Supplementary Material 2: Why a population model without nonlinear effects is conservative

Non-linear responses such as density-dependence and compensatory mechanisms acting on population dynamics have sometimes been identified for some wolf populations in some periods. However, using a more complex model is not justified for several reasons. 

The general population ecology literature predicts when density-dependence will not be observed and Wisconsin’s wolves met three of the criteria: Fowler [1] long ago reviewed many mammal populations, wherein a majority -- but not all – of wildlife populations show density-dependence. Similarly, Brook and Bradshaw [2] added to our understanding with modeling of 1198 populations and explained why many conditions would prevent or obscure a density-dependent population dynamic for long periods or forever. We now cite our work published this month that documents three of those conditions to explain why Wisconsin wolves did not show negative density-dependence from 1980-2012 [3]. Indeed, it seems unsurprising that the Wisconsin wolves did not show negative density-dependence given pack territoriality, minimal changes in density over time, and the change in census methods 2 times between 1980-2012 and another 2 times between 2013 and the present.

Secondly, Stenglein et al. [4] and Chapron & Treves [5] agree there was no detectable negative density-dependence on mortality (which is our main focus). Although there is no consensus on density-dependence on reproduction, the only study finding such [4] found negative density-dependence which would tend to decrease the survival of juveniles to November 2020, increasing the percent reduction in the population reported. Our omission of such is therefore conservative. Furthermore, we find the evidence for negative density-dependence on recruitment is unsubstantiated [6, 7]. Therefore, inclusion of negative density-dependence is not justified and would only add to our estimate of percent reduction. 

Some readers might wonder if there were compensatory effects on vital rates that might have arisen during our study period and might have led to an increase in the population or its rate of growth beyond the 3.8% average rate we began to model with. During our study period April 2020-April 2021, compensatory effects might surface as fewer deaths from other causes because hunters killed wolves, more immigration because of vacancies created by hunting, or more births or higher recruitment rates because of space or resources freed up by the death of adults during the hunt. However the hunt occurred at the end of February 2021, so compensatory effects of the hunt, if any, would emerge afterwards. Our modeling concerns April 2020-April 2021. Claims about compensatory effects that might recover lost population have to show evidence for such effects AFTER the hunt.

Therefore, our simple population model, based on average growth rates of previous years, already incorporates potential structural non-linear effects to predict the population by November 2020 and then we begin deducting the additional human-caused deaths that began with federal delisting. The cumulative incidence functions we describe below already incorporate non-linear effects on mortality but research has proven those effects are depensatory not compensatory [8, 9], which is consistent with population-level analyses showing super-additive mortality [10] and depensatory population decline [5, 6, 11-13].

Regarding the inferences we made about depensatory effects, below we explain how the inferences about cryptic poaching were made with confidence.

We used time-to-event analyses on radio-collared wolves in two populations (and two independent datasets) to evaluate the changes in survival of wolves over time as policies changed. The policies in question were reductions in ESA protections interspersed with periods of stricter protection. We showed that disappearances of radio-collared wolves increased substantially during periods with reduced ESA protections, estimated at 19% in Wisconsin’s less intensively monitored population [8] and 121% in the Mexican gray wolf population monitored five-ten times more intensively by several measures [9]. But it is not only the association with 6 changes in policy that allow us to estimate cryptic poaching. 

We also examined mechanical failures of collars and migration. There are only three known outcomes for wolves with radio-collars that are lost to monitoring by radio-telemetry. First the transmitter may undergo mechanical or battery failure. Second, the collared animal may migrate out of range of telemetry. Third, the animal may die and its transmitter be destroyed by people. 

There is no known mechanism by which policy change can cause mechanical or battery failure but moreover, disappearances of radio-collared wolves occur several hundred to 1000s of days earlier than expected for the life of radio-collars judging from the average life of collars in wolves that die from natural deaths, as we have shown for a number of populations of wolves [14-16]. 

As for migration, a radio-collared wolf must leave the state not simply shift range to be lost to monitoring. For Mexican gray wolves, the intensive monitoring once per week or twice per week and assiduous search for missing wolves did not reveal more than perhaps one case in >400 of a wolf with radio-collar migrating so far and being lost to contact, i.e., even migrants are often recovered [9]. A red wolf study with >500 radio-collared wolves reported the same pattern [14]. Although Wisconsin wolves were not monitored as intensively then or now, our prior work showed migration was seven times more frequent into Wisconsin from Michigan than the converse [15], and moreover we used the more conservative cumulative incidence curves from Wisconsin rather than the much more dramatic 121% increase in LTF from Mexican gray wolves. Note emigrants are nonetheless lost to Wisconsin’s wolf population making emigration an unsatisfactory rebuttal of our estimate of population decline. 

We consider it vanishingly rare that a radio-collared wolf died of a non—poaching cause in a medium or substrate (e.g., salt water or underground) that destroyed the transmitter soon after death, although a case of poaching and dumping in saltwater is known [14].

The only remaining possible cause of disappearance of a monitored wolf is human manipulation. A great deal of social scientific data also support the willingness and intention to poach wolves in Wisconsin and beyond [17-21]. That evidence was summarized in Science [22].
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