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Supplemental Appendix S1: Environmental Persistence Models 

In addition to the base model, we developed a version of the model to account for 

environmental persistence. Specifically, this model sought to include the risk of virus remaining 

active in the substrate, and then at a later date entering a poultry operation and causing a 

spillover event.  

Methods 

To model environmental persistence, we modified the general risk equation (Equation 2) 

to account for viruses that were persisting in the environment, such that the risk at time w (Rw) 

𝑅𝑤 = 𝑅𝑑+ 𝑓(𝑅𝑤−1) 

can be modeled as the sum of the risk of direct transmission (Rd; the risk from equation 2) and 

the risk persisting from the previous week f(Rw-1), where the risk from the previous week has 

declined based on a decay function.  

There is disagreement in the literature over the extent to which avian influenza viruses 

are able to persist in the environment. Much of the available literature points towards low 

persistence, (e.g., 95% of viruses being non-viable after 3 days; Martin et al., 2018), though 

some studies show viable viruses for extended periods (e.g., after 7 months; Ramey et al., 2020). 

Here, we base our primary version of this model off the results of a meta-analysis conducted by 

Martin et al.(2018). Operationally, we implemented the decay function drawn from their meta-

analysis with the following equation: 

𝑓(𝑅𝑤−1)= 𝑅𝑤−1 × 𝑒−1×𝑎𝑤×𝑘×7



where aw is a matrix of persistence values for each week (w), k is a constant that allows us to 

increase or decrease the amount of persistence (proportion of viruses that survive from one time 

step to the next), and 7 is the number of days in between our weekly timesteps. The equation for 

aw comes directly from Martin et al.(2018), as 

𝑎 = 𝑒(𝛽𝑡×𝑡+𝛽𝑠×𝑠+𝛽𝑡𝑠×𝑡×𝑠)

where 𝛽𝑡 = 0.023, and is the effect of temperature (t) on persistence, 𝛽𝑠 = −0.019, and is the 

impact of salinity (s) on persistence, and 𝛽𝑡𝑠 = 0.001 and is the interaction between temperature 

and salinity.  

Temperature data was derived from MODIS 8-day surface temperatures 

(https://lpdaac.usgs.gov/products/mod11a2v006/). We downloaded data from 2016-2021 and 

averaged both across years and between daytime highs and nighttime lows. We then selected 

data from areas that overlap water, to limit the analysis to water surface temperatures, based on 

the U.S. Geological Survey Gap Analysis Project (https://doi.org/10.5066/F7JM28J1). Salinity 

data was also taken from the Gap Analysis Project, where we classified “fresh” water as having a 

salinity of 1 ppt and brackish water assigned a salinity of 25 ppt. Values for both surface 

temperature and salinity were then interpolated with a moving window average to fill in gaps 

where water was not present, on the assumption that waterfowl would only occupy areas in and 

around water.  

We then ran the model forward in time for 1,000 weeks and checked if values had 

stabilized. Additionally, as there is a range in values in the literature on the extent of 

environmental persistence, we tested the sensitivity of the model to different levels of persistence 

by altering the value of k (0.1 and 0.01). Weekly results were visually inspected and compared to 

results from the base model with a Pearson’s correlation.  

https://lpdaac.usgs.gov/products/mod11a2v006


Results 

 Unsurprisingly, as Martin et al. (2018) expects little and short-lived environmental 

persistence, predictions of the environmental persistence model did not differ meaningfully from 

those in the base model without environmental persistence (r = 1.000). As there is some 

disagreement in the literature as to what extent these viruses are able to persist, we ran additional 

versions of the model setting k to 0.1 and 0.01 respectively to increase environmental 

persistence.  This corresponds to an average proportion of viruses persisting to the next week for 

each of the three models (k = 1, 0.1, 0.01) of 0.00004, 0.37, and 0.91 respectively, or 2.2x10-62, 

6.8x10-7, and 0.24, after 100 days. Despite these changes, we still saw only a limited decrease in 

the correlation between the persistence models and the base model, with Pearson’s correlations 

among all grid cells and weeks among the two models of 1.00, 0.97, and 0.68 respectively. The 

minor differences appear to be primarily driven by the persistence of some low-level of risk in 

areas where waterfowl spend some time of the year, but later vacate.  
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