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Abstract
Aims We aimed to compare seasonal exudate quality
and quantity between Sphagnum moss, Eriophorum
vaginatum (graminoid) and Vaccinium myrtillus (ericoid
shrub).
Methods Exudates were collected in May, July and
September 2014 using a culture-based method and characterized by total organic carbon (TOC) and nitrogen
(TN) contents with exudation fluxes expressed on a
root-mass basis. Organic acids, sugars and amino acids
in the exudates were identified by ion exchange chromatography. C and N exudate fluxes, in situ exudation
fluxes and exudate contribution to soil dissolved organic
matter (DOM) were estimated. Differences in exudate
biodegradability were assessed by 13C pulse labeling.
Results E. vaginatum had the largest exudation fluxes,
Sphagnum the lowest, and V. myrtillus intermediate,
being the greatest in July. All species mostly exuded
organic acids except Sphagnum in September when
sugars (allose, xylose) and amino acids (cystine) dominated. Sphagnum exudates were more C-rich and less

degradable than the vascular species exudates, which
released both organic and inorganic N forms.
E. vaginatum exudates were richer in amino acids and
citrate especially in July. Exudates contributed up to
20% to soil DOM.
Conclusions Plant species composition greatly affects
exudate quantity, quality and timing. Plant exudates
represent considerable contributions to soil DOM.
Keywords Biodegradability . Dissolved organic matter .
Peatlands . Root exudates . Sphagnum . Vascular plants
Abbreviations
C
Carbon
DOC Dissolved organic carbon
DOM Dissolved organic matter
DN
Dissolved nitrogen
LMW Low molecular weight
N
Nitrogen
TOC
Total organic carbon
TN
Total nitrogen
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Introduction
Peatlands represent large repositories of carbon (C) (Yu
2012), with Sphagnum mosses playing a dominant role
in peat formation due to their unusual physiological and
biochemical features. Sphagnum can maintain
waterlogging in surface peat (Hayward and Clymo
1982) and its tissue also contains phenolic compounds
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and polysaccharides that suppress decomposition of
dead plant matter (Verhoeven and Liefveld 1997;
Hájek et al. 2011).
In addition to Sphagnum, vascular plants, mainly
sedges and dwarf shrubs, commonly inhabit peatlands.
The presence of vascular plants generally increases net
ecosystem CO2 exchange (Laine et al. 2012) and methane efflux (Robroek et al. 2015b), as well as soil microbial biomass, the decomposition rate of organic matter
and nutrient availability (Bragazza et al. 2015). Vascular
plants also influence the quality of dissolved organic
matter (Robroek et al. 2015a) and its export from
peatlands (Freeman et al. 2004). Vegetation composition
is recognized as an important factor affecting the magnitude of these changes (Breeuwer et al. 2009; Laine
et al. 2012; Kuiper et al. 2014; Robroek et al. 2015a;
Robroek et al. 2015b). The above described effects on
peatland functioning connected with the presence of
vascular plants and the differences in these effects
among plant species or plant functional groups are commonly ascribed to the different quality and quantity of
root exudates.
The release of low molecular weight (LMW = compounds <1000 Da; Warren 2016) root exudates represents an important and continuous carbon source to the
soil environment during the growing season (Grayston
et al. 1996; Jones et al. 2004). As with the release of
other rhizodeposits, such as root mucilage and root
lysates, exudates can greatly impact the carbon and
nutrient cycles in an ecosystem by stimulating rhizosphere microbial activity and inducing the priming effect (van der Krift et al. 2001; Jones et al. 2009). Interestingly, despite the recognized role of root exudates in
shaping microbial community composition and consequently biogeochemical processes in peatlands, information about their fluxes, differences in the composition
among characteristic peatland species and their potential
contribution to dissolved organic matter (DOM) is very
limited.
Most studies of the compounds released by Sphagnum mainly focused on their inhibitory and allelopathic
potential, especially the roles of phenolic and uronic
acids (Verhoeven and Liefveld 1997). Fenner et al.
(2004), using 13C pulse labeling, showed that fresh
Sphagnum exudates contribute up to 4% of the total
dissolved organic carbon (DOC) content, however these
authors did not provide deeper information about the
composition or fate of the exudates. The exudates of
peatland vascular plants were shown to significantly
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contribute to CO2 efflux from peatlands (Crow and
Wieder 2005), indicating their higher decomposability
in comparison to the DOM in peatlands. Recent root
exudates of some vascular plants, namely sedges, were
found to be a primary source of methane emissions from
peatlands (King et al. 2002; Ström et al. 2003). Only the
exudates of Eriophorum vaginatum were studied in
more detail in this regard, with carbohydrates and organic acids being the major compounds released
(Saarnio et al. 2004). However, these plants were grown
in waterlogged quartz sand and supplied with a nutrient
solution, creating artificial conditions quite different
from natural ones.
For this study, we chose representatives of the three
main plant functional groups characteristic of peatlands:
Sphagnum moss, graminoids and ericaceous shrubs,
represented in our case by Sphagnum fallax,
Eriophorum vaginatum and Vaccinium myrtillus, respectively (the three species are hereafter referred to
respectively as Sphagnum, Eriophorum and Vaccinium).
Sphagnum fallax is widespread in nutrient-poor to intermediate peatlands. Eriophorum (cotton grass) is a tussock forming sedge common in nutrient-poor temperate
to boreal peatlands in Europe, Asia and North America
(Mitsch and Gosselink 2000). It was the first nonmycorrhizal species found to be able to take up organic
forms of N, usually as amino acids (Chapin et al. 1993;
Leadley et al. 1997), as well as having a high nutrient
resorption capacity (Shaver et al. 1986; Kaštovská et al.
2017). Vaccinium (blueberry) commonly inhabits drier
parts of peatlands, facilitating its nutrient uptake by
symbiosis with ericoid mycorrhiza. The onset of drier
conditions resulting from human and/or climate changes
would likely result in the spread of Vaccinium in the
affected peatlands (Bragazza 2006; Dieleman et al.
2015). A previous study (Kaštovská et al. 2017) found
species-specific effects on peat properties and soil microbial biomass and activity, with these differences likely related to differences in the quantity and quality of
root exudates.
The aim of our study was to compare the fluxes and
composition of exudates released by living Sphagnum
with that released from the roots of the two vascular
species, Eriophorum and Vaccinium, in conditions close
to natural ones. We estimated the contribution of organic
acids, sugars and amino acids to these fluxes and determined the significance of species and seasonal effects on
their amounts and composition. Additionally, we estimated the contribution of exudates to DOM during the
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vegetation season and compared the biodegradability of
the exudates released at the peak of the vegetation
season. We tested the following hypotheses: 1) the two
vascular plant species, Eriophorum and Vaccinium, will
have larger exudate fluxes per mg root mass, with the
exudates being more biodegradable, compared to
Sphagnum. 2) There will be significant species as well
as seasonal differences in the composition of the identified exudate compounds. Still, organic acids will be the
main compounds in the exudates of all three species, as
their release increases P availability in P-limited systems
(Höffland et al. 1992; Gerke 1994; Neumann and
Romheld 1999; Abrahao et al. 2014), which is common
for many peatlands (Hill et al. 2014). Lastly, 3) the
contribution of the exudates to peatland DOC will approach several percents, with the largest contribution
occurring at the peak of the vegetation season in
summer.

Methods
Study site
The Tetřevská spruce swamp forest (SSF) is located in
the Šumava Mountains, south-west Czech Republic
(48°59’N, 13°28′E). The SSF is situated on an upland
plateau at an altitude of 1100 m.a.s.l, with a cold and
humid climate (mean annual temperature = 4.0 °C and
mean annual precipitation = 1200 mm; average data
from 1961 to 1990, Czech Hydro-Meteorological Institute). The SSF is covered by a continuous layer of
Sphagnum mosses (dominated by S. fallax and rarely
by S. flexuosum and S. girgensohnii) in a sparse matrix
of Picea abies trees. Within this matrix, wet open
patches are occupied by Eriophorum while Vaccinium
dominates drier microhabitats. Other plant species, such
as V. vitis-ideae, Oxycoccus palustris, and other sedges
and grasses, are also rarely present. The patchy distribution of the three dominants in the understory of the
SSF reflects variations in terrain, water level and the
location of springs.
Plant sampling and exudate collecting
In the field, whole clumps (shoots and roots) of
Eriophorum, shoots with attached rhizomes and roots
of Vaccinium, and blocks of Sphagnum (20 cm W *
30 cm L * 15 cm D) were collected in May, July and
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September 2014 and brought back to the laboratory. All
plant and Sphagnum samples were kept moist and shaded during the ca 1 h transport. Root exudates were
collected using a modified version of the method developed by Phillips et al. (2008). For these analyses, threeto-four shoots of Eriophorum, with attached roots, were
separated from each clump the day following field collection. The same was done for individual roots of
Vaccinium except we cleaned the end 20 cm of threeto- four intact roots which were still connected to the
plant. The roots were carefully cleaned of any adhering
material using distilled water. The clean roots were then
wrapped in moist Sphagnum collected from the field
site, which still contained pore water from the study site,
placed within an aluminum foil envelope and kept overnight for equilibration. Wrapping the roots in Sphagnum
with pore water from the site helped to maintain the
plant samples in conditions closer to those in the field
site compared to experiments conducted entirely in the
laboratory or using hydroponic solutions. The next day,
the samples (entire roots of one shoot for Eriophorum
and the individual root sections for Vaccinium) were
uncovered, quickly cleaned of any adhering material
and placed in 20 ml syringes filled with distilled water.
In addition, selected Sphagnum shoots were cleaned and
placed into 50 ml beakers filled with distilled water. The
samples were placed in an area with slight tree shading,
similar to field conditions, and exposed to daylight
conditions for four hours, from 9:00–13:00. After the
exposition period, the selected roots were sampled,
scanned and then dried at 65 °C for 24 h and weighed.
The root scans were analyzed for root surface area and
volume using WinRhizo (Regent Instruments, Canada).
Root surface area and root dry weight were highly
correlated (r2 = 0.98). The solution with exudates was
immediately filtered through 0.2 μm Express Plus PES
membrane filters (Merck-Millipore, Ireland), collected
in sterilized 5 ml vials. All collected exudate samples
were kept cooled (+4 °C) until they were analyzed,
which was usually within 24 h after collection.
We are aware that cleaning the roots with distilled
water of adhering soil particles and using a short exposition time of four hours reduced but did not eliminate
the impact of root-associated microbes. Therefore, the
exudates sampled in the described manner represent a
mixture of compounds of plant origin, influenced in
their amount and composition by the activity of present
rhizoplane microbes (Warren 2016). Since the aim of
our study was to determine the species and seasonal
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effects of plant effluxes to the soil, and the potential
contribution of these inputs to soil DOM, the presence
of even reduced microbial numbers would result in
closer-to-natural experimental conditions, which would
provide a more realistic picture than if completely sterile
conditions were applied.
In addition, given the analytical method employed,
distilled water was considered as the best medium for
producing clear results even though we are aware that
distilled water could influence the exudate flux from the
plants (Aulakh et al. 2001). However, the short duration
of root exposure and maintaining the roots in site DOM
prior to exposure should have minimized such an effect.
Exudate analyses
The collected exudate samples were analyzed for total
organic carbon (TOC) and total nitrogen (TN) contents
on a LiquiTOC (Elementar, Germany). Ion exchange
chromatography (IC; Thermo ICS-5000, USA) was
used to separate organic acids, sugars and amino acids.
Organic acids and other anion forms (including nitrite
and nitrate-N) were separated by injecting 3 μl of each
sample into a Dionex AS-11 HC capillary column
(0.4 × 250 mm) using a non-linear gradient elution of
distilled water and KOH (0.5–110 mM) with a flow rate
of 10 μl min−1 and detected on a conductivity detector.
Sugars and amino acids (50 μl of each sample) were
separated on a Pac PA10 column using a non-linear
elution of 10–250 mM NaOH, which included 1 M
NaOAc and a 100 mM acetic acid wash. The flow rate
was 0.25 mL min−1 and compounds were detected
amperometrically. Particular compounds were determined by comparison to the retention times of known
standards and their concentration quantified after peak
integration and comparison to peak areas of the respective standards. In most cases, there were distinct peaks
for individual compounds. However, the peaks for
acetic and glycolic acids, as well as for ascorbic and
oxalic acids, had very similar retention times and could
not be distinguished. Therefore, a common peak area
was used to calculate the concentrations of these combined compounds, which are hereafter noted as acetic+
glycolic and ascorbic+oxalic, respectively. A common
peak area was also used for benzoic+succinic+malic
acids. The measured TOC and TN exudate concentrations were relativized to a root mass/living biomass
basis and to sampling time (mg g−1 h−1). Eriophorum
had the smallest roots (4.5–6.6 mg), followed by
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Vaccinium roots (20.0–77.1 mg), while the Sphagnum
shoots were the heaviest (135.5–213.8 mg). We further
summed the C concentrations for the identified organic
acids, amino acids and sugars, and calculated their contribution to the total TOC exudation flux for the respective species and samplings. Similarly, we calculated the
contributions of inorganic (nitrite and nitrate-N) and
organic N (contained in amino acids and amino sugars)
to the total TN exudation fluxes.
Estimation of in situ exudation fluxes
We estimated the C and N exudation fluxes (mg m−2)
which would be released by the three species in the field
conditions of the SSF, by multiplying the relativized
TOC and TN released by particular species with their
mean live root biomass (or mean living biomass for
Sphagnum). The live root biomass data were obtained
from ten belowground samples (5.5 cm W * 6.5 cm L *
30 cm D), collected from habitats dominated either by
Vaccinium or Eriophorum at the same time as the plants
sampled for the exudate analyses. The belowground
materials in the cores were carefully cleaned and then
separated to live and dead roots and rhizomes. Sphagnum living biomass was obtained from the blocks sampled for the exudate analyses. All samples were dried at
65 °C for 48 h, weighed and mean dry weights per area
(g m−2) calculated for each species and season (Supplemental Table 1).
We further estimated the potential contributions of
the C and N exudation fluxes to peatland DOM, using
DOC and DN contents for the respective habitats. To
obtain the soil solution, we sampled four intact cylindrical peat cores (72 cm3 volume) to a depth of 10 cm (the
main rooting zone) under each plant dominant in May,
July and September 2014. The sampled peat cores were
immediately inserted into extraction tubes, closed with
aluminum foil and put into a cooling box with ice. The
soil solution was extracted by the centrifugal-drainage
method at 4000 g for 1 h at 4 °C (Giesler and Lundstrom
1993) within 24 h. The solution was filtered through a
low-protein-binding Express PLUS Polyethersulfone
membrane with a 0.22 μm pore size (Merck Millipore
Ltd., Ireland) and analysed for TOC and TN on a
LiquiTOC II (Elementar, Germany). TOC and TN were
calculated per volume of soil per m2 to a 10 cm depth
using peat bulk density. The proportion of soil DOC and
DN attributed to the estimated field C and N exudate
fluxes were calculated for each season.
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Exudate biodegradability in natural DOM
The exudate biodegradability in natural DOM was measured after 13C pulse labeling of plants in July 2014.
Plants were collected in the field and prepared similarly
as for the exudate sampling and then put into boxes. The
roots and rhizomes of the herbaceous species and the
whole Sphagnum shoots except the upper ca 1 cm were
submerged into a known volume of DOM sampled in
the field at the same time as the plants. Four replicate
boxes were prepared for each species. The boxes were
placed in a gas-tight plexiglass chamber with a hole
fitted with a rubber-septa and two 1watt fans. The
13
CO2 tracer (99.9 atom % 13C, Cambridge Isotope
Laboratories, GB) was repeatedly added into the chamber by a syringe to keep the internal CO2 concentration
at 400–500 ppm (verified by GC) for a period of 4 h,
from 9:00–13:00. Immediately after the labeling, and
after 8, 24, and 48 h, all the DOM in the boxes was
sampled and replaced by fresh solution. A portion of
each DOM sample was immediately freeze-dried and
the same was done to the rest of the sample after incubation in the dark at 20 °C for 3 days. All the freezedried samples were analyzed for total C and 13C contents (in 13C atomic percent, at.%) on an NC Elemental
analyzer (ThermoQuest, Germany) connected to an isotope ratio mass spectrometer (IR-MS Delta X Plus,
Finnigan, Germany). The difference in 13C content between the immediately frozen and incubated samples
was used to calculate the biodegradability of the released 13C compounds (the percentage of mineralized
to original 13C in a particular sample).

Statistical evaluation of the data
The data on the relativized TOC and TN exudations,
contributions of organic acids, amino acids and sugars,
as well as inorganic N to the TOC and TN exudation,
estimated field C and N exudation fluxes, and exudate
biodegradability were natural log transformed (ln + 1)
when necessary in order to meet the conditions of normality and variance homogeneity. Repeated measures
ANOVAs were run to evaluate species and seasonal
(temporal) effects. Due to the small number of samples,
Scheffé’s comparison of means test was used when there
were significant species effects. A Bonferroni correction
was used for comparing the differences between means
in the case of significant seasonal or species*season
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(time) interaction terms. Analyses were conducted in
SYSTAT v. 11.
The possible connections between individual identified LMW compounds in the exudates and particular
species and/or season were examined by constrained
multivariate analysis (RDA with species*season interaction as the explanatory variable) using the data on
proportional contribution of individual compounds to
total C in these LMW compounds. The analysis was run
in CANOCO v.5.

Results
TOC / TN amounts released per root mass
The TOC and TN contents of the root exudates significantly differed between the three species (p < 0.001) as
well as seasonally (TOC: p < 0.001; TN: p = 0.011). In
general, Eriophorum with the smallest roots released the
largest TOC and TN amounts per root mass and its C
and N fluxes were the most seasonally variable of the
studied species (Fig. 1a, b) ranging from 1.47 to
50.48 mg C g−1 h−1 and 0.08 to 4.26 mg N g−1 h−1
respectively (Fig. 1a, b). On the contrary, Vaccinium and
Sphagnum C fluxes were significantly less (0.34–3.35
and 0.16–0.79 mg C g−1 h−1, respectively) as were the
respective N fluxes (0.02–0.34 and 0.01–
0.06 mg N g−1 h−1). Eriophorum and Sphagnum released the most TOC in July, but Vaccinium in September. The two vascular plants generally released more TN
per root mass than Sphagnum in May and especially in
September, when the TN release of Sphagnum was
significantly reduced (Fig. 1b). In July, the Eriophorum
TN release highly exceeded those from the other two
species, which were similar. As a result, the C:N ratios
of the released compounds were relatively low from
May to July, ranging on average between 17 and 25,
with Sphagnum always leaching compounds with a
higher C:N ratio than the vascular plants. The lowest
C:N of 8.6 occurred for Vaccinium exudates in May
(Fig. 1c; Table 1). The C:N ratio then increased in
September for all three species, but most notably for
Sphagnum exudates, which had an average ratio > 80.
Identified N forms in the released TN
The identified N forms, containing both organic (amino
acids, amino sugars) and inorganic (nitrite and nitrate
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Fig. 1 The amounts of a) TOC
and b) TN released per g root
mass per hour of vascular plants
or living mass of Sphagnum in
May, July and September 2014,
and C) their molar C:N ratios.
Mean and standard deviations
(n = 4) are shown. Note the
logarithmic scale on the Y axes
for both the TOC and TN graphs.
Species: Erio = Eriophorum
vaginatum; Vacc = Vaccinium
myrtillus; Sphag =
Sphagnum (mostly S. fallax).
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letters in each C:N ratio type indicate significant differences at the p < 0.05 level

84.08 ± 16.19a
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19.81 ± 6.40ab

20.48 ± 11.37bc
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23.58 ± 5.99bc

37.42 ± 5.92ab

36.66 ± 11.52ab
16.97 ± 4.65bc

16.56 ± 3.80bc
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8.61 ± 3.68c

43.62 ± 7.72b
24.38 ± 7.54bc
36.05 ± 13.54b

8.16 ± 3.73c
15.65 ± 4.04ab

3.34 ± 1.09c

5.42 ± 3.94c
21.16 ± 2.02ab
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9.33 ± 5.48bc

26.09 ± 4.26a

23.32 ± 9.45bc

63.22 ± 49.08b
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Table 1 The C:N ratios for the identified (Ident) LMW and the remaining, unidentified (Other) compounds in the collected exudates from three dominant understory plant species from a
spruce swamp forest
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but not ammonium, which was not measured) N
accounted for 3.2–64.7% of the TN flux, differing by
species and season (Fig. 2a). The proportion of inorganic N in the Sphagnum TN flux was very low in all
samplings. In fact, all identified N forms released by
Sphagnum accounted only for <7% of the TN flux in
May and July but then significantly increased to almost
65% of the TN in September (Fig. 2a), mainly due to a
large (15% of all identified compounds in that sampling)
contribution of cystine. The collected exudates of both
vascular plants contained more inorganic N than Sphagnum. In July, the inorganic N flux from Eriophorum and
Vaccinium even exceeded the release of organic N,
forming 25–27% of the TN flux. By September, the
identified organic and inorganic N forms contributed
equally to the TN flux, both forms accounting for 10
to 18% of the flux (Fig. 2a).
Identified LMW compounds in the released TOC
The identified LMW compounds formed 5.8–22.7% of the
TOC flux, with no clear species or seasonal effect (Fig.
2b). Organic acids represented the majority of the identified compounds in the TOC fluxes of all species, with
Sphagnum exudates containing a significantly higher proportion of organic acids than either Eriophorum or
Vaccinium, except in the September sampling when there
was a large increase in the release of sugars. Sugars and
amino acids each contributed 4–35% to the identified TOC
compounds (Fig. 2b). While their contributions were relatively stable across the season for Vaccinium, being 13%
for amino acids and 7–22% for sugars, they varied over
time for the other two species. The identified TOC of
Sphagnum contained small portions of amino acids and
sugars in May and July (each ca 5% of identified TOC) but
both increased towards September. On the contrary, the
identified Eriophorum exudates contained larger portions
of sugars and namely amino acids in May but both decreased towards autumn, when its exudates were largely
dominated by organic acids (> 90% of the identified TOC;
Fig. 2c). The C:N ratios of the identified LMW compounds therefore differed significantly between the species
as well as seasonally (Table 1).
Composition of identified LMW exudates
We identified 39 compounds in total, 15 organic acids
(individual and also composite peaks), 15 sugars and 9
amino acids (Supplementary Figure 1). Of the organic
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Fig. 2 a Contributions of organic
(amino acids + amino sugars) and
inorganic (nitrite + nitrate) N to
the exudate TN fluxes from three
common understory species in a
spruce swamp forest peatland. b
Contribution of identified organic
compounds, organic acids, amino
acids and sugars, to the exudate
TOC fluxes from the studied plant
species during the year. c
Proportion of organic acids,
sugars and amino acids
comprising the identified exudate
compounds. Species:
Erio = Eriophorum vaginatum;
Vacc = Vaccinium myrtillus;
Sphag = Sphagnum (mostly S.
fallax). Sept = September.

acids, lactic, formic and the combined peaks of acetic+
glycolic and ascorbic+oxalic acids dominated in all
three species during the whole season. Other acids, such
as quinic, iso-butyric, adipic and benzyl+succinic+malic, were also produced by all the species but in lower

amounts. The production of other organic acids, such as
citric and iso-citric acids, were related either to a specific
sampling time or particular species. The commonly
released sugars were mainly alcohol sugars such as
glycerol and mannitol, supplemented by glucosamine
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exudates sampled in May exclusively contained raffinose
and also large peaks of benzoic+succinic+malic acids,
while fructose was completely absent. Also, the amount
of formic acid in the May exudates was much less than
for the exudates from the other seasons (Fig. 3b). Sphagnum exudates were again well distinguished from those
of the two vascular species as they contained only 11–19
identified compounds in comparison to the richer exudates of the vascular plants, and dominated by acetic+
glycolic acid (38% C in the identified compounds). On
the contrary, the July exudates of all species exclusively
contained alanine and serine, and were also richer in citric
and iso-citric acids than exudates released in the other
seasons (Fig. 3b). The two acids, which are potentially
important in enhancing P availability in the root surroundings, were produced in larger amounts by
Eriophorum, separating it from the other two species
(p < 0.001) (Fig. 3a). In fact, the largest species differences in exudate composition occurred in July. Variation
partitioning analysis showed that seasonal variation explained 26% and species-differences 7.9% of total data
variability.

1.0

3

and lactose in both vascular species and also glucose
namely in Vaccinium. The exudation of other sugars was
again either species or season specific. All species preferentially released cystine, being the dominant amino
acid released, supplemented by methionine and cysteine
in the exudates of both vascular plants. The production
of other amino acids was related to particular seasons,
such as serine in summer and leucine and proline in
autumn.
The composition of exudates differed among the seasons (pseudo-F = 7.4, p = 0.02) as well as among the
species (pseudo-F = 2.9, p = 0.02). The separation of the
samples is visualized in Fig. 3a (RDA analysis with
species*seasonal interaction as the explanatory variable,
pseudo-F = 5.2, p = 0.02, 52.6% of variability explained).
The September sampling was clearly separated from
those in May and July along axis 1 (Fig. 3a) mainly due
to the enhanced proportion of sugars in especially the
Sphagnum exudates, which were the richest in sugars in
particular allose and to a lesser extent xylose, ribose and
glucose (Fig. 3b). This large contribution of specific
sugars, as well as the enhanced proportion of amino acids
in the September Sphagnum exudates, clearly distinguished it from those of the two vascular plants. The
May and July samplings were well separated along the
second axis. Both seasons were characterized by larger
contributions of ascorbic+oxalic acids and glycerol in the
exudates of all three plants than in September. The

a

Estimated exudation fluxes and their contribution
to DOM in the field
We estimated the size of the C and N exudate fluxes in
the patches dominated by the studied species in the
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Fig. 3 a Separation of the exudates released by Sphagnum,
Vaccinium and Eriophorum in May, July and September 2014
according to the composition of identified LMW compounds
(RDA analysis with species*time interaction as the explanatory
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variable). Size of the circles correspond to the proportion of
exuded compounds. b The 16 compounds mostly related to the
explained variability in the data
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peatland. The exudate C fluxes per m2 were mainly
controlled by the biomass of the particular species in
the field, with Sphagnum having much greater biomass than either vascular species. The spring exudation fluxes were similar for all three species, being
about 150 mg C m−2 (Fig. 4a). However, due to plant
growth and increased exudation in the vegetation season, the C flux from Sphagnum significantly increased
to about 800 mg C m−2 in July (p < 0.001) with a small
decrease in September. However, the fluxes from
Eriophorum and Vaccinium roots remained similar
during the season, ranging from 100 to 200 mg C
m−2 (Fig. 4a). Accordingly, the potential contribution
of exudate flux to soil DOC in the field was estimated
to be <5% for both vascular plants, but this would

a

1200
Erio
Vacc
Sphag

TOC, mg * m-2

1000

*
*

800

600

400

200

b

0
70

*
60
50

TN, mg * m-2

Fig. 4 Estimated field a) C and
b) N exudate fluxes from roots of
vascular plants and living
Sphagnum biomass per m2 (mg C
or N m−2, mean ± standard
deviation, n = 4) in habitats
dominated by those species
during the year. Asterisks
represent species samples
significantly different from those
of other species in the same time
(* = p < 0.05; ** = p < 0.01).
Species: Erio = Eriophorum
vaginatum;
Vacc = Vaccinium myrtillus;
Sphag = Sphagnum
(mostly S. fallax).

greatly increase up to 18% in July in Sphagnum-dominated patches while still accounting for 12% of the
DOC in September (Table 2a).
Sphagnum also had a significantly larger overall TN
flux (p < 0.001) compared to Eriophorum and
Vaccinium (Fig. 4b), exceeding 40 mg N m−2. Both
Eriophorum and Sphagnum had similar TN flux patterns, with low fluxes in May and September with the
maxima in July. The pattern differed for Vaccinium in
that the maximum TN flux occurred in May and then
decreased to similar levels in both July and September.
The TN flux pattern was mostly mirrored in the potential
contribution of this flux to soil DN (Table 2b). Maximum contributions from both Eriophorum and Sphagnum occurred in July (7–10% of field DN), while it was

40
30
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0
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Table 2 Estimated percent contribution of carbon and nitrogen exudate fluxes (TOC, TN respectively) to the (A) dissolved organic carbon
(DOC) and (B) dissolved nitrogen (DN) in the peatland in patches dominated by particular plant species during the year
Season

Spring
TOC

Summer
DOC

%

TOC

Autumn
DOC

%

TOC

DOC

%

A.
Eriophorum

150.90

3321.69

4.54

209.79

5266.22

3.98

113.27

5901.58

1.92

Vaccinium

101.42

3873.04

2.62

54.05

5414.97

1.00

105.12

5691.25

1.85

120.26

3871.43

3.68

787.13

4285.87

18.37

645.13

5284.15

12.21

DN

%

Sphagnum
Season

Spring
TN

Summer
DN

%

TN

Autumn
DN

%

TN

B.
Eriophorum

7.09

151.56

4.68

16.91

249.30

6.78

3.91

133.06

2.94

Vaccinium

18.19

138.03

13.18

3.95

313.36

1.26

7.32

205.50

3.56

Sphagnum

11.86

144.80

8.19

41.71

408.32

10.22

9.24

273.71

3.38

Values were calculated by combining TOC or TN fluxes per root mass measured in this study with data about the average living root biomass
of vascular species or living Sphagnum biomass per m2 area and DOC or DN amounts in peat cores measured in spring, summer and autumn
of 2014 in the field. Flux units are mg * m−2

May for Vaccinium (up to 13% of field DN). Potential
TN flux contributions to soil DN in Sphagnum-dominated patches were also relatively high in May.

significantly lower (F = 68.223; p < 0.001) than the
Eriophorum and Vaccinium exudates, which were similar
in biodegradability. Over time, the exudates of the two
vascular species released only four hours after 13C fixation were highly biodegradable, losing more than 50% of
their 13C in three days, while Sphagnum exudates were
slowly degradable (losing ca 10% of 13C in three days).
For all species, the biodegradability of the compounds
released between 4 and 8, 8–24 and 24–48 h after 13C
fixation decreased over time (F3, 27 = 4.003; p = 0.018).
The Eriophorum exudates had the most pronounced
change, with those released after four hours being similar

Exudate biodegradability in natural DOM
We further measured biodegradability of the exudates
released by the three species in July. The degradability
of the 13C exudates significantly differed between the
species and over the two days of exudate collection
(Fig. 5). The average biodegradability of the Sphagnum
exudates, for the full two days of the experiment, was

Fig. 5 Changes in the
biodegradability (% of initial C
content) of the 13C exudates
released from the studied species
between 0 and 4, 4–8, 8–24, and
24–48 h after plant 13C fixation.
Asterisks represent species
samples significantly different
from those of other species in the
same time (* = p < 0.05; ** =
p < 0.01). Species: Eriophorum =
Eriophorum vaginatum;
Vaccinium = Vaccinium myrtillus;
Sphagnum = Sphagnum
(mostly S. fallax).

**
*
**
**
*
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to Vaccinium exudates while the degradability of those
produced after 48 h were closer to those released by
Sphagnum.

Discussion
Plant species composition, and the associated quality
and quantity of root exudates, can greatly affect the
functioning of peatlands (Breeuwer et al. 2009; Laine
et al. 2012; Robroek et al. 2015a). In this study, we
compared the fluxes and composition of exudates released from representative species of three main plant
functional types occurring in peatlands: Sphagnum
moss, the graminoid Eriophorum vaginatum and the
ericoid shrub Vaccinium myrtillus. We always sampled
the plants in large clumps in the peatland shortly before
exudate sampling and watered them with fresh field
DOM to keep the conditions very close to natural. This
action differentiates our study from previous ones, when
the studied plants were grown in artificial conditions
(e.g. Saarnio et al. 2004, working with Eriophorum
plants grown in a sand culture). Further, we studied
not only the differences between species, but also seasonal changes in exudate fluxes and composition, and
further estimated the potential contribution of the exudate flux to peatland DOM. Use of completely sterile
conditions (e.g., Kuijken et al. 2015) would not have
provided a realistic estimate of these fluxes. Therefore,
our results are rather unique and enlarge the information
about peatland DOM sources and the potential role of
exudates in peatland functioning.
Sphagnum exudates differ from those of the two
vascular species
As hypothesized, the C and N exudate fluxes of the two
vascular plant species were significantly greater, with
different chemistry and degree of biodegradability, than
those from Sphagnum. The Sphagnum exudates were
more C-rich, with corresponding significantly larger
C:N ratios, and were also significantly less degradable.
Part of this difference is due to the large proportion of
organic acids which comprised the LMW fraction of
these exudates, especially in May and July. The release
of organic acids in order to acidify their environment is a
well-known trait of Sphagnum mosses (Clymo and
Hayward 1982). In addition, it is likely that more recalcitrant compounds, which are known to be produced by
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Sphagnum and include various phenolics, uronic acids
and polysaccharides (Verhoeven and Liefveld 1997;
Kaštovská et al. 2017), may have also been substantial
components of these exudates, since the identified
LMW fraction comprised at most 14% of the TOC in
the Sphagnum exudates. Although these secondary metabolites were not measured in our study, these highly
soluble compounds are important components of cell
walls and thus can form a large part of the excretions
from Sphagnum shoots (Verhoeven and Liefveld 1997).
Therefore, their presence in our Sphagnum exudate
samples would not be surprising. In addition, these
compounds are highly resistant to degradation due to
their chemical composition. The presence of these compounds would thus likely explain the low degradability
(10% on average) of the Sphagnum exudates.
The root exudates of the two vascular plant species
were significantly more degradable than those from
Sphagnum, with biodegradation of the vascular exudates reaching 57% after three days. The exudates in
all three species became less degradable over time due
to the likely larger contribution of more recalcitrant
compounds in the later exudates (Gransee and
Wittenmayer 2000; Dessureault-Rompre et al. 2007;
Chaparro et al. 2013). Unfortunately, these compounds
were not identified in our study, thus we cannot determine the contribution of particular compounds. This
decrease was most notable for Eriophorum, in which
the biodegradability of the exudates sampled after 48 h
was only 21% compared to the 57% degradation of the
exudates sampled after 4 h, a decrease of 64%. In
comparison, degradability decreased only by 27% and
38% for the Vaccinium and Sphagnum exudates,
respectively.
Compared to Sphagnum, the two vascular species
released significantly greater amounts of N (up to several
mg N g−1 root h−1), resulting in their significantly lower
C:N ratios and likely contributing to their greater degradability. Unlike Sphagnum, both Eriophorum and
Vaccinium released inorganic (nitrates) as well as organic
(amino acids, sugar amines) N compounds. Both vascular
species released significant amounts of nitrates, which
reached a maximum in July when nitrate-N formed ca
25% of the total root N flux of these species. Simple
amino acids accounted for a maximum of only 20% of
TN, a percentage similar to that found in other studies
(e.g., Jones 1998; Lesuffleur and Cliquet 2010), but less
than what was found for wheat (Warren 2015). Thus, the
largest portion of exuded N must be composed of other
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unidentified N compounds, such as ammonium compounds, polyamines, nucleobases and polypeptides, several of which were identified in the exudates from wheat
and other species and therefore could be common components of plant N exudates (Dakora and Phillips 2002;
Warren 2015). Although it was not measured, it is likely
that ammonium-N was exuded as appreciable amounts
were found to be a common component of root exudates
in other cases (see Beauchemin et al. 2012; Lesuffleur
et al. 2013). Peptides and enzymes, especially phosphatases, may also have been important components of the
May and July excretions of Vaccinium and Eriophorum,
which is implied by the low C:N ratio of the unidentified
compounds in those samples (Table 1) as well as the
presence of polypeptides in the Eriophorum plants from
our study site (Kaštovská et al. 2017). In addition, the
synthesis and release of phosphatases are known to increase with greater P limitation (Neumann and Romheld
2012).
The May and July stoichiometric results, especially
those of the two vascular plant species, are contrary to
expectations that plants release N-poor exudates (Deubel
et al. 2000; Paterson 2003; Badri and Vivanco 2009). In
fact, there is little information about the C:N ratio of
exuded or rhizodeposited compounds (Hinsinger et al.
2009), with modelled values ranging from 8 to 100
(Drake et al. 2013). The majority of our results fall in
the lower range of these expected values.
Such relatively large N fluxes to the soil, especially
from the two vascular species, raises questions about the
fate of this released N. Rhizosphere soil is typically a Cexcess environment (Hinsinger et al. 2009), a situation
also found in our study site (Kaštovská et al. 2017).
According to Jones et al. (2009), the plants may recapture the N, however, Warren (2016) found that uptake
of N compounds by wheat is an active process. Since the
release of amino acids is likely also an active process
under direct plant control (Lesuffleur et al. 2007;
Lesuffleur and Cliquet 2010), re-uptake of exuded N
compounds would represent a double cost to the plants,
a situation which would seem to be counterproductive for
plants growing in nutrient-poor habitats, in which the
plants would be expected to retain nutrients and limit
their costs (Aerts and Chapin 2000). It thus seems more
likely that the N is captured by soil microbes, which is a
common occurrence in nutrient-poor conditions
(Raynaud et al. 2006; Kuzyakov and Xu 2013).
Generally, all three species exuded almost the same
identified LMW compounds, with organic acids, in
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particular ascorbic+oxalic, acetic+glycolic, lactic and
formic acids, comprising the majority of the identified
C, while sugars and amino acids each comprised <20% of
the exudates. The usually large proportion of organic
acids is similar to the findings of other exudate studies
in nutrient-limited habitats (Grayston et al. 1996; Dakora
and Phillips 2002; Yong Wu et al. 2012). In contrast,
organic acids comprised <1% of exudates from wheat
plants grown in non-limiting conditions, with the majority of those exudates being composed of amino acids and
other N-containing metabolites (Warren 2016). Our results also differ from those of Saarnio et al. (2004), who
noted a majority proportion of sugars (neutral compounds) in the identified exudates of E. vaginatum, a
species included in our study. Saarnio et al. (2004) grew
their plants in sand supplied with a weak nutrient solution, conditions far from natural. Environmental characteristics, both biotic and abiotic, as well as the collection
medium used, have been shown to influence the quantity
and quality of root exudates (Grayston et al. 1996;
Aulakh et al. 2001; Carvalhais et al. 2011). There is a
chance that, by using distilled water as the collection
medium, instead of a weak salt solution, there could have
been an increased release of particular compounds, especially sugars, due to changed osmotic potentials (Aulakh
et al. 2001). However, as noted above, the composition
and proportion of our identified exudates were very similar to those of other studies conducted in nutrient-limited
conditions (Grayston et al. 1996; Neumann and Romheld
1999; Dakora and Phillips 2002). In addition, the fact that
our plants were kept in DOM from the field site to just
before exudate collection and the short time of exposure
to the distilled water solution (4 h) seemed to minimize
any such physiological effect on our plants. Therefore,
our results, which were derived from plants kept in more
natural conditions, likely represent what is actually occurring in the field.
The composition of the Sphagnum exudates changed
over the growing season in a manner different from
those of the two vascular species, with sugars, especially
allose and xylose, supplemented by ribose, lactose, glucose and fructose, and the amino acid cystine, forming a
majority of the identified Sphagnum exudates in September. Xylose is commonly found in the exudates of
many plant species (Grayston et al. 1996; DeLarue et al.
2011), but can also be produced microbially (Macko
et al. 1991; Kazda et al. 1992). Allose, a C-3 epimer of
glucose, is a rare sugar not usually found in nature
(Fukumoto et al. 2013), although it has been identified
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in other peatlands (Comont et al. 2006). It may have a
role in promoting plant defenses against particular soil
pathogens and nematodes (Kano et al. 2010, 2013;
Sakoguchi et al. 2016), increasing plant stress resistance
(Hu et al. 2015) as well as affecting plant growth
(Fukumoto et al. 2011). Likewise, cystine and its close
congener cysteine also increase plant stress resistance,
especially to the onset of hypoxia brought about by
prolonged flooding (White et al. 2017), as well as being
important in the development of anti-microbial mechanisms (Tam et al. 2015). The large release of both allose
and cystine in September could indicate the need by
Sphagnum to increase its plant defenses against pathogenic organisms. A similar need could explain the large
release of amino acids, especially cystine and cysteine,
by Eriophorum in May and July, although this may also
be connected to plant growth in the spring and summer.
Future studies are needed to connect the exudation of
specific compounds to particular environmental stimuli.
Differences in graminoid and ericoid shrub exudates
While the exudates of the two vascular species significantly differed from those of Sphagnum in many ways,
there were also important differences between the two
vascular species. Eriophorum had markedly larger massspecific C and N fluxes than either Vaccinium or Sphagnum, which were sometimes similar. The larger exudation
of carbon compounds from Eriophorum could be related
to the higher photosynthetic capacity of graminoids in
comparison to ericoid shrubs and peat mosses (Riutta
et al. 2007; Leppala et al. 2008), as well as its smaller
root mass. In addition, Eriophorum exudates were richer
in citric acid, most notably in July at the time of maximum plant biomass, and amino acids than those of
Vaccinium or Sphagnum. A greater release of citric acid
and other chelating compounds is a common response of
plants to P deficiency (Höffland et al. 1992; Jones 1998;
Marschner et al. 2011). In fact, soil P content was the
lowest in the Eriophorum-dominated patches in our study
site (Kaštovská et al. 2017). Also, the greater exudation
flux of chelating compounds from Eriophorum could
help explain its much larger N and P uptake efficiencies,
as noted by its significantly lower shoot and root C:N
ratios (Cholewa and Griffith 2004; Kaštovská et al.
2017). However, these phytochelators may only indirectly affect P availability by supplying C substrates to enhance soil microbial activity as well as acidifying the
rhizosphere soil (Jones and Darrah 1994; Jones 1998;
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Neumann and Romheld 1999; but see Höffland et al.
1992). Phosphatases and other P-acquiring enzymes
accounted for at least 80% of hydrolytic enzyme activity
in our study site (Kaštovská et al. 2017), but further
studies would be required to determine whether these
compounds have a greater direct impact on P availability.
The reduced quantity of chelating compounds and
amino acids in the Vaccinium exudates is likely connected
to the mycorrhizal status of this species. In contrast to
Eriophorum, Vaccinium roots are infected by ericoid
mycorrhizae, which allow the host plants to access a
larger substrate area and thereby improve N and P uptake
(Cairney and Meharg 2003; Finlay 2005). By increasing
the area from which available nutrients can be obtained,
mycorrhizal species do not have to rely as much on
nutrient resorption in comparison to non-mycorrhizal
graminoid species, such as Eriophorum, which require
high nutrient resorption efficiencies to survive in nutrientlimited conditions (Gavazov et al. 2016; Kaštovská et al.
2017). However, this increased nutrient supply comes at a
cost to the host plant (Aerts and Chapin 2000; Lynch and
Ho 2005). While we did not measure the cost in new
photoassimilates to Vaccinium in maintaining the ericoid
mycorrhizal connections, the C requirements of
ectomycorrhizal fungi have been estimated to range between 15% and 28% of net plant C fixation (reviewed by
Finlay 2008). Increased nutrient availability and the costs
associated with maintaining the mycorrhizal symbiont
would then likely have a negative impact on the production and release of citric acid and other chelating compounds, as shown by the greatly reduced exudation of
organic acids in mycorrhizal-infected species compared
to non-mycorrhizal species in P-deficient soils (Ryan
et al. 2012). There are similar costs in the production
and release of amino acids. If amino acid release is an
active process under direct plant control (Lesuffleur et al.
2007; Lesuffleur and Cliquet 2010), then this would be an
additional cost to the plant. Eriophorum is not burdened
with maintaining a mycorrhizal association and thus can
expend more of its available energy to exporting amino
acids and chelating compounds, while such production
and release would represent a double cost for Vaccinium.
This may also help to explain the more stable C and N
exudation flux patterns exhibited by Vaccinium.
Contribution of root exudates to peatland DOM
In agreement with our third hypothesis, the root exudates
of the three studied species represented an important
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potential input of C substrates to soil DOC. Peatlands are
a major source of DOC contributing an estimated 20% of
all terrestrially-derived DOC to the oceans (Fenner et al.
2007), however only a few studies have explicitly investigated the contribution of exuded compounds to peatland
DOC (e.g., King et al. 2002; Fenner et al. 2004) or DN
(Bragazza and Limpens 2004; Fustec et al. 2010). In our
study, the Eriophorum and Vaccinium exudates could
potentially contribute between 1 and 5% to the DOC
measured within their respective patches, but, because
of their higher biodegradability, microbes will likely metabolize them rapidly. However, the possible contribution
was greater for Sphagnum, reaching 18% in July, a value
which is much larger than the 4% calculated by Fenner
et al. (2004). The release of these compounds by living
Sphagnum may be an important source of DOC in the
peatland system, due to their low degradability, which is
comparable to the degradability of the original DOC (10–
25% C in 40 days, unpublished results).
The TN flux from the plants to the rhizosphere represents a considerable input of N to an otherwise N-limited
environment, representing 10–13% of the DN in May
and July. The addition of N-enriched substrates can have
a priming effect on soil microbes, stimulating microbial
metabolic activity and the production of exoenzymes
resulting in increased SOM decomposition (Hinsinger
et al. 2009; Kuzyakov 2010; Drake et al. 2013), which
can facilitate plant nutrient uptake.
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especially chelators, which resulted in increased P availability. Coupled with the greater nutrient uptake efficiency of Eriophorum, this resulted in greater nutrient capture, and thus poorer soil conditions with slower turnover
rates, in patches dominated by Eriophorum (Kaštovská
et al. 2017). On the contrary, the greater biodegradability
of Vaccinium exudates would likely lead to faster nutrient
turnover rates in patches dominated by the ericoid shrub.
In addition, the more stable input of exudates from
Vaccinium would be expected to lead to changed nutrient
dynamics and a decreased ability of peatlands dominated
by ericoid shrubs to capture and store C (Fenner et al.
2007; Dunn et al. 2016), an event predicted to occur
under the expected future warmer and drier conditions
resulting from climate change (Bragazza et al. 2013;
Heijmans et al. 2013).
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