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Abstract
Background and aims Plants can develop various root
traits which may contribute to their nutrient acquisition.
We investigated the occurrence of five root traits among
species of genus Carex to determine their frequency,
mutual associations and dependence on taxonomy
(subgenus) or habitat.
Methods Root samples of 40 species were collected in
their natural habitats within Russia and Belarus. They
were examined microscopically to quantify the abun-
dance of AM-fungal hyphae (H), arbuscules (A) and
vesicles (V), dark septate endophyte (DSE), typical
(long) root hairs (TRH), bulbous (shortened) root hairs
(BRH) and dauciform roots (DR).
Results The frequency of root traits decreased in the
order TRH (100% of the species), DSE (80%), BRH
(43%), A and V (25%) and DR (23%). Most species

possessed 2–4 different traits, but up to five were possi-
ble, even on a single plant. Traits occurred largely
independently of each other. DR were only found in
subgenus Carex and mainly in grasslands. DSE and
BRH were more abundant in subgenus Carex. BRH
were most abundant in wetlands, TRH were shortest
and thinnest in grasslands.
Conclusions A diversity of root traits exists in the genus
Carex, with variation both among and within species.
The abundance and size of traits exhibits some taxo-
nomic and ecological patterns, which differ for each
trait.

Keywords Arbuscular mycorrhiza . Dark septate
endophytes . Dauciform roots . Root hairs .Carex

Introduction

Plants can improve their nutrition through a wide range
of root traits (Vance et al. 2003; Lambers et al. 2008).
These include symbiotic associations with fungi, bacte-
ria or prokaryotes, as well as specialized structures such
as root hairs, cluster roots and dauciform roots (Bates
and Lynch 2001; Shane and Lambers 2005; Shane et al.
2005).

Most land plants (over 80% of the species and 92%
of the families) acquire part of their nutrients via sym-
bioses with mycorrhizal fungi (Wang and Qiu 2006;
Brundrett 2009), reflecting the importance of this strat-
egy for nutrient acquisition. However, some plant taxa
are usually not or only sparsely colonised by
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mycorrhizal fungi and do not establish a functional
symbiosis due to the lack of symbiosis-specific genes
(Delaux et al. 2014). These non-mycorrhizal plants in-
clude specialized life forms such as carnivorous, para-
sitic or aquatic plants, plants with hairy root clusters on
soils with low P availability, and plants growing in arid
or disturbed habitats (Brundrett 2009; Lambers et al.
2011). Thus, non-mycorrhizal roots are important in a
wide range of environments. Some plant families
regarded as primarily non-mycorrhizal include many
widespread and abundant plant species, such as the
Brassicaceae, Caryophyllaceae, Chenopodiaceae,
Cyperaceae, Juncaceae and Polygonaceae (Brundrett
2009).

The obvious success of non-mycorrhizal species
raises the question whether the absence of mycorrhiza
promotes the development of alternative root traits
(Delaux et al. 2014). In other words, are alternative root
traits more frequent or on average better developed in
non-mycorrhizal plants than in mycorrhizal ones?

We investigated this question for sedges of the genus
Carex L. (Cyperaceae). Carex species are ideally suited
for such an investigation because they are widespread
and both taxonomically and ecologically highly diverse
as a result of fast speciation during the past 20 million
years (Spalink et al. 2016). There are about 2000 Carex
species worldwide (Global Carex Group 2015), and
some 450 species in Russia and adjacent states
(Egorova 1999). Cyperaceae are usually regarded as
non-mycorrhizal, but the frequent observation of my-
corrhizal fungi in their roots, sometimes even with
arbuscules (Muthukumar et al. 2004; Veselkin et al.
2014a), has caused some authors to propose a possible
classification of Cyperaceae as variable non-
mycorrhizal-arbuscular mycorrhizal (NM-AM) family
(Brundrett 2009). Their actual root colonisation may
then depend on edaphic factors and/or co-occurring host
plants (Muthukumar et al. 2004; Brundrett 2009).
Although occasional arbuscules do not imply
mycotrophy (Brundrett 2009), some studies reported
colonisation patterns or responses to soil nutrients sug-
gesting a functional symbiosis (Meney et al. 1993;
Lagrange et al. 2013).

Other root traits reported for the genus Carex include
dark septate endophytes (DSE), typical root hairs
(TRH), bulbous root hairs (BRH) and dauciform roots
(DR). DSE are widespread fungi that colonize root
tissues without inducing special structures in the host
plant. They can solubilise unavailable organic and

inorganic phosphates in soil, so that they may indirectly
promote phosphorus uptake by plants (Barrow and
Osuna 2002; Della Monica et al. 2015). TRH are com-
mon in the vast majority of terrestrial plants; they greatly
increase the soil volume exploited by plant roots. BRH
are short outgrowths of rhizodermis cells with a length
approximately equal to the diameter (Miller et al. 1999;
Ghosh et al. 2014). DR are specific to the Cyperaceae
and consist in swollen lateral root axes densely covered
with long root hairs (Davies et al. 1973; Shane et al.
2005). They exude carboxylates and phosphatases, sim-
ilar to cluster roots (Shane et al. 2006; Playsted et al.
2006).

Some further root traits have been described only
occasionally for Carex species. There is a single report
of ectomycorrhizal-like structures in Carex flacca
(Harrington and Mitchell 2002), although these were
probably not functional (Brundrett 2009). Functional
ectomycorrhiza have been for some Kobresia species
(Massicotte et al. 1998; Lipson et al. 1999). The pres-
ence of bacteria inside roots of Carex has also been
reported (Qin et al. 2008; Song et al. 2011).

Many studies of specialized root traits in Carex have
focused on the structure, occurrence or functioning of
one particular trait (e.g. Shane et al. 2005, 2006;
Playsted et al. 2006; Güsewell 2017). Fewer studies
have simultaneously analysed two or more traits
(Miller et al. 1999; Ghosh et al. 2014; Nobis et al.
2015). Yet, it has often been assumed that some root
traits are developed at the expense of others. In particu-
lar, some authors suggested that the occurrence of
arbuscular mycorrhiza (AM) is negatively associated
with the development of BRH (Miller et al. 1999;
Ghosh et al. 2014), the development of TRH
(Muthukumar et al. 1999), colonisation by DSE
(Weishampel and Bedford 2006; Sieber and Grünig
2013) or the development of DR (Shane et al. 2006).

We are not aware of any simultaneous study of the
occurrence of AM, DSE, TRH, BRH and DR among
Carex species. We filled this gap by studying the occur-
rence of these root traits on plants of 40 Carex species
sampled in their natural habitats in Russia and Belarus.
We specifically addressed the following questions: (1)
How frequent is each of these root traits among Carex
species? (2) Howmany different root traits can be found
in one species or on a single plant? (3) Is the possession
of a certain root trait positively or negatively associated
with the possession of other root traits? (4) Is the abun-
dance and size of the relevant root traits related to
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taxonomic status (subgenus), to the species’ habitat or to
a plant’s P status?

Materials and methods

Sampling

Plants were collected in 2012–2014 at five locations
within the temperate and boreal zones of Russia and
Belarus (Table 1). Natural vegetation ranges from pine-
birch forests and steppe grasslands in the South to sparse
spruce forest and shrub tundra in the North (Table 1). A
total of 40 Carex species were collected. Each species
was collected at one site representing its typical habitat
in the region (Table S1 in Supplementary Material).
Thus, in the following, interspecific differences will
include differences among species-specific habitats.
Species nomenclature and taxonomic classification
(subgenera) follows Egorova (1999), except that subge-
nus Kreczetoviczia, which is not generally recognized
(Global Carex Group 2015), was included in subgenus
Carex. One species of the former subgenus Psyllophora
(C. obtusata) is now attributed to the Caricoid clade
(Spalink et al. 2016).

Five plants per species were collected (see Table S1
for a few exceptions). For tussock-forming species, we
sampled one entire tussock, while for rhizomatous spe-
cies we attempted to sample entire clones, but if this was
not possible, we sampled at least five ramets with the

associated rhizomes. Root systems of each plant were
excavated carefully and washed with water directly in
the field. While doing so, roots were checked for the
presence or absence of dauciform roots, defined as root
sections with swollen axis and a ‘brush’ of root hairs
(Davies et al. 1973; Shane et al. 2005, 2006; Playsted
et al. 2006). Thereafter, roots were air-dried at room
temperature. All further investigations were carried out
on the dried root material of each plant.

Measurements

To determine the occurrence of arbuscules (H), vesicles
(V), AM fungal hyphae (H) and DSE, a subsample of 5–
7 roots attached to one stem or rhizome was removed
from each plant. These roots were cleared in 15% КОН
at 120°С for 40 min and then stained with aniline blue
for at least 1 h. Twenty 1-cm fragments of first- and
second-order roots were selected following the centrip-
etal (functional) segment scheme in Berntson (1997),
and squashed on microscope slides. The presence of A,
V, H and DSE was recorded microscopically (Leica DM
5000B; Leica Microsystems GmbH, Germany; ×200) in
five fields of view per 1-cm root fragment (100 fields of
view per plant, corresponding to 120 mm root length).
DSE were identified by their dark-coloured, usually thin
hyphae with septa and frequent anastomoses
(Haselwandter and Read 1982; Ruotsalainen et al.
2002). Structures (A, V, H and DSE) visible in the field
of view were marked as ‘present’. A field of view

Table 1 Characteristics of the five sampling sites. Climatic data were derived from Afonin et al. (2008) and using software RETScreen

Gomel Ilmen state
reserve

Biological station
UrFU

Turinsk Labytnangi

Geographic coordinates 52°23′N 30°54′E 55°00′N60°09′E 56°36′N 61°03′E 58°03′N 63°41′E 66°39′N 66°24′E

Altitude above sea level,
m

110–120 240–360 190–230 60–80 20–70

Nearest place with
climatic
data from the
RETScreen

Gomel Miass Kamensk-Uralsky Turinsk Salekhard

Annual temperature, °С +7.2 +2.5 +2.4 +1.8 −6.5
Natural zone710 Annual
precipitation, mm

temperate southern taiga southern taiga southern taiga southern tundra

Predominant soil types retisols retisols and
cambisols

retisols and gleysols retisols gleysols, histosols and
fluvisols

Predominant types of
plant communities

pine and birch forests,
agro-landscapes

pine and birch
forests, steppe

pine and birch forests,
agro-landscapes

pine forests,
steppe,
wetlands

sparse spruce forests,
bush and shrub tundra
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containing either A or V or both (i.e. at least one spe-
cialized AM structure) was noted as ‘A|V present’. DSE
and A|V were scored as ‘present’ on a plant if they were
observed in at least one field of view, although structures
found only occasionally may not actually contribute to
plant nutrition (Muthukumar et al. 2004). Similarly,
DSE and A|V were scored as ‘present’ in a species if
they were found in at least one plant. Finally, fields of
view containing any of A, V or H (meaning that AM-
fungi were present), were noted as A|V|H; this informa-
tion was used to determine the colonisation level by AM
fungi (see data analysis).

Root hairs were studied on another root subsample
from each plant, again for twenty 1-cm fragments of
first- and second-order roots (Berntson 1997). Eight
photomicrographs (each with 2–3 fragments) were
made per plant using a microscope Leica DM 5000B.
The occurrence of root hairs was determined with the
software SIAMS MesoPlant (Ltd «SIAMS», Russia).
Presence or absence of hairs was recorded for 50 sec-
tions with 100 μm length per plant (2–3 sections per 1-
cm root fragment). We separately recorded TRH (long
and thin) and BRH, defined as roots whose length was
less than double the width (Miller et al. 1999). We also
measured the length and diameter of one TRH and of
one BRH per 100-μm section, as well as root diameter.
Finally, the remaining dried root system was checked
again carefully for the presence of DR.

We checked the reliability of our sampling procedure
in several ways. First, we compared the traits found on
air-dried roots to those found on roots preserved more
conventionally in 70% ethanol by splitting roots sys-
tems of 42 additional plant (seven species) in two
halves. Each part was preserved with one method, and
then examined for root traits as in the main study (with-
out considering DR, as these were observed on fresh
roots). We found TRH on 39 air-dried root halves vs. 41
ethanol-preserved root halves, BRH on 36 plants in both
cases, DSE on 21 vs. 18 plants, and A|Von 3 plants in
both cases. Percentages of root length with a certain
traits were also similar with both preservation methods.
We thus concluded that air-drying provided results com-
parable to ethanol preservation. We then established
accumulation curves for the number of traits found on
air-dried roots to verify that the 20 root fragments ex-
amined in the main study were sufficient to detect all
traits present on a plant with high probability (Fig. S1).

Our sample size of five plants per species implies that
a trait present in only some plants of a species may have

been missed. We estimated the error introduced in this
way as follows: If a trait is present in 20% of all plants of
a population, the probability of missing it with 5 ran-
domly selected plants would be (1–0.2)5 = 0.33. For
multiple species, all having the trait in 20% of the plants,
this trait would be missed for approximately half as
many species (33%) as those for which it is found
(67%). We actually observed DR in 20% of the plants
for 2 species, A|Vand BRH for 3 species, and DSE for 5
species, suggesting that each of these traits may have
been missed for approximately 1–3 species due to hav-
ing sampled only 5 plants. A trait present in 40% of the
plants would be missed in the sample with a probability
of 0.08, i.e. only rarely. We further note that similar
sample sizes have been used in a number of recent
studies (Miller et al. 1999; Muthukumar and Udaiyan
2000; Uma et al. 2010; Zemunik et al. 2015).

Since root traits are plastic, and their expression
depends on a plant’s phosphorus (P) status, we analysed
shoot P concentrations for three plants per species, if
available. Analyses included all living vegetative parts
of the collected shoots, excluding inflorescences and
senesced leaves. Four species could not be analysed
for lack of sufficient material. Plant material was dried
at 70 °C, digested for 1 h at 420 °C with concentrated
H2SO4 and K2SO4-CuSO4-Kjeltabs, then the P concen-
tration of the digests was determined colorimetrically
with the ammonium molybdate-ascorbic acid method.

Data analysis

The colonisation level by AM fungi and DSE (hereafter
called ‘abundance’) was calculated for each plant as the
proportion of visual fields with A|V|H and DSE, respec-
tively. The abundance of TRH and of BRH was calcu-
lated similarly as the proportion of 100-μm segments
with these structures. Mean values of the five plants per
species (Table S1) were used for species-level analyses.
DR roots were only recorded as present-absent at plant
or species level. We further calculated mean root hair
length and diameter per plant and per species for both
TRH and BRH.

Taxonomic and habitat-related differences in the
abundance and size of root traits were explored using
species-level data, i.e. mean values of the studied plants
per species (n = 39, excluding the single species of
subgenus Psyllophora). The log (x + 1) transformation
was applied to the abundances of A|V|H, DSE and
BRH, which were mostly below 30%. The abundance
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of TRH was square-root (arcsine)-transformed, and size
measures were log-transformed if necessary. We also
analyzed the total number of root traits (0 to 5) observed
in each species. We tested whether these variables differ
between the two main subgenera (Carex and Vignea)
and among three main habitat types (forest, grassland
and wetland) with models including these two factors as
fixed, additive effects. The interaction term was not
included, as preliminary analyses showed that it was
never significant, leading to simple models with 3 de-
grees of freedom for the effects and 35 df for the resid-
uals. Habitats classified as ‘grassland’ included
meadows, steppe and rocky slopes, while ‘wetland’
included mires, shorelines, floodplains and wet tundra.
We used linear models for most variables but a logistic
model for the presence-absence of DR and a Poisson
model for the number of traits, followed by analysis of
variance or deviance as appropriate. Type-II tests were
used to account for the different representation of the
two subgenera in the three habitats (more subgenus
Carex species in wetlands).

Shoot P concentrations were compared between the
three habitats and the two subgenera with two-way
ANOVA based on mean values per species. P concen-
trations were also compared between plants with and
without each root trait and between subgenera Carex
and Vignea with two-way ANOVA. Where appropriate,
this was followed by Tukey HSD tests comparing all
group means to each other. This analysis was done at
plant level because trait presence varied among plants of
the same species. Shoot P concentrations were also
related to the abundance and size of root traits with
linear models including one of these variables (trans-
formed as indicated above) and subgenus as predictors.
All analyses were carried out using the R statistical
software, version 3.1.1 (R Foundation for Statistical
Computing, 2014).

Results

Frequency and number of root traits

The five root traits were differently represented among
the 40 sedge species: typical root hairs (TRH) were
found in all species, while dauciform roots (DR) were
only found in nine of them (Figs. 1a and 2). The number
of root traits found in one species ranged from one
(species with only TRH) to five (in C. buxbaumii and

C. rotundata). Most species had 2–4 different traits
(Fig. 1b). Even a single plant individual could exhibit
all five root traits, but most plants had 1–3 of them
(Fig. 1c).

Symbiotic associations

Structures formed by AM-fungi (A|V|H) were found in
the roots of 21 species, or 53% of the 40 species inves-
tigated (Table 2). However, A|V were found only in ten
(25%) of the species, and only in small numbers. The
A|V|H were of Arum-type and did not have any distinct
features differing from Arum-type AM in other plant
groups. Hyphae were spreading in intercellular spaces;
they were aseptate and stained in blue colour by aniline
blue. The abundance of A|V|H was generally low
(Table S1) with a maximum of 34% in C. buxbaumii
growing in a peat bog. Dark septate endophytes (DSE)
were found in 32 or 80% of the species (Table 2). The
abundance of DSE was generally low (Table S1) with a
maximum of 36% inC. obtusata. Themycelium of DSE
did not show a strict localization within sedge roots, as
we observed it on the root surface, in the cortex of the
root, and sometimes in the stele.

In total, 33 species contained A|V and/or DSE, and
nine of the ten species with A|V also had DSE. There
was no relationship between the occurrence of A|V and
DSE: species or individual plants with A|V were colo-
nized by DSE as often as species or plants without A|V
(Table 3). Within plants, mycelium of DSE was found
on root fragments both with and without A|V.

Root hairs

Typical root hairs (TRH) were found in all 40 Carex
species, while bulbous root hairs (BRH) were found in
17 species. TRH were found on 96% of the plants, but
their abundance varied widely, ranging from 3% in
C. atherodes to 88% in C. globularis (Table S1). BRH
were found on 60 (32%) of the plant individuals. Thus,
BRH were less frequent among species than TRH but
tended to be more abundant in the species which had
them.

There was no association between the occurrence of
BRH and TRH at the level of species, individual plants
(Table 3) or root fragments. Both hair types could occur
alone or together with the other root type within a single
root fragment. Similarly, there was no association be-
tween the occurrence of TRH or BRH on one hand, and
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A|V or DSE on the other hand, at the level of either
species or individual plants (Table 3). All these traits
could be found together or separately. AM-fungal hy-
phae were occasionally found inside TRH, but not in
BRH, and no mycelium of DSE was detected in either
hair type.

The mean length of TRH varied four-fold among the
40 species (110–426 μm), while the mean diameter
varied two-fold (4–8 μm, Table S1). BRH had different
shapes: circular, rectangular, square, trapezoidal, irreg-
ular. Their length (3–12 μm) and their diameter (3–
11 μm) both varied four-fold among species (Table S1).

Dauciform roots

We found DR in nine species of subgenus Carex (23%,
Table 2). Young DR were 1–2 mm long, while mature
and old DR (Shane et al. 2006) could be 4–6 mm long.
The hairs of mature DR had a similar length as the TRH
of the same species but their density was 3–4 times
higher. We occasionally observed AM-fungal hyphae
or mycelium of DSE inside DR. DR tended to be more
frequent among species with A|Vand among individual

plants with A|V and DSE, while being less frequent
among plants with BRH (Table 3).

Taxonomic and ecological patterns

The abundance of two root traits showed a taxonomic
pattern: DSE and BRHweremore abundant in subgenus
Carex than in subgenus Vignea (Table 4, Fig. S2). BRH
were only found in wet habitats, i.e. in wetlands plus
three wet forest sites (Table 4, Table S1, Fig. S2). The
size of TRH was related to the habitat of the species:
TRH were shortest and thinnest in grasslands (Table 4,
Fig. S2). DR were only found in species of subgenus
Carex (Table 4, Fig. 2a). In addition, DR were found
more often in grassland species than in forest or wetland
species (Fig. 2b).

Phosphorus concentrations of shoots

Shoot P concentrations mostly ranged from 1 to 3 mg
g−1 with higher values in a few species of subgenus
Vignea collected in wetlands (Fig. 3a, Table S1).
Species of subgenus Vignea had significantly higher

Fig. 1 Frequency of root traits among 40Carex species: (a) number of species with each individual root trait, (see Table 2 for abbreviations),
(b) number of species with a certain number of root traits, and (c) number of plants with a certain number of root traits

Fig. 2 Presence or absence of
dauciform roots (DR) in relation
to (a) species taxonomy
(subgenus) and (b) species
habitat, based on data for 39
Carex species in (a) and 40
species in (b). Shaded bars or bar
sections indicate species of
subgenus Vignea
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Table 2 Root traits observed in 40 species of Carex

H A V DSE BRH TRH DR

Subgenus Carex

C. acuta L. + + − + + + −
C. aquatilis Wahlenb. − − − + + + −
C. arnellii Christ + − − − − + −
C. atherodes Spreng. + − − + + + −
C. bigelowii Torr. ex Schwein. − − − + + + −
C. buxbaumii Wahlenb. + + − + + + +

C. caryophyllea Latourr. + − + + − + +

C. cespitosa L. + − − + + + −
C. digitata L. + − − + − + −
C. elata All. − − − + + + −
C. globularis L. − − − − − + −
C. hirta L. − − − + − + −
C. juncella (Fries) Th. Fries + − − + + + −
C. limosa L. − − − + + + −
C. magellanica Lam. + − − − + + −
C. montana L. − − − + − + +

C. nigra (L.) Reichard − − − + − + −
C. pallescens L. − − − + − + +

C. panicea L. − − − + − + +

C. pseudocyperus L. + + + + + + −
C. rhizina Blytt ex Lindblom − − − + − + +

C. rhynchophysa C. A. Mey. + + + + + + −
C. rostrata Stokes + − − + + + −
C. rotundata Wahlenb. + + − + + + +

C. secalina Willd. ex Wehlenb. − − − − − + −
C. supina Willd. ex Wahlenb. + + − + − + +

C. tomentosa L. + − + + − + +

C. vaginata Tausch − − − + − + −
C. vesicaria L. − − − + + + −
Subgenus Psyllophora (Degl.) Peterm.

C. obtusata Liljebl. + − − + − + −
Subgenus Vignea (Beauv. ex. Lestib.) Peterm.

C. appropinquata Schum. + − − − + + −
C. bohemica Schreb. + + − + + + −
C. canescens L. − − − + − + −
C. chordorrhiza Ehrh. ex L. f. − − − + − + −
C. contigua Hoppe − − − − − + −
C. elongata L. + − − + − + −
C. lapponica O. Lang + − − − − + −
C. leporina L. + − + − − + −
C. loliacea L. − − − + − + −
C. praecox Schreb. − − − + − + −

HAM-hyphae, A arbuscules, V vesicles,DSE dark septate endophytes, BRH bulbous root hairs, TRH typical root hairs,DR dauciform roots;
«–», structure is absent, « + », structure is present
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shoot P concentrations than species of subgenus Carex
in wetlands but not in the two other habitats (Fig. 3a).
Also, subgenus Vignea species had higher P concentra-
tions in wetlands than in grasslands and forests, whereas
P concentrations of subgenus Carex species did not
differ significantly among the three habitat types
(Fig. 3a).

Within subgenus Carex, shoot P concentrations did
not differ significantly between plants with and without
DR (Fig. 3b). Plants with DSE tended to have lower P
concentrations in subgenus Carex and higher P concen-
trations in subgenus Vignea (Fig. 3c, significant

interaction DSE × subgenus, p = 0.002). The abundance
of DSE (when present) was unrelated to shoot P con-
centrations (p = 0.48). Regardless of subgenus, plants
with A|V tended to have higher P concentrations
(Fig. 3d, significant effect of A|V presence, p = 0.013).
In plants with A|V, the colonisation level by AM fungi
was also positively related to shoot P concentrations
(p = 0.025). The presence or absence of BRH and the
size of both BRH and TRH were unrelated to P concen-
trations (not shown).

Discussion

In this paper we simultaneously studied the occurrence
of five root traits in almost 200 plant individuals of 40
Carex species, which allowed us to evaluate their fre-
quency, abundance and patterns of co-occurrence at
different levels (species, plant or root segment).
Previous studies of root traits in Carex either considered
fewer traits and fewer species (Miller et al. 1999; Ghosh
et al. 2014), or reviewed published information
(Muthukumar et al. 2004), so that patterns of co-
occurrence could not be evaluated at the individual plant
level. Thus, our study was more comprehensive and
detailed than previous ones. Further studies might con-
sider including even more root traits, such as
ectomycorrhizal-like structures (Harrington and
Mitchell 2002), associations with bacteria (Qin et al.
2008; Song et al. 2011), aerenchyma (Visser et al.
2000) or particular physiological traits, such as function
at low temperatures (Edwards and Jefferies 2010) or
root exudation.

Table 4 Differences in the abundance or size of root traits be-
tween subgenera (Carex vs. Vignea) and among the three main
habitats sampled (forest, grassland, wetland), based on mean
values for each of 39 Carex species. Differences are described
qualitatively if they were significant (p < 0.05) in a two-way
analysis of variance or deviance based on models including both
factors (without interaction)

Subgenus Habitat

A|V|H abundance n.s.b n.s.

DSE abundance Vignea < Carex n.s.

BRH abundance Vignea < Carex highest in wetlands

BRH sizea n.s. n.s.

TRH abundance n.s. n.s.

TRH sizea n.s. smallest in grasslands

DR presence only in Carex mainly in grasslands

Root diameter n.s. n.s.

Number of traits n.s. n.s.

a length and diameter
b difference not significant (p > 0.05)

Table 3 Significance (p-values) of associations between the pres-
ence of different root traits in Carex species (above the diagonal)
and in individual plants (below the diagonal). For significant

associations (p < 0.05), superscripts indicate whether the associa-
tion was positive (traits tend to occur together) or negative. Sig-
nificance <0.05 are in bold

A|V DSE BRH DR

A|V 0.65 0.36 0.049+

DSE 0.06 0.47 0.22

BRH 0.67 0.30 0.31

DR < 0.001+ 0.003+ 0.023–

Data are unadjusted p-values from Chi-squared tests; when adjusted for multiple testing (Bonferroni-Holm correction), the individual-level
associations between DR and either A|Vor DSE remain significant (p = 0.003 and 0.015, respectively)
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We found A|V in 25% of the studied species, which is
remarkably similar to the proportion of Carex species
found to exhibit such structures in a single study (24%)
in a review of 60 publications about mycorrhiza in
Carex (Veselkin et al. 2014a). Our results also support
the general statement that the abundance of AMF my-
celium in roots of Carex is usually low, and that
arbuscules may be absent (Miller et al. 1999; Miller
2005). Accordingly, the 25% of species forming A|V
must be considered weakly mycorrhizal at best and may
function like non-mycorrhizal plants. The nutritional
implications of mycorrhizal colonisation in the
Cyperaceae requires clarification through appropriate
experiments (Muthukumar et al. 2004) or by screening
for symbiosis-specific genes (Delaux et al. 2014).

The presence of DSE in 80% of the species closely
matches the proportion reported by Weishampel and
Bedford (2006) for Carex species in wetlands.
However, these authors found colonisation rates be-
tween 17% and 48%, which is much higher than the
abundance found in our study, even if we consider only
wetlands. Our plants mostly had shoot P concentrations
between 1 and 3 mg g−1, which are in the upper part of
the range found in other studies (Güsewell and
Koerselman 2002, Güsewell 2005a, b), suggesting that
plant growth was at most weakly P-limited (Güsewell
and Koerselman 2002). This might possibly explain the
low abundance of DSE in our study. Again, the mere
presence of DSE does not necessarily indicate an influ-
ence on plant nutrition, but this possibility would

deserve further investigation given the high frequency
of DSE among Carex species.

Although two of the species presented all five exam-
ined root traits, most species had only two or three of
them, and all combinations of root traits were possible.
This leads to a great diversity of root types, which might
be related to different ecological strategies. A common
expectation is that stress-tolerant species have a greater
diversity of root traits than competitive species
(Veselkin et al. 2014b). The formation of DR (similar
to cluster roots) has particularly been associated with
low phosphorus availability (Miller 2005; Lambers and
Shane 2007) and stress tolerance (Veselkin et al. 2014b),
while AM tend to be found on soils with higher phos-
phorus availability (Lambers et al. 2008) and may even
increase after phosphorus addition (Lagrange et al.
2013). Thus, the relative rarity of species with DR and
frequency of species with A|V|H in our sample may be
related to relatively high shoot P concentrations.
Unexpectedly (Shane et al. 2005), the occurrence of
DR among plants of subgenus Carex was independent
of their shoot P concentrations, presumably because the
latter were never high enough to fully suppress DR
formation in the absence of other suppressing factors
(Güsewell 2017). The rare occurrence of DR in forests
and wetlands suggests that shade and wetness also sup-
press DR formation when plants are not strongly P-
deficient.

Our examples of multiple root traits found within one
species can be extended based on data of other authors.

Fig. 3 Phosphorus concentrations of plant shoots in relation to
species taxonomy (subgenus) and (a) habitat, (b) presence of
dauciform roots, (c) presence of dark septate endophytes (DSE),
and (d) presence of arbuscules or vesicles (A|V). Bars showmeans
± SE, based on a total of 36 Carex species in (a) and 92 individual

plants in (b) and (c). Two-way ANOVA indicated a significant
subgenus × habitat interaction in (a), a significant subgenus × DSE
interaction in (c), and significant main effects of both subgenus
and A|V in (d). Bars with different letters are significantly different
in multiple pairwise comparisons (Tukey HSD test, p < 0.05
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For instance, C. flacca and C. pilulifera form
ectomycorrhizal-like structures, in which the agaricoid
basidiomycete Cortinarius cinnamomeus L. (Fr.) has
been identified (Harrington and Mitchell 2002). Both
species also form DR (Harrington and Mitchell 2002;
Shane et al. 2005; Güsewell 2005a, b), and C. flacca
may by forming AM too (Read et al. 1976; Wang and
Qiu 2006). Finally, the species almost certainly have
TRH. Consequently C. flacca exhibits at least four root
traits and C. pilulifera at least three. Generally our
conclusion that there is a great variety of root traits in
Carex is in good agreement with results published by
other authors.

Previous studies suggested the existence of neg-
ative associations between AM and the other root
traits studied here (see Introduction). We could not
confirm any of these negative associations when
we related the presence of A|V to the other root
traits. Given the low abundance of A|V in most of
our species, the absence of trade-off with other
root traits is not surprising. The presence and
abundance of AM fungi was positively related to
shoot P concentrations, hence it would in principle
be conceivable that an amelioration of plant P
status by AM affects the development of other
root traits. However, this was not the case because
the other root traits were not (DR, BRH, TRH) or
weakly and inconsistently (DSE) related to shoot P
concentrations.

The weak negative association found between DR
and BRH reflected a reduced formation of DR at the
wettest sites, where the formation of BRH was promot-
ed. This may be a general pattern, as earlier studies
suggested that DR formation tends to be inhibited by
wet, anoxic conditions (Lamont 1993), while BRH for-
mation has been associated with wetness in Carex
(Miller et al. 1999). Recent speciation in northern
Carex clades has partly been associated with niche
partitioning regarding water level, but the role of root
traits in this diversification is not yet understood.

The significant positive association between DR and
DSE resulted from the combination of two patterns: On
one hand, most plants (76%) of subgenus Vignea (with-
out DR) were free of DSE. The presence or absence of
DSE in Vignea plants was independent of shoot P con-
centration, and their low abundance suggests random
colonisation. On the other hand, most plants (78%) of
subgenus Carex with DR were infected by DSE. The
presence of DSE was associated with slightly lower

shoot P concentrations, suggesting that infection by
DSE was promoted both by P deficiency and by the
presence of DR. Indeed, ephemeral root structures with
intense rhizodeposition, such as DR, may promote fun-
gal infection (Laliberté et al. 2015). Dense fungal my-
celium has been observed around DR in alpine sedges
(Gao and Yang 2016), and DR showed the highest
degree of AM fungal colonization in the sedge
Lepidosperma gracile (Meney et al. 1993). The possi-
bility that DR make roots more susceptible to colonisa-
tion by DSE and AM fungi and implications for plant
nutrition would deserve further testing (Gao and Yang
2016).

Root traits were also related to taxonomy, with a
confinement of DR to the subge-nus Carex, and a lower
abundance of BRH and DSE in the subgenus Vignea.
Although shoot P concentrations were on average
higher in subgenus Vignea, this alone cannot explain
the absence of DR for three reasons: First, shoot P
concentrations differed mainly because of very high
values in a few wetland populations of subgenus
Vignea; there was no significant difference between
subgenera in grasslands and forests. Second, plants with
and without DR did not differ in shoot P in subgenus
Carex. Third, subgenus Vignea did not form DR even
under strong P deficiency in greenhouse experiments
(Güsewell and Schroth 2017). Conversely, Miller et al.
(1999) found no difference in BRH and DSE abundance
between the subgenera Vignea andCarex. While family-
level taxonomic patterns in the occurrence of roots traits
are well established, patterns at the subgenus level are
often poorly known. An important implication is that
interspecific variation in nutrient acquisition traits may
reflect the evolutionary history of species, so that asso-
ciations between traits and ecological function may be
elusive without consideration of phylogeny even in a
comparison of congeneric species (Miller et al. 1999;
Lambers et al. 2013).

In conclusion, our research has shown that a sub-
stantial diversity of root traits exists in the genus
Carex. Traits can occur in any combination, and all
of them can co-occur on a single plant. Both the
combination of traits found on a plant and their
abundance on roots varied among and within species.
Our results suggest that the presence and abundance
of traits follows taxonomic and ecological patterns,
which differ for each trait considered. This indepen-
dent regulation leads to a great diversity of root types
among closely related sedge species.
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