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ABSTRACT

Fine root turnover of trees is a major C input to soil.
However, the quality of litter input is influenced by
root morphological traits and tissue chemical
composition. In this study, fine roots of ten tropical
woody species were collected from an Afromon-
tane forest in the northern highlands of Ethiopia.
The fine roots were analysed for root morphologi-
cal traits and tissue chemistry measured as proxy
carbon fractionations. Based on stem increment,
the 10 species were divided into faster- and slower-
growing species. Faster-growing species exhibited
higher specific root length (1362 cm g~ ') than
slower-growing species (923 cm g~'). Similarly
specific root area was higher in faster-growing
species (223 cm? g~') than in slower-growing
species (167 cm? g~ '). Among the carbon fractions,

the acid-insoluble fraction (AIF) was the highest
(44-51%). The carbon content, AIF, and the lig-
nocellulose index were higher for slower-growing
species. Root tissue density was lower in faster-
growing species (0.33 g cm™°) than slower-grow-
ing species (0.40 g cm>) and showed a strong
positive correlation with carbon content (r* = 0.84)
and the AIF (rpearson = 0.93). The morphological
traits of fine roots between faster- and slower-
growing species reflect the ecological strategy they
employ. Slower-growing species have a higher tis-
sue density which may reflect a greater longevity.
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INTRODUCTION

The importance of fine roots for both plant and
ecosystem functioning is increasingly recognized.
At the same time, our understanding of root trait
variation among plant species and its effects on
ecological processes and biogeochemical cycling
remains limited (Xia and others 2015; Valverde-
Barrantes and others 2016; Weemstra and others
2016). Despite increasing information on root traits
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of plants in temperate and boreal (forest) ecosys-
tems (Comas and others 2002; Pinno and others
2010), corresponding data on fine root character-
istics of tropical tree species are rare, particularly for
African ecosystems.

Parameters such as specific root length (SRL) and
root tissue density (RTD) of ““fine roots” (<2 mm
in diameter) are key traits of a root economics
spectrum. This is because they are apparently clo-
sely linked to the carbon (C) use strategy and/or
resource uptake efficiency of trees (Comas and
Eissenstat 2004; Birouste and others 2014; Weem-
stra and others 2016). From an ecological point of
view, the RTD of fine roots correlates to several
processes of root functioning such as: respiration
rate (Makita and others 2012; Rewald and others
2014), growth rate (Birouste and others 2014), and
longevity (McCormack and others 2012). Similarly,
other root morphology parameters such as specific
root length (SRL) have been widely used as
indicators of resource use efficiency (Comas and
Eissenstat 2004; Ostonen and others 2007). Inter-
estingly, SRL and RTD are not necessary correlated
across phylogenetic groups (Valverde-Barrantes
and others 2016).

The chemical composition of fine root tissue may
reveal further important aspects of carbon-use
strategies of plants. For example, the fine root
longevity of temperate tree species significantly
increases with decreasing C to N ratios (McCor-
mack and others 2012). Beyond C to N ratios, the
chemical composition of fine roots regarding labile
(for example, carbohydrates) and structural frac-
tions (for example, lignin) may further enhance
our understanding of (tree) root economic strate-
gies (see Kong and others 2016). The pioneer work
of Kong and colleagues, however, also again
emphasizes that root trait patterns are complicated
and that further studies are needed. This pertains
especially to consolidate our understanding of the
relations between specific C and N fractions and
morphological parameters, and to improve our trait
interpretations regarding (tree) fine root economic
spectra. In particular, the information needed to
link morphological and chemical root traits to plant
growth strategies (for example, fast or slow above-
ground growth) (Comas and others 2002; Comas
and Eissenstat 2004) and to trait interrelationships
is lacking. Currently, evidence for correlations
within root traits and between root traits and the
wider plant economic spectrum is weak at best.
This is probably because root system function can
be optimized using a much more diverse set of traits
compared to leaves (Valverde-Barrantes and others
2016; Weemstra and others 2016).

Beside their key role for plant functioning, it is
increasingly recognized that fine roots also play
major roles in global biogeochemical cycles,
including carbon sequestration (Xia and others
2015). Plant roots account for up to 48% of annual
plant litter inputs (Freschet and others 2013) and
are estimated to contribute an average of twofold
more to soil organic C than leaf litter (Rasse and
others 2005). Although root litter is a major source
of soil organic matter, species-specific root decom-
position rates and impacts on soil organic carbon
turnover remain uncertain. The parameters that
explain the largest amount of variability in root
decay are abiotic environmental factors such as
temperature and precipitation as well as root tissue
chemistry (2001; Solly and others Solly and others
2014). The chemical compositions of roots as indi-
cated by labile and structural fractions vary with
species and largely determine the rate of decay
(Couteaux and others 1995; Silver and Miya 2001;
Sun and others 2013) and the quality of C input
into soil systems (Rasse and others 2005). The labile
and structural fractions of carbon in fine roots can
be quantitatively determined by separating a series
of fractions in a sequential fractionation, for
example, solvent extractable, acid-soluble, and
acid-insoluble fractions (Ryan and others 1990;
Sun and others 2013). Solvent extraction with
dichloromethane and boiling water removes
extractable labile C compounds of nonpolar con-
stituents such as fats, oils, waxes, and polar con-
stituents such as nonstructural carbohydrates and
water-soluble polyphenols. Acid hydrolysis using a
two-stage digestion in 72 and 2.5% H,SO,4 removes
structural components that are moderately
degradable C compounds consisting primarily of
cellulose and hemicellulose. The residual of the
two-stage sulphuric acid digestion minus ash mass
is considered as an acid-insoluble fraction (Sun and
others 2013) that contains aromatic compounds
referred to as lignin but also consisting of other
highly reduced compounds such as suberin, cutin,
and tannin—protein complexes, which are highly
resistant to biodegradation (Preston and others
2000; Xia and others 2015).

This study was conducted on ten dominant
tropical woody species of a diverse, pristine
Afromontane forest of the north-central Ethiopian
highland. The aim was to characterize fine root
morphology, biochemistry and their interrelation-
ships. The specific objectives were to determine (1)
how fine root morphology and biochemistry vary
between faster- and slower-growing woody species
and (2) if or how fine root morphological traits are
correlated to root biochemistry. We hypothesize
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that faster-growing species build ““cheaper’ roots of
lower root tissue density (RTD) and that roots with
a lower RTD contain less structural carbon fractions
(less lignified roots). The results are discussed in the
light of root economic strategies and the potential
effects on root litter quality and quality of C input
into soil systems.

MATERIALS AND METHODS
Study Site

This study was carried out at the remnant
Afromontane forest of Gelawdios in the Amhara
National Regional State, north-central Ethiopia.
Gelawdios (11°38°25”N, 37°48’55”E) is located east
of Lake Tana at an altitude of 2466-2526 m above
sea level. Although Ethiopia is located in the
tropics, the climate of the study area is temperate
with dry winters and warm summers (Cwb)
according to the Koppen—Geiger climate classifica-
tion (Peel and others 2007). The mean annual
precipitation is 1220 mm, with the main rainy
season from June to September and with low-in-
tensity precipitation from March to May (Wassie
and others 2009). The distribution of rainfall lar-
gely depends upon the direction of moisture-bear-
ing monsoon winds and altitude. The annual mean
air temperature is 19°C (Wassie and others 2009).
The soils are classified as Cambisols; edaphic
characteristics are summarized in Supplementary
Information Table (ST) 1. The Afromontane
Gelawdios forest is a small, isolated, but pristine
forest fragment (‘‘church forest’”) covering about
100 ha in the otherwise almost completely defor-
ested Ethiopian highlands (Wassie and others 2009;
Aerts and others 2016).

Ten dominant, native woody species were stud-
ied: Allophylus abyssinicus (Hochst.) Radlk., Apodytes
dimidiata E. Mey ex. Arn., Calpurnia aurea (Ait.)
Benth., Chionanthus mildbraedii (Gilg & Schellenb.)
Stearn, Combretum collinum Fresen., Dovyalis abyssi-
nica (A. Rich.) Warb., Ekebergia capensis (Sparm.),
Maytenus arbutifolia (A. Rich.) Wilczek, Podocarpus
falcatus (Thunb.) Mirb., and Teclea nobilis (Del.). The
species were categorized into faster- and five
slower-growing species based on the average yearly
basal area increment (see Supplementary Materials
Figure S1). In 2014 stem increment core samples
were taken at breast height and annual ring width
was analysed using a traversing micrometre
(Maeglin 1979). The mean increase in stem radial
area was then calculated for the period 2005-2014.
In addition, we used literature data (Fichtl and Adi
1994; Katende and others 1995; Hedberg 2003;

Bekele 2007; Orwa and others 2009) and indige-
nous knowledge of local foresters to aid the
categorization (see Supplementary Information
Table 2). Because there is no definite criterion to
categorize growth rate, we classified the species as
slower- or faster-growing species. Species category,
characteristics, and their corresponding local names
are provided in ST 2.

Root Sampling

Roots were sampled on 26-28 September 2014,
corresponding to peak above-ground growth and
the end of the rainy season. Intact fine root bran-
ches (diameter <2 mm) were collected from the
topsoil under five randomly chosen individuals of
each tree species along a transect line; the mini-
mum distance between sampling locations under
the same species was about 100 m. In the diverse
and relatively dense forest stand, fine root taxa for
the species of interest were identified by carefully
tracking coarse roots from the tree base (Rewald
and others 2012). At each tree individual, three
sample locations were selected. At each of the
locations, one intact fine root branch was care-
fully extracted from a soil monolith (approx.
20 cm x 10 cm; top 20 cm of soil) with forceps;
remaining soil on roots was carefully brushed away
(Wang and others 2006). In total, fifteen root
branches per species were separately placed into
sealed plastic bags, kept in a cooling box/fridge (4-
8°C), and transported to Vienna, Austria, for sub-
sequent root processing within 1 week after sam-
pling, and stored at 4°C. Moist paper towels were
placed inside the plastic bags to prevent desiccation.

Root Morphology

On 20-22 October 2014, fine root branches were
cleaned of residual soil particles with water before
being submerged and spread out individually on an
A3-sized transparent tray for scanning (Epson
Expression 10000XL with transparency adapter;
grey scale, 600 dpi). The PC software WinRhizo Pro
2012b (Regent Instruments Inc., Canada) was used
to determine average root diameter (mm), total
root length (cm) and root length per diameter class
(cm), total root surface area (cm?), and total root
volume (cm’) of the whole root system. Twenty
diameter classes (0-2 mm) with a class width of
0.1 mm each were set. Subsequently, samples were
dried (70°C, to constant mass) and weighed to an
accuracy of £0.1 mg. The following fine root traits
were calculated: specific root area (SRA; cm? g™ '),
specific root length (SRL; m g~'), and root tissue
density (RTD; g cm™>). Since root branches had
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different sizes, the value of a given length per
diameter class was normalized using total root
length, yielding a proportion of relative diameter
class length (rDCL; Zobel and others 2007).

Root Biochemistry and Construction
Costs

Oven-dry root samples of each species were pooled,
due to the very limited dry mass available, and
ground to powder (Fritsch Pulverisette 5, Idar-
Oberstein, Germany). Three technical replicates per
species were analysed for total C and N contents
using a CN analyser (TruSpec CNS; LECO, St. Jo-
seph, USA). Three other subsamples per species
were analysed for carbon fractions using proce-
dures adapted from Ryan and others (1990), Sun
and others (2013) and Kong and others (2016).
Root carbon fractions, including nonpolar
extractives (fats, oil, wax), polar extractives (car-
bohydrates, polyphenols), acid-soluble structural
components (cellulose, hemicellulose), acid-insol-
uble structural components (mainly lignin, sub-
erin), and ash were assessed using a series of
digestions (Ryan and others 1990).

Extractives were determined using a two-stage
solvent extraction. Nonpolar fractions (NPE) were
extracted from 1 g material with 75 ml di-
chloromethane according to Sluiter and others
(2005). The sample was sonicated for 30 min and
the supernatant was centrifuged at 10509 (gravi-
tational force) for 30 min and decanted to a dried,
pre-weighed flask. The residues were oven-dried at
60°C overnight to remove the residual solvent
(Sluiter and others 2005), and polar fractions (PE)
were extracted using hot water. Seventy-five
millilitres of deionized water was added in a flask
containing the residue, boiled under reflux for 3 h,
and allowed to cool. After centrifugation at 10509
for 30 min, the supernatant was decanted into
clean tubes and evaporated at 60°C until constant
weight. The residues remaining in the tubes were
weighed. The two extractions removed both polar
and nonpolar extractives, considered readily
decomposable, leaving highly cross-linked cell wall
components in the residue (Ryan and others 1990;
Xia and others 2015). The sum of polar (PE) and
nonpolar (NPE) extractives is named ‘‘solvent
extractives” (SE) and the remaining residue “‘cell
wall fraction”. Thus, the extractive fraction is the
difference between the initial weight and the
weight of the cell wall fraction plus ash (Ryan and
others 1990; Xia and others 2015).

The cell wall fraction was subsequently divided
into acid-soluble and acid-insoluble fractions. The

acid-soluble fraction (ASF), dominated by
polysaccharides, was extracted using a two-stage
digestion with sulphuric acid (Ryan and others
1990). Oven-dried residues (60°C, to constant
mass) were transferred to a test tube, and 3 ml of
72% (w/w) H,SO,4 was added and stirred. The test
tubes were placed in a water bath (30°C, 3 h) and
periodically stirred. Afterwards, the samples were
transferred to 250 ml Pyrex bottles (with Teflon-
lined screw caps) by using 84 ml of distilled water,
resulting in a 2.5% acid solution. The sealed bottles
were then autoclaved (121°C, 1 h). After cooling,
the solutions were decanted and evaporated at
60°C to constant mass. This acid-soluble fraction
(ASF) consists of hydrolyzed carbohydrates. The
residue of the two-stage sulphuric acid digestion
minus the ash mass was used to determine the
acid-insoluble fraction (AIF) containing structural
components (lignin). The ash content of the re-
sidues (dried at 105°C, 24 h) was determined in
pre-weighed, oven-dried crucibles placed in a
muffle furnace at 575°C for 8 h (until no black
residue remained). After ignition, the crucible +
ash was cooled in a desiccator and weighed. All
root chemical fractions were expressed as ash-free
dry matter (DM). Litter quality indices such as C to
N and AIF to N ratios and the lignocellulose index
were calculated. The lignocellulose index was cal-
culated as the ratio of AIF to cell wall fraction
(ASF + AIF; Xia and others 2015).

Root construction costs (CC; g glucose g dw™!)
were calculated according to Vertregt and De Vries
(1987) as modified by Poorter (1994). This method
is widely used on both herbaceous and woody roots
(Poorter and others 2006; Vivin and others 2015).
CC is derived from the C (Cgw), N (Ngw) and ash

(Ashgyw) contents of dry fine roots, expressed in
1

mgg
CC = (—1.041 —5.077 % de) * (1 — Ashgy)
+ (5.325 * Ngw)

M

Statistical Analysis

The rDCL was plotted against diameter class
according to the best fitted equation developed by
Zobel and others (2007).The biomass and mor-
phological data were analysed by one-way ANOVA
to determine the differences in means among spe-
cies and functional groups. Data that did not meet
the assumption of normality were log or square
root transformed before analysis to reach normal-
ity. If significant differences were found, multiple
comparisons were carried out based on Tukey’s
HSD test at p < 0.05. The data were also analysed
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using regression analysis and Pearson’s correlations
for examining relationships between morphologi-
cal traits and biochemical fractions. Statistical tests
and analyses were performed using IBM SPSS
version 21; graphs were prepared using SigmaPlot
(Version 13). All data shown are mean =+ standard
error (SE).

REsuLTs
Root Morphology

Morphological parameters of fine roots (average
diameter, SRA, SRL, and RTD) varied significantly
among the ten examined woody species of the
Gelawdios forest (Table 1). Fine roots (diameter

< 2 mm) of the ten species had average root diame-
ters (AD) between 0.52 and 0.76 mm, with
Podocarpus falcatus, Ekebergia capensis and Teclea no-
bilis having significantly thicker roots. On average,
slower-growing species had significantly thicker fine
roots than faster-growing species; however, this
finding was not consistent on a species level (Ta-
ble 1). Except for the three thicker-rooted species
above, most examined species had a similar fine root
diameter class distribution, with the majority of root
length being between 0.25 and 0.40 mm in diameter
(Figure 1). The specific root length (SRL) showed
large variation among species, ranging from
635 cm g~ (Teclea nobilis) to 1695 cm g~ (Calpur-
nia aurea) (Table 1). Specific root area (SRA) differ-
ences were analogues to SRL: faster-growing species
had on average both significantly higher SRL and
SRA values (Table 1). Fine roots differed also in root
tissue density (RTD), with slower-growing species

unanimously featuring significantly higher RTD
than faster-growing species (Table 1).

Root Biochemistry

The biochemistry of fine root tissues varied con-
siderably both between individual species and be-
tween slower- and faster-growing species groups
(Table 2). For example, the least amount of the
nonpolar extractive fraction (NPE; includes fatty
acids and lipids) was present in Apodytes dimidiata
fine roots (approx. 2% of dry matter), the highest
amounts in Dovyalis abyssinica and Maytenus arbuti-
folia (approx. 8% of dry matter). All three species
are faster-growing. Thus, no significant differences
of NPE were found between species’ groups. In
contrast, the amount of polar extractives (PE; incl.
sugars and phenols) was significantly greater in
faster-growing species. Nonetheless, values differed
considerably between individual species (4-19% of
dry matter), and the difference between groups was
largely driven by the high PE concentrations in the
fine roots of Calpurnia aurea and Podocarpus falcatus
(both faster-growing species). Consequently, sol-
vent extractives (SE), the sum of NPE and PE, were
significantly more abundant in fine roots of faster-
growing species. The cell wall fractions in root tis-
sues of the ten studied species ranged from 76 to
90% of the dry matter. In fine roots of all species
except Apodytes dimidiata, the acid-insoluble frac-
tion (AIF; referred to as lignin) was clearly the most
abundant; Apodytes dimidiata had a slightly higher
acid-soluble fraction (ASF; Table 2). The slower-
growing species had a consistently and significantly
greater AIF compared to faster-growing species; the

Table 1. Morphological Traits of Fine Roots ( < 2 mm diameter) of Ten Woody Species

Species (groups) Diameter (mm) SRA (cm? g™!) SRL (cm g ) RTD (g cm™3)

Faster-growing (FG)
Apodytes dimidiata 0.55 4 0.02° 217 + 8% 1290 + 78> 0.34 4+ 0.01°
Calpurnia aurea 0.53 + 0.04° 254 + 184 1695 + 1894 0.32 £+ 0.01°
Dovyalis abyssinica 0.62 + 0.02%° 201 £ 9"« 1076 + 78 0.33 £ 0.01°
Maytenus arbutifolia 0.52 + 0.03° 244 + 144 1588 & 1724 0.33 4+ 0.01°
Podocarpus falcatus 0.76 + 0.07° 200 + 24° 1156 + 27870 0.31 + 0.01°
FG average 0.59 + 0.05* 223 + 118 1362 + 120 0.33 + 0.01*

Slower-growing (SG)
Allophylus abyssinicus 0.55 + 0.01° 179 + 7°b¢ 1055 + 667°¢ 0.41 + 0.01°
Chionanthus mildbraedii 0.59 + 0.04% 165 + 9°%¢ 946 + 837 0.43 £+ 0.01°
Combretum collinum 0.53 + 0.02° 199 + g 1249 + 96°<¢ 0.39 + 0.01°
Ekebergia capensis 0.74 + 0.05° 149 £ 12°° 731 £ 96°° 0.39 + 0.01°
Teclea nobilis 0.75 £ 0.03° 142 + 8° 635 + 717 0.39 + 0.01°
SG average 0.64 £ 0.05" 167 + 104 923 + 1114 0.40 £+ 0.01°

The diameter value given is the mean diameter of all root orders. SRA, specific root area; SRL, specific root length; and RTD, root tissue density. Species are grouped into faster
(FG)- and slower-growing (SG) species (see Supplementary Information Table 2 for details). Different small case letters indicate significant trait differences between species
irrespective of group, and upper-case letters indicate differences between FG and SG group averages (mean £ SE; Tukey, p < 0.05; Nypecies = 15, Ngroup = 5).
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Table 2. Major Biochemical Fractions of Fine Roots ( < 2 diameter) of Ten Woody Species
Species (groups) Extractive fractions Cell wall fractions Ash (%)
NPE (%) PE (%) SE (%) ASF (%) AIF (%)
Faster-growing (FG)
Apodytes dimidiata 1.9 5.1 7.0 46.8 45.0 1.3
Calpurnia aurea 2.8 13.9 16.7 37.4 44.2 1.6
Dovyalis abyssinica 7.8 6.0 13.8 35.4 47.7 3.1
Maytenus arbutifolia 7.7 6.5 14.2 39.9 44.5 1.4
Podocarpus falcatus 7.0 18.6 25.6 29.6 43.0 1.8
FG average 44 408" 10.0+ 14" 144+ 13%  388+12% 449+04% 1.8+02%
Slower-growing (SG)
Allophylus abyssinicus 4.7 6.1 10.7 38.3 49.5 1.4
Chionanthus mildbraedii 3.2 9.7 12.9 34.4 51.3 1.3
Combretum collinum 5.2 3.9 9.2 39.3 49.1 2.4
Ekebergia capensis 2.3 5.3 7.6 41.9 49.2 1.3
Teclea nobilis 6.5 7.8 14.3 34.4 48.6 2.6
SG average 44404 6.6+06" 11.0 £ 0.7 37.7 £0.8* 495+ 0.3" 1.8% £ 0.2*

Shown are nonpolar extractives (NPE), polar extractives (PE), solvent extractives (SE, sum of NPE and PE), acid-soluble fraction (ASF), acid-insoluble fraction (AIF) and ash
content. Species are grouped into faster (FG)- and slower-growing (SG) species. Different upper-case letters indicate significance differences between FG and SG group averages

(mean £ SE; Tukey, p < 0.05; Nyronp = 5). Values for individual species are averages of three technical replicates.

ASF varied widely among the fine roots of both
species groups. Ash contents were 1.3-3.1%, with
differences between some species but no systematic
differences between faster- and slower-growing
species. The acid-soluble fraction was highly neg-
atively correlated to SE (Table 5). The lignocellu-
lose index, that is, the proportion of AIF among
root cell wall fractions, was significantly greater in
slower-growing species; however, inter-specific
differences within groups were high (Table 3).
The carbon (C) content of fine roots ranged from
approximately 44-50%, whereas nitrogen (N)
content ranged from 1.1 to 1.7% of dry matter
(Table 3). Both C and N contents varied across
species. The root C content was significantly greater
in slower-growing species and highly positively
correlated to AIF (Table 5). Among the species, the
C to N ratios varied greatly, with no trend accord-
ing to growth rate. Similarly, the AIF to N ratio,
used as an indicator of litter quality, did not differ
between faster- and slower-growing species in

general, but significant differences between indi-
vidual species were found; AIF to N ratios varied
between 26 and 42 (Table 3).

Carbon Cost of Root Production

The calculated amount of glucose needed to pro-
duce one gram of fine root biomass varied among
species (Table 4). These carbon costs were highest
in Chionanthus mildbraedii (1.5 g glucose g~ ' dw)
and lowest in Calpurnia aurea roots (1.2 g glucose
g~ ! dw). The calculated amount of glucose needed
to synthesize root biomass was significantly and
consistently greater in slower-growing species
compared to faster-growing species (Table 4).

Correlation of Morphological and
Biochemical of Fine Root Traits

Pearson’s correlations within and between mor-
phological traits, biochemical fractions and C and N
contents of fine roots are given in Table 5; linear
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Table 3. Litter Quality Indices of Ten Woody Species

Species (groups) C% N% Cto N ratio  AIF to N ratio  Lignocellulose index
Faster-growing (FG)
Apodytes dimidiata 44.8 1.38 32.6 32.7 0.49
Calpurnia aurea 44.5 1.21 36.8 36.6 0.54
Dovyalis abyssinica 46.3 1.38 33.7 34.7 0.57
Maytenus arbutifolia 45.2 1.73 26.2 25.8 0.53
Podocarpus falcatus 45.3 1.08 42.0 39.9 0.56
FG average 45.2 4+ 0.24%  1.35 £ 0.06" 343 £1.4% 339+ 13% 0.54 + 0.01*
Slower-growing (SG)
Allophylus abyssinicus 48.2 1.26 38.3 39.4 0.56
Chionanthus mildbraedii 49.9 1.51 33.0 33.9 0.60
Combretum collinum 47.1 1.36 34.6 36.1 0.56
Ekebergia capensis 47.5 1.17 40.4 41.9 0.54
Teclea nobilis 47.1 1.74 27.1 28.0 0.59
SG average 47.9 £ 0.29° 141X £0.04* 347+ 1.2*% 359+ 134 0.57 & 0.01®

Shown are carbon (C) and nitrogen (N) contents, and C to N ratio, acid-insoluble fraction (AIF) to N ratio and lignocellulose index. Species are grouped into faster (FG)- and
slower-growing (SG) species; see Supplementary Information Table 2 for details. Lignocellulose index is the ratio of AIF to cell wall fraction. Upper-case letters indicate
differences between FG and SG group averages (mean x SE; Tukey, p < 0.05; Ngyoups = 5). Values for individual species are averages of three technical replicates.

Table 4. Estimated Glucose Investment for Fine Root Biomass Production ( < 2 diameter) of Ten Woody

Species

Species (groups)

Carbon cost (g glucose g~! dw)

Faster-growing (FG)
Apodytes dimidiata
Calpurnia aurea
Dovyalis abyssinica
Maytenus arbutifolia
Podocarpus falcatus
FG average

Slower-growing (SG)
Allophylus abyssinicus
Chionanthus mildbraedii
Combretum collinum
Ekebergia capensis
Teclea nobilis
SG average

1.23
1.21
1.31
1.25
1.25
1.25 + 0.014

1.41
1.50
1.35
1.37
1.34
1.39 + 0.02°

Species are grouped into faster (FG)- and slower-growing (SG) species; see Supplementary Information Table 2 for details. Upper-case letters indicate differences between group
averages (mean x SE; Tukey, p < 0.05; Nyroups = 5). Values for individual species are averages of three technical replicates.

correlations of selected traits with C contents are
shown in Figure 2A-D. Average root diameter was
highly negatively correlated to SRL, and RTD was
highly negatively correlated to SRA (Table 5).
Among the biochemical root fractions, solvent
extraction (SE) was highly negatively correlated
with the acid-soluble fraction (ASF) but highly
positively correlated to the polar extractive (PE)
(Table 5). The acid-insoluble fraction (AIF) was
strongly positively correlated with root tissue den-
sity and significantly negatively correlated with
both SRL and SRA. Fine root C content was also

negatively correlated to SRL/SRA. However, the C
content was highly positively correlated to RTD and
AIF (Table 5; Figure 2C, D). Moreover, a weak
correlation between C contents and the lignocel-
lulose index (Figure 2B) was found. Nitrogen
content showed a positive correlation with PE
(Table 5), but no correlation with other root mor-
phological or biochemical traits, including C (Fig-
ure 2A). Within morphological traits, significant
negative correlations were found between average
diameters (AD) and SRL/SRA and between SRA
and RTD; SRL and SRA were highly positively
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correlated (Table 5). All extractive fractions (NPE,
PE, EF) and ASF of fine roots appeared to be
unrelated to any root morphological characteristics
(Table 5).

DiscussioN

Root Morphological Traits and Growth
Pattern

Variation in root traits among different coexisting
tropical tree species are poorly known, especially
fine root characteristics of tropical tree species of
African ecosystems. This makes the identification of
plant functional traits that can be linked to
ecosystem processes very interesting, especially the
C sequestration potential (Rasse and others 2005;
Gilbert and others 2014; Xia and others 2015).
Many studies suggest that small diameter roots
(mainly lower root orders) tend to have greater
absorptive capacity (Rewald and others 2012; Kong
and others 2014, 2016) but shorter lifespans com-
pared to coarser fine roots (McCormack and others
2012). Such roots are also considered to play an
important role in soil carbon input and nutrient
cycling. The average diameters of fine roots (0.53—
0.76 mm) we recorded in Ethiopia are in the range
reported for tree species of other tropical ecosys-

T
45

T T T
46 47 48 49 50 51

C content (%)

tems (0.52—1.4 mm; Collins and others 2016), but
are considerably larger than those frequently re-
ported for trees in temperate forests [0.24-
0.54 mm; Gu and others 2014)] and boreal forests
(0.31-0.47; Ostonen and others 2013). For exam-
ple, Pinno and others (2010) reported—for roots of
Populus tremuloides in boreal forests—that 97% of
the total root length is <1 mm diameter. Other
studies have vyielded similar findings: roots
<0.5 mm in diameter accounted for 89% of the
total root length in Prunus avium (Baddeley and
Watson 2005) and 75% for nine North American
tree species (Pregitzer and others 2002). In our
study, about 50% of the total fine root length was
below 0.5 mm, and more than 80% of the total
length were accounted for by root segments
<1 mm in diameter (Figure 1; Table 1). Species
such as Maytenus arbutifolia, Combretum collinum,
and Allophylus abyssinicus are the thinnest (90%
of total root length <1 mm diameter), while
Podocarpus falcatus, Ekebergia capensis, and Teclea
nobilis had the thickest roots (Table 1). Overall, the
vast majority of fine root length was below 1 mm
in diameter for all species (Figure 1). It has been
shown that coarser fine roots show secondary
growth, as evidenced by the highest root tissue
density (RTD), and have a lower specific root area
(SRA) than finer roots (Silver and Miya 2001; Re-
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Table 5. Pearson’s Correlation Matrix of Root Morphological and Chemical Traits

PE SE ASF AIF C N AD SRA SRL RTD

NPE —0.42 0.09 —-0.31 —-0.16 0.03 0.67* —-0.19 0.05 0.01 —0.01
PE 0.89%* —0.52 —-0.55 —0.35 —-0.33 0.35 0.23 0.22 —0.46
SE —0.74* —-0.51 —0.36 0.00 0.28 0.28 0.25 —-0.51
ASF —0.36 —0.28 —-0.14 —-0.35 0.25 0.24 0.11
AIF 0.95%* —0.16 0.33 —0.74** —0.67* 0.93%*
C 0.13 0.08 —0.74* —0.65* 0.94%*
N —0.12 0.08 0.09 0.18
AD —0.66* —0.72* 0.01
SRA 0.98** —0.73*
SRL —0.62

Values are the Pearson (r) value of the 4 morphological and 6 chemical traits across 10 co-occurring woody species in the Gelawdios forest, NW Ethiopia (n = 10). Significant

correlations (p < 0.05) are indicated in bold.

NPE nonpolar extractives, PE polar extractives, SE solvent extraction, ASF acid-soluble fraction, AIF acid-insoluble fraction, SRL specific root length, SRA specific root area,

RTD root tissue density, AD average root diameter.
*p < 0.05 **p < 0.01.

wald and others 2014). In our study, fine root
diameter was negatively correlated with SRA
(fpearson = —0.66; p < 0.05) and SRL (7pearson = —
0.72; p < 0.05; Table 5). Basile and others (2007)
also reported a similar negative correlation.
Comparing morphological traits with growth
rates showed that average RTD is lower in faster-
growing species, whereas SRA and SRL are higher
in slower-growing species. Some of the faster-
growing species such as Calpurnia aurea and May-
tenus arbutifolia had much higher SRA and SRL
than the slower-growing species Ekebergia capensis
and Teclea nobilis, which exhibited the lowest SRA
and SRL values (Table 1). Similar results have been
reported for other species, where very fine roots of
faster-growing species had much higher SRL (Pre-
gitzer and others 1997; Basile and others 2007).
Similarly, the RTD values (0.31-0.41 g cm™°) are
in the range reported for tree species of other
tropical ecosystems (0.2-0.6 g cm ™ >; Collins and
others 2016) and for temperate trees (0.32-0.83:
McCormack and others 2012), but they are greater
than values previously found in other temperate
forest ecosystems (Comas and Eissenstat 2004).
Several authors have suggested that a wide variety
of climate and soil conditions such as temperature,
moisture, nutrient content, pH, and physical dis-
turbance of the soil affect fine root morphology
(Pregitzer and others 2002; Ostonen and others
2007; Zobel and others 2007). In coexisting species
of the same site, however, the morphological dif-
ferences may reflect the species’ economic spec-
trum and ecological strategies for resource capture
under competition (Wang and others 2006; Collins
and others 2016; Valverde-Barrantes and others
2016). High SRA and SRL may facilitate faster

growth and more rapid acquisition of soil resources
(Valverde-Barrantes and others 2016). Given the
apparent species-specific differences in root mor-
phology between coexisting species, many authors
have emphasized root morphological plasticity as
an important adaptation mode to variable growth
conditions (Fransen and others 1999; Sorgonda and
others 2007; Ostonen and others 2013; Gratani
2014). Based on the optimal foraging theory,
Ostonen and others (2007) identified two main
strategies of fine root adaptation to different re-
gimes of nutrient supply: higher C investment to
increase the fine root biomass (and root length), or
changing root morphology to increase nutrient
uptake efficiency through a higher specific root
area. Similar ideas have been suggested by Meinen
and others (2009) to explain differences in root
morphology between species. In relation to the
morphological parameters, SRA and SRL decreased
with increasing RTD (Table 5). The negative asso-
ciations of SRA and SRL with RTD suggest that the
faster-growing species increase the total surface
area of absorbing roots for higher nutrient use
efficiency and that their roots are less expensive to
construct per unit mass (Table 4). Similarly, Pre-
gitzer and others (2002) reported that ““infinitely
fine” roots are the most efficient for nutrient
acquisition per gram of C expended to construct
them. In contrast, slower-growing species tended to
construct more C-costly fine roots.

Root Biochemistry and Carbon Cost
Implications for Root Litter Quality

The fine roots of all ten species differed with respect
to concentrations of C and N as well as in chemical
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compounds. The C content ranged from 44%
(Calpurnia aurea) to 50% (Chionanthus mildbraedii).
The average C concentration for faster-growing
species was about 45% (Table 4). In 59 Panama-
nian rainforest species, C content ranged from 42 to
52% (Martin and Thomas 2011) and 37-44% for
24 species in Europe (Poorter and Bergkotte 1992).
Carbon concentrations are often assumed to be
about 50% of the dry mass; this value is widely
used for below-ground C estimations (Gibbs and
others 2007; Robinson 2007), but will overestimate
annual carbon inputs through fine roots.

Nitrogen contents also varied in the fine roots of
the 10 species. The highest N content was deter-
mined in Teclea nobilis and Maytenus arbutifolia,
which in the former may be due to T. nobilis being a
N,-fixing species (Orwa and others 2009). The
N,-fixing status of Maytenus arbutifolia is unknown
but its leaves have been shown to contain high
crude protein levels compared to 18 other species
(Shenkute and others 2012). Sixteen % of the
crude protein in the leaves is nitrogen (Levey and
others 2000). Interestingly, however, no significant
difference in N contents was found between the
faster- and slower-growing species groups (Ta-
ble 3). This contradicts earlier findings on seedlings
(Comas and others 2002) that N concentrations are
higher in faster-growing species. Root C to N ratios
also played an important role in predicting patterns
of root decay, and these ratios are a valuable pre-
dictive tool in numerous studies of litter decom-
position at local, regional, and global scales (Silver
and Miya 2001; Leppdlammi-Kujansuu and others
2014; Garcia-Palacios and others 2016). The C to N
ratios of roots in our study ranged from 26 to 40,
but with no difference between growth rates. This
range can be regarded as intermediate values (Re-
shi and Tyub 2007). Theoretically, the optimum C
to N ratio for microbial growth, and thus decom-
position, is approximately 25, but fungi and bac-
teria can decompose substrates with much higher
ratios (Reshi and Tyub 2007). Litter with such C to
N ratio decomposes quickly but N mineralization is
often reduced by increased microbial immobiliza-
tion as well as protein complexation by polyphe-
nols when the cells lyse (Silver and Miya 2001).
Roots with C to N ratios exceeding 75 are often
much more difficult to break down (Swift and
others 1979) due to greater amounts of structural
woody materials (Silver and Miya 2001).

The biochemical compositions of roots such as
AIF, ASF, and SE vary with species, and these
variations determine the root litter quality and the
quality of C input into soil (Xia and others 2015). In
the present study, the AIF ranged from 43 to 51%

(combined mean of 47%; Table 2) and was con-
sistently the highest C fraction. This value is con-
sistent with other studies, whose AIF averaged
49% (Hendricks and others 2000) and 50% (Muller
and others 1989). A recent study by Xia and others
(2015) also reported that fine roots contained a 2.9-
fold higher AIF content compared to the other
fractions. Abiven and others (2005) also noticed
large lignin-like fractions in roots of crop plants.
The AIF is primarily composed of highly reduced
compounds such as suberin, cutin, and tannin-
protein complexes associated with lignin (Hen-
dricks and others 2000; Sun and others 2013).
These compounds are thought to be highly resis-
tant to biochemical degradation (Lorenz and others
2007; Sun and others 2013; Xia and others 2015).
The AIF was positively correlated with C content
(r*=0.87, p < 0.001; Figure 2C) and RTD
(r* = 0.84; p < 0.001; Figure 2D) and, thus, this
relationship may provide some insight into carbon
investment to fine roots. In our study, roots with a
high lignin content tend to invest more carbon per
unit biomass. This can be explained by the higher
glucose investment (Table 4) and the higher C
content within lignin (62% C; Jin and others 2013)
compared to cellulose (44% C; Chen 2014). The
lignocellulose index, a ratio of AIF to the cell wall
fraction (AIF + ASF), is higher in slower-growing
species, as is the total C content (Table 3). This
suggests that both chemical (AIF) and morpholog-
ical (higher RTD) factors make the fine roots of
slower-growing species more expensive to con-
struct in terms of C per unit mass. These parameters
(AIF, lignocellulose index, RTD) determine the
decomposition dynamics (Sun and others 2013;
Zhang and Wang 2015) and are good indicators for
root substrate quality (Hendricks and others 2000;
Prieto and others 2016).

In contrast to the AIF, the amounts of polar
extractives (PE) and solvent extractives (SE) were
greater in faster-growing species. Solvent extrac-
tives are compounds of nonstructural substances,
mostly low-molecular-mass compounds (Pettersen
1984; Yang and Jaakkola 2011; Sun and others
2013). Among the individual species, Podocarpus
falcatus had the highest extractive fraction (25%),
Apodytes dimidiata the lowest value (7%). Both
Podocarpus falcatus and Apodytes dimidiata are from
the faster-growing species category (Table 2). In an
investigation of 14 species from Gelawdios forest
for other chemical fractions, Podocarpus falcatus had
the greatest concentration of total phenols and
condensed tannins in both roots (Tigabu 2016) and
leaves (Habteyohannes 2016). Tannins are classi-
fied as hydrolyzable tannins (esters of a sugar re-
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sidues (usually bp-glucose) with one or more
polyphenol carboxylic acids) and condensed tan-
nins (polymers of flavonoids consisting mainly of
3-8 flavonoid units) and are categorized as
extractives (Yang and Jaakkola 2011). Some tan-
nins, however, form a tannin-protein complex
associated with the AIF that cannot be extracted
using neutral solvents (Sun and others 2013).
Moreover, Podocarpus falcatus is known to produce
and store terpenoid resin, and phenolic resin,
mainly induced by injury (Langenheim 2003).
Nonetheless, the family has not been analysed
chemically in detail and needs further investiga-
tion. Pettersen (1984) suggested that solvent
extractive materials constitute 4-10% of the dry
weight of wood of species in temperate climates
and that the values may be as much as 20% of the
wood of tropical species. Preston and others (2000),
however, reported that nonpolar extractives and
water-soluble extractives together make up 40-
50% of total dry litter mass in 37 species of trees in
Canadian forests. Since extractives are soluble in
neutral solvents and do not contribute to the cell
wall structure (Pettersen 1984), they are consid-
ered as labile compounds that degrade easily com-
pared to other fractions. Sun and others (2013)
confirmed that the extractives disappeared rapidly
at the initial stages of decomposition.

Cellulose is the Earth’s most abundant organic
polymer, usually accounting for 35-50% of dry
weight (Chen 2014). In most conditions, the cel-
lulose is wrapped in hemicellulose, which itself
accounts for 20-35% dry matter (Chen 2014). In
our study, the ASF that contains mainly cellulose
and hemicellulose showed no variation between
functional groups, but variation existed between
individual species. Among the ten studied species,
Podocarpus falcatus showed the least ASF (30%),
Apodytes dimidiata the highest fraction (47%). Ti-
gabu (2016) also found high concentrations of
cellulose and hemicellulose (41%) in fine roots of
Apodytes dimidiata. Due to the chemical bonding
and C content (44% in cellulose), ASF is the second
fastest decomposing fraction after the solvent
extractives (Sun and others 2013).

CONCLUSION

The morphological parameters of fine roots are
quite variable among ten tropical species, but re-
flect the general difference between faster- and
slower-growing species. Generally, faster-growing
species have higher SRA and SRL but lower RTD,
which are characteristics assumed to support high
rates of nutrient acquisition but a shorter root

lifespan. Our results provide evidence that RTD is
positively correlated with AIF, C content, and C
construction cost and is consistently higher in
slower-growing species. The extractive fractions
and ASF of fine roots appeared to be unrelated to
any root morphological characteristics. Differences
in morphological parameters of fine roots in faster-
and slower-growing species reflect the ecological
strategy they employ. Overall, our result demon-
strates that root chemistry and morphology differed
among species as well as between growth rates that
determine the decomposition dynamics and C
deposition in the soil. In general, faster-growing
species contributed more labile carbon compounds
to the soil than slower-growing species, which re-
sulted from lower RTD and low structural compo-
nents (that is, lignin).
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