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Introduction

Plants are an integral part of the Earth’s Critical Zone, linking the atmosphere, hydrosphere,
lithosphere, and biosphere (Field et al. 2015). To improve our insights into ecological theory and
ecosystem processes, we need a more holistic view of plants that incorporates the “unseen elephant”
of belowground plant organs and their traits (Fig. 1). Roots and belowground stems (e.g., rhizomes
and tubers) acquire and store nutrients and support belowground buds that enable plants to regenerate
following dormant seasons or disturbance (KlimeSova and Klimes 2007). Although belowground
plant traits have been increasingly studied and included in databases (e.g., FRED, CLO-PLA, TRY),
the understanding of belowground plant traits and the functions that they represent still lag behind
aboveground traits and functions (Iversen et al. 2017, Kattge et al. 2020, Ottaviani et al. 2020). At the
Ecological Society of America Annual Meeting held in Baltimore, Maryland, USA on 13 August 2025,
we held a symposium titled “Belowground Plant Traits and Their Key Functions: An Overview of Roots,
Clonal Growth Organs, and Bud Banks and Their Role in Resource Acquisition, Resource Storage
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Fig. 1. The unseen elephant. Belowground plant traits are unseen and a largely unexplored frontier in ecology
(Linograph by Jitka KlimeSova).

and Vegetative Regeneration.” Our goals were to (1) provide an overview of the current belowground

plant trait research, and (2) bring together scientists studying roots, belowground morphological organ

types, and bud banks to identify how to better integrate these fields. We first provide overviews of each

presentation, and then discuss how areas of research are progressing and may be integrated in the future.
Belowground organ types

Presentation by Jitka Klimesova

From the very beginning of their lives, plants have aboveground shoots bearing leaves for assimilation
and buds for branching, and belowground roots providing them with water, nutrients, and anchorage.
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While some plants keep this body composition for their whole life, others adjust their body so that buds are
located belowground—where they are protected from seasonal adversities and recurrent disturbances—
either by placing their stems and associated buds belowground or by forming buds directly on roots
(Ott et al. 2019, KlimeSova 2025). Forming belowground (or close to the soil surface) storage and
bud-bearing organs is crucial for perennial herbs and resprouting shrubs, which are present in forest
understories but also dominate the majority of open ecosystems on Earth (Ottaviani et al. 2024). As
perennating (i.e., storage, clonal, and bud bearing) organs evolved many times independently (Herben
and KlimeSova 2020, Klimes et al. 2022), they are morphologically very diverse so that their functions
apart from perennation also differ. For example, stolons are better at space occupation and clonal
multiplication, while rhizomes are better protected and contain larger carbohydrate storage (Herben
and KlimeSova 2020). Belowground perennating organs affect the architecture of aboveground shoots
by providing a plant with clonal multiplication, but also affect fine root architecture by adjusting their
growth depth or width (KlimeSova and Herben 2023). Belowground organ types, therefore, have the
potential to affect the distribution of species along environmental gradients.

We tested this idea in the flora of Central Europe and found that the various morphological types of
belowground organs have different distributions along environmental gradients, even in this moderate
climate without extremes (KlimeSova and Herben 2024). From our analysis, it is clear that categories
like clonal versus nonclonal herbs are too broad, as even nonclonal annuals and perennial nonclonal
herbs substantially differ in their habitat preferences. While annual plants prefer severely and frequently
disturbed habitats, perennial nonclonal plants avoid such communities. Similar differences were found
among different groups of clonal plants. For example, rhizomatous herbs functioned better in stressful
environments than root sprouters that excelled in tolerating severe disturbance (KlimeSova et al. 2025).
Alas, testing these relationships outside of Central Europe is difficult as we lack complete data on
the diversity of clonal organs for any other flora (KlimeSova et al. 2017). Therefore, a crucial step in
our understanding of the functionality of belowground perennating organs for plant performance and
ecosystem function is to fill the gap in our knowledge of the morphological diversity of belowground
organs in different floras and communities.

Bud banks provide insight into ecological patterns and processes
Presentation by Jacqueline Ott

Although the concept of bud banks was formally introduced by Harper in 1979, bud bank research
only increased in the 21st century following their further description (KlimeSova and Klime§ 2007) and
recognition of their major ecological role in community regeneration (Benson and Hartnett 2006, Ott
et al. 2019). Buds can occur on stems or roots, which include modified stem structures such as tubers,
rhizomes, and stolons, and are predetermined to become shoots (KlimeSova and Klimes 2007, Ott
et al. 2019). Bud availability is driven by inputs (bud natality), outputs (bud mortality or outgrowth),
and bud dormancy within the bud bank (Ott et al. 2019). These bud bank dynamics can provide a useful
framework for advancing our understanding of potential belowground bud bank traits and also how bud
banks respond to disturbance and contribute to observed ecosystem patterns and processes (Ott et al. 2019).

Bud banks often mediate the response of plant communities to disturbance and variable weather.
For example, grassland aboveground net primary productivity and its response to interannual
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precipitation variability and precipitation legacies have been linked to belowground bud bank density
and the age structure of the bud bank (Knapp and Smith 2001, Dalgleish and Hartnett 2006, Ott and
Hartnett 2012, Reichmann and Sala 2014). Plant population response to fire depends on the vertical
distribution of buds within the soil profile. Fire reduced a species whose vertical bud distribution
was shallower as compared to other species within the community, leading to greater bud mortality
and lower bud resprouting of the shallow-bud species (Hiers et al. 2021). Species that experience
frequent disturbance may maintain greater amounts of buds to be able to resprout following the
disturbance, as is demonstrated by species that experience increased inundation in Chinese wetlands
(Chen et al. 2015). Bud bank spatial distributions can also be altered by the presence of competition
and can be a mechanism by which invasive species outcompete native species (Bam et al. 2023). In
grassland restorations, younger grasslands are often of lower species richness and lack the species that
rely on belowground clonal growth organs and bud banks (Nerlekar and Veldman 2020, Pornon and
Andalo 2023). Therefore, restoration of grasslands and other herbaceous communities may require
restoring bud bank density and diversity (e.g., Willand et al. 2013). Many additional opportunities
exist to explore bud bank contributions to the functioning of plant populations and communities,
such as their role in resistance to aridification (KlimeSova et al. 2023) and resilience to herbivory
(e.g., Dalgleish and Hartnett 2009, Fidelis et al. 2014, VanderWeide et al. 2014). Belowground bud
bank traits will be an important part of further explorations into plant community ecological theory
and application (Ott et al. 2019).

Root system architecture and distribution
Presentation by Shersingh Joseph Tumber-Davila

The spatial extent of a plant’s root system—its size and distribution—defines the rhizosphere: the
primary zone for resource uptake and a hotspot for plant—soil-microbial interactions. Yet, despite
its critical role, root system size remains underexplored compared to fine root traits and especially
aboveground size, due in part to the complexity of adequately estimating the spatial extent of plants
belowground. The following nonexhaustive list illustrates some of the technical challenges:

1. Plant roots can often be found tens of meters beneath the soil surface (Tumber-Davila et al. 2022).

2. Excavating and directly observing rooting depth distributions is time-consuming, technically de-
manding, and costly (Maeght et al. 2013).

3. The distribution of roots is highly plastic across edaphic and hydrological constraints (Fan
et al. 2017)—maximum rooting depth alone does not reflect the space occupied by roots and their
role in meeting water-uptake demands (Nippert and Holdo 2015).

4. Most studies do not go deeper than 1 m, and much more often stop around 30 cm, and therefore do
not capture the true variation in rooting depth distribution, especially in seasonally-dry climates
with large woody plants (Germon et al. 2020).

5. Among many other factors, rooting depth is influenced by overall plant strategies across various
growth forms to resist, avoid, and confront resource limitations and stress; however, the exact
relationship between rooting depth and plant types/strategies is so far difficult to predict (Pierret
et al. 2016, Laughlin et al. 2023, KlimeSova et al. 2025).
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Given the ever-important role that roots play in maintaining the plant-water balance, and the growing
need to understand how ecosystems and plant communities will respond to changing hydrological
regimes, a renewed focus on unearthing the spatiotemporal (across both depth and time) dynamics of
root system size is urgently needed (Binkley 2015, Tumber-Dévila and Malhotra 2020, Miguez-Macho
and Fan 2021, Stocker et al. 2023).

Root system architecture not only influences access to water and nutrients, but also mediates
plant performance, resilience to stress, and carbon allocation strategies. To demonstrate the role of
root system architecture and distribution, we synthesized global data on root system dimensions
across growth forms, ecosystems, disturbance regimes, and climates. We showed that the size of
the rhizosphere—based on the maximum lateral extent and rooting depth of plants—exhibits high
plasticity both within and among species, even if highly linked to total aboveground size, responding
dynamically to environmental limitations such as water stress—especially for rooting depth (Tumber-
Davila et al. 2022). These results revealed broad variation in root system investment strategies,
complementing more commonly studied fine root traits such as specific root length, root diameter,
root nitrogen, or root tissue density. We argued that a renewed focus on the structural aspects of root
systems is needed to advance our understanding of belowground functional strategies. While fine root
traits provide critical insight into root economics, these morphological and chemical traits tended
to be relatively more conserved within species, when compared to patterns of space occupancy and
allocation to roots and other belowground carbon pools (i.e., exudation and mycorrhizal symbionts;
Freschet et al. 2021, Matthus et al. 2025). However, root system size and distribution demonstrated
far more plasticity and may better reflect whole-plant responses to spatial and temporal heterogeneity
in resources (Schenk 2008, Iversen 2010). For example, deeper rooting and greater belowground
carbon allocation are frequently observed under water-limited conditions, suggesting strong adaptive
advantages tied to rhizosphere expansion (Canadell et al. 1996, Schenk and Jackson 2002, Tumber-
Dévila et al. 2022). While most root biomass still lies in the shallower (<30 cm) portion of the soil,
even in water-limited environments, a substantial increase in root biomass at deeper depths has
been observed across many ecosystems (Lu et al. 2025), and those deeper roots, when present, may
provide a lifeline for plants under periods of water limitation (Bachofen et al. 2024).

While we demonstrate the dynamic role of root system distributions across environmental gradients,
further research is needed to evaluate trade-offs between carbon investment in structural and acquisitive
roots versus alternative foraging strategies such as clonal growth organs, mycorrhizal associations, or
root exudation to meet resource demands across environmental gradients.

The root economic space
Presentation by Luke McCormack

Concepts of plant economics and economic traits are longstanding in the field of plant ecology.
These were largely advanced from an aboveground perspective, focusing first on leaves and later
wood, and eventually integrated into whole-plant concepts (Wright et al. 2004, Chave et al. 2009,
Reich 2014). However, application of these same principles lagged behind for fine roots belowground,
owing largely to a paucity of data. Roughly a decade ago, several teams began to synthesize curated
data sets, some built upon previously published data (Freschet et al. 2017, Valverde-Barrantes
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etal. 2017) and others developed largely by single research teams (Chen et al. 2013, Kong et al. 2014,
Ma et al. 2018). These efforts culminated with the synthesis of a large, globally-relevant and freely-
available database of fine-root traits dubbed the Fine-Root Ecology Database (FRED; Iversen
et al. 2017). Since its initial release, FRED has enabled a veritable explosion of novel belowground
research, much of it focused on understanding how fine-root traits are integrated to create unique
belowground resource acquisition strategies. Multiple studies have now tested core economic
principles in roots first derived in leaves, with several core concepts seeming to reasonably apply
to both leaves and roots. In particular, concepts relating to “fast” vs. “slow” strategies, or similarly
“acquisitive” vs. “conservative” strategies, have found a home belowground when describing the
core economic root traits of root diameter, specific root length, root tissue density, and root nitrogen
content. However, there is a major difference when comparing leaves to fine roots, in that while
most leaf economic strategies fall along a single spectrum, root economic strategies clearly organize
in multiple dimensions. The multidimensionality of fine-root traits was demonstrated in several
key studies (Kong et al. 2014, Kramer-Walter et al. 2016, Weemstra et al. 2016, Ma et al. 2018,
McCormack and Iversen 2019), but was not formalized as the root economic space (RES) until the
publication by Bergmann et al. (2020).

While most recent studies have broadly supported the core RES, it is important to mention
that identifying the limitations of the RES is also critically important. Indeed, by discovering and
understanding its limitations, we can much more robustly interpret the utility and extensions ofthe RES
(Matthus et al. 2025). For example, previous studies highlighted that fine-root diameter, a core trait
within the RES, was closely related to plant evolutionary history, with older lineages tending towards
thicker roots while younger lineages had thinner roots (Comas et al. 2012, Ma et al. 2018). However,
these studies were largely focused on angiosperm species. A recent study focusing on gymnosperms
found no relationship between root diameter and evolutionary history (Langguth et al. 2024). In a
different study, relationships among RES traits were compared between a phylogenetically diverse
set of tree species that largely reflected the standard RES, and a phylogenetically narrow set of
species (i.e., all within the Quercus genus; McCormack et al. 2020). Here, relationships among
RES traits within the single genus notably diverged from those determined among diverse species.
Recognizing and understanding different evolutionary trajectories of RES traits among major clades
allows us to predict trait variation more accurately in previously unstudied species.

Understanding the functional implication of fine-root trait variation is an important next step. Excitingly,
recent studies have highlighted tangible connections between RES traits and species occurrence along
environmental gradients and local ecosystem properties (Laughlin et al. 2021, Barry et al. 2025). However,
the explanatory power of RES traits to predict species occurrence or ecosystem services was generally weak,
reminding us that root economic traits are still, at best, only part of the story. Additionally, a core tenet of the
collaboration gradient defined by the RES is a prominent positive relationship between root diameter and
colonization rates by mycorrhizal fungi, which are responsible for many “root” functions, including uptake
and transport of soil resources. Here, thicker roots are expected to have higher mycorrhizal colonization
and greater reliance on mycorrhizal fungi compared to plant species with thinner roots. However, closer
inspection has highlighted that this trend may not be universal, as the positive diameter-colonization
relationship is driven primarily by symbioses between plants and arbuscular mycorrhizal fungi, while
plants that associate with ectomycorrhizal fungi generally do not follow this same trend (McCormack and
Iversen 2019). Altogether, the core RES concepts have shown to be useful, yet recognizing limitations of the
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RES helps shed light on new opportunities to understand how roots, fungi, and whole-plants are uniquely
integrated to thrive in a wide range of environmental conditions.

Future opportunities to integrate belowground ecology across dimensions

A more holistic approach that considers the entire sum of belowground organs is needed to obtain the
whole picture of belowground plant function. Incorporating the connection between root architecture
and perennating organs can provide a more comprehensive picture of nutrient acquisition and storage
from a whole-plant perspective. Workshops that bring together scientists from across the belowground
functional trait expertise, similar to Go Belowground! oftfered by the Institute of Botany- Czech
Academy of Science, can provide opportunities for synergies between the respective fields of woody
and nonwoody roots, clonal and perennating growth organs, bud banks, and whole plants. Early results
of these synergies have enabled efforts that have connected shoot and root economic spectrums (Weigelt
et al. 2021), and more work can result if we only imagine the possibilities (Box 1).

Both seasonal (i.e., phenological) and developmental (i.e., ontogenic) timing of natality, growth, mortality,
and decomposition of belowground plant organs and associated organisms (such as fine roots, root-associated
fungi, rhizomes, buds) will be critical to the next steps in exploring belowground plant biology and ecology.
Ontogenic development of root and clonal traits is not well known and may be important to understand

Box 1. Potential belowground plant ecology questions that can help us uncover the
“unseen elephant.”

* What is the relationship of belowground traits with one another (clonal growth organs, roots,
and buds)?

* How do belowground traits and root functions differ spatiotemporally (both phenologically
and across the soil profile)? (Which traits are more fixed/conserved at shorter timescales?)

* How do storage organs affect aboveground phenology?

* How do individual traits and cohesive belowground strategies change with plant ontogeny
from seedling to mature and overmature life stages?

* How do you measure annual biomass production of belowground clonal organs and tradeoffs
with aboveground biomass?

* How does carbohydrate storage interact with root exudation?

* How do coarse belowground organs contribute to carbon cycling?

* How do plant—soil interactions and belowground traits influence ecosystem carbon dynamics
and overall soil biogeochemistry?

* Is the relationship between clonal traits and environmental factors the same on all continents
and biomes?

* How do bud banks contribute to community resilience to disturbance?

* How do mechanisms of competition and facilitation structure rhizosphere microbiomes, includ-
ing fungal, bacterial, and other members?

* What organisms, and to what extent can rhizosphere communities enable resource or infor-
mation transfer between plant hosts?

* How do belowground traits respond to global change drivers and other stressors?
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in relation to aboveground plant ontogenic development (e.g., flowering; Martinkova et al. 2025a). By
understanding the phenology of these organs (e.g., timing of initial construction and later senescence, see for
example, Martinkova et al. 2025b, da Silva et al. 2026), we will be better able to time sampling campaigns
but also to identify the critical periods when these organs are present, most active, and most impacted by
abiotic and biotic factors. Belowground plant organ phenology and cycling will also help inform ecosystem
functioning, for example, belowground carbon dynamics.

As the belowground plant trait field expands, increased coordination of herbaceous, shrub, and tree
belowground trait research is needed. Belowground morphological organ types and bud bank research have
been heavily focused on herbaceous plant communities, while fine root trait research with an ecological focus
has been somewhat biased towards woody plants. Bridging belowground trait concepts and methodologies
across these fields will be important for answering future belowground plant trait questions. In woody plants,
it would be beneficial to link our knowledge of belowground horizontal clonal growth in herbs to better
understand clonal growth in woody plants (DeWoody et al. 2008, Ratajczak et al. 2011).

In summary, belowground plant traits of both woody and herbaceous species can offer insight into
ecosystem function and response to disturbance. We need further exploration of this “unseen elephant”
in ecology (Fig. 1). Increasing collaboration across belowground plant organs and plant functional types
and further examination of belowground organ dynamics will help us achieve a deeper understanding of
our worldwide ecosystems.
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