Introduction:

The Celtic Sea Trout Project (CSTP), a large international collaborative project, funded by Interreg IVA, but set up with AST support, has produced a large data set on sea trout stocks and population characteristics that is unique in its spatial scale, covering 99 rivers draining into the Celtic and Irish Seas. It is also vast in the number of sea trout included in the study (over 20,000 individuals), and the nature of data collected, including rod fishery catch size distribution data, environmental data, trout population genetic spatial structure, elementary microchemistry of scales and otoliths, unveiling of marine migratory patterns, and ageing and ascertainment of individual life history strategies. The latter were reconstructed from the banding patterns recorded on fish scales, where phases of summer and winter growth and fresh water and marine environment growth are recognisable by the density of circuli on the scales (Figure 1). Once the individual life history strategies are known, one can evaluate the population consequences, in terms of dynamics, of the individual choice in life history strategies. One of the aims of the CSTP is to develop life history based population dynamics models to better understand the biology of sea trout, and its variance among populations around the Celtic and Irish Seas, which could have practical applications to fisheries management and conservation of this valuable wildlife resource. Key life history traits include age-or stage-specific survivorship, somatic growth, maturation rate, and fecundity, population genetic structuring and connectivity, which control population recruitment, rates of population growth and age structure and thus ultimately fisheries attributes of catch size and composition. The applications of these models, if they prove practicable with the available information, include estimating the effects of variables, such as environmental characteristics, genetic traits, and fishing regulations and conservation policies, which are likely to alter population dynamics parameters.

Using the data collected during the CSTP, the aim of this report is to analyse the variance among rivers in population demographic dynamic parameters of the the anadromous contingent (sea trout) of some of the trout populations studied by the CSTP. When modelling population demographics, it is important to choose the variable with the largest influence on the demography [START_REF] Caswell | Matrix Population Models: construction, analysis and interpretation[END_REF]. For many organisms, age is a critical variable determining onset of reproduction, fecundity and senescence. For others, size or developmental stage are more critical in determining fecundity or survival. In sea trout both stage (parr age, number of full years at sea, and number of years as a spawner) and size are critical in determining reproduction onset, fecundity and mortality, more so than age per se. Hence a stage based model was employed. Stage models allow individuals remaining in a stage for more than one year (i.e. a parr spending 2 years in fresh water), or jumping stages (e.g. a whitling which returns before spending a winter at sea, can spawn without going through a sea winter phase). Such flexibility allows modelling the complexity in life history patterns found in sea trout previous to reproduction onset, and preserves the variance among populations in the length of time from fry to first reproduction. The increase in fecundity as sea trout age is captured by having several spawning classes as stages, as many as the oldest fish encountered in a population, which behave as an age model, i.e. individuals have to proceed to the next stage and cannot jump stages.

Matrix projection models were developed using stage specific approaches with stages defined by the recreated life history based on the scale reading, viz: number of years in freshwater (FW), number of full years at sea as maiden fish (sea winter stage: SW; .0+,.1+,.2+), number of full years at indeterminate stage (IM, as for SW), number of years as spawner (SMn, where n= the number of previous spawning events), and dead (D). The analysis was based on those individuals for whom age, life history, and fecundity could be estimated. The age and life history were estimated from scales collected at the time of capture. The scale reading methodology is described on the CSTP report, but in summary, life history events were inferred from the number of winter and spawning marks encountered on the scales (Figure 1). Fresh water winter marks can normally readily be distinguished from sea winter and spawning marks. However, the distinction between the latter two can sometimes be ambiguous: scale erosion may be limited, or only present on the shoulders of the scales. There is discrepancy among expert sea trout scale readers on the interpretation of these scale features, and there are several observed life events that could explain such incomplete erosion including erosion at sea, partial migration to estuary, migration to river without spawning, and actual spawning. Aiming to manage such ambiguity, marks of uncertain origin (sea winter/spawning) were classified as indeterminate marks (IM). For population dynamics, IM marks could be considered as sea winters, thus not spawning, or as partial spawners in which a fraction of the individuals recorded as IMs are true spawners. The following analysis considers IMs as non-spawning, but it is possible to do a parallel analysis where IM are given a reduced fecundity compared to SM1 (i.e. a percentage equal to that of the proportion of IM believed to be true spawners).

Materials and Methods:

Data description, variable management:

The initial dataset contained 20,902 individuals for which there was a maximum of 116 variables, although many of them were only collected for subsets of individuals (i.e. sex data only collected for some adult sea trout). The variables river and marine zone were given a specific geographical order: starting from the west of Ireland, around the Irish Sea, and finishing in the south east of Wales Figure 2). All sea trout collected from the three rivers in the Isle of Man were combined into a single composite sample (IOM). The sequence of months from January to December was specified for the variable Month. All missing data was set to NA. 

Data checking:

Sea trout weight and length measurements were collected fresh, thawed, or both fresh and thawed. The individuals with both fresh and thawed measurements were used to inspect the effects of freezing and thawing on the weight and length measurements (N=1295 for weight; N=1603 for length). For some of these individuals the relationships between fresh and thawed measurement was very skewed and are most likely due to data input errors (Figure 3). These outliers were removed by creating an index (fresh/thawed) for each individual, assigning a standard score (z-score) to each index, and removing individuals with standard scores over 2 and below -2. Models predicting fresh measurements from thawed measurements were constructed from the remaining individuals and used to estimate fresh measurements for all individuals with only thawed measurements (N=2699 for weight; N=2405 for length):

The relationship between length and weight of adult sea trout (N=9753) was also studied to check for input errors. Some individuals had no data for either length or weight (N=2772) or had unlikely lengths for an adult (< 50 mm; N=3) and were thus not included for evaluation of the weight-length relationship. k-factors were calculated for all remaining individuals (N=6979).

Each k-factors was assigned a z-score, and only individuals with z-score between -1 and 1.8 were considered to be realistic (N=6839; Figure 4; 140 individuals removed). The standard values of -2 and 2 were not considered to be stringent enough, as many obvious entry errors remained when using two standard deviations. The difference in upper and lower cutting values is due a more stringent cutting needed at the bottom of the distribution. The trimmed dataset was used for all analysis involving weight or length.

Of the individuals included in the trimmed adult dataset, 4965 had ageing data. However, ages derived from scale readings were sometimes flagged as unreliable (e.g. mismatch between scales, patterns too unclear, or very unlikely age for size), and individuals with clearly unreliable ages were excluded from the adult aged dataset (N=4710; 255 individuals removed).

Life history reconstruction:

The CSTP population genetic analysis, based on 18 independent microsatellite loci, revealed that sea trout from different rivers around the Celtic and Irish Seas are all independent populations exchanging few migrants among themselves, therefore, the returning adults from each river were analysed independently as separate populations. The life history of each individual was reconstructed based on the year of capture and the ageing formula. For example, a 2.1+3SM+ sea trout is captured in 2012 on its way up to its spawning grounds. Based on the ageing formula, said sea trout was born in 2006, it stayed in fresh water during the summer of 2007, it smolted and spent a summer and winter at sea in 2008, and then spawned in 2009, 2010, and 2011. As all individuals were caught on their way up to spawning grounds, they were all assumed to contribute to the eggs produced on the year of capture (i.e. 2012) and then die before the next spawning season (i.e. 2013). Such an assumption may exaggerate the number of eggs produced each year, as some individuals may not reach the spawning grounds. However, the alternative, assuming that all captured fish die and do not contribute to the next spawning event, creates an even more unrealistic effect where: 1) all individuals returning for the first time (whitling) do not contribute to the next spawning event; and 2) undermines the importance of repeat spawners, as the increase in fecundity associated with their larger size in their latest effort to reach the spawning grounds is not accounted for. Furthermore, the individuals caught are only a sample of the population, which should be representative of the remainder of the population. Thus, assuming successful reproduction for caught individuals should resemble the fate of the remainder of the population. Similarly, assuming that all caught individuals die after the next spawning event may seem drastic, as obviously some individuals will return the following year as repeat spawners. Nevertheless, assuming all caught individuals die, allows the betweenspawning events survival rate to be be estimated effectively from the frequency of repeat spawners in the dataset (those individuals that are known to have survived to a certain age).

Construction of population specific individual size at age somatic growth model:

The fecundity of females is dependent on their size (length or weight), and thus, the lifetime egg contribution of a female to a population will be dependent on its size each time it spawned.

Von Bertalanffy models, such as:

[ ]
were constructed based on the distribution of the total age / length relationship. The length at age relationship varies among rivers and regions, and thus, to avoid losing important river specific growth traits that may influence the dynamics of the population, river specific models were constructed for each river. Variance among life strategies can be observed on the length at age graphs if the different combinations of sea winters and spawning marks are highlighted (Figure 5). In the example from the river ESKB, sea trout returning in their third year of life (total age=2) are larger when they've spent a winter at sea (triangles) than the ones who have only gone out at sea for a few summer months (circles); while at total age 4, individuals who have already spawned (yellow) are larger than those who haven't spawned (blue). The variance among life strategies has an important effect on the relationship of length at age, but creating independent somatic growth models for each life strategy (n=87) would be unpractical. Instead, river specific somatic growth models combined with individual correction were employed. The individual difference between fitted and real values at capture was used to calculate an individual percentage of divergence from the somatic growth model. It was assumed that if a sea trout was 12% larger than predicted on the year of capture, then that sea trout would have been 12% larger throughout its life. These somatic growth models were then used to reconstruct the length of individuals in previous years until age 1.

Effect of sex on the data:

The effect of sex on size at age was examined through analysis of covariance (ANCOVA) to evaluate if different somatic growth models were needed for each sex.

Estimation of fecundity:

The length to egg production relationship estimated in the fecundity chapter of the CSTP report was employed to calculate individual fecundity.

The fecundity relationship was constructed based on 55 individual females captured on several marine zones of the Irish and Celtic Seas. The individual reconstructed lengths were only translated into fertilities if a spawning mark (SM) was identified for that individual on that year (Table 1). The final population recreated life history table is a stacked list of the recreated annual life history events for every individual (Table 1), with estimated back calculated lengths and associated fecundities, which allows estimating the number of individuals spawning and the eggs produced every year based on our sample. 

Construction of population specific transition matrices:

Construction of the transition matrices and analysis of the population demographics was done with the analysis package popbio [START_REF] Stubben | Estimating and analyzing Demographic Models using the popbio package in R[END_REF] for R (R Development Core Team 2014). Transition (Table 2) and fecundity (Table 3) 

SW 0 0 0 0 0 0 0 0 IM 0 0 0 0 0 0 0 0 SM1 0 0 0 0 0 0 0 0 SM2 0 0 0 0 0 0 0 0 SM3 0 0 0 0 0 0 0 0 SM4 0 0 0 0 0 0 0 0 dead 0 0 0 0 0 0 0 0
Mortality cannot be estimated for all stages before first return of sea trout (FW, SW, IM) from the data available here, and thus a mortality modifier needs to be applied to the transition matrix.

A standard annual mortality of 0.7 in fresh water and 0.95 at sea was applied to transition matrices of all rivers. Individuals which have returned to fresh water more than once can be used to estimate survival from one spawning event to another (i.e. transition rate from SM1 to SM2 based on all individuals who survived to SM2 compared to those present in SM1). The difference in the number of individuals who survived to SM2 compared to those present in SM1, can be obtained by adding an extra final stage (dead) to all individual life histories. Such final stage has no transition rates to any other stages. A modifier of 0.01 was applied to the fecundity matrix transition values to simulate the probability of egg survival to FW stage (1%). Such approach produces a matrix ready for demographic analysis through matrix projection using popbio (Table 4). 

An introduction to measures of population growth

Many models of population growth are described for organisms [START_REF] Gotelli | IMPpack: an R package for integral projection models[END_REF]) and all are approximations of reality, as no model can really aim to explain the biology of a population exactly.

A basic outline of a differential equation is that that over a year the population size ( ) changes by a combination of annual birth rate ( ) and death rate ( ), such that ⁄ . Let , being a constant called the instantaneous rate of increase or intrinsic rate of increase, then . This is normally written as , where t = time. If the population will remain constant, if it will increase to infinity, if it will decline to extinction. For discrete time steps, which rearranged gives .

Let

, the population rate of increase, then .

is a positive dimensionless (because it is a ratio) number that measures the proportional change in population size from one time step to the next (frequently measured in years). Thus, to find the population size in the following year ( ) from that of the current year ( ), simply multiply by . It can be seen that if the population remains constant, if it will decrease and if the population will increase. For completeness, note that and are related by .

A further important variable of population dynamics is R 0 , the net reproductive rate, which can be interpreted as the mean number of female offspring by which a female will be replaced by the end of its life. Its units are number of offspring and intuitively if there is no population growth, because it exactly replaced itself, if the population decreases, and if then it increases. R 0 is positively related to , ( , where is generation time), but they are intrinsically different: indicates the population growth per year, while R 0 the population growth per generation. , and are often used as indices of population "fitness", the ability of the population to recover from perturbations and in turn related to population features of stability and resilience [START_REF] Caswell | Matrix Population Models: construction, analysis and interpretation[END_REF]).

Population demographics modelling:

Among the results of the matrix projection analysis, some of the most valuable information obtainable are the age-specific survival and the likelihood of reaching and staying in each stage. These parameters are tabulated in the fundamental matrix, which was calculated from the projection matrix.

Eigen analysis of the transition matrices was used to estimate several population parameters:

the population growth rate (λ), which is the dominant eigenvalue of the population transition matrix, and the net reproductive rate, . Two sources of uncertainty around λ values were evaluated: that due to which individuals are included in the estimation and that due to the number of individuals included in the estimation. 1) The variance in the life history of individuals included the modelling of population dynamics could have an effect on the estimated values of λ, hence 95% confidence intervals around values of λ were constructed based on bootstraps (n=1000) of the individual transitions included in the transition matrix (i.e. to evaluate the impact of not including all sampled transitions in each population). The number of transitions to be sampled was set to equal the number of transitions available for the population being analysed. , and can be interpreted as the rate of convergence to the stable stage distribution. The larger is compared to (i.e. the higher the value), the more rapid the convergence to stable stage distribution will be.

-Different life stage transitions have varying influences on population growth rate ( ), it may thus be interesting to know the impact on of augmenting each transition parameter ( ). Analysis of the sensitivities of to additive perturbations of transition parameters ( = survival, growth, and fecundity transitions) allows evaluation of the relative importance of each transition ( ) and how sensitive they are to additive perturbations.

-The elasticity of measures the proportionality of the response of to proportional perturbations of transition parameters ( ). In other words, how tied is the response of to perturbations of a transition parameter ( ). It can also be interpreted as the transition's ( ) contribution to λ, as elasticities always add up to one. The elasticities of to transition parameters can be added by columns or rows to know the elasticity of to a particular stage. To evaluate the dependence of a population on the most basic life history strategy (FW -> SM1 -> FW, i.e. a 2.0+ whitling returning to spawn for the first time), the elasticities of the FW to FW, FW to SM1, and SM1 to FW were added up (E.minLH). The remainder up to 1 was considered as the dependence of the population on alternative life histories (E.altLH), or as a measure of the complexity of life histories contributing to . To evaluate the elasticity of in each population to particular life history strategies of sea trout, we calculated the elasticity of λ to the fresh water phase; the elasticity of λ to whitling (the elasticities to the FW to SM1 transition); the elasticity of λ to the sea winter phase (sum of elasticities of λ to transitions involving SW and IM as start or final stage); the elasticity for first time spawners (elasticity of SM1 fecundity) and the elasticity of λ to repeat spawners (sum of elasticities of all repeat spawners). These five elasticities add to 1 as they include all transitions in the projection matrix. The relative importance of the summed elasticities of to perturbations in the whitling, sea winter phase, and repeat spawners is illustrated on ternary plots (triangular plots). Ternary plots allow depicting on a two dimensional space the contributions of three variables, each on one axis from 0 to 100%. The positioning of each dot (representing the sea trout population of a river) is determined by the percentage of summed elasticities of of each phase and can be understood as the relative contribution of whitling, sea winter phase, and repeat spawners to population growth rate. The plots have been focused on the range of values encountered in this study (E.Whitling= 30-100%, E.SeaWinter=0-70%, E.RepSpawn= 0-70%). For the among river comparative analysis, populationsspecific traits such as population growth rate ( ), generation time, and damping ratio ( ) were overlaid to understand the relationship between the frequency of alternative life strategies and population dynamics.

Results:

The cleaned up dataset (N=4710) included individuals from 42 rivers and marine zones for which there were estimates of age, life history and somatic growth. However, the distribution of individuals among locations was heterogeneous (). Among the sea trout captured in rivers (N=3755), there were 87 different life history patterns (Table X), although the three most common life histories (2.0+, 2.1+, and 2.0+1IM) were found in 2338 individuals (62.3% of river caught sea trout).

Although the provenance of marine caught trout could be inferred through genetic and microchemistry assignment to river of origin, the marine samples were not included in the population dynamics assessment due to the uncertainty of whether they would remain at sea or spawn the following spawning season. Thus only sea trout caught within rivers were employed in the population dynamics assessment. Of the 25 rivers, 22 had at least 40 individuals sampled. Such a low number of individuals may not be enough to sample all the possible life history patterns that exist in a population, but should provide an indication of which type of life history strategy (sea winters, whitling, repeat spawners) dominate the population. To provide guidance on the confidence of the population dynamic modelling exercise, the samples sizes are indicated on the river specific summary plates.

The total age and age after year of smolting (sea age), was heterogeneous among rivers (Figure 6). For some rivers, like the BAND and CAST, the oldest fish only had a maximum sea age of two years, while in other rivers like the CURR and TYWI there was a great diversity of life histories including individuals with sea ages up to 8 years. 

Effect of sex on the data:

Of the individuals captured in fresh water rivers, there were 1697 females, and 598 males (Table 6). The remainder were of indeterminate sex or not examined. Analysis of the slopes of the overall relationship of length and weight at age indicated that the slopes are not significantly different for females and males (ANCOVA: p(L)=0.078; p(W)=0.829; Figure 7). However, variance in sex proportion by month and by river can have confounding effects on relationship of size at age (Figure 8; Figure 9). Only females, and their fecundity, are normally modelled in population dynamics studies as the spermatozoids of males are unlikely to be a limiting factor in the production of offspring. Females represented 73.9% of all sexed individuals, and in all our samples, females represented over 50% of the sexed individuals (Table 7). A possible approach would be to model the population dynamics exclusively with the sexed females. However, as there are no significant differences in length at age between sexes, the male proportion of the population can be assumed to be representative of the variance in size classes, size at age relationship, and life histories of the female proportion of the population. Hence, to augment the sample size of the individuals included in the population modelling, all individuals (females, males, and unsexed) will be considered as reproductive females.

Such assumption will augment the number of females used in the modelling, but as the sampling has not included every individual in the population, males and unsexed individuals can be considered representative of unsampled females. Furthermore, the absolute number of individual females used in the modelling does not affect the outcome of the modelling, although the more individuals that are included in it the more realistic the estimates of the transition and fecundity terms. 

Recreation of life history:

Size at age of sea trout varied considerably among rivers, which resulted in a diverse range of somatic growth models (Figure 10). Trout from rivers in south Wales had the fastest somatic growth rates, while those in the north east of Ireland grew at the slowest rates.

These river-specific somatic growth models are based exclusively on returning sea trout, which in some rivers included some very rare 1.0+ aged trout captured late in the year (October, November). These unusual fish skewed the somatic growth models so that reconstructed lengths at age 1 seemed unrealistic. However, such bias does not affect the reconstructed fecundity as the vast majority of sea trout do not reproduce until at least 2 years of age. As stated in the methods, the data collected here do not allow the estimation of egg, FW, SW and IM mortality, and thus, identical values were imposed on all populations. The imposed values may not be necessarily close to reality, but by being equal, they allow comparison among rivers of the impact of the sea trout contingent on each rivers trout population. The survival from one spawning event to the next was obtained from the frequency of repeat spawners present in each river dataset. The estimated survival estimated from this method varied widely among rivers (Figure 11). For most rivers, survival between spawning events is relatively low (<0.3) and individuals with more than SM3 mark are very rare (Figure 10). However, for a few rivers like the CURR, IOM, LUCE, FLEE, DYFY, TEIF and TYWI, once a sea trout had survived from SM1 to SM2, stage specific survival increased (up to 0.8 for SM4 to SM5 at the CURR and IOM) before decreasing to zero. 

Population dynamics:

Transition matrices were constructed for all rivers with at least 40 individuals (n=22). Results of the Eigen analysis of the transition matrix of each river are illustrated in river specific plates. Although there are commonalities, sea trout populations from rivers draining into the Celtic and Irish Seas were heterogeneous and followed different population dynamics patterns (Table 8).

Population growth rate:

Population growth rate ranged from slightly negative values in rivers on the North East of the Irish Sea ( to strongly positive values for most rivers in Wales (

. The strongest population growth rate was found in the Isle of Man . The IOM was a composite sample of three Manx rivers

, where long lived repeat spawners (i.e. 2.0+4SM+) were particularly prevalent, leading to the strong population growth rate.

Estimations of , and all subsequent analysis were performed on sea trout populations from rivers with at least 40 individuals. To evaluate the effect of the number of individuals per sample on the estimated , bootstraps (n=1000) of 200 transitions (approximately 40 individuals) were drawn from every dataset. For most rivers, at smaller sampling rates (i.e. 40 individuals) the 95%CI become quite large (~0.5), however the estimated values from whole samples are centred among the bootstrapped values, indicating that values collected from smaller samples would be similar to these estimated from whole samples (Figure 12).

There is one notable exception, the river ESKB, for which the value estimated from the whole sample was at the edge of the 95%CI. The ESKB was the largest sample in terms of size (n=378), and had the lowest population growth rate ( ; however, subsamples of the transitions led to even lower values (mean , indicating that a few transitions present in the real dataset have critical importance in maintaining around 1. 

Generation time:

Generation time varied from 2.19 years for sea trout from the BOYN, which showed the highest elasticity of to whitling (0.459), to 3.23 years for those from the CURR (Table 8), characterised by high frequency of repeat spawners and highest elasticity of to repeat spawners (0.259). The variance in generation time highlights the time required by the population to grow by a factor of ( . It can also be understood as the average age of the parents of a cohort.

Stable stage distribution:

Stable stage distributions are the constant proportions of each stage in a population at equilibrium. Stable stage distributions for sea trout populations from all rivers were strongly dominated by the FW stage, which always composed over half of the stable stage population (Table 9; Figure 13). SM1 were the next most common stage in all Irish rivers (except the CURR), the IOM, and the LUCE, FLEE, DEEw, CLWY and CONW in Great Britain. Conversely SW was the second most common stage in the NITH, ESKB, LUNE, RIBB, DYFI, TEIF, and TYWI. The stable stage distribution allows the identification of which rivers are more likely to be dominated by SW, whitling, or repeat spawners. 

Stage specific reproductive value:

The variance in somatic growth rates among sea trout from different rivers was translated into variance in individual egg production at stage (Figure 14). For example, the egg production of sea trout at SM2 in the river TYWI (n=3409 eggs) is three times that of SM2 sea trout from the river BAND (n=1105 eggs) (Table 10). The maximum number of eggs is achieved at the SM8 stage for trout in the TYWI (N=8567 eggs)(Table 10). The stage specific reproductive values, which indicates the remaining potential life-time reproductive contribution of an individual in a particular class, also increases initially with older stages, however, as stage specific survival reduces and individuals in the oldest stages become rarer, the stage specific reproductive value for the later stages diminishes (Figure 14). Although juveniles may not reproduce while they are juveniles, they have the potential to grow to the spawning stages and reproduce, and thus every stage has a reproductive value (Figure 14; 11). For the BAND the maximum stage specific reproductive value was at SM1. For the SLAN, DARG, BOYN, CAST, RIBB, and CLWY the maximum stage specific reproductive value was reached at SM2 despite the occurrence of SM3 in some of these rivers. SM3 gave the maximum stage specific reproductive value for DEWR, SHIM, DEEw, CONW, and DYFI. Maximum stage specific reproductive value was reached at SM4 for the two rivers in south west of Ireland (CURR and ARGI) and rivers draining in the north east of the Irish Sea (IOM, LUCE, FLEE, NITH, and ESKB); at SM5 in the LUNE and at SM6 for the two rivers in south Wales (TEIF and TYWI). Late maximum stage specific reproductive value was not related with low reproductive value at early stages, as sea trout from rivers in south west of Ireland, north east of the Irish Sea or south Wales had comparatively high stage specific reproductive values at early stages (SM1 and SM2).

Fundamental matrix:

The likelihoods that an individual from a particular stage will reach another are given in the fundamental matrix. Values along the diagonal must be at least 1, as any individual already in a stage must at least exist for one iteration at that stage. The values read by columns indicate the likelihood and mean time spent by individuals from that stage in all other stages. For example, in the fundamental matrix of ESKB in Figure 15, an individual in fresh water stays on average in the fresh water stage for 1.176 iterations, such a value above 1 reflects the likelihood that some individuals remain in the fresh water stage. Although most individuals alive have stayed in fresh water for two years, the fundamental value doesn't reach two iterations due to the mortality exerted in fresh water (0.7 per year). Other individuals in the FW stage grow into other stages: the same individual in FW will remain in the sea winter stage for an average of 0.124 iterations, in indeterminate mark stage for 0.022 iterations, and as first spawner 0.037 iterations, highlighting the low likelihood that an individual in the FW stage will reach the spawning stages. Once an individual has reached the first spawning stage (SM1), it is relatively likely that it will return for at least another season (SM2 0.148 iterations), but the likelihood of returning a third (SM3) or fourth (SM4) reduces (0. 026 and 0.005 respectively). Conversely, for the river CURR (Figure 16) the likelihood of a whitling returning a second time is still low (0.171), but successive likelihoods for SM2 to SM3, SM3 to SM4 , SM4 to SM5 increase (0.373, 0.727, 0.75 respectively) before decreasing for SM6 to SM7, and SM7 to SM8 (0.444, 0.250 respectively, Figure 16).

FW retention fundamental values were similar across all rivers (Figure 17). The likelihood of FW individuals returning as SM1 was, however, different among rivers: rivers along the east coast of Ireland (SLAN, BOYN, DEWR, CAST, and SHIM), had particularly high likelihoods of returning as SM1 (~0.14), while the opposite was true for ESKB, NITH, RIBB, and TYWI (~0.04), which were far more likely to go through a sea winter phase (i.e. to remain at sea as maidens: SW/IM) (Figure 17). 

Sensitivity analysis:

The values of the sensitivity matrix for each transition can be interpreted as the increase in λ associated with an additive increase for that transition:

λ For example, if the survival of SM1 to SM2 on the river ESKB were to increase from 0.148 to 0.248 ( ), the population growth rate would increase from to λ λ λ λ . Sensitivities can be calculated for all possible transition parameters, for example from FW to SM8. However, the utility of sensitivities for transitions other than non-zero transitions is questionable, so here we highlight only those transitions which are found in the population. Trout populations from all rivers were similar in that additive perturbations to the FW to SM1 transition had the largest impact on (Figure 18), while additive perturbations to fertilities have relatively little impact. Therefore, in general enhancing or blocking the productions of SM1 will have the greatest impact in terms of sea trout population control, while increases in individual fecundity have negligible impact. In other words, early postsmolt survival is likely more influential on population growth rate than individual marine somatic growth rate. The sensitivity of to the FW to SM1 transition was particularly high for some rivers, namely CURR, NITH, ESKB, LUNE, RIBB, DYFI, CONW, TEIF, and TYWI, indicating that the sea trout populations from these rivers would respond very positively to environmental management practices protecting the transition from FW to SM1. These rivers were also characterised by low fundamental values for the FW to SM1 transition, indicating the low likelihood of a FW to return as a SM1 without spending at least a winter at sea. The trout populations from four rivers, the DEWR, SHIM, LUCE, and FLEE, were characterised by relatively low sensitivities to the FW to SM1 transition (<5) while the SM1 to SM2 transition had relatively high sensitivities (>1). For these populations, protection of whitling may not be enough to insure positive population growth rates, and they would benefit the most of protection of young repeat spawners, if increased population growth is desired. elasticities of to the sea winter phase (Figure 19), indicating that populations where sea winters are a common life history stage (such as ESKB, LUNE, RIBB, and DYFI) had slower population growth rates and that the increased fecundity gained during sea winters does not compensate for the delay in first spawning. Higher damping ratios were associated with high elasticity of λ to sea winters (Figure 21), illustrating how the distrution of reproductive effort across many stages, such as the inclusion of sea winters, improves the population capacity of converge to stable stage distribution. The outcomes of the population dynamics analysis of the sea trout population of each of 22 rivers have been summarized into plates. The abbreviated name of the river and the number of individuals ( ) for which there was age, life history and length and weight is indicated.

A) Relationship between total length (mm) and total age (years) for all individuals collected for the river. The number of sea winters recorded for each individual is indicated by the shape of the point: circles of whitling returns, triangles for 1 sea winter, squares for 2 sea winters, and so on; The colour of the last stage before capture recorded for each individual is indicated by the colour of the point: cyan for fresh water (FW), blue for sea winter (SW), pink for indeterminate marks (IM), and a gradient from yellow to red for increasing number of spawning marks (SM); The von Bertanlanffy model best describing the data is written in the form of an equation, [ ], where is the estimated length, is the asymptotic length at which growth is zero, is Brody's growth coefficient (the rate at which the asymptote is approached) , and is a scaling factor of no biological significance. The trajectory of the model from the river under study is depicted as a line on the plot in the river specific colour (River Legend). The trajectories of the other 21 rivers analysed are depicted as thin grey lines for comparison among all studied rivers.

B) The transition and fecundity values estimated from the recreated life histories are indicated in the transition matrix, which are the probability of an individual in one stage (columns) moving to another stage (rows).

C) The fundamental matrix indicates the likelihood of an individual from a particular stage (columns) reaching another stage (rows) during their lifetime. The values have been colour coded for ease of interpretation from low (light blue) to high (dark blue).

D) The sensitivities of λ to additive perturbations of the transition matrix are indicated in the Sensitivities matrix. Sensitivities can be calculated for all transitions in a matrix, however, some transitions are not found in populations (e.g. FW to SM4) and do not make sense in most cases, these values have been indicated in grey. Transitions found in the population are in black font, and the values have been colour coded for ease of interpretation from low (light blue) to high (dark blue).

E) The elasticities of λ to proportional perturbations of the transition matrix are indicated in the sensitivity matrix. The values have been colour coded for ease of interpretation from low (light blue) to high (dark blue). F) Stable stage distribution. The relative proportions of each stage (colour coded) on the stable stage distribution of a population at equilibrium. G) Evolution of stage-specific reproductive value (mean number of offspring to be produced in its remaining lifetime) with stage for river under study (thick line in river specific colour). The evolution of stage-specific reproductive values of 21 other rivers is also plotted for comparison with other rivers.

H) The river specific sea trout population growth rate is indicated with a thick line in the river specific colour (River colour legend). The values of 1,000 bootstraps of the data and of the same size as the data (i.e. 345 individuals in the CURR) are plotted as a black histogram. 95%CI of estimated values are indicated as black dotted lines. The values of the other 21 rivers analysed are also plotted for comparison of the river under study with other rivers. I) Ternary plot of the summed elasticities of of each of the phases in differing life history strategies (sea winters, whitling, and repeat spawners). The river under study is depicted by a larger circle of the river-specific colour (River colour legend). The other 21 rivers have also been plotted for comparison among rivers. The positioning of each dot is determined by the percentage of summed elasticities of of each phase and can be understood as the relative contribution of sea winter phase, whitling, and repeat spawners to population growth rate. The plots have been focused on the range of values encountered in this study (E.whitling= 30-100%, E.winter=0-80%, E.RepSpawn= 0-80%).

The matrix population models were constructed solely on returning individuals on their way back to their spawning grounds, and hence no river specific empirical information on the life cycle before first reproduction (fresh water survival and sea winter survival) was available. This means that the inter-river variance in those parameters has not been captured by the current sampling effort. Identical standardised parameters for the unsampled transition values (fresh water mortality =0.7, brown trout spawning=0, and sea winter mortality=0.95) were employed for all rivers, so all variance in estimated values is due to variance in inter-river post-first reproduction survival and fecundity. Hence, the absolute values cannot be interpreted as true population growth rate values, as among river variance in the unsampled transitions is likely to have major impacts on , but as the relative effects of the variance in post-first reproduction lifehistory on the population dynamics of trout populations. The available data allows us to estimate that, unless balanced by the unsampled transitions, the ESKB has a lower population growth rate than the TYWI, and that such difference may be explained by the relatively high frequency of individuals experiencing one or two winters at sea before first reproduction combined with a relatively low frequency of repeat spawners in the ESKB compared to the TYWI, a river whose sea trout population is characterised by high elasticity of to repeat spawners.

The current model also ignores the contribution of brown trout spawning to the population dynamics of trout on the studied rivers, as no empirical contemporary data was available on: 1) the river specific proportion of the population remaining as brown trout, 2) the somatic growth rate of such brown trout, and 3) the relationship between somatic size and fecundity for brown trout females. These parameters are likely to have major effects on the population dynamics of trout. If empirity data were available for all rivers, then a more complex version of the matrix models employed here as suggested by Ffister & Wang (2005) could be envisaged (Figure 22), where the two alternative life strategies (brown trout and sea trout) are included in the matrix, each with their own survival, growth, and fecundity transition values. However, parameterising such a model would require an extensive sampling of the fresh water phase of all rivers targeted. The current models could be improved through integrated projection models (IPMs), in which several sources of data (e.g. scale reading data to estimate life history, fisheries data to estimate census size, mark-recapture data to estimate survival, and published data to estimate unsampled transitions) can be incorporated into a single model [START_REF] Ellner | Integral projection models for species with complex demography[END_REF][START_REF] Abadi | An assesment of integrated population models: bias, accuracy, and violation of the assumption of independence[END_REF][START_REF] Schaub | Integrated population models: a novel analysis framework for deeper insights into population dynamics[END_REF][START_REF] Gotelli | IMPpack: an R package for integral projection models[END_REF]. All sources of uncertainty due to process variability and sampling error can also be included through state-space models [START_REF] Buckland | State-space models for the dynamics of wild animal populations[END_REF][START_REF] Petris | State space models in R[END_REF], and thus confidence on parameter estimate can be evaluated as well. The IPMpack [START_REF] Gotelli | IMPpack: an R package for integral projection models[END_REF] offers the possibility of constructing IPMs based on continuous demographic variables, such as weight, and allows the inclusion of complex life cycles and independent covariates, such as environment or genetic population membership. Future work on the dataset presented here should aim to produce IPMs where the different sources of data are incorporated and the uncertainty in each of the estimated parameters is reported. 
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Table 1 : Extract of the recreated life history table for five individuals from the River CURR. The

 1 first individual, I-CURR-10-037, was captured in 2010 as a 3.1IM+ returning to spawn for the first time with a length of 57cm. The first six records on the table refer to such individual, and indicate the stage, back calculated length and associated fecundity in 2010 (the first time the individual was about to spawn), the projected final state of dead in 2011. Individual I-CURR-10-039 was captured as a 3.0+4SM+ in 2010, hence it has 5 years where this individual spawned, the 4 previous to capture and the one it was captured on (2010 = SM5).

	Id	Year	Stage	Total age (years) Length (mm) Fecundity
	I-CURR-10-037	2006	FW	0	211	0
	I-CURR-10-037	2007	FW	1	306	0
	I-CURR-10-037	2008	FW	2	397	0
	I-CURR-10-037	2009	IM	3	485	0
	I-CURR-10-037	2010	SM1	4	570	3096
	I-CURR-10-					

Table 2 : Transition matrix from the River ESKB without mortality modifiers
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	$T	FW	SW	IM	SM1	SM2	SM3	SM4	dead
	FW	0.500	0	0	0	0	0	0	0
	SW	0.352	0.029	0	0	0	0	0	0
	IM	0.061	0.077	0.082	0	0	0	0	0
	SM1	0.087	0.894	0.918	0	0	0	0	0
	SM2	0	0	0	0.148	0	0	0	0
	SM3	0	0	0	0	0.179	0	0	0
	SM4	0	0	0	0	0	0.200	0	0
	dead	0	0	0	0.852	0.821	0.800	1.000	0

Table 3 : Fecundity matrix form the River ESKB without egg mortality modifiers
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	$F	FW	SW	IM	SM1	SM2	SM3	SM4	dead
	FW	0	0	0	1663	2242	2573	3546	0

Table 4 : Combined transition and fecundity matrix for the river ESKB with mortality modifiers

 4 

Table 5 :

 5 Samples sizes by rivers and Marine zones

	River	N	Marine Zone N
	CURR	346	MZ04	32
	ARGI	223	MZ05	105
	BAND	44	MZ06	167
	SLAN	126	MZ07	64
	DARG	66	MZ08	74
	BOYN	205	MZ09	69
	DEWR	217	MZ10	107
	CAST	54	MZ11	18
	SHIM	181	MZ12	114
	IOM	59	MZ13	28
	LUCE	205	MZ14	33
	FLEE	95	MZ15	7
	NITH	204	MZ16	15
	ESKB	378	MZ18	5
	EHEN	20	MZ23	33
	LUNE	319	MZ29	14
	RIBB	72	MZ30	44
	DEEw	117		
	CLWY	65		
	CONW	64		
	DYFI	236		
	TEIF	103		
	TYWI	357		
	LOUG	1		
	TAWE	32		

Table 6 : Number of females, males, and non-sexed sea trout
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	Female Male	Indeterminate NotExamined
	1692	598	726	734

Table 7 : Sample size and proportion of females by river
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Table 9 : River-specific stable stage distributions of 22 sea trout populations around the Celtic and Irish Seas.
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Table 10 : Reconstructed average number of eggs per female by stage and river
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Elasticity analysis:

Complementary to the fundamental values and the sensitivity of λ to transition perturbations, the elasticity of λ to transition perturbations measures the proportionality of the change in λ to a change in a transition value. High elasticity of to a certain transition suggests high proportionality between and . The elasticities of a transition matrix always add up to one, so they represent the transition's relative importance to . Elasticities can be added by rows, columns, or groups of transitions, to estimate the relative importance of such groups. If examined by rows, elasticities highlight the importance of transitions entering a stage, while if examined by columns, elasticities reveal the importance of transitions leaving a stage. For example, FW are, by far, the most important source of SM1 (whitling life history pattern as opposed to .1+ and .2+ maidens), while the most important contribution of SM1 is its fecundity rather than the production of repeat spawners. For all rivers it can be observed that the elasticities of to transitions FW to FW, FW to SM1, and SM1 fecundity, contribute over 0.5 to , highlighting the importance of whittling for maintaining the all populations of sea trout (Table 12). These transitions (FW -> FW, FW -> SM1, and SM1 -> FW; i.e. a 2.0+ whitling returning to spawn for the first time) compose the shortest life history strategy an individual can take to contribute to the next generation, which is defined here as the minimum life history (minLH). The dependency of a population on the minimum life history strategy was calculated by adding the elasticity of to the FW to FW, FW to SM1, and SM1 to FW transitions (E.minLH). Such dependency varied widely among sea trout populations from different rivers: in some rivers, such as the BAND, SLAN, BOYN, DEWR, CAST, SHIM, and CLWY, the combined elasticities of λ to the minimum life history (E.minLH) added up to close to 0.9, showcasing the dependence of these populations on a very short life cycle with little diversity of life strategies. In the BOYN, this value added up to 0.99, indicating no role of alternative strategies in the dynamics of the population. The sum of the elasticities of all other transitions not included in the minLH, can be interpreted as the dependency on alternative life histories (E.altLH), such as those with sea winters (SW and IM) and repeat spawners (SM2, SM3…). The elasticities of alternative life strategies summed to around 0.4 in sea trout populations in the CURR, NITH, LUNE, RIBB, DYFI, and TYWI highlighting the importance to population growth rate of the diversity of life strategies found in these rivers. Alternative life strategies can play an important role in the stability of a population, as populations highly dependent on the minimum life history could be strongly affected by stochastic events preventing spawning one year.

Elasticities of to fresh water, whitling, sea winters, first time spawners, and repeat spawner phases were calculated (Table 8). Low estimated population was associated with higher 

Discussion:

It is important to recognise that a number of caveats limit the power of the population dynamics analysis of the current dataset: the variance in sampling efforts among rivers (from 44 in the BAND to 378 in the ESKB) may have led to variance in the certainty of estimated population parameters, and thus interpretation of these parameters from low confidence populations must be done with caution. The average life history of returning sea trout varies strongly over the months, where older sea trout return earlier in the year than whitling. If sampling in certain rivers is biased to early or late months, then the estimated population parameters will not be representative of the whole population inhabiting the river. For example, the BOYN has a rather high proportion of August and September caught individuals (Figure 2), which are frequently whitling, and shows the highest dependence on the minimum life history strategy (2.0+). If the sampling is biased because there was no sampling in earlier months, rather than a true biological feature (no sea trout returning in earlier months), then the high dependence on the minimum life history (2.0+) would be a spurious result. However, other rivers in the area (DARG, DEWR, CAST and SHIM) also have high proportions of late returning fish, and are characterised by relatively high dependency on such short life history strategy, giving weight to a regional tendency of sea trout populations towards simplified life history strategies.

The survival transitions for repeat spawners (e.g. SM2 -> SM3, SM3 -> SM4… ) were estimated based on the transitions reported in the whole data available for each river (i.e. combining all sampling years together). Hence, these transition estimates assume that populations are at stable stage distribution, which is unlikely to be true. For rivers with large sample sizes, future analysis should evaluate the temporal stability of the estimated parameters to assess the confidence on the estimated values.

The fecundity of each individual sea trout was not empirically known, and thus it was estimated based on individual length using a relationship based on 55 sampled individuals (CSTP Report) collected from marine zones between July and October. With the data available, it was not possible to produce river specific fecundity relationships, which may have an important impact on population dynamics. If possible, an evaluation of the variance of river specific fecundity values would improve the estimates of population dynamics parameters.

As indicated in the introduction, sometimes post-smolting winter marks are indeterminate in that some erosion of the scale is present but not enough to clearly state a return of the individual to fresh water to spawn. These winter marks were recorded as indeterminate marks (IM), and were modelled identically as sea winters (SW), i.e. they had no fecundity values associated with them. Without further information on the true nature of these IMs, it is difficult to judge on the impact on the model of inclusion of IMs as spawners. First spawners are by far the highest contributors to the next generation and thus if all IMs are spawners, they would have a significant impact on the estimated parameters. If data were collected that would allow estimating the number of true spawners among the IM, then that proportion could be easily included in the matrix model by multiplying that proportion by the SM1 fecundity. Such evaluation could have important effect on rivers with a relatively high proportion of IMs, such as the rivers in the south west of Ireland, England, and mid Wales.