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Executive summary 

 

Simulations indicate that the Cox proportional hazards model can be used to 

estimate approximate animal-level multiplicative mortality effects arising from 

multiple infections within aquaculture production cycles. 

 

Introduction 

 

Commercial aquaculture farm production data have long been used to investigate 

the causes of stock mortality (Menzies et al., 1996) with analyses of disease 

focussing on individual presumptive causes (e.g. Menzies et al., 1996; Soares et al., 

2011; Kilburn et al., 2012). Substantial differences in mortality rates attributed to a 

specific disease have been reported (e.g. Menzies et al., 1996; Kilburn et al., 2012; 

Escobar-Dodero et al., 2019) and an interaction with other infections may explain a 

part of this variation (reviewed by Kotob et al., 2016). 

 

Aquarium-based disease challenge experiments can provide information on the 

potential effect of multiple infections on mortality (e.g. Hedrick et al., 1994; Johansen 

& Sommer, 2001), although the estimates of magnitude are not necessarily 

applicable to commercial production conditions. A practicable approach to estimating 

the size of interactive effects between infections on mortality using farm production 

data is therefore desirable. 

 

The Cox proportional hazards model (Cox, 1972) represents one possible approach. 

Specifically the model can estimate a hazard ratio (HR) for mortality attributed to a 

specified disease when another preceding or concurrent specified infection occurs in 

the same production cycle, relative to mortality attributed to the same specified 

disease when the preceding or concurrent infection does not occur in a cycle. This 

approach was recently used to identify infection risk factors associated with mortality 

attributed to infectious pancreatic necrosis (IPN) within Atlantic salmon, Salmo salar 

L., production cycles (Escobar-Dodero et al., 2019). The investigation, however, 
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focussed on estimating the HR for the occurrence of one or more IPN mortalities 

during a production cycle, rather than estimating a HR for all IPN mortalities; a 

production cycle rather than animal-level estimate. No aquaculture based animal-

level analyses using a proportional hazards model have been published and it would 

be reassuring to ensure that such analyses are computationally feasible and valid 

before embarking on such investigations. This present report therefore describes in-

silico simulations generating animal-level disease mortality HR estimates intended to 

help build the capacity within Marine Scotland Science of carrying out analyses of 

mortality associated with multiple infections. 

 

Methods 

 

Data, similar in structure to the marine-stage production database of one of 

Scotland’s Atlantic salmon aquaculture companies (Kilburn et al., 2012), were 

simulated in-silico. 

 

The simulated data (Figure 1) comprised five variables (columns) for: 

 

 identity of production cycle (‘production-cycle’; categorical comprising ‘1’, ‘2’, 

‘3’, …, ‘100’); 

 production day comprising at least one record (row) for each production cycle 

day (‘day’; numeric comprising 1, 2, 3, …, 550 with stocking at the beginning 

of day 1 and harvest at the end of day 550); 

 number of livestock at the start of each production cycle day (‘opening-count’; 

numeric ≤1x106); 

 at least one record of the number of deaths on each production cycle day 

(‘mortality’; numeric <1x106); 

 cause of death for each mortality record (‘cause’, categorical comprising 

‘production-loss’, ‘disease-1’, ‘disease-2’ and ‘harvest’). 

 

The simulated production cycles were categorised into four type groups based on 

whether they had experienced: 

 

 production-loss and harvest only (TG0); 

 production-loss, disease-1, and harvest (TG1); 

 production-loss, disease-2, and harvest (TG2);  

 production-loss, disease-1, disease-2, and harvest (TG12). 

 

The estimation of the HR only requires TG2 and TG12 production cycles. 
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Figure 1: Example of simulated production data. Production-cycle 1 experiences 

both disease-1 & disease-2 mortality and is categorised as type group TG12. 

 

An example of the simulated survivals is presented in Figure 2. This involved 100 

production cycles, each stocked with 1x106 fish with surviving fish harvested on day 

550. Mortalities attributed to disease-2 affected 2.5-7.5% of the stock for TG2 

production cycles and 10-30% for TG12 cycles, a multiplicative effect of four. 

Additional details of the production data simulation are given in the Appendix. 

 

The production database was converted into a survival database (Figure 3), 

comprising five variables (columns) for: 

 

 production-cycle (described previously); 

 day (described previously); 

 type-group (described previously) comprising TG2 and TG12 only; 

 indicator categorising mortality attributed to disease-2 as ‘1’ and all other 

causes as ‘0’ (‘indicator’; categorical: ‘1’, ‘0’); 

 number of deaths (‘mortality’; numeric <1x106). 

 

Mortalities for each indicator variable within each production-cycle day combination 

are summed. 
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Figure 2: Example of simulated survival for production cycles (individual lines) 

experiencing mortality attributed to disease-2 only (TG2) or disease-1 & disease-2 
(TG12) assuming an interactive effect of disease-1 on disease-2 mortality of four. 

Mortality attributed to disease-1 precedes disease-2 in TG12 cycles. Harvest on day 
550 is not plotted. 
 

The HR was estimated using the Cox proportional hazards model: 

ℎ(𝑡)

ℎ0(𝑡)
= 𝑒𝛽𝑋 

where: ℎ(𝑡) = probability of disease-2 mortality at time t for type group TG12 given 

that it had not occurred previously; ℎ0(𝑡) = probability of disease-2 mortality at time t 

for type group TG2 given that it had not occurred previously; 𝛽 = fixed effect 

coefficient for type group (𝑋) TG12 relative to TG2. The method of Efron (1977) was 

used to correct for multiple daily mortalities. Individual fish within production cycles 

share a more similar experience than individuals between cycles and a robust 

variance estimate (Lin & Wei, 1989) was used to correct 95% confidence intervals 

for this model misspecification. Finally operationalising the model by replacing the 

dependent variable of mortality number with the indicator (1 or 0) and weighting this 

by mortality number is computationally more efficient. 

 

Multiple sets of simulated data with defined HR values ranging from 1 to 4, were 

generated within the R Statistical Environment version 3.6.3 (R Core Team, 2020) 

and the estimated HR calculated using the ‘coxph’ function of ‘survival’ 3.1-11 

(Therneau, 2020). Hazard ratios of greater than 1 represent an increased risk of 
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disease-2 mortality if disease-1 is present in a production cycle relative to cycles 

where disease-1 is not present. The relationship between the estimated and defined 

HR was evaluated by linear regression assuming a normal error distribution, and the 

parameter values compared to the expected intercept of 0 and gradient of 1. 

 

 
 
Figure 3: Example of a simulated survival database comprising production cycles 

experiencing disease-2 (TG2),and disease-1 & disease-2 (TG12) only. The indicator 
codes disease-2 deaths as ‘1’ and all others, including harvest, as ‘0’. 
 

Results 

 

There is agreement between estimated and defined HR (Figure 4) with no evidence 

that the linear regression equation intercept (-0.04±0.08) or gradient (1.00±0.03) 

differ from the expected values of 0 and 1 respectively. 

 

The estimation of the HR from a single simulated database took less than one 

second using a 64 bit laptop with a 2.4 GHz Intel Core i5-6200U CPU and 8 Gb of 

RAM running under Windows 10 Enterprise. 
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Figure 4: Relationship of estimated and defined hazard ratios (HR). Estimates are 

shown as points with 95% confidence intervals and the relationship as a dotted line. 
 

Discussion 

 

The results of these simulations indicate that the Cox proportional hazards model 

can be used to estimate interactive animal-level disease mortality effects within 

aquaculture production cycles. This approach is not necessarily limited to 

investigations of disease mortality because disease-1 and/or disease-2 can be 

replaced by environmental events or production management variables. 

 

The simulation results do not, however, demonstrate the practical utility of the Cox 

proportional hazard model. There are several reasons for this. First, actual 

production data are not as conditioned as simulated data. For example additional 

stocking could disrupt analyses depending on when it occurs. In contrast stock 

movements from a production cycle can be accommodated by coding the indicator 

variable as ‘0’ (Figure 3). Second, the simulations assumed that the timing and 

duration of disease-2 mortalities are similar for both TG2 and TG12 production 

cycles. Differences would violate a modelling assumption of constant HR over time. 

Model modifications incorporating change over time are available, the simplest being 

to estimate the HR for stratified time periods (e.g. Zhang et al., 2018). Compliance of 

actual production data with other modelling assumptions such as independent 

censoring would also require investigation. Third, actual production cycles are not 
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independent as assumed by the simulations and share similarities arising from 

geographical location, operator and disease occurrence on nearby sites. A robust 

variance was used for the simulations to correct the confidence intervals for model 

misspecification, and it is very likely that this approach would be applicable to actual 

production data. The point estimates are however based on production cycle type 

group only and are therefore approximate. An investigation to confirm that the 

approximate HR are satisfactory using a subset of actual production data is 

desirable. In summary, while the simulations indicate the utility of the proportional 

hazard model to aquaculture production cycle data, it will be necessary to pilot its 

use on actual animal-level production data to demonstrate this. 

 

There are no published animal-level proportional hazard analyses associated with 

disease in aquaculture. It is likely that a perceived problem of computational 

resource is, at least in part, responsible for deficiency. The simple approach 

described in this report, using an ordinary laptop to rapidly generate HR estimates, 

indicates that the Cox proportional hazards model can be used to estimate 

approximate animal-level multiplicative mortality effects arising from multiple 

infections within aquaculture production cycles. 
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Appendix – Simulation of Production Data 

 

The simulated production data comprised 100 production cycles each stocked with 

1x106 fish at the beginning of day one. No further stocking occurred after this time 

point. Each production cycle then experienced continuous mortality until the 

remaining fish were harvested at the end of day 550. No harvesting or fish 

movements from production cycles occurred before day 550. Mortalities between 

stocking and harvest were attributed to production losses or disease. 

 

The production mortality for each individual fish was: 

 

 a probability of daily mortality sampled individually for each production cycle 

from ~U(4.54x10-5,1.36x10-4) and constant for that cycle from day 1 to day 

550 inclusive and; 

 a probability of daily mortality sampled individually for each production cycle 

from ~U(5.00x10-4,3.75x10-3), and constant for that cycle from stocking to a 

day sampled individually for each cycle from ~U(20,50). 

 

Disease mortality attributed to disease-1 or disease-2 was assigned to individual 

fish. Some production cycles experienced no disease (TG0), other cycles disease-1 

only (TG1), other cycles disease-2 only (TG2), and the remaining cycles disease-1 

and disease-2 (TG12). The number of production cycles experiencing each disease 

comprised: 

 

 TG1: Production cycles affected by disease-1 were randomly assigned with a 

probability of 0.100. The total disease-1 mortality was sampled from 

~U(1.25x10-2, 3.75x10-2) with a start day sampled from ~U(275, 325) and a 

duration sampled from ~U(30, 100) for individual production cycles. 

 TG2: Previously unassigned production cycles affected by disease-2 were 

assigned with a probability of 0.222. The total disease-2 mortality was 

sampled from ~U(2.50x10-2, 7.50x10-2) with a start day sampled from ~U(375, 

425) and a duration sampled from ~U(30, 100) for individual production 

cycles. 

 TG12: Previously unassigned production cycles affected by both disease-1 

and disease-2 were assigned with a probability of 0.571. The total disease-1 

mortality for individual production cycles was sampled as described for TG1. 

The total disease-2 mortality for individual production cycles was sampled as 

described for TG2 except the mortality rate was multiplied by a factor ranging 

from >1 to 4, corresponding to an interactive mortality effect of disease-1 on 

disease-2. 
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The remaining production cycles, which did not experience disease mortality, were 

assigned to TG0. 

 

The number of deaths on each production cycle was determined stochastically 

sequentially for each day from the number of survivors at the start of that day using 

the cycle specific mortality values. All surviving fish were harvested at the end of day 

550. 

 

The resulting production data (Figure 1 and 2) were then converted into survival data 

(Figure 3) and subjected to the Cox proportional hazards model analysis described 

on pages 4-5. 
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