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ABSTRACT
Aims: Herbaceous plants (herbs) found in the understory of forests contribute substantially to the biodiversity of these ecosystems, as 
well as being important socio-culturally, economically, and for advancing ecological theory. However, the ecology of herbs is less well 
understood compared with woody plants, despite evidence that herbs are physiologically and ecologically different. Similarly, herb 
research has focused on north temperate forests, with less information from forests in the tropics and Global South. Understanding 
this knowledge gap, and recognizing the critical importance of expanding and streamlining the scope of research on forest herbs, we 
set out to identify 100 fundamental and applied questions related to the ecology of this distinct plant group.
Methods: We first conducted a survey shared widely online with the ecological community, which generated a total of 130 
questions. We then held a 3-day workshop involving invited herb researchers with expertise in various forest ecosystems, during 
which the questions were narrowed down through multiple rounds of discussion, revision, and rewording. For conceptual clarity, 
we then grouped the questions into 19 subject areas, although some questions are relevant to multiple subject areas.
Conclusions: These questions serve as a road map for future research in fundamental and applied herbaceous ecology in for-
ested ecosystems. A common theme that emerged from this exercise was the need for standardized protocols to generate com-
parable data on terrestrial herbs from forests across the planet, including all forest types, biomes, and types of anthropogenic 
impacts. Research to address these questions will yield knowledge critical for advancing fundamental understanding of this 
ecologically important group of plants as well as the vital ecosystem services they provide, especially under global change, thus 
aiding better conservation and restoration policy and practice for forest ecosystems.

1   |   Introduction

Understory herbaceous plants (i.e., “herbs”) account for up to 
80% of the plant diversity in forest ecosystems (Gilliam  2007; 

Spicer et  al.  2020). They are central to the cultural practices 
of communities around the world (Hames and Hames  1976; 
Nakazono et al. 2004; Stepp 2018; Ralte et al. 2024), international 
export commodities (Nair  2019; Pizano  2023; Linares-Gabriel 
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et al. 2025), and are increasingly the focus of bioprospecting for 
active pharmaceutical ingredients (Mamadalieva et  al.  2021; 
Chen et al. 2025). Despite their global ubiquity and importance, 
however, research on herbaceous plants is geographically biased 
to European and North American temperate and Mediterranean 
forests (Moss et  al.  1910; Ellenberg  1988; Peterken  1993; 
Jefferson 2008; Taylor and Rowland 2010), and phylogenetically 
biased to certain taxa and functional groups (Vellend et al. 2003; 
Funk 2005). Overall, herbs remain historically understudied rel-
ative to woody plant species (Gilliam 2014a), and especially the 
trees that define forest structure (Chazdon et al. 2016). This defi-
cit is particularly true for the tropics (Gentry and Dodson 1987; 
Filgueiras  2002; Costa  2004; Gilliam  2007; Linares-Palomino 
et al. 2009; Perea et al. 2022; Spicer et al. 2022) and the southern 
hemisphere (Coomes et al.  2005), where studies of understory 
herbaceous plants are rare (Massante et al. 2019).

The comparative lack of research on herbs outside of Europe 
and North America not only limits our understanding of their 
biology but also hinders their use as model systems for testing 
ecological, biogeographic, and evolutionary theory (but see, 
e.g., Hutchings and Price 1999; Vandepitte et al. 2009; Pfeiffer 
et al. 2019). This omission is important because there is increas-
ing evidence that the diversity and dynamics of understory ter-
restrial herbs can be very different from those of woody plants. 
Herbs encompass a wider range of life forms than trees, with 
correspondingly unique life cycles and a larger variety of pheno-
logical adaptations and reproductive strategies (Raunkiaer 1934; 
Klimeš 2020). Herbs also have a wider range of life-history strat-
egies, including clonality, plasticity, and hybridization, than do 
trees (Raunkiaer  1934; Winkler and Schmid  1995; Ellstrand 
et al. 1996). The biotic interactions of herbs with other organ-
isms may also be different from those of trees (Haukioja and 
Koricheva  2000). As such, the drivers of herb diversity are 
likely different from those of woody plants (Whigham  2004; 
Schellenberger Costa et al. 2018; Radhamoni et al. 2023).

Herbs also differ from trees in aspects of many functional traits 
(Díaz et al. 2016; Šímová et al. 2018; da Silva Fortirer et al. 2023; 
Chen et al. 2024; Matsuo et al. 2024), as well as their potential 
sensitivity to climate change (Smith and Donoghue 2008; Smith 
and Beaulieu 2009; Zanne et al. 2014). Thus, herb populations 
may be useful indicators of impending shifts in forest composi-
tion and function that are not yet apparent in the tree commu-
nities (Webster et al. 2018). Expanding the breadth and depth of 
forest research to explicitly focus on herbs will therefore provide 
novel insights into the processes shaping plant population and 
community dynamics and the conservation of forest biodiversity 
(Filgueiras 2002; Spicer et al. 2022).

We present here 100 questions about terrestrial understory herbs 
in forest ecosystems, comprising key knowledge gaps and pri-
orities for research. To arrive at these questions, we built on 
recent efforts (Gilliam 2007; Spicer et al. 2020, 2022) using an 
expert solicitation exercise similar to those conducted for other 
research foci, including ecology (Sutherland et al. 2013), conser-
vation biology (Sutherland et al. 2009; Cooke et al. 2021), and be-
lowground biology (Mammola et al. 2020). We aim to stimulate 
research, expand collaborations, and promote advances in our 
understanding of this speciose and ecologically critical compo-
nent of forest biodiversity.

2   |   Methods

Our goal was to identify and prioritize unanswered fundamen-
tal and applied research questions related to the dynamics and 
diversity of terrestrial understory herbs in forest ecosystems. As 
with similar exercises (Sutherland et al. 2009, 2013), we sought 
questions that could be answered by a small-to-medium re-
search team with a moderately sized multi-year grant. Below, 
we describe the process for soliciting and finalizing the final list 
of 100 questions presented here.

2.1   |   Stage 1: Survey and Collating Initial 
Questions

The preliminary list of questions was generated through 
an open community survey and expert solicitation (sensu 
Sutherland, Fleishman, et  al.  2011; Sutherland, Goulson, 
et  al.  2011). Using an online survey developed with the 
Qualtrics survey platform (Qualtrics, Provo, UT), we asked re-
spondents to identify and prioritize the unanswered questions 
related to the dynamics and diversity of herbaceous plants in 
forested ecosystems across the world. For the purposes of this 
survey, “forested ecosystems” were defined as wet, moist, or 
dry forest and forest-related ecosystems (forests, woodlands, 
or savannas) from boreal, temperate, subtropical, or tropical 
climates, including urban, managed, fragmented, secondary, 
or primary forests in wetland, lowland, upland, montane/al-
pine terrains or islands.

Respondents were asked to submit questions that could be an-
swered “over the course of several years by a small-to-medium 
sized research team with moderate research funding.” Survey 
participants were solicited through email listservs, social media, 
academic societies, and personal networks from the global com-
munity of experts on forest ecology, botany, horticulture, and 
related fields. We received a total of 37 completed survey re-
sponses, with 130 submitted questions (Appendix S1).

2.2   |   Stage 2: Streamlining and Ranking 
of Questions

The preliminary questions were then debated, revised, and con-
solidated at a 3-day workshop attended by ecologists with exper-
tise in fields, including plant or forest ecology, plant systematics, 
ecological sampling, statistical modeling, and herb conserva-
tion and management (April 12–15, 2023, Oak Spring Gardens, 
Upperville, VA, USA). Of the 37 initial survey respondents, 31 
participated in the workshop (22 in person and nine online); the 
participants represented 20 institutions in seven countries (from 
North and South America, Africa, and Asia) and spanned the 
continuum of academic career stages (from graduate student to 
full professor) and had fieldwork experience in forest ecosys-
tems around the world.

Prior to the workshop, the 130 questions from the initial survey 
were reviewed and pooled into preliminary categories by the 
workshop organizers (SQ, HV, MS, LC, and MD) and distributed 
to participants for review and proposed rewording and ranking 
(see Appendix S1 for details).
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At the workshop, the participants spent 2 days further discuss-
ing, rewording, and ranking the 130 questions. This activity was 
done by dividing participants into several small interest groups, 
where working in parallel sessions they repeatedly discussed the 
questions related to their area of interest and worked on merg-
ing or rewording those. This was followed by plenary sessions 
where all workshop participants ranked the proposed new ques-
tions using an anonymous online form. After several iterations 
of this process, the participants reached consensus on the final 
list of 100 questions. The questions were then edited throughout 
the revision process.

2.3   |   Caveats

Exercises such as this have limitations based on participant ex-
pertise, the questions submitted, and the identity and number 
of workshop participants (reviewed in Sutherland et  al.  2009, 
2013). Participation in turn depends on such factors as the fi-
nancial support available for travel and the availability and 
resources of potential participants. Some of these limitations ap-
plied to our workshop as well, but they were offset in part by the 
now-ubiquitous adoption of online communication platforms 
that allowed scientists from around the world to participate in 
our workshop in real time. This technology helped ensure our 
discussions included the perspectives of participants at different 
career stages and with expertise on a broad range of topics, bi-
omes, and taxa. We also acknowledge that important literature 
pertaining to the 100 questions posed here exists; however, it is 
impractical to review all relevant literature here, as it was not 
the primary goal of the paper.

3   |   Results

We grouped the resulting 100 questions into 19 broad subject 
areas, summarized in Appendix S2. The numbering of questions 
within and across subject areas does not reflect their ranking of 
priority by the workshop members.

3.1   |   Patterns and Drivers of Diversity 
and Distribution

We still lack data on the abundance, diversity, and distribution 
of herbs—and how this varies with spatial and temporal scale—
for most of the world's forests (Spicer et al. 2022). Most work to 
date has focused on the temperate forests of northeastern United 
States (Curtis 1959; Amatangelo et al. 2014; Gilliam 2014b; Beck 
et al. 2022) and Europe (Verheyen et al. 2003; Mölder et al. 2008; 
Schulze et  al.  2016; Bugno-Pogoda et  al.  2021), whereas pro-
portionately far fewer studies have been conducted in species-
rich tropical forests and the southern hemisphere (but see, e.g., 
Gentry and Emmons  1987; Poulsen  1996; Costa  2006; Jones 
et  al.  2006; Linares-Palomino et  al.  2009; Cicuzza et  al.  2013; 
Murphy et al. 2016), and especially tropical dry forests (Linares-
Palomino et  al.  2011; Radhamoni et  al.  2023). Regardless of 
biome, relatively few studies use comparable methods (sensu 
Curtis  1959; Peet et  al.  2012; Waller et  al.  2012), which im-
pedes cross-site comparisons of herb diversity and composition. 

Generating comparable quantitative data using standard meth-
ods would transform our knowledge of the diversity and distri-
bution of understory herbs in forests.

1.	 What are the patterns of forest herb diversity (taxonomic, 
functional, phylogenetic, and genetic) at local, regional, 
and global scales (alpha, beta, and gamma diversity), and 
how do these patterns differ from those documented for 
other plant life forms?

2.	 What are the evolutionary and biogeographic processes 
that shape the global distributions of forest herbs?

3.	 How do genetic diversity and population genetic structure 
vary within and among herb species, forest types, and at 
different spatial scales?

4.	 What are the drivers of state transitions for understory for-
est herb communities?

3.2   |   Abiotic Drivers of Diversity and Distribution

Climate drives the distribution of plant biomes across the globe 
(Kleidon and Mooney  2000; Kreft and Jetz  2007; Fine  2015), 
as well as variation in species richness and composition 
(Fine  2015). Studies of tree communities point to strong ef-
fects of water and soil nutrients on diversity (Esquivel-Muelbert 
et al. 2017; Dattaraja et al. 2018), and the impact of such drivers 
on forest herbs is evident in available studies of understory di-
versity and community composition (Jones et al. 2006; Burton 
et al. 2011; Tian et al. 2023; Radhamoni et al. 2023, 2025; Geng 
et al. 2024; Deng et al. 2025) and of micro-scale heterogeneity 
within forests (Bratton 1976; Gilbert and Lechowicz 2004; Beck 
and Givnish  2021; Beck et  al.  2022). There is also, however, 
evidence that light levels may be more important than water 
availability for herbs (Radhamoni et al. 2023). Addressing the 
knowledge gaps in our understanding of how abiotic factors in-
fluence forest herb communities is critical.

5.	 How do seasonal and spatial variation in light availability 
influence herb community diversity?

6.	 How does local-scale understory habitat heterogeneity 
in resources (e.g., microclimate, soil nutrients, and light) 
or substrate (e.g., tip-up mounds, burrows, and termite 
mounds) determine the diversity and dynamics of herb 
communities?

7.	 How does the relative importance of various drivers (light, 
water, and nutrient availability) differ between herbs and 
trees?

8.	 Does the relative importance of various drivers differ 
among global forest types and regions (e.g., tropical vs. 
Mediterranean, austroboreal vs. austrotemperate, and up-
land vs. wetland forests)?

3.3   |   Biotic Drivers of Diversity and Distribution

Competition with other herbs (Keddy and Shipley  1989), 
neighboring trees (Seghieri  1995), and shrubs (Ram and 
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Chawla  2024)—as well as their juvenile or sapling stages 
(Vandenberghe et  al.  2006, 2008; Yin et  al.  2023)—likely has 
a strong effect on herb diversity and distribution. Overstory 
trees have a major influence on the abundance, diversity, and 
composition of herbs (Berger and Puettmann  2000; Bartels 
and Chen  2012; Yu and Sun  2013; Veresoglou et  al.  2017; 
Tölgyesi et  al.  2018; Zhukov et  al.  2019; Jia et  al.  2022; Deng, 
Fang, et al. 2023; Wassel and Myers 2025). The same is true of 
interactions with soil biota, herbivores, pests, and pathogens 
(Fernandes et  al.  2002; Rooney and Waller  2003; Shannon 
et  al.  2012; Smith and Reynolds  2015; Koerner et  al.  2018; 
Beck 2021; Havrdová et al. 2025). In contrast, herbs also have 
a significant effect on the recruitment and regeneration of trees 
(George and Bazzaz 1999; Coomes et al. 2005). Additional stud-
ies are needed to better understand the role of biotic interactions 
in shaping forest herb communities.

	 9.	 How do various competitive interactions (intraspecific, 
interspecific, or with other plant growth forms) shape the 
distribution and diversity of forest herbs?

	10.	 What are the effects of overstory composition and traits 
on herbaceous diversity and dynamics?

	11.	 How do soil biota (e.g., microbes, fungi, and invertebrates) 
influence the diversity, distribution, and community dy-
namics of forest herbs?

	12.	 Does the concept of “foundational species” apply to the 
herb layer? Are there species whose effects are dispropor-
tionate to their relative biomass?

	13.	 How do natural enemies (e.g., herbivores and pathogens) 
influence the diversity and distribution of understory 
herbs, and how does this vary across forest ecosystems?

	14.	 Do herbivores drive long-term stable transitions to alter-
nate herb communities?

3.4   |   Community Assembly and Coexistence

Local species assembly of organisms, including that of 
plants, depends on the interplay of deterministic and sto-
chastic processes with ecological and evolutionary signifi-
cance (Fukami 2015; Vellend 2016; Barabás et al. 2018; Måren 
et al. 2018), whereas both niche and neutral processes influ-
ence species coexistence (Levine and HilleRisLambers 2009; 
Stump and Comita  2020). Conspecific negative density de-
pendence (CNDD) is considered central to the coexistence of 
plant species (LaManna et al. 2017; Stump and Comita 2018); 
although there is ample evidence of CNDD's importance from 
studies with tree communities, similar studies with herbs are 
limited. Although CNDD is likely also to play a role in herb 
species coexistence, its relative importance may differ due to 
differences between herbs and trees in dispersal syndromes 
and distances and in their responses to abiotic conditions, dis-
turbances, and biotic interactions (Burton et  al.  2011; Barry 
and Schnitzer 2021).

	15.	 How does the relative influence of various community as-
sembly mechanisms differ among plant groups (e.g., herbs 
and trees) and among forest types?

	16.	 Do growth–survival trade-offs allow herb survival in low-
light environments?

	 17.	 To what extent is niche partitioning (e.g., light and soil) 
important for the coexistence of herb species?

	18.	 How does the relative importance of deterministic ver-
sus stochastic processes in structuring herb communi-
ties change across environmental gradients and spatial 
scales?

	19.	 Are patterns of forest herb community assembly consist-
ent with competition–colonization trade-offs?

	20.	 To what extent does CNDD influence the diversity, distri-
bution, and coexistence of forest herb species?

	21.	 Temporal niche partitioning plays an important role in fa-
cilitating the coexistence of temperate herbaceous plants 
(e.g., spring ephemerals, transient species, and core spe-
cies); is this also the case in non-temperate forests?

3.5   |   Interactions With Fungi and Other Microbes

The interactions of plants with soil microbes, including bac-
teria and fungi, drive fundamental processes, such as nutri-
ent cycling (Marschner  2007; Churchland and Grayston  2014; 
Wang et al. 2025) and influence the structure and function of 
forests (Winsome et al. 2017; Stump and Comita 2018; Albornoz 
et  al.  2022). Although most of these studies focus on trees 
(LaManna et  al.  2017), herb–microbial interactions are not 
unknown. For example, temperate forest herbs form symbi-
otic associations with fungi (Rożek et al. 2019), and they influ-
ence soil fungal and bacterial communities (Wolfe et al. 2008; 
Chen et  al.  2021; Stefanowicz et  al.  2022; Zubek et  al.  2024). 
Herbs may also host pathogenic and endophytic microbes (Qin 
et  al.  2009), some of which they share with trees and shrubs 
(e.g., root-endophytic fungi; Toju et al. 2013). Some forest herbs 
are also myco-heterotrophic, as they extract carbon from fungal 
sources (Leake 2005). However, the species-, community-, and 
ecosystem-level importance of such interactions remains largely 
unknown, especially in tropical forests.

	22.	 In what categories of microbial interaction do forest herbs 
engage, and how does the ecological function of these in-
teractions vary across different forest ecosystems?

	23.	 Which herbaceous species associate with mycorrhizal 
fungi, and how do patterns of association compare to 
those for trees or shrubs?

	24.	 How specialized are herb–microbe interactions?

	25.	 Do mycorrhizal associations with herbs influence indi-
vidual fitness, community composition, and ecosystem 
function?

3.6   |   Other Biotic Interactions

Although the performance of individual herbs and the dynamics 
of their populations are influenced by the plants and animals 
with which they interact, the reverse could also be true. For ex-
ample, there is increasing awareness that herbs influence tree 
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regeneration (George and Bazzaz 1999; Coomes et al. 2005; Royo 
and Carson  2008; Elliott et  al.  2015; Thrippleton et  al.  2016). 
Herbs have also been model systems for the study of herbiv-
ory (Rooney and Waller  2003; Royo et  al.  2010; Christopher 
et  al.  2014; Faison et  al.  2017), seed dispersal (Vellend 
et al. 2003; Rooney and Waller 2003; Myers et al. 2004; Warren 
and Bradford 2011; Blyth et al. 2013; Guiden 2017), pollination 
(Barrett and Helenurm 1987; Gandhi and Herms 2010), and other 
plant–animal interactions (Fernandes et  al.  2002; Boulanger 
et al. 2018). However, studies of multiple interactions with the 
same herb species and comparative studies of biotic interactions 
across forest types and among plant groups remain a priority.

	26.	 How do herb community composition and ground cover 
influence the recruitment and regeneration of tree seed-
lings and other plant groups in the understory?

	27.	 How do the interactions between herbs and tree seed-
lings (from competitive to facilitative) vary along abiotic 
gradients?

	28.	 How does abiotic variation influence plant–animal inter-
actions in the herb layer?

	29.	 Are herb–animal interactions more specialized than 
those of animals with woody plants or vice versa?

	30.	 How do pollination, defense, and dispersal syndromes 
vary across herbaceous species and forest types?

	31.	 To what extent do herbs and woody plants share pollina-
tors and dispersers?

	32.	 To what extent are aboveground versus belowground bi-
otic interactions important to herbaceous plant fitness?

3.7   |   Functional Traits

In recent decades, studies of variation in functional traits 
among individuals, species, and communities have guided a 
deeper mechanistic understanding of plant community assem-
bly, succession, ecological strategies, and ecosystem function 
in forests (Lavorel and Garnier 2002; Mason et al. 2005; McGill 
et  al.  2006; Bruelheide et  al.  2018; Kemppinen et  al.  2021; 
Kambach et  al.  2023). Leaf traits associated with a trade-off 
between resource acquisition and stress tolerance (the leaf eco-
nomics spectrum, LES) have received considerable attention 
(Wright et al. 2004). However, other key traits—especially root 
traits—remain conspicuously understudied (Chave et al. 2009; 
Roumet et al. 2016; Weemstra et al. 2016; Chelli, Klimešová, 
et al. 2024), or restricted to certain forest types and geographic 
areas (Petrauski et  al.  2019). Herbs are distinguished from 
woody plants along trait axes associated with various other 
traits orthogonal and independent of the LES (Grime  2006; 
Díaz et al. 2016; Burton et al. 2017, 2020), and forests are dis-
tinguished from other vegetation types by the high mass ratio 
of tall trees (Bruelheide et al. 2018). Most of the available trait-
based studies on forest herbs are restricted to specific biomes, 
such as temperate forests (Amatangelo et  al.  2014; Sabatini 
et al. 2014; Kern et al. 2014; Vanneste et al. 2019; Campetella 
et al. 2020; Rolhauser et al. 2021; Kermavnar et al. 2021; Beck 
et al. 2022; Forey et al. 2023; Chianucci et al. 2024; Noualhaguet 

et al. 2024; Chelli, Bricca, et al. 2024), and more such studies 
are needed from other biomes, forest types, and regions to test 
and refine theory directly and via meta-analysis. While study-
ing herb traits, it is important to know that trait studies are 
limited by our understanding of plant-trait dimensionality, in-
traspecific variability, and trait relationships to abiotic gradi-
ents, fitness, and ecosystem function (Laughlin 2014; Shipley 
et al. 2016).

	33.	 How do the functional traits of forest herbs vary within 
and among forest ecosystems and among successional 
forest stages?

	34.	 What ecological information is captured by species iden-
tity versus functional traits versus phylogeny for herba-
ceous communities in forested ecosystems?

	35.	 What is the relative importance of intra- versus interspe-
cific trait variation along abiotic gradients?

	36.	 How does the prevalence and magnitude of phenotypic 
plasticity in herbs compare to that in other plant growth 
forms?

	37.	 What functional traits enable herbs to have high individ-
ual fitness and species diversity in forests where light is 
limited?

	38.	 What are the relative effects of biotic and abiotic drivers 
on functional trait variation in herbs?

	39.	 How do the cues, patterns, and mechanisms underlying 
phenology of leafing, flowering, and fruiting in herbs 
compare to those of trees, shrubs, epiphytes, and lianas?

3.8   |   Demography and Population Dynamics

Herbaceous plants have been model systems for testing life-
history theory and studying plant population dynamics 
(Harper  1980; Capdevila et  al.  2022). However, much of this 
work has been focused on a limited suite of species and loca-
tions (Bierzychudek 1982; Whigham 2004; Vellend 2005; Bruna 
et  al.  2009; Römer et  al.  2024), in part because demographic 
work can be labor intensive and expensive (Queenborough 
et al. 2011). Expanding the taxonomic and geographic scope of 
demographic research will result in more robust and compre-
hensive life-history theory. For example, species in many trop-
ical families (Zingiberaceae, Heliconiaceae, and Marantaceae) 
appear to have a shade-tolerant life history similar to that of 
tropical trees (Rundel et al. 1998; Takahashi 2004; Bruna and 
Ribeiro  2005a); if this is generally true of tropical species, it 
could lead to reconsider our view of a “typical” herb life-history 
strategy. It could also influence our broader understanding of 
forest dynamics: There is evidence that populations of these 
species rapidly expand following disturbance, potentially alter-
ing successional trajectories (George and Bazzaz  2014; Elliott 
et  al.  2015) or maintaining forests in an alternate stable state 
(Pouteau et al. 2024).

	40.	 How common is local adaptation in populations of herba-
ceous plant species in forests, and what drives variation in 
phenotypic plasticity among populations?
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	41.	 How do specific functional traits influence herb demogra-
phy and population dynamics?

	42.	 How do some forest herb species maintain high popula-
tion sizes or growth rates in low-light conditions?

	43.	 What is the relative importance of biotic and abiotic fac-
tors in driving the demographic vital rates and abundance 
of herbs?

	44.	 How does sexual versus asexual reproduction influence 
the spatial genetic structure of forest herbs?

	45.	 Does the magnitude of density dependence vary by life-
history stage or life-history strategy?

	46.	 What is the relationship in herbs between population size 
and population growth rate, and how does it compare to 
that of other plant groups?

	47.	 How synchronous are the population dynamics among 
coexisting herb species over time and space?

3.9   |   Ecosystem Ecology and Function

The impact of herbs on forest structure and function far exceeds 
their relative stature or biomass. Despite representing far less 
than 1% of forest aboveground biomass, the herbaceous layer 
can contribute up to 20% of foliar litter (Muller 2014); this litter 
has a far faster rate of decomposition than that of trees (Welch 
et  al.  2007), making herbs central to carbon flux and nutri-
ent cycling (Muller  2014; Neufield and Young  2014; Landuyt 
et al. 2019). This effect on nutrient cycles, coupled with empir-
ical studies of herbs' role in ecosystem processes ranging from 
fire cycles to food-web assembly (Barton et al. 2009), suggests 
that the way in which they shape ecosystem function has been 
vastly underappreciated.

	48.	 What ecosystem services do herbs provide? Which of 
those are uniquely provided by herbs, and what are the 
implications for ecosystem function of reductions in herb 
cover, biomass, or diversity?

	49.	 What is the role and relative contribution of herbs to nu-
trient cycling in and across forests?

	50.	 What are the direct and indirect pathways by which herbs 
influence forest carbon stocks?

	51.	 How do parasitic and myco-heterotrophic herbs affect 
ecosystem processes in forests?

3.10   |   Natural and Anthropogenic Disturbances

Given the physiology and ecology of forest herbs, it is per-
haps not surprising that they appear particularly sensitive to 
natural and anthropogenic disturbances, including logging 
(Roberts 2004; Duguid and Ashton 2013; Duguid et al. 2013; 
Roberts and Gilliam 2014; Wyatt and Silman 2014), changes in 
flooding regime (Johnson and Waller 2013; Johnson et al. 2016), 
overabundance of herbivores (Mudrak et al. 2009; Waller 2014), 
and the historical legacies of agricultural practices (Bruna and 
Ribeiro 2005b; Flinn 2014). However, questions remain about 

how herbs will respond to any synergistic effects of these dis-
turbances with global-change phenomena, such as climate 
change (Bellemare and Moeller 2014) and nitrogen deposition 
(Gilliam 2014a), particularly in landscapes where their habitat 
has been lost or fragmented (Scott et al. 2022).

	52.	 How do the frequency, intensity, and spatial extent of dis-
turbances drive variation in herb community composi-
tion, structure, and function?

	53.	 What persistent effects do past human activities (e.g., land 
use, management, and agriculture) have on the current 
diversity and distribution of herbs?

	54.	 What is the relative role of vegetative reproduction, 
seed banks, and seed rain in the post-disturbance re-
covery and succession of forest herb and understory 
communities?

	55.	 Do herb and tree communities respond similarly (in com-
position, structure, and/or function) to forest fragmenta-
tion and edge effects?

	56.	 How do the diversity and dynamics of herbaceous plant 
communities differ among successional stages (e.g., old-
growth and secondary forests)?

	57.	 How does disturbance influence the population dynamics 
of herbs restricted to specific habitats or found primarily 
in old-growth forest?

	58.	 What are the direct and indirect effects of canopy distur-
bances on herbaceous plants?

	59.	 How do pollutants (e.g., atmospheric and chemical) alter 
herb communities, and are these responses consistent 
with those on other plant groups?

	60.	 How do disturbances influence herb–animal interactions?

	61.	 Does community composition or do particular traits serve 
as proxies for the capacity of herbs to adapt to disturbance?

3.11   |   Forest Fire

Fire, both natural and anthropogenic, is a major disturbance 
in many forest ecosystems (McLauchlan et al. 2020) and a key 
driver of forest herb biodiversity. Natural fires allow for the 
ephemeral establishment of early successional herb species that 
would otherwise be excluded under forest canopies (Swanson 
et al. 2010; Hilmers et al. 2018; Spicer et al. 2022), whereas the 
heterogeneity of fire spread and intensity can promote diver-
sity at broader spatial scales (Schoennagel et al. 2008; Meddens 
et al. 2018). Climate change is altering historical fire regimes 
and the frequency of severe, stand-replacing fires (Dennison 
et al. 2014; Higuera et al. 2021; McColl-Gausden et al. 2022), 
both of which could significantly impact herb dynamics or 
shift community composition in forests either directly or 
via associated environmental changes (Andrade et  al.  2021; 
Coop et al. 2020; Guz et al. 2021; Gill et al. 2022; Rosenblad 
et al. 2023).

	62.	 How does spatial and temporal variation in fire diver-
sity influence the diversity, species composition, and 
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resiliency of herbaceous plant communities across fire-
prone communities?

	63.	 What are the consequences of alternative prescribed fire 
regimes on understory plant biodiversity and associated 
ecosystem functions?

	64.	 What are the consequences of long-term fire suppression 
on the availability of herb species propagules in fire-
adapted forests?

	65.	 How will changing fire regimes impact herb populations 
and communities, especially in the less-studied forests in 
the Global South?

3.12   |   Invasive Species

Forested ecosystems worldwide are impacted by the introduc-
tion of novel organisms, and are often stated as one of the largest 
risks to biodiversity (Mollot et al. 2017; Hald-Mortensen 2023) 
and introductions and their impacts are expected to continue to 
expand worldwide (Hulme 2009; Lovett et al. 2016). Currently, 
there is no universally accepted definition for invasive species, 
and the term is used across a wide variety of organisms, includ-
ing mammals, plants, invertebrates, and microbes (Lockwood 
et al. 2013; Pereyra 2016; Iannone et al. 2020). Therefore, it is 
difficult to generalize the impacts of invasive species as a whole 
on forest herbs. For example, widespread outbreaks of forest 
pests or pathogens causing canopy death (e.g., emerald ash borer 
or chestnut blight in North America) will involve processes 
and impacts significantly different from that caused by mam-
mals (e.g., beavers in Tierra del Fuego or feral pigs on Pacific 
islands; Pastur et al. 2006; Nogueira-Filho et al. 2009; Klooster 
et al. 2018; Karban and Karban 2024). Conversely, herbs have 
significant impacts as invasive species on forest ecosystems in 
many areas (Standish et al. 2001; Funk 2005; Wolfe et al. 2008; 
Wavrek et al. 2017).

	66.	 What is the best way to quantify invasion and the impact 
of native and non-native species on herb communities?

	67.	 How can we predict the risk of current and future inva-
sion and impact by herbs in different forest ecosystems?

	68.	 What are the ecological mechanisms by which invasive 
species (plants, animals, and microbes) alter herbaceous 
populations and communities in different forest biomes, 
and how do these change across spatial scales?

3.13   |   Direct and Indirect Effects 
of Climate Change

Climate change is altering the demography, phenology, and 
distribution of forest herb species and their interactions with 
other species (Parmesan and Hanley 2015; Ash et al. 2017; Piao 
et al. 2019; Iler et al. 2021; Lee et al. 2022), but the generality and 
magnitude of these changes remain unclear. Addressing these 
lacunae requires a multifaceted approach integrating in  situ 
observational studies, common garden and greenhouse exper-
iments, simulations and modeling, and the analysis of commu-
nity science datasets (Deng, Wei, et al. 2023).

	69.	 How will climate change alter the community composi-
tion of forest herbs, and how do these changes compare 
with those predicted for woody plants?

	70.	 How will the geographic distributions of forest herb spe-
cies shift in response to predicted changes in climate?

	71.	 How are the effects of climate change on forest herbs in-
fluenced by biotic and abiotic gradients?

	72.	 What are the direct and indirect consequences of climate 
change for herb demography and population dynamics?

	73.	 How will phenological mismatches with pollinators, dis-
persers, and herbivores affect spatio-temporal patterns of 
population and community dynamics?

3.14   |   Cultural and Socioeconomical Value 
of Herbs

Although there have been monitoring, management, and de-
velopment initiatives centered on socioeconomically import-
ant herbaceous species (Hongmao et  al.  2002; Roberts  2002; 
Ticktin  2004; Buffa and Villani  2012; Mureithi et  al.  2016; 
Chung et al. 2020), these efforts are rare, in large part due to the 
gaps in knowledge identified in the sections above.

	74.	 What are the cultural, social, and economic values of for-
est herb species?

	75.	 What are the ecological impacts of market-harvesting of 
socioeconomically important herbs for non-timber forest 
products (NTFPs)?

3.15   |   Predicting Extinctions

Human activities are leading drivers of plant extinctions (Barnosky 
et al. 2011) and the widespread homogenization of plant commu-
nities (Daru et al. 2021). The risk and mechanisms of extinction 
faced by woody plant species have received widespread attention 
(Hubbell et al. 2008; Rivers et al. 2023; de Lima et al. 2024); the 
few studies addressing this topic with herbs point to both parallel 
responses and some important differences. For instance, herbs ap-
pear similarly susceptible to the loss of biotic interactions—espe-
cially pollination and seed dispersal (Wiegmann and Waller 2006). 
However, they may have the capacity to more quickly adapt to 
environmental change (Smith and Donoghue  2008; Smith and 
Beaulieu  2009), which may be why some studies suggest their 
overall risk of extinction could be lower than that of other plant 
groups (Leão et al. 2014; Chen et al. 2023).

	76.	 What are the strongest predictors (e.g., phylogenetic at-
tributes, functional traits, geographic range, and habi-
tat) of local, regional, and global extinction risk for forest 
herbs?

	77.	 How do the current extinction rates of forest herbs com-
pare to those of woody plants, and what global-change 
phenomena are the primary drivers of herb extinction?

	78.	 How does the extinction debt of herb species vary across 
forest types and groups of species?
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3.16   |   Direct Effects of Forest Management

Previous work has shown that tree removal, the use of herbi-
cides, and other management practices applied to naturally 
regenerating forests influence the composition, functional di-
versity (Duguid and Ashton 2013; Duguid et al. 2013; Kusumoto 
et  al.  2015; Peter and Harrington  2018; Stokely et  al.  2022; 
McMichael et al. 2023), and community and population dynam-
ics of forest herbs (de Grandprέ and Bergeron  1997; Dovčiak 
and Halpern 2010; Royo et al. 2010; Elliott et al. 2011; Asbeck 
et  al.  2021). However, many of these effects are often ecosys-
tem- or site-specific, and it remains unclear what the conse-
quences of these changes will be when combined with those 
of disturbance from past management, plant invasions (Oswalt 
et  al.  2015; Huebner et  al.  2018), or ongoing global change 
(Perring et al. 2018).

	79.	 How do we assess whether management practices are 
meeting policy goals?

	80.	 What are the major barriers to restoring forest herb popu-
lations, and what management techniques are needed to 
overcome these barriers?

	81.	 What are the long-term effects of herbicides on the diver-
sity and composition of native herb communities?

	82.	 What are the relative effects of anthropogenic dis-
turbances and management on trait diversity of herb 
communities?

	83.	 What management practices are effective for controlling 
invasive herbaceous plants, and how does efficacy vary 
with forest type, geography, and species identity?

	84.	 How can herbs be used to increase tree recruitment, re-
generation, and performance, particularly in degraded 
ecosystems?

	85.	 What are the effects of extracting timber or other re-
sources on the abundance and population dynamics 
of forest herbs that are harvested as non-timber forest 
products?

3.17   |   Indirect Effects of Management Practices 
and Land Use

Management for timber or other resources will have indirect ef-
fects on herbs, for example via direct impacts on the animals with 
which they interact. The same is true of management activities 
in the local or regional landscape matrices (Henry et  al.  2020; 
Stewart and Byrne 2025). Previous studies have shown that the 
frequency and intensity of management practices can influence 
the population dynamics and demography of forest herbs (Royo 
et al. 2010; Elliott et al. 2011; Asbeck et al. 2021) and interact with 
species' traits, such as dispersal mechanism (Roberts 2004; Loehle 
et al. 2021). However, a complete understanding of the impact of 
forest management practices on herb communities is lacking.

	86.	 How do management practices aimed at tree regeneration 
(e.g., site preparation and assisted regeneration) impact 
understory herb diversity and community dynamics?

	87.	 How effective is retention harvesting at conserving un-
derstory herb species?

	88.	 What is the impact of restoration practices on the colo-
nization and establishment of native versus non-native 
herbs?

	89.	 How do climate-adaptive silvicultural practices, in-
cluding assisted migration, influence understory herb 
communities?

	90.	 How does climate change influence the response of under-
story herb communities to forest management practices?

	91.	 How do forest management practices influence herb–ani-
mal interactions?

	92.	 How does forest management interact with thresholds of 
state transitions for understory herb communities?

3.18   |   Conservation

Forest herbs rarely feature as an explicit target of conservation 
planning and reserve design, and even as the number of pro-
tected areas increases globally (Jones et  al.  2018), these areas 
often do not overlap with the centers of diversity or distribu-
tions of important herb species (Joppa et al. 2013). Many herb 
species are subject to illegal harvesting for sale to collectors 
or for their putative medicinal properties, and are also im-
pacted by other recreational activities in forests (van Andel and 
Havinga 2008; Wraith and Pickering 2017; Ticktin et al. 2018; 
Schmidt et  al.  2019). Systematic efforts are needed to assess 
the abundance, distribution, and threats to herb species and to 
increase their representation in digitally accessible biodiver-
sity databases used for conservation planning (e.g., the Global 
Biodiversity Information Facility; Feeley  2015; Trindade and 
Marques  2024). These efforts are also essential if herbs are to 
be included in international legal frameworks for conservation, 
such as the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (CITES) and other conserva-
tion systems, such as the one set by the International Union for 
Conservation of Nature (IUCN) (Brummitt et al. 2015).

	93.	 How do current protected areas match the diversity and 
distribution of forest herbs?

	94.	 What actions can be taken by the scientific community to 
identify herb species that should be the focus of conserva-
tion action and gather the required data for their inclusion 
in international conservation frameworks (e.g., CITES 
and IUCN)?

3.19   |   Research Methods

This last suite of questions focuses on how we study herb com-
munities. Workshop participants quickly honed in on the con-
spicuous lack of standard protocols for sampling herbs, even 
among researchers working in the same type of forest (Small 
and McCarthy 2002; Spicer et al. 2022). While recognizing not 
all studies for which herbs are used can use identical sampling 
methods, there was consensus among workshop participants 
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that the lack of systematic data collection hinders the ability 
to synthesize datasets, generalize across locations, or conduct 
meta-analyses (McCarthy 2014).

	95.	 What are the most effective methods to sample herb di-
versity to allow for cross-site comparisons across different 
forest types?

	96.	 How can we efficiently track the changes and variation in 
the abundance of species, especially those that are rare or 
ephemeral?

	97.	 Can we synthesize data collected to date and use the les-
sons learned to develop standard protocols for future sur-
veys and studies?

	98.	 How does collector bias influence our understanding of 
plant biodiversity in forest ecosystems?

	99.	 Given the taxonomic challenges in identifying many herb 
species, what is the best approach for standardizing and 
comparing diversity at different taxonomic levels?

	100.	 How can we use emerging technologies (e.g., remote sens-
ing, LiDAR, and hyperspectral imagery) to characterize 
the structure and composition of understory herb com-
munities at multiple scales?

4   |   Discussion

The 100 questions above address important gaps in our un-
derstanding of a globally widespread, species-rich, biologically 
complex, and ecologically critical group of plants. In addition 
to identifying promising areas of research for specific subdisci-
plines, the questions and the workshop discussions surrounding 
them also suggest four overarching themes and challenges faced 
by scientists studying forest herbs.

4.1   |   Theme 1: Defining “Herbaceous Plants”

One would expect a commonly used term as “herb” to have a 
clear physiognomic, morphological, or anatomical definition. 
Although the presence of soft, non-woody stems is their his-
torically consistent and defining characteristic, more specific 
definitions have been offered based on anatomy (Eiten  1991; 
Carlquist 2009) and other characteristics (Anon 2025). A tem-
perate forest perspective of such definitions can be observed in 
ecological studies of the “herbaceous layer”: undergrowth de-
fined by plants of low stature that frequently grow in dense mats 
of intermingling species (Gilliam 2014b). The workshop partic-
ipants did not attempt to fine-tune any existing terrestrial, non-
woody plants as herbs, that is, any plant without angiosperm- or 
gymnosperm-wood above the ground, and/or without highly lig-
nified stems. Hence, ferns, flowering plants, and non-flowering 
plants with non-woody stems that grow on the forest floor were 
considered terrestrial herbs, whereas lignified monocots such 
as palms and bamboos were not considered. Other prominent 
non-woody plant life forms not rooted (e.g., epiphytes and hemi-
epiphytes) or fully established (e.g., secondary hemi-epiphytes) 
on the forest floor were excluded from the definition. This chal-
lenge in defining herbs, both botanically and ecologically, has 

important implications for how these plants are studied and for 
drawing general conclusions about “herbaceous plants” that 
transcend forest types and biomes. That said, it is important for 
studies to make clear how the term “herb” is being defined and 
applied, and especially the distinction between herbs and the 
herb, understory, or ground “layer,” if the “layer” also contains 
woody seedlings, saplings, or shrubs.

4.2   |   Theme 2: Research Methods

Studying a group with such marked variation in life form, life-
history strategy, and clonality poses myriad methodological 
challenges (Zobel and Liira  1997; Small and McCarthy  2002; 
Spicer et  al.  2022). These issues have resulted in researchers 
taking varied and often idiosyncratic approaches to data collec-
tion (Zobel and Liira 1997; Burton et al. 2011; Queenborough 
et al. 2011), resulting in data that are often incomparable across 
different studies, forest types, and biomes. There are existing 
protocols followed in certain temperate forests (Peet et al. 1998, 
2012, 2018), but these need to be modified and standardized 
to include other biomes and create globally comparable data-
sets. A few regional herb databases (e.g., Amazonia's HERBase) 
highlight progress in data compilation and echo challenges in 
methodological standardization (André et al. 2023). Addressing 
this methodological diversity by developing standardized cen-
sus protocols was viewed by workshop attendees as a major 
priority. The power of internationally standardized protocols is 
evident from the 1000+ papers resulting from global tree plot 
networks, such as ForestGEO (Davies et al. 2021) and Rainfor 
(Malhi et al. 2002; Peacock et al. 2007). More recently, efforts to 
standardize protocols for lianas (Schnitzer et al. 2015) and arbo-
real epiphytes (Nieder et al. 1999; Freiberg and Freiberg 2000; 
Köster et  al.  2009; Adhikari et  al.  2021; Taylor et  al.  2022; 
Krömer et  al.  2025) have further advanced theory (DeWalt 
et  al.  2015; Verbeeck et  al.  2024) and conservation practice 
(Campbell et al. 2015). Our vision is of a similar standardized 
sampling protocol integrated into existing forest dynamics 
plots that outlines baseline data to be collected to enable cross-
site comparisons of herbaceous plant communities in forests 
around the world.

4.3   |   Theme 3: Cross-System Comparisons

The overwhelming focus on trees as systems with which to test 
ecological theory is leading to questions as to how representative 
this life form is of all plants (Radhamoni et al. 2023, 2025). Many 
of the questions identified by participants—including those on 
the drivers of species distributions, mechanisms of coexistence, 
and responses to habitat fragmentation, climate change, and 
other anthropogenic impacts—emerged as explicit comparisons 
between trees and herbs (Radhamoni et al. 2025). In contrast, 
other questions were centered exclusively on herbs, with the 
primary interest being the potential for generality across forest 
types (e.g., dry vs. moist forest), biomes (tropical vs. temperate), 
or anthropogenic impacts (e.g., fragmented vs. continuous for-
est). The herbaceous communities of many forests and forest 
types across the Earth remain understudied, especially in the 
tropics and Global South. Expanding cross-system comparisons 
was viewed as a priority by workshop participants.
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4.4   |   Theme 4: Taxonomy, Systematics, 
and Evolutionary Studies

Taxonomy and systematics face a number of well-known and 
multifaceted challenges that impede our ability to describe and 
conserve global biodiversity (Meyer et al. 2016; Engel et al. 2021). 
As these challenges are particularly pressing in the tropics and 
extra-temperate forests of the Global South (Rao 2012; Goodwin 
et al. 2015; Shennan-Farpón et al. 2021), researchers studying 
tropical herbs are often faced with low taxonomic resolution for 
even prominent groups, a dearth of flora or field guides, limited 
resources for maintaining collections, a backlog of specimens to 
be identified, and declining numbers of both taxonomic author-
ities and field technicians with botanical expertise (Goodwin 
et al. 2015; Crisci et al. 2020; Stroud et al. 2022; Luján et al. 2024). 
Therefore, it is likely that many surveys conducted in the tropics 
and Global South underestimate the true diversity in any given 
location. Along with the need for standardized census protocols 
mentioned above, increased attention and funding for studies of 
herbaceous plant species in tropical forests are critical for fill-
ing this gap in our understanding of global plant diversity. The 
use of emerging technologies (e.g., AI for species identification) 
and community engagement (e.g., iNaturalist, Wolf et al. 2022; 
Yancy et al. 2024) also hold great promise for improving efforts 
to identify and study forest herbs.

5   |   Conclusion

Herbs comprise a major proportion of the plant diversity in 
the world's forests, where they serve as habitat and food for 
myriad animal taxa and provide economically and culturally 
vital NTFPs. Despite being tractable systems readily amena-
ble to experimental manipulation, herbs remain underused as 
model systems for testing ecological theory, in part because 
several aspects of their biology make it challenging to compare 
and synthesize the results of studies conducted with dispa-
rate methods or in different forest types. Similarly, geographic 
biases in research attention mean that the long-term and ex-
tensive data from north temperate forests may also be unrep-
resentative. The 100 questions posed here can serve as a guide 
for generating high-priority information about the ecology of 
this fundamentally important group in less-studied forests, as 
well as for advancing our broader understanding of ecological 
theory and the response of biodiversity to ongoing and emer-
gent threats.
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