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Abstract 
Many	 fire-p	 rone	 forests	 are	 experiencing	 wildfires 	 that	 burn	 outside	 the 	 historical 	
range 	of 	variation 	in 	extent 	and 	severity. 	These 	fires 	impact 	pollinators 	and 	the 	eco-
system 	services 	they 	provide, 	but 	how 	the 	effects 	of 	fire 	are 	mediated 	by 	burn 	severity 	
in 	different 	habitats 	is 	not 	well 	understood. 	We 	used 	generalized 	linear 	mixed 	models 	
in 	a 	Bayesian 	framework 	to 	model 	the 	abundance 	of 	pollinators 	as 	a 	function 	of 	burn 	
severity, 	habitat, 	and 	 floral 	resources 	 in 	post-f	 ire, 	mid-e	 levation, 	conifer 	 forest, 	and 	
meadow 	 in 	the 	Sierra 	Nevada, 	California. 	Although 	most 	species-l	evel 	effects 	were 	
not 	significant, 	we 	found 	highly 	consistent 	negative 	impacts 	of 	burn 	severity 	in 	mead-
ows 	where 	pollinators 	were 	most 	abundant, 	with 	only 	hummingbirds 	and 	some 	but-
terfly	 families	 responding	 positively	 to	 burn	 severity	 in	 meadows.	 Moderate-s	 everity	 
fire 	tended 	to 	increase 	the 	abundance 	of 	most 	pollinator 	taxa 	in 	upland 	forest 	habitat, 	
indicating 	that 	even 	in 	large 	fires 	that 	burn 	primarily 	at 	high-		and 	moderate-s	 everity 	
patches 	may 	be 	associated 	with 	improved 	habitat 	conditions 	for 	pollinator 	species 	in 	
upland 	forest. 	Nearly 	all 	pollinator 	taxa 	responded 	positively 	to 	floral 	richness 	but 	not 	
necessarily 	to 	floral 	abundance. 	Given 	that 	much 	of 	the 	Sierra 	Nevada 	is 	predicted 	to 	
burn 	at 	high 	 severity, 	 limiting 	high-s	 everity 	effects 	 in 	meadow 	and 	upland 	habitats 	
may 	 help 	 conserve 	 pollinator 	 communities 	whereas 	 low-		 to 	moderate-s	 everity 	 fire 	
may 	be 	needed 	in 	both 	systems. 
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1  | INTRODUCTION  

Many	 historically	 pyrodiverse	 regions	 are	 becoming	 homogenized	 by	 
the	 combined	 effects	 of	 climate	 change,	 fire	 suppression,	 and	 land	 
use	 changes	 (Bowman	 et	 al.,	 2011;	 Hagmann	 et	 al.,	 2021;	 Pausas	 &	 
Fernández-M	 uñoz,	 2012; 	 Seidl 	 et	 al., 	 2016).	 Perturbations 	 to 	 his-
toric 	 fire 	 regimes 	 may 	 increase 	 the 	 severity, 	 frequency, 	 or 	 extent 	
of	 contemporary	 fires,	 with	 cascading	 effects	 on	 biodiversity	 and	 
ecosystem	 function	 (Williams,	 2013;	 Stephens	 et	 al.,	 2014;	 Seidl	 
et  al.,  2016).	 For	 example,	 fire	 severity	 has	 significantly	 increased	 
in	 many	 fire-	prone	 regions	 of	 the	 world	 that	 historically	 burned	 at	 
low	 or	 moderate	 severity	 (Flannigan	 et	 al.,	 2013;	 Jones	 et	 al.,	 2022; 
Stephens	 et	 al.,	 2014).	 The	 impacts	 of	 high-	severity	 fire	 on	 these	 
systems	 include	 lower	 recruitment	 and	 establishment	 of	 native	 plant	 
species (Collins et a l.,  2017;	 Etchells	 et	 al.,	 2020),	 shifts	 in	 vegetation	 
communities	 (Parks	 et	 al.,	 2019;	 Scheffer	 et	 al.,	 2001),	 and	 loss	 of	 
plant diversity (Miller et  al.,  2018;	 Weeks	 et	 al.,	 2023) and ecosys-
tem	 services	 (Adams,	 2013;	 Benavides-	Solorio	 &	 MacDonald,	 2001; 
Hurteau	 &	 Brooks,	 2011).	 These	 changes	 may	 further	 alter	 distur-
bance	 regimes	 through	 positive	 feedback	 (Pausas	 &	 Keeley,	 2019). 
Research	 on	 the	 effect	 of	 changed	 fire	 regimes,	 however,	 has	 fo-
cused	 on	 plant	 communities,	 and	 similar	 information	 is	 sparse	 or	 
lacking	 for	 most	 animals,	 even	 those	 highly	 dependent	 on	 plants,	 
such	 as	 pollinators	 (Jager	 et	 al.,	 2021;	 White	 &	 Long,	 2019). 

Pollinator	 community	 structure	 is	 strongly	 associated	 with	 the	 
abundance,	 diversity,	 and	 resource	 quality	 of	 flowering	 plants,	 sug-
gesting	 that	 fire	 regime	 shifts	 that	 impact	 forest	 structure	 and	 nu-
trient	 recycling	 are	 likely	 to	 impact	 pollinators,	 with	 impacts	 varying	 
across	 taxa	 (Fowler	 et	 al.,	 2016;	 Glenny	 et	 al.,	 2023;	 Potts,	 Vulliamy,	 
Dafni,	 Ne'eman,	 O'toole,	 et	 al.,	 2003).	 Fires	 may	 affect	 pollinators	 
directly	 by	 consuming	 nesting	 or	 diapausing	 organisms	 or	 indirectly	 
by	 changing	 foraging	 or	 nesting	 substrates	 (Cane	 &	 Neff,	 2011;	 Koltz	 
et a l.,  2018;	 New,	 2014).	 Recent	 reviews	 on	 the	 effects	 of	 fire	 on	 
pollinators	 found	 positive	 responses	 in	 abundance,	 but	 there	 were	 
differences	 among	 taxonomic	 groups:	 although	 bees	 (Hymenoptera:	 
Anthophila)	 tended	 to	 increase	 in	 abundance	 after	 fire,	 the	 re-
sponses	 were	 mixed	 for	 flies	 (Diptera),	 butterflies	 (Lepidoptera),	 
beetles	 (Coleoptera),	 and	 hummingbirds	 (Trochilidae;	 Alexander	 
et a l.,  2020;	 Carbone	 et	 al.,	 2019;	 Mason	 Jr	 et	 al.,	 2021).	 Differences	 
among	 taxonomic	 groups	 may	 be	 due	 to	 life	 history	 traits	 or	 de-
pendence	 on	 particular	 resources	 or	 habitat	 features	 (Bouget	 
et a l.,  2013;	 Fleishman,	 2000;	 Häussler	 et	 al.,	 2017).	 Species	 like	 
bees,	 which	 depend	 on	 pollen	 and	 nectar	 for	 nutrition	 in	 all	 active	 
life	 stages,	 may	 be	 most	 influenced	 by	 the	 availability	 of	 floral	 re-
sources (Vaudo et  al.,  2015).	 Other	 taxa	 with	 life	 stages	 that	 depend	 
on	 different	 resources,	 such	 as	 butterflies	 with	 specific	 larval	 host	 
plants	 (Dennis	 &	 Shreeve,	 1988;	 Fleishman,	 2000),	 or	 flower-	feeding	 
beetles	 (e.g.,	 Cerambycidae)	 that	 develop	 in	 dead	 or	 decaying	 wood	 
(Bouget	 et	 al.,	 2013;	 Grove,	 2002),	 may	 be	 more	 closely	 associated	 
with	 mesic	 habitats	 or	 closed-	canopy	 habitats	 (O'Neill	 et	 al.,	 2008), 
respectively.	 Long-	lived	 or	 migratory	 species,	 such	 as	 hummingbirds,	 
may	 also	 be	 influenced	 by	 site	 fidelity	 or	 resource	 reliability	 (Moore	 
&	 Aborn,	 2000; Russell et a l.,  1994).	 Across	 taxonomic	 groups,	 mixed	 

responses	 to	 fire	 may	 also	 be	 due	 to	 non-	linear	 relationships	 with	 
burn	 severity	 (Lazarina	 et	 al.,	 2019;	 Mason	 Jr	 et	 al.,	 2021),	 complex	 in-
teractions 	among 	burn 	severity 	and 	fire 	history 	(Ponisio 	et 	al., 	2016), 
or 	deviations	 from 	the	 historic 	fire	 regime 	(Koltz 	et 	al.,	 2018). 

As 	the 	frequency 	and 	intensity 	of 	fire 	vary 	with 	vegetative 	struc-
ture,	 pollinator	 responses	 to	 fire	 will	 likely	 be	 mediated	 by	 habitat 	
type.	 For	 example,	 in	 closed-c	 anopy	 fire-	prone	 habitats,	 the	 abun-
dance 	and 	diversity 	of 	pollinators 	tend 	to 	be 	highest 	after 	moderate-	
severity 	fire 	(Lazarina 	et 	al., 	2019; Ponisio et a l.,  2016).	 Under	 these	 
structural	 conditions,	 moderate-	severity	 fire	 creates	 canopy	 gaps	 
that	 support	 more	 diverse	 and	 abundant	 floral	 resources	 (Richter 	
et a l.,  2019)	 and	 nesting	 substrates	 (Brokaw	 et	 al.,	 2023;	 Felderhoff	 
et a l.,  2023;	 Potts,	 Vulliamy,	 Roberts,	 et	 al.,	 2005),	 and	 increase	 hab-
itat	 heterogeneity	 (Martin	 &	 Sapsis,	 1992,	 Parr	 &	 Andersen,	 2006),  
thereby	 reducing	 the	 distances	 pollinators	 need	 to	 travel	 to	 acquire 	
resources	 (Jha	 &	 Kremen,	 2013).	 However,	 when	 burned	 at	 high-	
severity,	 fire	 can	 limit	 source	 populations	 and	 dispersal	 of	 pollina-
tors	 (Cane	 &	 Neff,	 2011;	 Galbraith	 et	 al.,	 2019a, 2019b;	 Lazarina	 
et a l.,  2019)	 or	 vegetative	 recovery	 (DeBenedetti	 &	 Parsons,	 1984; 
Potts,	 Vulliamy,	 Dafni,	 Ne'eman,	 &	 Willmer,	 2003), particularly as  
high-	severity	 patch	 size	 increases,	 while	 unburned	 closed-c	 anopy	 
forests	 lack	 floral	 resources	 (Burkle	 et	 al.,	 2015;	 Potts,	 Vulliamy, 	
Dafni,	 Ne'eman,	 O'toole,	 et	 al.,	 2003;	 Rodríguez	 &	 Kouki,	 2017). In  
contrast, 	open 	habitats 	are 	dominated 	by 	herbaceous 	cover, 	and 	fires 	
consume 	nearly 	all 	biomass, 	but 	vegetative 	recovery 	tends 	to 	happen 	
quickly	 (DeBenedetti	 &	 Parsons,	 1979; Pereira et a l.,  2016; 	Zouhar, 	
2021). 	Fire 	in 	these 	systems 	is 	more 	likely 	to 	alter 	community 	compo-
sition	 and	 flowering	 phenology	 than	 diversity	 or	 abundance	 of	 plants	 
(Mola	 &	 Williams,	 2018;	 Tarbill,	 2022),	 but	 high-	severity	 fire	 may	 have 	
negative	 impacts	 on	 seedbanks,	 soil,	 and	 pollinator	 recolonization. 

In	 this	 study,	 we	 examine	 the	 response	 in	 pollinator	 abundance 	
to	 a	 large-	scale,	 high-	severity	 fire	 in	 the	 Sierra	 Nevada	 Mountains 	
of	 California,	 USA,	 where	 human	 perturbations	 to	 the	 fire	 regime 	
have	 led	 to	 an	 increase	 in	 frequency	 and	 size	 of	 high-	severity	 fire. 	
Specifically,	 we	 investigate	 the	 effect	 of	 burn	 severity	 and	 availability 	
of	 floral	 resources	 in	 closed-	canopy	 (henceforth,	 upland)	 and	 open	 
(henceforth, 	meadow) 	habitats. 	We 	expected 	that 	fire 	would 	increase 	
pollinator	 abundance	 in	 upland	 habitat	 by	 increasing	 the	 availability	 
of	 foraging	 and	 nesting	 resources,	 with	 moderate-	severity	 upland	 
habitat	 having	 a	 higher	 pollinator	 abundance	 than	 high-	severity	 up-
land.	 In	 contrast,	 we	 hypothesized	 that	 the	 abundance	 of	 pollina-
tors	 in	 meadows	 is	 likely	 to	 decrease	 with	 increasing	 burn	 severity. 	
Because	 pollinators	 are	 highly	 dependent	 on	 floral	 resources,	 we	 ex-
pected 	pollinator 	abundance 	to 	be 	positively 	associated 	with 	increas-
ing	 floral	 abundance	 and	 richness,	 regardless	 of	 habitat.	 Specifically,	 
we	 expected	 bees	 to	 respond	 most	 strongly	 to	 floral	 resources,	 as 	
they are highly dependent on pollen and nectar, with weaker re-
sponses	 for	 wasps	 due	 to	 their	 predatory	 nature.	 We	 hypothesized 	
that	 butterflies	 would	 be	 more	 abundant	 in	 meadows	 than	 uplands 	
because	 many	 larval	 host	 plants	 are	 dependent	 on	 mesic	 habitat 	
(Dennis	 &	 Shreeve,	 1988;	 Fleishman,	 2000).	 Similarly,	 we	 expected	 
hummingbird	 abundance	 to	 be	 greater	 in	 meadows	 than	 upland	 hab-
itat	 due	 to	 the	 reliability	 of	 meadows	 as	 a	 source	 for	 floral	 resources 	
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(Moore 	& 	Aborn, 	2000; Russell et a l.,  1994).	 Finally,	 because	 flower-	
visiting 	beetles 	and 	flies 	depend 	on 	dead 	and 	decaying 	wood 	in 	larval 	
stages,	 we	 expected	 them	 to	 be	 more	 abundant	 in	 upland	 relative	 to 	
meadow	 habitat	 and	 positively	 associated	 with	 burn	 severity.	 True 	
bugs	 (Hemiptera)	 are	 typically	 considered	 herbivores	 rather	 than	 pol-
linators	 (but	 see	 Garcia	 et	 al.,	 2023 and Ishida et a l.,  2009),	 but	 be-
cause 	we 	observed 	them 	on 	the 	reproductive 	parts 	of 	the 	flowers, 	we 	
included	 them	 here,	 with	 the	 expectation 	of 	a 	negative 	association 	
with 	burn 	severity, 	given 	their 	dependence 	on 	live 	trees 	as 	adults. 

2  | METHODS  

2.1   |   Study  area 

Our	 study	 area	 was	 located 	in 	and 	around	 the	 2014	 King	 Fire	 in	 the	 
Eldorado	 National	 Forest,	 California	 (Figure  1).	 This	 region's	 climate	 
is	 characterized	 by	 wet,	 cool	 winters	 with	 most	 precipitation	 falling	 

as	 snow	 and	 dry,	 warm	 summers	 with	 little	 precipitation.	 Our	 study	 
was	 restricted	 to	 upland	 and	 meadow	 communities	 (between	 ~1300  
and	 1800 m	 above	 sea	 level)	 to	 minimize	 the	 effects	 of	 elevation	 
and	 related	 abiotic	 (e.g.,	 precipitation)	 and	 biotic	 (e.g.,	 vegetation	 
communities)	 factors.	 The	 pre-	fire	 upland	 was	 largely	 composed	 of	 
dense	 stands	 of	 relatively	 young	 white	 fir	 (Abies concolor), ponder-
osa pine (Pinus ponderosa), sugar pine (Pinus lambertiana), Douglas 
fir	 (Pseudotsuga menziseii), and incense cedar (Calocedrus decur-
rens).	 Pre-	fire	 meadows	 were	 dominated	 by	 grasses	 (Poaceae)	 and	 
graminoids	 (Juncaceae	 and	 Cyperaceae),	 forbs,	 and	 small	 shrubs,	 
with	 some	 conifer	 encroachment	 (McKelvey	 et	 al.,	 1996;	 Skinner	 &	 
Chang,  1996).	 Given	 our	 focus	 on	 upland	 and	 meadows,	 we	 avoided	 
sampling	 in	 areas	 classified	 as	 montane	 chaparral	 or	 riparian. 

The	 Sierra	 Nevada	 mountains	 in	 California	 are	 home	 to	 a	 di-
verse	 community	 of	 diurnal	 pollinator	 species,	 including	 hum-
mingbirds,	 butterflies,	 bees,	 and	 wasps	 (Hymenoptera:	 Apocrita),	 
flies,	 and	 beetles	 that	 evolved	 with	 frequent	 low-		 to	 moderate-	
severity	 fire	 (Bond	 &	 Keeley,	 2005;	 Brook	 et	 al.,	 2008).	 Historically,	 

F IGURE  1 Map 	of 	the 	study	 area	 
showing	 the	 region	 of	 the	 Sierra	 Nevada,	 
California,	 where	 the	 King	 Fire	 burned	 in 	
2014;	 the	 inset	 shows	 the	 location	 of	 the	 
King	 fire	 in	 California.	 (a)	 Green	 points	 
are	 meadow,	 and	 black	 points	 are	 upland	 
forest	 sites	 located	 in	 unburned,	 low-	
moderate,	 and	 high-	severity	 burn	 classes.	 
(b)	Each	 site	 (square)	 consists	 of	 multiple	
20-	m-	radius	 pollinator	 plots	 (circles)	 that	
were	 at	 least	 100 m	 apart.	 (c)	 Pollinators	 
were surveyed within each circular plot 
(circle),	 and	 plants	 in	 bloom	 were	 surveyed	 
in	 eight	 randomly	 located	 	m2  1- 	quadrats	
(squares) 	within 	each	 plot.	 Base	 layer	
sources:	 Esri,	 USGS,	 NOAA. 

TARBILL et al.

https://onlinelibrary.wiley.com/doi/10.1002/ece3.10761


4 of 36  |     

fires	 in	 the	 mid-	elevation,	 mixed 	 coniferous 	 uplands	 of	 the	 Sierra	 
Nevada 	 burned 	 every 	 5–25 years 	 at 	 low 	 to 	 moderate 	 severity 	
with 	 some 	 high-s	 everity 	 patches 	 (Beaty 	 & 	 Taylor, 	 2008; 	 Collins 	 & 	
Stephens,	 2010).	 Mid-el	 evation	 meadows	 experienced	 severe	 fire	 
every 	 200–300 years, 	 typically 	 following 	 prolonged 	 drought, 	 with 	
low-	severity	 fires	 occurring	 every	 40 years	 (Caprio	 &	 Lineback,	 
2002;	 Ratliff,	 1985).	 Prior	 to	 Euro-	American	 colonization	 in	 the	 mid-	
1800s,	 the	 Nisenan,	 Washoe,	 and	 Miwok	 peoples	 managed	 the	 for-
est,	 woodlands, 	 and 	meadows 	with 	 low-s	 everity, 	 frequent 	 fires 	 to 	
stimulate	 the	 growth	 of	 understory	 plants	 that	 were	 important	 for	 
food,	 fiber,	 medicine,	 or	 to	 attract	 game	 (Anderson	 &	 Moratto,	 1996; 
Klimaszewski-	Patterson	 et	 al.,	 2018; Lake et a l.,  2017).	 The	 effect	 
of	 Euro-	American	 settlement	 on	 the	 fire	 regime	 was	 twofold:	 first,	 
it	 violently	 separated	 Indigenous	 people	 from	 the	 land	 they	 man-
aged,	 and	 second,	 it	 enacted	 a	 forest	 management	 strategy	 that	 
considered	 fire	 a	 destructive	 force	 to	 be	 excluded	 (Domínguez	 &	 
Luoma,	 2020;	 Hagmann	 et	 al.,	 2021;	 Kimmerer	 &	 Lake,	 2001). The 
intensive	 logging,	 grazing,	 and	 fire	 suppression	 of	 the	 next	 century	 
resulted	 in	 the	 buildup	 of	 dense,	 even-	aged	 stands	 and	 ladder	 fuels,	 
which	 interact	 with	 contemporary	 urbanization,	 land	 use	 changes,	 
and	 climate	 change	 to	 produce	 a	 fire 	 regime 	 characterized	 by	 less	 
frequent	 but	 more	 severe	 wildfires	 (Dennison	 et	 al.,	 2014;	 Stephens	 
et a l.,  2014;	 Williams,	 2013). 

The	 effects	 of	 the	 King	 fire	 were	 considered	 outside	 the	 natu-
ral 	range 	of 	variation 	for 	this 	fire 	regime 	(Safford 	& 	Stevens, 	2017). 
The	 King	 fire	 was	 started	 on	 September	 13,	 2014,	 by	 an	 arsonist	 
outside	 of	 Pollock	 Pines,	 California	 (38.782°	 N,	 120.604°	 W).	 Fuels	 
were	 abundant	 due	 to	 effective	 fire	 suppression	 that	 had	 excluded	 
fire	 in	 the	 area	 for	 nearly	 100 years	 (Department	 of	 Forestry	 and	 
Fire	 Protection,	 2018)	 and	 extremely	 dry	 due	 to	 a	 severe	 3-	year	 
drought,	 with	 low	 relative	 humidity	 and	 record	 high	 temperatures	 
(Young et a l.,  2017).	 Over	 the	 next	 month,	 the	 King	 fire	 burned	 
nearly	 39,545 ha,	 about	 50%	 at	 high	 severity	 (i.e.,	 greater	 than	 75%	 
tree	 mortality,	 USDA	 Forest 	Service,	 2014; Figure  1). 

2.2  |   Sampling  design 

Sampled	 sites 	were 	located	 in	 roughly	 homogenous	a s	 rea  (~200 m2)
within	 a	 given	 burn	 severity	 class	 determined	 using	 the 	US	 Forest	 
Service	 King	 fire	 RAVG	 (USDA	 Forest	 Service,	 2014)	 composite	 burn	 
index.	 The	 composite	 burn	 index	 is	 created	 by	 the	 Forest	 Service	 
using	 both	 field	 and	 remote-	sensed	 data,	 with	 categories	 of	 un-
changed	 (henceforth,	 unburned),	 low	 (surface	 fire	 with	 little	 mortal-
ity	 of	 dominant	 vegetation),	 moderate	 (mix	 of	 surface	 fire	 with	 little	 
mortality	 and	 more	 severe	 fire	 with	 some	 mortality	 of	 the	 dominant	 
vegetation),	 and	 high-	severity	 fire	 (dominant	 vegetation	 has	 high	 to	 
complete	 mortality;	 Figure  1a).	 Low-		 and	 moderate-		 severity	 fires	 
were	 limited	 within	 the	 fire	 perimeter,	 so	 we	 grouped	 them	 into	 one	 
category	 of	 low	 to	 moderate	 severity	 (henceforth,	 moderate)	 to	 
allow	 for	 adequate	 sampling.	 We	 excluded	 private	 lands,	 areas	 slated	 
for	 post-	fire	 management	 (logging	 and	 other	 site	 preparation	 for	 tree	 
planting),	 and	 areas	 that	 were	 inaccessible	 due	 to	 slope	 (>30%)	 or	 

distance (>1 km)	 from	 roads.	 Sites	 were	 selected	 from	 the	 remain-
ing	 area	 using	 i  ArcGIS 	10.6	 (ESRI,	 Redlands,	 California,	 USA)	 in	 un-
burned	 and	 high-	severity	 upland	 sites	 and	 unburned	 and	 burned	 
meadow	 sites	 in	 2016	 and	 2017,	 with	 moderate-	severity	 upland	 sites	 
added	 in	 2017.	 Ground-	truthing	 ensured	 that	 sites	 were	 assigned	 the	 
appropriate	 burn	 severity	 category	 and	 habitat	 type	 (Figure	 A1). 

In	 2016,	 nine	 upland	 sites	 were	 established:	 six	 in	 upland	 habitat	 
that	 burned	 at	 high	 severity	 and	 three	 in	 unburned	 habitat	 outside	 
of	 the	 fire	 perimeter.	 All	 nine	 sites	 were	 visited	 three	 times	 following	 
the	 spring	 snowmelt	 to	 account	 for	 some	 of	 the	 variation	 in	 phe-
nology	 in	 the	 pollinator	 communities.	 In	 2017,	 27	 new	 sites	 were	 
established 	in 	uplands, 	with 	nine 	in 	each 	burn 	class 	(unburned, 	mod-
erate severity, and high severity). In 2017, upland sites were only 
visited	 twice	 due	 to	 a	 truncated	 floral	 season	 that	 resulted	 from	 a	 
cold,	 snowy	 spring,	 and	 to	 accommodate	 simultaneous	 sampling	 at	 
moderate-	severity	 upland	 sites.	 We	 used	 a	 hierarchical	 sampling	 
design,	 with	 multiple	 (3–5)	 20-	m-	radius	 circular	 plots	 nested	 within	 
sites 	of 	a 	particular 	burn-	habitat 	class 	(Figure  1b).  Circular plots  were  
separated	 by	 at	 least	 100 m	 (average	 distance = 198 m)	 in	 either	 a	 lin-
ear 	or 	square 	orientation 	that 	best 	characterized 	the 	habitat 	of 	inter-
est (Figure  1b).	 This	 resulted	 in	 a	 total	 of	 151	 unique	 upland	 plots	 on	 
36	 sites	 over	 both	 years	 of	 sampling. 

Meadow	 habitat	 was	 limited	 within	 the	 fire	 perimeter,	 and	 we	 
sampled	 the	 same	 sites	 (but	 not	 necessarily	 the	 same	 plots)	 in	 both	 
years 	of 	the 	study. 	Meadow 	sites 	were 	located 	within 	the 	fire 	perim-
eter (n  = 3)	 or	 outside	 the	 fire	 perimeter	 (n  = 3)	 and	 were	 visited	 three	 
times	 per	 season	 in	 both	 years	 of	 the	 study.	 In	 2016,	 each	 meadow	 
site	 had	 five	 plots,	 for	 a	 total	 of	 30	 meadow	 plots.	 This	 was	 reduced	 
in	 2017	 to	 three	 or	 four	 plots	 per	 site	 for	 a	 total	 of	 22	 meadow	 
plots	 due	 to	 the	 logistic	 constraints	 outlined	 above	 (Table	 A1). To 
ensure 	that 	differences 	in 	pollinator 	abundance 	were 	due 	to 	ecolog-
ical	 differences	 rather	 than	 sampling	 error,	 we	 used	 iNEXT	 (Hsieh	 
et a l., 2020)	 to	 evaluate	 sample	 completeness	 and	 found	 that	 cover-
age	 was	 high,	 particularly	 for	 meadows,	 and	 similar	 across	 habitats	 
(Table	 A2). 

Plots	 were	 visited	 from	 June	 through	 September	 during	 daylight	 
hours	 when	 weather	 conditions	 supported	 insect	 activity:	 tempera-
tures	 were	 ≥10°C,	 wind	 speeds	 were	 below	 11.2 ms−1, with no pre-
cipitation	 (Loffland	 et	 al.,	 2017). In each plot, we surveyed pollinators 
and	 flowering	 plants	 with	 open	 inflorescences.	 Pollinators	 that	 were	 
targeted	 using	 our	 survey	 methods	 included	 bumble	 bees,	 butter-
flies,	 and	 hummingbirds	 in	 taxa-	specific	 surveys	 in	 2016.	 However,	 
to	 more	 effectively	 survey	 the	 pollinator	 community	 and	 the	 floral	 
resources 	utilized, 	we 	shifted 	our 	focus 	in 	2017 	to 	record 	all 	pollina-
tors	 in	 timed	 surveys	 as	 they	 visited	 flowers	 within	 the	 plots	 (flower-	
visitor surveys). 

2.3  |   Flower-v isitor  surveys 

We	 sampled	 Bombus species and other insect pollinators sepa-
rately, 	using 	plot 	size 	and	 sampling 	periods	 following	 other	 stud-
ies 	to 	allow 	comparison 	of 	our 	study 	with 	Bombus populations in  
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other 	Sierra 	Nevada 	fires 	(Cole	 et	 al.,	 2020;	 Loffland	 et	 al.,	 2017). 
Two 	observers 	 sampled 	 each 	20-m	 -r	 adius 	plot 	 (Figure  1c) 	 for 	 all	 
Bombus 	 species	 in	 two	 consecutive	 16-m	 in	 surveys	 (2016	 and	
2017)	 and	 all	 other	 insects	 in	 one	 separate	 16-	min	 survey	 (2017	 
only).	 These	 times	 reflect	 the	 minimum	 amount	 needed	 for	 a	 sur-
veyor	 to	 scan	 the	 entire	 plot,	 maximizing	 capture	 while	 minimizing	 
movement 	of 	pollinators 	in 	and 	out 	of 	the 	plot 	(i.e., 	to 	ensure 	pop-
ulation 	closure). 	Although 	we 	used 	two 	consecutive 	sampling 	peri-
ods to survey Bombus 	to 	account 	for 	detectability 	using 	a 	removal	 
model	 (Farnsworth	 et	 al.,	 2002),	 we	 ultimately	 did	 not	 observe	 a	 
decline	 in	 detections	 from	 the	 first	 to	 the	 second	 period,	 thus	 we	 
pooled	 data	 from	 the	 two	 sampling	 periods. 

Each	 individual	 was	 captured	 with	 a	 381-	mm-	sized	 insect	 net,	 
placed	 in	 a	 vial,	 and	 held	 in	 a	 cooler	 until	 the	 end	 of	 the	 survey	 pe-
riod.	 Once	 the	 survey	 was	 complete,	 individuals	 were	 either	 identi-
fied	 by	 species	 and	 released	 or	 collected	 for	 later	 identification	 by	 
species	 or	 morphospecies	 using	 published	 keys	 or	 expert	 opinion	 
(Triplehorn	 &	 Johnson,	 2005;	 UC	 Davis	 Bohart	 Museum).	 All	 speci-
mens	 were	 mounted	 and	 vouchered	 in	 the	 UC	 Davis	 Bohart	 Museum	 
of	 Entomology. 

We	 also	 recorded	 the	 plant	 species	 visited	 and	 whether	 the	 pol-
linator 	was 	captured 	in 	the 	air 	or 	on 	another 	substrate. 	Although 	vis-
itation does not necessarily correspond to pollination, the two are 
highly	 correlated	 (Alarcón,	 2010),	 and	 we	 refer	 to	 flower	 visitors	 as	 
pollinators	 for	 simplicity. 

2.4  |   Butterfly  surveys 

In	 2016,	 we	 conducted	 5-	min 	 point	 counts	 for	 butterflies	 at	 each	 
plot 	 on 	 each 	 visit. 	 An 	 observer 	 stood 	 at 	 the 	 plot 	 center 	 and 	 at-
tempted 	to 	count 	every 	individual 	that 	entered 	the 	plot 	during 	this 	
time 	(Henry 	et 	al., 	2015; Lang et a l.,  2019). 	Five-m	 inute 	point 	count 	
surveys	 for	 butterflies	 provide	 unbiased	 density	 estimates,	 particu-
larly	 in	 dense	 or	 heterogeneous 	 habitats 	 (Henry 	 et 	 al., 	 2015; Van 
Swaay 	 et 	 al., 	2012). 	Butterflies 	were 	 identified 	 by 	 family 	 or 	 lower 	
taxonomic 	classification 	on 	the 	wing 	or 	captured 	in 	a 	381-m	 m 	insect 	
net	 for	 identification	 in	 the	 hand	 as	 needed	 (surveys	 were	 paused	 
while 	 capturing 	 and 	 identifying 	 species). 	 In 	 2017, 	we 	 dropped 	 the 	
point 	counts 	because 	butterflies 	were 	included 	in 	the 	flower-v	 isitor 	
surveys. 	Unfortunately,	 they	 were	 too 	 rare 	 to	 be	 analyzed,	 so	 we 	
only 	present 	results	 from 	2016. 

2.5  |  Hummingbird  surveys 

In	 2016,	 hummingbirds 	 were 	 sampled 	 using 	 a 	 mix 	 of 	 passive 	 and 	
broadcast 	surveys 	to 	better 	estimate 	detection 	probability 	(Loffland 	
et a l.,  2011; 	Saracco 	et 	al., 	2011). 	Broadcast 	surveys 	are 	often 	used 	
to 	detect 	 rare 	or 	elusive 	species 	 (Saracco 	et 	al., 	2011), and we hy-
pothesized 	that 	the 	territorial 	nature 	of 	hummingbirds 	suited 	them 	
for 	this 	sampling 	method. 	During 	each 	survey, 	we 	conducted 	a 	5-m	 in 	
passive 	 survey 	 immediately 	 followed 	 by 	 a 	6-m	 in 	 broadcast 	 survey 	

(30 s 	of 	broadcasting, 	then 	90 s 	of 	observing, 	repeated 	three 	times) 	
for 	 each 	 species 	 (Calypte anna, Selasphorus rufus, and S. calliope) at 
each 	plot 	on 	each 	visit. 	Each 	30-s	  	recording 	consisted 	of 	wing 	and 	
tail 	buzz 	sounds, 	dive 	display 	calls, 	and 	chip 	notes 	(Macaulay 	Library 	
of	Natural	Sounds,	Cornell	Laboratory	of	Ornithology, 	https ://macau 
 layl ibrary.org).	 If	 a	 hummingbird	was	 detected,	 the	 detection	was 	
noted 	as 	occurring 	during 	one 	of 	 the 	 sampling 	 intervals 	 (1 	passive 	
interval,	 3	 active	 intervals	 per	 species).	 Because	 many	 detections	 of	 
hummingbirds	 were	 incidental	 while	 collecting	 data	 on	 other	 taxa,	 
we 	dropped 	the 	broadcast 	surveys 	in 	2017. 	Hummingbirds 	were 	in-
cluded 	in 	the 	flower-v	 isitor 	surveys, 	and 	in 	addition, 	observations 	of 	
hummingbirds	 were	 collected	 opportunistically	 at	 each	 visit	 while	 
sampling 	for 	other 	species. 

2.6  |   Floral  resources 

We	 estimated	 the	 abundance 	 and 	 richness 	 of 	 flowering 	 plants 	 in 	
bloom i 2  	 n 	eight 	1-m	 	quadrats	 in	 each	 plot	 (Figure  1c). 	We 	chose 	to 	
only 	include 	plants 	with 	open 	flowers 	because 	they 	best 	represented 	
the 	food 	resources 	of 	nectar 	and 	pollen 	available 	to 	pollinators 	dur-
ing 	the 	survey 	period. 	Plots 	were 	divided 	 into 	quarters 	using 	tran-
sects, 	 and 	 two 	quadrats 	were 	 randomly 	placed 	 in 	each 	quarter. 	 In 	
each 	quadrat, 	we 	identified 	every 	plant 	in 	flower 	by 	species 	follow-
ing 	the 	Jepson 	manual 	 (Baldwin 	et 	al., 	2012) 	and 	counted 	all 	 inflo-
rescences 	with 	open 	flowers. 	Because 	pollinators 	visited 	some 	147 	
recorded plant species rarely (n  = 45	 with	 <5	 visits)	 or	 never	 (n = 63),	 
we	 only	 included	 a	 subset	 of	 the	 total	 plant	 species	 that	 were	 visited	 
frequently	 (n = 30	 with	 ≥10	 visits)	 in	 our	 analysis	 (Table	 A3).	 Floral	 
abundance 	was 	defined 	as 	the 	sum 	of 	inflorescences 	with 	open 	flow-
ers	 on	 frequently	 visited	 species	 in	 each	 plot	 for	 each	 visit.	 Floral	 
richness	 was	 the	 number	 of	 frequently	 visited	 species	 with	 open	 
flowers	 found	 in	 all	 quadrats	 of	 a	 plot	 on	 each	 visit. 

2.7   |  Analysis 

To	 investigate	 how	 burn	 severity,	 habitat	 type,	 and 	floral	 resources 	
affect 	 pollinator 	 abundance,	 we	 created	 hierarchical 	 generalized 	
linear 	mixed 	models 	 (GLMMs) 	 for 	each 	of 	 the 	 following 	 taxonomic 	
groups:	 bumblebees,	 butterflies, 	other 	 insects, 	 and 	hummingbirds, 	
where 	site 	was 	included 	as 	a 	random 	effect 	to 	account 	for 	the 	nested 	
sampling 	design 	and 	repeated 	sampling 	(e.g., 	Gelman 	& 	Hill, 	2006). 
We	 modeled	 the	 abundance 	of 	pollinator 	groups 	 separately 	 to 	 ac-
count 	for 	differences 	in 	sampling 	effort/method 	and 	number 	of 	indi-
viduals	 detected.	 Abundance 	was 	calculated 	for 	each 	visit, 	site, 	and 	
year 	(when 	applicable) 	as 	the 	total 	number 	of 	detections 	of 	a 	given 	
species. 

Bumblebees 	 and 	 other 	 insects 	 were 	 each 	 modeled 	 with 	 hier-
archical	 multi-s	 pecies	 abundance	 models,	 where	 multiple	 species	 
are	 nested	 within	 the	 larger	 community.	 Species-s	 pecific	 param-
eters 	 come 	 from 	 a 	 hyperdistribution 	 that 	 is 	 shared 	 by 	 all 	 species 	
and 	 described 	 by 	 hyperparameters 	 (Dorazio 	 et 	 al., 	2006; 	 Dorazio 	
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&	 Royle,	 2005).	 Hierarchical	 multi-s	 pecies	 abundance	 models	 share	 
information 	within 	 the 	 community,	 allowing	 us	 to	 model	 relatively	 
rare	 species,	 but	 they	 require	 a	 sufficient	 number	 of	 species	 (typ-
ically	 6	 or	 more)	 per	 community	 (Zipkin	 et	 al.,	 2010).	 To	 improve	 
model	 fit	 and	 convergence,	 we	 only	 included	 species	 observed	 
in	 at	 least	 three	 plots	 in	 community	 models	 (see	 below	 for	 model	 
specification).	 We	 did	 not	 have	 enough	 taxonomic	 resolution	 to	 use	 
community 	models 	on 	butterflies 	or 	hummingbirds. 	Instead, 	we 	cre-
ated	 GLMMs	 for	 each	 butterfly	 family	 and	 one	 GLMM	 for	 all	 hum-
mingbirds.	 Abundances	 of	 all	 taxa	 were	 modeled	 with	 the	 following	 
covariates:	 burn	 severity	 and	 habitat	 type	 (upland	 or	 meadow)	 and	 
an	 interaction	 term,	 year	 (only	 for	 Bombus 	and	 hummingbirds,	 which	 
were	 sampled	 in	 both	 years),	 floral	 abundance	 and	 richness,	 eleva-
tion,	 and	 days	 since	 snowmelt. 

Although	 sites	 were	 selected	 using	 a	 categorical	 assessment	 of 	
burn 	severity, 	we 	modeled 	abundance 	with 	a 	continuous 	value 	of 	burn 	
severity, 	the 	Relative 	differenced 	Normalized 	Burn 	Ratio 	(RdNBR), 	due 	
to its greater accuracy in high severity, heterogeneous landscapes and  
the	 finer	 resolution	 possible	 with	 this	 metric	 (Miller	 &	 Thode,	 2007).  
RdNBR 	is 	derived 	from 	the 	Normalized 	Burn 	Ratio, 	a 	vegetation 	index 	
that	 used	 LiDAR	 data	 regressed	 with	 field	 data	 to	 detect	 differences 	
in	 live	 unburned	 vegetation	 from	 dead	 wood,	 moisture	 content,	 and 	
mineral	 and	 soil	 conditions;	 it	 was	 calculated	 by	 the	 US	 Forest	 Service 	
at	 30 x 30m	 resolution	 across	 the	 King	 Fire	 (RAVG,	 USDA	 Forest 	
Service,	 2014).	 We	 assigned	 each	 plot	 an	 RdNBR	 value	 based	 on	 the 	
pixel	 it	 fell	 within.	 In	 upland	 habitat,	 we	 also	 included	 a	 quadratic	 term 	
for 	burn 	severity 	to 	account 	for 	the 	non-	linear 	response 	that 	has 	been 	
observed	 for	 understory	 plants	 in	 this	 region	 (Richter	 et	 al.,	 2019).  
This	 was	 not	 evaluated	 for	 meadows	 because	 intermediate	 RdNBR 	
values	 were	 not	 well	 represented	 in	 meadow	 habitat. 

Because	 we	 were	 interested	 in	 how	 the	 response	 of	 pollinators	 
to	 burn	 severity	 may	 be	 mediated	 by	 floral	 resources,	 we	 included	 
two	 metrics	 to	 account	 for	 the	 importance	 of	 these	 resources	 to	 
pollinators:	 floral	 abundance	 and	 richness.	 Because	 the	 floral	 re-
source	 variables	 were	 correlated	 with	 the	 habitat	 type	 (Figure	 A1, 
Table	 A4),	 we	 standardized	 the	 floral	 abundance	 and	 richness	 with	 
the	 mean	 and	 standard	 deviation	 of	 their	 respective	 habitats.	 Thus,	 
the	 baseline	 difference	 in	 floral	 resources	 among	 meadow	 and	 up-
land	 habitats	 is	 incorporated	 into	 the	 categorical	 habitat	 covariate,	 
and	 the	 floral	 abundance	 and	 richness	 covariates	 describe	 the	 devi-
ation	 from	 the	 habitat-	level	 mean. 

Elevation	 and	 days	 since	 snowmelt	 were	 included	 in	 all	 models	 
to	 explain	 additional	 variation	 in	 abundance	 due	 to	 unmeasured	 
environmental	 factors	 likely	 correlated	 with	 these	 variables	 (e.g.,	 
temperature)	 and	 to	 improve	 model	 fit.	 Elevation	 was	 derived	 from	 
digital	 elevation	 models	 in	 ArcGIS.	 We	 estimated	 snowmelt	 dates	 
for	 each	 year	 (June	 6,	 2016	 and	 June	 18,	 2017)	 using	 data	 from	 the	 
Greek	 Store	 (GKS)	 and	 Robb's	 Saddle	 (RBB)	 weather	 stations	 located	 
close to (~10 km)	 and	 at	 similar	 elevations	 (~1700 m	 asl)	 as	 the	 study	 
area	 (California	 Department	 of	 Water	 Resources,	 2018). The days 
since	 snowmelt	 were	 the	 difference	 between	 the	 date	 of	 each	 visit	 
and	 the	 regional	 date	 for	 snowmelt	 for	 each	 year,	 scaled	 to	 have	 a	 
mean	 of	 0	 and	 a	 standard	 deviation	 of	 1.	 Year	 was	 included	 in	 models	 

for	 taxa	 surveyed	 in	 multiple	 years	 (bumblebees	 and	 humming-
birds)	 to	 account	 for	 annual	 variation	 in	 pollinator	 communities	 and	 
changes	 in	 sampling	 protocols.	 We	 used	 negative	 binomial	 models	 to	 
account	 for	 overdispersion	 in	 count	 data. 

Seven	 Bombus 	species	 were	 included	 in	 one	 multi-	species	 (com-
munity)	 abundance	 model,	 and	 the	 other	 30	 insect	 visitors	 in	 an-
other.	 Abundance	 Nijk 	of	 species	 i = 1,2,…,n 	at	 each	 of	 the	 j = 1,	 2,…,J  
plots at each visit k = 1,	 2,…,K 	was	 modeled	 as	 a	 negative	 binomial	 
random	 variable	 with	 species-		 and	 plot-	specific	 mean	 (λijk) and a 
common	 dispersion	 parameter	 r: 

Nijk ∼ Negative binomial
(

�ijk , r
)

log
(

λijk
)

=�0i+�1iSnowmeltjk+�2iRichnessjk

+�3iInflorjk+�4iElevationj+�5iYearjk

+�6iBurnj+�7i[Habitat=upland]Burn
2
j

+�8iHabitatjBurnj+�site[j]

Here,	 β0i ∼ Normal(µ. β0, σ. β0)	and	 analogous	 for	 all	 other	 co-
efficients;	 µ. β0	 is	 the	 community	 mean	 coefficient	 and	 σ. β0 is the 
community	 standard	 deviation,	 which	 describe	 the	 variation	 of	 
species-	level	 coefficients	 about	 the	 community 	mean. 	Snowmelt 	is 	
the 	days 	since 	snow 	melt 	 in 	days, 	Richness 	 is 	floral 	richness, 	 Inflor 	
is 	floral 	abundance, 	and 	Elevation 	is 	elevation 	in 	meters; 	and 	εi is a 
normally 	distributed 	random 	effect 	of 	site, 	accounting 	for 	both 	the 	
study 	design 	(plots 	nested 	within 	sites) 	and 	repeated 	sampling 	(e.g., 	
Gelman 	& 	Hill, 	2006). 	Year 	(reference = 2016)	 was	 included	 as	 a	 fixed	 
effect	 in	 the	 Bombus 	model 	to 	account 	for 	interannual 	variation. 	The 	
quadratic	 term	 for	 burn	 severity	 was	 only	 included	 for	 upland	 hab-
itat; that is, β7 	was 	 fixed 	 at 	 0 	 for 	meadow 	 habitat. 	All 	 continuous 	
variables 	were 	centered 	and 	standardized. 

 

We	 modeled	 abundance	 separately	 for	 each	 family	 of	 butterfly	 
and	 for	 all	 hummingbirds	 combined,	 using	 single-s	 pecies	 negative	 
binomial	 models	 with	 the	 same	 general	 model	 structure	 (covariates	 
and 	 random 	 effect) 	 as 	 described 	 above. 	 Year 	 and 	 the 	 quadratic	 
burn 	 severity 	 term 	were 	 not 	 included 	 in 	 the 	 butterfly 	model 	 be-
cause 	 they 	 were 	 only 	 surveyed 	 in 	 2016 	 at 	 unburned 	 and 	 high-	
severity plots. 

We 	implemented 	all 	models 	in 	a 	Bayesian 	framework 	using 	the	 
software 	 JAGS 	 version 	 4.3.0 	 (Plummer, 	2003), accessed through  
the 	 jagsUI 	 package 	 1.5.1 	 (Kellner, 	 2021), 	 in 	 R 	 version 	 3.4.4 	 (R	 
Core 	Team, 	2023). 	All 	parameters 	were 	assigned 	vaguely 	informa-
tive 	 priors. 	 The 	 posterior 	 distributions 	were 	 sampled 	 using 	 three	 
Markov Chain Monte Carlo (MCMC) chains, each with 100,000  
samples 	 and 	 a 	 burn-i	n 	 of 	 50,000 	 samples. 	 The 	 convergence 	 of	 
MCMC 	 chains 	 was 	 evaluated 	 using 	 traceplots 	 and 	 the 	 Gelman-	
Rubin	 statistic	 (where	 R̂ ≤ 1.1 	 is 	 considered 	 convergence;	 Gelman	 
et a l.,  2004).	 We	 report	 posterior	 means,	 standard	 deviations	 (SD),	 
and	 the	 2.5th	 and	 97.5th	 percentiles	 as	 the	 95%	 Bayesian	 credi-
ble	 interval	 (BCI)	 for	 each	 parameter;	 we	 considered	 coefficients	 
whose	 95%	 BCI	 did	 not	 overlap	 zero	 as	 significant.	 We	 calculated	 
Bayesian	 p-	values	 for	 the	 species	 and	 community	 abundances	 to	 
evaluate	 goodness-	of-	fit	 (Bayesian	 p-	value	 between	 .1	 and	 .9	 indi-
cate	 fit;	 Gelman	 et	 al.,	 1996;	 Kéry	 &	 Royle,	 2020;	 Appendix	 A). 	All	 
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chains	 converged, 	and 	all 	models 	fit 	their 	respective 	data 	appropri-
ately 	(Tables 	B2–B5). 

3  |   RESULTS  

3.1   |   Flower  visitors 

3.1.1   |   Bombus species 

In	 2016,	 we	 captured	 812	 bumblebees	 from	 nine	 species;	 eight	 in-
dividuals 	escaped 	prior 	to 	 identification.	 In 	2017, 	we	 captured	 233	 
Bombus 	individuals 	from 	nine 	species; 	two 	individuals 	escaped 	prior 	
to	 identification	 (Figure  2). 	Bumblebees 	that	 were 	not 	identified	 as	 
species	 were	 dropped	 from	 further	 analysis	 (Table 	A5). B. vosnesen-
skii 	was	 the	 most	 commonly	 encountered	 species	 in	 all	 burn	 sever-
ity–habitat 	 combinations 	 in 	 both 	 years 	 of 	 sampling. 	 Across 	 both 	

years, 	1019 	observations 	of 	seven 	species 	of 	Bombus were included 
in 	the 	community 	model 	(Tables	 B1 and B2). 

Bumblebee 	abundance 	was 	significantly 	higher 	in 	meadows 	than 	
upland	 habitat	 for	 the	 overall	 community	 (hyperparameter)	 and	 for	 
all 	individual 	species 	except 	B. vandykei (Figure  3a).	 Bumblebee	 com-
munity 	abundance 	was 	not 	associated 	with 	burn 	severity 	in 	meadow 	
(linear)	 or	 upland	 habitat	 (linear,	 quadratic;	 Figure  4a). 	However, 	at	 
the 	species 	level, 	bumblebee	 abundance	 in	 meadows	 tended	 to	 de-
crease	 with	 increasing	 burn	 severity,	 although	 the	 effect	 was	 only	 
significant	 for	 B. mixtus. 	In 	upland 	habitat, 	the 	effect 	of 	burn 	severity 	
varied, 	but 	abundance 	tended 	to 	be 	highest 	for 	all 	species 	at 	moder-
ate	 RdNBR	 levels,	 with	 the	 effect	 only	 reaching	 significance	 for	 B. in-
sularis 	 (quadradic).	 However,	 bumblebee	 abundance	 was	 positively	 
associated	 with	 floral	 richness	 for	 all	 species,	 and	 the	 relationship	 
was	 significant	 at	 the	 community	 level	 and	 for	 B. vosnesenskii, B. van-
dykei, B. mixtus, and B. fernalde (Figure  3a).	 Surprisingly,	 the	 effect	 
of	 floral	 abundance	 was	 close	 to	 zero	 at	 the	 community	 level	 and	 

F IGURE  2 Pollinator abundance by year, burn-habitat class, and taxon, during surveys in the Sierra Nevada, California, 2 and 3 years after 
the 2014 King Fire. Moderate-severity habitat was only sampled in 2017. Butterflies were only sampled in 2016, and other insects (including 
bees, wasps, flies, true bugs, and beetles) were only sampled in 2017. Note the difference in scales on the x-axis; different taxa were 
sampled with different methodologies, precluding among-taxon comparison of abundance (see main text for details). 
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F IGURE  3 Factors influencing the abundance of pollinator taxa in meadow and upland habitat in the Sierra Nevada, California, 2 and 
3 years after the 2014 King Fire, estimated using negative binomial generalized linear mixed models (single-species models for butterflies 
and hummingbirds, multi-species models for bumblebees and other insects). Covariate coefficients for habitat type and cover and richness 
of blooming plant species visited at least 10 times by pollinators for (a) the bumblebee community on average and individual species, (b) 
the community of other flower-visiting insects on average and individual species, (c) butterfly families, and (d) hummingbirds. Negative 
coefficients represent a decline in abundance; positive coefficients indicate an increase in abundance with increasing covariate value. 
Coefficients with	 significant	 effects	 (i.e.,	 95%	 Bayesian credible intervals do not overlap 0) are indicated by the darker shaded points. 
Species codes are	 in	 Table	 A5. 

not	 significant	 for	 any	 species	 (Figure  3a).	 There	 were	 no	 signifi-
cant	 effects	 of	 time	 since	 snowmelt	 or	 elevation,	 but	 B. vosnesenskii, 
B. mixtus, and B. bifarius 	were	 significantly	 more	 abundant	 in	 2016	
and B. insularis 	was	 significantly	 more	 abundant	 in	 2017	 (Table	 B2).

3.1.2  |  Other	 insects 

In	 2017,	 we	 observed	 681	 individuals	 representing	 132	 species	 or	 
morphospecies	 from	 six	 orders	 of	 insects	 (Figure  2, 	Table 	A5). Most 
individuals	 were	 of	 the	 order	 Hymenoptera,	 family	 Apidae	 (n = 381). 	
After 	omitting 	species 	that 	were 	detected 	in 	fewer 	than 	three 	plots, 	
we 	 included 	 286 	 individuals 	 of 	 30 	 species 	 from 	 five 	 orders 	 in 	 the 	
community 	model 	for 	non-B	 ombus insects. 

The 	 insect 	 community 	 was 	 significantly 	 more 	 abundant 	 in 	
meadow 	 habitat 	 (Figure  3b, 	Tables 	B1, B3), 	with 	 the 	 effect 	 of 	 up-
land 	 habitat 	 negative 	 for 	 all 	 species 	 and 	 reaching 	 the 	 level 	 of 	 sig-
nificance 	for 	24 	species. 	 In 	meadows, 	the 	abundance 	of 	the 	 insect 	
community 	decreased 	significantly 	with 	burn 	severity, 	and 	although 	
all 	species-l	evel 	parameter 	estimates 	were 	negative, 	none 	were 	sig-
nificant. 	 In 	 contrast, 	 in 	 upland 	 habitat, 	 species-l	evel 	 abundances 	
tended 	to 	increase 	with 	burn 	severity, 	with 	the 	highest 	abundances 	
at 	moderate 	levels 	of 	burn 	severity, 	but 	the 	effect 	only 	reached 	sig-
nificance	 at	 the	 community	 level	 (quadratic;	 Figure  4b). Contrary to 
our	 predictions,	 the	 abundance	 of	 beetles,	 flies,	 and	 true	 bugs	 were	 

not 	significantly 	associated 	with 	upland 	habitat 	or 	burn 	severity. 	The 	
species-l	evel 	response 	to 	floral 	richness 	was 	positive 	for 	all 	species 	
(Figure  3b) 	and 	significant 	for 	one 	beetle 	(Mordella 	species), 	one 	fly 	
(Syrphidae	 morphospecies),	 and	 three	 bees	 (Lasioglossum 	(Subgenus:	 
dialictus), Halictus confusus, and Apis mellifera),	 and	 we	 found	 a	 posi-
tive 	and 	significant 	effect 	of 	floral 	richness 	on 	the 	community-l	evel 	
insect 	abundance 	(Figure  3b). 	The 	abundance 	of 	insects 	(community 	
or 	species 	 level) 	was 	not 	 influenced 	by 	floral 	abundance. 	Elevation 	
did 	not 	have 	a 	 significant 	effect, 	but 	 the 	abundance 	of 	10 	 species 	
decreased 	 significantly 	 with 	 the 	 increasing 	 number 	 of 	 days 	 since 	
snowmelt 	(Table 	B2). 

3.2  |   Butterflies 

In 	 2016,	 we	 observed	 421	 individuals	 from	 five	 butterfly	 families	 
(Figure  2, 	Table 	A5). 	We 	 included 	419 	butterfly 	observations 	 from 	
four 	 families 	 in 	 family-s	 pecific 	 abundance 	 models. 	 We 	 observed 	
more 	butterfly 	pollinators 	 in 	meadow 	habitat 	 than 	upland 	habitat, 	
and 	 this 	 relationship 	was 	 significant 	 for 	 three 	 out 	 of 	 four 	 families 	
(Pieridae, 	 Lycaenidae, 	 and 	 Hesperiidae) 	 and 	 marginally 	 significant 	
for 	 the 	 fourth 	 (Nymphalidae; 	Figure  3c, 	Tables 	B1, B4). There was 
no 	 significant 	 response 	 of 	 butterfly 	 abundance 	 to 	 burn 	 severity 	
in 	meadows, 	 but 	 two 	 families, 	 Pieridae 	 and 	 Lycaenidae, 	 increased 	
significantly	 with	 increasing	 burn	 severity	 in	 uplands	 (Figure  4c). 
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FIGURE  4 Factors	 influencing	 abundance	 of	 pollinator	 taxa	 in	 meadow	 and 	upland 	in 	the 	Sierra 	Nevada, 	California, 	2 	and 	3 years 	
after 	the 	2014 	King 	Fire, 	estimated 	with 	negative 	binomial 	generalized 	linear 	mixed 	models 	(single-s	 pecies 	models 	for 	butterflies 	and 	
hummingbirds, 	multi-s	 pecies 	models 	for 	bumblebees 	and 	other 	insects). 	Covariate 	coefficients 	for 	the 	interaction 	of	 burn	 severity	 and	 
habitat,	 and	 the	 quadratic	 term	 for	 burn	 severity	 in	 upland	 habitat	 only	 for	 (a)	 the	 bumblebee	 community	 on 	average 	and 	individual	 species, 	
(b) 	the 	community 	of 	other 	insects 	on 	average 	and 	individual	 species, 	(c)	 butterfly	 families	 (not	 sampled	 in	 moderate-	severity	 habitat,	 so	 
no	 quadratic	 burn	 effect),	 and	 (d)	 hummingbirds.	 Negative	 coefficients	 represent	 a	 decline	 in	 abundance;	 positive	 coefficients	 indicate	 an	
increase	 in	 abundance	 with	 increasing	 burn 	severity. 	Coefficients 	with 	significant 	effects 	(i.e., 	95% 	Bayesian 	credible 	intervals 	do 	not 	overlap	 
0)	are 	indicated	 by 	the	 darker 	shaded 	points.	 Species	 codes	 are	 in	 Table	 A5.

Only 	Hesperiidae	 was	 significantly	 associated	 with	 increasing	 floral 	
abundance,	 although	 we	 did	 observe	 a	 nonsignificant	 positive	 trend	 
for	 all	 families	 (Figure  3c).	 Similarly,	 although	 no	 families	 were	 sig-
nificantly	 associated	 with	 floral	 richness,	 three	 out	 of	 four	 families	 
(Nymphalidae,	 Lycaenidae,	 and	 Hesperiidae)	 tended	 toward	 higher	 
abundance	 with	 increasing	 richness.	 Nymphalidae	 and	 Lycaenidae	 
both	 decreased	 significantly	 with	 increasing	 elevation,	 while	 
Pieridae	 and	 Herperiidae	 both	 decreased	 significantly	 with	 increas-
ing	 number	 of	 days	 since	 snowmelt	 (Table	 B4). 

3.3  |  Hummingbirds 

In	 2016, 	we	 detected	 30 	hummingbirds 	 in 	both 	broadcast 	 surveys 	
and 	incidental 	observations 	during 	plot 	surveys 	(Figure  2; 	Figure 	A1, 
Table	 A5). 	 In 	 2017, 	 we 	 observed 	 25 	 hummingbirds 	 incidentally 	 at 	
plots. 	We 	 included 	 all 	 55 	 observations 	 in 	 our 	 hummingbird 	 abun-
dance	 model. 

We 	 found 	 that 	 the 	 effect 	 of 	 burn 	 severity 	 was 	 significantly 	
positive 	 for 	 hummingbird 	 abundance 	 in 	 both 	meadow 	 and 	 upland 	
habitat, 	but 	there 	was 	no 	evidence 	for 	a 	quadratic 	effect 	of 	burn 	se-
verity 	in 	upland 	habitat 	(Figure  4d; 	Tables 	B1, B5). 	As 	we 	predicted, 	
hummingbird	 abundance	 increased	 with	 increasing	 floral	 richness	 

and	 abundance	 (Figure  3d),	 and	 they	 were	 more	 abundant	 in	 mead-
ows	 than	 uplands.	 Hummingbirds	 decreased	 significantly	 with	 the	 
increasing	 number	 of	 days	 since	 snowmelt	 but	 were	 not	 affected	 by	 
elevation 	or 	year 	(Table	 B5). 

4  | DISCUSSION  

We	 found	 that	 pollinators 	 were	 more	 abundant 	 in 	 meadow 	 habi-
tat,	 but	 for	 some	 taxa,	 abundance 	 tended 	 to 	 decrease 	 at 	 the 	 high 	
burn	 severities	 observed	 in	 the	 King	 fire	 and	 other	 large	 wildfires	 
of	 Mediterranean	 climates	 (Carbone	 et	 al.,	 2019,	 Lazarina	 et	 al.,	 
2019).	 In	 upland	 habitat,	 our	 results	 supported	 previous	 studies	 that	 
found	 pollinators	 to	 be	 positively	 associated	 with	 upland	 habitat	 
that 	burned 	at 	moderate 	severities, 	suggesting 	that 	both 	unburned 	
and 	 highly 	 burned 	 upland	 forests	 supported	 lower	 abundances 	 of 	
pollinators	 (Lazarina	 et 	 al.,	 2019). These patterns suggest that an 
increase	 in	 the	 frequency	 and	 size	 of	 high-	severity	 fires	 will	 have	 
negative 	 consequences	 for	 pollinators.	 Management	 efforts	 to	 in-
crease	 the	 area	 of	 meadows	 by	 reducing	 conifer	 encroachment	 
(Boisramé	 et	 al.,	 2019;	 Kirkland	 et	 al.,	 2023) and increasing the 
amount	 of	 fire	 at	 low-		to	 moderate-	severity	 in	 this	 fire-	prone	 system	 
(Cansler et  al.,  2022;	 North	 et	 al.,	 2021; Young et  al.,  2020)	 would	 be	 
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beneficial	 to	 pollinators 	 (Lazarina	 et	 al.,	 2019; Ponisio et a l.,  2016). 
Increasing	 the	 proportion	 of	 low-		to	 moderate-	severity	 fire	 on	 the	 
landscape	 is	 likely	 also	 beneficial	 for	 soils	 (Certini,	 2005), plants 
(Pourreza	 et	 al.,	 2014; Richter et a l.,  2019), trees (Dunn et a l.,  2020), 
and	 other	 wildlife	 (Furnas	 et	 al.,	 2022;	 Kramer	 et	 al.,	 2021;  Taillie  
et a l.,  2018). 

We	 expected	 most	 pollinator	 taxa	 to	 have	 higher	 abundances	 
in	 meadow	 than	 upland	 habitat	 regardless	 of	 burn	 severity,	 with	 
the	 exception	 of	 beetles,	 flies,	 and	 bugs	 that	 may	 rely	 on	 upland	 
habitat	 in	 larval	 stages.	 In	 fact,	 we	 found	 that	 all	 taxa	 were	 pos-
itively	 associated	 with	 meadow	 habitat,	 and	 nearly	 all	 associa-
tions	 were	 significant.	 Meadows	 provide	 an	 abundance	 of	 floral	 
resources, with higher average diversity and cover than upland  
habitats 	 (Figure 	 A2), 	 making 	 these 	 resources 	 easier 	 to 	 find 	 in	 
meadows	 (Dávalos	 &	 Blossey,	 2011).	 Additionally,	 pollinators	 may	 
be	 particularly 	 attracted 	 to 	meadow 	 habitats 	 because 	 they 	 pro-
vide	 abundant	 host	 plants	 (van	 Nouhuys	 &	 Hanski,	 2005), oppor-
tunities 	for 	mud 	puddling 	(Downes, 	1973),	 increased	 visibility	 for	 
mate-s	 eeking 	(Dennis 	& 	Shreeve, 	1988), courtship displays (Mikula  
et a l.,  2022), 	 and 	higher 	 light 	 levels 	 for 	 flight 	 (Ross 	 et 	 al., 	2005). 
For 	 example, 	 caterpillars 	 of 	 many 	 butterfly 	 species 	 are 	 depen-
dent 	on 	particular 	host 	 species 	or 	genera, 	which 	are 	often 	asso-
ciated	 with	 or	 limited	 to	 mesic	 habitats	 (Dennis	 &	 Shreeve,	 1988; 
Fleishman,	 2000). 	Male 	butterflies 	are 	known 	to 	guard 	host 	plants 	
when	 searching	 for	 mates,	 which	 may	 increase	 their	 incidence	 in	 
meadows	 (Dennis	 &	 Shreeve,	 1988;	 Fleishman,	 2000).	 Because	 
meadows	 in	 the	 Sierra	 Nevada	 and	 many	 other	 regions	 are	 lo-
cated	 within	 a	 forest	 matrix,	 there	 is	 local	 heterogeneity	 that	 may	 
provide	 complementary	 resources	 for	 pollinators	 (Diaz-F	 orero	 
et a l.,  2013; 	Liivamägi 	et 	al., 	2014; Martins et a l.,  2015). 	For 	exam-
ple,	 meadow-a	 djacent	 forest	 may	 provide	 the	 dead	 and	 decaying	 
wood	 required	 by	 flower-f	eeding	 beetles	 for	 egg-l	aying	 and	 larval	 
development	 at	 larger	 spatial	 scales	 (Horak,	 2014; 	Rubene 	et 	al.,	 
2017).	 Similar	 landscape-s	 cale	 resource	 acquisition	 may	 occur	 in	 
other	 taxa,	 such	 as	 flies,	 true	 bugs,	 and	 butterflies;	 further	 re-
search 	into 	larval 	abundance 	may 	reveal 	responses 	to 	habitat 	het-
erogeneity 	or 	shifts 	in	 preferences	 over	 time. 

The	 propensity	 for	 pollinator	 species	 to	 be	 more	 abundant	 in	 
meadows	 is	 particularly	 concerning	 given	 their	 response	 to	 high-	
severity	 fire	 in	 this	 habitat,	 with	 consistent	 (though	 mostly	 in-
significant)	 declines	 in	 abundance	 with	 increasing	 burn	 severity.	 
High-	severity	 fire	 in	 meadows	 tends	 to	 be	 directly	 related	 to	 pro-
longed	 drought,	 which	 results	 in	 a	 continuous	 layer	 of	 matted	 sur-
face	 fuels	 and	 a	 thick	 layer	 of	 decomposed	 organic	 soil	 (DeBenedetti	 
&	 Parsons,	 1979;	 Kirkland	 et	 al.,	 2023).	 These	 extreme	 conditions	 
often	 result	 in	 smoldering	 fires	 that	 burn	 hotter	 with	 longer	 resi-
dence	 times	 and	 may	 effectively	 sterilize	 the	 soil	 (Rein	 et	 al.,	 2008). 
Post-	fire,	 meadow	 vegetation	 tends	 to	 recover	 quickly,	 but	 there	 is	 
often	 a	 shift	 from	 perennial	 to	 annual	 species	 (Tarbill,	 2022), which  
tend	 to	 produce	 significantly	 less	 pollen	 and	 nectar	 (Potts,	 Vulliamy,	 
Dafni,	 Ne'eman,	 O'toole,	 et	 al.,	 2003;	 Potts,	 Vulliamy,	 Dafni,	 
Ne'eman,	 &	 Willmer,	 2003;	 Hicks	 et	 al.,	 2016).	 Both	 the	 direct	 ef-
fects	 of	 fire	 on	 pollinator	 mortality	 and	 the	 indirect	 effects	 through	 

plant	 community	 composition	 may	 explain	 the	 negative	 relationships	 
between	 abundance	 and	 burn	 severity	 we	 observed	 in	 meadows. 
Meadows,	 including	 burned	 meadows,	 provide	 highly	 concen-

trated,	 diverse,	 and	 somewhat	 permanent	 floral	 resources,	 and	 
therefore	 may	 be	 more	 reliable	 than	 the	 patchy	 and	 often	 ephemeral	 
floral	 resources	 of	 upland	 habitat	 (Clark	 &	 Russell,	 2020;	 Gass,	 1979; 
Hatfield	 &	 LeBuhn,	 2007).	 The	 hummingbirds	 were	 the	 only	 pollina-
tor	 to	 be	 positively	 and	 significantly	 associated	 with	 burn	 severity	 in	 
meadows.	 Hummingbirds	 often	 exhibit	 site	 fidelity	 to	 habitat	 used	 
during	 breeding	 or	 migration	 (Calder	 et	 al.,	 1983),	 and	 the	 use	 of	 
burned	 meadows	 may	 be	 maladaptive	 (Merkle	 et	 al.,	 2022;	 Shochat	 
et a l.,  2005).	 Alternatively,	 hummingbird	 abundance	 may	 be	 pos-
itively	 associated	 with	 burn	 severity	 in	 meadows	 if	 fire	 increases	 
the	 availability	 of	 resources	 when	 they	 are	 migrating	 through	 or	 
breeding	 (McKinney	 et	 al.,	 2012; Russell et  al.,  1994).	 Hummingbird	 
abundance 	declined 	significantly 	as 	the 	season 	progressed, 	suggest-
ing	 that	 they	 target	 habitats	 with	 relatively	 early-	blooming	 flowers.	 
Burned	 meadows	 may	 have	 higher	 floral	 diversity	 earlier	 in	 the	 sea-
son	 relative	 to	 unburned	 meadows	 (Tarbill,	 2022), suggesting that 
fire-	induced	 resource	 pulses	 in	 meadows	 may	 align	 with	 the	 needs	 
of	 hummingbirds.	 Burned	 meadows	 dominated	 by	 annual	 floral	 
resources	 may	 be	 adequate	 for	 hummingbirds	 that	 tend	 to	 utilize	 
flowers	 with	 a	 lower	 nectar	 concentration	 than	 bees	 and	 butterflies	 
(Nicolson,	 2022). More research into the reproductive success or 
long-	term	 survival	 of	 these	 species	 in	 burned	 and	 unburned	 mead-
ows is needed to understand this relationship. 

The 	increase 	in 	the 	abundance 	of 	pollinators 	at 	moderate 	levels 	
of 	burn 	severity 	in 	upland 	forest 	agrees 	with 	recent 	pollinator 	stud-
ies	 in	 systems	 with	 similar	 disturbance	 regimes	 (Lazarina	 et	 al.,	 2019) 
and	 is	 attributed	 to	 increased	 habitat	 heterogeneity	 and	 the	 “pyro-
diversity	 begets	 biodiversity”	 hypothesis	 (Martin	 &	 Sapsis,	 1992; 
Ponisio et a l.,  2016;	 Ulyshen	 et	 al.,	 2022). Pyrodiversity accounts  
for	 characteristics	 of	 a	 burned	 area	 that	 may	 vary	 in	 time,	 severity,	 
and	 seasonality,	 resulting	 in	 a	 spatial	 representation	 of	 diverse	 fire	 
histories.	 Fire	 in	 our	 study	 area	 was	 very	 effectively	 suppressed	 
over	 the	 past	 century;	 thus,	 there	 was	 no	 variation	 in	 fire	 history,	 
just	 spatial	 variation	 in	 burn	 severity.	 This	 temporal	 homogene-
ity	 may	 explain	 why	 we	 did	 not	 observe	 a	 significant	 relationship	 
with	 moderate-	severity	 fire	 at	 the	 species	 level,	 suggesting	 that	 
variation	 in	 fire	 history	 may	 be	 important	 in	 structuring	 pollinator	 
communities	 in	 fire-	prone	 systems	 (Ponisio	 et	 al.,	 2016;	 Ulyshen	 
et a l.,  2022). 

Some	 species	 or	 taxa	 responded	 to	 the	 fire	 in	 surprising	 ways.	 
For	 example,	 two	 bumblebee	 species	 responded	 negatively	 to	 burn	 
severity	 in	 both	 meadows	 and	 uplands:	 Bombus  mixtus and B. bifar-
ius. 	In 	contrast 	to 	other 	bumblebees, 	these 	species 	tend 	to 	nest 	on	 
the	 surface	 or	 aboveground	 rather	 than	 in	 burrows	 (Hobbs,	 1967; 
Foster,	 1992;	 Wray	 &	 Elle,	 2015),	 which	 may	 increase	 vulnerability	 
to	 wildfire	 at	 any	 severity	 (Cane	 &	 Neff,	 2011). On the other hand,  
two	 butterfly	 families	 responded	 positively	 to	 burn	 severity	 in	 
upland	 habitat.	 However,	 due	 to	 data	 limitations,	 we	 were	 unable	 
to	 test	 if	 the	 abundance	 of	 these	 families	 peaked	 with	 moderate-	
severity	 fire.	 Other	 studies	 have	 found	 a	 variety	 of	 responses	 of	 
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butterflies	 to 	 fire,	 dependent	 on	 burn	 severity,	 habitat	 type,	 and	 
fire 	 frequency 	 (Mason 	 Jr 	 et 	 al., 	 2021).	 Furthermore,	 butterflies,	 
even 	 within 	 families, 	 are 	 highly 	 variable 	 in 	 host 	 plant 	 specificity	 
(Dyer et a l.,  2007),	 and	 this	 will	 likely	 affect	 butterfly	 response	 to	 
fire	 at	 the	 species	 level	 (Gaigher	 et	 al.,	 2019;	 Huntzinger,	 2003). 
For	 example,	 fire	 may	 improve	 habitat	 for	 monarch	 butterflies	 
(Nymphalidae:	 Danaus  plexippus)	 by	 increasing	 the	 density	 of	 fire-	
following	 Asclepias 	 host	 species	 (Baum	 &	 Sharber,	 2012; Ricono 
et a l.,  2018). 

Floral	 richness	 was	 positively	 associated	 with	 nearly	 all	 polli-
nator	 communities	 and	 taxa	 (although	 not	 always	 significant),	 and	 
the	 effect	 of	 floral	 richness	 was	 strongest	 (i.e.,	 highest	 coefficient	 
values)	 for	 bumblebees	 and	 the	 European	 honeybee.	 Multiple	 
flowering 	 plant 	 species 	 that 	 bloom 	 sequentially 	may 	 be 	 necessary 	
to 	 support 	 bumblebees 	 and 	 honeybees 	 that 	 rely 	 upon 	 pollen 	 and 	
nectar	 in	 all	 active	 life	 stages,	 with	 colonies	 to	 support	 over	 an	 
entire	 season	 (and	 beyond	 for	 honeybees 	 storing 	 honey 	 for 	 win-
ter; 	Aldridge 	et 	al., 	2011; 	Hemberger 	et 	al., 	2022). 	We 	expected 	a 	
weaker 	 response 	 from 	wasp 	 species, 	 but 	we 	 found 	 crabronid 	 and 	
Podalonia 	wasps 	were 	similar 	to 	other 	Hymenoptera 	species. 	Adult 	
crabronid	 and	 Podalonia 	wasps	 are	 completely	 dependent	 on	 nec-
tar 	 for 	nutrition, 	 explaining 	 their 	 association 	with 	 floral 	 resources. 	
Perhaps 	the 	floral 	resources 	also 	attract 	the 	prey 	species 	they 	rely 	
upon 	 to 	provision 	 their 	young. 	 Increasing 	 floral 	 richness 	may 	posi-
tively 	 impact 	 pollinators 	 by 	 providing 	 pollen 	 and 	 nectar 	 resources 	
that 	vary 	temporally 	and 	spatially, 	providing 	reliable 	food 	resources 	
for 	 long-l	ived, 	early, 	and 	 late 	emerging 	 species, 	as 	well 	as 	multiple 	
generations 	of 	social 	bees 	(Ebeling 	et 	al., 	2008; 	Kaluza 	et 	al., 	2018; 
Ogilvie 	& 	Forrest, 	2017; 	Roulston 	& 	Goodell, 	2011). 	High 	 floral 	di-
versity 	 may 	 result 	 in 	 more 	 visitors 	 due 	 to 	 increased 	 attraction 	 of 	
large 	mixed 	species 	displays 	(Ghazoul, 	2006; 	Vaca-U	 ribe 	et 	al., 	2021) 
or	 reduced	 competition	 among	 pollinators	 (Brosi	 et	 al.,	 2017; 	Kaluza 	
et  al.,  2017). 	High 	 floral 	 diversity 	may 	 also 	 increase 	 the 	 likelihood 	
of	 specialist	 pollinators	 finding	 their	 preferred	 host	 due	 to	 sampling	 
effects 	(Loreau 	et 	al., 	2001). 

Surprisingly, 	most 	species 	of 	pollinators 	were 	not 	associated 	with 	
the	 abundance	 of	 open	 flowers.	 For	 non-	bee	 species,	 this	 may	 be	 ex-
plained 	by 	the 	reliance 	of 	larval 	stages 	on 	non-f	 loral 	resources, 	a 	pat-
tern	 that	 has	 been	 observed	 for	 flies	 (Robinson	 et	 al.,	 2018),	 beetles	 
(O'Neill	 et	 al.,	 2008),	 and	 butterflies	 (Woodcock 	et 	al., 	2012) in other 
systems. 	 Floral 	 abundance 	may 	 not 	 affect 	 the 	 abundance 	 of 	 bees 	
and 	other 	pollinators 	 if 	there 	 is 	a 	mismatch 	 in 	the 	flower 	and 	polli-
nator 	morphology 	(Klumpers 	et 	al., 	2019; 	Stang 	et 	al., 	2009). Many 
plants	 with	 densely	 packed	 inflorescences	 have	 individual	 flowers	 
that 	may 	be 	inaccessible 	or 	inefficient 	for 	larger 	pollinators 	to 	handle 	
(Klumpers 	et 	al., 	2019; 	Stang 	et 	al., 	2009). 

The 	 pollinators 	 of 	 the 	 mixed-c	 onifer 	 forests 	 of 	 the 	 Sierra	 
Nevada 	evolved 	under 	a 	disturbance-p	 rone 	system 	that 	may 	have	 
filtered 	out 	species 	that 	are 	intolerant 	of 	frequent 	environmental	 
change 	 (Kelt 	et 	al., 	2017), 	resulting 	 in 	a 	community 	that 	 is 	resil-
ient 	to 	frequent, 	albeit 	moderate-s	 everity 	fire. 	In 	fact, 	pollinators 	
in 	this 	and 	other 	fire-p	 rone 	regions 	often 	benefit 	from 	moderate-	
severity 	fire 	(Lazarina 	et 	al., 	2019; Ponisio et a l.,  2016; 	Rodríguez 	

& 	Kouki, 	2017), 	even 	when 	embedded 	within 	large 	fires 	that 	burn 	
at 	high 	 severity. 	A 	 related 	 study 	 found 	 that 	 the 	 abundance 	 and	 
diversity	 of	 floral	 resources	 are	 higher	 in	 high-s	 everity	 upland	 
habitat	 compared	 to	 unburned	 upland	 (Tarbill,	 2022), suggesting  
that	 even	 high-s	 everity	 fire	 may	 create	 resources	 for	 pollinators	 
that	 are	 lacking	 in	 unburned	 forest.	 This	 is	 reassuring,	 given	 that	 
much	 of	 the	 Sierra	 Nevada	 is	 overdue	 to	 burn	 (North	 et	 al.,	 2012) 
and 	 fire 	 effects 	 are 	 likely 	 to 	 be 	 severe 	 (Cassell 	 et 	 al., 	 2019; 
Collins,  2014). Our study shows that pollinators can survive or  
(re)colonize	 high-s	 everity,	 large-s	 cale	 fires;	 however,	 their	 abil-
ity	 to	 do	 so	 will	 depend	 on	 landscape	 connectivity	 (Adedoja	 
et a l.,  2019; 	Brown 	 et 	 al., 	2017; 	Carbone 	 et 	 al., 	2019),	 post-f	 ire	 
management	 (Galbraith	 et	 al.,	 2019b;	 Heil	 &	 Burkle,	 2018),	 and	 life	 
history 	 traits 	 (Enright 	et 	al., 	2014; Peralta et a l.,  2017;	 Williams	 
et a l.,  2010). 	Globally, 	nearly 	90% 	of 	wild 	 flowering 	plants 	ben-
efit	 from	 pollination	 services	 (Ollerton	 et	 al.,	 2011); pollinator  
abundance	 is	 associated	 with	 increased	 seed	 set	 and	 reduced	 
pollen	 limitation	 in	 flowering	 plants	 (Cusser	 et	 al.,	 2016; 	Steffan-	
Dewenter	 &	 Tscharntke,	 1999;	 Thomson,	 2019).	 Therefore,	 iden-
tifying	 the	 drivers	 that	 influence	 the	 abundance	 of	 pollinators,	 
particularly	 after	 disturbances	 that	 are	 outside	 the	 historical	 
range	 of	 variability,	 is	 critical	 to	 supporting 	pollination	 services	 
under	 global	 change. 

AUTHOR  CONTRIBUTIONS  

Gina Tarbill: 	 Conceptualization	 (equal);	 data	 curation	 (equal);	 
formal 	 analysis 	 (equal); 	 funding 	 acquisition 	 (equal); 	 investigation	 
(equal); 	methodology 	(equal); 	project 	administration 	(equal); 	writ-
ing 	 – 	 original 	 draft 	 (lead); 	 writing 	 – 	 review 	 and 	 editing 	 (equal).	 
Angela White: 	 Conceptualization	 (equal);	 data	 curation	 (equal);	 
formal 	 analysis 	 (equal); 	 funding 	 acquisition 	 (equal); 	 investiga-
tion	 (equal);	 methodology	 (equal);	 project	 administration	 (equal);	 
writing 	– 	original 	draft 	 (supporting); 	writing 	– 	review 	and 	editing	 
(equal).	 Rahel Sollmann: 	Conceptualization	 (equal);	 data	 curation	 
(equal);	 formal	 analysis	 (equal);	 funding	 acquisition	 (equal);	 in-
vestigation	 (equal);	 methodology	 (equal);	 project	 administration	 
(equal); 	writing 	– 	original 	draft 	(supporting); 	writing 	– 	review 	and	 
editing 	(equal). 

ACKNOWLEDG MENTS 
This	 research	 was 	 funded 	 by 	 a	 USDA 	 Forest 	 Service 	 Pacific	 
Southwest 	 Research 	 Station 	 internal 	 grant, 	 the 	 University 	 of	 
California 	Office 	of 	the 	President 	Catalyst 	Award 	 (CA-1	 7-4	 51736),	 
the 	 Western 	 Hummingbird 	 Partnership 	 grant, 	 the 	 UC 	 Davis 	 &	 
Humanities 	 Award, 	 the 	 UC 	 Davis 	 Cota-R	 obles 	 fellowship, 	 and	 
an 	 ARCS 	 fellowship. 	 The 	 work 	 was 	 part 	 of 	 the 	 UC 	 Agricultural	 
Experiment 	 Station 	Hatch 	 Project 	CA-D	 -W	 FB-2	 400-H	 . 	 Collection	 
took 	 place 	 under 	 California 	 566 	Department 	 of 	 Fish 	 and 	Wildlife	 
Permit 	#SC-3	 638. 	We 	are 	grateful 	to 	the 	US 	Forest 	Service, 	espe-
cially 	the 	Institute 	of 	Forest 	Genetics 	in 	Placerville 	and 	the 	Eldorado	 
National 	Forest 	Georgetown 	Ranger 	District, 	for 	logistical 	support.	 
Identification 	expertise 	was 	provided 	by 	Thomas 	Zavorink 	and 	the	 
UC 	Davis 	Bohart 	Museum 	of 	Entomology. 	We 	would 	 like 	to 	thank	 

TARBILL et al.



12 of 36  |     

	 	 	 	 	 	 	

  
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	

	 	 	 	 	 	 	

	 	 	 	 	 	 	 	

        
	 	

Jordin	 Jacobs	 and	 AnnMarie	 Blackburn	 for	 leading	 the	 field	 com-
ponent	 and	 Kaitlin	 Lopez	 for	 managing	 the	 insect	 identification	 
and 	specimen 	preparation. 	We 	are 	grateful 	 to 	Jenny 	Gremer, 	Nels	 
Johnson, 	and 	David 	Weise 	 for 	 feedback 	 that 	 improved 	 this 	manu-
script. 	Any 	use 	of 	trade, 	product, 	or 	firm 	names 	in 	this 	publication	 
is	 for	 descriptive	 purposes	 only	 and	 does	 not	 imply	 endorsement	 by	 
the 	U.S. 	Government. 

CONFLIC T OF INTERE S T S TATEMENT 
We have no conflicts of interest to disclose. 

DATA AVAILABILITY STATEMENT 

Data and code will be available at the USDA Forest Service Research 

Data	Archive:	 https ://www .fs.usda.gov/rds/arch ive .

ORCID 
Gina L. Tarbill   https://orcid.org/0000-0003-2294-2413  

ENDNOTE 
i The 	use	 of	 trade	 or	 firm	 names	 in	 this	 publication	 is	 for	 reader	 infor-
mation	 and	 does	 not	 imply	 endorsement	 by	 the	 U.S.	 Department	 of	 
Agriculture	 of	 any	 product	 or	 service. 

R E FE R E N C E S  
Adams,	 M.	 A.	 (2013).	 Mega-	fires,	 tipping	 points	 and	 ecosystem	 services:	 

Managing	 forests	 and	 woodlands	 in	 an	 uncertain	 future.	 Forest  
Ecology and Management, 294,	 250–261. 

Adedoja, 	 O., 	 Dormann, 	 C. 	 F., 	 Kehinde, 	 T., 	 & 	 Samways, 	 M. 	 J. 	 (2019). 	
Refuges	 from	 fire	 maintain	 pollinator–plant 	 interaction	 networks.	 
Ecology and Evolution, 9,	 5777–5786. 

Alarcón, 	R.	 (2010).	 Congruence 	between 	visitation 	and 	pollen-t	 ransport 	
networks	 in	 a	 California	 plant–pollinator	 community.	 Oikos, 119, 
35–44. 

Aldridge,	 G.,	 Inouye,	 D.	 W.,	 Forrest,	 J.	 R.,	 Barr,	 W.	 A.,	 &	 Miller-	Rushing,	 A.	 
J. 	(2011). 	Emergence 	of 	a 	mid-s	 eason 	period 	of 	low 	floral 	resources 	
in 	a 	montane 	meadow 	ecosystem 	associated 	with 	climate 	change.	
Journal of Ecology, 99,	 905–913. 

Alexander,	 J.	 D.,	 Williams,	 E.	 J.,	 Gillespie,	 C.	 R.,	 Contreras-	Martínez,	 S.,	 
&	 Finch,	 D.	 M. 	 (2020).	 Effects 	of	 fire 	 and 	 restoration 	on 	habitats 	
and 	 populations 	 of 	 Western 	 hummingbirds: 	 A 	 literature 	 review. 	
US 	 Department 	 of 	 Agriculture, 	 Forest 	 Service, 	 Rocky 	 Mountain 	
Research	 Station. 

Anderson, 	M. 	K., 	& 	Moratto, 	M. 	J. 	(1996). 	Native 	American 	land-u	 se 	prac-
tices 	and 	ecological 	impacts. 	In: 	Sierra 	Nevada 	ecosystem 	project: 	
Final 	report 	to 	congress. 	University 	of 	California, 	Centers 	for 	Water 	
and 	Wildland 	Resources 	Davis, 	pp. 	187–206. 

Baldwin, 	B. 	G., 	Goldman, 	D. 	H., 	Keil, 	D. 	J., 	Patterson, 	R., 	Rosatti, 	T. 	J., 	& 	
Vorobik, 	L. 	A. 	(2012). 	The Jepson manual: Vascular plants of California. 
University 	of 	California 	Press. 

Baum, 	K. 	A., 	& 	Sharber, 	W. 	V. 	(2012). 	Fire 	creates 	host 	plant 	patches 	for 	
monarch 	butterflies. 	Biology Letters, 8, 	968–971. 

Beaty, 	R. 	M., 	& 	Taylor, 	A. 	H. 	 (2008). 	Fire 	history 	and 	the 	structure 	and 	
dynamics 	of 	a 	mixed 	conifer 	forest 	landscape 	in 	the 	northern 	Sierra 	
Nevada, 	 Lake 	 Tahoe 	 Basin, 	 California, 	 USA. 	 Forest Ecology and 
Management, 255, 	707–719. 

Benavides-S	 olorio, 	 J., 	& 	MacDonald, 	 L. 	H. 	 (2001). 	 Post-f	 ire 	 runoff 	 and 	
erosion 	from 	simulated 	rainfall 	on 	small 	plots, 	Colorado 	front 	range. 	
Hydrological Processes, 15,	 2931–2952. 

Boisramé,	 G.	 F.,	 Thompson,	 S.	 E.,	 Tague,	 C.,	 &	 Stephens,	 S.	 L.	 (2019).	 
Restoring	 a	 natural	 fire	 regime	 alters	 the	 water	 balance	 of	 

a 	 Sierra 	 Nevada 	 catchment. 	 Water Resources Research, 55, 
5751–5769. 

Bond, 	W., 	& 	Keeley, 	J. 	(2005). 	Fire 	as 	a 	global 	‘herbivore’: 	The 	ecology	 
and 	 evolution 	 of 	 flammable 	 ecosystems. 	 Trends in Ecology and  
Evolution, 20 (7), 	 387–394. 	 https ://do i.org/10 .1016/j.tree .2005 .
04.02	 5 

Bouget, 	C., 	Larrieu, 	L., 	Nusillard, 	B., 	& 	Parmain, 	G. 	(2013). 	In 	search 	of 	the 	
best 	local 	habitat 	drivers 	for 	saproxylic 	beetle 	diversity 	in 	temper-
ate 	deciduous 	forests. 	Biodiversity and Conservation, 22, 	2111–2130. 

Bowman, 	 D. 	 M., 	 Balch, 	 J., 	 Artaxo, 	 P., 	 Bond, 	 W. 	 J., 	 Cochrane, 	 M. 	 A., 	
D'antonio, 	 C. 	 M., 	 DeFries, 	 R., 	 Johnston, 	 F. 	 H., 	 Keeley, 	 J. 	 E., 	 & 	
Krawchuk, 	M. 	A. 	 (2011). 	The 	human 	dimension 	of 	fire 	regimes 	on 	
earth.  Journal of Biogeography, 38,	 2223–2236. 

Brook,	 B.,	 Sodhi,	 N.,	 &	 Bradshaw,	 C.	 (2008).	 Synergies	 among	 extinction	 
drivers	 under	 global	 change.	 Trends in Ecology and Evolution, 23(8),	 
453–460. 	https ://do i.org/10.1016/j.tree.2008 .03 .011 

Brokaw, 	J., 	Portman, 	Z. 	M., 	Bruninga-S	 ocolar, 	B., 	& 	Cariveau, 	D. 	P. 	(2023). 	
Prescribed 	 fire 	 increases 	 the 	 number 	 of 	 ground-n	 esting 	 bee 	 nests 	
in 	 tallgrass 	 prairie 	 remnants. 	 Insect Conservation and Diversity, 16, 
355–367. 

Brosi, 	B. 	J., 	Niezgoda, 	K., 	& 	Briggs, 	H. 	M. 	 (2017). 	Experimental 	species 	
removals	 impact	 the	 architecture	 of	 pollination	 networks.	 Biology 
Letters, 13, 	20170243. 

Brown, 	J., 	York, 	A., 	Christie, 	F., 	& 	McCarthy, 	M. 	(2017). 	Effects 	of 	fire 	on 	
pollinators and pollination.  Journal of Applied Ecology, 54, 	313–322. 

Burkle, 	 L. 	A., 	Myers, 	 J. 	A., 	& 	Belote, 	R. 	T. 	 (2015). 	Wildfire 	disturbance 	
and	 productivity	 as	 drivers	 of	 plant	 species	 diversity	 across	 spatial	 
scales. Ecosphere, 6, 	1–14. 

Calder, 	W. 	A., 	Waser, 	N. 	M., 	Hiebert, 	S. 	M., 	 Inouye, 	D. 	W., 	& 	Miller, 	S. 	
(1983). 	Site-f	 idelity, 	 longevity, 	and 	population 	dynamics 	of 	broad-	
tailed 	hummingbirds: 	A 	ten 	year 	study. 	Oecologia, 56, 	359–364. 

California 	Department 	of 	Water 	Resources. 	 (2018). 	California 	data 	 ex-
change center- s now. https://cdec.water.ca.gov/snow/current/ 
snow/ index .htm l

Cane, 	 J. 	 H., 	 & 	 Neff, 	 J. 	 L. 	 (2011). 	 Predicted 	 fates 	 of 	 ground-n	 esting	 
bees 	in 	soil 	heated 	by 	wildfire: 	Thermal 	tolerances 	of 	life 	stages	 
and 	 a 	 survey 	 of 	 nesting 	 depths. 	 Biological Conservation, 144, 
2631–2636. 

Cansler, 	C. 	A., 	Kane, 	V. 	R., 	Hessburg, 	P. 	F., 	Kane, 	J. 	T., 	Jeronimo, 	S. 	M., 	
Lutz, 	 J. 	 A., 	 Povak, 	 N. 	 A., 	 Churchill, 	 D. 	 J., 	 & 	 Larson, 	 A. 	 J. 	 (2022). 	
Previous	 wildfires	 and	 management	 treatments	 moderate	 subse-
quent 	fire 	severity. 	Forest Ecology and Management, 504, 	119764. 

Caprio, 	A. 	C., 	& 	Lineback, 	P. 	 (2002). 	Pre-t	wentieth 	century 	 fire 	history 	
of 	Sequoia 	and 	Kings 	Canyon 	national 	parks: 	A 	review 	and 	evalu-
ation 	 of 	 our 	 knowledge. 	Association for Fire Ecology Miscellaneous  
Publication, 1, 	180–199. 

Carbone, 	L. 	M., 	Tavella, 	J., 	Pausas, 	J. 	G., 	& 	Aguilar, 	R. 	(2019). 	A 	global 	syn-
thesis 	of 	fire 	effects 	on 	pollinators. 	Global Ecology and Biogeography, 
28, 	1487–1498. 

Cassell, 	B. 	A., 	Scheller, 	R. 	M., 	Lucash, 	M. 	S., 	Hurteau, 	M. 	D., 	& 	Loudermilk, 	
E.	 L. 	 (2019). 	 Widespread 	 severe 	 wildfires 	 under 	 climate 	 change	
lead	 to	 increased	 forest	 homogeneity	 in	 dry	 mixed-c	 onifer	 forests.	
Ecosphere, 10, 	e02934.

Certini, 	G. 	(2005). 	Effects 	of 	fire 	on 	properties 	of 	forest 	soils: 	A 	review. 	
Oecologia, 143, 	1–10. 

Clark, 	C. 	J., 	& 	Russell, 	S. 	M. 	(2020). 	Anna's 	hummingbird 	(Calypte 	anna), 	
version 	1.0. 	In 	A. 	F. 	Poole 	(Ed.), 	Birds of the world 	(10).	 Cornell	 Lab	 
of	 Ornithology. 

Cole, 	 J. 	 S., 	 Siegel, 	 R. 	B., 	 Loffland, 	H. 	 L., 	 Elsey, 	 E. 	A., 	 Tingley, 	M. 	W., 	& 	
Johnson, 	M. 	(2020). 	Plant 	selection 	by 	bumble 	bees 	(Hymenoptera: 	
Apidae)	 in	 montane	 riparian	 habitat	 of	 California.	 Environmental  
Entomology, 49, 	220–229. 

Collins, 	B. 	M. 	(2014). 	Fire 	weather 	and 	large 	fire 	potential 	in 	the 	northern
 	
Sierra 	Nevada. 	Agricultural and Forest Meteorology, 189, 	30–35.
 

Collins, 	B. 	M., 	& 	Stephens, 	S. 	L. 	 (2010). 	Stand-r	eplacing 	patches 	within
 	
a	 ‘mixed	 severity’	 fire	 regime:	 Quantitative	 characterization	 using	 

TARBILL et al.

https://www.fs.usda.gov/rds/archive
https://orcid.org/0000-0003-2294-2413
https://orcid.org/0000-0003-2294-2413
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.1016/j.tree.2005.04.025
https://doi.org/10.1016/j.tree.2008.03.011
https://cdec.water.ca.gov/snow/current/snow/index.html
https://cdec.water.ca.gov/snow/current/snow/index.html


| 13 of 36      

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	  

	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	
	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	
 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	
	 	 	 	 	 	 	 	 	

	 	 	 	
	 	 	 	 	 	 	 	 	 	
	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	  
	

	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	

 	

recent 	 fires	 in	 a	 long-	established	 natural	 fire	 area.	 Landscape  
Ecology, 25, 	927–939. 

Collins, 	B. 	M., 	Stevens, 	J. 	T., 	Miller, 	J. 	D., 	Stephens, 	S. 	L., 	Brown, 	P. 	M., 	
& 	 North, 	M. 	 P. 	 (2017). 	 Alternative 	 characterization 	 of 	 forest 	 fire 	
regimes:	 Incorporating	 spatial	 patterns.	 Landscape Ecology, 32, 
1543–1552. 

Cusser, 	S., 	Neff, 	J. 	L., 	& 	Jha, 	S. 	(2016). 	Natural 	land 	cover 	drives 	pollinator 	
abundance 	and 	richness, 	leading 	to 	reductions 	in 	pollen 	limitation 	
in 	 cotton 	 agroecosystems. 	Agriculture, Ecosystems & Environment, 
226, 	33–42. 

Dávalos,	 A.,	 &	 Blossey,	 B.	 (2011).	 Matrix	 habitat	 and	 plant	 damage	 influ-
ence 	 colonization 	of 	purple 	 loosestrife 	patches 	by 	 specialist 	 leaf-	
beetles.	 Environmental Entomology, 40, 	1074–1080. 

DeBenedetti,	 S.	 H.,	 &	 Parsons,	 D.	 J.	 (1979). 	 Natural	 fire 	 in 	 subalpine 	
meadows:	 A	 case	 description	 from	 the	 Sierra	 Nevada.	 Journal of 
Forestry, 77, 	477–479. 

DeBenedetti, S. H., & Parsons, D. J. (1984). Postfire succession in a Sierran 
subalpine meadow. American Midland Naturalist, 111, 118–125. 

Dennis, R. L. H., & Shreeve, T. G. (1988). Hostplant-habitat structure 
and the evolution of butterfly mate-locating behaviour. Zoological 
Journal of the Linnean Society, 94, 301–318. 

Dennison, P. E., Brewer, S. C., Arnold, J. D., & Moritz, M. A. (2014). 
Large wildfire trends in the western United States, 1984–2011. 
Geophysical Research Letters, 41, 2928–2933. 

Department of Forestry and Fire Protection. (2018). California Fire 
Perimeters. 

Diaz-F	 orero, 	I., 	Kuusemets,	 V.,	 Mänd,	 M., 	Liivamägi, 	A.,	 Kaart,	 T.,	 &	 Luig,	 
J.	(2013). 	Influence 	of 	 local 	and 	 landscape 	factors 	on 	bumblebees 	
in 	semi-n	 atural 	meadows: 	A 	multiple-s	 cale 	study 	in 	a 	forested 	land-
scape. Journal of Insect Conservation, 17, 	113–125. 

Domínguez, L., & Luoma, C. (2020). Decolonising conservation policy: How 
colonial land and conservation ideologies persist and perpetuate in-
digenous 	injustices 	at 	the	 expense 	of 	the	 environment. 	Land, 9,	 65. 

Dorazio, R. M., & Royle, J. A. (2005). Estimating size and composition 
of biological communities by modeling the occurrence of species. 
Journal of the American Statistical Association, 100, 389–398. 

Dorazio, R. M., Royle, J. A., Söderström, B., & Glimskär, A. (2006). 
Estimating species richness and accumulation by modeling species 
occurrence and detectability. Ecology, 87, 842–854. 

Downes, J. A. (1973). Lepidoptera feeding at puddle-margins, dung, and 
carrion. Journal of the Lepidopterists' Society, 27, 89–99. 

Dunn, C. J., Johnston, J. D., Reilly, M. J., Bailey, J. D., & Miller, R. A. (2020). 
How does tree regeneration respond to mixed-severity fire in the 
western Oregon cascades, USA? Ecosphere, 11, e03003. 

Dyer, 	L. 	A., 	Singer, 	M. 	S., 	Lill, 	J. 	T., 	Stireman, 	J. 	O., 	Gentry, 	G. 	L., 	Marquis, 	
R. 	J., 	Ricklefs, 	R. 	E., 	Greeney, 	H. 	F., 	Wagner, 	D. 	L., 	& 	Morais, 	H. 	C. 	
(2007). 	Host 	 specificity 	 of 	 Lepidoptera 	 in 	 tropical 	 and 	 temperate 	
forests. 	Nature, 448, 	696–699. 

Ebeling, 	A., 	Klein, 	A.-M	 ., 	Schumacher, 	J., 	Weisser, 	W. 	W., 	& 	Tscharntke, 	
T. 	 (2008). 	How 	does 	plant 	 richness 	 affect 	pollinator 	 richness 	 and 	
temporal 	stability 	of 	flower 	visits? 	Oikos, 117, 	1808–1815. 

Enright, 	N. 	 J., 	 Fontaine, 	 J. 	 B., 	 Lamont, 	 B. 	 B., 	Miller, 	 B. 	 P., 	 & 	Westcott, 	
V. 	C. 	(2014). 	Resistance 	and 	resilience 	to 	changing 	climate 	and 	fire 	
regime	 depend	 on	 plant	 functional	 traits.	 Journal of Ecology, 102, 
1572–1581.

Etchells, 	 H., 	 O'Donnell, 	 A. 	 J., 	McCaw, 	W. 	 L., 	 & 	 Grierson, 	 P. 	 F. 	 (2020). 	
Fire 	 severity 	 impacts 	 on 	 tree 	mortality 	 and 	 post-f	 ire 	 recruitment 	
in 	 tall 	eucalypt 	 forests 	of 	Southwest 	Australia. 	Forest Ecology and 
Management, 459, 	117850. 

Farnsworth, 	G. 	L., 	Pollock, 	K. 	H., 	Nichols, 	 J. 	D., 	Simons, 	T. 	R., 	Hines, 	 J. 	
E., 	& 	Sauer, 	J. 	R. 	(2002). 	A 	removal 	model 	for 	estimating 	detection 	
probabilities 	from 	point-c	 ount 	surveys. 	The Auk, 119, 	414–425. 

Felderhoff, 	J., 	Gathof, 	A. 	K., 	Buchholz, 	S., 	& 	Egerer, 	M. 	(2023). 	Vegetation 	
complexity 	and 	nesting 	 resource 	availability 	predict 	bee 	diversity 	
and	 functional	 traits	 in	 community	 gardens.	 Ecological Applications, 
33, 	e2759. 

Flannigan, M., Cantin, A. S., De Groot, W. J., Wotton, M., Newbery, A., & 
Gowman, L. M. (2013). Global wildland fire season severity in the 
21st century. Forest Ecology and Management, 294, 54–61. 

Fleishman, E. (2000). Monitoring the response of butterfly communities 
to prescribed fire. Environmental Management, 26, 685–695. 

Foster, R. L. (1992). Intraspecific recognition functions in bumble bees. 
PhD Dissertation, Univ. of Washington, Seattle. 

Fowler, R. E., Rotheray, E. L., & Goulson, D. (2016). Floral abundance and 
resource quality influence pollinator choice. Insect Conservation and 
Diversity, 9, 481–494. 

Furnas, B. J., Goldstein, B. R., & Figura, P. J. (2022). Intermediate fire	 se-
verity 	diversity 	promotes 	richness 	of 	forest 	carnivores 	in 	California. 	
Diversity and Distributions, 28, 	493–505. 

Gaigher, R., Pryke, J. S., & Samways, M. J. (2019). Divergent fire man-
agement	 leads	 to	 multiple	 beneficial	 outcomes	 for	 butterfly	 con-
servation 	 in 	 a 	 production 	 mosaic. 	 Journal of Applied Ecology, 56, 
1322–1332. 

Galbraith, S. M., Cane, J. H., Moldenke, A. R., & Rivers, J. W. (2019a). 
Salvage logging reduces wild bee diversity, but not abundance, 	in 	se-
verely	 burned	 mixed-c	 onifer	 forest.	 Forest Ecology and Management, 
453, 117622. 

Galbraith, S. M., Cane, J. H., Moldenke, A. R., & Rivers, J. W. (2019b). 
Wild bee diversity increases with local fire severity in a fire-prone 
landscape. Ecosphere, 10, e02668. 

Garcia, 	 L., 	 Gould, 	 J., 	 & 	 Eubanks, 	 M. 	 (2023). 	 Bugs 	 carry 	 pollen 	 too: 	
Pollination	 efficiency	 of	 plant	 bug	 Pseudatomoscelis	 seriatus	 
(Hemiptera:	 Miridae)	 visiting	 cotton	 flowers.	 Florida Entomologist, 
106, 	122–128. 

Gass, 	C. 	L. 	 (1979). 	Territory 	regulation, 	 tenure, 	and 	migration 	 in 	rufous 	
hummingbirds.	 Canadian Journal of Zoology, 57, 	914–923. 

Gelman, 	A., 	Carlin, 	J. 	B., 	Stern, 	H. 	S., 	& 	Rubin, 	D. 	B. 	(2004). 	Bayesian 	Data 	
Analysis 	Chapman 	& 	Hall. 	CRC 	Texts 	in 	Statistical 	Science. 

Gelman, 	A., 	& 	Hill, 	J. 	(2006). 	Data analysis using regression and multilevel/ 
hierarchical models. 	Cambridge 	University 	Press. 

Gelman, 	A., 	Meng, 	X.-L	 ., 	& 	Stern, 	H. 	(1996). 	Posterior 	predictive 	assess-
ment 	 of 	model 	 fitness 	 via 	 realized 	 discrepancies. 	Statistica Sinica, 
6, 	733–760. 

Ghazoul, 	 J. 	 (2006). 	 Floral 	 diversity 	 and 	 the 	 facilitation 	 of 	 pollination. 	
Journal of Ecology, 94, 	295–304. 

Glenny,	 W.,	 Runyon,	 J.	 B.,	 &	 Burkle,	 L.	 A.	 (2023).	 Habitat	 characteristics	 
structuring	 bee	 communities	 in	 a	 forest-	shrubland	 ecotone.	 Forest  
Ecology and Management, 534,	 120883. 

Grove,	 S.	 J.	 (2002).	 Saproxylic	 insect	 ecology	 and	 the	 sustainable	 man-
agement	 of	 forests.	 Annual Review of Ecology and Systematics, 33, 
1–23. 

Hagmann,	 R.	 K.,	 Hessburg,	 P.	 F.,	 Prichard,	 S.	 J., 	Povak,	 N.	 A., 	Brown,	 P.	 M., 	
Fulé,	 P.	 Z.,	 Keane,	 R.	 E.,	 Knapp,	 E.	 E.,	 Lydersen,	 J.	 M.,	 &	 Metlen,	 K.	 L.	 
(2021). 	Evidence 	for 	widespread 	changes 	in 	the 	structure, 	composi-
tion,	 and	 fire	 regimes	 of	 western	 North	 American	 forests.	 Ecological  
Applications, 33(8),	 e02431. 

Hatfield,	 R.	 G.,	 &	 LeBuhn,	 G.	 (2007).	 Patch	 and	 landscape	 fac-
tors	 shape	 community	 assemblage	 of	 bumble	 bees,	 Bombus  
spp.	 (Hymenoptera:	 Apidae),	 in	 montane	 meadows.	 Biological  
Conservation, 139, 	150–158. 

Häussler, 	 J., 	 Sahlin, 	 U., 	 Baey, 	 C., 	 Smith, 	 H. 	 G., 	 & 	 Clough, 	 Y. 	 (2017). 	
Pollinator 	 population 	 size 	 and 	 pollination 	 ecosystem 	 service 	 re-
sponses	 to	 enhancing	 floral	 and	 nesting	 resources.	 Ecology and 
Evolution, 7, 	1898–1908. 

Heil, 	 L. 	 J., 	& 	 Burkle, 	 L. 	 A. 	 (2018). 	 Recent 	 post-w	 ildfire 	 salvage 	 logging 	
benefits	 local	 and	 landscape	 floral	 and	 bee	 communities.	 Forest  
Ecology and Management, 424, 	267–275. 

Hemberger, 	J., 	Witynski, 	G., 	& 	Gratton, 	C. 	(2022). 	Floral 	resource 	conti-
nuity 	boosts 	bumble 	bee 	 colony 	performance	 relative	 to 	variable	 
floral	 resources. 	Ecological Entomology, 47, 	703–712. 

Henry, 	E. 	H., 	Haddad, 	N. 	M., 	Wilson, 	J., 	Hughes, 	P., 	& 	Gardner, 	B. 	(2015). 	
Point-c	 ount	 methods	 to	 monitor	 butterfly	 populations	 when	 

TARBILL et al.



14 of 36  |     

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	  

	
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	
 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	
	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	
	

	 	 	 	 	 	 	  

	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	

	
	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	
 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	 	

traditional	 methods	 fail:	 A	 case	 study	 with	 Miami	 blue	 butterfly.	 
Journal of Insect Conservation, 19, 	519–529. 

Hicks,	 D.	 M.,	 Ouvrard,	 P.,	 Baldock,	 K.	 C.,	 Baude,	 M.,	 Goddard,	 M.	 A.,	 
Kunin, 	W. 	 E., 	 Mitschunas, 	 N., 	 Memmott, 	 J., 	 Morse, 	 H., 	 Nikolitsi, 	
M., 	Osgathorpe, 	L. 	M., 	Potts, 	S. 	G., 	Robertson, 	K. 	M., 	Scott, 	A. 	V., 	
Sinclair, 	F., 	Westbury, 	D. 	B., 	& 	Stone, 	G. 	N. 	(2016). 	Food 	for 	pollina-
tors: 	Quantifying 	the 	nectar 	and 	pollen 	resources 	of 	urban 	flower 	
meadows.	 PLoS ONE, 11, 	e0158117. 

Hobbs, 	 G. 	 A. 	 (1967). 	 ecology 	 of 	 species 	 of 	 bombus 	 (Hymenoptera: 	
Apidae) 	 in 	 southern 	 Alberta: 	 VI. 	 Subgenus 	 pyrobombus1. 	 The 
Canadian Entomologist, 99, 	1271–1292. 

Horak, 	 J. 	 (2014). 	 Fragmented 	 habitats 	 of 	 traditional 	 fruit 	 orchards 	 are 	
important 	for 	dead 	wood-d	 ependent 	beetles 	associated 	with 	open 	
canopy deciduous woodlands.  Naturwissenschaften, 101, 	499–504. 

Hsieh, 	 T. 	 C., 	 Ma, 	 K. 	 H., 	 & 	 Chao, 	 A. 	 (2020). 	 iNEXT: 	 iNterpolation 	 and 	
EXTrapolation 	for 	species 	diversity. 	R	 Package	 Version	 2.0.	 20. 

Huntzinger,	 M.	 (2003).	 Effects	 of	 fire	 management	 practices	 on	 but-
terfly	 diversity	 in	 the	 forested	 western	 United	 States.	 Biological  
Conservation, 113, 	1–12. 

Hurteau,	 M.	 D.,	 &	 Brooks,	 M.	 L.	 (2011).	 Short-	and	 long-	term	 effects	 of	 
fire	 on	 carbon	 in	 US	 dry	 temperate	 forest	 systems.	 Bioscience, 61, 
139–146. 

Ishida,	 C.,	 Kono,	 M.,	 &	 Sakai,	 S.	 (2009).	 A	 new	 pollination	 system:	 Brood-	
site	 pollination	 by	 flower	 bugs	 in	 Macaranga	 (Euphorbiaceae).	 
Annals of Botany, 103, 	39–44. 

Jager, 	H. 	 I., 	Long, 	J. 	W., 	Malison, 	R. 	L., 	Murphy, 	B. 	P., 	Rust, 	A., 	Silva, 	L. 	
G., 	Sollmann, 	R., 	Steel, 	Z. 	L., 	Bowen, 	M. 	D., 	& 	Dunham, 	J. 	B. 	(2021). 	
Resilience 	of 	terrestrial 	and 	aquatic 	fauna 	to 	historical 	and 	future 	
wildfire 	regimes 	 in 	western 	North 	America. 	Ecology and Evolution, 
11, 	12259–12284. 

Jha, S., & Kremen, C. (2013). Resource diversity and landscape-level 
homogeneity drive native bee foraging. Proceedings of the National 
Academy of Sciences, 110, 555–558. 

Jones, M. W., Abatzoglou, J. T., Veraverbeke, S., Andela, N., Lasslop, G., 
Forkel, M., Smith, A. J., Burton, C., Betts, R. A., & van der Werf, G. R. 
(2022). Global and regional trends and drivers of fire under climate 
change. Reviews of Geophysics, 60, e2020RG000726. 

Kaluza, B. F., Wallace, H., Keller, A., Heard, T. A., Jeffers, B., Drescher, N., 
Blüthgen, N., & Leonhardt, S. D. (2017). Generalist social bees 	max-
imize 	diversity 	intake 	in 	plant 	species-r	 ich 	and 	resource-a	 bundant 	
environments.	 Ecosphere, 8, 	e01758. 

Kaluza, B. F., Wallace, H. M., Heard, T. A., Minden, V., Klein, A., & 
Leonhardt, S. D. (2018). Social bees are fitter in more biodiverse 
environments. Scientific Reports, 8, 1–10. 

Kellner, K. (2021). jagsUI: A wrapper around rjags to streamline JAGS 
analyses. R Package Version 1.5.2. 

Kelt, D. A., Sollmann, R., White, A. M., Roberts, S. L., & Van Vuren, D. H. 
(2017). Diversity of small mammals in the Sierra Nevada: Filtering 
by natural selection or by anthropogenic activities? Journal of 
Mammalogy, 98, 85–93. 

Kéry, M., & Royle, J. A. (2020). Applied Hierarchical Modeling in Ecology: 
Analysis of distribution, abundance, and species richness in R and 
BUGS, Volume 2: Dynamic and Advanced Models. Academic Press. 

Kimmerer, R. W., & Lake, F. K. (2001). The role of indigenous burning in 
land management. Journal of Forestry, 99, 36–41. 

Kirkland, M., Atkinson, P. W., Pearce-Higgins, J. W., de Jong, M. C., 
Dowling, T. P., Grummo, D., Critchley, M., & Ashton-Butt, A. (2023). 
Landscape fires disproportionally affect high conservation value 
temperate peatlands, meadows, and deciduous forests, but only 
under low moisture conditions. Science of the Total Environment, 
884, 163849. 

Klimaszewski-Patterson, A., Weisberg, P. J., Mensing, S. A., & Scheller, 
R. 	M. 	(2018). 	Using 	paleolandscape 	modeling 	to 	investigate 	the 	im-
pact 	of 	native 	American–set 	fires 	on 	pre-c	 olumbian 	forests 	in 	the 	
southern 	 Sierra 	 Nevada, 	 California, 	 USA. 	Annals of the American 
Association of Geographers, 108, 	1635–1654. 

Klumpers, S. G., Stang, M., & Klinkhamer, P. G. (2019). Foraging efficiency 
and size matching in a plant–pollinator community: The importance 
of sugar content and tongue length. Ecology Letters, 22, 469–479. 

Koltz, A. M., Burkle, L. A., Pressler, Y., Dell, J. E., Vidal, M. C., Richards, 
L. 	A., 	& 	Murphy, 	S. 	M. 	 (2018). 	Global 	change 	and 	 the 	 importance 	
of 	fire 	for 	the 	ecology 	and 	evolution 	of 	insects. 	Current Opinion in
Insect Science, 29, 	110–116. 

Kramer, A., Jones, G. M., Whitmore, S. A., Keane, J. J., Atuo, F. A., 
Dotters, B. P., Sawyer, S. C., Stock, S. L., Gutiérrez, R. J., & Peery, 
M.	Z. 	 (2021). 	 California 	 spotted 	 owl 	 habitat 	 selection 	 in 	 a 	 fire-	
managed	 landscape	 suggests	 conservation	 benefit	 of	 restor-
ing	 historical	 fire	 regimes.	 Forest Ecology and Management, 479, 
118576. 

Lake, F. K., Wright, V., Morgan, P., McFadzen, M., McWethy, D., 
& Stevens-Rumann, C. (2017). Returning fire to the land: 
Celebrating traditional knowledge and fire. Journal of Forestry, 
115, 343–353. 

Lang, B. J., Dixon, P. M., Klaver, R. W., Thompson, J. R., & Widrlechner, M. 
P. 	(2019). 	Characterizing 	urban 	butterfly 	populations: 	The 	case 	for 	
purposive point-c ount surveys. Urban Ecosystems, 22, 	1083–1096. 

Lazarina, M., Devalez, J., Neokosmidis, L., Sgardelis, S. P., Kallimanis, A. 
S., Tscheulin, T., Tsalkatis, P., Kourtidou, M., Mizerakis, V., & Nakas, 
G. 	 (2019). 	Moderate 	fire 	severity 	 is 	best 	for 	the 	diversity 	of 	most 	
of 	the 	pollinator 	guilds 	in 	Mediterranean 	pine 	forests. 	Ecology, 100, 
e02615. 

Liivamägi, A., Kuusemets, V., Kaart, T., Luig, J., & Diaz-Forero, I. (2014). 
Influence of habitat and landscape on butterfly diversity of semi-
natural meadows within forest-dominated landscapes. Journal of 
Insect Conservation, 18, 1137–1145. 

Loffland, H. L., Polasik, J. S., Tingley, M. W., Elsey, E. A., Loffland, C., 
Lebuhn, G., & Siegel, R. B. (2017). Bumble bee use of post-fire 
chaparral in the Central Sierra Nevada. The Journal of Wildlife 
Management, 81, 1084–1097. 

Loffland, H. L., Siegel, R. B., & Wilkerson, R. L. (2011). Avian monitoring 
protocol for Sierra Nevada meadows: A tool for assessing the 	ef-
fects 	of 	meadow 	restoration 	on 	birds. 	Version 	1.0. 	The 	Institute 	for 	
Bird	 Populations, 	point 	Reyes 	Station, 	CA. 

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, 
A., Hooper, D. U., Huston, M. A., Raffaelli, D., Schmid, B., Tilman, 
D., & Wardle, D. A. (2001). Biodiversity and ecosystem functioning: 
Current knowledge and future challenges. Science, 294, 804–808. 

Martin, R. E., & Sapsis, D. B. (1992). Fires as agents of biodiversity: 
Pyrodiversity promotes biodiversity. In: Proceedings of the con-
ference	 on	 biodiversity	 of	 Northwest	 California	 ecosystems.	 
Cooperative	 Extension,	 University	 of	 California,	 Berkeley. 

Martins, K. T., Gonzalez, A., & Lechowicz, M. J. (2015). Pollination ser-
vices	 are	 mediated	 by	 bee	 functional	 diversity	 and	 landscape	 con-
text.	 Agriculture, Ecosystems & Environment, 200,	 12–20. 

Mason, S. C., Jr., Shirey, V., Ponisio, L. C., & Gelhaus, J. K. (2021). 
Responses from bees, butterflies, and ground beetles to differ-
ent	 fire	 and	 site	 characteristics:	 A	 global	 meta-	analysis.	 Biological  
Conservation, 261,	 109265. 

McKelvey, K. S., Skinner, C. N., Chang, C., Erman, D. C., Husari, S. J., 
Parsons, D. J., van Wagtendonk, J. W., & Weatherspoon, C. P. (1996). 
An overview of fire in the Sierra Nevada. In: Sierra Nevada	 eco-
system	 project:	 Final	 report	 to	 congress,	 Vol.	 II,	 Assessments	 and	 
Scientific	 Basis	 for	 Management	 Options:	 University	 of	 California,	 
Davis,	 Centers	 for	 Water	 and	 Wildland	 Resources.	 pp.	 1033–1040. 

McKinney, A. M., CaraDonna, P. J., Inouye, D. W., Barr, B., Bertelsen, C. 
D., & Waser, N. M. (2012). Asynchronous changes in phenology of 
migrating broad-tailed hummingbirds and their early-season nectar 
resources. Ecology, 93, 1987–1993. 

Merkle, J. A., Abrahms, B., Armstrong, J. B., Sawyer, H., Costa, D. P., & 
Chalfoun, A. D. (2022). Site fidelity as a maladaptive behavior in 
the Anthropocene. Frontiers in Ecology and the Environment, 20, 
187–194. 

TARBILL et al.



| 15 of 36      

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	  

	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	
	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	 	 	

  
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	  

	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	  
	

	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	

	 	 		 	
 
	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	
	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

	
	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	
	 	 	

	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	

Mikula, P., Toszogyova, A., & Albrecht, T. (2022). A global analysis of 
aerial displays in passerines revealed an effect of habitat, mating 
system and migratory traits. Proceedings of the Royal Society B, 289, 
20220370. 

Miller, J. D., & Thode, A. E. (2007). Quantifying burn severity in a hetero-
geneous	 landscape	 with	 a	 relative	 version	 of	 the	 delta	 normalized 	
burn 	ratio	 (dNBR).	 Remote Sensing of Environment, 109,	 66–80. 

Miller, J. E., Root, H. T., & Safford, H. D. (2018). Altered fire regimes 
cause long-term lichen diversity losses. Global Change Biology, 24, 
4909–4918. 

Mola, J. M., & Williams, N. M. (2018). Fire-induced change in floral 
abundance,	 density,	 and	 phenology	 benefits bumble bee foragers. 
Ecosphere, 9,	 e02056. 

Moore, F. R., & Aborn, D. A. (2000). Mechanisms of en route habitat	 se-
lection:	 How	 do	 migrants	 make	 habitat	 decisions	 during	 stopover?	 
Studies in Avian Biology, 20,	 34–42. 

New, T. R. (2014). Insects, fire and conservation. Springer. 
Nicolson, S. W. (2022). Sweet solutions: Nectar chemistry and quality. 

Philosophical Transactions of the Royal Society B, 377, 20210163. 
North, M., Collins, B. M., & Stephens, S. (2012). Using fire to increase the 

scale, benefits, and future maintenance of fuels treatments. Journal 
of Forestry, 110, 392–401. 

North,	 M.	 P.,	 York,	 R.	 A.,	 Collins,	 B.	 M.,	 Hurteau,	 M.	 D.,	 Jones,	 G.	 M.,	 
Knapp,	 E.	 E.,	 Kobziar,	 L.,	 McCann,	 H.,	 Meyer,	 M.	 D.,	 &	 Stephens,	 S.	 
L.	 (2021).	 Pyrosilviculture	 needed	 for	 landscape	 resilience	 of	 dry	
western	 United	 States	 forests.	 Journal of Forestry, 119,	 520–544.

Ogilvie,	 J.	 E.,	 &	 Forrest,	 J.	 R.	 (2017).	 Interactions	 between	 bee	 foraging	 
and	 floral	 resource	 phenology	 shape	 bee	 populations	 and	 commu-
nities.  Current Opinion in Insect Science, 21,	 75–82. 

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants 
are pollinated by animals? Oikos, 120, 321–326. 

O'Neill, K. M., Fultz, J. E., & Ivie, M. A. (2008). Distribution of adult 
Cerambycidae and Buprestidae (Coleoptera) in a subalpine forest 
under shelterwood management. The Coleopterists Bulletin, 62, 
27–36. 

Parks, S. A., Dobrowski, S. Z., Shaw, J. D., & Miller, C. (2019). Living on 
the edge: Trailing edge forests at risk of fire-facilitated conversion 
to non-forest. Ecosphere, 10(3), e02651. 

Parr,	 C.	 L.,	 &	 Andersen,	 A.	 N.	 (2006).	 Patch	 mosaic	 burning	 for	 biodi-
versity	 conservation:	 A	 critique	 of	 the	 pyrodiversity	 paradigm.	 
Conservation Biology, 20, 	1610–1619. 

Pausas, J. G., & Fernández-Muñoz, S. (2012). Fire regime changes in the 
Western Mediterranean Basin: From fuel-limited to drought-driven 
fire regime. Climatic Change, 110, 215–226. 

Pausas,	 J.	 G.,	 &	 Keeley,	 J.	 E.	 (2019).	 Wildfires	 as	 an	 ecosystem	 service.	 
Frontiers in Ecology and the Environment, 17(5),	 289–295.	 https://doi. 
org/10 .1002/fee.2044 

Peralta, G., Stevani, E. L., Chacoff, N. P., Dorado, J., & Vázquez, D. P. 
(2017). Fire influences the structure of plant–bee networks. Journal 
of Animal Ecology, 86, 1372–1379. 

Pereira,	 P.,	 Cerdà,	 A.,	 Lopez,	 A.	 J.,	 Zavala,	 L.	 M.,	 Mataix-	Solera,	 J.,	 
Arcenegui,	 V.,	 Misiune,	 I.,	 Keesstra,	 S.,	 &	 Novara,	 A.	 (2016).	 Short-	
term 	vegetation 	recovery 	after 	a 	grassland 	fire 	in 	Lithuania: 	The 	ef-
fects	 of	 fire	 severity,	 slope	 position	 and	 aspect.	 Land Degradation & 
Development, 27,	 1523–1534. 

Plummer,	 M.	 (2003).	 JAGS:	 A	 program	 for	 analysis	 of	 Bayesian	 graphi-
cal	 models	 using	 Gibbs	 sampling.	 in:	 Proceedings	 of	 the	 3rd	 inter-
national	 workshop	 on	 distributed	 statistical	 computing.	 Vienna,	 
Austria.	 pp.	 1–10. 

Ponisio,	 L.	 C.,	 Wilkin,	 K.,	 M'gonigle,	 L.	 K.,	 Kulhanek,	 K.,	 Cook,	 L.,	 Thorp,	 R.,	 
Griswold,	 T.,	 &	 Kremen,	 C.	 (2016).	 Pyrodiversity	 begets	 plant–pol-
linator	 community	 diversity.	 Global  Change  Biology, 22,	 1794–1808. 

Potts, S. G., Vulliamy, B., Dafni, A., Ne'eman, G., O'toole, C., Roberts, S., 
& Willmer, P. (2003). Response of plant-pollinator communities to 
fire: Changes in diversity, abundance and floral reward structure. 
Oikos, 101, 103–112. 

Potts, S. G., Vulliamy, B., Dafni, A., Ne'eman, G., & Willmer, P. (2003). 
Linking bees and flowers: How do floral communities structure 	pol-
linator	 communities?	 Ecology, 84,	 2628–2642. 

Potts, S. G., Vulliamy, B., Roberts, S., O’Toole, C., Dafni, A., Ne’eman, 
G., & Willmer, P. (2005). Role of nesting resources in organising 
diverse bee communities in a Mediterranean landscape. Ecological 
Entomology, 30(1), 78–85. 

Pourreza, M., Hosseini, S. M., Sinegani, A. A. S., Matinizadeh, M., & 
Alavai, S. J. (2014). Herbaceous species diversity in relation to fire 
severity in Zagros oak forests, Iran. Journal of Forestry Research, 25, 
113–120. 

R	 Core	 Team.	 (2023).	 R: A language and environment for statistical comput-
ing .	R	Foundation	 for	Statistical	Computing.	https ://www .R-pro je
ct.org 

Ratliff, R. D. (1985). Meadows in the Sierra Nevada of California: State 
of knowledge (USDA Forest Service general technical report 
PSW-84). US Department of Agriculture, Forest Service, Pacific 
Southwest Forest and Range Experiment Station. 

Rein,	 G.,	 Cleaver,	 N.,	 Ashton,	 C.,	 Pironi,	 P.,	 &	 Torero,	 J.	 L.	 (2008).	 The	 
severity	 of	 smouldering	 peat	 fires	 and	 damage	 to	 the	 forest	 soil.	 
Catena, 74,	 304–309. 

Richter,	 C.,	 Rejmánek,	 M.,	 Miller,	 J.	 E.,	 Welch,	 K.	 R.,	 Weeks,	 J.,	 &	 Safford,	 
H.	 (2019).	 The	 species	 diversity	 x	 fire	 severity	 relationship	 is	
hump-	shaped	 in	 semiarid	 yellow	 pine	 and	 mixed	 conifer	 forests.	 
Ecosphere, 10,	 e02882.

Ricono, A., Dixon, R., Eaton, I., Brightbill, C. M., Yaziji, Y., Puzey, J. R., & 
Dalgleish, H. J. (2018). Long-and short-term responses of Asclepias 
species differ in respect to fire, grazing, and nutrient addition. 
American Journal of Botany, 105, 2008–2017. 

Robinson, S. V., Losapio, G., & Henry, G. H. (2018). Flower-power: Flower	 
diversity 	is 	a 	stronger 	predictor 	of 	network 	structure 	than 	insect 	di-
versity	 in	 an	 Arctic	 plant–pollinator	 network.	 Ecological  Complexity, 
36,	 1–6. 

Rodríguez, A., & Kouki, J. (2017). Disturbance-mediated heterogeneity 
drives pollinator diversity in boreal managed forest ecosystems. 
Ecological Applications, 27, 589–602. 

Ross, J. A., Matter, S. F., & Roland, J. (2005). Edge avoidance and move-
ment	 of	 the	 butterfly	 Parnassius	 smintheus	 in	 matrix	 and	 non-	
matrix	 habitat.	 Landscape Ecology, 20,	 127–135. 

Roulston, T. H., & Goodell, K. (2011). The role of resources and risks in 
regulating wild bee populations. Annual Review of Entomology, 56, 
293–312. 

Rubene, D., Schroeder, M., & Ranius, T. (2017). Effectiveness of local 
conservation management is affected by landscape properties: 
Species richness and composition of saproxylic beetles in boreal 
forest clearcuts. Forest Ecology and Management, 399, 54–63. 

Russell,	 R.	 W.,	 Carpenter,	 F.	 L.,	 Hixon,	 M.	 A.,	 &	 Paton,	 D.	 C.	 (1994).	 The	 
impact	 of	 variation	 in	 stopover	 habitat	 quality	 on	 migrant	 rufous	 
hummingbirds.	 Conservation Biology, 8,	 483–490. 

Safford,	 H.	 D.,	 &	 Stevens,	 J.	 T.	 (2017).	 Natural	 range	 of	 variation	 for	 yel-
low	 pine	 and	 mixed-	conifer	 forests	 in	 the	 Sierra	 Nevada,	 southern	 
cascades,	 and	 Modoc	 and	 Inyo	 National	 Forests,	 California,	 USA.	 
United	 States	 Department	 of	 Agriculture,	 Forest	 Service,	 Pacific	 
Southwest	 Research	 Station. 

Saracco,	 J.	 F.,	 Siegel,	 R.	 B.,	 &	 Wilkerson,	 R.	 L.	 (2011).	 Occupancy	 mod-
eling	 of	 Black-	backed	 Woodpeckers	 on	 burned	 Sierra	 Nevada	 for-
ests. Ecosphere , 2(3), art31. https ://do i.org/10 .1890/es10-00132.
1 

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., & Walker, B. (2001). 
Catastrophic shifts in ecosystems. Nature, 413, 591–596. 

Seidl,	 R.,	 Spies,	 T.	 A.,	 Peterson,	 D.	 L.,	 Stephens,	 S.	 L.,	 &	 Hicke,	 J.	 A.	 (2016).	 
Searching	 for	 resilience:	 Addressing	 the	 impacts	 of	 changing	 dis-
turbance	 regimes	 on	 forest	 ecosystem	 services.	 Journal of Applied 
Ecology, 53,	 120–129. 

Shochat, E., Patten, M. A., Morris, D. W., Reinking, D. L., Wolfe, D. 
H., & Sherrod, S. K. (2005). Ecological traps in isodars: Effects 

TARBILL et al.

https://doi.org/10.1002/fee.2044
https://doi.org/10.1002/fee.2044
https://www.r-project.org
https://doi.org/10.1890/es10-00132.1
https://doi.org/10.1890/es10-00132.1
https://www.r-project.org


16 of 36  |     

	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	  
	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	
	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	

    
	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	 	

	 	 	 	 	 	
	

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
	 	 	 	 	 	 	 	 	
	 	 	

	 	 	 	 	 	 	 	 	 	 	
	 	 	 	

of	 tallgrass 	prairie 	management 	on 	bird 	nest 	success. 	Oikos, 111, 
159–169. 

Skinner, C. N., & Chang, C. (1996). Fire regimes, past and present. In: 
Sierra Nevada ecosystem project: Final report to congress, Vol. 
II, Assessments and Scientific Basis for Management Options: 
University of California, Davis. Centers for Water and Wildland 
Resources. pp. 1041–1069. 

Stang,	 M.,	 Klinkhamer,	 P.	 G.,	 Waser,	 N.	 M.,	 Stang,	 I.,	 &	 van	 der	 Meijden,	 
E.	(2009). 	Size-s	 pecific 	interaction 	patterns 	and 	size 	matching 	in 	a 	
plant–pollinator	 interaction	 web.	 Annals of Botany, 103, 	1459–1469. 

Steffan-Dewenter, I., & Tscharntke, T. (1999). Effects of habitat isolation 
on pollinator communities and seed set. Oecologia, 121, 432–440. 

Stephens, S. L., Burrows, N., Buyantuyev, A., Gray, R. W., Keane, R. 
E., Kubian, R., Liu, S., Seijo, F., Shu, L., & Tolhurst, K. G. (2014). 
Temperate	 and	 boreal	 forest	 mega-	fires:	 Characteristics 	and 	chal-
lenges. Frontiers in Ecology and the Environment, 12,	 115–122. 

Taillie,	 P.	 J.,	 Burnett,	 R.	 D.,	 Roberts,	 L.	 J.,	 Campos,	 B.	 R.,	 Peterson,	 M.	 
N.,	 &	 Moorman,	 C.	 E.	 (2018).	 Interacting 	and 	non-l	inear 	avian 	 re-
sponses 	 to 	mixed-s	 everity 	wildfire 	 and 	 time 	 since 	 fire. 	Ecosphere, 
9, 	e02291. 

Tarbill, 	 G. 	 L. 	 (2022). 	 The 	 birds 	 and 	 the 	 bees, 	 flowers 	 and 	 burnt 	 trees: 	
Plant-p	 ollinator 	 communities 	 after 	 fire 	 in 	 the 	 Sierra 	 Nevada 	 of 	
California. 	(PhD 	Thesis). 	University 	of 	California, 	Davis. 

Thomson, 	D. 	M. 	(2019). 	Effects 	of 	long-t	erm 	variation 	in 	pollinator 	abun-
dance 	and 	diversity 	on 	reproduction 	of 	a 	generalist 	plant. 	Journal of 
Ecology, 107, 	491–502. 

Triplehorn, C. A., & Johnson, N. F. (2005). Borror and delong's introduction 
to the study of insects. Brooks. 

Ulyshen, 	 M. 	 D., 	 Hiers, 	 J. 	 K., 	 Pokswinksi, 	 S. 	 M., 	 & 	 Fair, 	 C. 	 (2022). 	
Pyrodiversity	 promotes	 pollinator	 diversity	 in	 a	 fire-a	 dapted	 land-
scape. Frontiers in Ecology and the Environment, 20, 	78–83. 

USDA Forest Service, R.S.A.C. (2014). RAVG data bundle for the KING 
fire occurring on the Eldorado National Forest. Raster digital data 
Salt Lake City, Utah, USA. 

Vaca-U	 ribe, 	 J. 	 L., 	 Figueroa, 	 L. 	 L., 	 Santamaría, 	M., 	& 	Poveda, 	K. 	 (2021). 	
Plant	 richness	 and	 blooming	 cover	 affect	 abundance	 of	 flower	 visi-
tors	 and	 network	 structure	 in	 Colombian	 orchards.	 Agricultural and 
Forest Entomology, 23, 	545–556. 

van 	Nouhuys, 	 S., 	& 	Hanski, 	 I. 	 (2005). 	Metacommunities 	 of 	 butterflies, 	
their host plants, and their parasitoids. In Metacommunities: Spatial  
Dynamics and Ecological Communities 	 (pp. 	 99–121). 	 University 	 of 	
Chicago Press. 

Van 	Swaay, 	C., 	Brereton, 	T. 	M., 	Warren, 	M., 	& 	Kirkland, 	P. 	(2012). 	Manual 	
for 	butterfly 	monitoring. 	Report 	VS2012.010. 	De 	Vlinderstichting/ 
Dutch	 butterfly	 conservation,	 butterfly	 conservation	 UK	 and	 but-
terfly 	conservation 	Europe, 	Wageningen, 	the 	Netherlands. 

Vaudo, A. D., Tooker, J. F., Grozinger, C. M., & Patch, H. M. (2015). Bee 
nutrition and floral resource restoration. Current Opinion in Insect 
Science, 10, 133–141. 

Weeks, J., Miller, J. E. D., Steel, Z. L., Batzer, E. E., & Safford, H. D. (2023). 
High-severity fire drives persistent floristic homogenization in 

human-al	 tered	 forests.	 Ecosphere, 14(2), 	e4409. 	https://doi.org/10. 
1002/ecs2 .4409

White, 	A. 	M., 	& 	Long, 	 J. 	W. 	 (2019). 	Understanding 	ecological 	contexts 	
for 	active 	reforestation 	following 	wildfires. 	New Forests, 50, 	41–56. 

Williams, 	J. 	(2013). 	Exploring 	the 	onset 	of 	high-i	mpact 	mega-f	 ires 	through 	
a 	 forest 	 land 	management 	prism. 	Forest Ecology and Management, 
294, 	4–10. 

Williams, N. M., Crone, E. E., T'ai, H. R., Minckley, R. L., Packer, L., & Potts, 
S. 	G. 	 (2010). 	Ecological 	 and 	 life-h	 istory 	 traits 	predict 	bee 	 species 	
responses	 to	 environmental	 disturbances.	 Biological Conservation, 
143, 	2280–2291. 

Woodcock, 	B. 	A., 	Bullock, 	J. 	M., 	Mortimer, 	S. 	R., 	Brereton, 	T., 	Redhead, 	
J.	W., 	 Thomas, 	 J. 	A., 	& 	 Pywell, 	R. 	 F. 	 (2012). 	 Identifying 	 time 	 lags	
in 	the 	restoration 	of 	grassland 	butterfly 	communities: 	A 	multi-s	 ite	
assessment.	 Biological Conservation, 155, 	50–58.

Wray, 	J. 	C., 	& 	Elle, 	E. 	(2015). 	Flowering 	phenology 	and 	nesting 	resources 	
influence 	pollinator 	community 	composition 	in 	a 	fragmented 	eco-
system. 	Landscape Ecology, 30, 	261–272. 

Young, D. J., Stevens, J. T., Earles, J. M., Moore, J., Ellis, A., Jirka, A. L., & 
Latimer, A. M. (2017). Long-term climate and competition explain 
forest mortality patterns under extreme drought. Ecology Letters, 
20, 78–86. 

Young, 	J. 	D., 	Evans, 	A. 	M., 	Iniguez, 	J. 	M., 	Thode, 	A., 	Meyer, 	M. 	D., 	Hedwall, 	
S.	J., 	McCaffrey, 	S., 	Shin, 	P., 	& 	Huang, 	C.-H	 . 	(2020). 	Effects 	of 	pol-
icy 	change 	on 	wildland 	fire 	management 	strategies: 	Evidence 	for 	a	
paradigm 	shift 	in 	the 	western 	US? 	International Journal of Wildland 
Fire, 29, 	857–877.

Zipkin, E. F., Royle, J. A., Dawson, D. K., & Bates, S. (2010). Multi-species 
occurrence models to evaluate the effects of conservation and 
management actions. Biological Conservation, 143, 479–484. 

Zouhar, 	 K.		 (2021). 	 Fire 	 regimes 	 of 	 plains 	 grassland 	 and 	 prairie 	 eco-
systems. 	 In 	 Fire Effects Information System. 	 U.S. 	 Department 	 of 	
Agriculture, 	 Forest 	 Service, 	 Rocky 	 Mountain 	 Research 	 Station, 	
Missoula	 Fire	 Sciences	 Laboratory	 (Producer).	 Retrieved	 November	 
27,	2023,	from 	www .fs.usda.gov/database/fe is/f ire_reg imes/P lain
sGrass_Pra irie/a l l.htm l

How to cite this article: Tarbill, 	G. 	L.,	 White,	 A.	 M., 	& 	
Sollmann,	 R. 	(2023).	 Response 	of 	pollinator 	taxa 	to 	fire 	is 	
consistent	 with	 historic	 fire	 regimes	 in	 the	 Sierra	 Nevada	 and 	
mediated	 through	 floral	 richness.	 Ecology and Evolution, 13, 
e10761.  https://doi.org/10.1002/ece3.10761 

TARBILL et al.

https://doi.org/10.1002/ecs2.4409
https://doi.org/10.1002/ecs2.4409
http://www.fs.usda.gov/database/feis/fire_regimes/PlainsGrass_Prairie/all.html
http://www.fs.usda.gov/database/feis/fire_regimes/PlainsGrass_Prairie/all.html
https://doi.org/10.1002/ece3.10761


     17 of 36 | 

	 	 	

	 	

	 	 	 	 	 	 	 	 	 	

	 	 	 	
	 	 	 	 	 	 	 	
	 	 	 	 	 	

	 	 	 	 	 	
	

APPENDIX A 

TABLE  A1 Number 	of 	sites 	with 	plots 	
in parenthesis surveyed in each year and 
burn-h	 abitat 	class. 

Green 

Meadow Upland 

Moderate 

Upland 

High 

Meadow Upland 

2016 3 (15) 3 (15) NA 3 (15) 6 (30) 

2017 3 (11) 9 (36) 9(36) 3 (11) 9 (36) 

Total 26 51 36 26 66 

TABLE  A 2 Number of species observed and estimated sampling coverage for each treatment. 

Treatment Observed species richness Sampling coverage (%) 

Green	 Meadow 57 81 

Green 	Upland 28 69 

High	 Meadow 58 80 

High	 Upland 35 79 

Moderate	 Upland 48 81 

F IGURE  A1 Photos taken at upland 
sites 3 years after the 2014 King Fire that 
were characterized as (a) unburned, (b) 
moderate-severity, and (c) high-severity 
burn classes. 
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Scientific name Family Native 
Pollinator  
visits 

Erigeron species Asteraceae Native 26 

Asyneuma prenanthoides Campanulaceae Native 43 

Bistorta bistortoides Polygonaceae Native 25 

Cirsium andersonii Asteraceae Native 11 

Cirsium vulgare Asteraceae Invasive 198 

Cuscuta californica Convolvulaceae Native 50 

Drymacallis glandulosa Rosaceae Native 13 

Eriodictyon lobbii Boraginaceae Native 50 

Eriophyllum lanatum Asteraceae Native 17 

Helenium bigelovii Asteraceae Native 21 

Horkelia fusca Rosaceae Native 51 

Hypericum perforatum Hypericaceae Invasive 19 

Hypericum scouleri Hypericaceae Native 11 

Lupinus latifolius var. columbianus Fabaceae Native 13 

Lupinus species Fabaceae Native 70 

Mimulus guttatus Phrymaceae Native 17 

Mimulus moschatus Phrymaceae Native 16 

Monardella odoratissima Lamiaceae Native 14 

Oreostemma alpigenum var. 
andersonii 

Asteraceae Native 15 

Perideridia parishii Apiaceae Native 11 

Phacelia hastata Boraginaceae Native 13 

Phacelia species Boraginaceae Native 30 

Rudbeckia occidentalis Asteraceae Native 10 

Senecio triangularis Asteraceae Native 23 

Sidalcea glaucescens Malvaceae Native 18 

Solidago canadensis Asteraceae Native 19 

Solidago elongata Asteraceae Native 13 

Symphyotrichum spathulatum Asteraceae Native 122 

Trifolium pratense Fabaceae Non-Native 44 

Veratrum californicum Melanthiaceae Native 21 

TABLE  A3 Species or morphospecies 
of plants that had at least 10 pollinator 
visits in the Sierra Nevada, CA, 2 and 
3 years after the 2014 King Fire. 
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TABLE  A4 Tests for correlations 
among predictor variables used to model 
pollinator abundance with Pearson's 
correlation and variance inflation factor 
(VIF), stratified by upland and meadow 
habitat. 

Pearson correlations 
Burn 
severity 

Floral  
abundance Variables VIF 

Upland 

Floral	 abundance 0.013 Burn 	severity 1.019 

Floral	 richness 0.128 0.454 Floral	 abundance 1.264 

Floral	 richness 1.284 

Meadow 

Floral	 abundance 0.203 Burn 	severity 1.092 

Floral	 richness 0.290 0.676 Floral	 abundance 1.842 

Floral	 richness 1.928 

All 

Floral	 abundance 0.024 Burn 	severity 1.293 

Floral	 richness 0.163 0.397 Floral	 abundance 1.190 

Floral	 richness 1.221 

Note: 	Data 	were 	collected 	in 	the 	Sierra 	Nevada, 	CA,	 2	 and	 3 years	 after 	the 	2014 	King 	Fire. 	Floral 	
abundance 	and 	richness 	were 	derived 	from 	the 	30 	most 	commonly 	visited 	plant 	species 	(Table 	A1). 
Elevation 	and 	burn 	severity 	were 	derived 	from 	remote-s	 ensed 	data. 

F IGURE  A 2 Correlation between 
meadow and upland habitats and a. floral 
abundance and b. floral richness in the 
Sierra Nevada, California, 2 and 3 years 
after the King Fire. 
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TABLE  A5 Abundance of pollinator species or morphospecies detected in the Sierra Nevada of California 2 and 3 years after the 2014 
King Fire. 

Order Family Scientific name Code GU MU HU GM HM 

Apodiformes Trochilidae NA NA 1 4 11 9 30 

Coleoptera Cerambycidae Anastrangalia sanguinea A.sang 0 1 0 2 4 

Coleoptera Cerambycidae Cerambycidae CERAM 0 0 0 1 2 

Coleoptera Cerambycidae Lepturobosca chrysocoma L.chry 0 0 0 3 0 

Coleoptera Dermestidae Orphilus subnitidus O.subn 0 2 0 1 1 

Coleoptera Mordellidae Mordella 1 MORDEL 0 4 0 1 1 

Diptera Bombyliidae Bombyliidae 4 BOMBY4 1 2 0 1 0 

Diptera Bombyliidae Bombyliidae 6 BOMBY6 0 0 1 0 1 

Diptera Bombyliidae Geron GERON 0 1 0 0 0 

Diptera Syrphidae Syrphidae 3 SYRPH3 0 2 1 5 1 

Diptera Syrphidae Syrphidae 4 SYRPH4 0 0 1 5 0 

Diptera Tachinidae Tachinidae 1 TACHI1 0 0 0 1 2 

Diptera Tachinidae Tachinidae 3 TACHI3 0 0 0 2 2 

Hemiptera Miridae Lygus spp. LYGUS 0 1 3 1 1 

Hymenoptera Andrenidae Calliopsis edwardsii C.edwa 0 1 0 7 1 

Hymenoptera Apidae Anthophora urbana A.urba 4 11 0 7 6 

Hymenoptera Apidae Apis mellifera A.mell 4 39 25 24 11 

Hymenoptera Apidae Bombus bifarius B.bifa 0 0 0 19 0 

Hymenoptera Apidae Bombus fernaldae B.fern 1 0 0 0 4 

Hymenoptera Apidae Bombus fervidus B.ferv 2 0 2 3 29 

Hymenoptera Apidae Bombus flavifrons B.flav 4 1 2 8 9 

Hymenoptera Apidae Bombus insularis B.insu 1 1 1 4 8 

Hymenoptera Apidae Bombus melanopygus B.mela 2 0 0 1 2 

Hymenoptera Apidae Bombus mixtus B.mixt 6 1 0 22 1 

Hymenoptera Apidae Bombus rufocinctus B.rufo 0 0 0 3 3 

Hymenoptera Apidae Bombus vandykei B.vand 1 6 16 4 37 

Hymenoptera Apidae Bombus vosnesenskii B.vosn 20 27 63 208 513 

Hymenoptera Apidae Melissodes microsticta M.micr 0 0 0 2 1 

Hymenoptera Apidae Xeromelecta californica X.cali 0 0 0 1 3 

Hymenoptera Collectidae Hylaeus episcopalis H.epis 1 0 0 0 2 

Hymenoptera Crabronidae Crabronidae 1 CRABO1 0 0 2 0 1 

Hymenoptera Halictidae Halictidae HALIC 0 2 1 1 0 

Hymenoptera Halictidae Halictus confusus H.conf 3 2 0 1 5 

Hymenoptera Halictidae Lasioglossum 2 LASIG2 0 1 0 1 1 

Hymenoptera Halictidae Lasioglossum anhypops L.anhy 0 2 0 1 0 

Hymenoptera Halictidae Lasioglossum dialictus L.Dial 1 4 11 8 3 

Hymenoptera Halictidae Lasioglossum olympiae L.olym 0 0 0 8 4 

Hymenoptera Megachilidae Megachile angelarum M.ange 0 2 2 1 0 

Hymenoptera Megachilidae Osmia coloradensis O.colo 0 1 1 0 1 

Hymenoptera Megachilidae Osmia montana O.mont 0 0 1 0 2 

Hymenoptera Sphecidae Podalonia PODALO 0 0 2 0 2 

Lepidoptera Hesperiidae NA NA 3 NA 3 16 6 

Lepidoptera Lycaenidae NA NA 2 NA 22 4 21 

Lepidoptera Nymphalidae NA NA 6 NA 59 23 61 

Lepidoptera Papilionidae NA NA 0 NA 0 0 2 

Lepidoptera Pieridae NA NA 1 NA 63 21 108 

Note:	 Moderate-	severity	 habitat 	was 	only	 sampled	 in	 2017.	 Butterflies	 were	 only	 sampled	 in	 2016,	 and	 other	 insects	 (bees,	 wasps,	 flies,	 true	 bugs,	
 
and	 beetles)	 were	 only	 sampled	 in	 2017.	 Different	 taxa	 were	 sampled	 with	 different	 methodologies	 (see	 main	 text	 for	 details).
 
Abbreviations:	 Code,	 species	 code	 used	 in	 figures;	 GU,	 unburned	 upland;	 HU,	 high-	severity	 upland;	 HM,	 high-	severity	 meadow;	 MU,	 moderate-	

severity upland. 
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TABLE  B2 Posterior means, standard deviations (SD), and lower (2.50%) and upper (97.50%) limits of 95% Bayesian credible interval and 
convergence statistic (Rhat; <1.1 indicates convergence) of parameters from the Bumblebee community negative binomial generalized linear 
mixed model. 

Parameter Response Covariate Mean SD 2.50% 97.50% Rhat 

Beta Community Intercept −3.016 1.093 −5.446 −1.090 1.062 

Beta Community DSS −0.075 0.224 −0.522 0.375 1.003 

Beta Community Floral richness 0.468 0.199 0.060 0.852 1.007 

Beta Community Floral abundance −0.023 0.190 −0.439 0.319 1.006 

Beta Community Year −0.354 0.870 −2.124 1.392 1.012 

Beta Community Elevation (m) 0.208 0.374 −0.490 0.990 1.021 

beta Community Burn severity, meadow −0.525 0.490 −1.676 0.323 1.005 

Beta Community Habitat, upland −2.121 0.701 −3.693 −0.885 1.001 

Beta Community Burn 
(Upland-Meadow) 

0.319 0.489 −0.655 1.228 1.004 

Beta Community Burn severity2, upland −0.695 0.569 −1.864 0.347 1.011 

Delta BOBI Intercept −2.106 1.726 −6.172 0.748 1.011 

Delta BOFE Intercept −1.324 1.489 −4.618 1.492 1.014 

Delta BOFL Intercept −1.176 1.480 −4.361 1.512 1.016 

Delta BOMI Intercept −0.336 1.333 −3.039 2.271 1.021 

Delta BOVA Intercept 1.355 1.200 −0.918 3.938 1.039 

Delta BOVO Intercept 4.239 1.125 2.295 6.788 1.063 

Delta BOIN Intercept −2.121 1.509 −5.345 0.647 1.013 

Delta BOBI DSS 0.022 0.346 −0.672 0.724 1.000 

Delta BOFE DSS −0.069 0.311 −0.714 0.536 1.000 

Delta BOFL DSS 0.465 0.343 −0.119 1.229 1.001 

Delta BOMI DSS −0.302 0.336 −1.040 0.293 1.000 

Delta BOVA DSS −0.084 0.277 −0.648 0.452 1.001 

Delta BOVO DSS −0.051 0.247 −0.557 0.434 1.003 

Delta BOIN DSS 0.028 0.306 −0.575 0.649 1.001 

Delta BOBI Floral richness −0.187 0.314 −0.875 0.383 1.000 

Delta BOFE Floral richness 0.102 0.273 −0.419 0.678 1.001 

Delta BOFL Floral richness −0.225 0.287 −0.845 0.292 1.001 

Delta BOMI Floral richness 0.127 0.284 −0.400 0.735 1.001 

Delta BOVA Floral richness 0.094 0.238 −0.369 0.585 1.004 

Delta BOVO Floral richness 0.178 0.216 −0.223 0.630 1.005 

Delta BOIN Floral richness −0.115 0.281 −0.705 0.420 1.001 

Delta BOBI Floral abundance −0.063 0.279 −0.639 0.477 1.001 

Delta BOFE Floral abundance 0.150 0.247 −0.305 0.685 1.003 

Delta BOFL Floral abundance 0.075 0.250 −0.405 0.595 1.002 

Delta BOMI Floral abundance −0.087 0.277 −0.680 0.429 1.000 

Delta BOVA Floral abundance −0.040 0.227 −0.486 0.420 1.002 

Delta BOVO Floral abundance 0.150 0.221 −0.247 0.640 1.005 

Delta BOIN Floral abundance −0.153 0.288 −0.792 0.361 1.000 

Delta BOBI Year −1.627 1.183 −4.140 0.540 1.004 

Delta BOFE Year 1.140 1.005 −0.797 3.225 1.008 

Delta BOFL Year 0.552 1.006 −1.429 2.622 1.005 

Delta BOMI Year −1.728 1.254 −4.463 0.474 1.006 

Delta BOVA Year −0.451 0.961 −2.383 1.472 1.008 

(Continues) 
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TABLE  B2  (Continued) 

	

	

	

	

	

	

	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	

	

	

	

	

	

	

	
	

	
	

	
	

	
	

	
	

	
	

	
	

	

	

	

	

	

	

	

	

Parameter Response Covariate Mean SD 2.50% 97.50% Rhat 

Delta BOVO Year −1.199 0.912 −3.060 0.624 1.012 

Delta BOIN Year 3.292 1.317 1.056 6.265 1.004 

Delta BOBI Elevation (m) 0.782 0.718 −0.348 2.371 1.002 

Delta BOFE Elevation (m) −0.487 0.595 −1.832 0.489 1.005 

Delta BOFL Elevation (m) −0.002 0.505 −1.061 1.011 1.003 

Delta BOMI Elevation (m) 0.030 0.499 −0.929 1.097 1.006 

Delta BOVA Elevation (m) 0.148 0.449 −0.728 1.086 1.007 

Delta BOVO Elevation (m) −0.073 0.408 −0.941 0.700 1.019 

Delta BOIN Elevation (m) −0.367 0.500 −1.465 0.525 1.011 

Delta BOBI Burn severity, meadow −0.815 0.902 −2.954 0.525 1.005 

Delta BOFE Burn severity, meadow 0.238 0.607 −0.855 1.593 1.003 

Delta BOFL Burn severity, meadow 0.364 0.622 −0.733 1.769 1.002 

Delta BOMI Burn severity, meadow −1.022 0.773 −2.757 0.227 1.001 

Delta BOVA Burn severity, meadow 0.887 0.627 −0.147 2.323 1.003 

Delta BOVO Burn severity, meadow 0.364 0.535 −0.550 1.616 1.017 

Delta BOIN Burn severity, meadow 0.124 0.594 −0.995 1.418 1.002 

Delta BOBI Habitat, upland −0.424 1.067 −3.127 1.130 1.002 

Delta BOFE Habitat, upland −0.261 0.831 −2.256 1.239 1.001 

Delta BOFL Habitat, upland −0.283 0.866 −2.375 1.190 1.003 

Delta BOMI Habitat, upland 0.173 0.830 −1.450 2.067 1.001 

Delta BOVA Habitat, upland 0.656 0.871 −0.597 2.842 1.002 

Delta BOVO Habitat, upland 0.202 0.684 −0.977 1.943 1.003 

Delta BOIN Habitat, upland −0.011 0.766 −1.570 1.647 1.001 

Delta BOBI Burn 
(Upland-Meadow) 

0.125 0.705 −1.182 1.712 1.001 

Delta BOFE Burn 
(Upland-Meadow) 

0.039 0.570 −1.076 1.272 1.001 

Delta BOFL Burn 
(Upland-Meadow) 

0.294 0.636 −0.749 1.806 1.002 

Delta BOMI Burn 
(Upland-Meadow) 

−0.458 0.750 −2.261 0.634 1.001 

Delta BOVA Burn 
(Upland-Meadow) 

−0.099 0.537 −1.196 0.960 1.002 

Delta BOVO Burn 
(Upland-Meadow) 

0.286 0.500 −0.588 1.376 1.011 

Delta BOIN Burn 
(Upland-Meadow) 

−0.140 0.602 −1.465 0.988 1.001 

Delta BOBI Burn severity2, upland −0.375 0.996 −2.844 1.082 1.009 

Delta BOFE Burn severity2, upland 0.176 0.692 −1.131 1.731 1.003 

Delta BOFL Burn severity2, upland 0.606 0.789 −0.559 2.591 1.001 

Delta BOMI Burn severity2, upland 0.145 0.734 −1.314 1.764 1.003 

Delta BOVA Burn severity2, upland −0.085 0.616 −1.381 1.155 1.012 

Delta BOVO Burn severity2, upland 0.114 0.572 −0.926 1.351 1.013 

Delta BOIN Burn severity2, upland −0.707 0.905 −3.037 0.487 1.009 

Sigma Community Intercept 2.776 1.087 1.387 5.497 1.003 

Sigma Community DSS 0.436 0.203 0.187 0.945 1.001 

Sigma Community Floral richness 0.377 0.169 0.172 0.803 1.002 
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 TABLE  B2  (Continued) 

Parameter Response Covariate Mean SD 2.50% 97.50% Rhat 

Sigma Community Floral abundance 0.347 0.155 0.163 0.739 1.002 

Sigma Community Year 2.157 0.912 0.966 4.438 1.006 

Sigma Community Elevation (m) 0.680 0.389 0.215 1.661 1.005 

Sigma Community Burn severity, meadow 0.954 0.533 0.280 2.297 1.002 

Sigma Community Habitat, upland 0.863 0.650 0.220 2.575 1.003 

Sigma Community Burn 
(Upland-Meadow) 

0.663 0.446 0.208 1.804 1.003 

Sigma Community Burn severity2, upland 0.818 0.613 0.218 2.428 1.015 

Sigma BOBI Model 1.701 1.363 0.067 5.160 1.002 

Sigma BOFE Model 2.354 1.083 0.737 4.922 1.001 

Sigma BOFL Model 2.587 0.984 1.119 4.945 1.004 

Sigma BOMI Model 1.998 1.068 0.349 4.573 1.019 

Sigma BOVA Model 1.434 0.541 0.546 2.673 1.001 

Sigma BOVO Model 1.063 0.268 0.613 1.662 1.000 

Sigma BOIN Model 1.091 0.787 0.043 2.966 1.003 

BP, species BOBI Model 0.599 0.490 0.000 1.000 1.000 

BP, species BOFE Model 0.379 0.485 0.000 1.000 1.000 

BP, species BOFL Model 0.363 0.481 0.000 1.000 1.000 

BP, species BOMI Model 0.369 0.482 0.000 1.000 1.000 

BP, species BOVA Model 0.310 0.462 0.000 1.000 1.000 

BP, species BOVO Model 0.500 0.500 0.000 1.000 1.000 

BP, species BOIN Model 0.516 0.500 0.000 1.000 1.000 

BP, community Community Model 0.353 0.478 0.000 1.000 1.000 

r Community Model 0.312 0.041 0.240 0.401 1.000 

Note: Data were collected in 2016 and 2017 in the Sierra Nevada, California, following the 2014 King Fire. Beta shows the community-level response 
to the covariate, and delta indicates the deviation of the species from the community response. The values reported in the text for species-level 
response were derived from actual MCMC chains. See Table	 A3	 for	 species	 code	 interpretation. 
Abbreviations: BP, Bayesian p-value; DSS, days since snowmelt; r, negative binomial dispersion parameter; Sigma, standard deviation of random 
effect of site. 
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TABLE  B3 Posterior means, standard deviations (SD), and lower (2.50%) and upper (97.50%) limits of 95% Bayesian credible interval and 
convergence statistic (Rhat; <1.1 indicates convergence) of parameters from the insect community negative binomial generalized linear 
mixed model. 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Beta Community Intercept −4.061 0.353 −4.787 −3.416 1.002 

Beta Community DSS −0.585 0.180 −0.948 −0.236 1.001 

Beta Community Floral richness 0.000 0.105 −0.223 0.192 1.000 

Beta Community Floral abundance 0.389 0.117 0.159 0.616 1.000 

Beta Community Elevation (m) 0.071 0.135 −0.197 0.333 1.000 

Beta Community Burn severity, meadow −0.551 0.259 −1.075 −0.056 1.000 

Beta Community Habitat, upland −2.028 0.474 −3.055 −1.186 1.002 

Beta Community Burn 
(Upland-Meadow) 

0.749 0.344 0.081 1.432 1.001 

Beta Community Burn severity2, upland −0.628 0.319 −1.261 −0.002 1.000 

Delta ANSA Intercept −0.382 0.884 −2.322 1.183 1.004 

Delta CERAM Intercept −0.525 0.828 −2.281 0.979 1.000 

Delta LAAN Intercept −0.575 0.852 −2.418 0.949 1.000 

Delta LAOL Intercept 0.208 0.829 −1.608 1.695 1.001 

Delta LECH Intercept −0.495 0.843 −2.324 1.016 1.001 

Delta SYR3 Intercept 0.750 0.757 −0.846 2.136 1.002 

Delta TACH3 Intercept −0.547 0.853 −2.397 0.984 1.000 

Delta ANUR Intercept 1.504 0.828 −0.161 3.035 1.001 

Delta APME Intercept 2.740 0.862 0.803 4.283 1.005 

Delta XECA Intercept 0.091 0.788 −1.573 1.542 1.000 

Delta LYGUS Intercept −0.223 0.883 −2.114 1.370 1.003 

Delta ORSU Intercept −0.212 0.792 −1.897 1.247 1.003 

Delta SYR4 Intercept 0.148 0.826 −1.673 1.623 1.003 

Delta Bomb4 Intercept −0.333 0.851 −2.188 1.184 1.000 

Delta MEAN Intercept 0.091 0.770 −1.530 1.529 1.002 

Delta LADI Intercept 1.989 0.711 0.422 3.276 1.002 

Delta MEMI Intercept −0.034 0.794 −1.742 1.414 1.000 

Delta HACO Intercept 1.126 0.796 −0.534 2.581 1.002 

Delta MORD1 Intercept −0.348 0.880 −2.251 1.239 1.000 

Delta LASI2 Intercept −0.436 0.822 −2.183 1.068 1.001 

Delta TACH1 Intercept −0.143 0.803 −1.858 1.334 1.001 

Delta CAED Intercept −0.209 0.930 −2.236 1.459 1.000 

Delta HALI Intercept −0.403 0.857 −2.290 1.124 1.001 

Delta HYEP Intercept −0.656 0.976 −2.815 1.048 1.000 

Delta CRAB1 Intercept −0.364 0.852 −2.228 1.154 1.000 

Delta OSMO Intercept −0.614 0.844 −2.425 0.922 1.000 

Delta Bomb6 Intercept −0.604 0.887 −2.552 0.960 1.001 

Delta PODAL Intercept −0.168 0.783 −1.835 1.263 1.000 

Delta OSCO Intercept −0.517 0.856 −2.366 1.025 1.001 

Delta GERON Intercept −0.975 0.945 −3.053 0.649 1.000 

Delta ANSA DSS −0.939 0.516 −2.049 −0.025 1.000 

Delta CERAM DSS −0.684 0.522 −1.801 0.251 1.000 

Delta LAAN DSS −0.536 0.506 −1.603 0.399 1.000 

Delta LAOL DSS −0.880 0.467 −1.869 −0.043 1.000 
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TABLE  B3  (Continued) 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta LECH DSS −0.565 0.513 −1.648 0.367 1.000 

Delta SYR3 DSS 0.341 0.377 −0.384 1.102 1.000 

Delta TACH3 DSS −0.663 0.520 −1.766 0.284 1.000 

Delta ANUR DSS 0.818 0.336 0.183 1.498 1.001 

Delta APME DSS 0.504 0.278 −0.032 1.052 1.001 

Delta XECA DSS 0.916 0.519 −0.022 2.007 1.000 

Delta LYGUS DSS −0.307 0.465 −1.264 0.569 1.000 

Delta ORSU DSS −0.462 0.495 −1.495 0.453 1.000 

Delta SYR4 DSS −0.066 0.444 −0.956 0.789 1.000 

Delta Bomb4 DSS 0.130 0.472 −0.800 1.067 1.000 

Delta MEAN DSS 0.339 0.451 −0.523 1.255 1.000 

Delta LADI DSS 0.086 0.314 −0.532 0.702 1.000 

Delta MEMI DSS 0.164 0.490 −0.794 1.144 1.000 

Delta HACO DSS 0.219 0.382 −0.530 0.980 1.000 

Delta MORD1 DSS −0.066 0.469 −1.009 0.839 1.000 

Delta LASI2 DSS −0.432 0.517 −1.517 0.520 1.000 

Delta TACH1 DSS 0.052 0.492 −0.929 1.016 1.000 

Delta CAED DSS −0.087 0.415 −0.917 0.717 1.000 

Delta HALI DSS 0.473 0.494 −0.459 1.484 1.000 

Delta HYEP DSS 0.769 0.570 −0.264 1.980 1.000 

Delta CRAB1 DSS 0.545 0.505 −0.396 1.597 1.000 

Delta OSMO DSS −0.602 0.542 −1.746 0.384 1.000 

Delta Bomb6 DSS 0.021 0.527 −1.027 1.062 1.000 

Delta PODAL DSS 1.044 0.535 0.084 2.179 1.000 

Delta OSCO DSS −0.345 0.514 −1.408 0.615 1.000 

Delta GERON DSS 0.142 0.556 −0.942 1.260 1.000 

Delta ANSA Floral abundance −0.060 0.228 −0.539 0.370 1.000 

Delta CERAM Floral abundance 0.042 0.215 −0.381 0.475 1.000 

Delta LAAN Floral abundance −0.117 0.235 −0.630 0.308 1.000 

Delta LAOL Floral abundance 0.019 0.201 −0.375 0.426 1.000 

Delta LECH Floral abundance −0.108 0.237 −0.620 0.326 1.000 

Delta SYR3 Floral abundance −0.092 0.221 −0.562 0.318 1.000 

Delta TACH3 Floral abundance 0.072 0.212 −0.337 0.504 1.000 

Delta ANUR Floral abundance 0.094 0.199 −0.287 0.503 1.000 

Delta APME Floral abundance 0.141 0.142 −0.112 0.449 1.000 

Delta XECA Floral abundance −0.100 0.239 −0.615 0.335 1.000 

Delta LYGUS Floral abundance −0.013 0.217 −0.457 0.408 1.000 

Delta ORSU Floral abundance −0.009 0.218 −0.454 0.417 1.000 

Delta SYR4 Floral abundance 0.066 0.221 −0.368 0.514 1.000 

Delta Bomb4 Floral abundance 0.047 0.221 −0.390 0.490 1.000 

Delta MEAN Floral abundance −0.042 0.223 −0.510 0.378 1.000 

Delta LADI Floral abundance 0.020 0.192 −0.359 0.403 1.000 

Delta MEMI Floral abundance −0.012 0.229 −0.480 0.433 1.000 

Delta HACO Floral abundance −0.065 0.217 −0.521 0.343 1.000 

Delta MORD1 Floral abundance −0.049 0.214 −0.498 0.359 1.000 

(Continues) 
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TABLE  B3  (Continued) 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta LASI2 Floral abundance 0.002 0.215 −0.433 0.420 1.000 

Delta TACH1 Floral abundance 0.059 0.219 −0.370 0.499 1.000 

Delta CAED Floral abundance 0.018 0.213 −0.410 0.438 1.000 

Delta HALI Floral abundance 0.253 0.179 −0.072 0.630 1.000 

Delta HYEP Floral abundance −0.064 0.242 −0.574 0.394 1.000 

Delta CRAB1 Floral abundance −0.076 0.238 −0.582 0.367 1.000 

Delta OSMO Floral abundance 0.078 0.218 −0.345 0.523 1.000 

Delta Bomb6 Floral abundance −0.019 0.232 −0.493 0.430 1.000 

Delta PODAL Floral abundance −0.053 0.235 −0.548 0.390 1.000 

Delta OSCO Floral abundance 0.017 0.217 −0.420 0.449 1.000 

Delta GERON Floral abundance −0.041 0.237 −0.535 0.408 1.000 

Delta ANSA Floral richness −0.121 0.251 −0.654 0.348 1.000 

Delta CERAM Floral richness −0.068 0.249 −0.584 0.408 1.000 

Delta LAAN Floral richness −0.106 0.248 −0.633 0.358 1.000 

Delta LAOL Floral richness −0.112 0.233 −0.594 0.332 1.000 

Delta LECH Floral richness −0.076 0.242 −0.575 0.391 1.000 

Delta SYR3 Floral richness 0.150 0.228 −0.272 0.629 1.000 

Delta TACH3 Floral richness 0.027 0.238 −0.441 0.508 1.000 

Delta ANUR Floral richness −0.023 0.209 −0.437 0.393 1.000 

Delta APME Floral richness 0.274 0.198 −0.084 0.691 1.000 

Delta XECA Floral richness 0.045 0.253 −0.448 0.564 1.000 

Delta LYGUS Floral richness −0.101 0.243 −0.610 0.357 1.000 

Delta ORSU Floral richness 0.026 0.242 −0.447 0.515 1.000 

Delta SYR4 Floral richness −0.061 0.243 −0.561 0.407 1.000 

Delta Bomb4 Floral richness 0.052 0.234 −0.404 0.531 1.000 

Delta MEAN Floral richness 0.093 0.235 −0.355 0.582 1.000 

Delta LADI Floral richness 0.112 0.200 −0.265 0.527 1.000 

Delta MEMI Floral richness 0.027 0.250 −0.465 0.534 1.000 

Delta HACO Floral richness 0.104 0.230 −0.331 0.585 1.000 

Delta MORD1 Floral richness 0.172 0.244 −0.273 0.695 1.000 

Delta LASI2 Floral richness −0.066 0.248 −0.580 0.413 1.000 

Delta TACH1 Floral richness −0.056 0.252 −0.578 0.433 1.000 

Delta CAED Floral richness −0.068 0.248 −0.578 0.410 1.000 

Delta HALI Floral richness −0.083 0.249 −0.604 0.395 1.000 

Delta HYEP Floral richness −0.059 0.263 −0.604 0.450 1.000 

Delta CRAB1 Floral richness −0.032 0.251 −0.543 0.463 1.000 

Delta OSMO Floral richness 0.041 0.250 −0.448 0.552 1.000 

Delta Bomb6 Floral richness −0.019 0.248 −0.519 0.474 1.000 

Delta PODAL Floral richness 0.040 0.249 −0.448 0.548 1.000 

Delta OSCO Floral richness −0.026 0.247 −0.525 0.458 1.000 

Delta GERON Floral richness −0.059 0.261 −0.599 0.444 1.000 

Delta ANSA Elevation (m) −0.079 0.321 −0.742 0.546 1.000 

Delta CERAM Elevation (m) −0.139 0.339 −0.868 0.492 1.000 

Delta LAAN Elevation (m) 0.024 0.319 −0.605 0.674 1.000 

Delta LAOL Elevation (m) 0.283 0.309 −0.275 0.944 1.000 

TARBILL et al.



     

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

	 	

 

29 of 36 | 
TABLE  B3  (Continued) 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta LECH Elevation (m) 0.121 0.315 −0.476 0.782 1.000 

Delta SYR3 Elevation (m) 0.145 0.280 −0.385 0.730 1.000 

Delta TACH3 Elevation (m) −0.033 0.316 −0.678 0.592 1.000 

Delta ANUR Elevation (m) 0.310 0.273 −0.185 0.884 1.001 

Delta APME Elevation (m) −0.211 0.221 −0.658 0.215 1.000 

Delta XECA Elevation (m) −0.212 0.337 −0.949 0.399 1.000 

Delta LYGUS Elevation (m) −0.141 0.325 −0.830 0.472 1.000 

Delta ORSU Elevation (m) 0.030 0.314 −0.588 0.668 1.000 

Delta SYR4 Elevation (m) 0.260 0.303 −0.290 0.904 1.000 

Delta Bomb4 Elevation (m) 0.000 0.316 −0.636 0.630 1.000 

Delta MEAN Elevation (m) −0.024 0.309 −0.650 0.589 1.000 

Delta LADI Elevation (m) 0.005 0.240 −0.472 0.481 1.000 

Delta MEMI Elevation (m) −0.092 0.321 −0.763 0.525 1.000 

Delta HACO Elevation (m) −0.345 0.330 −1.056 0.246 1.001 

Delta MORD1 Elevation (m) 0.193 0.323 −0.395 0.899 1.000 

Delta LASI2 Elevation (m) 0.158 0.325 −0.450 0.848 1.000 

Delta TACH1 Elevation (m) 0.094 0.325 −0.529 0.778 1.000 

Delta CAED Elevation (m) 0.354 0.356 −0.254 1.149 1.003 

Delta HALI Elevation (m) 0.098 0.320 −0.513 0.769 1.000 

Delta HYEP Elevation (m) −0.012 0.341 −0.703 0.674 1.000 

Delta CRAB1 Elevation (m) −0.204 0.350 −0.970 0.432 1.000 

Delta OSMO Elevation (m) −0.067 0.336 −0.766 0.587 1.000 

Delta Bomb6 Elevation (m) −0.164 0.351 −0.920 0.482 1.000 

Delta PODAL Elevation (m) −0.204 0.344 −0.958 0.421 1.000 

Delta OSCO Elevation (m) −0.027 0.330 −0.695 0.631 1.000 

Delta GERON Elevation (m) −0.106 0.345 −0.837 0.552 1.000 

Delta ANSA Burn severity, meadow −0.194 0.401 −1.102 0.519 1.000 

Delta CERAM Burn severity, meadow −0.065 0.388 −0.879 0.697 1.000 

Delta LAAN Burn severity, meadow −0.218 0.410 −1.159 0.491 1.000 

Delta LAOL Burn severity, meadow −0.112 0.379 −0.939 0.602 1.000 

Delta LECH Burn severity, meadow −0.056 0.390 −0.885 0.702 1.000 

Delta SYR3 Burn severity, meadow −0.067 0.358 −0.816 0.638 1.000 

Delta TACH3 Burn severity, meadow −0.040 0.387 −0.850 0.723 1.000 

Delta ANUR Burn severity, meadow −0.039 0.343 −0.745 0.647 1.000 

Delta APME Burn severity, meadow 0.162 0.328 −0.446 0.864 1.001 

Delta XECA Burn severity, meadow 0.171 0.386 −0.526 1.030 1.000 

Delta LYGUS Burn severity, meadow 0.042 0.373 −0.696 0.822 1.000 

Delta ORSU Burn severity, meadow −0.062 0.368 −0.842 0.655 1.000 

Delta SYR4 Burn severity, meadow 0.025 0.374 −0.713 0.804 1.000 

Delta Bomb4 Burn severity, meadow −0.129 0.379 −0.953 0.578 1.000 

Delta MEAN Burn severity, meadow 0.115 0.372 −0.583 0.924 1.000 

Delta LADI Burn severity, meadow 0.035 0.332 −0.622 0.719 1.000 

Delta MEMI Burn severity, meadow 0.057 0.377 −0.680 0.852 1.000 

Delta HACO Burn severity, meadow 0.141 0.352 −0.516 0.900 1.000 

Delta MORD1 Burn severity, meadow −0.144 0.389 −1.005 0.577 1.000 

(Continues) 
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TABLE  B3  (Continued) 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta LASI2 Burn severity, meadow −0.099 0.391 −0.952 0.640 1.000 

Delta TACH1 Burn severity, meadow −0.075 0.385 −0.904 0.671 1.000 

Delta CAED Burn severity, meadow −0.191 0.405 −1.112 0.526 1.000 

Delta HALI Burn severity, meadow −0.019 0.375 −0.790 0.735 1.000 

Delta HYEP Burn severity, meadow 0.056 0.382 −0.696 0.862 1.000 

Delta CRAB1 Burn severity, meadow 0.222 0.400 −0.474 1.131 1.000 

Delta OSMO Burn severity, meadow −0.058 0.386 −0.878 0.693 1.000 

Delta Bomb6 Burn severity, meadow 0.268 0.418 −0.436 1.244 1.000 

Delta PODAL Burn severity, meadow 0.304 0.414 −0.388 1.269 1.000 

Delta OSCO Burn severity, meadow 0.110 0.382 −0.611 0.940 1.000 

Delta GERON Burn severity, meadow −0.110 0.400 −0.984 0.635 1.000 

Delta ANSA Habitat, upland −0.303 0.782 −2.067 1.115 1.000 

Delta CERAM Habitat, upland −0.511 0.881 −2.618 0.934 1.000 

Delta LAAN Habitat, upland 0.124 0.787 −1.473 1.792 1.000 

Delta LAOL Habitat, upland −0.794 0.922 −3.017 0.570 1.000 

Delta LECH Habitat, upland −0.500 0.885 −2.609 0.945 1.000 

Delta SYR3 Habitat, upland 0.229 0.718 −1.128 1.803 1.000 

Delta TACH3 Habitat, upland −0.539 0.891 −2.670 0.888 1.001 

Delta ANUR Habitat, upland 0.685 0.825 −0.679 2.564 1.001 

Delta APME Habitat, upland 0.870 0.777 −0.365 2.626 1.001 

Delta XECA Habitat, upland −0.464 0.878 −2.561 0.990 1.000 

Delta LYGUS Habitat, upland 0.087 0.806 −1.583 1.758 1.001 

Delta ORSU Habitat, upland 0.095 0.768 −1.456 1.728 1.001 

Delta SYR4 Habitat, upland −0.223 0.761 −1.907 1.219 1.000 

Delta Bomb4 Habitat, upland 0.438 0.818 −0.996 2.309 1.001 

Delta MEAN Habitat, upland 0.673 0.869 −0.735 2.685 1.000 

Delta LADI Habitat, upland 0.666 0.721 −0.508 2.295 1.001 

Delta MEMI Habitat, upland −0.497 0.892 −2.627 0.952 1.000 

Delta HACO Habitat, upland 0.304 0.742 −1.068 1.952 1.001 

Delta MORD1 Habitat, upland 0.078 0.827 −1.621 1.801 1.000 

Delta LASI2 Habitat, upland −0.121 0.775 −1.804 1.399 1.000 

Delta TACH1 Habitat, upland −0.513 0.886 −2.629 0.938 1.000 

Delta CAED Habitat, upland −0.407 0.819 −2.302 1.012 1.000 

Delta HALI Habitat, upland 0.366 0.818 −1.118 2.224 1.000 

Delta HYEP Habitat, upland −0.159 0.848 −2.038 1.481 1.000 

Delta CRAB1 Habitat, upland 0.187 0.794 −1.354 1.921 1.000 

Delta OSMO Habitat, upland −0.118 0.785 −1.833 1.409 1.000 

Delta Bomb6 Habitat, upland −0.034 0.788 −1.700 1.567 1.000 

Delta PODAL Habitat, upland 0.138 0.772 −1.383 1.787 1.000 

Delta OSCO Habitat, upland 0.262 0.791 −1.233 2.009 1.000 

Delta GERON Habitat, upland 0.044 0.834 −1.687 1.780 1.000 

Delta ANSA Burn 
(Upland-Meadow) 

−0.196 0.592 −1.525 0.901 1.000 

Delta CERAM Burn 
(Upland-Meadow) 

0.001 0.603 −1.232 1.256 1.000 
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Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta LAAN Burn 
(Upland-Meadow) 

−0.532 0.672 −2.141 0.514 1.000 

Delta LAOL Burn 
(Upland-Meadow) 

0.040 0.586 −1.144 1.265 1.000 

Delta LECH Burn 
(Upland-Meadow) 

0.008 0.608 −1.243 1.271 1.000 

Delta SYR3 Burn 
(Upland-Meadow) 

0.089 0.532 −0.956 1.223 1.000 

Delta TACH3 Burn 
(Upland-Meadow) 

−0.015 0.611 −1.281 1.238 1.000 

Delta ANUR Burn 
(Upland-Meadow) 

−0.467 0.510 −1.593 0.413 1.000 

Delta APME Burn 
(Upland-Meadow) 

0.180 0.413 −0.606 1.055 1.001 

Delta XECA Burn 
(Upland-Meadow) 

−0.039 0.610 −1.328 1.186 1.000 

Delta LYGUS Burn 
(Upland-Meadow) 

0.325 0.585 −0.707 1.641 1.000 

Delta ORSU Burn 
(Upland-Meadow) 

0.080 0.544 −0.986 1.233 1.000 

Delta SYR4 Burn 
(Upland-Meadow) 

0.377 0.614 −0.664 1.810 1.000 

Delta Bomb4 Burn 
(Upland-Meadow) 

−0.253 0.559 −1.499 0.761 1.000 

Delta MEAN Burn 
(Upland-Meadow) 

0.403 0.569 −0.555 1.692 1.000 

Delta LADI Burn 
(Upland-Meadow) 

0.430 0.487 −0.413 1.504 1.000 

Delta MEMI Burn 
(Upland-Meadow) 

−0.010 0.606 −1.273 1.236 1.000 

Delta HACO Burn 
(Upland-Meadow) 

−0.417 0.568 −1.700 0.554 1.000 

Delta MORD1 Burn 
(Upland-Meadow) 

−0.596 0.678 −2.226 0.453 1.000 

Delta LASI2 Burn 
(Upland-Meadow) 

−0.295 0.624 −1.731 0.796 1.000 

Delta TACH1 Burn 
(Upland-Meadow) 

0.005 0.607 −1.253 1.257 1.000 

Delta CAED Burn 
(Upland-Meadow) 

−0.110 0.587 −1.380 1.021 1.000 

Delta HALI Burn 
(Upland-Meadow) 

−0.016 0.549 −1.135 1.113 1.000 

Delta HYEP Burn 
(Upland-Meadow) 

−0.117 0.611 −1.445 1.073 1.000 

Delta CRAB1 Burn 
(Upland-Meadow) 

0.509 0.649 −0.528 2.053 1.000 

Delta OSMO Burn 
(Upland-Meadow) 

−0.054 0.591 −1.297 1.129 1.000 

Delta Bomb6 Burn 
(Upland-Meadow) 

0.311 0.621 −0.763 1.746 1.000 

Delta PODAL Burn 
(Upland-Meadow) 

0.486 0.642 −0.542 2.013 1.000 

(Continues) 
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TABLE  B3  (Continued) 

Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Delta OSCO Burn 
(Upland-Meadow) 

0.206 0.570 −0.851 1.479 1.000 

Delta GERON Burn 
(Upland-Meadow) 

−0.307 0.649 −1.824 0.819 1.000 

Delta ANSA Burn severity2 , upland −0.148 0.500 −1.282 0.763 1.000 

Delta CERAM Burn severity2, upland −0.162 0.517 −1.344 0.764 1.000 

Delta LAAN Burn severity2, upland 0.200 0.498 −0.692 1.345 1.000 

Delta LAOL Burn severity2, upland −0.248 0.532 −1.506 0.647 1.000 

Delta LECH Burn severity2, upland −0.160 0.518 −1.348 0.769 1.000 

Delta SYR3 Burn severity2, upland −0.039 0.453 −0.999 0.863 1.000 

Delta TACH3 Burn severity2, upland −0.176 0.521 −1.383 0.749 1.001 

Delta ANUR Burn severity2, upland −0.218 0.453 −1.244 0.583 1.001 

Delta APME Burn severity2, upland 0.099 0.368 −0.615 0.874 1.001 

Delta XECA Burn severity2, upland −0.164 0.513 −1.341 0.761 1.000 

Delta LYGUS Burn severity2, upland 0.135 0.471 −0.752 1.169 1.000 

Delta ORSU Burn severity2, upland 0.107 0.470 −0.799 1.135 1.000 

Delta SYR4 Burn severity2, upland 0.130 0.471 −0.754 1.174 1.000 

Delta Bomb4 Burn severity2, upland 0.189 0.492 −0.694 1.327 1.000 

Delta MEAN Burn severity2, upland 0.148 0.457 −0.706 1.160 1.000 

Delta LADI Burn severity2, upland −0.065 0.392 −0.884 0.708 1.000 

Delta MEMI Burn severity2, upland −0.166 0.519 −1.359 0.761 1.000 

Delta HACO Burn severity2, upland −0.139 0.452 −1.146 0.695 1.000 

Delta MORD1 Burn severity2, upland 0.100 0.482 −0.832 1.151 1.000 

Delta LASI2 Burn severity2, upland 0.026 0.484 −0.959 1.038 1.000 

Delta TACH1 Burn severity2 , upland −0.167 0.514 −1.348 0.758 1.000 

Delta CAED Burn severity2, upland −0.152 0.501 −1.287 0.762 1.000 

Delta HALI Burn severity2, upland 0.316 0.513 −0.535 1.539 1.001 

Delta HYEP Burn severity2, upland −0.189 0.516 −1.384 0.715 1.000 

Delta CRAB1 Burn severity2, upland 0.278 0.498 −0.572 1.452 1.000 

Delta OSMO Burn severity2, upland −0.223 0.520 −1.453 0.662 1.000 

Delta Bomb6 Burn severity2, upland 0.129 0.480 −0.774 1.200 1.000 

Delta PODAL Burn severity2, upland 0.324 0.498 −0.510 1.492 1.000 

Delta OSCO Burn severity2, upland 0.143 0.474 −0.741 1.197 1.000 

Delta GERON Burn severity2, upland 0.058 0.498 −0.927 1.130 1.000 

Sigma Community Intercept 1.176 0.307 0.606 1.833 1.002 

Sigma Community DSS 0.720 0.184 0.404 1.123 1.000 

Sigma Community Burn severity, meadow 0.244 0.069 0.142 0.407 1.000 

Sigma Community Elevation (m) 0.270 0.076 0.154 0.446 1.000 

Sigma Community Burn 
(Upland-Meadow) 

0.365 0.116 0.184 0.631 1.002 

Sigma Community Burn severity2, upland 0.396 0.156 0.180 0.773 1.000 

Sigma Community Habitat, upland 0.855 0.416 0.256 1.831 1.001 

Sigma Community Floral abundance 0.627 0.279 0.224 1.280 1.001 

Sigma Community Floral richness 0.490 0.226 0.194 1.051 1.001 

Sigma ANSA Model 1.415 1.083 0.067 4.087 1.005 

Sigma CERAM Model 0.808 0.695 0.033 2.598 1.003 
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Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

Sigma LAAN Model 1.232 0.998 0.037 3.731 1.001 

Sigma LAOL Model 0.983 0.844 0.030 3.114 1.003 

Sigma LECH Model 0.962 0.823 0.029 3.031 1.002 

Sigma SYR3 Model 0.989 0.782 0.043 2.903 1.005 

Sigma TACH3 Model 0.958 0.822 0.036 3.061 1.002 

Sigma ANUR Model 1.862 0.895 0.542 4.035 1.001 

Sigma APME Model 1.585 0.627 0.677 3.124 1.003 

Sigma XECA Model 1.066 0.847 0.048 3.152 1.002 

Sigma LYGUS Model 2.034 1.156 0.264 4.807 1.003 

Sigma ORSU Model 1.094 0.902 0.057 3.324 1.019 

Sigma SYR4 Model 1.063 0.880 0.035 3.307 1.006 

Sigma Bomb4 Model 1.455 1.044 0.083 3.960 1.002 

Sigma MEAN Model 1.193 0.972 0.046 3.688 1.010 

Sigma LADI Model 0.747 0.618 0.037 2.341 1.004 

Sigma MEMI Model 1.015 0.843 0.042 3.147 1.001 

Sigma HACO Model 1.510 1.013 0.055 3.865 1.007 

Sigma MORD1 Model 2.128 1.128 0.369 4.807 1.000 

Sigma LASI2 Model 1.081 0.888 0.044 3.307 1.009 

Sigma TACH1 Model 1.110 0.886 0.050 3.320 1.004 

Sigma CAED Model 2.013 1.159 0.206 4.776 1.003 

Sigma HALI Model 1.584 1.106 0.075 4.187 1.005 

Sigma HYEP Model 2.589 1.396 0.329 5.914 1.003 

Sigma CRAB1 Model 1.409 1.116 0.064 4.152 1.007 

Sigma OSMO Model 1.101 0.897 0.048 3.380 1.001 

Sigma Bomb6 Model 1.336 1.073 0.054 3.987 1.002 

Sigma PODAL Model 1.126 0.899 0.046 3.343 1.000 

Sigma OSCO Model 1.320 1.008 0.056 3.712 1.002 

Sigma GERON Model 1.580 1.259 0.049 4.692 1.001 

BP, species ANSA Model 0.559 0.497 0.000 1.000 1.000 

BP, species CERAM Model 0.629 0.483 0.000 1.000 1.000 

BP, species LAAN Model 0.434 0.496 0.000 1.000 1.000 

BP, species LAOL Model 0.606 0.489 0.000 1.000 1.000 

BP, species LECH Model 0.601 0.490 0.000 1.000 1.000 

BP, species SYR3 Model 0.350 0.477 0.000 1.000 1.000 

BP, species TACH3 Model 0.640 0.480 0.000 1.000 1.000 

BP, species ANUR Model 0.389 0.487 0.000 1.000 1.000 

BP, species APME Model 0.403 0.491 0.000 1.000 1.000 

BP, species XECA Model 0.435 0.496 0.000 1.000 1.000 

BP, species LYGUS Model 0.385 0.487 0.000 1.000 1.000 

BP, species ORSU Model 0.391 0.488 0.000 1.000 1.000 

BP, species SYR4 Model 0.377 0.485 0.000 1.000 1.000 

BP, species Bomb4 Model 0.294 0.456 0.000 1.000 1.000 

BP, species MEAN Model 0.315 0.464 0.000 1.000 1.000 

BP, species LADI Model 0.347 0.476 0.000 1.000 1.000 

BP, species MEMI Model 0.411 0.492 0.000 1.000 1.000 
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Parameter Response variable Covariate Mean SD 2.50% 97.50% Rhat 

BP, species HACO Model 0.353 0.478 0.000 1.000 1.000 

BP, species MORD1 Model 0.443 0.497 0.000 1.000 1.000 

BP, species LASI2 Model 0.399 0.490 0.000 1.000 1.000 

BP, species TACH1 Model 0.456 0.498 0.000 1.000 1.000 

BP, species CAED Model 0.504 0.500 0.000 1.000 1.000 

BP, species HALI Model 0.297 0.457 0.000 1.000 1.000 

BP, species HYEP Model 0.477 0.499 0.000 1.000 1.000 

BP, species CRAB1 Model 0.362 0.481 0.000 1.000 1.000 

BP, species OSMO Model 0.578 0.494 0.000 1.000 1.000 

BP, species Bomb6 Model 0.362 0.480 0.000 1.000 1.000 

BP, species PODAL Model 0.418 0.493 0.000 1.000 1.000 

BP, species OSCO Model 0.345 0.476 0.000 1.000 1.000 

BP, species GERON Model 0.374 0.484 0.000 1.000 1.000 

BP, community Community Model 0.243 0.429 0.000 1.000 1.000 

R Community Model 0.308 0.069 0.203 0.469 1.014 

Note: Data were collected in 2016 and 2017 in the Sierra Nevada, California, following the 2014 King Fire. Beta shows the community-level response 
to the covariate, and delta indicates the deviation of	 the	 species	 from	 the	 community	 response.	 The	 values reported in the text for species-level 
response were derived from actual MCMC chains. See	 Table	 A3	 for	 species	 code	 interpretation. 
Abbreviations: BP, Bayesian p-value; DSS, days since snowmelt; Sigma, standard deviation of random effect of site; r, negative binomial dispersion 
parameter. 
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TABLE  B 4 Posterior means, standard deviations (SD), and lower (2.50%) and upper (97.50%) limits of 95% Bayesian credible interval and 
convergence statistic (Rhat; <1.1 indicates convergence) of parameters from butterfly negative binomial generalized linear mixed models 
(separate model fit for each family). 

Taxa Parameter Mean SD 2.50% 97.50% Rhat 

Pieridae Intercept −0.086 0.525 −1.194 0.941 1.004 

Pieridae DSS −1.007 0.212 −1.437 −0.602 1.000 

Pieridae Floral richness −0.190 0.194 −0.566 0.198 1.001 

Pieridae Floral abundance 0.146 0.193 −0.230 0.529 1.001 

Pieridae Elevation (m) −0.514 0.409 −1.383 0.263 1.001 

Pieridae Burn severity in meadow 0.776 0.456 −0.146 1.658 1.004 

Pieridae Habitat, upland −2.710 0.839 −4.501 −1.148 1.004 

Pieridae Burn (Upland-Meadow) 1.105 0.721 −0.231 2.608 1.003 

Pieridae Sigma 1.068 0.430 0.415 2.092 1.002 

Pieridae BP 0.406 0.491 0.000 1.000 1.000 

Pieridae r 0.586 0.149 0.349 0.930 1.000 

Hesperiidae Intercept −1.981 0.685 −3.429 −0.717 1.009 

Hesperiidae DSS −0.958 0.494 −2.062 −0.128 1.001 

Hesperiidae Floral richness 0.089 0.400 −0.702 0.893 1.001 

Hesperiidae Floral abundance 0.677 0.352 0.036 1.421 1.001 

Hesperiidae Elevation (m) −1.122 0.603 −2.338 0.055 1.004 

Hesperiidae Burn severity in meadow −0.464 0.719 −1.635 1.346 1.002 

Hesperiidae Habitat, upland −3.261 1.296 −6.208 −1.163 1.006 

Hesperiidae Burn (Upland-Meadow) 0.890 1.208 −1.930 3.033 1.000 

Hesperiidae Sigma 0.823 0.979 0.022 3.517 1.004 

Hesperiidae BP 0.356 0.479 0.000 1.000 1.001 

Hesperiidae r 1.288 8.094 0.111 1.931 1.128 

Nymphalidae Intercept −0.434 0.535 −1.471 0.627 1.001 

Nymphalidae DSS −0.283 0.175 −0.631 0.060 1.000 

Nymphalidae Floral richness 0.247 0.193 −0.120 0.636 1.001 

Nymphalidae Floral abundance 0.146 0.185 −0.207 0.522 1.000 

Nymphalidae Elevation (m) −0.995 0.403 −1.850 −0.251 1.002 

Nymphalidae Burn severity in meadow 0.159 0.420 −0.686 0.982 1.003 

Nymphalidae Habitat (Upland-Meadow) −1.380 0.753 −2.914 0.037 1.001 

Nymphalidae Burn (Upland-Meadow) 0.417 0.586 −0.765 1.562 1.002 

Nymphalidae Sigma 1.024 0.377 0.476 1.943 1.001 

Nymphalidae BP 0.378 0.485 0.000 1.000 1.000 

Nymphalidae r 0.535 0.153 0.303 0.898 1.001 

Lycaenidae Intercept −1.438 0.626 −2.668 −0.221 1.001 

Lycaenidae DSS 0.076 0.406 −0.727 0.864 1.000 

Lycaenidae Floral richness 0.369 0.381 −0.356 1.148 1.000 

Lycaenidae Floral abundance 0.712 0.517 −0.210 1.832 1.001 

Lycaenidae Elevation (m) −1.353 0.635 −2.735 −0.246 1.001 

Lycaenidae Burn severity in meadow 0.799 0.739 −0.709 2.249 1.001 

Lycaenidae Habitat (Upland-Meadow) −2.297 1.124 −4.750 −0.375 1.003 

Lycaenidae Burn (Upland-Meadow) 1.323 1.128 −0.661 3.810 1.001 

Lycaenidae Sigma 0.677 0.645 0.026 2.379 1.002 

Lycaenidae BP 0.420 0.494 0.000 1.000 1.000 

Lycaenidae r 0.128 0.027 0.101 0.198 1.002 

Note: Data were collected in 2016 in the Sierra Nevada, California, following the 2014 King Fire.
 
Abbreviations: BP, Bayesian p-value; DSS, days since snowmelt; r, negative binomial dispersion parameter; Sigma, standard deviation of random
 
effect of site.
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Mean SD 2.50% 97.50% Rhat 

Intercept −1.940 0.525 −3.069 −0.973 1.001 

DSS −0.843 0.234 −1.322 −0.403 1.001 

Floral richness 0.375 0.160 0.071 0.704 1.003 

Floral abundance 0.218 0.107 −0.001 0.425 1.001 

Elevation (m) −0.041 0.320 −0.660 0.614 1.001 

Year −0.735 0.412 −1.607 0.016 1.004 

Burn severity in meadow 0.917 0.410 0.123 1.753 1.002 

Habitat, upland −1.899 0.971 −4.031 −0.188 1.010 

Burn	 (Upland-	Meadow) −0.093 0.605 −1.237 1.162 1.001 

Burn	 severity2 in upland −0.225 0.684 −1.540 1.148 1.002 

Sigma 0.921 0.465 0.147 1.968 1.017 

BP 0.304 0.460 0.000 1.000 1.002 

r 19.824 27.661 0.459 92.567 1.025 

Note: Data were collected in 2016 and 2017 in the Sierra Nevada, California, following the 2014
 
King	 Fire.
 
Abbreviations: BP, Bayesian p-value; DSS, days since snowmelt; r, negative binomial dispersion
 
parameter; Sigma, standard deviation of random effect of site.
 

TABLE  B5 Posterior means, standard 
deviations (SD), and lower (2.50%) and 
upper (97.50%) limits of 95% Bayesian 
credible interval and convergence statistic 
(Rhat; <1.1 indicates convergence) of 
parameters from hummingbird negative 
binomial generalized linear mixed models. 
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