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Abstract

Since the late Cambrian era, bryophytes have been shaping terrestrial ecosystems through unique and diverse suites of
anatomical, physiological, and morphological traits. In this review we highlight historical and recent work in bryophyte
functional ecology, with an emphasis on knowledge gaps and opportunities for future work. While we cannot always avoid
the temptation to contrast with tracheophyte (especially angiosperm) studies, our aim is to de-center that perspective in favor
of a more universal understanding of functional land plant ecology. We therefore center our description on three core aspects
of bryophytes that are poorly represented in tracheophyte studies: (I) dynamic water content (including poikilohydry and
desiccation tolerance), (II) multiple scales of interaction with environment, and (III) reproduction and life history. We also
highlight the diverse and wide-ranging influence bryophytes have on ecosystem processes, including primary productivity,
nutrient cycling, hydrology, and ecological interactions with other species. Furthermore, while the study of bryophyte
functional traits has rapidly grown in the past decade, important gaps in phylogenetic and geographic coverage persist and
constrain the development of a more universal land plant functional ecology theory.

Keywords: Ecosystem processes, effect traits, land plants, liverwort, moss, poikilohydry, response traits

What are functional traits and why are they important to study in bryophytes?

Functional ecology seeks to provide mechanistic understanding of the interactions between organisms and their
environment. In this regard the remarkable diversity of bryophyte species represents a challenge: a detailed, traditional
species-by-species understanding would be impossibly time-consuming for dozens, let alone thousands of species
(not to mention plasticity within species and even genotypes). Instead, we seek generalizations that allow us to bridge
across taxonomic diversity by emphasizing shared processes. This concept is hardly new, but has gained considerable
momentum in recent years with the focus on “functional traits”. These are traits that characterize an interaction with
the environment, either directly or indirectly (Lavorel & Garnier 2002). Historically, functional traits have been
divided into response traits (those that allow for growth and reproduction in individual organisms) and effect traits
(those that directly affect processes at the community or ecosystem scale; Lavorel & Garnier 2002), with the obvious
potential that some traits can act in both categories (see Fig. 1). To illustrate, metrics of chlorophyll fluorescence (a
response trait) are indicative of photosynthetic capacity at the individual or leaf level, while aboveground net primary
productivity (NPP; an effect trait) directly influences ecosystem processes. On the other hand, carbon dioxide fixation
rate represents a response-effect (R-E) trait as it spans processes influencing individual performance and survival as
well as ecosystem productivity.

Functional traits do not represent independent features of an organism. They operate as correlated suites of traits,
constrained by trade-offs. One of the most important conceptual advances in modern functional ecology was the
“investment” analogy. This approach, perhaps best known from the Leaf Economic Spectrum (Wright et al. 2004) for
embryophytes but also applied to a wide range of taxa, centers on the idea that organisms have limited resources, and
investment in a particular function will come at the expense of others. Such trade-offs have major consequences for
functional ecology: they constrain the range of possible trait combinations to a “spectrum’” that provides opportunities
for generalization across clades and habitats. They also provide a very valuable practical tool: functional traits that are
costly and/or time-consuming to measure may be approximated by easier to measure “proxy’ traits with which they are
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closely correlated. Many of the most widely measured traits in functional ecology fall in this category, such as the use
of Leaf Mass per Area (LMA) as a predictor of leaf attributes such as leaf lifespan and photosynthetic rates in vascular
plants (e.g. Wright et al. 2004) or Specific Thallus Mass (STM) as an indicator of water relations in lichens (Gauslaa
& Coxson 2011).

Response Traits R-E Effect Traits
Traits
Traits that allow ey Traits that directly
individual organisms affect features of the
to grow and reproduce community or
in a given environment ecosystem

= Shoot water holding = Tissue C:N = Aboveground NPP

capacity = Drymatter  « Acidifying potential
= Maximum quantum content = Litter decomposition
PSll yield (F,/F,,) = Carbon or
= Desiccation nitrogen
tolerance fixation rate

FIGURE 1. Response traits (R), effect traits (E) and response and effect traits (R-E) in plants and examples in bryophytes of each
category.

“Economic” constraints are not the only ones affecting traits. Trait expression may also be impacted by biophysical,
developmental, genetic and phylogenetic constraints. Biophysical constraints limit the possible combination of traits
without losing structural integrity: for example large canopies must be supported by shoots that won’t buckle under
the weight (Niklas & Spatz 2012). Developmental and genetic constraints can also be important, even if they can seem
intractable to functional ecologists working with non-model organisms; for example, many genes are pleiotropic and
so some trait combinations may be unlikely to evolve without disrupting other essential functions (Ortiz-Ramirez
et al. 2016, Kirbis et al. 2020). Similarly, evolutionary legacy may play a large role in constraining traits and trait
combinations (e.g. Hedenés 2002, 2012, Coudert et al. 2017).

Bryophytes are extremely evolutionarily and ecologically diverse

Bryophytes are an evolutionarily and ecologically diverse assemblage. There has been recent controversy as to whether
bryophytes are a monophyletic grouping or not (e.g. Renzaglia et al. 2018, Sousa et al. 2019, Bell et al. 2020, articles in
this issue), but regardless of the reconstructions, the major clades diverged from their most recent common ancestor in
the late Cambrian. These ~500 million years of evolution have led to a spectacular range of anatomical, morphological
and physiological adaptations, occupying and indeed often shaping, nearly all terrestrial habitats. This diversity presents
both challenges and opportunities for understanding how terrestrial autotrophs interact with their environments, as the
existing frameworks, often based implicitly or explicitly on angiosperms, may only capture a fraction of the spectrum
of bryophyte strategies. All too often, functional ecologists have sought to compare and contrast bryophytes to better-
studied tracheophytes, rather than developing a broader perspective in which tracheophytes represent just a special
case, albeit quite ecologically successful, of land plant ecology.

While studies on plant functional ecology in some form have dated back to at least the late 19th century foundations
of physiological plant ecology (Egerton 2013), there has been a growing interest in functional trait approaches across
and within embryophyte clades, particularly with reference to trait proxies that can be easily measured. In spite of this
historical and continued interest, and despite their incredible diversity and suites of adaptive strategies, bryophytes
have received much less attention. We believe it is important to not only highlight the unique functional ecology of
bryophytes using trait-based frameworks, but also describe how and why traditional approaches fall short in their
application to bryophytes. A deeper understanding of functional trait relationships within bryophytes will enhance
our understanding of biogeochemical cycling at many different scales and contribute to our predictive power on how
terrestrial systems will respond to climate change. We center our description on three core aspects of bryophytes that
are poorly represented in tracheophyte studies: (I) dynamic water content (including poikilohydry and desiccation
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tolerance), (IT) multiple scales of interaction with environment, and (III) reproduction and life history. While studies of
the functional ecology of bryophytes are not a new phenomenon, in this review we will primarily focus on studies from
the past decade (since ~2010) that seek to build on the functional ecology of the later 20th century (e.g. Smith 1982,
Longton 1988, Bates & Farmer 1992) and incorporate it into a functional traits framework (for reviews on previous
work, see Cornelissen et al. 2007, Tuba et al. 2011, Hanson & Rice 2014).

I. Dynamic water content

Poikilohydry: a core adaptation driving traits
If we are to develop a bryophyte-centered framework for physiological functional traits, the near ubiquity of poikilohydry
seems like a lynchpin of trade-offs. Poikilohydry is very rare in tracheophytes, particularly in the embryophytes. As
a result, one of the central assumptions of the Leaf Economic Spectrum is that since loss of leaf turgor is an often
catastrophic event, this creates a trade-off between potential carbon gain and water loss rates. This assumption is
considerably weakened for most bryophytes. While it remains true that carbon gain can only occur when tissues are
hydrated, the consequences of drying are far less dramatic and in fact desiccation tolerance is very widespread if not
quite universal in bryophytes.
Desiccation tolerance
Desiccation tolerance (DT), the ability to revive physiological functioning from an air-dried or quiescent state, is
widespread among bryophytes (Proctor ef al. 2007). While most heavily studied in dryland moss clades (e.g. Syntrichia
Brid.), DT has been observed in taxa of mesic habitats such as bogs (e.g. Sphagnum L., Hajek & Beckett 2008) and
even in aquatic mosses that undergo seasonal inundation (e.g. Fontinalis Hedw., Cruz de Carvalho et al. 2019). The
suite of mechanisms involved in DT are controlled by traits at the anatomical, physiological, and molecular level, all
operating in concert during periods of drying, while desiccated, and when rehydrating (Oliver et al. 2000, Proctor et al.
2007). However, potentially due to apparent variation in DT within and across diverse bryophyte clades, standardized
metrics for assessment of DT have yet to be developed. For example, a key aspect of DT involves recovery of the
photosynthetic apparatus when tissues become rehydrated following a period of desiccation. While there is substantial
evidence that measurement of carbon fixation (e.g. using infrared gas exchange) or maximum photosystem II yield
(using chlorophyll fluorescence) upon rehydration can provide insight into photosynthetic recovery dynamics, yet we
lack standardized protocols for conditions under which these measurement are taken, or how long after rehydration it is
reasonable to conduct measurements. One approach that would allow for standardized measurements of DT would be
to apply the notion of DT ‘factors’ pioneered in Syntrichia and Physcomitrella Bruch & Schimp. (Greenwood & Stark
2014, Slate et al. 2018, Coe et al. 2021) in which bryophyte shoots (or other life stages) can be evaluated based on their
ability to survive and regain undried (control) levels of photosystem II yield and regeneration following exposure to
different (i) rates of drying, (ii) relative humidities while dry, (iii) duration dry, and (iv) rates of rehydration.
Consideration of DT in bryophytes is particularly important in systems where DT enables bryophyte survival
on substrates that are largely unavailable to tracheophytes (e.g. rock surfaces, dense/vertical bark). Similarly, due to
poikilohydry and their ability to rapidly regain physiological function during brief periods of favorable conditions (e.g.
small rainfall events), bryophytes may outcompete other plants in certain microclimates, or exhibit unique functional
roles that capitalize on their ability to rapidly undergo wet-dry cycles. For example, Carvajal Janke & Coe (2021)
demonstrated that hydration from small rainfall events can facilitate biocrust moss mediated nitrogen (N) transfer via
fungal loops to nearby dryland shrubs as well as spatially isolated biocrust patches. Over large spatio-temporal scales,
the functional significance of these bryophyte responses (and the ecological associations to which they are inexorably
linked) in terms of primary productivity and nutrient cycling can be significant. Furthermore, within bryophyte clades,
DT may be a trait that directly relates to biodiversity and biogeography, thus represents a strong candidate for inclusion
in bryophyte-centric trait databases.

Water transport

The diversity of traits related to water transport in bryophytes is astounding. Although bryophytes are often described
as “non-vascular” and poikilohydry is a central characteristic, water conducting cells may be ancestral to all land plants
(Ligrone et al. 2000, 2012) and some taxa have specialized internal conduction tissues that share many characteristics
with tracheophyte xylem and phloem. These similarities have been long noted: Haberlandt (1886) and later Tansley and
Chick (1901) report not just anatomical examinations, but also briefly mention experimental tests of internal transport
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in Polytrichum Hedw. and Pallavicinia Gray respectively. Further work, especially in the Polytrichaceae, followed in
the 20th century (Bowen 1931, Méigdefrau 1935), culminating in the work of Charles Hébant in the 1960s—70s (Hébant
1968, 1973, 1977). This subject has received renewed attention recently with the recognition that vascular bryophytes
in the Polytrichaceae can be functionally equivalent to tracheophytes in transport efficiency (Brodribb et a/. 2020) and
allometry (Atala & Alfaro 2012). These vascular bryophytes, although quite tall for bryophytes (>50cm), do not reach
the size of larger tracheophytes, and, intriguingly, retain DT. The constraints imposed by this hybrid hydration strategy,
as well as the functional ecology of moss and liverwort lineages with less-complex conductive structures, are key areas
for future research.

In addition to the internal conducting tissues displayed by some bryophytes, numerous and diverse external water
transport mechanisms are employed across the group. Capillary water held tightly against the surface of shoots is
responsible for most of the variability in total water content (Proctor 2000) and can be instrumental in maintaining
water balance. Leaf arrangement traits such as overlapping and tightly clasping leaves, paraphyllia among leaf bases,
or specialized epi-foliar structures (e.g. leaf cups in which other leaves reside in Fissidens Hedw.) facilitate surface area
for water adhesion as well as modification of the shoot-level microenvironment to retard water loss. At the leaf level,
awns (hair points) have been implicated in processes from dew capture (Pan et al. 2016) to DT (Coe et al. 2019) and
have been shown to vary in response to changing environmental conditions (Wang et al. 2019). Leaf costae, ranging
in number and complexity in bryophyte leaves, may facilitate water storage in hyaline cells as well as hydraulic
channeling towards stems. At the cellular level, structures such as papillae and mammillae can influence micro-scale
water movement and adhesion in cavities while simultaneously maximizing gas exchange in convex protrusions (Dilks
& Proctor 1979).

Although specialized internal water conduction is usually viewed as an adaptation allowing taller plants, it is worth
considering that hydroids are present in many small bryophytes. At smaller physical scales external water conduction
can be as efficient as internal transport, and so the role of hydroids may require critical reexamination. Hydraulic
integration of shoots can be disadvantageous (Rice 2012), and so hydroids have been proposed to play a role as fuses
as well as conduits (Rice 2012, Stanton et al. 2014). More broadly, the scale and context of bryophytes needs to be kept
in mind when evaluating traits, even (or especially) those that would seem to resemble those of tracheophytes.

I1. Multiple and taxon specific scales of interaction

Leaf, shoot, colony: what is the functional scale of a bryophyte?

The co-occurrence of poikilohydry and internal water conduction (so key to homoiohydry in tracheophytes) may seem
surprising, but is a good illustration of the complex scale hierarchy of bryophytes. Bryophytes span a wide range of
sizes, from sub-millimeter ephemeral mosses to half-meter Polytrichaceae and extensive carpets, to multi-meter deep
Sphagnum shoots in peatlands. Anatomical complexity or leaves and thalli also varies greatly, from barely a cell or
two thick to thick structures with complex internal or external airspaces. Faced with this diversity, even considering
the relevant scale of functional processes can be challenging. What structures and scale(s) are most useful when
considering an organism’s functional response to environment (functionally autonomous)? For example, when Waite
& Sack (2010, 2011) provided one of the first application of the tracheophyte Leaf Economic Spectrum to mosses,
they included a nuanced discussion of structural analogies between bryophytes and angiosperm leaves, showing that
canopy-rather than leaf-scale metrics more closely resembled tracheophyte leaves. This analogy has found some
support in other work, such as a recent survey of non-stomatal conductance in bryophytes (Carriqui ez al. 2019). Other
authors, such as Rice et al. (2008), have argued that there are not simple mappings from leaf, shoot or canopies of
Sphagnum to tracheophyte leaves, and seeking to frame bryophytes solely in relation to tracheophytes misses their
unique organizational characteristics.

Some clarity, if no less complexity, emerges from setting aside morphological analogies to focus on the
microenvironments at the sites of photosynthesis. The densely packed shoots of an acrocarp moss cushion may create
close, humid microenvironments for photosynthesis in single-cell thick and cuticle-free leaves, making the individual
leaves similar to mesophyll layers of an idealized angiosperm leaf (Waite & Sack 2010). But such an analogy may not
apply to the multistratose leaves of some tall mosses, that do not differ greatly in scale and open canopy structure from
small tracheophytes (consider the confusion, by many students, of Polytrichum for conifer seedlings). And even the
cushion-mesophyll analogy raises intriguing questions as to the rates of CO, diffusion within cushions, the changes as
shoot and leaf morphology change with hydration status, and the role of CO, recapture from non-photosynthetic tissues
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and litter at the cushion base. And how are we to evaluate other moss morphologies, let alone the even greater range of
form in liverworts?

Understanding the scale(s) of functional interaction with the environment is central to the correct interpretation of
potential functional traits. Depending on the taxon, different scales of organization may be more or less functionally
autonomous (Fig. 2). For many small bryophytes, such as simple small leafy liverworts, the experienced environment
may be primarily driven by their surroundings, and shoot/colony morphology may have minimal functional autonomy
whereas leaf and lobule shape might, with structural constraints (Renner 2015). Similarly, thallus anatomy may be the
primary scale of function in complex thalloid liverworts and hornworts. But in taxa where shoots intermingle to form
canopies (mostly but certainly not exclusively, acrocarpous mosses) the scaling becomes more complex, with multiple
scales of organization being of functional importance (Fig. 2).

Leaf Shoot Colony

Scale of organization

cC C
S o
=
> (O
cC U
U =
O 5
L_)O
=

M

Functional Aut

FIGURE 2. Examples of varying degrees of functional autonomy of different scales of bryophyte organization. Structures with large
impacts on their microenvironment (e.g. complex leaves, tightly packed colonies, etc) are expected to have greater functional autonomy
and should be targets of study. Although two idealized acrocarpic mosses are shown as contrasting examples, similar considerations should
apply to other bryophytes, with the functionally important scale of analysis differing between taxa and habitats.

In bryophytes with densely packed canopies, leaf and shoot level characteristics may show a response to the
environment that is mediated by their effect on cushion or colony properties. For example, Oke & Turetsky (2020) suggest
that colonial growth of Sphagnum may constrain the potential for local adaptation of leaf and canopy. Additionally,
one might also expect some traits at the leaf scale may be under weakened selective pressure from the environment
due to the mediation of larger-scales: for example, even Antarctic mosses can have relatively high temperature optima
due to the warm microclimates created by dense cushions (Perera-Castro et al. 2020). Similarly, Niinemets & Tobias
(2019) found that despite very high structural diversity in moss canopies, there is a comparative convergence in some
aggregate characteristics such as Leaf Area Index (LAI). This would lead to a risk of over-interpreting the adaptive
significance of trait variance if the wrong scale is examined. It is worth noting that this nested scale challenge is hardly
unique to bryophytes, just harder to overlook than at the biophysical scales of most tracheophyte growth-forms.

Despite their small size, the biophysics of bryophyte canopies can be complex, and reflect the integration of
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properties across scales. Canopy structure not only drives light penetration (Zotz & Kahler 2007), evaporation
(Elumeeva et al. 2011, Cruz de Carvalho et al. 2019) and temperature (Rice et al. 2018), but these properties change
with hydration status (e.g. Zotz & Kahler 2007, Rice et al. 2011, 2018) and even compression (Granath et al. 2018).
A striking example of the intermingling of scales comes from the ecological model moss clade Syntrichia: hyaline
leaf bases and awns, ostensibly leaf-level traits, affect leaf spreading during wetting and drying (Wu et al. 2014), with
consequences for canopy boundary layer and ultimately carbon balance (Coe et al. 2019). This interdependence of
scales poses an additional challenge to the development of consistent trait frameworks: multiple anatomically disparate
leaf-scale characteristics may lead to similar canopy-scale attributes (Niinemets & Tobias 2019).

Hierarchical organization is one of the reasons that traits are rarely independent characteristics of an organism
or taxon. Developmental and “economic” constraints also impose trade-offs that lead to the emergence of correlated
suites of traits. Identifying these correlations brings practical advantages: traits that are low-cost or effort to measure
may be used as proxies for more difficult ones, and taxa may be grouped into functional groups (e.g. “Plant Functional
Types”) with similar trait combinations, simplifying ecological studies. While in some cases these groupings may
resemble the more traditional “life-form” or “growth-form” types of classification, they regularly do not (e.g. Fan
et al. 2020). While trait correlations have been identified with photosynthetic traits (Waite & Sack 2011, Wang et al.
2014, 2017a&b, Mazziotta et al. 2019), the relationship between photosynthetic traits and water relations is more
complicated, and potentially phylogenetically constrained (Wang & Bader 2018). Life-form classification is still widely
used in bryophyte ecology studies, and indeed can hold considerable predictive power for bryophyte communities (e.g.
Berdugo & Dovciak 2019, Spitale et al. 2020), and so there is a strong need to identify its potential and limitations with
respect to functional physiology.

ITI. Reproduction and life history

Physiological traits, in particular those associated with carbon economy and water dynamics, have been the focus of
our discussions so far. However, a separate and productive line of research has studied reproductive traits, from sex
expression to trade-offs between propagule type and dispersal/colonization.

Many bryophyte species produce more than one propagule type, including a very wide range of specialized
asexual propagules from the gametophytic stage (bulbils, gemmae, fragments, etc.; Frey & Kiirschner 2011). Sexual
and asexual propagules differ in size, with functional consequences for dispersal distance and likelihood of successful
establishment (Laaka-Lindberg et al. 2003, Pohjamo et al. 2006). These traits shape species distributions and community
structure (e.g. Patifio et al. 2013, Lobel et al. 2018, Tiselius et al. 2019). For example, Sierra et al. (2019) have shown
that propagule characteristics predict succession in high diversity tropical epiphyll community. Even within a species,
primary propagule type can vary according to habitat and population (e.g. Maciel-Silva et al. 2013, Blackstock 2018).
Within propagule types, size (Lobel & Rydin 2010), morphology (Zanatta et al. 2016) and stress tolerance (Estébanez
et al. 2018) may play important roles in determining dispersal distances.

Reproduction may also have consequences for physiological functional traits. In most cases, sporophytes are
dependent on the parent gametophyte (Haig 2013), which, along with other differences associated with sex expression,
can lead to greater physiological costs in female-expressing plants (but see Stark ez a/. 2000). While work in this area
remains limited, some recent studies point to effects of sex on physiological functional traits in Ceratodon purpureus
(Hedw.) Brid. (larger leaves and higher photosynthesis in females, Slate et al. 2017), water holding capacity (greater
in females, Moore et al. 2016) and microbiome (Castetter et al. 2019) in Bryum argenteum Hedw. and desiccation
tolerance in Marchantia inflexa Nees & Mont. (greater in females in some populations, Marks et al. 2019a). Further
work in this area is clearly needed.

Sporophyte characteristics have long been considered from a taxonomic perspective, but their functional
importance deserves further attention. Sporophyte traits can affect both water and nutrient status of the maternal plant,
and the dispersal conditions and distance of the spores (Johansson et al. 2014). The sporophyte have been described as
a “filial mistletoe”, and therefore increase water loss from the parent as an adaptation to obtain nutrients (Haig 2013).
In mosses, the calyptra (a gametophytic structure, but closely associated with the sporophyte) plays an important role
in regulation of water loss, with likely consequences for the parent plant (Budke & Goffinet 2016, Budke 2019). The
convergent evolution of characteristics such as sporangium shape (Rose et al. 2016) and loss of stomata (Renzaglia et
al. 2020) also present promising avenues for further functional interpretation.

Life history attributes such as life span and phenology also greatly impact functional traits. While attention is
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most often given to long-lived perennial bryophytes, many species are much more ephemeral, exploiting temporary
availability of water or light in seasonal environments. These habits select for very different growth and reproductive
allocation, leading to convergent trait combinations associated with life-history strategies in mosses (Hedderson and
Longton 1995, 1996) and liverworts (Manyanga et al. 2011). For example, more ephemeral species would be expected
to invest in rapid growth and high reproductive allocation, at the expense of stress-tolerance traits. However, a few
caveats are worth considering: DT may reduce the “cost” of water loss and some seemingly ephemeral taxa may
actually form perennial organs (e.g. tubers and bulbils in Bryum Hedw., Pressel et al. 2007), shifting their reproductive
investment. These life-histories have been well studied, but the resulting interaction with functional traits is an open
area for future work. An important but sometimes overlooked component of the tracheophyte Leaf Economic Spectrum
is leaf longevity (Wright et al. 2004): for example, in what form do equivalent trade-offs appear in the physiology of
bryophyte leaves and shoots? How do additional characteristics such as mating mode, dispersal strategy (and therefore
spore size) interact with these life-histories?

Within-species trait variation: phenotypic plasticity and local adaptation

An irony of the functional trait perspective to morphology and anatomy is that it often works best on those characters
most frustrating to systematists and taxonomists, those showing the greatest environmental response. In most of the
examples discussed thus far this involves convergent adaptations by independent lineages. A similarly informative
context emerges from the consideration of within-species variation, which can arise both from differences between
populations of the same species (genotypic variation, including local adaptation) and environmental variability within
a genotype (phenotypic plasticity). The dramatic morphological variability of bryophytes has long been a challenge
to bryologists. Building on the experimental botany foundations of Schimper, Haberlandt and others, several authors
over the course of the 20th century experimentally studied intra-specific plasticity in bryophytes in response to
growth environment. For example, Davy de Virville (Davy de Virville & Douin 1921, Davy de Virville 1927) showed
that humidity and light can lead to dramatic changes in leaf and stem morphology in several species of mosses and
liverworts. Many of these early experiments involved what might seem like extreme changes in conditions (complete
submersion in water, sealed humid atmospheres, complete darkness). An important milestone is the work of Forman
with Tetraphis pellucida Hedw. (Forman 1964). In this study, not only was growth and leaf morphology experimentally
related to temperature and relative humidity, but these characteristics were also placed into a hierarchical framework
of organization spanning from large geographic patterns to clump and shoot scales.

In recent years, several studies have drawn on modern trait and genetic techniques, in combination with transplant
and common garden experiments, to show striking importance of phenotypic plasticity and local adaptation (Coe et
al. 2019). For example, recent work in Sphagnum (e.g. Granath et al. 2009, Oke & Turetsky 2020) suggests that both
factors can strongly influence functional traits at different scales. Morphometric approaches can also be combined
with genetics across large geographic scales (e.g. Pereira et al. 2013, Wang et al. 2019). Besides vegetative characters,
both phenotypic plasticity and local adaptation can also interact with reproductive tradeoffs (Hedderson & Longton
2008. 2013, Marks et al. 2016, Bisang et al. 2020). Promisingly, phenotypic plasticity is an area in which our growing
understanding of model bryophyte taxa provides a valuable genomic context that should be extendable to non-model
taxa (McDaniel 2018).

Ecosystem effects of traits
Much of the focus of this review has been on response traits, however, another important category of traits are effect
traits, that is, those with direct ecosystem effects (see Fig. 1). Across ecosystems, bryophytes influence various aspects
of biogeochemical cycling (Cornelissen et al. 2007) and mediate plant-soil interactions and feedbacks. Referred to
collectively as the ‘bryosphere’ (Lindo & Gonzalez 2010), bryophytes offer a number of unique and related effects on
ecosystem processes. For example, due to their tolerance of low temperatures and low/intermittent water availability
compared to trees and other tracheophytes, mosses across the boreal forest biome can account for up to 50% of the
annual gross primary productivity in these regions (Goulden & Crill 1997, Kolari ef al. 2006). In boreal forests as
well as peatlands, temperate forests, and tundra systems, bryophytes can contribute up to 50% of ecosystem N inputs
through symbiotic associations with N-fixing cyanobacteria (DeLuca et al. 2002, Rousk et al. 2017). Further, in
dryland systems, mosses act as a keystone species in biocrust communities (Reed ef al. 2012, Coe & Sparks 2014),
such that their removal dramatically alters N cycling in terms of N form and availability. The effect of bryophytes on
N cycling is likely far more ubiquitous and widespread than we are currently aware (Elbert et al. 2012, Porada et al.
2014), and is a strong effect trait candidate for exploration in future trait databases across terrestrial ecosystems.

Due to their often close proximity to the soil surface in many systems, bryophytes can also exert control on
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numerous soil properties ranging from temperature (Porada et al. 2016, Moore et al. 2019, Xiao & Bowker 2020)
to water holding capacity (Elumeeva et al. 2011, Soudzilovskaia et al. 2011, Moore et al. 2019) to decomposition
(Cornelissen et al. 2007, Zuijlen et al. 2020). The impacts of bryophytes on hydrology have begun to receive increasing
attention in recent years, associated with the growing field of ecohydrology. Although the role of Sphagnum in wetland
hydrology has a long history of study, other taxa can have large influences in other habitats. In tropical montane
environments, fog interception by bryophytes can significantly increase water inputs and storage (Chang et al. 2002,
Villegas et al. 2008, Ah-Peng et al. 2017). Bryophytes in soil crusts affect infiltration and runoff (Xiao et al. 2019,
Eldridge et al. 2020). Global modelling suggests a considerable hydrological influence of bryophytes (and lichens) on
rainfall interception (Porada et al. 2018), and soil hydraulic conductivity (Voortman et a/. 2014) but also highlights the
absence of empirical data for much of the globe.

These impacts of bryophytes are fundamental to primary succession in many modern contexts (Mueller-Dombois
& Boehmer 2013, Arréniz-Crespo et al. 2014, Vilmundardéttir ef al. 2018). Because of their deep geological history,
early terrestrial environments are also likely to have been shaped by bryophytes (Lenton et al. 2016). Considerable
caution is nonetheless necessary in interpreting the paleoecological effects of bryophytes: our modern species are not
static snapshots of a distant past. Many of the effect traits and indeed lineages of present-day bryophytes may be far
more recent and reflect diversification in angiosperm dominated ecosystems (Laenen et al. 2014, for a lichen-based
discussion of this topic see Nelsen et al. 2020).

Ecosystem effects of bryophyte traits may also include traits that influence or facilitate interactions with other
species. For one, it has long been surmised that mycorrhizal interactions evolved concomitantly with the evolution of
land plants (Pressel et al. 2014). Fungal symbioses have been widely demonstrated across liverworts and are present
in hornworts as well, yet appear to have been lost in mosses, where it has been suggested that rhizoids may play
a comparable role (Field & Pressel 2018). Mosses also host similar endophytic fungi to co-occurring lichens and
tracheophytes (U’Ren er al. 2010, 2019), and may play a role in maintaining subterranean fungal connections for
nutrient translocation between spatially isolated biocrusts and vascular plants (Carvajal Janke & Coe 2021).

Avariety of secondary metabolites have also been observed in mosses and liverworts that affect biotic or pathogenic
interactions with fungi, bacteria, vascular plants, and animals. Such chemicals have been shown to influence the ability
of bryophytes to resist pathogens as well as their palatability to animal consumers. Recently, Peters ez al. (2019) noted
the presence of sesquiterpenoids and flavonoids, compounds that function to deter herbivores, provide constitutive
defenses, and potentially have allelopathic outcomes, in nine different species of bryophytes. Seasonal variation in
these compounds also appears to exist, where chemical richness within the compound classes peaked in the spring
and summer in Marchantia L. and Polytrichum, and in the winter in Brachythecium Schimp. (Peters et al. 2019).
Biochemical synthesis and expression of such chemical traits is thus likely to be driven by seasonally fluctuating biotic
and abiotic conditions.

While some classes of secondary metabolites in bryophytes inhibit consumption or colonization by other species,
bryophytes may also serve as a food source for several groups of consumers. Aquatic and terrestrial mosses have been
shown to represent a potentially important food supply for invertebrates (Suren & Winterbourn 1991, Haines & Renwick
2009), yet this effect is very species specific and likely relates to pre-ingestion chemical traits or deterrents. Bryophytes
can also represent a food source for vertebrate animals, particularly birds, where consumption of gametophyte as well
as sporophyte components of shoots has been documented (Martin & Hik 1992, Stech et al. 2011, Russo et al. 2020).

What are the gaps in our functional trait studies?

Although the number of studies on bryophyte functional traits has greatly increased in recent years, a cohesive trait
framework (or frameworks) is still distant. Three areas in particular need attention: the still limited and biased sources
of trait information, broader perspectives as to what constitutes a functional trait, and better shared protocols and
databases across research groups.

Bryophyte functional ecology studies have, quite understandably, favored the taxa and environments with
practical advantages to researchers, which inevitably introduces biases. A majority of studies have focused on larger
bodied mosses, as well as a few liverworts. Such a bias is understandable from a practical standpoint, much of the
instrumentation has been developed for larger bodied organisms, and precision can be more difficult to obtain with small
bryophytes. Mosses, especially acrocarps, also offer the greatest apparent morphological similarity to angiosperms,
which can make them seem easier to align with existing functional trait frameworks, even if the validity of that
alignment is sometimes debatable.

A significant exception to this size bias is the continued work on Physcomitrium (= Physcomitrella) patens
(Hedw.) Mitt. and Marchantia polymorpha L. as model systems, however, there is a need for better integration of this
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information with functional and ecological perspectives. The expansion of genomic and transcriptomic tools for other
bryophytes such as Anthoceros L. (Sz6vényi 2016, Li et al. 2020, Zhang et al. 2020), Marchantia (Marks et al. 2019b),
Pleurozium Mitt. (Pederson et al. 2019), Sphagnum (Shaw et al. 2016), and Tortula Hedw. (Syntrichia) (Oliver et al.
2010), as well a rapidly expanding number of plastid and mitochondrial genomes (e.g. Dong et al. 2019) is beginning
to bridge this gap between molecular and organismal perspectives.

Biased selection of study taxa can also have other impacts on our understanding of traits. Traits and trait correlations
are often phylogenetically constrained (Cavender-Bares et al. 2009), and so interspecific comparison studies would
benefit from greater consideration of phylogenetic context. This incorporation of evolutionary history can be limited
by the availability of reliable phylogenies, however our understanding of bryophyte evolution is rapidly advancing.
Recent studies provide examples of the incorporation of phylogenetic context at the genus (Piatkowski & Shaw 2019)
and habitat (Fernandez-Martinez et al. 2019) scales. Hedderson & Longton (1996) related phylogeny, life-history
and traits associated with water-relations (water conducting tissues, leaf shape and papillosity), a re-examination of
this work might be conducted using updated phylogenies and analytic tools. Even when quantitative evaluation of
evolutionary constraints is not possible, the consideration of its possible role may enrich the interpretation of results.

Geographic biases also constrain our current understanding of bryophyte functional ecology. Despite some recent
studies of tropical (e.g. Sierra et al. 2019, Marks et al. 2019a), sub-tropical (e.g. Wang et al. 2017b, Fan et al. 2020) and
mediterranean (e.g. Fernandez-Martinez et al. 2019, Spitale et al. 2020) biomes, much of the work continues to focus
on higher-latitude ecosystems, especially in the northern hemisphere. This bias is perhaps less marked than in some
other taxa, but leaves much of the diversity of bryophyte lineages and habitats understudied. For example, despite a
high diversity of species and morphologies, tropical leafy liverworts have received comparatively little ecological
attention. Similarly, numerous evolutionary distinct moss orders (e.g. Andreaeales, Rhizogoniales, Hypnodendrales,
Ptychomniales, Hookeriales, etc.) and the majority of liverwort and hornwort orders appear to be largely absent from
functional trait studies. This bias also applies to the understanding of community and ecosystem impacts of bryophytes:
many biomes and regions are represented by at best one or two studies (e.g. see Mallen-Cooper & Cornwell 2020 for
a review of biases in transplant experiments).

One ecosystem impact that has received increasing attention in the last two decades is the influence of bryophytes
on various metrics of N cycling (see Ecosystem Effects of Traits above). However, our information is currently largely
limited to high-latitude systems in the Northern Hemisphere, when evidence suggests that the processes involved in N
cycling contributed by bryophytes (namely symbiotic associations with N fixing diazotrophs such as cyanobacteria)
may exist across terrestrial ecosystems, including temperate forests (Deane-Coe & Sparks 2015), and peatlands
(Saiz Val 2020). Relatedly, our knowledge of the microbial communities, N-fixing and otherwise, associated with
bryophytes is scant, and mostly limited to several studies based on Sphagnum (e.g. Kostka et al. 2016). Information
on how bryophyte microbiomes vary as a function of, and influence, environmental stress is largely lacking (but see
Jean et al. 2020), yet is crucial to our understanding of how bryophytes and their associated microbiomes will cope
with climate change. The bryophyte microbiome can even be thought of as a trait in itself, and is likely to vary across
species in association with some anatomical features. For example, the lobules of leafy liverworts can harbor microbial
and microinvertebrate communities, even to the point of zoophagy (Barthlott ez al. 2000, Hess et al. 2005); it seems
reasonable to expect a relationship between lobule shape and microbiome composition. Traits related to (or even
directly characterizing) the microbiome thus warrant inclusion in bryophyte trait databases moving forward.

Among the most important challenges is the need for an expansive, bryophyte-centric suite of traits, as well as
ideally widely shared protocols for their measurement and databases for their dissemination. Some examples already
exist (Cornelissen et al. 2007, Henriques et al. 2017) as foundations, but there remains a need for greater coordination.
Ideally, these frameworks can be developed to favor the inclusion of previously understudied clades and locations.
We argue that these trait concepts need to be expansive and consider features that may not have traditionally been
considered “traits” such as bryophyte-associated microbiomes. Ideally such frameworks might also accommodate
functionally equivalent but anatomically distinct traits, perhaps through the explicit incorporation of multiple scales
of organization. We do not claim to have a complete solution, or even that a single one exists, but rather call for a
collaborative effort bridging bryophyte physiologists, ecologists, taxonomists and developmental biologists.

Conclusions

Bryophytes “aren’t just small tracheophytes” (Mishler 2001), they represent a very broad spectrum of life-history
strategies for life on land, of which tracheophytes are but one example (albeit successful in some environments). There
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is a pressing need to develop frameworks that bridge between anatomy, morphology and physiology of bryophytes
that leverage this striking evolutionary diversity. These perspectives are important not only to understanding bryophyte
ecology, but also inform evolutionary history and the global consequences of bryophytes past and present. The field
of bryophyte functional ecology has seen a promising acceleration of studies in the past decade, many of them led by
a diverse, globally distributed assemblage of young researchers, building on foundational work in the late 19th and
20th centuries. Nonetheless, many gaps and biases in knowledge persist. The time is now ripe to build a synthetic
framework of land plant functional ecology that transcends phylogenetic, geographic and historic biases.
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