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ABSTRACT  Model-based predictors derived from historical data are rarely evaluated 38 

before they are used to draw inferences.  We performed a temporal validation, (i.e., 39 

assessed the performance of a predictive model using data collected from the same 40 

population after the model was developed) of a statistical predictor for the number of 41 

successful breeding pairs of wolves (Canis lupus) in the northern Rocky Mountains 42 

(NRM).  We predicted the number of successful breeding pairs,  , in Idaho, Montana, 43 

and Wyoming based on the distribution of pack sizes observed through monitoring in 44 

2006 and 2007 ( ̂ ), and compared these estimates to the minimum number of successful 45 

breeding pairs, βMIN, observed through intensive monitoring.  βMIN was consistently 46 

included within the 95% confidence intervals of ̂  for all states in both years (except 47 

Idaho in 2007), generally following the pattern L̂ (lower 95% prediction interval for ̂ ) 48 

< βMIN < ̂ .  This evaluation of ̂  estimates for 2006 and 2007 suggest it will be a robust 49 

model-based method for predicting successful breeding pairs of NRM wolves in the 50 

future, provided influences other than those modeled in ̂  (e.g., disease outbreak, severe 51 

winter) do not have a strong effect on wolf populations.  Managers can use ̂  models 52 

with added confidence as part of their post-delisting monitoring of wolves in NRM.  53 
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INTRODUCTION 56 

Gray wolves in the NRM were classified under the Endangered Species Act through 2008 57 

as either endangered in the Northwest Montana Recovery Area (NWMT) where wolves 58 

recolonized naturally beginning in 1979, or experimental, non-essential in the Central 59 

Idaho and Greater Yellowstone Experimental Population Areas (CIEPA and GYEPA 60 

respectively) where wolves were reintroduced in 1995 and 1996.  Throughout recovery of 61 

the NRM wolf population, monitoring has been conducted to evaluate progress toward 2 62 

recovery goals: 1) 300 wolves, and 2) 30 successful breeding pairs, defined by the U.S. 63 

Fish and Wildlife Service as packs containing at least 1 adult male and 1 adult female 64 

with ≥ 2 pups on 31 December of a given year (USFWS 1994).  Monitoring to document 65 

progress toward recovery has been intensive, resulting in near-census quality data on 66 

wolf abundance and number of breeding pairs.  Because the wolf population has 67 

exceeded recovery goals since 2002, the USFWS has delisted wolves in the NRM 68 

(USFWS 2009).  Following delisting, federal funds for intensive monitoring will no 69 

longer be available, but Idaho, Montana, and Wyoming will be required to ensure 70 

numbers of wolves and successful breeding pairs remain above recovery criteria.  Cost-71 

effective and accurate alternatives to intensive monitoring are thus needed to ensure the 72 

wolf population in the NRM remains recovered after delisting. 73 

To assist with post-delisting monitoring, Mitchell et al. (2008) used monitoring 74 

data through 2005 to develop a statistical model for predicting the number of successful 75 

breeding pairs,  , based on the distribution of pack sizes within a wolf population.  They 76 
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showed how demographic trends and human-caused mortality affected these predictions 77 

differently for 6 analysis areas within the NRM (Idaho, ID; NWMT, Southwest Montana 78 

adjacent to CIEPA, SWMT-CIEPA; Southwest Montana adjacent to GYEPA, SWMT-79 

GYEPA; Wyoming, WY; Yellowstone National Park, YNP; Mitchell et al. 2008); they 80 

concluded models appropriate to the demography and human-caused mortality 81 

experienced by a wolf population must be used to derive predictions of the total number 82 

of successful breeding pairs in each population.   83 

Our objective in this study was to temporally validate how well ̂  could predict 84 

the number of successful breeding pairs in the NRM for years subsequent to those used to 85 

construct the predictive model. Temporal validation evaluates the ability of a statistical 86 

model to predict future conditions for the population from which the model was derived, 87 

subsequent to the observations used to generate the model (Altman and Royston 2000; 88 

also referred to as “historical transportability” in Justice et al. 1999).  If a model performs 89 

well in a temporal validation, this lends support to the robustness of the model. We thus 90 

used ̂  to predict the number of breeding pairs for Idaho, Montana, and Wyoming in 91 

2006 and 2007 and compared these estimates to the minimum number of successful 92 

breeding pairs, βMIN, documented for each year through intensive monitoring (data 93 

unavailable at the time analyses contained in Mitchell et al. 2008 were conducted; UFWS 94 

et al. 2007, 2008).  The purpose of our effort was to provide another evaluation of 95 

whether ̂  would be a reliable alternative to intensive monitoring for documenting 96 

successful breeding pairs following delisting. 97 

STUDY AREA 98 
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The NWMT, CIEPA, and GYEPA federal recovery area boundaries overlap the states of 99 

Montana, Idaho, and Wyoming (Mitchell et al. 2008).  Wolf populations within each 100 

recovery area experienced different levels of isolation, protection, management, and 101 

exposure to humans, based largely on geography and administrative boundaries (Mitchell 102 

et al. 2008, USFWS 2009).  Much of ID was federally-designated wilderness; 103 

surrounding forested lands were a mix of public and private timber lands.  Wolves in 104 

Idaho were managed as a non-essential, experimental population (i.e., receiving a lower 105 

level of protection under the Endangered Species Act, thus increasing management 106 

flexibility; USFWS 1994); the majority of mortality was due to removal in response to 107 

wolf-livestock conflicts and to poaching.  Lands in NWMT were primarily public or 108 

corporate-owned and managed for timber production.  Wolves in NWMT were managed 109 

as an endangered population; poaching and vehicle collisions exceeded legal removals.  110 

Land ownership in SWMT-CIEPA, SWMT-GYEPA, and WY was a mixture of public 111 

and private; local land management emphasized livestock production.  Wolves were 112 

managed as a non-essential, experimental population in these areas and removal 113 

following livestock conflicts was the primary cause of mortality. YNP wolves were 114 

managed as a non-essential, experimental population, but lands within YNP are protected 115 

and relatively undeveloped; human-caused mortality was low compared to deaths caused 116 

by intraspecific conflicts (Mitchell et al. 2008).   117 

METHODS 118 

Wolf Monitoring 119 

In 2006 and 2007, Idaho, Montana, and Wyoming relied primarily on federal funding to 120 

monitor radiocollared packs on the ground and from aircraft at routine intervals 121 
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throughout the calendar year, at levels of intensity consistent with previous years.  On 122 

average 30% of the adult-sized wolves in the population were monitored by radio 123 

telemetry 2-4 times a month.  Some uncollared packs were monitored by ground tracking.  124 

Breeding success was documented through observations of pups present in a pack during 125 

aerial and ground observations of dens in spring (Montana and Wyoming), visitation of 126 

den and rendezvous sites (Idaho) and monitoring of pack composition during fall months 127 

(all states; Mitchell et al. 2008).  At the end of each calendar year, all available 128 

information was used to assess pack size and whether each pack satisfied the successful 129 

breeding pair criterion set by USFWS (USFWS et al. 2007, 2008).   130 

Prediction of Successful Breeding Pairs 131 

Because some of the same packs were observed over multiple years, we assessed lack of 132 

independence in our pack size and breeding pair data, blocked by individual packs, from 133 

1979 through 2007 by calculating extra binomial variation (i.e. the dispersion parameter) 134 

for our data set; a ratio >1 can indicate a lack of independence among observations (SAS 135 

Institute 2000). Strict independence of the data collected and presented in this analysis is 136 

not requisite for the temporal validation we conducted.  In reality, packs survive in this 137 

population for multiple years, and thus ̂  needs to perform accurately given this fact.  To 138 

predict the number of successful breeding pairs in each state for 2006 and 2007, we first 139 

assigned each wolf pack observed in each state in 2006 and 2007 to 1 of the 6 analysis 140 

areas defined by Mitchell et al. (2008).  For each pack, we used the ̂  model specific to 141 

the analysis area to which it was assigned to predict the probability it contained a 142 

breeding pair with lower and upper 95% confidence limits.  We summed these 143 

probabilities and their confidence limits across packs within each state in each year 144 
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(Mitchell et al. 2008) to predict the number of successful breeding pairs ( ̂ , with 95% 145 

prediction interval, L̂ and U̂ ) present in Idaho, Montana, and Wyoming in 2006 and 146 

2007.  To make these predictions, we used the predictors presented in Mitchell et al. 147 

(2008): 148 
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where the summation is over pack sizes i = 4 to k of the number of known packs of size i, 152 

ni, iP̂  is the predicted probability a pack of size i containing a successful breeding pair 153 

from the logistic models developed in Mitchell et al. (2008) independently for each of 6 154 

analysis areas, and iLP̂ and iUP̂  are the back-transformed lower and upper confidence 155 

bounds on iP̂  (Neter et al. 1996: 603-604).  In 2007, data on pack size were missing for 156 

10 packs in Idaho, 3 packs in Montana (1 from NWMT, 2 from SWMT-GYEPA), and 5 157 

packs in Wyoming (all from outside YNP), comprising 9% of total packs for that year.  158 

For these packs, we substituted average pack size, rounded to the nearest integer, 159 

calculated for each state: Idaho = 6.45 (3.43 SD), Montana = 5.73 (2.91 SD), Wyoming = 160 

10.19 (5.02 SD).   We assumed mean pack size would be accurate estimates of expected 161 

size for those packs.   162 

We summed the number of successful breeding pairs observed through 163 

monitoring within each state and each year to represent the minimum number known of 164 
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successful breeding pairs, βMIN, present in Idaho, Montana, and Wyoming in 2006 and 165 

2007.  To assess accuracy of ̂ , we compared the predicted number of successful 166 

breeding pairs, ̂  with upper and lower 95% prediction intervals ( L̂ and U̂ , 167 

respectively) in each state to the minimum number known for each year, βMIN.  The 168 

models presented by Mitchell et al. (2008) used pack size to predict the number of 169 

breeding pairs observed through monitoring, i.e., βMIN; for our temporal validation we 170 

therefore concluded qualitatively ̂  was accurate if the prediction intervals for β 171 

contained βMIN.  Because of the rapid growth of the wolf population in the northern 172 

Rockies in recent years, we deemed it likely that monitoring efforts in 2006 and 2007 173 

would fail to detect all breeding pairs.  Further, our inclusion of 18 packs of unknown 174 

size, and therefore unknown breeding pair status, in our estimation of ̂  for 2007 meant 175 

̂  could exceed βMIN even if monitoring detected breeding pairs perfectly among packs 176 

of known size.  We therefore expected ̂  to be slightly greater than βMIN for both years. 177 

RESULTS 178 

In 2006, 134 packs comprising 972 wolves and βMIN = 86 successful breeding pairs were 179 

monitored (USFWS et al. 2007).  In 2007, 192 packs comprising 1,192 wolves and βMIN 180 

= 107 successful breeding pairs were monitored (USFWS et al. 2008).  The ratio of 181 

deviance to degrees of freedom for our pack size and breeding pair data, blocked by 182 

individual packs, from 1979 through 2007 was 0.94, therefore data from 2006 and 2007 183 

were generally independent of data through 2005 used by Mitchell et al. (2008) to build 184 

their models.  βMIN was included in 95% prediction intervals of β for Idaho, Montana, and 185 
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Wyoming for both years, except for Idaho in 2007 (Table 1).  Mean range for 95% 186 

prediction intervals of β across all states in both years was 12.62 (SD=5.19).  ̂  slightly 187 

exceeded βMIN for all states in both years, except for Montana and Wyoming in 2007 188 

when they were approximately equal (Table 1).  189 

DISCUSSION 190 

Model-based predictors derived statistically from historical data are rarely evaluated 191 

before being used to predict parameters from future data (Harrell et al. 1996; Justice et al. 192 

1999; Altman and Royston 2000).  Goodness of fit of a statistical model to the data used 193 

to build it is no guarantee that the model will predict future population parameters 194 

accurately; variation in processes and contributors to uncertainty between past and future 195 

circumstances can result in model-based predictions that vary widely from reality.  196 

Consequences for such error can be significant when predictions are used to assess 197 

population status for species of particular biological or regulatory importance. 198 

 As part of delisting of wolves in NRM (USFWS 2009), Idaho, Montana, and 199 

Wyoming will be required to monitor the number of successful breeding pairs into the 200 

future, but likely without the federal funding that supported intensive monitoring prior to 201 

delisting.  Mitchell et al. (2008) presented models for estimating the number of successful 202 

breeding pairs of wolves,  , based on observed pack sizes for 6 analysis areas within the 203 

NRM.  Their results suggested pack size explained much of the variation in the 204 

probability that a pack contained a successful breeding pair within the NRM, with models 205 

varying across the analysis areas due to differences in growth rate of wolf populations 206 

and human-caused mortality.   207 
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We conducted a temporal validation of a model-based   estimator ( ̂ ) by 208 

comparing the number of successful breeding pairs it estimated for the wolf populations 209 

of Idaho, Montana, and Wyoming to the minimum number of breeding pairs known 210 

through monitoring in 2006 and 2007.  We used a model-based   estimator specific to 211 

the 6 analysis areas developed by Mitchell et al. (2008) using data that were collected 212 

during and prior to 2005.  Prediction intervals for ̂  contained βMIN values for all states 213 

in both years, except for Idaho in 2007.  As we expected, ̂  generally exceeded βMIN, 214 

except for Wyoming and Montana in 2007, where, and Idaho in 2007 where ̂  < βMIN.  215 

We hypothesize this difference between ̂  and βMIN represents successful breeding pairs 216 

unobserved through monitoring because the NRM wolf population continued to grow 217 

rapidly whereas monitoring efforts remained relatively constant (USFWS et al. 2007, 218 

2008).  We cannot be certain why the confidence interval for ̂  did not contain βMIN for 219 

Idaho in 2007; potentially, this could have been due to under-counting of successful 220 

breeding pairs during monitoring, or the true size of the 10 packs for which we used 221 

average pack size to estimate successful breeding pair status could have been smaller 222 

than the average.  Alternatively, if βMIN was in reality close to the true parameter we were 223 

trying to predict (β), this discrepancy could simply reflect an aberrant year in the process 224 

that generated β, assuming that pack size remained closely related to the probability that 225 

a wolf pack contained a successfully breeding pair.  The general pattern of L̂  < βMIN 226 

< ̂  across all states in both years (except Idaho in 2007) suggests that ̂  is a robust 227 
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predictor for the NRM, accounting for successful breeding pairs present but unobserved 228 

through monitoring in 2006 and 2007. 229 

Our use of mean pack size to impute missing data for 18 packs among the 3 states 230 

assumed mean pack size was an accurate estimate of expected pack size for those packs.  231 

We did not assess how a violation of this assumption would affect our predictions of β.  232 

Further, we did not incorporate variability associated with mean pack sizes into our 233 

bounds, L̂ and U̂ , so both represent underestimates of our uncertainty.  For our 234 

analyses, we assumed using mean pack size to impute missing data would have negligible 235 

effects on ̂ , L̂ , and U̂  given the small proportion of packs (9% of packs observed in 236 

2007) for which pack size was unknown, and would result in more accurate predictions 237 

than if such packs were excluded from analysis.  This assumption is likely to become 238 

increasingly questionable in future applications of our predictor, however, because 239 

reduced monitoring efforts after delisting will result in larger proportions of packs for 240 

which size is unknown.  Further development of our predictor to address this problem 241 

will require imputation of missing data on pack size and inclusion of associated 242 

uncertainties into estimated prediction intervals. 243 

MANAGEMENT IMPLICATIONS 244 

Our results further support the findings of Mitchell et al. (2008) that suggested ̂  245 

provides an accurate predictor of the number of successful breeding pairs of wolves in the 246 

NRM, robust to variation in factors shown to historically influence the relationship 247 

between size of a pack and the probability it contains a successful breeding pair.  The 248 

area-specific nature of ̂ , reflecting different rates in human-caused mortality and 249 
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population growth across the 6 analysis areas, will allow managers to choose models of 250 

̂  appropriate to circumstances that could change following delisting (e.g., increased 251 

human-caused mortality in NWMT could make the SWMT-CIEPA model most 252 

appropriate for packs in NWMT; Mitchell et al. 2008).  Provided human-caused mortality 253 

or population growth rates do not exceed the range of values encompassed across these 254 

models, managers can rely on ̂  predictions to reliably demonstrate recovery criteria are 255 

met following delisting of NRM wolves.  In the event circumstances for NRM wolves 256 

differ substantially from those influencing data used by Mitchell et al. (2008) to generate 257 

their model-based ̂  predictor (e.g., disease outbreak, severe winter), a modified ̂  258 

predictor will need to be developed and tested to ensure the models remain robust to the 259 

new conditions.  Whether future circumstances for NRM wolves are known to change 260 

appreciably or not, we recommend periodic evaluation (e.g., every 5 years) of model 261 

robustness by comparing predictions of ̂  to number of breeding pairs observed in 262 

intensively monitored sub-populations within the NRM.  While packs of unknown size 263 

comprise a small proportion of the observations for NRM, we suggest using mean pack 264 

size as an expected value for packs of unknown size is likely to provide a more accurate 265 

predicition of β than would excluding such packs, provided they are relatively few.  As 266 

packs of unknown size comprise an increasing proportion of the observations for NRM, 267 

rigorous means of imputing unknown pack sizes will be required to ensure that ̂ , L̂ , 268 

and U̂  remain reliable. 269 
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Table 1.  Comparison of estimated number of successful breeding pairs of wolves, ̂ , to 313 

minimum known number of successful breeding pairs (βMIN) for Idaho, Montana, and 314 

Wyoming, 2006 and 2007. 315 

 316 

State Year # packs 0 pack size (SD) βMIN ̂  L̂  U̂  

Idaho 2006 50   7.66 (2.76) 41 42.07 37.37 44.96 

 2007 83   6.51 (3.44) 43 57.31 50.83 61.86 

Montana 2006 45   6.29 (2.49) 21 28.19 18.89 35.29 

 2007 73   5.73 (2.91) 39 37.88 25.09 46.06 

Wyoming 2006 39   7.85 (3.74) 25 28.32 21.55 33.36 

 2007 36 10.19 (5.02) 24 28.83 23.55 31.47 

 317 


