where the variable with the highest 8 value having the strongest singular contribution to
the final model.

RESULTS

Across the dataset, 785 R. rutilus, 1087 S. cephalus and 658 L. leuciscus were used in the
growth analyses (Table I). As their ages increased, the lengths of each species significantly
increased (R. rutilus: R? = 0.88; Fy g0 = 2787.59, P < 0.01; S. cephalus: R? = 0.91; F 1084 =
5483.95, P < 0.01; L. leuciscus: R?> = 0.90; Fpes5 = 2951.85, P < 0.01; Figure 1). Annual
growth increments were still evident at the maximum age included in analyses (Figure 1).
There was considerable variability in the back-calculated length at the last annulus of each
species (Table I). When analysed as mean standardised residuals, these varied between —0.70
(River Nidd) and 0.33 (River Loddon) in R. rutilus, —0.76 (River Nidd) to 0.81 (River Ivel) in
S. cephalus, and —0.83 (River Nidd) to 0.95 in L. leuciscus (River Derwent) (Table ). High
variability in the length increment produced between age 1 and 2 years was also evident
in each species, with the mean increments ranging between 12 and 77 mm in R. rutilus,
19 and 99 mm in S. cephalus and 19 and 93 mm in L. leuciscus. When analysed as mean
standardised residuals, their values ranged between -0.34 (River Wharfe) and 0.14 (River lvel)
for R. rutilus, —0.33 (River Swale) and 0.22 (River lvel) for S. cephalus, and —1.20 (Bristol
Avon) and 1.14 (River Derwent) for L. leuciscus (Table I). Relationships of patterns of growth
rates between the species revealed that the juvenile growth (J) and back-calculated length
(BC) at the last annulus of R. rutilus and S. cephalus were significantly related (J: R? = 0.52;
Fi10 = 12.09, P < 0.01; BC: R? = 0.47; F110 = 9.84, P < 0.01). However, the growth rates
of B. barbus and L. leuciscus were not significantly related to those of any other species
(P > 0.05 in all cases).

The growth rate metrics for R. rutilus were both significantly related to latitude (J: R? = 0.55;
Fi11 = 14.49, P < 0.01; BC: R? = 0.35; F141 = 6.35, P < 0.05; Figure 2), with growth
rates reducing with increasing latitude. BMWP also had a significant influence on their back-
calculated length at the last annulus (R° = 0.31; Fi11 = 5.33, P < 0.05; Figure 3), with
nitrate being significantly related to their juvenile growth (R? = 0.46; Fy 11 = 10.14, P < 0.01;
Figure 4). The stepwise multiple linear regression models were significant for both growth
metrics of R. rutilus (J: adjusted R? = 0.64; F111 =12.40, P < 0.01; BC: adjusted R? = 0.29;
F111 = 6.35, P < 0.05), with latitude explaining most of the variability in the growth data (J:
B =-0.76, P < 0.01; BC:;3 = -0.59, P < 0.05).

The juvenile growth of S. cephalus was negatively associated with latitude (R? = 0.35; Fq 10 =
5.82, P < 0.05; Figure 2) and nitrate (R = 0.65; F110 = 20.16, P < 0.01; Figure 4), with these
relationships not apparent for their back-calculated length at the last annulus (P > 0.05;
Figures 2 and 4). The relationships of BMWP and ammonia levels with their growth metrics
were not significant (P > 0.05 in all cases; Figures 3 and 5). The multiple linear regression
model for juvenile S. cephalus growth was significant (adjusted R? = 0.62; F1 1o = 20.16,
P < 0.01), with nitrate explaining most of the variability in the growth data (8 = 0.80, P < 0.01).
The multiple regression model for their back-calculated length at the last annulus was not
significant (P > 0.05), with no significant explanatory variables (P > 0.05).

The relationships of L. leuciscus growth rates with latitude, BMWP and nitrate were all not
significant (P > 0.05 in all cases; Figures 2-4). Ammonia levels were, however, significantly
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Figure 1
Back-calculated lengths at the last annulus of (a) Rutilus rutilus, (b) Squalius cephalus, and (c) Leuciscus
leuciscus, The solid line represents the growth curves fitted by the quadratic function for each fish
species.

related to both growth metrics (J: R? = 0.32; Fq10 = 5.28, P < 0.05; BC: R? = 0.32; Fy 10 =
5.15, P < 0.05; Figure 5). Stepwise multiple linear regression models for their juvenile growth
and back-calculated length at the last annulus were both significant (J: adjusted R? = 0.26;
Fi10 = 5.28, P < 0.05; BC: adjusted R?> = 0.26; F119o = 5.15, P < 0.05), with ammonia
concentration being the most important predictor (J: 8 = 0.57, P < 0.05; BC: 8 = 0.57,
P < 0.05).

DISCUSSION

Variability in the growth rate metrics of R. rutilus, S. cephalus and L. leuciscus was apparent
across the dataset. This variability was also apparent in the growth rates of B. barbus in the
same rivers (Britton et al., 2013). Whilst this demonstrates that a key feature of these cyprinid
fishes was high plasticity in their growth rates, and by extension, aspects of their life history
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Figure 2

The relationships of mean standardised growth residuals of (a) Rutilus rutilus, (b) Squalius cephalus,
and (c) Leuciscus leuciscus with those for latitude in all rivers. Significant relationships (cf. Results;
P < 0.05) are indicated by the dashed line. Juvenile: mean standardised residual of back-calculated
length increment between age 1 and 2; Lifetime: mean standardised residual of back-calculated length
at last annulus.

strategies, it did not necessarily follow that where there was a fast growing population of one
species in a river, the other species were similarly fast growing (or the converse), with the
growth rates of L. leuciscus and B. barbus not correlating with those of the other species.
This suggests the growth plasticity relates, at least in part, to species-specific responses to
the abiotic conditions encountered across the 13 rivers and corresponds with the hypothesis
that latitude ( as a surrogate of temperature) and water chemistry had significant influences on
the growth rates of these fishes. Nevertheless, potential errors in the dataset could have been
incurred by the ageing of scales lacking a validation method, thus impacting these outputs
(Beamish and McFarlane, 1983). However, errors in ageing precision were minimised by the
quality control procedure (Musk et al., 2006), although where future work is completed to
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Figure 3

The relationships of mean standardised growth residuals of (a) Rutilus rutilus, (b) Squalius cephalus,
and (c) Leuciscus leuciscus with those for BMWP in all rivers. Significant relationships (cf. Results; P <
0.05) are indicated by the dashed line. Juvenile: mean standardised residual of back-calculated length
increment between age 1 and 2. Lifetime: mean standardised residual of back-calculated length at last
annulus.

build on the outputs of this study at larger spatial scales then it could include some validation
either through mark-recapture or the use of some alternative structures to assist the scale
ageing, such as otoliths (Campana, 2001).

For R. rutilus, outputs of multiple regression suggested that even over the relatively small lati-
tudinal range of England (i.e. 50 to 54 °N), latitude was the significant predictor of their growth
rate variability, as per the hypothesis, with decreased growth rates with increasing latitude.
This output is consistent with the meta-analysis on roach life history traits of Lappalainen
et al. (2008), who revealed that the asymptotic lengths and growth coefficients of their pop-
ulations were inversely correlated with latitude between 50 °N and 64 °N. Thus, this pattern
observed over a relatively large latitudinal gradient was also detected over a much smaller
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Figure 4

The relationships of mean standardised growth residuals of (a) Rutilus rutilus, (b) Squalius cephalus,
and (c) Leuciscus leuciscus with those for nitrate in all rivers. Significant relationships (cf. Results; P <
0.05) are indicated by the dashed line. Juvenile: mean standardised residual of back-calculated length
increment between age 1 and 2. Lifetime: mean standardised residual of back-calculated length at last
annulus.

gradient, emphasising the importance of latitudinal (and so temperature) gradients on their
growth patterns. The juvenile growth of S. cephalus also significantly reduced with increasing
latitude, with this consistent with Tedesco et al. (2009) who suggested higher temperatures
were coincident with faster chub growth rates in a study comparing 15 populations along a
longitudinal river gradient. There was, however, no relationship between their back-calculated
length at the last annulus and latitude, suggesting that latitude (and thus temperature) was
a more important influence on their juvenile growth. For L. leuciscus, latitude was not a sig-
nificant predictor of their growth rate metrics and thus either the interplay of latitude and
air temperature has little influence on their growth or it was unable to be detected over the
relatively small latitudinal gradient of this study.
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Figure 5

The relationships of mean standardised growth residuals of (a) Rutilus rutilus, (b) Squalius cephalus,
and (c) Leuciscus leuciscus with those for ammonia in all rivers. Significant relationships (cf. Results;
P < 0.05) are indicated by the dashed line. Juvenile: mean standardised residual of back-calculated
length increment between age 1 and 2. Lifetime: mean standardised residual of back-calculated length
at last annulus.

Aspects of the water quality of the rivers had some significant influences on the growth rates
of the three fishes in this study. However, contrary to the hypothesis, higher growth rates were
not apparent in rivers with higher water quality but the converse, with faster growth rates of
some species as, for example, biological water quality reduced (as lower BMWP scores).
Although this was not the case for B. barbus in these rivers (Britton et al., 2013), so em-
phasising the species-specific specific responses to these parameters, it has been generally
established that cyprinid fishes tend to dominate freshwaters with relatively high nutrient load-
ings (Lappalainen et al., 2001), with faster growth of species, including R. rutilus, often being
apparent when the organic loadings of rivers are relatively high (Beardsley and Britton 2012).

12p11



C. Liu et al.: Knowl. Manag. Aquat. Ecosyst. (2015) 416, 12

Whilst nitrogenous compounds can have adverse impacts on fish growth rates, particularly
in aquaculture systems (e.g. Beamish and Tandler, 1990; Crab et al., 2007), that this was not
apparent over the 13 rivers here might relate to two issues. Firstly, Wood (2004) revealed
that, when under toxicity thresholds, fish growth rates are often positively related to ammonia
concentrations as they stimulate protein synthesis without increasing food consumption, thus
leading to higher growth rates. Secondly, Xin et al. (2010) suggested that nitrate and ammonia
have significant and positive effects on microalgae growth, thus directly influencing produc-
tivity and indirectly increasing the overall food resources available to the fishes. Nevertheless,
the effects of these nitrogenous compounds were not consistent across the four species,
with L. leuciscus being the only species whose growth rates were positively and significantly
correlated with mean ammonia concentrations.

There were differences in how the abiotic data influenced the two growth metrics of the fishes.
Across the dataset, five significant relationships were detected between juvenile growth rates
and the abiotic variables, with this reducing to three for the back-calculated length at the last
annulus, suggesting the influence of abiotic factors on juvenile growth were more marked.
The causal consequences might relate to the energy trade-off between growth and repro-
duction, whereby in their early life history, fish tend to allocate more resources to somatic
growth and thus this represents the life stage when somatic growth rates are most suscepti-
ble to being affected by environmental parameters (Partridge et al., 1991; Glazier, 1999). This
is important, as this early life growth will then influence other life history traits such as age
and length at maturity, and influence their life span (Vila-Gispert and Moreno-Amich, 2002;
Blanck and Lamouroux, 2007). Following maturity, there is increased investment in reproduc-
tive traits (Lester et al., 2004), somatic growth rates decrease and thus the potential influence
of environmental and chemical variables on growth rates appears to decrease.

In summary, across these 13 rivers, the three cyprinid fishes analysed here, plus B. barbus
(Britton et al., 2013), exhibited considerable intra-specific differences in their somatic growth
rates, with this variability at least partially related to the response of the populations to the
environmental and chemical parameters of each river. Given that fish growth rates have been
used widely to assess the influences of anthropogenic activities on aquatic environments (e.g.
Harris, 1995; Welcomme et al., 2006), then these data assist assessment of how environmen-
tal changes might alter the growth rates of cyprinid fishes against a backdrop of influences
of vairables such as temperature (latitude). Indeed, providing that toxicity thresholds are not
exceeded then our outputs suggest that the expression of some aspects of the life history
traits of these species, such as somatic growth rates, will shift and, potentially, accelerate.
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