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Characterizing the distribution of threats facing species is a crucial, first step toward designing effective conser-
vation strategy. The last comprehensive analysis of threats facing rare plants in the United States was conducted
nearly 20 years ago. Here we systematically analyze the threats facing 2733 rare and vulnerable plants in the US
using textual analysis of the most comprehensive database available. In the continental US plants are most com-
monly threatened by outdoor recreation (affecting 35% of species), especially from off-road vehicles (19%) and
hiking and related activities (13%). The next-most common threats are from livestock (33%), residential develop-

igﬁlrgj}e ment (28%), non-native invasives (27%), and roads (21%). In Hawaii invasives threaten 95% of species followed by

Urbanization increases in fire intensity/frequency (26%) then livestock (19%). Multivariate analyses indicate threats do not

Plants form distinct “syndromes” (clusters of threats) but rather a single “mega-syndrome” with high degrees of overlap

Invasive species between most threats. We also compared the prevalence of threats to the distribution of research effort. Nearly

_‘?ﬁcr eation 75% of threats are understudied relative to their prevalence, including five of the six most common threats while
reats

a few rare threats (missing species like pollinators; pathogens; logging; climate-induced ecosystem movement;
and crop-based agriculture) receive most of the attention. In comparison to a benchmark assessment from 1998
(Wilcove et al. BioScience 48:607-615) we find little difference in threat prevalence, though temporal trends sug-
gest increasing frequency of nearly all threats. Overall rare plants in the US are affected by a dense network of

threats across which research attention is disproportionately directed.

© 2016 Published by Elsevier Ltd.

1. Introduction

Five major threats endanger biodiversity: habitat alteration, over-
harvest, invasive species, pollution, and disease (Millennium
Assessment, 2005) with climate change expected to become yet anoth-
er driver of biodiversity loss (Thomas et al., 2004). Each of these broad-
ly-defined threats can be further divided into specific threats from
diverse factors like urbanization, agriculture, native versus non-native
invasive species, and so on. Detailed characterization of threats facing
species is crucial for effective recovery planning (Lawler et al., 2002;
Hayward, 2009), directing conservation strategy (Murray et al., 2014),
allocating resources across conservation actions (Wilson et al., 2007),
and estimating the political feasibility of abating threats (Prugh et al.,
2010). Hence, there is a pressing need to describe the distribution of
threats across species as specifically as possible. The last such analysis
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for plants in the United States was performed nearly 20 years ago
(Wilcove et al., 1998).

Threats can act in concert to affect groups of species (Burgman et al.,
2007; Budiharta et al., 2011). For example, agriculture, overexploitation,
and urbanization each threaten generally distinct groups of carnivorous
plants (Jennings and Rohr, 2011). These threat “syndromes” (sensu
Burgman et al., 2007) can be related to geographic co-location of species
(Jono and Pavoine, 2012), range size (Burgman et al., 2007;
Gonzalez-Suarez et al., 2013), habitat type (Burgman et al.,, 2007), tax-
onomy (Budiharta et al.,, 2011; McCune et al., 2013), or the fact that
some kinds of human activities engender multiple threats to species
(e.g., road construction can facilitate spread of invasives). Syndromes
offer both opportunities and challenges for managers and researchers.
On one hand, addressing sets of co-occurring threats increases efficien-
cy and knowledge transfer because they may have a common origin
(Burgman et al., 2007). On the other hand, addressing groups of threats
can be difficult if they are diverse in nature and require very different
strategies to ameliorate (Auerbach et al., 2015; Tulloch et al., 2016).

For science to adequately inform threat abatement, research effort
should be apportioned in rough accordance to the actual incidence
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and severity of each threat. Nonetheless, it is likely that some threats re-
ceive disproportionate research attention. For example, climate change
has gained increasing scientific and public attention in part because it is
expected to become a major driver of biodiversity change in the coming
century (Thomas et al., 2004). However, some conservation practi-
tioners have warned that devoting too much attention to climate misses
widespread, contemporary threats that will not only remain important
but interact with climate change to further challenge biodiversity
(Novacek, 2008; Tingley et al., 2013). Conservation would be better
served if research attention matched the relative severity and distribu-
tion of threats facing species.

Here we assess the threats facing 2733 rare plant species in the Unit-
ed States using the most comprehensive database of rare species avail-
able (NatureServe, 2014). We used a systematic, transparent, replicable
textual analysis to extract threat data for each species from the data-
base. Our objectives were 1) to describe the distribution of threats
across species; 2) identify syndromes of co-acting threats; and 3) com-
pare the prevalence of threats across species to research effort devoted
toward each threat.

2. Methods
2.1. Database and threat taxonomy

In December 2014 we acquired NatureServe data for all plant species
in the US that are globally critically imperiled (NatureServe rounded
rank Gl—see  http://www.natureserve.org/conservation-tools/
conservation-status-assessment), imperiled (G2), suspected of being
extinct (GH), or listed as threatened or endangered under the US En-
dangered Species Act (ESA). NatureServe employs a standardized meth-
od for assessing species' conservation status based on rarity and overall
trend and (since 2012) threats (Faber-Langendoen et al., 2012; Master
et al., 2012). The database includes information on 2733 species, sub-
species, and varieties (hereafter “species”) of vascular and non-vascular
plants. For most species there are textual descriptions of threatening
factors, though this information is spread across several fields and not
necessarily standardized. These descriptions are obtained from multiple
sources including field observations, experimental work, and the peer-
reviewed and gray literature.

We systematically analyzed these descriptions to classify threats to
each species. Threats were classified using the 2.0 Beta version of the
IUCN threats taxonomy developed by Salafsky et al. (2008; www.
cmp-openstandards.org; Table A.1). The taxonomy is composed of
three hierarchical levels, the first (L1) being the most general (e.g.,
“human intrusions and disturbance”) and second (L2) more specific
(e.g., “recreation”) and the third (L3) the most detailed (e.g., “off-road
vehicular recreation”). Not all L2 threats have an associated set of L3
threats. We added one more L1 and associated L2 categories for
“other” threats, an additional L2 category for “missing species” (pollina-
tors, grazers, symbionts, hosts), and several custom L3 categories based
on a preliminary analysis (Table A.1). Since 2012 status updates by
NatureServe have included assessment of threats using the IUCN system
(Faber-Langendoen et al., 2012; Master et al., 2012). For these species
(n = 963) we used the threats as they were recorded but in some
cases made changes based on the textual description of threats. Prior
to analysis we combined L2 or L3 categories affecting <1% of species
with categories in the same higher-level category.

2.2. Replicability, transparency, and uncertainty

The textual descriptions of threats are not standardized and are thus
open to alternative interpretations (cf. Hayward, 2009). We developed
an extensive rubric populated with examples to ensure different asses-
sors consistently identified threats (Appendix B). Following recent, sim-
ilar assessments (McCune et al., 2013) we scored a threat regardless of
whether the written description expressed uncertainty about the

threat. For 23% of the species we also employed a cross-checking system
in which pairs of assessors independently rated threats for the same
species. Partners were rotated between sets of species. When issues
arose the matter was resolved between partners or brought to the larger
group. Agreement between assessors was very high (mean Cohen's
Kappa = 0.98, minimum value across all species = 0.84; Fig. B.1). Ini-
tially we classified threats based on the time period in which they
were noted to affect species (“past/present/future”), and whether
threats were proximate (“direct”—e.g., industrial effluent) or ultimate
(“indirect”—a nearby factory producing the effluent), but found few
cases where threats did not occur in the present (1.4% “past”, 1.8% “fu-
ture”) or were noted as being indirect (<1%), so we analyzed all threats
regardless of their time of effect or causal distance. In the end we scored
threats as “1” (threatens the species) or “0” (does not threaten).

Frequently threats could only be identified to a higher-level catego-
ry. In these cases we assigned the threat to an “unspecified” category for
that threat type (e.g., “unspecified transportation/utility corridors”).
Upon assessing all species, we then assigned counts from these unspec-
ified threats to each “specified” L2 or L3 threat in the same L1 category
in proportion to the number of species in the specified threats. For ex-
ample, among species threatened by the L1 category transportation/
utility corridors, there were 465 affected by the L2 category roads/rail-
roads, 98 by ecological management of rights-of-way, and 97 by utili-
ty/service lines. There were also 11 species affected by an unspecified
threat from transportation or utility corridor. In this case the number af-
fected by roads/railroads was increased by 7.75 species (=11 x (465 /
(465 + 98 + 97)). We used this reapportioning procedure in all analy-
ses using percentages of species affected by a given threat.

The conservation status of species in the database has been updated
over time. To determine if the date of assessment influenced the preva-
lence of threats we divided species into three 6-year groups based on
date of assessment: 1996 through 2002, 2003 through 2008, and 2009
through 2014 (the last year any species in the copy of the database we
received was evaluated). We used January 1, 1996 as a cutoff date for
the first period because the most comparable study to ours (Wilcove
et al., 1998) evaluated species that had been assessed up to this date.

We emphasize that our results are limited by our interpretation of
the original descriptions of factors threatening species. Some threats
are also more evident than others (e.g., off-road vehicles versus climate
change), while others may be over-reported (e.g., the presence of an in-
vasive species may be interpreted to be harmful even if it is not). The de-
scriptions also allow neither assessment of geographic extent, severity
of threats, nor whether they act in a sporadic or continuous manner.
As aresult the prevalence of a threat in our analysis does not necessarily
connote its overall role in causing a decline in rare plant diversity. Our
analysis is also only able to identify threats that affect species in the
present or recent past, and cannot for example, indicate effects of initial
agricultural expansion that may have caused species in our data set to
become rare in the first place. We also note that status updates are im-
plemented on a rolling basis so do not necessarily reflect the most cur-
rent threats to each species. The median date of last status update for
CONTUS species was February of 2006 while the median date for Hawai-
ian species was May 1997. Hence, we urge care in interpreting results
for Hawaiian species. In all these respects our analysis faces the same
limitations experienced by similar studies (e.g., Wilcove et al., 1998;
Venter et al., 2006; Burgman et al., 2007; Prugh et al., 2010; McCune
et al,, 2013). We also note that information on bryophytes in the data
set is known to be incomplete or has not been reviewed, but given the
small number of bryophyte species (n = 22) we did not expect them
to bias the analysis and so retained them.

2.3. Identifying threat syndromes
We attempted to identify threat syndromes using multivariate and

univariate analysis. Analyses were conducted in the R Version 3.3.1 (R
Core Team, 2016) using the “vegan” package (Oksanen et al., 2015).
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First, we applied non-metric multidimensional scaling on the matrix of
pairwise distances between species calculated using one minus the
Jaccard index. The algorithm failed to converge regardless of measures
we took to induce convergence (increasing dimensions, iterations, and
using the “noshare” argument; Borcard et al., 2011; Oksanen et al.,
2015). Thus we tested for clusters of threats using the unweighted
pair group method with arithmetic means (UPGMA) on the one minus
the Jaccard index calculated between threats. Bootstrap analysis was
used to determine support for each node (Efron et al., 1996). We also
applied a univariate test to measure the pairwise correlation between
threats using Yule's ¢ coefficient of association calculated between
each pair of threats. Significance was assessed using a x> test
(Chedzoy, 2006).

2.4. Comparing research attention to threat prevalence

To determine how well research effort relevant to threats matches
the actual prevalence of threats affecting plants we conducted a system-
atic literature assessment of articles published in five popular conserva-
tion journals: Biological Conservation, Biodiversity & Conservation,
Conservation Biology, Conservation Evidence, and Diversity & Distribu-
tions. From these journals we randomly selected publications from the
9883 articles published from 2000 to 2014. We then scanned the title
and abstract of each selected article, identifying for further analysis
those that focused on plants, included plants as one of their focal groups,
or were general in taxonomic nature, and excluding articles that focused
exclusively on non-plant taxa. This subset of abstracts was then
assessed using the same threats taxonomy used to evaluate species.

We calculated the percentage of articles relevant to each threat type
as the number of articles pertaining to a threat divided by the number of
articles pertaining to any threat. We stopped selecting articles for anal-
ysis when the standard error of percentage of articles in each L2 or L3
category was <0.05%, which occurred when 1307 articles were selected
for evaluation, of which 375 pertained to at least one threat. To measure
the relative balance of research effort, we first calculated the ratio of
percentage of articles relevant to a threat to the percentage of species af-
fected by that threat. Values >1 indicate that the threat receives greater
attention than its prevalence across species and <1 that less attention is
received. We applied the reapportionment procedure described in Sec-
tion 2.2 Replicability, transparency, and uncertainty to article counts be-
fore comparing them to prevalence of threats affecting species.

3. Results

Not all L2 threats had associated L3 threats, so we generally report
results for L2 and only use L3 to provide more detail when possible. Un-
less otherwise stated, we report results for the continental US including
Alaska (CONTUS, 80% or 2194 of 2733 species) and Hawaii (20% or 539
species) separately. Seventy six percent of CONTUS species had one or
more threats reported while 90% of Hawaiian species had one or more
threats. Hereafter we include all species (with and without any threats
noted) when reporting percentage of species affected by each threat.
On average CONTUS species were affected by 3.15 + 2.84 (mean +
SE) threats and Hawaiian species 1.97 + 1.61. The distribution of L2
threats among all species was highly skewed (Fig. C.1), with a mean of
2.92 £ 3.02, a mode of 0 (21% of species), and a maximum of 19.

3.1. Distribution of threats

Outdoor recreation (L2) was the most common threat in CONTUS,
affecting 35% of species (Fig. 1a). Most impacts from recreation were
from use of off-road vehicles (ORVs; 19% of species), and hiking, bicy-
cling, trail riding, skiing, and recreational climbing (13%; categories are
not exclusive as a species could be affected by multiple threats). The
next-most common threats were livestock-based agriculture (33%), res-
idential development (28%), invasive species (27%), and construction

and maintenance of roads and railroads (21%). All other threats each af-
fected <20% of species.

Across Hawaiian species (Fig. 1b) the most common threat was from
invasive species (95%), followed by change in fire regime, which was
entirely due to an increase (versus a decrease) in fire intensity/frequen-
cy (26%). The third-most common threat was from livestock (19%). All
others each affected <10% of species. In contrast to CONTUS species,
only 9% of Hawaiian species were threatened by recreation (5% hiking
and related activities, 3% ORVs).

When we divided species into three 6-year periods according to the
date their status was last assessed, we found there was a trend toward
increasing proportion of species affected through time across nearly
all threats (Fig. 2), though the trend was not necessarily monotonic.
For example, the incidence of recreation in CONTUS increased from 17
to 38 to 48% of species across the first, second, and latest assessment pe-
riods, respectively. Other common threats increased accordingly (live-
stock: 22, 35, 41%), housing and urban development (24, 32, 28%),
invasives (15, 32, 34%), and construction and maintenance of roads
(10, 24, 28%). Threats affecting Hawaiian species also tended to increase
across assessment periods, though not as dependably (invasives: 91, 83,
97%, fire/fire suppression: 28, 17, 21%).

3.2. Threat syndromes

None of the analyses found evidence for threat syndromes, groups of
threats acting together (Figs. 3 and D.1). Bootstrap analysis on UPGMA
cluster analysis nodes indicated that in only one case for CONTUS and
Hawaii each did any node have >95% support (Fig. D.1). For CONTUS
the node split three uncommon threats (unspecified forestry/overhar-
vest, unspecified intrusions, and other) from the others. For Hawaii
the node split fire regime change from other threats, suggesting a sin-
gle-threat syndrome related to an increase in fire intensity/frequency.

The univariate analysis revealed a high degree of positive association
between threats (Fig. 3). For CONTUS, across 946 possible pairwise com-
parisons of L2 threats 46.6% of Yule's ¢ coefficients were significantly
positive and only 0.6% significantly negative, whereas chance associa-
tions should lead to ~5% of coefficients being significant with a roughly
even split between positive and negative associations. For Hawaii 22.7%
of ¢ values were significantly positive and none negative. Combined, the
multivariate and univariate tests suggest that even though threats do
not form syndromes there is a high degree of overlap between threats.

3.3. Research attention

We found large disparities between the prevalence of articles rele-
vant to each threat and the prevalence of threats facing species (Fig.
4). >75% of threats (22 of 29) receive less research attention given
their prevalence affecting species. Understudied threats include 5 of
the 6 most common threats, including roads/railroads (ratio of percent-
age of relevant articles to percentage of species affected: 0.74), invasive
species (0.60), residential development (0.40), livestock (0.38), and rec-
reation (0.15). Only 24% of threats had ratios > 1, indicating research at-
tention is disproportionately directed toward these threats, especially
missing species (e.g., pollinators, grazers; ratio of 3.45), pathogens/dis-
ease (2.55), logging (1.7), climate-induced ecosystem migration (1.32),
crop-based agriculture (1.21), and tree-based agriculture and planta-
tions (1.09).

4. Discussion

Our study provides a systematic analysis of the threats affecting the
rare plants of the US using the most comprehensive database available.
Although only 29% of the plants in the database are currently listed
under the ESA, all of them would likely qualify for listing (Wilcove and
Master, 2005). The taxa we analyzed comprise about one eighth of all
known plants in the US (Wilcove and Master, 2005). Our key findings
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Fig. 1. The distribution of level 2 threats across species (a) in the continental US and (b) in Hawaii. Across the continental US outdoor recreational activities were the most common threat
affecting species, followed by livestock, invasives, then roads and railroads. The most common threats affecting Hawaiian species were invasives followed by change in fire regime
(comprised entirely of an increase—versus a decrease—in fire frequency/intensity), then livestock. The percentage of species affected by threats sums to >100% because a species can

be affected by more than one threat.

are threefold. First, in decreasing order, the most common threats in
CONTUS are recreation, livestock, residential development, invasives,
and construction and maintenance of roads and railroads (Fig. 1a).
Each of these alone affects at least one in five species. In contrast, inva-
sives threaten 95% of Hawaiian species followed by increases in fire fre-
quency/intensity which threatens roughly 1 in 4 (Fig. 1b). We also
found evidence suggesting the prevalence of threats is understated or
has increased through time (Fig. 2). Second, the high degree of overlap
between groups of species affected by different threats forms a single
massive syndrome imperiling rare plants in the US (Fig. 3). Finally, re-
search attention is directed toward a few threats that affect a few spe-
cies, while threats that affect most species are underattended (Fig. 4).

4.1. The distribution of threats across species

Surprisingly, outdoor recreation was the most common threat in
CONTUS, affecting 35% of species (Fig. 1a). Threats from recreation
were mainly due to ORVs (19% of species), hiking, biking, skiing, trail
riding, and recreational climbing (13%), and camping and unspecified
recreation (16%). Recreation is also the most common threat facing at-
risk Canadian plants (McCune et al., 2013). ORVSs, hiking, and related ac-
tivities can reduce population viability directly from physical damage
(Prescott and Stewart, 2014). Recreation can also indirectly threaten
populations by encouraging invasive species, compacting soil, reducing
soil moisture and organic litter, causing erosion, disrupting pollinators
and dispersal, and eutrophication from animal and human waste
(Anderson et al., 2015; Pickering et al., 2010). In our analysis indirect ef-
fects would have been scored distinctly from recreation. Unfortunately,
following the trail of causation from, say, hikers to the spread of inva-
sives is often impossible (Salafsky et al., 2009). Outdoor recreation
poses a conundrum for conservation since experiences in nature foster

support for conservation (Miller, 2006). Obviously, restricting access
to nature at large is not a workable solution. However, targeted re-
routing of trails, setting aside land for intensive (e.g., ORV) use, and au-
dience-focused environmental education can help ameliorate these
kinds of threats (Graber and Brewer, 1985; Mankin et al., 1999; Borrie
and Harding, 2002).

Livestock pose the second-most common threat in CONTUS (33%)
and third-most across Hawaiian species (19%; Fig. 1). Livestock can di-
rectly harm plants through consumption and trampling (Fleischner,
1994; Belsky et al. 1999) and indirectly through soil compaction, induc-
tion of erosion, encouraging invasive species, and alteration of compet-
itive environments, nutrient cycles, and fire regimes (Leip et al., 2015).
However, livestock can also increase species diversity and biomass in
ecosystems that benefit from herbivore-mediated control of otherwise
dominant species. Indeed, some conservation agencies actively use live-
stock to manage protected areas (Jensen, 2001). However, we found
only 39 plants were perceived to be in peril because of “missing” spe-
cies, and only four of these arose from lack of large ungulates.

Residential development threatens the third-largest set of species
(28%) in CONTUS. The direct negative effects of urbanization on biodi-
versity occur from habitat loss, but also encompass spread of invasives,
pollution, habitat alterations, and human intrusions (Grimm et al.,
2008), though these would have been scored separately in our analysis.

Invasive species were the most common threat to Hawaiian species,
affecting 95% of species (Fig. 1b), and fourth-most common in CONTUS,
affecting 26% of species (Fig. 1a). Invasives have diverse effects on native
biodiversity that occur directly or indirectly through competition, con-
sumption, and alteration of the physical environment (Strayer et al.,
2006; Vila et al., 2011). Despite their ignominy, there remains debate
about the effect of invasives on plant communities (Gurevitch and
Padilla, 2004a, 2004b; Riccardi, 2004, Vila et al., 2011), with some
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Fig. 2. Temporal trends in percentage of species affected by each threat in the continental
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in bold.
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finding that invasives plants (vs. animals) generally augment local di-
versity (Sax et al., 2002).

Roads and railroads threatened 21% of plants in CONTUS, 17% of
which was due to road construction and maintenance. The prevalence
of this threat type might be overstated since roadside habitat is more
easily surveyed. However, roadsides can provide critical habitat, espe-
cially in areas with wholesale land conversion (Forman and
Alexander, 1998; Hopwood, 2008). Direct effects from road construc-
tion include habitat alteration, residue from surface coatings, vehicular
soil compaction, and dust and winter salt runoff, while they also serve
as sources of invasives, pollution, and eutrophication (Forman and
Alexander, 1998). We note that 4% of species are threatened by ecolog-
ical maintenance of rights-of-way such as roadside mowing, herbicide
application, scraping, and related activities. Although these activities af-
fect just a small number of species, this type of threat is comparatively
easy to address by, for example, shifting timing of mowing (Baskin
and Baskin, 2000).

Change in fire regime threatened the second-largest number of Ha-
waiian species (26%) all of which were affected by an increase in fire fre-
quency/intensity. In contrast, slightly more species on CONTUS were
threatened by fire suppression (9%) than an increase in fire (4%—though
another 3% could not assigned to either L3 class).

4.2. Temporal trends and comparison with Wilcove et al. (1998)

The most comparable study to ours was conducted nearly 20 years
ago by Wilcove et al. (1998). We were unable to replicate their methods
exactly, in part because they did not have access to the threats taxonomy
by Salafsky et al. (2008). In addition, Wilcove et al. (1998) only counted
threats if there was no stated ambiguity about their effect, whereas we
followed more recent studies (McCune et al., 2013) and scored threats
regardless of whether there was uncertainty expressed in the textual de-
scriptions. However, comparison between the two studies is informative
as an indication of temporal changes in the prevalence of threats and as a
check on the subjective nature of assessing threats.

Wilcove et al. (1998) examined the distribution of threats relevant
to habitat alteration using data for species listed or proposed for listing
under the ESA by January 1, 1996. If we restrict our analysis to the same
set of species, we find similar percentages of species affected by each
threat across the two studies. The few exceptions may be due to meth-
odological differences or actual changes in the prevalence of threats af-
fecting these species since listing (Table 1). We did not observe
systematic increases in the proportion of species affected by each threat
as would be expected arising from the more conservative scoring sys-
tem they used. Comparing their analysis of ESA-listed species to all spe-
cies in our analysis, we also find broad similarities (Table 1). The one
notable exception is species affected by crop-based agriculture, which
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Fig. 3. Pairwise associations between threats in (a) the continental US and (b) Hawaii. Threats are arranged on a circle. Lines connect threats if their pairwise ¢ coefficient was significantly
positive or negative. In both cases the large majority of significant associations were positive, indicating threats in the continental US and Hawaii form “mega-syndromes”. Only threats

affecting >0 species are shown.
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The six most common threats facing all species are noted with an asterisk. Only one of them (change in fire regime) receives attention roughly in proportion to its prevalence affecting

species; the remainder is relatively understudied.

threatened 33% of ESA-listed species in their study but just 9% of the
larger set of species in our analysis. This discrepancy is likely due to
the additional species in our dataset, not just methodological differ-
ences, since the percentage of ESA-listed species in our dataset affected

Table 1

Comparison of this study with Wilcove et al. (1998) who analyzed species listed or pro-
posed for listing under the US Endangered Species Act using detailed threat categories spe-
cific to habitat degradation/loss. Threat categories are from Box 1 and Table 2 in Wilcove et
al. (1998) and were matched as closely as possible to threat categories used in this study.
Column values represent percentage of species affected by the given threat. Values in the
columns “Wilcove et al.” and “ESA” pertain to species listed under the ESA or proposed for
listing by January 1, 1996 (the same set analyzed by David Wilcove and colleagues).

This study
Threat Wilcove et al. ESA All
Urban & commercial development® 36 44 31
Crop-based agriculture 33 31 9
Livestock-based agriculture 33 32 27
Recreation (including ORVs) 33 38 29
Recreation: ORVs 16 23 15
Infrastructure (including road construction 20 23 20

& maintenance)”

Infrastructure: road construction & maintenance 17 18 16
Disruption of fire regime 20 34 18
Water development (including dams) 15 18 11
Water development: dams 5 2 1
Mining, oil, gas, & geothermal exploitation® 11 20 16
Logging & logging roads? 7 9 8
Pollution 7 15 9
Military activities 5 3 3

2 Our values include development related to recreation; this is also included in Wilcove
etal. (1998).

b Qur values include ecological management of utility lines and service corridors; also
be included in Wilcove et al. (1998).

€ Wilcove et al. (1998) include roads constructed for supporting these activities.

4 Wilcove et al. (1998) include logging roads and associated impacts.

by crop-based agriculture (31%) was similar to the percentage of species
affected in theirs (33%). Hence, the percentage of species actually
threatened by crop-based agriculture may actually be fairly low. Com-
parison of our results to a second analysis in Wilcove et al. (1998) also
finds similar prevalence of more broadly-defined threats (Table E.2).

We found increasing levels of threat across time when dividing spe-
cies by the date their status was last updated (Fig. 2). The percentage of
species affected by each threat increased for almost all threats in
CONTUS and many threats in Hawaii. One explanation for the rising
trend in threat prevalence is that species assessed earlier do indeed
have lower rates of threat, though we cannot suggest plausible reasons
for why this would be. Alternatively, if they do reflect temporal trends
then this suggests that the actual incidence of threats has increased
through time. On the other hand, if the differences are due to changes
in assessment methodology (Faber-Langendoen et al., 2012; Master et
al., 2012), then the actual incidence of threats may be higher than we re-
port since species that were assessed at earlier dates have fewer threats
assigned to them than species assessed at later dates.

4.3. Threat syndromes and mega-syndromes

We found little evidence for threat syndromes (Figs. 3 and D.1). Lack
of syndromes could occur if threats affect species independently of one
another. In this case significant associations between threats should be
uncommon and distributed evenly among positive and negative associ-
ations. However, threats were overwhelmingly positively associated de-
spite the lack of groups (Fig. 3). In essence, we found threats facing rare
plants in the US form a single “mega-syndrome” in which there is a large
degree of overlap between threats, a situation also faced by mammals
worldwide (Jono and Pavoine, 2012). In light of the diversity of threats
affecting species, some have called for a hybrid “coarse- and fine-scale”
conservation strategy in which whole communities are targeted for pro-
tection while singular populations of rare species are guarded in smaller
preserves (Wilcove and Master, 2005; Lindenmayer et al., 2007). Our
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analysis was conducted at a coarse scale (i.e., counting threats affecting
any populations of a species, versus accounting for threats affecting in-
dividual populations), so it is more relevant to conservation measures
with regional or national perspectives. At the opposite end of the spec-
trum, fine-scale approaches like preservation of small, select areas har-
boring rare populations can also be challenged by multiple threats
acting in concert (Parker, 2012). We agree the best way forward is com-
bining coarse- and fine-scale approaches but nevertheless contend that
the co-occurrence of threats is challenging.

Our results contrast with other assessments that did find groupings
of threats which are related to taxonomy, geography, range size, or hab-
itat (Burgman et al., 2007; Budiharta et al., 2011; Jono and Pavoine,
2012; Gonzalez-Suarez et al., 2013; McCune et al., 2013). Initially we
intended to test whether syndromes we identified were related to
these factors, but given the lack of groupings among threats, the analysis
would have been superfluous. The differences between our results and
others do not seem to arise from number of species (Jono and
Pavoine, 2012 analyzed all mammals) or taxonomic differences
(Burgman et al., 2007 and Budiharta et al., 2011 analyzed plants). Per-
haps the long history of intensive development, invasion, cultivation,
and land use in the US has created a situation in which multiple
human activities compound one another to threaten species.

4.4. The distribution of threats and research attention

Our analysis focuses exclusively on plants in the US; plants else-
where face a different distribution of threats (Burgman et al., 2007;
Budiharta et al., 2011). Hence, using our species assessment as a bench-
mark against which to measure research effort risks leaving the impres-
sion that research should be tailored to address problems facing plants
in the US. This is not the message we wish to impart. Moreover, our
analysis does not indicate that research on any particular threat is ade-
quate per se—indeed, even “over-studied” threats deserve more re-
search. Likewise, we did not analyze the numerous sources of
information in the non-peer reviewed literature or assess threat sever-
ity, geographic scope or temporal consistency. Nonetheless, comparing
the distribution of threats discussed in the conservation literature to
the distribution of threats facing US species does inform us of how
well conservation of this particular suite of species is served by the
peer-reviewed scientific literature. On this basis we found a gross mis-
match between research focus and threat prevalence (Fig. 4). About
75% of threats were understudied relative to their prevalence. A handful
received attention roughly appropriate or more than appropriate to
their prevalence. Especially troubling are common threats from recrea-
tion, livestock, and residential development, all of which affect a large
number of species yet receive comparatively little research attention
(Fig. 4). While the major obstacles to effective plant conservation are
lack of funding, legal protection, and enforcement (Negrén-Ortiz,
2014; Evans et al.,, 2016), the resources that are available could be di-
rected more efficiently were research attention better tailored to the se-
verity and distribution of threats across species.

5. Conclusions

In descending order, the most common threats to plants in the con-
tinental US include outdoor recreation (especially from ORVs and hiking
and related activities), livestock, invasives, then construction and main-
tenance of roads and railroads plus their berms. Alarmingly, there is
some evidence that these threats are either understated or increasing
in prevalence. None of these threats receive attention in the peer-
reviewed scientific literature that is proportionate to their actual preva-
lence in the United States.

Our results paint a formidable conceptual and strategic challenge for
conservation. Rare plants in the US face a complex “mega-syndrome” in
which threats act coincidentally to affect non-exclusive groups of spe-
cies. Thus there seems to be no simple, highly-effective strategy that

can alleviate threats to the majority of species at once. Rather, integrat-
ed coarse-scale strategies like setting aside land for preservation com-
bined with fine-scale strategies like spot control of invasives or
educating and diverting recreationists within established parks will be
necessary to address the diversity of threats facing plants in the United
States. We do note that inspiring work is developing methods for ad-
dressing multiple threats at regional scales (e.g., Conlisk et al., 2013;
Auerbach et al., 2015; Tulloch et al., 2016), but more work needs to be
done to extend these techniques across scales. We hypothesize that
mega-syndromes arise as a product of diverse patterns of land use and
exploitation associated with complex economies. If this is indeed the
case, then novel conceptual tools and plans of action are required to ad-
dress the mega-syndrome of threats facing rare plants.
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