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Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-2 
 

USING POPULATION VIABILITY ANALYSES TO ASSESS THE POTENTIAL EFFECTS 1 

OF WASHINGTON DNR FOREST MANAGEMENT ALTERNATIVES ON MARBLED 2 

MURRELETS  3 

 4 

 5 

 6 

Submitted to: 7 

Washington Department of Natural Resources 8 

Natural Resources Building Headquarters 9 

1111 Washington St. SE 10 

Olympia, WA 98504 11 

& 12 

U.S. Fish and Wildlife Service  13 

Washington Fish and Wildlife Office 14 

510 Desmond Dr. SE, Suite 102 15 

Lacey, WA 98503  16 

 17 

 18 

 19 

Submitted by: 20 

M. Zach Peery and Gavin M. Jones 21 

Department of Forest and Wildlife Ecology 22 

University of Wisconsin-Madison 23 

237 Russell Laboratories, 1630 Linden Drive 24 

Madison, WI 53706 25 

 26 

 27 

 28 

August 25, 2016 29 

30 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-3 
 

EXECUTIVE SUMMARY 31 

 32 

The marbled murrelet (Brachyramphus marmoratus) was listed as threatened in Washington, 33 

Oregon, and California under the Endangered Species Act in 1992 due to commercial logging of 34 

nesting habitat, oil spills, and gill net entanglement. In 2012, the Washington Department of 35 

Natural Resources (DNR) initiated the development of a statewide, long-term conservation 36 

strategy for marbled murrelets to replace the 1997 Habitat Conservation Plan implemented after 37 

initial listing. We used population viability analysis (PVA) approaches to evaluate the potential 38 

future (50-year) effects of proposed management alternatives (A – F) on marbled murrelets in 39 

Washington. To do so, we developed a stochastic, two-population model linking murrelet 40 

demographic rates to forest conditions on DNR and non-DNR lands, and used this model to 41 

evaluate each proposed alternative’s relative potential to both lead to Risk and Enhance murrelet 42 

populations. Proposed alternative F generally resulted in the greatest number of murrelets and 43 

lowest quasi-extinction probabilities, whereas alternative B always resulted in the lowest 44 

murrelet population size and highest quasi-extinction probabilities, in both the Risk and the 45 

Enhancement scenarios and at the two spatial scales considered (DNR lands versus state of 46 

Washington). Thus, alternative B posed the greatest risk to murrelet populations and alternative 47 

F provided the greatest capacity to enhance murrelet populations. At the state level, alternative F 48 

was projected to lead to 53 and 295 more murrelets than alternative B under the Risk and 49 

Enhancement scenarios, respectively. In addition, all alternatives except B were projected to lead 50 

to larger murrelet population sizes at year 50 than alternative A (the “no action” alternative), 51 

regardless of the spatial scale or scenario. The same pattern was generally observed for quasi-52 

extinction probabilities, although differences between alternative A and the other alternatives 53 
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were not quite as consistent as they were for projected mean population size.  In a separate 54 

sensitivity analysis, we found that, acre-for-acre, murrelet population growth was most sensitive 55 

to changes in high-quality nesting habitat (Pstages 0.89 and 1), and while still sensitive, less so to 56 

changes in the raw acreage of nesting habitat or nesting habitat configuration (i.e., edge 57 

conditions). While we believe our model is sufficiently robust and well-parameterized to help 58 

assess how the proposed management alternatives may impact murrelet populations, our results 59 

must be considered in light of uncertainly about the effects of future changes in climate and 60 

stressors in the marine environment. Future efforts would benefit from using spatially-explicit 61 

models that provide (i) geographically-targeted (local) estimates of risk, (ii) prioritize stands for 62 

conservation and management, and (iii) generate more realistic insights into how changes in the 63 

spatial arrangement of nesting habitat may influence regional murrelet population viability. 64 

However, spatially-explicit population models are relatively complex in structure and would 65 

benefit from additional research designed to fill key information gaps in our understanding of 66 

murrelet ecology and environmental factors influencing murrelet populations.    67 

  68 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-5 
 

 69 

Table of Contents 70 

INTRODUCTION......................................................................................................................... 1 71 

METHODS .................................................................................................................................... 6 72 

Model Structure and Parameterization ...................................................................................... 7 73 

Matrix Model Structure............................................................................................................... 7 74 

Parameterizing Survival Rates .................................................................................................... 8 75 

Parameterizing Breeding Probabilities ....................................................................................... 9 76 

Modeling Transition Probabilities ( ............................................................................................ 9 77 

Parameterizing Dispersal Rates ................................................................................................ 11 78 

Initial Population Sizes ............................................................................................................. 13 79 

Evaluating “Risk” and “Enhancement” .................................................................................... 14 80 

Modeling the Impact of Nesting Habitat Change on Marbled Murrelet Populations ......... 15 81 

Effects of Forest Conditions on Carrying Capacity .................................................................. 16 82 

Effects of Forest Conditions on Nest Success .......................................................................... 19 83 

Forest Management Alternatives .............................................................................................. 19 84 

Model Projections, Stochasticity, and Estimating Risk ........................................................... 24 85 

Model Projections. .................................................................................................................... 24 86 

Incorporating Environmental Stochasticity. ............................................................................. 25 87 

Quantifying Population Risk..................................................................................................... 26 88 

Sensitivity Analysis ..................................................................................................................... 27 89 

RESULTS .................................................................................................................................... 28 90 

Forest Management Scenarios ................................................................................................... 28 91 

Population Viability Analysis..................................................................................................... 30 92 

Risk analysis, DNR population ................................................................................................. 30 93 

Risk analysis, Washington population ...................................................................................... 30 94 

Enhancement analysis, DNR population .................................................................................. 31 95 

Enhancement analysis, Washington population ....................................................................... 32 96 

Exploratory analyses with variants of alternative D ................................................................. 33 97 

Sensitivity Analysis ..................................................................................................................... 34 98 

DISCUSSION .............................................................................................................................. 35 99 

Implications for Population Risk and Enhancement ............................................................... 35 100 

Comparison of Individual Alternatives .................................................................................... 36 101 

Sensitivity of Marbled Murrelet Populations to Habitat Change .......................................... 39 102 

Caveats and Future Directions .................................................................................................. 40 103 

LITERATURE CITED .............................................................................................................. 42 104 

TABLES AND FIGURES .......................................................................................................... 46 105 

 106 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-1 
 

INTRODUCTION 107 

The U.S. Endangered Species Act of 1973 (hereafter “ESA”) prohibits the “take” of species 108 

listed as threatened or endangered (U.S. Congress 1973). In 1982 the ESA was amended to 109 

provide flexibility to non-federal land owners with endangered species on their property by 110 

granting an “incidental take permit” if they developed a Habitat Conservation Plan (HCP). Under 111 

Section 10 of the ESA, HCPs represent planning documents intended to ensure that anticipated 112 

take of a listed species will be minimized and mitigated to the maximum extent practicable by 113 

conserving the habitat upon which the species depend. Since issuance of an incidental take 114 

permit is a federal action, consultation under Section 7 of the ESA must also occur. Through the 115 

consultation process the U.S. Fish and Wildlife Service (FWS) determines if the proposed action 116 

is likely to lead to “jeopardy” which, according to the regulations implementing the ESA, is 117 

when an action “…reasonably would be expected, directly or indirectly, to reduce appreciably 118 

the likelihood of both the survival and recovery of a listed species in the wild by reducing the 119 

reproduction, numbers, or distribution of that species” (50 CFR §402.02). Although not  a 120 

statutory requirement, another component of HCP development is addressing whether proposed 121 

management alternatives contribute  to the recovery of the species as a whole, which is 122 

considered to be “an integral product of an HCP…” (US Fish and Wildlife Service 1996). 123 

HCP negotiations and Section 7 consultations typically consider a wide range of 124 

information pertinent to the threatened or endangered species including, but not limited to, 125 

current habitat distribution and population trends as well as projections of future habitat and 126 

population status. Modeling approaches such as Population Viability Analyses (PVA) are 127 

frequently used as part of Section 7 consultations and HCP negotiations to evaluate the potential 128 

effects of proposed activities on threatened and endangered species (Harding et al. 2001; Morris 129 
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et al. 2002). While the ability of PVA approaches to evaluate absolute levels of risk has been 130 

questioned, they remain well-suited to compare the relative effects of alternative management 131 

strategies on species of concern (Beissinger & Westphal 1998). However, addressing how well 132 

different management alternatives both lead to risk and support recovery raises conceptual and 133 

practical challenges, even when projections are limited to relative comparisons. Many, if not 134 

most, endangered species are declining in numbers and face extirpation due to the cumulative 135 

effects of multiple environmental stressors over broad geographic areas that extend beyond the 136 

effects of local habitat management within the HCP planning area. In these cases, understanding 137 

an alternative’s capacity to support recovery may require additional, optimistic assumptions 138 

about, for example, improvements to other stressors that impact vital rates. Thus, simultaneously 139 

addressing these two questions—namely risk of extirpation/extinction and potential for 140 

recovery— as part of Section 7 consultations for endangered species, may require two distinct, 141 

yet parallel, modeling efforts. Further, modeling results must often be coupled with consideration 142 

of other factors such as geographic distribution for a complete jeopardy analysis.  143 

The marbled murrelet (Brachyramphus marmoratus) is a small seabird endemic to the 144 

west coast of North America that generally nests in coastal old-growth forests and forages in 145 

marine nearshore environments (Meyer, Miller & Ralph 2002). The murrelet was listed as a 146 

federally threatened species in Washington, Oregon, and California under the ESA in 1992 147 

primarily because of the loss of older, complex-structured forests to timber harvest, and edge 148 

effects from ongoing forest fragmentation (U.S. Fish and Wildlife Service 1997). However, a 149 

host of other factors unrelated to forest management likely impact murrelet populations including 150 

marine foraging conditions, disease, oil spills, and by-catch from gill net fishing (Peery et al. 151 

2004; Raphael 2006). Nevertheless, the relative importance of each of these factors in driving 152 
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recent population declines is not well understood (Raphael and Falxa In Press).  153 

The Washington Department of Natural Resources (DNR) manages forests on “state trust 154 

lands” as fiduciary trusts to provide revenue to specific trust beneficiaries, such as schools, 155 

universities and other public institutions.  In accordance with Section 10 of the ESA, the DNR 156 

developed a Habitat Conservation Plan in the late 1990’s (Washington Department of Natural 157 

Resources 1997) which was an ecosystem-based forest management plan intended to help the 158 

DNR develop and protect habitat for at-risk species, including several federally threatened 159 

species (e.g., marbled murrelet and northern spotted owl Strix occidentalis caurina), while 160 

carrying out forest management and other activities on the state trust lands it manages. In 2012, 161 

the DNR formally began a process to amend the 1997 HCP to include a long-term conservation 162 

strategy for the marbled murrelet that incorporated a more recent body of scientific information 163 

on murrelet biology and habitat needs. The revision of the DNR’s HCP seeks to simultaneously 164 

address the question of risk and contribution to recovery, a question complicated by the fact that 165 

by our analytical framework, habitat on DNR lands contains only about 15% of the carrying 166 

capacity for murrelets in Washington (and less in the tri-state area) and multiple, poorly 167 

understood environmental stressors likely impact murrelet populations regionally.   168 

To provide insight as to whether forest management alternatives proposed as DNR’s 169 

long-term conservation strategy may lead to risk or support significant contributions to recovery 170 

of murrelet populations in Washington, we used two parallel modeling frameworks—a “Risk” 171 

and an “Enhancement” analysis—that differed in assumptions about future impacts of 172 

environmental factors on murrelets beyond habitat change on DNR lands. In the Risk analysis, 173 

we assumed that current population declines were, in part, a function of recent loss of nesting 174 

habitat, and that the current population exceeded the nesting carrying capacity and was expected 175 
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to decline further because of density-dependent effects. However, we also assumed that 176 

undetermined, chronic environmental stressors have contributed to population declines by 177 

reducing vital rates (reproduction and survival) such that the population was expected to 178 

continue to decline even after the population reached carrying capacity, albeit at a slower rate. 179 

While there is uncertainty in the environmental and anthropogenic factors responsible for recent 180 

population declines, parameterizing the model such that projected populations declined at 181 

approximately the same rate as recent estimates provided some biological realism to the model. 182 

This analysis was thus intended to provide a relative comparison of future state-level risk among 183 

management alternatives and to provide a general assessment of how risk can be modulated by 184 

forest management alternatives on DNR lands, particularly in light of recent population declines 185 

(Miller et al. 2012).  186 

While the first analysis provides perspective on risk, estimating differences in risk among 187 

alternatives superimposed on expected future, substantial (ca. 5% annual) population declines 188 

does not necessarily provide a basis for assessing the extent to which the alternatives may 189 

support murrelet recovery. Put simply, we had an a priori expectation that potential increases in 190 

nesting habitat on DNR-managed lands are unlikely, by themselves, to provide a substantial 191 

contribution to the recovery of the considerably larger state-wide population experiencing 192 

significant declines likely owing to a host of factors in addition to the nesting habitat on state 193 

lands. From the perspective of evaluating a forest management plan, the question of recovery 194 

might be cast as: “if other stressors are ameliorated, how do the alternatives differ in their ability 195 

of DNR managed-lands to increase local breeding populations?”  Therefore, in the Enhancement 196 

analysis, we developed an alternative parameterization of the model where we assumed that (i) 197 

the availability of nesting habitat was the primary cause of recent population declines and the 198 
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most important factor limiting future population growth, and (ii) that other environmental 199 

stressors would not appreciably limit potential future recovery. Thus, as with the Risk analysis, 200 

murrelets were expected to decline initially at approximately the same rate as estimated with at-201 

sea monitoring, but at some point in the future, the population would reach equilibrium with 202 

nesting carrying capacity and that the intrinsic population growth rates were sufficient for the 203 

population to increase in response to potential increases in nesting habitat. This second approach, 204 

then, provides a more direct means to “credit and debit” the DNR for expected increases and 205 

decreases in nesting habitat on their lands using population metrics, under the important 206 

assumption that other chronic stressors in the environment will not impede recovery. 207 

We implemented this dual modeling approach using a stochastic meta-population model 208 

that provided a framework for projecting expected changes in the abundance of murrelets in the 209 

state of Washington under various forest management alternatives currently under consideration 210 

by DNR and FWS. The model links changes in murrelet population dynamics to expected 211 

changes in the quantity, quality, and configuration of nesting habitat on DNR lands over time 212 

(that varied among management alternatives) through ecological processes that were reasonably 213 

well-supported by the literature and that were agreed upon by DNR and FWS (Washington 214 

Department of Natural Resources 2016a). It included two subpopulations linked 215 

demographically by dispersal, where the subpopulations represented murrelets nesting on DNR 216 

and non-DNR lands. In our model, the dispersal process was spatially implicit; we did not 217 

explicitly consider the complex, landscape-scale distribution of murrelet nesting habitat on 218 

different landownerships in the state of Washington because many of these processes are not 219 

well understood and fully addressing these complexities was deemed beyond the scope of the 220 

Conservation Strategy negotiations by the involved resource agencies. The metapopulation 221 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-6 
 

model made a number of additional simplifying assumptions as the secretive behavior and 222 

marine habitats of marbled murrelets challenges field studies needed to parameterize the model 223 

described below. Thus, and as is the case with all PVA exercises, projections of risk should not 224 

be considered as absolute estimates, and only be interpreted in a relative manner (Beissinger & 225 

Westphal 1998). However, our objective was to develop a population model where differences in 226 

projected risk among management alternatives were sufficiently robust to violations of 227 

assumptions and uncertainty that the involved agencies could identify which alternative best met 228 

joint objectives. More broadly, we sought to understand how using parallel Risk and 229 

Enhancement analyses could facilitate management decisions and endangered species 230 

conservation while meeting legal obligations of the Endangered Species Act and DNR’s policy 231 

goal of making a “significant contribution” to murrelet conservation. In doing so, we recognize it 232 

is beyond our purview to provide recommendations as to whether individual alternatives impact 233 

murrelets such that “…survival and recovery in the wild is appreciably reduced” or whether 234 

they benefit murrelet populations to the point that they “contribute to the recovery of the species 235 

as a whole”.  While we do highlight when, and under what circumstances, an individual 236 

alternative might increase/decrease risk or may increase the likelihood of recovery via population 237 

gains, we make no judgments as to whether modeled impacts on populations are sufficient to 238 

meet specific FWS regulatory criteria related to jeopardy or population recovery. While this 239 

distinction is subtle, we believe it is an important one. 240 

 241 

METHODS 242 

 243 
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Model Structure and Parameterization 244 

Matrix Model Structure. We developed a female-based, stochastic meta-population model that 245 

employed a one-year time step in accordance with the annual breeding cycle of marbled 246 

murrelets (Nelson 1997). Each of the two subpopulations (DNR and non-DNR lands) contained 247 

five stages classes: juveniles, 1-year old subadults, 2-year old subadults, adult (>3-year olds) 248 

nonbreeders that did not breed because of insufficient nesting habitat, and adult breeders (>3-249 

year olds; Figure 1). The five stage classes were indexed x = 1, 2,…, 5 in the order presented 250 

above, and DNR and non-DNR lands were indexed as L = 1 and 2, respectively. Note that, at 251 

times, the >1-year-old stage classes (non-juveniles) are collectively referred to as after-hatch-252 

year (AHY) individuals for convenience. Model parameters are defined in Table 1, and the 253 

rationale for assumptions behind the selected model structure and parameter values are described 254 

throughout the next several sections.  255 

The life-cycle diagram can be expressed mathematically as a matrix model that 256 

determines the number of individuals in each stage class at time t + 1 based on the number of 257 

individuals in each stage class in year t (Caswell 2001; Morris & Doak 2002). The murrelet 258 

meta-population model 𝐀𝒕 consisted of four submatrices that defined local demographic and 259 

dispersal processes (Hunter & Caswell 2005): 260 

 261 

𝐀𝒕 = [
𝐀𝟏,𝐭 𝐌𝟐,𝐭

𝐌𝟏,𝐭 𝐀𝟐,𝐭
] 262 

 263 

The two submatrices on the main diagonal (𝐀𝐋,𝐭) governed local demographic processes on DNR 264 

and non-DNR lands, denoted 𝐀𝟏,𝐭 and 𝐀𝟐,𝐭, respectively. The two submatrices in the off-diagonal 265 
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determined murrelet dispersal between the two landownerships where the submatrix governing 266 

dispersal from DNR lands to non-DNR lands was 𝐌𝟏,𝐭 and the submatrix governing dispersal 267 

from non-DNR to DNR lands was 𝐌𝟐,𝐭 (the dispersal matrices are described in more detail 268 

below). The demography submatrices were structured as follows: 269 

 270 

𝐀𝐋,𝐭 =

[
 
 
 
 
 

0 0 𝑠3,𝐿,𝑡𝑔3,𝐿,𝑡𝑏𝑓𝐿,𝑡 𝑠4,𝐿,𝑡𝑔4,𝐿,𝑡𝑏𝑓𝐿,𝑡 𝑠5,𝐿,𝑡(1 − 𝑔5,𝐿,𝑡)𝑏𝑓𝐿,𝑡

𝑠1,𝐿,𝑡 0 0 0 0
0 𝑠2,𝐿,𝑡 0 0 0
0 0 𝑠3,𝐿,𝑡(1 − 𝑔3,𝐿,𝑡)(1 − 𝑑𝐿,𝑡) 𝑠4,𝐿,𝑡(1 − 𝑔4,𝐿,𝑡)(1 − 𝑑𝐿,𝑡) 𝑠5,𝐿,𝑡𝑔5,𝐿,𝑡

0 0 𝑠3,𝐿,𝑡𝑔3,𝐿,𝑡(1 − 𝑑𝐿,𝑡) 𝑠4,𝐿,𝑡𝑔4,𝐿,𝑡(1 − 𝑑𝐿,𝑡) 𝑠5,𝐿,𝑡(1 − 𝑔5,𝐿,𝑡) ]
 
 
 
 
 

 271 

 272 

In these matrices, 𝑠𝑥,𝐿,𝑡 represented the annual survival rates, 𝑔𝑥,𝐿,𝑡 represented the probability of 273 

transitioning (transition rate) from stage class 𝑥 (conditional on survival and population fidelity), 274 

𝑑𝐿,𝑡 was the annual dispersal rate, 𝑏 was the breeding probability, and 𝑓𝐿,𝑡 was nest success. Note 275 

that 𝑔1,𝐿,𝑡 and 𝑔2,𝐿,𝑡 were always equal to 1 and are therefore not presented in either the life cycle 276 

diagram or the matrix model. 277 

 278 

Parameterizing Survival Rates (sx,L,t). The model was parameterized with an annual survival rate 279 

of 0.87 and 0.90 in the Risk and Enhancement analyses, respectively, for after-hatch-year 280 

females (𝑠2,𝐿,𝑡 to 𝑠5,𝐿,𝑡) based on a mark-recapture study of 331 individual marbled murrelets in 281 

central California (Peery et al. 2006) (Table 1). A pooled survival rate was used for these four 282 

stages classes because it was not possible to distinguish beyond juvenile versus after-hatch-year 283 

at the time of the mark-recapture study. We assumed the annual juvenile survival (s1 and s6) was 284 

70% of after-hatch-year survival based on differences in survival rates between these stage 285 

classes in other alcid species (insufficient juveniles were captured to estimate juvenile survival 286 
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directly; Peery et al., 2006a). 287 

 288 

Parameterizing Breeding Probabilities (b,fL,t). We treated the parameter b as the expected 289 

proportion of individuals in the breeding stages (i.e., that were “in possession” of a nest site) that 290 

actually nested in each year. We assumed that some fraction of breeders did not nest each year 291 

because, in seabirds, some individuals typically forgo nesting due to, for example, poor foraging 292 

conditions (Peery et al. 2004). The proportion of breeders has been estimated using radio-293 

telemetry in the state of Washington, but estimates are likely biased low as a result of transmitter 294 

effects (Peery et al., 2006b, M. G. Raphael pers. comm.). A similar study in central California 295 

(Peery et al. 2004) used assays of plasma calcium (an indicator of eggshell deposition) and 296 

vitellogenin (an egg yolk precursor) to identify radio-marked individuals that did not nest but 297 

were physiologically in breeding condition at the beginning of the breeding season (indicating 298 

they likely would have nested in the absence of radio-tagging). Peery et al. (2004) found that 299 

77% of sampled murrelets either initiated nesting or were physiologically in breeding condition. 300 

However, some individuals that were not detected nesting and were not in breeding condition 301 

may have nested and failed prior to radio-tagging. Thus, we used b = 0.90 as a reasonable 302 

estimate for the proportion of breeders in the state of Washington. Note that we assumed b was 303 

constant across years and equal 0.90 in both landownerships. However, we incorporated the 304 

effects of environmental variability on b implicitly by treating expected fecundity (𝑚𝐿,𝑡: the 305 

product of the proportion of breeders, b, and nest success, 𝑓𝐿,𝑡, divided by two; see below) as a 306 

random beta-distributed variable in the population projection model as described above. 307 

 308 

Modeling Transition Probabilities (gx,L,t). Transition rates (𝑔𝑥,𝐿,𝑡) provided the primary 309 
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mechanism linking the demographic model to potential changes in the availability of nesting 310 

habitat resulting from forest management activities. Transition rates for the 2-year subadult and 311 

nonbreeding stages into the breeding stage class (𝑔3,𝐿,𝑡 and 𝑔4,𝐿,𝑡, respectively) were calculated 312 

based on the number of individuals seeking nests sites relative to the number of available nests in 313 

year t + 1 in landownership L. For example, if the number of murrelets seeking nest sites (i.e., 2-314 

year old subadults plus nonbreeders) was less than the number of available nest sites, then 315 

𝑔3,𝐿,𝑡 and 𝑔4,𝐿,𝑡 = 1, such that all murrelets found nest sites. If the number of murrelets seeking 316 

nest sites exceeded the number of available nest sites, then 𝑔3,𝐿,𝑡 and 𝑔4,𝐿,𝑡 < 1 such that not all 2-317 

year old subadults and nonbreeders in the population become breeders in year t + 1. Thus, if the 318 

number of nest sites in a given landownership (𝐾𝐿,𝑡) declined, for example as a result of timber 319 

harvesting, transition rates into the breeding class would also decline and fewer individuals 320 

would reproduce (effectively reducing the expected population growth rate). Conversely, if the 321 

number of nest sites increased (for example, as a result of forest growth and maturation), 322 

transition rates into the breeding class would tend to increase and more individuals would 323 

reproduce (effectively increasing the expected population growth rate). Mathematically, 324 

transition probabilities for landownership L in year t and were calculated as follows: 325 

 326 

𝑔3,𝐿,𝑡 = 𝑔4,𝐿,𝑡 =
𝐾𝐿,𝑡+1 − 𝑠5,𝐿,𝑡𝑛5,𝐿,𝑡(1 − 𝑔5,𝐿,𝑡)

𝑠3,𝐿,𝑡, 𝑛3,𝐿,𝑡 + 𝑠4,𝐿,𝑡𝑛4,𝐿,𝑡
 327 

 328 

The numerator in this equation represented the number of available nest sites (carrying capacity 329 

minus the number of surviving breeders from the previous year), whereas the denominator 330 

represented the number of potential new breeders seeking nest sites (surviving 2-year subadults 331 
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and nonbreeders from year t).  332 

Reductions in the number of nests sites (𝐾𝐿,𝑡) could also impact population growth by 333 

causing some breeders in possession of a nest site in year t to transition to the nonbreeder stage 334 

in year t + 1 (𝑔5,𝐿,𝑡): 335 

 336 

𝑔5,𝐿,𝑡 = 1 −
𝐾𝐿,𝑡+1

𝐾𝐿,𝑡
     337 

 338 

For example, if half of existing nest sites were lost in year t, half of the surviving breeders in 339 

year t would transition to the nonbreeder stage in year t + 1. As described above, nonbreeders 340 

could transition back to the breeding stage if nests became available (e.g., through forest 341 

growth), but the model assumed that breeders that lost their nest sites as a result of habitat loss 342 

became nonbreeders for at least one year.  343 

 344 

Parameterizing Dispersal Rates (dL,t) and Modeling Dispersal Processes. Modeled murrelet 345 

populations in the two landownerships were linked demographically by the dispersal of 346 

individuals, where the annual dispersal rate from DNR to non-DNR lands, and from non-DNR to 347 

DNR lands, was defined as 𝑑1,𝑡 and 𝑑2,𝑡, respectively. The submatrix representing dispersal from 348 

land ownership L was structured as follows: 349 

 350 

𝐌𝑳,𝒕 =

[
 
 
 
 
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 𝑠3,𝐿,𝑡𝑔3,𝐿,𝑡𝑑𝐿,𝑡 𝑠4,𝐿,𝑡𝑔4,𝐿,𝑡𝑑𝐿,𝑡 0]

 
 
 
 

 351 
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 352 

For example, if L = 1, then the matrix 𝐌𝟏,𝒕 would represent dispersal from DNR to non-DNR 353 

lands in year t. The model assumed that dispersal movements were made by 2-year subadults and 354 

nonbreeders as these individuals transitioned to breeding stages in either landownership; 355 

juveniles and 1-year subadults remained in their natal population until they were old enough to 356 

breed. Individuals in breeding stages were assumed to remain in their respective populations 357 

such that “breeding dispersal” was effectively zero, a reasonable assumption based on anecdotal 358 

observations of the re-use of the same nesting site by murrelets in consecutive years (R. T. 359 

Golightly pers. comm.) as well as generally strong breeding fidelity in alcids (Gaston & Jones 360 

1998). Dispersal rates between DNR and non-DNR lands are unknown, but approximately 85% 361 

of existing carrying capacity for murrelets in Washington occurs on non-DNR lands and 15% 362 

occurs on DNR lands. Thus, if we assume natal dispersal is random with respect to 363 

landownership, 𝑑1 would be 0.85 and 𝑑2 would be 0.15. However, a cap to the number of 364 

dispersers, and thus the dispersal rates was imposed by the number of available nest sites in the 365 

receiving population. Thus, if the number of dispersers calculated based on the dispersal rate 366 

exceeded the number of available nest sites in the receiving population, the “realized” dispersal 367 

rate was adjusted as follows for murrelets dispersing from DNR lands: 368 

   369 

𝑑1,𝑡 =
𝐾2,𝑡+1 − (𝑠3,2,𝑡𝑛3,2,𝑡 + 𝑠4,2,𝑡𝑔4,2,𝑡𝑛4,2,𝑡  +   𝑠5,2,𝑡[1 − 𝑔5,2,𝑡]𝑛5,2,𝑡)

𝑠3,1,𝑡(1 − 𝑔3,1,𝑡)𝑛3,1,𝑡 + 𝑠4,1,𝑡(1 − 𝑔4,1,𝑡)𝑛4,1,𝑡  +   𝑠5,1,𝑡𝑔5,1,𝑡𝑛5,1,𝑡

 370 

 371 

Here, the numerator represents the number of available nest sites on non-DNR lands in year t + 1 372 

after “local” recruitment by resident 2-year subadults and nonbreeders, whereas the denominator 373 
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represents the number of available recruits from DNR lands in year t + 1. The analogous 374 

adjustment for dispersal rates from non-DNR lands was made as follows:  375 

 376 

𝑑2,𝑡 =
𝐾1,𝑡+1 − (𝑠3,1,𝑡𝑛3,1,𝑡 + 𝑠4,1,𝑡𝑔4,1,𝑡𝑛4,1,𝑡  +   𝑠5,1,𝑡[1 − 𝑔5,1,𝑡]𝑛5,1,𝑡)

𝑠3,2,𝑡(1 − 𝑔3,2,𝑡)𝑛3,2,𝑡 + 𝑠4,2,𝑡(1 − 𝑔4,2,𝑡)𝑛4,2,𝑡  +   𝑠5,2,𝑡𝑔5,2,𝑡𝑛5,2,𝑡

 377 

 378 

As with local recruitment into the breeding stage, the model assumed that dispersing individuals 379 

selected nesting habitat in the destination population independent of habitat quality and edge 380 

conditions.  381 

 382 

Initial Population Sizes (nx,L,0). We set the population size in year t = 0 of model projections 383 

equal to one-half of the mean annual population size (our model was female-based and we 384 

assumed a 50% sex ratio) for the state of Washington estimated with at-sea monitoring from 385 

2011 to 2015 (n = 3,616 individuals; Falxa et al., In Press). The total number individuals (i.e., 386 

females) was allocated to DNR and non-DNR lands in proportion to the distribution of nesting 387 

habitat that currently exists on each of the two landownerships (0.15 and 0.85, respectively), 388 

which yielded a total 542 individuals in the DNR subpopulation and 3,074 individuals in the 389 

non-DNR subpopulation. Within each subpopulation, we allocated individuals to the stage 390 

classes in accordance with the expected stable age distribution associated with a deterministic 391 

version of the matrix model structure that was parameterized as described above. Initially, 392 

nonbreeding and breeding stages (𝑛4,𝐿,0 and 𝑛5,𝐿,0, respectively) were pooled (both classes 393 

treated as “adults”) when determining the stage distribution in year t = 0.  Adults were then 394 

allocated to the nonbreeding and breeding stages in year t = 0 as described below such that the 395 
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number of adults exceeded the carrying capacity to a degree that provided reasonable 396 

correspondence between modeled population trajectories and observed trends in the Washington 397 

population.  398 

 399 

Evaluating “Risk” and “Enhancement” 400 

We parameterized the matrix model in both the Risk and Enhancement analyses using the values 401 

described above and listed in Table 1. We assumed that 40% of individuals of breeding age (>3 402 

years old) were in the nonbreeding stages in year t = 0 for each subpopulation and thus that the 403 

number of adult-aged individuals exceeded nesting carrying capacity for both analyses (see 404 

below). As described above, we made this assumption to reflect nesting habitat loss in the state 405 

of Washington that may have resulted in a nonbreeding component of the population. Moreover, 406 

associated density dependent effects on population growth allowed projected populations to 407 

decline in the initial years of the modeling period in reasonable accordance with recent observed 408 

declines (see below). The after-hatch-year annual survival rate was set to 0.87 and 0.90 in the 409 

Risk and Enhancement analyses, respectively. Higher survival rates in the Enhancement than 410 

Risk analysis allowed projected populations in this scenario to increase in response to potential 411 

gains in nesting habitat. For the portion of the Enhancement analysis focusing on DNR lands 412 

only, we assumed no dispersal between subpopulations to highlight “debits” and “credits” of 413 

forest management alternatives for losses and gains in nesting habitat, respectively, using 414 

population metrics.  415 

Together, these assumptions yielded deterministic projections of population growth under 416 

constant habitat conditions that were reasonably consistent with the recent estimates of 417 

population trends (5% annual decline) in the initial years of the population projection. As the 418 
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breeding-age component of modeled populations approached nesting carrying capacity, the rate 419 

of population growth increased in both the Risk and Enhancement analyses. The expected 420 

population growth rate stabilized around year 15 under the Risk analysis, but stabilized below 1 421 

(a population growth rate of 1 is indicative of a stable population), and the simulated populations 422 

were thus expected, on average to decline (by approximately 1.5% annually) over the projection 423 

period. By contrast, population growth stabilized above 1 under the Enhancement analysis, and 424 

thus we expected small population increases (approximately 1% annually) over the modeling 425 

period.   426 

 427 

Modeling the Impact of Nesting Habitat Change on Marbled Murrelet Populations 428 

As described above, we modeled the potential effects of forest management alternatives on 429 

marbled murrelet population dynamics by linking the maximum number of breeders (carrying 430 

capacity, 𝐾𝐿,𝑡) and nest success rates (𝑓𝐿,𝑡) to forest conditions (i.e., nesting habitat) present in the 431 

two landownerships in each year t. We assumed that availability of nesting habitat limits 432 

murrelet breeding opportunities and that forest fragmentation reduces nest success via edge 433 

effects. Specific measures of nesting habitat considered were nesting habitat (1) area, (2) quality, 434 

and (3) configurations (Washington Department of Natural Resources 2015). These three 435 

measures were initially quantified at the forest stand scale using DNR’s spatially-explicit forest 436 

inventory database which contains information on mapped stands of known acreage such as 437 

characteristics of age, origin (natural vs. planted), and composition (Douglas-fir vs. shade-438 

tolerant). Stand-level characteristics were ultimately aggregated to develop estimates of the 439 

maximum number of breeders and expected nest success in each landownership. The analytical 440 

methods, rationale, and assumptions used to derive estimates of carrying capacity and nest 441 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-16 
 

success are described below in conceptual terms. For a more detailed, mathematical explanation, 442 

we direct the reader to Appendix A.  443 

 444 

Effects of Forest Conditions on Carrying Capacity (KL,t). The model imposed a limit to the 445 

number of breeders (𝐾𝐿,𝑡) in each landownership based on the total amount, quality, and 446 

configuration of nesting habitat in each year t. Nesting carrying capacity (𝐾𝐿,𝑡) was assumed to 447 

be positively related to the amount of nesting habitat present on landownership L in year t in a 448 

one-to-one manner; for example, a forest stand 100 ha in size would be expected to contain twice 449 

as many breeding murrelets as a stand 50 ha in size, all other factors being equal (i.e., nesting 450 

habitat quality and configuration). In Washington, a positive association has been observed 451 

between radar counts of murrelets flying inland and the amount of late-seral stage forest at the 452 

watershed scale, and the slope of this relationship is approximately one (Raphael, Mack & 453 

Cooper 2002). Nesting density was assumed to be related to stand-level “habitat quality” based 454 

on generalized probabilities of murrelet use that were associated with stages of successional 455 

development in DNR-managed forest in southwest Washington (Raphael et al. 2008). Based on 456 

DNR’s forest inventory, stands were assigned to one of seven nesting habitat quality categories 457 

(“Pstage”), non-habitat (Pstage = 0) and six classes of habitat with Pstage values 0.25, 0.36, 0.47, 458 

0.62, 0.89, and 1. Classification was based on stand age, origin (natural vs. planted), and species 459 

composition, where (i) older stands were assumed to have greater nesting densities than younger 460 

stands, (ii) naturally-regenerated stands (unlike planted) were assumed to be capable of 461 

developing as habitat within the analysis period, and (iii) stands dominated by western hemlock 462 

(Tsuga heterophylla) were assumed to develop into suitable habitat and thus greater nesting 463 

densities at an earlier age than stands dominated by Douglas-fir (Pseudotsuga menziesii). 464 
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Together these three variables were assumed to represent the development of key murrelet 465 

nesting habitat characteristics such as large trees with large limbs and complex canopy structure. 466 

Pstage 1 is not inventory-based, that value was assigned to stands where murrelet use was 467 

observed during DNR-sponsored surveys. In our population model, the Pstage value represented 468 

the stand’s maximum nesting density where, for example, four acres of Pstage 0.25 provide the 469 

same nesting opportunities as one acre of Pstage 1.  470 

Maximum nesting density was also influenced by edge effects, where availability of nest 471 

sites (and thus nesting density), was assumed to be lower in portions of stands adjacent to edges 472 

with non-habitat. Wind-throw as well as hotter, drier microclimate at the edge of young stands 473 

created by timber harvest can lead to the mortality of platform-bearing trees as well as epiphyte 474 

mortality that reduces platform abundance in surviving trees (Chen, Franklin & Spies 1992; van 475 

Rooyen, Malt & Lank 2011). Edge effects were assumed to occur when a stand of suitable 476 

habitat (Pstage > 0) occurred adjacent to a stand dominated by trees < 80’ (approximated as <40 477 

years old) and were categorized based on the condition of adjacent young forests as “hard” (<40’ 478 

tall approximated as <20 years old) or “soft” (40’-80’ tall). Empirical values of tree density and 479 

suitable platform abundance from van Rooyen et al. (2011) formed the basis for adjustments to 480 

nesting density (Pstage) for the two edge types, 0.25 adjacent to hard edges and 0.60 at soft 481 

edges. Habitat in small, often linear fragments that were entirely edge, called Strings was 482 

assumed to have no value. Edge effects on larger habitat patches with areas over 100 meters 483 

from edge are assumed to be greatest near edges and decline with distance, generalized to 484 

“outer” and “inner” edges within 50 meters and between 50 and 100 meters from edge (Chen et 485 

al. 1992). Full effects were assumed to occur in outer edges, half-effects were assumed for inner 486 

edges, and “interior” habitat >100 m from edge was assumed to be unaffected. Thus as informed 487 
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by DNR’s spatially-explicit forest inventory, nesting density was estimated for each factorial 488 

combination of Pstage (6 classes), edge distance (3 classes: outer, inner, interior), and edge type 489 

(hard and soft). This process resulted in 24 combinations of six Pstage classes by edge-distance 490 

(outer, inner) and edge-type (hard, soft) plus six Pstage classes in interior habitat providing 30 491 

different nesting density adjustments applied to current and alternative-specific projected future 492 

habitat maps. For example, nesting density was assumed to be sixteen times greater in Pstage = 493 

1, interior forest than in Pstage = 0.25 subject to the hard, outer edge effect of 0.25 (16 = 1 / 494 

(0.25*0.25). Pstage and edge adjustments for non-DNR lands followed the assumptions of 495 

Raphael et al. (2008) and were held constant over the modeling period. 496 

Original nesting carrying capacity estimates (see Appendix A) based on the number of 497 

adult female murrelets based on at-sea surveys failed to yield population trajectories consistent 498 

with recent ~5% annual declines in the state (Falxa et al. 2015). Using deterministic simulations, 499 

we found that when we set nesting carrying capacity such that 40% of adult murrelets were non-500 

breeders (i.e. the population was above carrying capacity), initial simulated population declines 501 

better approximated recent observed ~5% annual declines. Therefore we set initial nesting 502 

carrying capacity (𝐾𝐿,0) to equal the number of adult breeders on each landownership L (𝑛5,𝐿,0), 503 

which was 60% of the number of female adult murrelets in year 0 based on a stable age 504 

distribution (Table 1). In each subsequent year (t > 1), carrying capacity 𝐾𝐿,𝑡≥1changed based on 505 

projected losses (from harvesting) or gains (through forest growth) in nesting habitat in each 506 

Pstage by edge-type and distance combination and the nesting density relationships described 507 

above. Moreover, because a single nesting carrying capacity was considered for each 508 

landownership that reflected aggregate habitat conditions, we assumed that recruiting murrelets 509 

choose nests sites randomly with respect to edge type and Pstage (i.e., they recruit into habitat in 510 
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proportion to the abundance of potential nest sites it is assumed to provide).  511 

 512 

Effects of Forest Conditions on Nest Success (fL,t). The model also linked population growth 513 

rates to nesting habitat conditions by treating nest success rates (number of female offspring 514 

produced per nesting female) in landownership L and year t (𝑓𝐿,𝑡) as a function of the distribution 515 

of interior, inner edge, and outer edge forest in the landownership. Nest success was assumed to 516 

be greatest where edge effects were absent and to be reduced where nesting habitat occurred 517 

adjacent to a hard edge, with inner edges assumed to promote higher nest success than outer 518 

edges. Soft edges were assumed to have no influence in nest success (Raphael, Mack & Cooper 519 

2002; Malt & Lank 2009). Estimates of nest success rates in soft- or non-edge influenced forest 520 

(0.550) and outer edge (0.380) were drawn from the upper and lower bounds assumed for this 521 

parameter in demographic analyses conducted by McShane et al. (2004). An intermediate value 522 

of 0.465 was assumed for nest success in inner edge near hard edges. In sum, greater relative 523 

amounts of edge habitat under a given management alternative were expected lead to a greater 524 

fraction of the population nesting near edges, lower mean nest success, and lower population 525 

growth rates.  526 

 527 

Forest Management Alternatives 528 

We considered six forest management alternatives, each involving different approaches to timber 529 

harvesting and habitat conservation on DNR-managed land in western Washington (see 530 

Washington Department of Natural Resources 2016b). Each alternative was built around long-531 

term forest cover (LTFC), areas of existing conservation commitments made under the HCP 532 

(e.g., high-quality spotted owl habitat, riparian management zones), DNR’s Policy for 533 
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Sustainable Forests and state law. The alternatives then variously add LTFC to further conserve 534 

and restore murrelet habitat. The abundance, configuration, and location of this murrelet-specific 535 

LTFC differs among alternatives, reflecting a range of conservation approaches. All alternatives 536 

provide for new habitat growth through the life of the HCP. Common among alternatives, initial 537 

(t = 0) forest conditions were set to current conditions on DNR-managed lands (DNR database 538 

and landscape models of potential murrelet nesting habitat) and other landownerships in 539 

Washington (Raphael et al. 2016). Projections of future habitat conditions over the 50-year 540 

modeling period were conducted by DNR using the Forest Vegetation Simulator (FVS), where 541 

differences in harvest and conservation among the management alternatives led to different 542 

expected trajectories in the amount, quality and configuration of murrelet nesting habitat on the 543 

landscape, and thus differences in carrying capacity and nest success among the alternatives 544 

(Figure 2). The six alternatives are more thoroughly defined in DNR (2016) but they, and a 545 

baseline scenario (i.e., static forest conditions), are summarized below: 546 

 547 

1. Alternative A is the “no-action” alternative, approximating continued DNR operations as 548 

authorized under the 1997 HCP. This alternative includes approximately 620,000 acres of 549 

LTFC, with murrelet-specific conservation including: all occupied sites as delineated by 550 

HCP-directed surveys, with a 100-meter buffer; all reclassified habitat in OESF; all 551 

reclassified habitat in the Straits, South Coast and Columbia planning units that has not 552 

been identified as “released” for harvest under the interim strategy; in the North Puget 553 

and South Puget planning units, all suitable habitat that has not been identified as 554 

“released” for harvest subject to the 2007 concurrence letters, all newly identified habitat, 555 

and all potential habitat that has a P-stage value >0 in decade 0. 556 
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2. Alternative B focuses on protecting the known locations of marbled murrelet occupied 557 

sites on DNR-managed land. Under this alternative, LTFC totals approximately 593,000 558 

acres, and includes occupied sites delineated by the 2008 Science Team 559 

recommendations (Raphael et al. 2008). This approach results in approximately 16,000 560 

acres more than the HCP delineations used by Alternative A, as well as occupied sites 561 

identified by DNR staff in the North and South Puget planning units. This is the only 562 

alternative that does not provide buffers on occupied sites. 563 

3. Alternative C is designed to protect occupied sites and current habitat as well as grow 564 

new habitat over the life of the HCP. LTFC totals approximately 636,000 acres. This 565 

alternative contains both marbled murrelet “emphasis areas” and “special habitat areas.” 566 

Seven emphasis areas from 4,100 to 15,600 acres are identified in strategic landscapes for 567 

the purpose of protecting and reducing fragmentation around occupied sites, and 568 

developing future marbled murrelet habitat. Twenty special habitat areas, 40 to 8,000 569 

acres, are generally smaller than emphasis areas and are designed to increase murrelet 570 

productivity by reducing edge and fragmentation around more isolated occupied sites that 571 

are not within an emphasis area. Outside of emphasis or special habitat area boundaries, 572 

this alternative will also buffer all other existing occupied sites and will maintain all 573 

higher quality habitat (Pstage value 0.47 and greater).    574 

4. Alternative D concentrates conservation into thirty-two special habitat areas, 40 to 575 

14,400 acres. LTFC totals approximately 634,000 acres. All acreage within special 576 

habitat areas is designated as LTFC. Special habitat areas are designed to increase the 577 

productivity of existing occupied sites by increasing habitat abundance and reducing edge 578 

effects. They include: strategically located occupied sites with 100-meter buffers; 579 
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adjacent P-stage habitat (both existing and expected to develop through 2067); adjacent, 580 

non-habitat areas intended to provide security to existing and future habitat (security 581 

forests). The boundaries of the special habitat areas were identified based on existing 582 

landscape conditions (management history, watershed boundaries, natural breaks or 583 

openings). Because of its focus on reducing fragmentation around existing, occupied 584 

sites, Alternative D would allow more acres of potential habitat (habitat that has or will 585 

develop a P-stage value) to be harvested throughout the analysis area than Alternative C. 586 

However, the overall amount of LTFC is similar under Alternatives C and D. 587 

5. Alternative E combines the conservation approaches of Alternatives C and D, for a total 588 

of approximately 640,000 acres of long-term forest cover. This alternative includes the 589 

following murrelet-specific conservation: occupied sites, with 100 meter buffers; all 590 

habitat with a P-stage value of 0.47 and greater throughout the analysis area; emphasis 591 

areas as designated under Alternative C; special habitat areas as designated under 592 

Alternative D (where emphasis areas and special habitat areas overlap, emphasis area will 593 

be the designation). 594 

6. Alternative F proposes to LTFC apply the conservation recommendations presented in 595 

the 2008 Science Team report (Raphael et al. 2008), which evaluated conservation 596 

opportunities in the four coastal HCP planning units and recommended the establishment 597 

of 45 marbled murrelet management areas of up to 15,500 acres. It also applied the 598 

principles of Raphael et al. (2008) to establish 20 similar areas of up to 47,400 acres in 599 

the North and South Puget planning units. In total approximately 734,000 acres of LTFC 600 

is designated under this alternative. All occupied sites would be protected with a 100-601 

meter buffer. Additionally, all Old Forest in the OESF would receive a 100-meter buffer. 602 
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Existing, mapped low quality northern spotted owl habitat in designated owl conservation 603 

areas (nesting/roosting/foraging, dispersal and OESF) is included as LTFC (Alternatives 604 

A through E only include high quality owl habitat as LTFC). 605 

7. Baseline represents a static habitat scenario, where the raw amount of murrelet nesting 606 

habitat that presently exists on DNR lands (170,797 acres) remains constant over the 50-607 

year modeling period. Carrying capacity (𝐾1,𝑡 = 217) and nest success (𝑓1,𝑡 = 0.509) also 608 

remain fixed. Although it is biologically unrealistic, the baseline scenario offers a useful 609 

benchmark by which to compare scenarios with changing habitat conditions. 610 

 611 

In addition to the six proposed alternatives, the DNR and USFWS proposed an additional 612 

exploratory analysis which would show how the modeled murrelet population on DNR lands 613 

would respond to (i) delayed harvest implementation and (ii) including habitat in “stringers”, 614 

where all the habitat is influenced by edge conditions (i.e., no interior habitat), under both Risk 615 

and Enhancement scenarios. These additional exploratory analyses were applied to the existing 616 

framework of alternative D (see above), and can be described as follows: 617 

1. Alternative D – ‘M’ is the exploratory variant of alternative D in which habitat removal 618 

was ‘metered’ over two decades as opposed to all habitat harvest occurring in the first 619 

decade, as was the case in all six proposed alternatives above. The primary goal of this 620 

exploration was to gauge the extent to which slowing the rate of habitat decline in the 621 

near-term would allow habitat recovery in LTFC to “compensate” for that harvest. 622 

Delaying harvest of habitat could also be part of an expanded mitigation strategy. 623 

2. Alternative D – ‘S’ is the exploratory variant of alternative D in which P-stage habitat 624 

completely influenced by edge conditions (‘stringers’) is credited as viable murrelet 625 
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habitat. In the six proposed alternatives above, ‘stringers’ have no habitat value. The 626 

primary goal of this exploration was to determine if ‘stringers’ have a net positive or 627 

negative effect on murrelet populations. This alternative begins with a higher value for 628 

nesting carrying capacity because ‘stringers’ are credited as potential nesting habitat. 629 

 630 

For the six primary and two exploratory alternatives, forest conditions on non-DNR lands were 631 

assumed to be stationary over the modeling period. While we recognize that habitat conditions 632 

on non-DNR lands are not static, we lacked sufficient information for non-DNR lands to project 633 

habitat changes over time.  Because our modeling objective was to evaluate how changes in 634 

habitat conditions on DNR lands may influence murrelet populations over time, it was 635 

appropriate to evaluate the range of alternatives in the context of the current conditions on non-636 

DNR lands. Although this assumption is clearly unrealistic, some habitat will be lost to harvest 637 

and natural disturbances, and habitat will develop on federal lands reserved from harvest under 638 

the Northwest Forest Plan (Raphael et al. 2016), it was adopted because it simplified presentation 639 

and interpretation of population responses to changes on DNR-managed land which contain 640 

about 15% of murrelet nesting carrying capacity in Washington according to our analytical 641 

model. 642 

 643 

Model Projections, Stochasticity, and Estimating Risk 644 

Model Projections. We projected the model forward in time as follows: 645 

 646 

𝐧𝑡+1 = 𝐀𝒕 ∙  𝐧𝑡 647 

 648 
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where 𝐧𝑡 was a 10 by 1 vector of murrelet abundance in the five stage classes x = 1,2,…,5 and 649 

two landownerships L = 1, 2 in year t, and 𝐀𝒕 was the matrix of vital rates (described above). The 650 

vector of population sizes 𝐧1 was:  651 

𝐧1 =

[
 
 
 
 
 
 
 
 
 

83
52
46
145
217
472
293
260
819
1229]

 
 
 
 
 
 
 
 
 

 652 

where the first five elements represent the number of juveniles, 1-year subadults, 2-year 653 

subadults, and adults (nonbreeders and breeders) on DNR lands assuming a stable age 654 

distribution. The second five elements would be the number of individuals in each of these stage 655 

classes on non-DNR lands under the same sets of assumptions. The number of adults in the 656 

nonbreeding and breeding classes (the fourth and fifth elements for each landownership) were 657 

allocated based on deterministic carrying capacity simulations (see above). 658 

 659 

Incorporating Environmental Stochasticity. The model incorporated the effects of stochasticity 660 

by allowing survival and reproductive rates to vary randomly from year to year. After-hatch-year 661 

survival rates in year t were selected randomly from a beta distribution. Selecting survival rates 662 

from a beta distribution ensured that survival rates fell between 0 and 1. As discussed above, we 663 

set the mean value for annual survival for after-year-year murrelets to 0.87 and 0.90 in the Risk 664 

and Enhancement analyses, respectively, based on mark-recapture studies in California (Peery et 665 

al. 2006). Annual variability in survival has not been estimated rigorously for marbled murrelets, 666 
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but setting the variance in annual survival [𝑣𝑎𝑟(𝑠)] to 0.004 resulted in few years with survival < 667 

0.75, and thus provided a reasonable degree of biological realism. Frequent survival rates below 668 

0.75 seemed implausible given the modest annual variability in population size estimated from 669 

at-sea surveys (Falxa et al. 2015). Juvenile survival in year t was set to 70% of after-hatch-year 670 

survival such that these two rates are assumed to co-vary perfectly. Stochasticity in reproduction 671 

was modeled by first calculating expected fecundity (the number of female juveniles per female 672 

adult denoted 𝑚1,𝑡 and 𝑚2,𝑡  for DNR and non-DNR lands, respectively) which is simply the 673 

product of the expected proportion of females that breeders (b) and nest success (𝑓𝐿,𝑡) divided by 674 

2 (because approximately half of fledging juveniles are female). Fecundity was then randomly 675 

selected in year t from a beta distribution with an expected value of 𝑚𝐿,𝑡 and a variance 676 

[𝑣𝑎𝑟(𝑚)]. An attempt was made to use the variance in reproductive data from central California, 677 

but simply using a value of 0.016 for [𝑣𝑎𝑟(𝑚)] yielded more realistic projections and better 678 

model performance. Fecundity on DNR and non-DNR lands was assumed to be perfectly 679 

correlated and vary with the same magnitude. Survival and fecundity were assumed to co-vary 680 

independently among years since these vital rates appear to be driven by different environmental 681 

processes (Peery et al. 2006; Becker, Peery & Beissinger 2007).  The variances of [𝑣𝑎𝑟(𝑠)] =682 

0.004 for survival and [𝑣𝑎𝑟(𝑚)] = 0.016 for reproduction resulted in a mean coefficient of 683 

variation (CV) in simulated populations over the first 15 years (CV = 0.201) that aligned with 684 

expectations based on the process variance observed in murrelet at sea counts in WA from 2001 685 

to 2015 (CV = 0.203), when we used demographic values and nesting carrying capacity that led 686 

to approximately 5% annual declines (𝑠≥2,𝐿,𝑡 = 0.87 and 𝑑𝐿,𝑡 = 0). 687 

 688 

Quantifying Population Risk. For each of the management alternatives (see below), we projected 689 
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10,000 simulated populations forward in time for t = 50 years (where t = 0 represented present 690 

conditions). To assess patterns of risk, we estimated (i) the mean change in population size 691 

between t = 0 and 50 and (ii) the “quasi-extinction probability”, defined as the proportion of 692 

simulated populations where ∑ 𝑛𝑥,𝐿,50
𝑥
𝑖=1  was lower than subjectively defined quasi-extinction 693 

thresholds. Quasi-extinction thresholds were set to one half, one quarter, one eighth, and one 694 

sixteenth of the starting population size (i.e.,  ∑ 𝑛𝑥,𝐿,0
𝑥
𝑖=1 ).  695 

 696 

Sensitivity Analysis 697 

While the scenario-based analysis of murrelet population viability allowed us to compare 698 

potential effects of proposed forest management alternatives, the relative influence of changes in 699 

individual habitat classes (e.g., inner edge vs. interior forest) on murrelets was confounded 700 

because the alternatives included simultaneous changes in many or all habitat classes each year 701 

throughout the 50-year modeling period. We developed a sensitivity analysis to explore the 702 

relative influence of each the nine habitat classes (the three edge types and six Pstage categories) 703 

on murrelet populations by simulating a change in one habitat class while controlling for effects 704 

of other classes. Specifically, we simulated an immediate loss of 10,000 acres of murrelet habitat 705 

in year t = 0 within either (i) one edge class (e.g., inner edge), where Pstage classes were reduced 706 

in proportion to their availability within the focal edge class, or (ii) one Pstage class, where edge 707 

classes were reduced in proportion to their availability within the focal Pstage class. For 708 

example, when exploring model sensitivity to changes in “inner edge”, approximately 3,000 of 709 

the 10,000-acre simulated loss of “inner edge” habitat occurred within Pstage = 1, which 710 

represents its extent (30%) relative to the other Pstage classes within this edge class. We created 711 

one additional scenario (“acreage”) in which the simulated 10,000-acre loss in habitat occurred 712 
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proportionally across all 18 edge-Pstage combinations as a basis for comparing the relative 713 

influence of habitat amount (raw acreage) vs. habitat quality (e.g., edge conditions, Pstage) on 714 

murrelet populations.  715 

We chose 10,000 acres (~5.9% of total raw acreage) because it represented the maximum 716 

habitat loss possible while meeting the “proportional loss” constraint of the sensitivity analysis; 717 

any larger amount would have required proportional losses to certain habitat classes that 718 

exceeded their availability on the landscape. For each of the 10 scenarios in the sensitivity 719 

analysis we simulated the 10,000-acre loss of habitat in year 0, ran the population model for 50 720 

years under the Enhancement parameterization, and repeated 10,000 simulations using SAS 9.3. 721 

We then compared the average percent population change on DNR lands after 50 years for all 722 

scenarios and compared these changes to a baseline scenario in which no habitat loss occurred. 723 

Results of the sensitivity analysis should be interpreted as the relative (as opposed to absolute) 724 

influence of different habitat classes (raw acreage, edge, Pstage) on murrelet population growth 725 

in the region.  726 

 727 

RESULTS 728 

 729 

Forest Management Scenarios 730 

All six of the primary management alternatives were projected to result in more nesting habitat, a 731 

greater carrying capacity, and expected nest success on DNR lands at the end of the 50-year 732 

modeling period (Figure 2a-c). Nevertheless, some alternatives differed from one another 733 

considerably with respect to all three metrics (Figure 2a-c). The most optimistic scenario for 734 

change in raw murrelet habitat was alternative F, in which habitat increased by 58% over the 50-735 
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year modeling period. In contrast, the most pessimistic scenario for change in raw habitat was 736 

alternative B, which yielded an initial decline in habitat over the first decade but resulted in 737 

gradual increases thereafter, ending with a net 9% increase in habitat after 50 years. In terms of 738 

raw habitat change, the remaining alternatives fell between B and F (Figure 2a). Similarly, 739 

differences in nesting carrying capacity (K) among the six alternatives were bounded on the 740 

upper end by alternative F and on the lower end by alternative B. Carrying capacity increased by 741 

137% under alternative F, while alternative B ended with a net 30% increase after 50 years 742 

following an initial decline. Carrying capacities for the remaining alternatives always fell 743 

between B and F (Figure 2b). Mean nest success, which contributed to estimates of annual 744 

fecundity, was similarly bounded by alternatives B (lower nest success) and F (higher nest 745 

success) with all other alternatives falling between the two (Figure 2c). In contrast to the six 746 

alternatives, the baseline scenario did not vary temporally but was structured such that the 747 

amount of raw habitat, nesting carrying capacity, and mean nest success remained constant over 748 

the 50-year modeling period.  749 

Changes to raw habitat, nesting carrying capacity, and nest success for the two 750 

exploratory variants of alternative D (D –‘S’ and D – ‘M’) can be found in Figure 2d-f. Because 751 

alternative D – ‘S’ credited ‘stringers’ as potential murrelet nesting habitat, it had a greater 752 

amount of raw habitat and carrying capacity than either D or D – ‘M’ (Figure 2d-e). However, 753 

because ‘stringers’ are entirely adjacent to edge thus of lower habitat quality, the estimated 754 

average nest success for alternative D – ‘S’ was lower than any other scenario in this analysis 755 

(Figure 2f). Alternative D – ‘M’ tracked alternative D closely except over the first two decades 756 

for raw habitat and carrying capacity, because alternative D – ‘M’ was designed to implement a 757 

delayed harvesting strategy (Figure 2d-e). 758 
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 759 

Population Viability Analysis 760 

Risk analysis, DNR population. In the Risk analysis, we observed considerable variation in the 761 

probability of the murrelet population on DNR lands reaching quasi-extinction thresholds across 762 

the six management alternatives and baseline scenario (Figure 3). The probability of murrelet 763 

populations on DNR lands reaching 1/2 their initial size after 50 years ranged from 0.8417 764 

(alternative F) to 0.9721 (alternative B). Alternatives F and B continued to define the boundaries 765 

of quasi-extinction probabilities for smaller thresholds: at 1/4 of initial N, quasi-extinction 766 

probability ranged from 0.4515 (alternative F) to 0.8170 (alternative B); at 1/8 of initial N, quasi-767 

extinction probability ranged from 0.1092 (alternative F) to 0.4203 (alternative B); and at 1/16 of 768 

initial N, quasi-extinction probability ranged from 0.0108 (alternative F) to 0.0974 (alternative 769 

B). A complete list of quasi-extinction probabilities for all alternatives is provided in Table 2.  770 

 Mean female population size on DNR lands declined from 542 individuals to 174.7 (most 771 

optimistic) and 95.4 (most pessimistic) under alternatives F and B representing a 67.7% and 772 

82.4% decline in population size, respectively, after 50 years. Mean female population size for 773 

the remaining alternatives (as well as the baseline scenario) fell between that of alternatives F 774 

and B after 50 years (Figure 4). A complete list of mean female population sizes at 10-year 775 

intervals across the 50-year modeling period is provided in Table 3.  776 

 777 

Risk analysis, Washington population. In the Risk analysis, quasi-extinction probabilities for the 778 

Washington murrelet population were much more tightly clustered among the management 779 

alternatives (Figure 5). Projections of risk were presumably relatively uniform because modeled 780 

management actions were limited to DNR lands, which contained a relatively small portion 781 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-31 
 

(~15%) of carrying capacity for murrelets nesting in the state. The probability of the Washington 782 

murrelet population reaching 1/2 of its initial size after 50 years ranged from 0.7978 (alternative 783 

F) to 0.8302 (alternative B). For the remaining quasi-extinction thresholds, alternative F 784 

generally formed the lower bound and alternative B formed the upper bound. At 1/4 of initial N, 785 

quasi-extinction probability ranged from 0.3297 (alternative F) to 0.3618 (alternative B); at 1/8 786 

of initial N, quasi-extinction probability ranged from 0.0538 (alternative F) to 0.0614 (alternative 787 

B). At 1/16 of initial N, quasi-extinction probability ranged from 0.0022 (alternative C) to 0.0042 788 

(alternative F), although the difference between these probability estimates represents only 20 of 789 

10,000 simulations. A complete list of quasi-extinction probabilities for all alternatives is 790 

provided in Table 2.  791 

Mean female population size on all lands in Washington declined from 3,616 to 1,091 792 

(most optimistic) and 1,076 (most pessimistic) under alternatives F and B (similar to the DNR 793 

population, see above) representing a 69.8% and 71.3% decline in population size, respectively, 794 

after 50 years. Mean female population size among the remaining alternatives (as well as the 795 

baseline scenario) fell between that of alternatives F and B after 50 years (Figure 6). A complete 796 

list of mean female population sizes at 10-year intervals across the 50-year modeling period is 797 

provided in Table 3. 798 

 799 

Enhancement analysis, DNR population. In the Enhancement analysis, quasi-extinction 800 

probabilities were lower on DNR lands than in the Risk analysis (Figure 7). The probability of 801 

murrelet populations on DNR lands reaching 1/2 their initial size after 50 years (in the absence of 802 

dispersal among land ownerships) ranged from 0.0768 (alternative F) to 0.3462 (alternative B). 803 

At 1/4 of initial N, quasi-extinction probabilities among alternatives ranged from 0.0049 804 
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(alternative F) to 0.0412 (alternative B); at 1/8 and 1/16 of initial N, quasi-extinction probability 805 

was nearly equal to zero across all alternatives (i.e. 10 or fewer of 10,000 simulations reached 806 

quasi-extinction thresholds for all alternatives). A full table of quasi-extinction probabilities for 807 

all alternatives is found in Table 2.  808 

 With the exception of the baseline scenario, in which female population size continued to 809 

decline over the 50-year modeling period, all management alternatives resulted in a murrelet 810 

population trajectory characterized by an initial decline for the first 10-20 years followed by a 811 

gradual and sustained increase through the end of the modeling period (Figure 8). Female 812 

population size on DNR lands increased from 542 individuals to 589.7 (most optimistic) and 813 

declined to 199 (most pessimistic) under alternatives F and B representing a 8.8% increase and 814 

39.4% decline in population size, respectively, after 50 years. Mean female population size 815 

among the remaining alternatives fell between that of alternatives F and B after 50 years (Figure 816 

8). A complete list of mean female population sizes at 10-year intervals across the 50-year 817 

modeling period is provided in Table 3.  818 

 819 

Enhancement analysis, Washington population. Quasi-extinction probabilities among 820 

alternatives for the Washington murrelet population were considerably lower in the 821 

Enhancement than the Risk analysis (Figure 9). The probability of the Washington murrelet 822 

population reaching 1/2 of its initial size after 50 years ranged from 0.0610 (alternative F) to 823 

0.0903 (alternative B), with the remaining alternatives yielding quasi-extinction probabilities 824 

between F and B. Quasi-extinction probability was nearly equal to zero for all other thresholds 825 

among all alternatives (i.e. fewer than 30 of 10,000 simulations reached quasi-extinction 826 

thresholds for all alternatives). A complete list of quasi-extinction probabilities for all 827 
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alternatives is provided in Table 2.  828 

In contrast to the Risk analysis, in which the Washington murrelet population followed a 829 

relatively steep and steady decline throughout the 50-year modeling period, female population 830 

size in the Enhancement analysis declined for 20-30 years but then remained approximately 831 

stable for the remainder of the modeling period across all alternatives (Figure 10). Female 832 

population size in the state of Washington declined from 3,616 individuals to 2,663 (most 833 

optimistic) and 2,367.7 (most pessimistic) individuals under alternatives F and B (similar to the 834 

DNR population, see above) representing a 26.4% and 34.5% decline in population size, 835 

respectively, after 50 years. Mean female population size among the remaining alternatives fell 836 

between that of alternatives F and B after 50 years (Figure 10). A complete list of mean female 837 

population sizes at 10-year intervals across the 50-year modeling period is provided in Table 3. 838 

 839 

Exploratory analyses with variants of alternative D. We evaluated the exploratory variants of 840 

alternative D under the Risk and Enhancement scenarios for DNR lands only. In the Risk 841 

analysis, quasi-extinction probabilities were always highest for the D – ‘S’ alternative compared 842 

with alternatives D and D – ‘M’ (Figure 11, Table 4). The probability of the murrelet population 843 

on DNR lands reaching 1/2 its initial population size after 50 years was highest for alternative D 844 

– ‘M’ (0.9378) followed by alternative D (0.9315) and alternative D – ‘S’ (0.8893). At 1/4 of 845 

initial N, the quasi-extinction probability was again higher for alternative D – ‘M’ (0.6592) 846 

compared to alternative D (0.6393) and D – ‘S’ (0.5474) and the same pattern continued at 1/8 of 847 

initial N (Figure 11, Table 4). Female population size declined from 542 individuals to 151.3, 848 

129.9, and 125.7 individuals under alternatives D – ‘S’, D, and D – ‘M’, respectively, after 50 849 

years (Figure 12). A complete list of quasi-extinction probabilities is provided in Table 4, and 850 
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mean female population sizes at 10-year intervals is provided in Table 5. 851 

 In the Enhancement analysis, quasi-extinction probability was generally highest for 852 

alternative D. At 1/2 of initial N, quasi-extinction probability was 0.1701 for alternative D 853 

followed by alternative D – ‘M’ (0.1419) and D – ‘S’ (0.1071). This pattern persisted at 1/4 of 854 

initial N but the differences among scenarios was smaller. At 1/8 and 1/16 of initial N, quasi-855 

extinction probability was nearly zero for all three alternatives (Figure 13, Table 4). Mean female 856 

population size declined from 542 individuals to 537.5, 451.1, and 436.2 individuals under 857 

alternatives D – ‘S’, D – ‘M’, and D, respectively, after 50 years (Figure 14, Table 5). A 858 

complete list of quasi-extinction probabilities is provided in Table 4, and mean female 859 

population sizes at 10-year intervals is provided in Table 5. 860 

 861 

Sensitivity Analysis 862 

Murrelet population growth was most sensitive to changes in the highest Pstage (habitat quality) 863 

classes 1 and 0.89; reducing the prevalence of these habitat classes on the landscape by 10,000 864 

acres resulted in population estimates that were 7.5% and 5.0% lower than the baseline (static 865 

habitat) scenario after 50 years, respectively. Removing 10,000 acres of murrelet habitat across 866 

the 18 Pstage-edge class combinations in proportion to their availability (‘acreage’) resulted in a 867 

population estimate 4.0% lower than the baseline, which had a slightly stronger effect on 868 

murrelet population growth than removing 10,000 acres of interior forest (3.9% lower than 869 

baseline). Removing Pstages 0.62, 0.47, inner edge, and outer edge resulted in final populations 870 

3.4%, 1.6%, 2.9%, and 1.6% lower than the baseline scenario, respectively. Removing 10,000 871 

acres of Pstages 0.25 and 0.36 caused minor (<0.5%) changes to murrelet populations compared 872 

to the baseline (Figure 15).   873 
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 874 

DISCUSSION 875 

 876 

Implications for Population Risk and Enhancement 877 

We developed a stochastic, demographic meta-population model to evaluate the potential effects 878 

of alternative forest management strategies for DNR lands on the viability of marbled murrelet 879 

populations in the state of Washington. Moreover, we carried out parallel Risk and Enhancement 880 

analyses to help assess the extent to which proposed management actions may increase 881 

population risk or the likelihood of population recovery given that it was not possible to assess 882 

both of these HCP considerations with a single analysis. Only one alternative (B) was projected 883 

to reduce murrelet population size compared to the Alternative A (“no-action”; i.e., continued 884 

management under the 1997 HCP guidelines) if murrelet populations continue to decline as a 885 

result of environmental factors unrelated to changes in nesting habitat quality and quantity (i.e., 886 

under the Risk analysis). Conversely, our findings suggest that all other alternatives (C – F) are 887 

expected to lead to larger murrelet populations than alternative A should the population continue 888 

to decline as a results of these factors. Similarly, alternative B appeared to provide less capacity 889 

for murrelet populations to increase in size than alternative A, whereas alternatives C through F 890 

led to larger murrelet populations than alternative A, under the assumption that environmental 891 

stressors likely impacting murrelets are ameliorated (i.e., in the Enhancement Analysis). The 892 

same patterns were generally observed for quasi-extinction probabilities, although differences 893 

between alternative A and the other alternatives were not quite as consistent as they were for 894 

mean projected population size.  895 

Differences in ending population size among the proposed alternatives were greater when 896 
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inference was limited to the “DNR population” as opposed to the entire state of Washington, 897 

particularly when differences were considered on a percentage basis. Compared to the “no-898 

action” alternative (A), almost 1.5 times as many murrelets were expected to occur on DNR 899 

lands under alternative F according to both Risk and Enhancement analyses (i.e., almost a 50% 900 

difference). While percentage differences in ending population sizes among alternatives were 901 

greater for the DNR “population” than they were for the entire Washington population, 902 

differences in the number of individuals among alternatives were more similar at the two spatial 903 

scales. For example, the difference in mean ending population size between the “best” 904 

(alternative F) and “no-action” (alternative A) alternatives was 51.7 for DNR lands and 34.1 905 

individuals for the state of Washington in the Risk analysis. Thus, differences in abundance 906 

among the alternatives at the state level were largely the result of changes in abundance on DNR 907 

lands, which were included in state level projections of population sizes.  908 

 909 

Comparison of Individual Alternatives  910 

For both Risk and Enhancement analyses, alternative B consistently resulted in the lowest 911 

projected murrelet numbers after the 50-year simulation period, and generally had the highest 912 

quasi-extinction probabilities. Moreover, and as discussed above, alternative B was also the only 913 

proposed alternative that resulted in lower murrelet numbers than the “no-action” alternative 914 

(alternative A) in both Risk and Enhancement analyses for both DNR lands and the state of 915 

Washington. This finding was, to a certain extent, consistent with the fact that alternative B 916 

would protect the least (593,000 acres) of LTFC among all alternatives. By comparison, the “no-917 

action” alternative (A) would involve the protection of 620,000 acres of LTFC. Compared to the 918 

“no-action” alternative (see above for details), alternative B focused only on protecting the 919 
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known locations of marbled murrelet occupied sites on forested state trust lands, and was the 920 

only alternative that did not provide buffers on occupied sites. 921 

In contrast, alternative F consistently resulted in the highest projected murrelet numbers 922 

after the 50-year simulation period for both Risk and Enhancement analyses. At the state level, 923 

alternative F was projected to lead to an average of 53.3 and 295.3 more female murrelets than 924 

alternative B under the Risk and Enhancement scenarios, respectively. Alternative F also 925 

generally had the lowest quasi-extinction probabilities. Under alternative F, 94,000 more acres 926 

(734,000 acres total) of LTFC than any other alternative (alternative E being the second most 927 

conservative, involving the protection of 640,000 acres). Compared with others, alternative F is 928 

distinct in that it proposes the establishment of more extensive conservation areas in most 929 

planning units and includes existing, mapped low quality northern spotted owl habitat in 930 

designated owl conservation areas as LTFC (alternatives A through E only include high quality 931 

owl habitat as LTFC). 932 

In sum, alternative B posed the greatest risk to murrelet populations and alternative F 933 

provided the greatest capacity to enhance murrelet populations. Importantly, our population 934 

simulations suggested that alternatives F and B were generally the “best” and “worst”, 935 

respectively, with respect to murrelet population viability for DNR lands and the state of 936 

Washington in both the Risk and Enhancement analyses. This result is useful from a forest 937 

management perspective, because whether or not unrelated chronic environmental stressors are 938 

alleviated (i.e., the major difference in model assumptions between Risk and Enhancement 939 

analyses), alternative F is predicted to have the most positive effect on murrelet populations over 940 

the next 50 years because it provides the greatest amount of habitat and carrying capacity with 941 

the least edge effects. 942 
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The exploratory analysis comparing alternative D with a delayed harvest variant (D – 943 

‘M’) and a variant that included ‘stringers’ as potential murrelet habitat (D – ‘S’) provides 944 

several interesting observations and insights. First, while the quasi-extinction probability was 945 

generally highest for alternative D – ‘M’ in the Risk analysis, the quasi-extinction probability 946 

was highest for alternative D in the Enhancement analysis. By comparison, alternative D – ‘S’ 947 

consistently had the lowest quasi-extinction probabilities and highest average female population 948 

size across both analyses. This result was unsurprising given that alternative D – ‘S’ had a 949 

comparably larger amount of raw habitat and a higher carrying capacity than the other 950 

alternatives (Figure 2d-e) because ‘stringers’ were credited as murrelet habitat which, despite 951 

lowering mean nest success because of increased edge effects (Figure 2f), resulted in a net 952 

positive for murrelet populations. This suggests that if our assumptions about edge effects are 953 

sound, small habitat patches with high levels of edge effects may not pose a direct population 954 

risk when they occur in combination with more extensive amounts of intact forest habitat. Less 955 

clear is why ‘metering’ harvest activities – such that their implementation occurred over two 956 

decades as opposed to one (alternative D – ‘M’) – resulted in higher quasi-extinction probability 957 

in the Risk analysis and a lower quasi-extinction probability in the Enhancement analysis. This 958 

result is more nuanced for mean female population size, which remained higher for D – ‘M’ in 959 

both analyses compared to alternative D over the first two decades of simulation, remaining 960 

above D in the Enhancement analysis (Figure 12) but falling below D in the Risk analysis for all 961 

years thereafter (Figure 10). While the factors driving these differences are not entirely clear, we 962 

suspect that a delayed harvest under the Enhancement scenario, which was parameterized with 963 

more optimistic population vital rates, may have provided a greater capacity for murrelet 964 

population growth than in the Risk analysis. Regardless, the influence of delayed harvest on 965 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-39 
 

murrelets in our model appeared to be relatively small, resulting in an average of only 4.2 fewer 966 

individuals in the Risk analysis and 14.9 more individuals in the Enhancement analysis compared 967 

to the standard 10-year harvest schedule (Table 5).  968 

  969 

Sensitivity of Marbled Murrelet Populations to Habitat Change 970 

The sensitivity analysis suggested that murrelet populations were most sensitive to changes in 971 

the amount of high-quality nesting habitat (P-stages 0.89 and 1), which exerted a stronger 972 

influence on modeled trajectories than changes in either the raw amount of nesting habitat or 973 

edge conditions (habitat configuration). Murrelet nests are typically located in large, decadent 974 

platform-bearing trees which, because of their age and economic value are relatively uncommon 975 

across the landscape and likely represent a limiting factor with respect to murrelet population 976 

densities (Burger 2001; Raphael, Mack & Cooper 2002). Because the highest Pstage classes 977 

represent forest stands with greater densities of platform-bearing trees suitable for nesting and 978 

presumably higher levels of murrelet use, it is therefore unsurprising that murrelet population 979 

growth appeared to be more sensitive to loss of the highest-quality habitat which, acre-for-acre, 980 

has a disproportionate influence on the population density of breeding-age murrelets. While 981 

change in habitat configuration (edge) was linked to nest success as well as nesting density in our 982 

analytical model, it nevertheless had a relatively modest influence on murrelet population growth 983 

presumably because the proportion of interior forest is considerably higher for the highest 984 

Pstages (51%) than the other categories (29%) on DNR-managed land (Washington Department 985 

of Natural Resources & US Fish and Wildlife Service 2016). 986 

 987 
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Caveats and Future Directions 988 

Our model was parameterized with published demographic information collected for marbled 989 

murrelets from intensive field studies and structured based on a reasonable understanding and 990 

interpretation of murrelet ecology and nesting habitat needs. Moreover, the reproductive 991 

component of the model was informed by detailed assessments forest conditions in the state of 992 

Washington, and particularly on DNR lands. However, changes in climate and other 993 

environmental factors, particularly in the marine environment, that were not considered 994 

explicitly here likely also impact murrelet population dynamics and will continue to do so in the 995 

future. For example, unanticipated increases in marine stressors could further diminish murrelet 996 

populations regardless of projected increases to the amount and quality of nesting habitat.  997 

Nevertheless, the scope of this analysis was to estimate the potential and relative effect of habitat 998 

management alternatives using parameters largely under the control of land management 999 

agencies. Future areas of research could involve the development of a population model that 1000 

more explicitly links risk to, for example, potential future changes in climate, oil spills, fisheries 1001 

interactions, and predators. 1002 

 As is always the case in PVA analyses, our model required a number of simplifying 1003 

assumptions. We assumed that murrelets recruiting into the breeding population (e.g., 2-year 1004 

subadults) selected nesting habitat independent of quality. Rather, individuals recruited into 1005 

habitat types “proportionally” such that if, for example, five murrelets recruited into the breeding 1006 

population, four would do so into Pstage = 1 habitat and one would recruit into Pstage = 0.25 1007 

habitat, even if additional nests were available in Pstage = 1 habitat. Second, we assumed that 1008 

breeders remained in the same landownership unless they were displaced by habitat loss, and 1009 

thus assumed that only nonbreeding individuals recruiting into the breeding population dispersed 1010 
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among landownerships. In other words, natal dispersal was permitted but, in the absence of 1011 

habitat loss, breeding dispersal was not. Third, we assumed that displaced breeders (by habitat 1012 

loss) could become nonbreeders for at least one year (for analytical tractability) and that 1013 

displaced breeders could become breeders again if nesting habitat was available the year after 1014 

they became nonbreeders. All of these aspects of murrelet breeding ecology are not well 1015 

understood, and violations of associated assumptions could influence inferences regarding risk to 1016 

the population. 1017 

Population viability analyses range from simple count-based approaches to more 1018 

complicated spatially-explicit demographic meta-population approaches (Morris & Doak 2002). 1019 

Here, we used a two-population model (DNR vs non-DNR lands) as a simplification of the 1020 

complex spatial arrangement of murrelet nesting habitat in Washington given time and budgetary 1021 

constraints, this simplification being agreed upon by DNR and FWS. However, the spatial 1022 

arrangement of murrelet nesting habitat likely plays an important role in murrelet movement and 1023 

dispersal processes throughout the state. Future efforts using spatially-explicit models could 1024 

provide geographically-targeted (local) estimates of risk, prioritize stands for conservation and 1025 

management, and generate more realistic insights into how changes in the spatial arrangement of 1026 

nesting habitat may influence regional murrelet population viability. However, uncertainty about 1027 

the landscape ecology of murrelet habitat selection and use as well as dispersal processes could 1028 

obscure inference from such an effort. Finally, we note that results from PVA analyses such as 1029 

ours typically constitute one of many sources of information (e.g., habitat mapping, expert 1030 

opinion, etc.) that can inform species conservation and land management decisions and we 1031 

recommend that they be treated as such.   1032 
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Table 1. Parameter values used is in the marbled murrelet meta-population model.  

Parameter Analysis DNR non-DNR Reference/Justification 

Initial (female) population size 

(𝑛𝑥,𝐿,0) 

Both 
∑𝑛𝑥,1,0 = 542

𝑥

𝑖=1

 ∑𝑛𝑥,2,0 = 3,074

𝑥

𝑖=1

 
Falxa et al. (2015); Lance 

and Pearson (2015) 

Initial (female) adult non-breeders 

(𝑛4,𝐿,0) 

Both 𝑛4,1,0 = 145 𝑛4,2,0 = 819 40% of adult females begin 

as non-breeders because the 

population is above carrying 

capacity Initial (female) adult breeders 

(𝑛5,𝐿,0) 

Both 𝑛5,1,0 = 217 𝑛5,2,0 = 1,229 

Mean 1-year old survival rate 

(𝑠1,𝐿,𝑡) 

Both 𝑠1,1,𝑡 = 𝑠2,1,𝑡 ·  0.7 𝑠1,2,𝑡 = 𝑠2,2,𝑡 ·  0.7 Peery et al. (2006a, b) 

Mean >1-year old survival rates 

(𝑠≥2,𝐿,𝑡) 

Risk 𝑠2,1,𝑡, . . , 𝑠5,1,𝑡

= 0.87 

𝑠2,2,𝑡, . . , 𝑠5,2,𝑡

= 0.87 

Peery et al. (2006a, b) 

 Enhancement 𝑠2,1,𝑡, . . , 𝑠5,1,𝑡

= 0.90 

𝑠2,2,𝑡, . . , 𝑠5,2,𝑡

= 0.90 

Peery et al. (2006a, b) 

Variance in survival rates Both 𝑣𝑎𝑟(𝑠) = 0.004 𝑣𝑎𝑟(𝑠) = 0.004 Yields coefficient of 

variation (CV) in simulated 

populations similar to 

process CV in population 

estimates from at-sea surveys 

Maximum dispersal rate (𝑑𝐿,𝑡) Risk, 

Enhancement 

(WA population 

𝑑1,𝑡 = 0.85 𝑑2,𝑡 = 0.15 Equal to proportion of 

murrelet habitat on DNR and 

non-DNR lands, lower if 
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only) number of dispersers exceeds 

availability of nest sites in 

other landownership  

 Enhancement 

(DNR population 

only) 

𝑑1,𝑡 = 0 𝑑2,𝑡 = 0 Assumes DNR and non-

DNR populations are 

demographically 

independent 

Proportion of breeders (possess a 

nest site) that breed per year (𝑏) 

Both 𝑏 = 0.90 

 

𝑏 = 0.90 Peery et al. (2004) 

Mean nest success rate (𝑓𝐿,0) Both 𝑓1,0 = 0.5090 

𝑓1,≥1 varies by 

management 

alternative 

𝑓2,0 = 0.5418 

𝑓2,≥1 remains 

constant 

See Appendix A 

Fecundity rate (𝑚𝐿,𝑡) Both  
𝑚1,𝑡 =

𝑏 ∙ 𝑓1,𝑡

2
 𝑚2,𝑡 =

𝑏 ∙ 𝑓2,𝑡

2
 

 

Variance in fecundity rate Both 𝑣𝑎𝑟(𝑚) = 0.016 𝑣𝑎𝑟(𝑚) = 0.016 Yields coefficient of 

variation (CV) in simulated 

populations similar to 

process CV in population 

estimates from at-sea surveys 

Carrying capacity (number of 

nests) (𝐾𝐿,𝑡), scaled 

Both 𝐾1,0=217 

𝐾1,≥1 varies by 

management 

alternative 

𝐾2,0 = 1,229  

𝐾2,≥1 remains 

constant 

See Appendix A 
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Table 2. Quasi-extinction probabilities (proportion of 10,000 simulations that reached a specified fraction of initial population size) 1127 

for proposed forest management alternatives (A – F) under the Risk and Enhancement analyses. Note that a quasi-extinction 1128 

probability of 0.0001 represents 1 single outcome of 10,000 simulations. 1129 

 1130 

 Risk - DNR lands   Risk - Washington 

 Fraction of Initial Population Size   Fraction of Initial Population Size 

Alternative 1/16 1/8 1/4 1/2  Alternative 1/16 1/8 1/4 1/2 

A 0.0479 0.2624 0.6617 0.9420  A 0.0033 0.0605 0.3350 0.8201 

B 0.0974 0.4203 0.8170 0.9721  B 0.0035 0.0614 0.3618 0.8302 

C 0.0126 0.1508 0.5391 0.9003  C 0.0022 0.0553 0.3387 0.8066 

D 0.0404 0.2361 0.6393 0.9315  D 0.0040 0.0562 0.3418 0.8168 

E 0.0160 0.1485 0.5402 0.8903  E 0.0030 0.0554 0.3418 0.8062 

F 0.0108 0.1092 0.4515 0.8417  F 0.0042 0.0538 0.3297 0.7978 

Baseline 0.0198 0.1670 0.5980 0.9363  Baseline 0.0044 0.0553 0.3367 0.8134 

           

 Enhancement - DNR lands   Enhancement - Washington 

 Fraction of Initial Population Size   Fraction of Initial Population Size 

Alternative 1/16 1/8 1/4 1/2  Alternative 1/16 1/8 1/4 1/2 

A 0 0.0006 0.0180 0.1950  A 0 0 0.0029 0.0710 

B 0.0001 0.0010 0.0412 0.3462  B 0 0.0001 0.0024 0.0903 

C 0 0.0001 0.0095 0.1271  C 0 0 0.0018 0.0669 

D 0 0.0004 0.0138 0.1701  D 0 0.0001 0.0028 0.0754 

E 0 0.0001 0.0088 0.1226  E 0 0 0.0022 0.0650 

F 0 0.0004 0.0049 0.0768  F 0 0 0.0022 0.0610 

Baseline 0 0.0008 0.0139 0.2355  Baseline 0 0 0.0029 0.0799 

 1131 
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Table 3. Projected mean population sizes (average of 10,000 simulations) at each 10-year interval for proposed forest management 1132 

alternatives (A – F) in the Risk and Enhancement analyses. 1133 

 Risk - DNR lands   Risk - Washington 

 Year of Simulation   Year of Simulation 

Alternative 0 10 20 30 40 50  Alternative 0 10 20 30 40 50 

A 542 294.0 219.6 181.2 149.8 123.0  A 3616 2303.9 1813.1 1495.5 1254.1 1057.8 

B 542 257.8 165.3 139.5 115.9 95.4  B 3616 2271.5 1765.0 1468.6 1229.5 1038.6 

C 542 340.6 268.8 222.3 183.6 150.7  C 3616 2337.2 1843.4 1524.3 1279.4 1077.6 

D 542 299.4 229.1 190.8 158.0 129.9  D 3616 2313.0 1821.5 1507.5 1263.6 1066.4 

E 542 341.6 274.7 227.7 187.5 153.9  E 3616 2327.2 1853.9 1534.3 1285.7 1083.2 

F 542 381.4 314.1 258.9 213.4 174.7  F 3616 2353.9 1873.6 1548.5 1298.3 1091.9 

Baseline 542 338.0 259.1 207.1 167.1 134.9  Baseline 3616 2327.6 1834.2 1515.5 1268.0 1064.4 

               

 Enhancement - DNR lands   Enhancement - Washington 

 Year of Simulation   Year of Simulation 

Alternative 0 10 20 30 40 50  Alternative 0 10 20 30 40 50 

A 542 393.2 342.7 349.8 375.4 405.5  A 3616 2858.1 2584.9 2488.1 2469.7 2470.2 

B 542 354.9 275.9 276.9 302.1 328.4  B 3616 2807.7 2512.0 2410.8 2371.8 2367.7 

C 542 419.9 391.9 408.1 445.1 481.7  C 3616 2889.4 2636.0 2542.3 2528.8 2541.7 

D 542 397.0 354.4 367.8 401.8 436.2  D 3616 2856.1 2596.3 2507.0 2477.0 2481.2 

E 542 423.3 401.1 418.5 455.4 490.5  E 3616 2884.9 2639.6 2553.8 2534.2 2554.9 

F 542 466.8 466.4 495.6 540.5 589.7  F 3616 2923.3 2714.1 2637.0 2638.7 2663.0 

Baseline 542 418.8 374.3 353.4 340.4 333.8  Baseline 3616 2874.7 2631.0 2507.5 2437.5 2391.9 

 1134 

 1135 

 1136 
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 1137 

Table 4. Quasi-extinction probabilities (proportion of 10,000 simulations that reached a specified fraction of initial population size) 1138 

for alternative D and two variants D - ‘M’ and D - ‘S’ under Risk and Enhancement scenarios on DNR lands. Note that a quasi-1139 

extinction probability of 0.0001 represents 1 simulated population reaching a given threshold. 1140 

 1141 

 Risk - DNR lands   Enhancement – DNR Lands 

 Fraction of Initial Population Size   Fraction of Initial Population Size 

Alternative 1/16 1/8 1/4 1/2  Alternative 1/16 1/8 1/4 1/2 

D 0.0404 0.2361 0.6393 0.9315  D 0 0.0004 0.0138 0.1701 

D – ‘M’ 0.0277 0.2418 0.6592 0.9378  D – ‘M’ 0.0001 0.0004 0.0097 0.1419 

D – ‘S’ 0.0286 0.1720 0.5474 0.8893  D – ‘S’ 0 0.0003 0.0066 0.1071 

           
 1142 

 1143 

 1144 

  1145 
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Table 5. Projected mean population sizes (average of 10,000 simulations) at each 10-year interval for alternative D and two variants D 1146 

- ‘M’ and D - ‘S’ under Risk and Enhancement scenarios on DNR lands. 1147 

  Risk - DNR lands   Enhancement – DNR lands 

  Year of Simulation   Year of Simulation 

Alternative  0 10 20 30 40 50  Alternative 0 10 20 30 40 50 

D  542 299.4 229.1 190.8 158.0 129.9  D 542 397.0 354.4 367.8 401.8 436.2 

D – ‘M’  542 341.2 224.4 184.7 153.0 125.7  D – ‘M’ 542 423.5 376.6 384.4 416.8 451.1 

D – ‘S’  542 357.6 282.3 230.2 187.4 151.3  D – ‘S’ 542 462.7 434.3 455.1 497.1 537.5 

 1148 

  1149 
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Figure 1. Life-cycle diagram for the demographic meta-population model used to evaluate the potential effects of Washington DNR’s 1152 

management alternatives on marbled murrelets. 𝑛𝑥,𝐿 represents the number of female murrelets; 𝑠𝑥,𝐿 represents the survival 1153 

probability; 𝑔𝑥,𝐿 represents the transition probability; 𝑑𝐿 represents the dispersal probability; 𝑏 represents the breeding probability; 𝑓𝐿 1154 

represents nest success rate; the subscript 𝑥 = 1,2,…,5 represents stage classes juvenile, 1-year subadult, 2-year subadult, adult 1155 

nonbreeder, and adult breeder, respectively; the subscript 𝐿 = 1, 2 represents DNR and non-DNR lands, respectively. Note that time 𝑡 1156 

was not included in the diagram for simplicity. 1157 

  1158 
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Figure 2. Forest management alternatives proposed by the Washington DNR and the U.S. Fish and Wildlife Service. The raw amount 1160 

of nesting habitat, carrying capacity, and nest success on DNR-managed lands for each of the primary alternatives (A – F) over the 1161 

modeling period are presented in panels a – c, respectively.  The same measures for the exploratory alternatives (D – ‘M’ and D – ‘S’) 1162 

are shown in panels d – f, and include alternative D for the purposes of comparison. 1163 

Note:  In panel F nest success is not significantly different between Alt D and D-M1164 
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 1165 
Figure 3. Risk analysis – DNR lands. Quasi-extinction probabilities (proportion of 10,000 1166 

simulations that reached a specified fraction of initial population size) for the primary proposed 1167 

management alternatives (A – F). 1168 

 1169 
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 1170 

Figure 4. Risk analysis – DNR lands. Projected murrelet population sizes as a function of proposed management alternatives (A – F). 1171 
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In each panel the colored line represents the mean annual population size averaged over 10,000 simulations, and the grey lines 1172 

represent a subsample (n = 1,000) of individual simulation outcomes. The bottom-right panel (“Alternative means”) plots the mean 1173 

from each alternative on a single graph for the purposes of comparison. 1174 
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 1175 
Figure 5. Risk analysis – Washington. Quasi-extinction probabilities (proportion of 10,000 1176 

simulations that reached a specified fraction of initial population size) for the primary proposed 1177 

management alternatives (A – F). 1178 
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Figure 6. Risk analysis – Washington. Projected murrelet population sizes as a function of proposed management alternatives (A – F). 1181 

In each panel the colored line represents the mean annual population size averaged over 10,000 simulations, and the grey lines 1182 

represent a subsample (n = 1,000) of individual simulation outcomes. The bottom-right panel (“Alternative means”) plots the mean 1183 

from each alternative on a single graph for the purposes of comparison. 1184 
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 1185 

Figure 7. Enhancement analysis – DNR lands. Quasi-extinction probabilities (proportion of 1186 

10,000 simulations that reached a specified fraction of initial population size) for the primary 1187 

proposed management alternatives (A – F). 1188 

 1189 
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Figure 8. Enhancement analysis – DNR lands. Projected murrelet population sizes as a function of proposed management alternatives 1192 

(A – F). In each panel the colored line represents the mean annual population size averaged over 10,000 simulations, and the grey 1193 

lines represent a subsample (n = 1,000) of individual simulation outcomes. The bottom-right panel (“Alternative means”) plots the 1194 

mean from each alternative on a single graph for the purposes of comparison.  1195 
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 1196 

Figure 9. Enhancement analysis – Washington. Quasi-extinction probabilities (proportion of 1197 

10,000 simulations that reached a specified fraction of initial population size) for the primary 1198 

proposed management alternatives (A – F). 1199 
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Figure 10. Enhancement analysis – Washington. Projected murrelet population sizes as a function of proposed management 1202 

alternatives (A – F). In each panel the colored line represents the mean annual population size averaged over 10,000 simulations, and 1203 

the grey lines represent a subsample (n = 1,000) of individual simulation outcomes. The bottom-right panel (“Alternative means”) 1204 

plots the mean from each alternative on a single graph for the purposes of comparison. 1205 
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 1206 

Figure 11. Exploratory Risk analysis – DNR lands. Quasi-extinction probabilities (proportion of 1207 

10,000 simulations that reached a specified fraction of initial population size) for alternative D 1208 

compared to its two exploratory variants (D – ‘M’ and D – ‘S’). 1209 

 1210 
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 1211 

Figure 12. Exploratory Risk analysis – DNR lands. Projected murrelet population sizes as a function of alternative D compared to its 1212 

two exploratory variants (D – ‘M’ and D – ‘S’). In each panel the colored line represents the mean annual population size averaged 1213 

over 10,000 simulations, and the grey lines represent a subsample (n = 1,000) of individual simulation outcomes. The far-right panel 1214 

(“Alternative means”) plots the mean from each alternative on a single graph for the purposes of comparison. 1215 

 1216 
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 1217 

Figure 13. Exploratory Enhancement analysis – DNR lands. Quasi-extinction probabilities 1218 

(proportion of 10,000 simulations that reached a specified fraction of initial population size) for 1219 

alternative D compared to its two exploratory variants (D – ‘M’ and D – ‘S’). 1220 

 1221 
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 1222 

Figure 14. Exploratory Enhancement analysis – DNR lands. Projected murrelet population sizes as a function of alternative D 1223 

compared to its two exploratory variants (D – ‘M’ and D – ‘S’). In each panel the colored line represents the mean annual population 1224 

size averaged over 10,000 simulations, and the grey lines represent a subsample (n = 1,000) of individual simulation outcomes. The 1225 

far-right panel (“Alternative means”) plots the mean from each alternative on a single graph for the purposes of comparison. 1226 
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Figure 15. Sensitivity analysis. Grey solid bars represent habitat quality (Pstage), grey hatch-

marked bars represent habitat configuration (edge conditions), and the black bar represents 

habitat amount (raw acreage). 
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Appendix 

Nest Density – Based on the assumptions that a threshold acreage of habitat is required to 

provide one nest site and that nesting habitat is limited so that there is just enough for the current 

statewide population, i.e, the population is at the carrying capacity, K, of its forest habitat. WA 

state habitat estimates are from Raphael et al. (2016) and the murrelet population is estimated as 

the average WA at-sea population over the latest 5 years of monitoring, 2011-2015 (Falxa et al. 

in press). Habitat quality, and consequently the availability of potential nest sites, is assumed to 

be influenced by stand condition, edge effects including lack of habitat capability in strings, and 

geography (see below). Adjusted acreages for non-DNR land are based on Science Team 

(Raphael et al. 2008) assumptions for habitat quality and accessory assumptions for edge 

conditions and strings (i.e., assume federal habitat consists of half as much edge and strings 

while private habitat consists of 50% more edge and strings than DNR-managed land). Adjusted 

acreages for DNR land are based on assumptions regarding the influence of stand development, 

edge effects, and geography on habitat quality (see below) applied to estimated habitat acreage 

(Raphael et al. 2016). Nest density, D, is estimated as the total number of murrelets in WA 

divided by the total adjusted habitat acreage, A. 

Raw Habitat (DNR) – Acreage of habitat (Pstage>0) symbolized as H, based on interpretation 

and projection of DNR’s spatially-explicit forest inventory. This estimate of current habitat 

(Pstage>0), 213,400 acres, differs slightly from that of Raphael et al. (2016) which was used to 

estimate Nest Density, 187,100 acres. 

Adjustment for Habitat Quality (DNR) – This incorporates three influences on habitat quality 

as it relates to function in providing nesting opportunities and K: stand condition, edge effects, 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-75 
 

and geography.  DNR’s spatially-explicit forest inventory summarizes acreage (H), composition, 

and structure for stands, contiguous forest patches with sufficiently uniform composition and 

structure to be distinguishable units. Each stand has a current and projected future Pstage value 

(0, 0.25, 0.36, 0.47, 0.62, 0.89, 1) which reflects habitat quality, thus its capacity to provide nest 

sites as H * Pstage. Edge effects, E, are influenced by two factors, distance from edge and edge 

type as summarized in the table below. Edge type and distance were estimated with spatial 

analyses of DNR forest inventory and the proposed conservation alternatives.  Geographic 

influence, G, was incorporated by mapping habitat over 5 km from the nearest occupied murrelet 

site where the diminished attractiveness and/or availability of nest sites was assumed to have a 

further effect, 0.25, on habitat quality at these isolated habitat patches. Less than 5% of DNR-

managed habitat, H, is so isolated, thus G = 1 for the large majority of habitat.  

 Interior (t)  

(> 100 m) 

Inner Edge (r)  

(50 – 100 m) 

Outer Edge(o)  

(0 – 50  m) 

String  

Edge 

Type 

None (n)  

(trees > 80’ tall) 

1 1 1 0 

Soft (s) 

(trees 40’ - 80’ 

tall) 

1 0.8 0.6 0 

Hard (h) 

 (trees 0’ – 40’ 

tall) 

1 0.625 0.25 0 

Stands of current and projected future habitat (Pstage>0) were spatially partitioned by multiple 

factors important to DNR forest management including edge distance and geography 

(approximately 1,000,000 partitions varying by time-step and alternative), so that each partition, 

i, had an unique acreage Hi, and was in one of twenty-four Pstage/Edge-distance categories. 

Habitat was configured either in small, often fairly linear fragments called strings that contained 

no interior forest, or in larger blocks that contained habitat in outer (o) and inner (n) edges as 

well as in interior forest (t), >100 meters from edge. Edge effects were assumed to negate the 



 

 
Marbled Murrelet Long-Term Conservation Strategy DEIS 
Appendices  Page C-76 
 

value of habitat in strings. Depending on alternative, 16% - 34% of habitat was in strings. Edge 

effects on inner and outer edge habitat was estimated with non-spatial methods based on the 

assumption that current proportions of edge types on conservation lands, averaged across their 

alternative designations approximate the long-term proportion of edge types due to the balance 

of growth and harvest across the land base. Thus, current and projected future edge effects to 

inner and outer edge forests were distributed across edge types according to the average 

proportions of no (pn = 0.422), soft (ps = 0.307), and hard (ph = 0.271) edge. 

Six of the eighteen, non-string Pstage/Edge-distance categories are interior (t) and not subject to 

edge effects. The habitat quality adjustments described above were applied to all j spatial 

partitions within the interior categories and estimate the “functional capability” of murrelet 

habitat over 100 meters from potential edge as the sum of adjusted habitat acreage: 

𝐴𝑡 = ∑𝐻𝑖 ∗ 𝑃𝑠𝑡𝑎𝑔𝑒𝑖 ∗ 𝐺𝑖 ∗ 𝐸𝑡

𝑗

𝑖=1

 

where 𝐸𝑡 = 1. The adjusted habitat acreage within inner and outer edge categories are calculated 

as: 

𝐴𝑟 = ∑𝐻𝑖 ∗ 𝑃𝑠𝑡𝑎𝑔𝑒𝑖 ∗ 𝐺𝑖 ∗ ((𝐸𝑛𝑟 ∗ 𝑝𝑛) + (𝐸𝑠𝑟 ∗ 𝑝𝑠) + (𝐸ℎ𝑟 ∗ 𝑝ℎ))

𝑗

𝑖=1

 

and 

𝐴𝑜 = ∑𝐻𝑖 ∗ 𝑃𝑠𝑡𝑎𝑔𝑒𝑖 ∗ 𝐺𝑖 ∗ ((𝐸𝑛𝑜 ∗ 𝑝𝑛) + (𝐸𝑠𝑜 ∗ 𝑝𝑠) + (𝐸ℎ𝑜 ∗ 𝑝ℎ)),

𝑗

𝑖=1
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respectively. The sum of adjusted acreages in interior and the two edge categories estimates 

ADNR,  

ADNR = At + Ar + Ao. 

K (DNR) – The estimated number of nest sites on DNR-managed land, calculated as KDNR = D * 

ADNR * 0.5 to reflect a population that is half female. 

Nest Success (DNR) – Based on the assumption that edge effects are a primary influence on nest 

success, f. High nest success, fhigh is assumed to be 0.55 and low success, flow, 0.38 (McShane et 

al. 2004), with intermediate success, fint, halfway between. Edge effects are influenced by two 

factors, distance from edge and edge type as summarized in the table below (Malt and Lank 

2009). Edge type and distance from edge were estimated with spatial analysis of DNR forest 

inventory. 

 Interior 

(t) (> 100 

m) 

Inner Edge 

(r)  (50 – 

100 m) 

Outer 

Edge(o)  (0 – 

50  m) 

Edge 

Type 

None (n)  

(trees > 80’ tall) 

0.55 0.55 0.55 

Soft (s) 

(trees 40’ - 80’ 

tall) 

0.55 0.55 0.55 

Hard (h) 

 (trees 0’ – 40’ 

tall) 

0.55 0.465 0.38 

Similar to adjustments for habitat quality, nest success was estimated by a combination of spatial 

and non-spatial analyses. Seven of the nine Edge-distance/Edge-type categories are interior or 

influenced by no or soft edge and are not subject to edge effects. Their influence on nest success, 

f, was estimated for all j spatial partitions within those categories as 

𝑓𝑡,𝑛,𝑠 = ∑𝐻𝑖 ∗ 𝑓ℎ𝑖𝑔ℎ

𝑗

𝑖=1
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The influence of inner and outer hard edges on nest success was estimated as  

𝑓ℎ𝑟 = ∑𝐻𝑖 ∗ 𝑓𝑖𝑛𝑡

𝑗

𝑖=1

 

and 

𝑓ℎ𝑜 = ∑𝐻𝑖 ∗ 𝑓𝑙𝑜𝑤

𝑗

𝑖=1

 

thus 

𝑓𝐷𝑁𝑅 = 𝑓𝑡,𝑛,𝑠 + 𝑓ℎ𝑟 + 𝑓ℎ𝑜 

Raw Habitat (Other) – Estimates from Raphael et al. (2016).  

Adjustment Factor (Other) – Based on the same logic and edge effects described for the DNR 

adjustment factor but using Science Team (Raphael et al. 2008) assumptions for habitat quality 

and the assumptions for edge conditions and strings summarized above, i.e., federal habitat 

consists of half as much edge and strings while private habitat consists of 50% more edge and 

strings than DNR-managed land. 

K (Other) – The estimated number of nest sites on federal and other non-federal land, calculated 

as described above. 

Nest Success (Other) – Estimated as above, based on the assumptions about edge on non-DNR 

lands (federal habitat consists of half as much edge while private habitat consists of 50% more 

edge than DNR-managed land). 
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