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Abstract
Aim: Managers are increasingly facing an uncertain future given changing climates 
and ecological trajectories. The interacting effects of climate, natural disturbance, 
and management actions complicate future projections, and there is a need for ap-
proaches that integrate these factors—especially for predicting future vegetation and 
species richness.
Location: Central Sierra Nevada Mountains, USA.
Methods: We used outputs from a spatially explicit landscape disturbance succes-
sion model that incorporated forest management actions, disturbance, and climate 
to estimate habitat and potential species richness for 202 vertebrate species and five 
functional groups from 2020 to 2100. We examined species richness outcomes of 
three forest management scenarios under three climate trajectories. We modelled 
broadscale drivers of landscape-level species richness, and proximate effects of man-
agement and disturbance at each pixel.
Results: Climate and forest management scenario had significant effects on poten-
tial species richness across the landscape, particularly at lower elevations; however, 
only management had significant effects at higher elevations. We found no effect of 
the interaction between climate and management scenario. The historical climate and 
the minimal management scenario generally resulted in higher species richness com-
pared with other scenarios. Positive proximate effects generally included mechanical 
thinning and prescribed fire, as well as low and medium severity fire and beetle out-
breaks. High severity fire had a consistently negative effect on species richness. We 
also quantified the contribution of protected areas and found that protected areas 
had higher species richness compared with ecologically similar unprotected lands, es-
pecially in climate futures that deviated from the historical climate.
Main Conclusions: Our findings highlight that managing for biodiversity is complex, 
and effects of climate, disturbance, and management differ among species, functional 
groups, topography and scales. However, landscape disturbance succession models 
provide a science-based tool for untangling broadscale drivers and proximate effects 
of biodiversity and managing for ecological integrity in a changing climate.
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1  |  INTRODUC TION

Managers face multiple uncertainties in predicting trends in wild-
life species and biodiversity, and in understanding the future out-
comes of management actions on habitats given a changing climate 
and associated disturbances. Wildlife response to climate change 
can vary widely and these responses can be compounded by other 
threats such as human development, pollution, and invasive species 
(Brodie et al., 2013). Furthermore, there are many uncertainties in 
climate models and in predicting the rate and magnitude of vegeta-
tion and habitat change (Martens et al., 2021; Prentice et al., 2007). 
However, ecological prediction and management of ecosystems are 
important for the conservation of native wildlife and biodiversity—
key components of landscape ecological integrity (Wurtzebach & 
Schultz, 2016). Therefore, approaches are needed that provide man-
agers with data on future predictions of wildlife and biodiversity, as 
well data on how these predictions might change given various man-
agement actions.

Because of uncertainties in predicting future vegetation and 
wildlife habitat, many approaches that do not require vegetation 
variables have been developed to inform management for con-
serving biodiversity into the future. These approaches use abi-
otic features such as topographic and climatic variables to predict 
wildlife habitat (e.g. Beier & Brost, 2010; Lawler et al., 2015) and 
rely on the assumption that these landscape components influ-
ence the bottom up processes that give rise to vegetation and 
wildlife. The limitations of these approaches for local scale ap-
plications include their inability to account for (1) forest manage-
ment decisions, (2) natural disturbances, (3) stochastic events, 
and (4) vegetation and vegetation dynamics. All of these factors, 
in addition to the abiotic factors mentioned above, will interact 
to affect the extent and spatial arrangement of wildlife habitat 
(McRae et al., 2008).

A promising option for estimating future vegetation and hab-
itat that integrates biotic and abiotic factors is landscape distur-
bance succession models (LDSMs; Gustafson et al., 2011; Keane 
et al.,  2015). LDSMs can incorporate forest management sce-
narios along with natural disturbances, which allows for a more 
realistic modelling of vegetation disturbance and succession 
dynamics. Previous wildlife studies that have taken advantage 
of LDSMs have evaluated the effects of different management 
scenarios on wildlife habitat (e.g. Larson et al.,  2004; Scheller 
et al., 2011; Shifley et al., 2008; White et al., 2022). LDSMs have 
now advanced to predict future vegetation under a changing cli-
mate while accounting for stochasticity and uncertainty (Scheller 
et al.,  2018), making them highly effective for understanding 
the potential outcomes of (1) climate scenarios, (2) management 
scenarios, and (3) the interaction of climate and management 

on wildlife habitat and biodiversity (e.g. McDowell et al.,  2021; 
Nitschke et al.,  2020). Model outputs can be used to produce 
spatially explicit maps of vegetation types and conditions, seral 
stage, biomass, carbon, and disturbance frequency and intensity. 
In turn, these outputs can be used to make inferences about a 
wide array of values, including wildlife habitat, biodiversity, cul-
tural and social benefits and impacts, economic costs, ecosystem 
services, and the socio-ecological resilience across forested land-
scapes as a whole (Manley et al., in review; Povak et al., in review). 
Outputs can be used by managers to determine how disturbances 
are affecting wildlife habitat and biodiversity across a landscape 
over time, and how management can enhance wildlife habitat and 
biodiversity conservation.

Forest management strategies are commonly designed to reduce 
forest fuels with the expectation of lowered fire intensity in the 
short term and improved ecological integrity in the long term (Evans 
et al., 2022; North et al., 2021). We were interested in determining 
the broadscale drivers and proximate effects of forest management, 
disturbance, climate, and their interactions on wildlife species rich-
ness and ecosystem function. We used a LDSM to predict future 
habitat conditions for over 200 vertebrate species across a large 
landscape in the central Sierra Nevada Mountains of California, USA. 
We simulated three forest management scenarios and three climate 
trajectories to estimate and predict reproductive habitat change for 
vertebrate species for 80 years into the future (2020–2100). We 
evaluated management scenarios that represented a range of size 
and frequency of management actions across the study area, with 
the following predicted outcomes:

• We predicted that climate change would negatively affect species
richness, given that the current suite of species reflects current
habitat and climate conditions (Thomas et al.,  2004). Because
climate affects the entire landscape, we also predicted that
the effect of climate on species richness would exceed that of
management.

• We predicted that the interaction of climate and management
would have the greatest effect on potential species richness
driven by changes in habitat, natural disturbance, and manage-
ment type (McRae et al., 2008).

• We predicted that proximate effects of management treatments
on species richness may not mirror broadscale patterns given that
stand-scale responses may create a diversity of habitat values,
and thus support higher species richness in aggregate (Schall et
al., 2018; Stephens et al., 2012).

• Lastly, we predicted that protected areas may support high levels
of biodiversity over the next century given that they experience a
more active disturbance regime (Jones & Tingley, 2022; Thom &
Seidl, 2016).

K E Y W O R D S
biodiversity, climate change, Forest management, spatially explicit landscape disturbance 
succession model, species richness, wildlife habitat



|  3ZELLER et al.

2  |  METHODS

2.1  |  Study area

The study area was the Tahoe Central Sierra Initiative (TCSI) 
landscape, stewarded by a collaborative partnership to improve 
forest health and resilience through strategic, science-based man-
agement. The 1 million hectare TCSI landscape, extends from 
Downieville, California in the north, to the Lake Tahoe basin in 
the east, to Placerville and Grass Valley, California to the west 
(Figure  1). It includes a range of landownerships comprised of 
federal, state, nonprofit, and private entities. The TCSI landscape 
spans a substantial elevational gradient, from western foothills at 
~900 m to the crest of the Sierra Nevada Mountains at over 3300 m 
and is comprised of many ecological zones. Foothill shrublands and 
woodlands dominate the lower elevations of study area. These 
transition to lower montane forests, then to upper montane for-
ests as elevation increases. Subalpine forest and alpine meadows 
and shrublands are present at higher elevations in the study area. 
Climate in the study area is primarily Mediterranean, with hot dry 
summers and cool wet winters, and precipitation falling as snow in 
higher elevation areas.

Fire is a regular and naturally occurring disturbance in the study 
area due to the amount of fuel on the landscape during dry sum-
mers. Therefore, many of the vegetation types are fire-adapted. 
The historic fire return interval varies across the different ecological 
zones from 11 to 151 years with a mean across the study area of 
55 years (van de Water & Safford, 2011). Currently, the fire return 
interval is longer than the historical return interval and when fires 
do occur, there is a higher proportion of high severity fire relative 
to the historical period (Safford & Stevens, 2017). Bark beetles are 
also disturbance agents in the study area that can cause sometimes 
widespread tree mortality (Fettig et al., 2019).

2.2  |  LANDIS II modelling

The research presented here is one piece of a larger effort to 
quantify landscape resilience under different management sce-
narios with climate change. As part of this research, the LANDIS-
II LDSM (hereafter, LANDIS; Scheller et al., 2007) was used to 
simulate spatial distribution and dynamics of forests at 10-year 
time steps from 2020 to the year 2100. The LANDIS model, as de-
scribed in Maxwell et al. (2022), incorporated forest management 
scenarios, natural disturbances such as fire and insect outbreaks, 
and climate change across the TCSI using 180 m pixels. This model 
used the net ecosystem carbon and nitrogen extension (Scheller 
et al., 2011), which tracks biomass of age/species cohorts and in-
cludes several carbon and nitrogen pools. Vegetation dynamics 
are responsive to climate, as well as a range of in situ disturbances 
such as insect outbreaks and fire. Therefore, vegetation death, es-
tablishment, growth and succession respond to changes in climate 

and disturbance concurrently. Native vegetation data outputs 
from LANDIS consisted of biomass by age class by tree species 
and shrub functional types (e.g. N-fixing obligate seeders, non-N-
fixing post-fire resprouters). We matched these biomass outputs 
to relevant stand metrics, such as quadratic mean diameter (QMD) 
and canopy cover, in order to estimate habitat suitability for ver-
tebrate species (see below).

In this study, three forest management scenarios with in-
creasing intensity and extent of management were examined: the 
minimal management scenario (MMS) = minimal management con-
sisting of forest treatments in proximity to infrastructure and pri-
vate industrial timberlands; the broadscale management scenario 
(BMS) = broadscale management treatments across the entire land-
scape on a 30–50 years return interval; and the reference condition 
management scenario (RCMS) = reference condition management 
reflecting more frequent and extensive management treatments 
matching the historical frequency of disturbance (20–40 years 
return interval) including more prescribed fire as a management 
treatment. The MMS treated 9307 ha annually by mechanical thin-
ning on private land and in the wildland-urban interface defence 
zone (within 400 m of infrastructure). The BMS treated 32,800 ha 
annually (nearly 4 times the area treated in MMS) that additionally 
included the wildland-urban interface threat zone (>400–2000 m 
from infrastructure), general forest areas, roadless areas, and wil-
derness. Mechanical thinning and prescribed fire were both applied 
in BMS. The RCMS treated 51,395 ha annually (nearly 6 times the 
area treated in MMS) across the entire landscape, and matched the 
historical fire return interval for forests in this region. In the RCMS, 
prescribed fire comprised 30% of the treatments in the general for-
est and roadless areas. Management prescriptions are further de-
scribed in Maxwell et al. (2022).

Three climate change trajectories were used in modelling out-
comes for each of the management scenarios. The ‘Historical’ cli-
mate scenario randomly sampled years from 1980 to 2020, using 
data from gridMET (Abatzoglou,  2013). Future climate change 
models all indicate warmer and drier conditions but vary in the 
projected degree of change in temperature and precipitation. The 
‘CNRM’ climate trajectory represented a relatively cooler and 
wetter future (CNRM-CM5), while the ‘MIROC’ trajectory repre-
sented a more extreme warmer and drier future (MIROC5). Both 
the CNRM and MIROC projections were from the Coupled Model 
Intercomparison Project Phase 5 and used 8.5 as the relative con-
centration pathway, which represents the expected future emis-
sion levels (Schwalm et al.,  2020). Climate data were aggregated 
into 10 elevational bands using daily historical or projected down-
scaled data from gridMET or MACAv2-METDATA (Abatzoglou & 
Brown, 2012).

The LANDIS outputs for each management scenario, climate tra-
jectory, and 10-year time step were used as inputs to estimate verte-
brate species habitat. Because LANDIS is a stochastic simulator, five 
separate runs were conducted to account for random stochasticity 
in the modelling output.
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2.3  |  Estimating trends in potential species richness

Following White et al.  (2022), the California Wildlife Habitat Rela-
tionships System (CWHR; California Department of Fish and Wild-
life, 2014) was used to identify vertebrate wildlife species associated 
with current and future predicted vegetation conditions. We queried 

CWHR software (v 9.0) to select species that (1) were native to the 
TCSI landscape, (2) overlapped with Alpine, Amador, Butte, El Do-
rado, Nevada, Placer, Plumas, Sierra or Yuba counties, and (3) had 
year-long presence in those counties. We subsequently filtered out 
species that did not have reproductive habitat in any of the cover 
types simulated by the LANDIS model or were primarily associated 

F I G U R E  1  Tahoe Central Sierra Initiative study area in the Sierra Nevada Mountains, USA.
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with aquatic environments. This resulted in identifying 202 spe-
cies for the habitat modelling: 95 birds, 81 mammals and 26 reptiles 
(Appendix A).

The LANDIS raster outputs were matched to vegetation type, 
percent canopy cover, and average diameter (used to represent 
seral stage), which constitute the three elements of habitat type 
in the CWHR data base. Because the LANDIS succession Net Eco-
system Carbon and Nitrogen extension used for this study does 
not track individual trees, we followed a similar protocol as White 
et al. (2022) to estimate seral stage and canopy cover. Each 180-m 
cell was classified into one of 14 vegetation categories depending 
on the dominant species present at that timestep (Appendix B). We 
developed regression models from Forest Inventory and Analysis 
(FIA) data to estimate diameter from cohort ages, which we then 
used to calculate the weighted mean diameter (weighted by co-
hort biomass) for each plot. The weighted mean diameter was then 
binned into seral stages (<1, 1–6, 6–11, 11–24 and >24 cm). We also 
developed regression equations to estimate percent canopy cover 
from vegetation type, seral stage, and plot biomass. Canopy cover 
was estimated from LANDIS cells and then binned into five classes 
(<10%, 10%–25%, 25%–40%, 40%–60%, >60%). From the categor-
ical maps of vegetation type, seral stage, and canopy cover class, 
we used the CWHR database to estimate habitat suitability for the 
202 vertebrate species.

The CWHR data base applies suitability values of 0, 0.11, 0.22 
or 0.33 (ranging from no suitability to high suitability) to vegeta-
tion type (e.g. Douglas fir), seral stage (e.g. sapling tree, medium/
large tree) and canopy cover (e.g. sparse, dense) for reproductive 
habitat, with summed values across these three categories ranging 
from 0 to 1.0. For estimating habitat suitability across the study 
area, we were only interested in high quality reproductive hab-
itat. We assumed that reproductive habitat was the best proxy 
for population status, and to be conservative, we only included 
species that had a combined reproductive habitat value of ≥0.33 
for any given pixel and time step. We produced binary maps from 
the reproductive habitat outputs by classifying anything <0.33 as 
zero and anything ≥0.33 as 1. To calculate overall species habitat 
richness (hereafter ‘potential species richness’), we summed these 
binary maps for each time step across all species.

Because functional groups contribute different roles in main-
taining ecological processes and ecological integrity, we were in-
terested in estimating not only overall habitat for species, but also 
habitat for functional groups. We selected the following functional 
groups since they represent primary ecological drivers in these for-
ested landscapes and had adequate sample sizes from our species 
list, with some species (true omnivores) belonging to more than 
one group: cavity excavators/nesters (hereafter ‘cavity excavators’; 
n = 21), herbivores (n = 97), insectivores (n = 103), predators (n = 58) 
and seed/spore dispersers (hereafter ‘seed dispersers’; n = 18; Ap-
pendix A). We then summed the binary habitat maps for each func-
tional group. Based on previous analyses, we expected differences 
in current and future biodiversity along the west to east elevational 
gradient, so we also summarized results for two elevation zones 

(lower elevation areas in the western half of the study area and 
higher elevation areas in the eastern half of the study area) parsed 
by the median elevation of the landscape (1706 m).

2.4  |  Broadscale drivers of potential 
species richness

To evaluate the broadscale drivers of disturbance in the form of cli-
mate trajectories and forest management scenarios, and their inter-
action on potential species richness, we conducted 2-way ANOVAs 
in R software (R Core Team,  2021) with the sum of the potential 
species richness across the study area at each time step and iteration 
as the response variable and with management scenario and climate 
regime as independent variables. We also tested for an interaction 
of management scenario and climate on potential species richness. 
We conducted these ANOVAs for all species and for each of the 
five functional groups. We then repeated the ANOVAs for lower and 
higher elevation zones separately.

2.5  |  Proximate disturbance effects on potential 
species richness

To examine proximate effects of different types of disturbance on 
potential species richness, we used the following LANDIS outputs 
for each raster pixel on the landscape: mechanical thinning, pre-
scribed burning, fire severity, and beetle outbreaks. LANDIS gener-
ates annual raster outputs for beetle infestations, fire severity and 
management (Maxwell et al., 2022). Mechanical thinning data were 
provided as the amount of biomass removed, and the prescription 
(removal of smaller diameter trees) was consistent across all treat-
ments. We classified any thinning in a pixel as a 1 and then summed 
annual occurrences of thinning over each of the 10-year time steps 
for each iteration. For prescribed fire (modelled as low severity), we 
summed prescribed burning activity for each pixel over each 10-year 
time step for each iteration. For beetle activity (typically resulting in 
large tree mortality), we classified any beetle activity in a pixel for 
a year as a 1 and then summed beetle activity over each 10-year 
time step for each iteration. For wildfire, we examined the effect 
of fire severity by classifying the LANDIS output fire rasters into 
low, medium or high categories based on percent mortality. We then 
summed fire activity for each intensity class over each 10-year time 
step for each iteration. Because our species richness data were over-
dispersed, we used a negative binomial regression in the R software 
environment to investigate relationships between potential species 
richness and mechanical thinning, prescribed fire, low/medium/high 
severity fire, and beetle activity. Specifically, we used the negbinirr 
function from the ‘mfx’ R package (Fernihough, 2019) to obtain in-
cidence rate ratios and estimate percent change in species richness 
given an occurrence of each disturbance. We did not include indi-
vidual climate variables since these were not available at the per-
pixel scale.
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2.6  |  Potential species richness in protected areas

In addition to management and disturbance dynamics, we ex-
amined the contribution of protected areas to support potential 
species richness and ecological integrity. We used the Protected 
Areas Database for the United States (v3.0; USGS, 2022) to cat-
egorize protected areas into (1) Wilderness Areas and Wild and 
Scenic Rivers (456 km2, 4.6% of the study area), (2) Inventoried 
Roadless Areas (1017 km2, 10.4% of the study area, and (3) all 
other protected areas (99 km2, 1% of the study area), which in-
cluded Areas of Critical Environmental Concern, Recreation Man-
agement Areas, Research or Educational Areas, National Scenic 
Areas, and Botanical Areas. Because the protected areas were 
mostly at higher elevations, we sampled points within and outside 
of protected areas in areas that had similar ecological character-
istics as follows. We first divided the study area into seven eco-
logical strata based on elevation, slope and aspect with the ‘rassta’ 
package in R (Fuentes et al.,  2021). We then randomly sampled 
1000 points in each strata and only used points from strata that 
had at least 80 points fall within protected areas to ensure ad-
equate representation. We then used the svyglm function in the 
‘survey’ R package (Lumley, 2004, 2020) to incorporate the strata 
identified above in a generalized linear model to estimate change 
in potential species richness over the 80-year period (richness in 
2100 minus richness in 2020) as a function of whether an area was 
protected or not and the protected area status.

3  |  RESULTS

3.1  |  Trends in potential species richness

In general, across all management scenarios and climate trajecto-
ries, we observed differences in trends of overall potential species 
richness between lower and higher elevation zones (Figure 2). In the 
year 2020, we observed lower species richness at higher elevations, 
and higher species richness interspersed with moderate richness at 
lower elevations (Figure 2). This pattern shifted noticeably through 
time with species richness decreasing at lower elevations and in-
creasing at higher elevations by 2100 (Figure 2). The lower elevation 
zone trended toward more homogeneous and moderate numbers 
of species and this effect was especially pronounced in the MMS 
(Figure  2). The same trends observed for overall potential species 
richness were also observed for all the functional groups; however, 
the changes were not as homogeneous as for all species combined 
(Figure 3; Appendix C).

We then examined the data at the two elevation zones (lower 
and higher) separately. We found that potential species rich-
ness consistently declined over time in lower elevation forests 
(Figure 4; Appendix D), but increased in higher elevation forests. 
Overall, species gains at higher elevations were larger than low 
elevation losses (Figure 4; Appendix D). Lower management inten-
sity tended to favour higher species richness; the MMS generally 

had more species habitat gains in higher elevation areas and fewer 
losses in lower elevation areas than the BMS and RCMS. At lower 
elevations, the BMS tended to have more species losses than the 
RCMS.

3.2  |  Broadscale drivers of potential 
species richness

For all species across all elevations, potential species richness was 
generally reduced with greater management and more intensive 
climate change (Table 1). Statistically, richness was slightly higher for 
MMS compared to the other two management scenarios and, simi-
larly, richness was higher for historical climate compared to the other 
two climate trajectories (Figure  5). ANOVA results indicated that 
management had a greater effect than climate across all eleva-
tions, and that there was no interaction between the two drivers 
(Table 1). However, biodiversity responded to different drivers in 
each elevation zone. At lower elevations, climate was the primary 
driver of potential species richness, which declined with increas-
ing magnitude of climate change. However, both management and 
climate were significant at lower elevations (Table 1). At higher el-
evations, management was the primary driver of potential species 
richness, which declined with increasingly intensive management 
(Figure 5).

For functional groups at all elevations, the effects of manage-
ment and climate were both significant (Table 1), and no significant 
interactions were found. Management scenario had a stronger ef-
fect for all functional groups except for insectivores, where climate 
was more influential (Table 1). All functional groups except for cav-
ity excavators had higher potential richness with the MMS and the 
historical climate regime (Appendix E). Cavity excavators had higher 
potential richness with the most intensive management scenario 
and climate trajectories (RCMS and MIROC, respectively; Appen-
dix  E). At lower elevations, again, management and climate were 
both significant, but climate had the greater effect on richness for 
all functional groups except for herbivores, where management had 
the greater effect (Table 1). The historical climate regime was con-
sistently associated with higher potential richness for all functional 
groups (Appendix E). At higher elevations, management scenario and 
climate were both significant only for cavity nesters, with manage-
ment scenario having more of an effect than climate (Table 1). For 
insectivores and predators, only management scenario was signifi-
cant, while neither driver was significant for herbivores or seed dis-
persers (Table 1). For functional groups with significant effects, the 
MMS was associated with higher potential richness (Appendix E).

3.3  |  Proximate disturbance effects on potential 
species richness

We then evaluated the effects of each of the six proximate effects 
of potential species richness across all elevations. We found that 
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the occurrence of a mechanical thinning action, prescribed fire, low 
or medium severity wildfire, or beetle outbreak increased potential 
species richness across all species. High severity wildfire decreased 
potential species richness (Figure  6). The individual functional 
groups also had a net positive effect of all disturbance types other 
than high severity fire, with a few notable exceptions. Seed dispers-
ers showed a decrease in potential richness with prescribed fire 
and medium severity fire, and for mechanical thinning (CNRM and 
MIROC only), and for low severity fire for the more extreme MIROC 
climate (Figure 6). Predators also experienced a decrease in potential 
richness with beetle outbreaks for the historical and CNRM climates. 
Interestingly, the positive effects of prescribed fire were higher for 
CNRM and MIROC climates compared to the historical climate.

In the lower elevation areas, only the effect of mechani-
cal thinning was positive for all species and all climate scenarios 

(Appendix Fa). Medium and high severity fire had negative effects on 
potential species richness for all species (Appendix Fa). The effect of 
prescribed burning was positive for the CNRM and MIROC climates, 
but equivocal for the historical climate (Appendix Fa). The effect of 
low severity fire was positive for the historical and CNRM climates 
but equivocal for the MIROC climate (Appendix Fa). The effect of 
beetle outbreak was positive for the MIROC climate but negative for 
the historical and CNRM climates (Appendix Fa). In higher elevation 
areas, the direction of effect for all management and disturbance 
occurrences were generally the same as for the entire landscape but 
varied in degree of effect (Appendix  Fb). Functional groups were 
relatively consistent across both elevations, but notable exceptions 
were cavity nesters, where mechanical thinning had a negative ef-
fect at high elevations, and predators where low and medium sever-
ity fire had a negative effect at low elevations (Appendix Fb).

F I G U R E  2  Potential species richness based on reproductive habitat for 202 wildlife species in the central Sierra Nevada, California. 
Potential richness (averaged across the five simulation runs) for the initial time step (2020) and final time step (2100) are shown for three 
forest management and three climate scenarios. For reference, the grey line in all the maps represents the median elevation (1706 m) of 
the study area. BMS, Broadscale Management Scenario; MMS, Minimal Management Scenario; RCMS, Reference Condition Management 
Scenario.
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F I G U R E  3  Potential species richness of breeding habitat for five functional groups of vertebrate species in the central Sierra Nevada, 
California. Potential richness at the initial time step (2020) and final time step (2100) are shown for the Broadscale Management Scenario 
and for all three climate projections, historical, CNRM and MIROC. Results for the other two management scenarios, minimal and reference 
condition, are provided in Appendix C.
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3.4  |  Contribution of protected areas to potential 
species richness

We found that protected areas supported higher potential species 
richness than unprotected areas, with protected areas providing habi-
tat for approximately 11 –18 more species than unprotected areas with 
similar elevations, slopes and aspects (Figure 7). This increased capacity 
was much greater and statistically significant for the two future climate 
trajectories than for the historical climate. Potential species richness in 
protected areas under the BMS and RCMS were slightly higher than 
with MMS. We did not find notable differences in potential species 
richness among the different types of protected areas (Appendix G).

4  |  DISCUSSION

Our LDSM modelling framework yielded new insights into the in-
dividual and combined effects of climate, management and distur-
bance across a mountainous landscape in the Sierra Nevada. Our 
results showed broad effects of both climate and forest manage-
ment on potential species richness and no interaction between 

climate and management, suggesting these factors may act inde-
pendently on species richness at large scales. Our results indicate 
that climate change will have an overall negative effect on species 
richness in the central Sierra Nevada compared with the historical 
climate, especially in lower elevation areas. At more local scales, we 
found many positive effects on potential species richness from me-
chanical thinning, prescribed burning, low and medium severity fire, 
and beetle outbreaks, although the magnitude of this effect varied 
with functional group. High severity fire had consistently negative 
effects on potential species richness.

Our first prediction, that climate change would negatively affect 
biodiversity, was supported. The historical climate was associated 
with higher potential species richness across the study area and po-
tential species richness declined with more extreme climate change 
predictions. This is likely due to species in our study area having 
evolved to utilize habitat associated with historical climate. There-
fore, changes in climate and downstream changes in vegetation may 
result in more losses of species habitat for the two climate change 
scenarios, CNRM and MIROC. Generally, the higher potential spe-
cies richness observed with the historical climate was followed by 
the relatively wetter cooler CNRM projection, then the warmer, 

F I G U R E  4  Percent change in species habitat richness across high (>1706 m) and low (≤1706 m) elevation zones for all species and each 
of the five functional groups. We calculated the mean of the sums to obtain the mean cumulative richness across all five iterations per 
scenario. Then we calculated the percent change from the year 2020. Standard error bars are also included. Results from the MIROC 
climate projection are shown. BMS, Broadscale Management Scenario; MMS, Minimal Management Scenario; RCMS, Reference Condition 
Management Scenario. The Historical and CNRM results are provided in Appendix D.
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drier MIROC projection. However, some functional groups benefit-
ted more from a changing climate. For example, cavity excavators 
tended to have higher potential richness with the MIROC climate 
projection.

Our other expectation, that the effect of climate would exceed 
that of management, was only supported in lower elevations of our 
study area. This is a surprising finding because higher elevation areas 
have been experiencing and are predicted to experience more rapid 

TA B L E  1  Results from 2-way ANOVAs with the sum of species richness across all elevations, lower elevations and higher elevations as a 
function of forest management scenario and climate.

Management scenario Climate

F-statistic Degrees of freedom p-value F-statistic Degrees of freedom p-value

All elevations

All species 12.35 2 <.001 8.98 2 <.001

Cavity excavators 185.56 2 <.001 7.01 2 <.001

Herbivores 7.895 2 <.001 6.155 2 .002

Insectivores 83.95 2 <.001 118.26 2 <.001

Predators 89.56 2 <.001 39.74 2 <.001

Seed dispersers 21.74 2 <.001 8.51 2 <.001

Lower elevations

All species 27.95 2 <.001 73.95 2 <.001

Cavity excavators 113.80 2 <.001 199.90 2 <.001

Herbivores 87.33 2 <.001 16.11 2 <.001

Insectivores 102.70 2 <.001 176.40 2 <.001

Predators 21.78 2 <.001 45.69 2 <.001

Seed dispersers 38.83 2 <.001 92.14 2 <.001

Higher elevations

All species 7.33 2 <.001 0.003 2 .997

Cavity excavators 75.67 2 <.001 43.20 2 <.001

Herbivores 0.29 2 .751 0.78 2 .457

Insectivores 14.14 2 <.001 0.30 2 .740

Predators 22.66 2 <.001 1.13 2 .323

Seed dispersers 1.10 2 .335 0.14 2 .872

Note: p-values less than .05 are in bold font. Interactions between management scenario and climate were also tested, but none were significant and, 
therefore, they are not presented here.

F I G U R E  5  Predicted mean and 95% confidence intervals of potential species richness sums (across the five model iterations and for all 
time steps) across all elevations, at lower elevations (≤1706 m) and at higher elevations (>1706 m) for each combination of three management 
scenarios (MMS, BMS and RCMS) and three climate trajectories (Historical, CNRM and MIROC), listed in increasing order of intensity. BMS, 
Broadscale Management Scenario; MMS, Minimal Management Scenario; RCMS, Reference Condition Management Scenario. Plots for the 
functional groups are provided in Appendix E.
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climatic changes with a warming climate than lower elevation areas 
(Palomo, 2017; Pepin et al., 2015), and we expected those climatic 
changes to have a negative downstream effect on potential species 
richness. Instead, we observed an increase in richness at higher 

elevations through time, and at the final time step, the potential 
species richness values at higher elevations more closely resem-
bled those at the beginning time step at lower elevations. This sug-
gests that the lower elevation forests may be acting as leading-edge 

F I G U R E  6  Proximate management and disturbance effects on potential species richness. Plots show expected rate of change in potential 
species richness (as percent change with confidence intervals) as a function of management and disturbance effects. For example, for the 
CNRM climate, a single high severity fire within a 10-year time step equates to an almost 5% decrease in potential species richness.
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forests which will shift uphill with climate and, as a consequence, 
increase potential species richness at higher elevations. This uphill 
shift in vegetation has observed in many mountain systems (Lenoir 
et al., 2008; Marshall et al., 2020; Vitasse et al., 2021) and indicates 
that higher elevation areas may compensate for species losses at 
lower elevations.

We did not find support for our prediction that the interaction 
of climate and management would have the greatest effects on po-
tential species richness. Across the entire landscape, and at higher 
elevations in particular, management had a greater effect than cli-
mate on potential species richness. This highlights a few important 
factors; (1) management can be effective for maintaining ecological 
integrity in higher elevation areas despite a changing climate and 
changing ecological trajectories, and (2) complex interactions and 
stressors other than climate and management may be operating in 
this system that were not captured in our study.

As predicted, we found that proximate effects of management 
treatments did not mirror the outcome of broadscale drivers, but 
for reasons counter to what we expected. For example, due to ho-
mogenization of forests from historical fire suppression and exclu-
sion policies (Collins et al., 2017; Haugo et al., 2019), we predicted 
that the two more intensive forest management scenarios, BMS 
and RCMS, would increase forest heterogeneity and thus biodi-
versity, while management actions at the pixel level might reduce 
species richness in the short term. However, our results found the 
opposite effect. At the scale of the pixel, potential species rich-
ness responded positively to mechanical thinning across all cli-
mate and forest management scenarios and prescribed fire except 

for when the historical climate was used. This aligns with findings 
from other studies that have found stable or increasing habitat 
for species with forest thinning (Demarais et al., 2017; Verschuyl 
et al., 2011) and prescribed burning (Fontaine & Kennedy, 2012; 
McDowell et al., 2021; Sitters et al., 2015). But we observed lower 
potential species richness at the landscape level for the manage-
ment scenarios that incorporated more thinning and prescribed 
burning (BMS and RCMS) compared with the MMS. The pixel-level 
gains in species richness may have been tempered by increasing 
extreme disturbances, like high severity fire, which had a negative 
effect on species richness and a larger footprint on the landscape 
for the BMS and RCMS scenarios, potentially increasing landscape 
homogeneity (Appendix H).

Given that we observed higher potential species richness in 
higher elevation areas, where most of the protected lands are in 
this system, it is not surprising our last prediction, that protected 
areas were associated with higher potential species richness, was 
supported. However, an important finding was that under a chang-
ing a climate, protected areas were associated with higher poten-
tial richness compared with the historical climate, indicating the 
increased importance of these areas for biodiversity in the future. 
We did not find an effect of protected area status, indicating all cat-
egories of protection are important for maintaining biodiversity in 
this landscape.

We did not find many differences in potential species richness 
responses to broadscale drivers or proximate effects between all 
species and each functional group, or among functional groups. 
We expected differences since these groups have different 

F I G U R E  7  Potential species richness 
increases in protected areas compared 
with unprotected areas, controlling 
for elevation, slope and aspect, across 
three different management scenarios 
(MMM, BMS, RCMS) and three climate 
trajectories (historical CNRM, MIROC), 
presented in order of increasing intensity. 
BMS, Broadscale Management Scenario; 
MMS, Minimal Management Scenario; 
RCMS, Reference Condition Management 
Scenario.
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functional traits, which can result in different responses to for-
estry practices and environmental changes (de Groot et al., 2016; 
Elmqvist et al., 2003), but many species in our landscape spanned 
functional groups and thus few were true herbivores, or insec-
tivores, for example, which might have resulted in a blurring be-
tween the functional groups and a more homogenized response 
to climate, management, and disturbance. However, we did ob-
serve some notable differences. For example, cavity nesters had 
a larger positive response to prescribed, low, and medium sever-
ity fire, and a larger negative response to high severity fire than 
other functional groups. These responses have been documented 
in other studies that show fire severity affects snag retention, 
density, and habitat variation and thus presence of cavity nesters 
(Keele et al., 2019; Saab et al., 2004). Conversely, herbivores did 
not have as strong of a negative response to high severity fire. 
In fact, herbivore richness increased with high severity fire for 
the MIROC climate projection. This may be due to fire causing 
reduced vegetation height, which can reduce predation opportu-
nities and increase the amount of secure habitat, especially for 
smaller herbivores (Eby et al., 2014).

Our study included certain limitations. For example, though we 
estimated habitat for over 200 species, we did not have empir-
ical data on species presence and could not develop fine-scaled 
models based on actual occurrence. Nor did our species habitat 
models include factors other than vegetation, like topography or 
human development. Therefore, our species models may be over-
estimating habitat for some species, though in aggregate, this was 
not likely to bias general trends in potential species richness. We 
were also unable to model species that are currently absent in our 
study area, but may shift their ranges into our study area given fu-
ture changes in vegetation and climate. These shifts would change 
our species richness metric and may result in fewer losses at low 
to mid elevation areas in our system. However, we do not believe 
overall patterns of responses would change given the number and 
diversity of species we included in our analysis. One final caveat 
to our results is that we only examined one measure of biodiver-
sity, species richness. Other measures such as beta diversity and 
associated species composition and turnover metrics may offer 
more insights into the effects of management, disturbance, and 
climate on biodiversity (Cazalis, 2022; Hefty et al., in review; Jones 
et al., 2022).

In sum, LDSMs are a powerful tool to help understand the 
complex relationships between changing ecological trajectories, 
climate, increased risk of extreme disturbance and management. 
The ability of LDSMs to simulate different management ap-
proaches and provide outputs that allow for the investigation of 
the consequences of those approaches on ecological integrity and 
other goals can help managers reduce the uncertainty of down-
stream effects of management actions in a changing climate. In 
the TCSI, we found that climate will have a negative effect on spe-
cies richness, but at small scales, management actions can have 
positive effects on species richness. Though we predicted that 

species richness may increase at higher elevations, we also found 
that targeted actions at lower elevations are likely to be necessary 
for maintaining the ecological integrity of this landscape over the 
long term.
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