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Abstract

Key message Fine-root biomass relates to environmental variables di erently along a rainfall gradient in Ghana.
Abstract Understanding changes in root dynamics in response to environmental factors is crucial for projections of climate
change, yet information on controls of root dynamics is limited in the tropics. This study quantified fine-root dynamics along
a rainfall gradient in Ghana, ranging from dry to wet evergreen forests. Fine-root biomass and necromass were estimated by
the sequential coring method for a year and analyzed in relation to measured environmental factors (rainfall, soil moisture
content, air temperature and soil temperature). Overall, fine-root biomass increased along the gradient with the highest
estimate found in the wet forest site. Mean annual fine root production ranged from 276.60 to 348.95 gm~2 year™' across
the different forest types. Fine-root turnover rates ranged from 2.3 to 3.1 year™, and roots tended to turn over faster in the
dry than in the moist and wet forest sites. There was a non-linear but significant relationship between fine-root biomass and
soil moisture content in the wet forest. None of the environmental factors related to fine-root biomass in the moist forest.
However, there was a significant non-linear relationship between rainfall and fine-root biomass in the dry forest site. These
results suggest that environmental factors influence fine-root biomass differently across the three forest types. Therefore,
future studies should focus on a comprehensive measurement of environmental controls to deepen our understanding of fine
root dynamics.

Keywords Fine-root biomass - Sequential coring method - Environmental factors - Seasonality

Introduction carbohydrate gain due to their relatively short life span and

rapid turnover (Gill and Jackson 2000). Root lifespan has

Belowground components, including fine (diame-
ter < 2 mm) roots form a major proportion of total biomass
and production in forest ecosystems (Fahey and Hughes
1994; Nadelhoffer and Raich 1992). According to Fahey
and Hughes (1994), fine-root production constitutes more
than half of the net primary production in forest ecosystems
and has been found to be equivalent to or greater than litter
fall. Fine roots represent a major sink for the trees annual

Communicated by K. Noguchi.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00468-020-01970-3) contains
supplementary material, which is available to authorized users.

< Forzia Ibrahim
ibrahimforzia@yahoo.com

Extended author information available on the last page of the article

important implications for plant growth, competition and
belowground carbon (C) dynamics and nutrient cycling
(Anderson et al. 2003). According to Malhi et al. (1999),
fine roots are key component of the belowground carbon
sequestration accounting for 38 Mg ha™' C in tropical for-
ests. Temporal patterns in fine-root biomass (FRB) and fine-
root necromass (FRN) is essential for evaluating turnover
and productivity, which constitutes to C and nutrient cycling
in forest ecosystems (Gill and Jackson 2000).

Fine roots constitute a smaller portion of the total forest
biomass but play a crucial role in the productivity and func-
tioning of forest ecosystems (Matamala et al. 2003). Fine
roots are the major dynamic component within the whole
root system (McCormack et al. 2014) and are particularly
relevant for tropical forests, where biomass and rates of
production and decomposition of fine-roots are high (Silver
et al. 2005). Despite the important roles fine roots play in
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forest ecosystems, information on root dynamics is scarce in
tropical Africa (Addo-Danso 2017; Assefa et al. 2017). Root
biomass (live fine root), production and necromass (dead
fine root) differ with forest types and changes significantly
over seasons. The rate of fine-root production and turnover
may be influenced by the changing climate and soil condi-
tions and fluctuates widely among forest ecosystems (Nadel-
hoffer and Raich 1992).

Understanding of environmental factors controlling fine-
root production and mortality as well as biomass distribution
still remains poor (Green et al. 2005; Finér et al. 2011). Envi-
ronmental factors including changes in water availability,
temperature and soil conditions can influence root dynamics
(Girardin et al. 2013; Lauenroth and Gill 2003; Leuschner
and Hertel 2003; Tierney et al. 2003). For instance, changes
in water availability and temperature may influence fine-root
biomass, production and turnover in forest ecosystems (Eis-
senstat et al. 2000; Lauenroth and Gill 2003; Leuschner and
Hertel 2003). When water becomes a limiting factor in a for-
est ecosystem, plants shift the allocation of C towards roots
where photosynthate can be used to increase water uptake
(Metcalfe et al. 2008). This may result in higher root pro-
duction and ultimately greater capacity to take up water and
nutrients from the soil (Kozlowski and Pallardy 2002). Typi-
cally, roots that grow at low temperatures have lower respira-
tion rates thereby increasing mortality while those growing
at higher temperatures are expected to have decreased root
lifespan (Pregitzer et al. 2000). Temperature can influence
plant performance indirectly by affecting water uptake and/
or the absorption of nutrients (McCormack et al. 2014). In
a global study that assessed the relationship between fine
root mass and environmental variables in Paleo and Neo-
tropical forests, Hertel and Leuschner (2011) reported that
root mass weakly correlated with soil pH, but did not relate
to air temperature or precipitation. However, Green et al.
(2005) reported that standing root biomass was strongly
associated with preceding rainfall in a tropical lowland for-
est at Danum Valley, Sabah, Malaysia. In addition, Violita
et al. (2016) reported a strong relationship between fine-root
production and rainfall in a tropical forest in Sumatra, Indo-
nesia. On the other hand, Tierney et al. (2003) found that
neither soil moisture nor nutrient availability affected root
growth in a northern hardwood forest in New Hampshire,
USA. The conflicting results suggest that more studies are
required at different sites to clarify the relationship between
root dynamics and changes in environmental factors. This
is particularly important in the context of climate change,
where drought events as well as temperature are predicted
to increase (Toulmin and Huq 2006).

In this study, we measured fine-root dynamics along a
rainfall gradient in contrasting forest types ranging from dry
through moist semi deciduous to wet evergreen forests in
Ghana. Our goals were to determine the seasonal variation
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in fine-root biomass and necromass, assess how rates of fine-
root production and turnover differ among the forest sites,
and also examine relationships between fine-root biomass
and environmental factors (rainfall, soil moisture, air tem-
perature and soil temperature). It was hypothesized that: (i)
Fine-root biomass and necromass would be higher during
the dry season than the wet season as a means for plants
to access water in deeper soil layers (Yavitt and Wright
2001). (ii) fine-root production and turnover are predicted
to increase with decreasing rainfall due to higher mortality
during the drought which is usually followed by a compensa-
tory regrowth of fine roots (Leuschner et al. 2001; Kondpka
et al. 2005; Gaul et al. 2008), and (iii) fine-root biomass
would be related to environmental variable(s) that favour
water availability (such as rainfall and soil moisture) than
air and soil temperature. Previous studies have shown wide
variation in fine-root biomass estimates, which was partly
attributed to changes in water availability (Yavitt and Wright
2001; Kummerow et al. 1990; Kuruppuarachchi et al. 2013).

Methodology
Study sites description

The study was conducted in forest sites along a rainfall
gradient in Ghana ranging from dry through moist semi
deciduous to wet forests. The specific plots used for data
collection forms part of the Global Ecosystem Monitoring
network (GEM: gem.tropicalforests.ox.ac.uk) of plots estab-
lished in 2011 to provide comprehensive assessment and
monitoring of C cycling. The gradient encompasses three
wet evergreen forest plots in Ankasa Conservation Area in
the extreme southwest of Ghana, close to the Cote d’Ivoire
border. Six plots were established within the Bobiri Forest
Reserve, located in the moist semi deciduous forest zone.
Additionally, five plots are located within the Kogyae Strict
Nature Reserve, which covers the dry forest to savanna tran-
sition zone of Ghana (Moore et al. 2018). For the purpose
of this study, two plots were selected from each forest site
for data collection.

The Ankasa Conservation area covers an area of 50,900 ha,
and lies in the wet evergreen forest zone (hereafter wet forest).
The Conservation area actually constitutes the main biodiver-
sity hotspot in Ghana (Hall and Swaine 1981). It lies between
latitudes 5° 09" and 5° 25’ N and longitude 2° 29" and 2° 45' W
with a mean annual temperature of about 25 °C and annual
precipitation between 1700 and 2000 mm (Table 1). Rainfall
is usually higher from March to mid-July and from September
to November, with a relative humidity ranging from 75 to 90%
(Hall and Swaine 1981). The landscape is characterized by the
presence of hills with an average elevation of 90 m above sea
level, alternating with steep valleys (Table 1). The soils are
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Table 1 Key study site characteristics along the rainfall gradient in Ghana. Adapted from Addo-Danso (2017) and Moore et al. (2018)

Site name Kogyae

Bobiri Ankasa

Vegetation type Dry semi deciduous forest

Moist semi deciduous forest Wet evergreen forest

Plot codes KO1 KO2 BO1 BO2 ANK1 ANK2
Coordinates 72°N1.2'W 73°N1.2'"W 6.7°N1.3'W 6.9°N 1.3'W 54°N2.6'W 52°N25'W
Elevation (m asl) 229 221 268 276 80 114

Mean annual rainfall 1200 1200 1500 1500 2050 2050
Mean annual air temperature 26.4 26.4 25.7 25.7 25 25

Mean annual humidity (%) 79.2 79.2 83.9 83.9 91 91

Soil type Haplic nitisol Haplic arenosol Sandy loam Sandy loam Sandy clay Sandy clay
pH 6.07 6.02 5.6 59 4.27 4.6

Soil N (%) 0.06 0.04 04 0.39 0.24 0.17

Soil C (%) 0.72 0.67 4.02 3.94 3.15 2.61

Soil C:N 11.35 15.1 10.05 10.1 14.5 14.1

Py (mg kg1 67 74.6 250 257 144 148

Sand (%) 83 77 59.7 58.3 63 66

Silt (%) 15 19 17 18 15 17

Sum of exchangeable bases 26.25 19.33 433 45.4 6 6.08

Basal area (m? ha™") 17.8 14.2 21 31.08 24.2 26.4

Stand density (per ha) 172 201 478 757 404 455
Number of species (per ha) 48 34 88 85 94 92

P total-total soil phosphorus; Initials refer to parameters as follows: asl. above sea level, N nitrogen, C carbon. Basal area of trees > 10 cm DBH

DBH diameter at breast height

deeply weathered and highly acidic (pH 4.0-4.5) with high
aluminium concentration (Ahn 1961). Ankasa plots one and
two (ANK1 and ANK?2) were selected for data collection.
ANK1 is located on well-drained hilltop (upper elevation)
while ANK2 is situated in a lower elevation, which is drained
by a stream, and periodically gets flooded during the rainfall
season. Dominant species in this forest type include Heri-
tiera utilis, Pentadesma butyracea, Scytopetalum tieghemii,
Dacryodes klaineana, Lovoa trichilioides, Guarea cedrata
and Lophira alata.

The Bobiri Forest Reserve lies within the moist semi-
deciduous southeast sub-type (hereafter moist forest) and cov-
ers an area of 5445 ha. The Bobiri Reserve lies between lati-
tudes 6° 39" and 6° 44’ N and longitudes 1° 15" and 1° 23' W
(Table 1). The reserve experiences bimodal rainfall with
the major season occurring between April and July, while
the minor season is from September to October with a dry
season of three to four months, which is from December to
mid-March. Annual rainfall ranges from 1483 to 1750 mm
and mean monthly minimum and maximum air tempera-
ture ranges between 22 °C and 31 °C (Table 1). The area
experiences an annual relative humidity of 83.9% (Table 1).
The Bobiri Forest Reserve has been compartmentalized and
divided into four main blocks based on the designated use;
research, butterfly sanctuary, protection and production for-
ests. Data were collected in both the protected (hereafter BO1)

and the research forest (hereafter BO2). The protected forest
(BO1) has old-growth features, including multi-layered can-
opy structure, different gap sizes, large coarse woody debris
in all decay stages on the forest floor, and the understory is
composed of both shade tolerant and shade-intolerant species
(Chazdon 2014; Addo-Danso et al. 2017). No commercial
logging has been carried out in the protected forest since its
reservation but may be responding to both past and present
climate extremes (Forestry Department 1958; Fauset et al.
2012). The research forest (BO2) was previously logged by
selectively removing 172 trees mostly mahogany species (For-
estry Department 1958; Djagbletey 2014). No logging has
been allowed in the forest after the first entry but the presence
of old tracks are still evident. The common species in Bobiri
Forest Reserve include Triplochiton scleroxylon, Celtis spe-
cies, Turraeanthus africanus, Daniellia ogea, Khaya ivoren-
sis, Cola nitida, and Sterculia rhinopetala.

Kogyae Strict Nature Reserve is situated in the dry semi
deciduous forest zone, between the Guinea savanna and
southern forest regions of Ghana. The Kogyae Strict Nature
Reserve (hereafter dry forest) is located in the northeastern
part of the Ashanti Region of Ghana and it lies within lati-
tude 7° 15’ N and longitude 1° 05’ W (Table 1). The reserve
is the largest protected area in Ghana covering an area of
38,600 ha (Ghana Wildlife Department 1994). The elevation
ranges between 120 and 230 m above sea level (Table 1).
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The vegetation of Kogyae Strict Nature Reserve has been
classified into remnant forest, transitional (forest-savanna)
forest and savanna woodland (Ghana Wildlife Department
1994; Hawthorne and Abu-Juam 1995). The remnant for-
est is a patch of the close forest and is relatively undis-
turbed compared to the transitional forest and the savanna
woodland. The transitional forest is a mixture of forest and
savanna woodland with some portions partially degraded
due to the combined effects of farming, hunting, timber
felling, charcoal production and bushfires (Ghana Wildlife
Department 1994). Surrounding the transitional and remnant
forest is the savanna woodland, which experiences periodic
bushfires and is characterized by a discontinuous tree stra-
tum overlying a dense grassy ground layer (Forest Services
Division 1993). The soils are loamy and dry out quickly
because of free drainage caused by the presence of a layer
of humus about 2.5-5.0 cm thick (Hall and Swaine 1981).
The area enjoys a double rainfall season between May and
October with the peaks occurring in September and October.
Dry season spans from late November to March, and char-
acterized by very low humidity (79.2%) particularly during
the harmattan (Hall and Swaine 1981). Soil pH ranges from
5.9 to 6.1. Mean annual air temperature is 27.6 °C (Table 1).
The Reserve is characterized by a relatively prolonged dry
season sometimes lasting from November to March, result-
ing in annual wildfire incidence (Ghana Wildlife Department
1994). The dominant species found in this forest include
Khaya anthotheca, Pericopsis elata and Argomuellera mac-
rophylla. Fauna species abundant in this forest type include
baboons, duikers, waterbuck and a variety of bird-species
(Ghana Wildlife Department 1994). Data for this study was
collected in the remnant forest (hereafter KO1) and the for-
est-savanna transition zone (hereafter KO2).

Root sampling

Soil samples were collected with a steel hand-driven soil
auger (5.5 cm in diameter) to 30 cm depth in five plots
(measuring 10 m X 10 m) randomly established in each of
the study forest. Roots were sampled to 30-cm depth because
earlier studies in the tropics, including Ghana, revealed that
roots are highly concentrated in this layer (Metcalfe et al.
2008; Yavitt et al. 2011). Therefore, we assumed that the
selected sampling depth included a large portion of the total
root mass in these forests. Soil samples were collected ran-
domly at 3 different locations at three depths (0-10, 10-20,
20-30 cm) totalling to nine soil cores (3 different loca-
tions*3 depth). Ninety soil cores (9 cores * 5 subplots*2
study forests) were randomly collected from each site every
month. Soil samples were stored in plastic bags and labeled
according to site name, depth increment and the date of col-
lection. Collected samples were either brought to the labora-
tory for immediate processing or stored in the refrigerated at
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4 °C for a maximum of 14 days before processing. Sampling
of roots lasted for a year (August 2016 to July 2017). The
year has two distinct seasons viz., a wet season (April, May,
June, July, September and October) and a dry season (Janu-
ary, February, March, August, November and December).
A total of 3240 cores (90 cores*3 study sites*12 sampling
times) were collected during the study period.

Root processing, characterization and weighing

Soil samples were taken out from the plastic storage bags and
rinsed through a 0.25 mm sieve to collect woody roots, and
remove soil particles and debris adhering to the roots using
forceps. The roots were washed and separated into fine roots
(diameter <2 mm), and also sorted into live and dead roots
based on morphological features of color and tensile strength
(Vogt et al. 1998). Live roots are usually light in color, turgid,
and not easily broken, while dead roots are typically dark or
brown, fractured easily with non-turgid stele. Live and dead
roots were oven-dried at 60 °C to constant mass, and weighed
to determine fine-root biomass (live roots) and necromass (dead
roots). Live and dead root mass were converted to root biomass
and necromass (in gm~2) by dividing live or dead root dry mass
(grams) by cross-sectional area of auger (area of auger=mnd*/4,
d=5.5 cm) as per Egs. 1 and 2 (Zewdie et al. 2008).

L
B = dw

ey

ca

where Bis the root biomass, Ly, is the live root dry mass (g),
A, 1s the cross-sectional area of auger.

2
Au=T @

where, 7is3.142, dis the diameter of the auger (5.5 cm).

_de
A

N

3

ca

where Nis the root necromass, Dy, is the dead root dry mass

(€92
Fine-root production estimation

Mean fine-root biomass and necromass for each forest site was
calculated for each sampling month. Fine-root production was
estimated using the decision-matrix approach (Fairley and
Alexander 1985). For each site, data for the two plots were
pooled to estimate fine-root production. The decision-matrix
approach uses the direction and relative magnitude of changes
in biomass and necromass during each sampling period to
estimate production (McClaugherty et al. 1982; Fairley and
Alexander 1985). With this approach, annual root production
is estimated by summing all calculated production estimates
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between consecutive sampling dates in a year (Fairley and
Alexander 1985). The conditions with which to select a suit-
able production formula are provided in Table 2. In this study,
all changes in biomass and necromass (whether significant or
not) were included in the calculation of root production (Her-
tel and Leuschner 2002; Brunner et al. 2013). Annual fine-root

production estimates are expressed in gm™~> year™ .

Pa =P @)

Where, Pais the annual fine-root production, £ Pis the sum
of changes in biomass and necromass per unit area.

Fine-root turnover rate estimation

In our study, root turnover rate (year™') was calculated as the
ratio between annual root production estimate (gm™~> year™')
and the mean root biomass value (gm~2) as per Eq. 4 follow-
ing (Gill and Jackson 2000).

T=-2L

B )
where Tis the annual root turnover rate, Pais the annual
fine-root production, B, is the mean root biomass during
the course of the study.

Environmental variables

Environmental parameters such as rainfall, soil moisture, air
and soil temperatures were measured every month from each
site. Rainfall and air temperature were collected each month
from an automatic Mini-met weather station (Skye Instru-
ments Ltd, UK) situated at each site. Soil moisture content and
soil temperature were also measured with handheld instru-
ments at different locations within the plots where soil was
sampled at monthly intervals. Soil temperature was measured
using digital thermometer with a probe (+0.03 °C accuracy,
Model HI98510, HANNA Instruments, USA). Soil moisture
was measured using a digital soil moisture meter (+ 5% accu-
racy, Model DSMM3500, General Instruments, NY, USA).

Statistical analysis

Prior to statistical analysis, data sets were tested and exam-
ined for assumptions of normality using Shapiro—Wilk’s
test and for homogeneity of variances by Bartlett’s test.
Seasonal variations in fine-root biomass and necromass
over the study period were determined using repeated
measures analysis of variance. Differences in fine-root
biomass and necromass across seasons of the studied for-
ests in each site were compared using Mann—Whitney U
test. Estimates of fine-root production and turnover rates
among the sites were compared using a Kruskal-Wallis
rank-sum test. Also, differences in environmental variables
among the studied sites were also determined using the
Kruskal-Wallis rank-sum test and multiple comparisons
were conducted using Dunn’s test with 95% confidence
intervals. We examined the relationships between fine-
root biomass and environmental factors using generalized
additive models (GAM). We used the generalized addi-
tive modeling approach because it is an effective statis-
tical approach for dealing with non-linear relationships
between response and explanatory variables. It is consid-
ered a non-parametric generalization of linear regression
that is less restrictive in assumptions about the underly-
ing distribution of data (Zuur et al. 2007; Crawley 2013).
We used GAM as an alternative to linear regression fol-
lowing an initial exploration of the relationship between
environmental factors and fine-root biomass showed no
clear trends even after log-transformation of both response
and explanatory variables. The GAM analysis was carried
out using the ‘mgcv’ package of the R statistical software
(R Development Core Team 2015). Data were pooled for
the two forests in each site, and the analysis was based
on mean values of variables for each sampling period.
Data for rainfall was based on total rainfall recorded prior
to root sampling. This is practical given that data from
sequential cores usually reflect root growth and mortality
measures that have occurred before sampling (Gaul et al.
2008).

Table 2 Decision matrix
approach. Modified from
Fairley and Alexander (1985)

Biomass increase Biomass decrease

|AB| < | AN]| | AB| > | AN
Necromass increase P=AB+ AN P=AB+ AN P=0
Necromass decrease P=AB P=0 P=0

Annual production estimate is calculated by summing the estimates from all sampling intervals within a

year.

B biomass, N necromass, P production, A change in B, N between consecutive sampling dates.
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Results

Overall, rainfall increased along the gradient with the low-
est value recorded in the dry forest site (Fig. 1a). Annual
rainfall was 652 mm, 1483 mm and 1987 mm for the dry,
moist and wet forests, respectively (Fig. 1a). Mean soil
moisture content was significantly (p <0.0001, n=12)
higher in the wet (17.0+1.35%) compared to the moist
(8.0£0.95%) and dry (3.3 +0.80%) forest sites (Fig. 1b).
Mean air temperature was similar among the forest sites
(Fig. Ic) recording 27.6 +0.38 °C, 26.4+0.42 °C and
27.6 +£0.25 °C for the dry, moist and wet forests, respec-
tively. However, soil temperature was significantly higher
(»<0.0015, n=12) in the dry forest site (27.9 +0.47 °C)
than the wet (26.2 +0.39 °C) and moist (26.0+0.25 °C)
forest sites (Fig. 1d).

Seasonal variation in fine-root biomass
and necromass

The highest fine-root biomass value for the dry forest (KO1
and KO2) was recorded in the wet season (Fig. 2a and b).
Mean fine-root necromass for KO1 increased gradually
from September to October, but decreased from November
to March, increased again in April and steadily declined in
May, June and July (Fig. 2a). Correspondingly, fine-root
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necromass estimates for KO2 decreased from September to
November, rising abruptly in January and recorded mini-
mum values from April to June (Fig. 2b).

Mean fine-root biomass for the moist semi-deciduous
forest (BO1 and BO2) was highest during the dry season
(January). However, fine-root necromass showed no dis-
tinct pattern in BO1. Peak necromass estimate for BO2
was recorded in December, but declined abruptly record-
ing no values from January to February and rises from
March to May showing trends of increasing necromass
values (Fig. 2d).

In the wet evergreen forest, fine-root biomass and nec-
romass were significantly (p =0.00595) affected by season
in both the upland (ANK1) and lowland (ANK?2) forests.
Greater estimates of fine-root biomass and necromass
were recorded during the dry season compared to the wet
season. In ANK1, fine-root biomass showed two peaks in
August and January during the minor and major dry sea-
sons (Fig. 2e). However, the highest fine-root necromass
value in ANK1 was recorded in the dry season (January).
Overall, fine-root biomass was significantly (Mann—Whit-
ney U=49, p=0.0021) higher than fine-root necromass in
ANK1 (Fig. 2e). In ANK2, the highest fine-root biomass
values were recorded in August and October. On the other
hand, fine-root necromass showed a single peak in Decem-
ber and then declined in January and February (Fig. 2f).
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Fig. 1 Annual rainfall (a), soil moisture (b), air temperature (C) and soil temperature (d) in the dry (white bars), moist (grey bars) and wet (black

bars) forest sites. Data are mean =+ standard error
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Fig.2 Seasonal distribution of fine-root biomass (black circles) and
necromass (grey circles) to 30 cm soil depth in KO1 (a), KO2 (b),
BOI1 (c), BO2 (d), ANK1 (e) and ANK2 (f) over sampling period.

Fine-root biomass, necromass, production
and turnover rate

Mean annual fine-root biomass to 30 cm soil depth was
higher in the wet forest than in moist and dry forests
(Table 3). However, the highest mean necromass estimate
was recorded in the dry forest site (Table 3). Mean annual
fine-root production estimate was higher in the wet than
moist and dry forest sites, respectively (Table 3). There
were no significant differences in fine-root production
estimates among the three forest sites (Kruskal- Wallis
X?=0.29, d.f. =2, p=0.8669).

Data are mean + standard deviation. Zero necromass was recorded for
some months across study sites

The highest fine-root turnover value was recorded in the
dry forest and the lowest value in the wet forest (Table 3).
There were no significant differences in fine-root turno-
ver rates among the three sites (Kruskal- Wallis X*=2.6,
df.=2,p=0.2765).

Relationship between fine-root biomass
and environmental factors

The results showed that fine-root biomass related to envi-

ronmental factors differently across the three forest types
(Table 4). For the dry forest, the output of the GAM analysis
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Table 3 Fine-root biomass,

Necromass (gm‘z)

Production (gm_2 year™!)  Turnover rate (year™!)

Forest type ~ Biomass (gm‘z)
necromass, annual fine-root
production and turnover rate Dry forest 89.5+8.74
in Ankasa, Bobiri and Kogyae  \y Lo poret 121,84 14.68
forest reserves

Wet forest 149.1+11.66

90.1+12.48 276.60+5.93* 3.1+£0.39°
77.6+15.93 287.75+6.72* 2.4+0.32°
83.3+11.34 348.95 +6.46" 2.3+0.28?

Same letters represent no significant differences (p <0.05) among the fine-root production and turnover

rates across the studied forests
Data are mean+SE. n=10

Table 4 Relationship between fine-root biomass and environmental variables along the rainfall gradient

Independent variable Dry forest Moist forest Wet forest

edf F value p value edf F value p value edf F value p value
Rainfall (mm) 1.890 6.53 0.007 1.000 1.073 0.314 1.000 0.749 0.399
Soil moisture content (vol. %) 1.000 0.10 0.762 1.430 2.995 0.141 1.930 32.505 <0.001
Air temperature (°C) 1.000 0.66 0.428 1.000 0.034 0.855 1.750 1.943 0.215
Soil temperature (°C) 1.182 0.55 0.589 1.000 3.649 0.071 1.000 1.850 0.191

Data were combined for the two forests at each site, and the analysis was based on mean values of variables for each sampling period. Data for
rainfall was based on total rainfall recorded prior to root sampling. Statistically significant values are bolded with p values <0.05

edf expected degree of freedom

between fine-root biomass and environmental variables
revealed a significant (p <0.01) non-linear relationship
between rainfall and fine-root biomass (Table 4; Fig. 3).
The deviance explained by all variables was 60%, while
only rainfall explained 86.6% of the variance in fine-root
biomass at the dry forest site. In the moist forest, it was only
soil moisture that related non-linearly with fine-root biomass
but with wide confidence intervals (Fig. 4). There were no
clear relationships between fine-root biomass and the other
variables. For the wet forest, the results of the GAM analysis
between fine-root biomass and environmental variables for
the wet forest site showed non-linear trends for soil moisture
and air temperature, however, only the confidence intervals
for soil moisture was narrow to suggest the curvature in the
relationship between fine-root biomass and soil moisture was
real (Fig. 5). Altogether, the environmental factors included
in GAM explained 79.6% (labeled as deviance, this is the
equivalent of R? in regression) of the variance in fine-root
biomass. However, the deviance explained by only soil
moisture was 70.4% and it was the only significant factor
(p<0.001) (Table 4).

Discussion

Seasonal variation in fine-root biomass
and necromass

Seasonal fluctuations in fine-root biomass and necromass
were observed across the sites. It was hypothesized that
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fine-root biomass and necromass would be greater during
the dry season to capture nutrients and water. The results
partially support this hypothesis. The present results concur
with findings from earlier studies in Ghana and other parts of
Africa where greater fine-root biomass and necromass were
also recorded during the dry season compared to the wet
season (Zewdie et al. 2008; Addo-Danso 2017; Assefa et al.
2017). For example, in a natural remnant forest in Ethiopia,
Assefa et al. (2017) reported that fine-root biomass and nec-
romass were strongly affected by seasonal variations with
peak values in the dry season. Availability of soil moisture
is suggested to be the main factor that influences changes
in root growth (Lima et al. 2010). It has been postulated
that fine-root biomass increases at low soil moisture avail-
ability in tropical forest because of the need for roots to
grow and penetrate deeper into the soil to access subsurface
moisture (Yavitt and Wright 2001). When water is limited
in an ecosystem, plants are likely to allocate photosynthates
that can be used to increase the uptake of water resulting
in greater root production (Metcalfe et al. 2008). On the
other hand, when water is readily available during the wet
season plants may produce more roots, but a greater portion
of the roots die within a short period of time resulting in
lower root biomass (Eissenstat and Yanai 1997). Maximum
fine-root biomass during the rainy season could possibly be
due to the pulses in soil moisture availability and nutrient
release which eventually promotes root growth. For exam-
ple, high fine-root nitrogen uptake in the wet season has
been reported for tropical evergreen forests in the Hima-
layas, India (Usman et al. 1999). Higher necromass values
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recorded during the dry season could be attributed to plant
shedding roots in response to greater soil moisture deficit
(Brunner et al. 2013).

Fine-root production and turnover rate

The highest mean fine-root biomass was recorded in the
wet forest site, which is characterized by high rainfall with
acidic soils (Table 1). Higher fine-root biomass was associ-
ated with sites with acidic soil in Germany (Godbold et al.
2003). It could then be inferred from Godbold et al. 2003
that, the high fine root biomass recorded in the wet forest
could be due to acidic nature of the soils at the site. Further,
the higher number of large-sized tree species and their cor-
responding higher basal areas in the wet and moist forests
compared to the dry forest (Table 1) could also account for
the higher fine-root biomass observed in these forests. This
is in line with similar studies that showed the influence of
stand characteristics (e.g. basal area) on fine-root biomass
(Harteveld et al. 2007; Hertel et al. 2009a, b).

The mean annual fine-root production estimates
(276.60-348.95 gm™ year™') for the different forest sites
falls within the range of values (75-2193gm~2 year™})

26 271 28 29
air_temperature

reported in comparative studies from pan-tropical forests
(Addo-Danso 2017; Assefa et al. 2017). The patterns that
we observed in fine-root production along the gradient is
similar to a global trend reported by Finer et al. (2011) that
showed that fine-root production increased with both precip-
itation and fine-root biomass across 186 forest stands from
the major forest biomes. Indeed, we found that both annual
rainfall and fine-root biomass increased along the gradient
of dry through moist to wet sites (Table 3). Fine-root produc-
tion was calculated using both changes in biomass and dead
roots in a decision matrix, and the trend suggests that fine-
root production estimates were greatly influenced by changes
in biomass increment rather than root mortality (Table 3).
We speculate that the fine root production estimates obtained
for the studied sites could be related to the total productivity
of the sites (Litton et al. 2007; Moore et al. 2018). A synthe-
sis study by Litton et al (2007) showed that carbon fluxes to
different plant components, including belowground produc-
tion, increased linearly with increasing total productivity of
forests across the globe. In fact, Moore et al. (2018) working
along the same gradient also reported a positive correlation
between fine root production and total net primary produc-
tivity. This suggests that the wet forest could have higher
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total productivity relative to the other forest sites. Deducing
from the aforementioned, our results does not support the
hypothesis predicting fine-root production to increase with
decreasing rainfall along the rainfall gradient.

Fine-root turnover rates ranging from 2.3 to 3.1 year™
in this study are relatively higher than the range
(1.48-2.98 year™!) reported for tropical forests and other
ecosystems (John et al. 2002; Son and Hwang 2003; Yang
et al. 2004; Valverde-Barrantes et al. 2007; Xiao et al. 2008;
Jiménez et al. 2009). High turnover rates in the dry forest
could be partly linked to the indirect influence of the fre-
quent fire incidence and drought on soil temperature, which
tend to cause more roots to die (Moore et al. 2018; Gaul
et al. 2008; Konopka et al. 2005; Leuschner et al. 2001). By
contrast, the turnover result supports the hypothesis predict-
ing fine-root turnover to increase with decreasing rainfall
along the rainfall gradient.

1

Relationship between fine-root biomass
and environmental factors

The strong relationship between fine-root biomass and soil

moisture in the wet forest is consistent with results reported
for experimental studies in tropical primary and secondary
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forests in Brazil (Lima et al. 2010; Metcalfe et al. 2008).
It has been suggested that trees tend to increase root pro-
duction when there is a decrease in soil water availability
(Joslin et al. 2000). The significant non-linear relationship
between fine-root biomass and rainfall in the dry forest is
supported by the findings of previous studies in tropical
forest ecosystem (Green et al. 2005; Leuschner and Hertel
2003). Generally, these studies found that rainfall appears
to greatly influence fine-root biomass in forest ecosystems.
However, Schenk and Jackson (2002) found no relationship
between fine-root biomass and mean annual precipitation
in water-limited environments.

There was no relationship between fine-root biomass
and environmental factors in the moist forest site. This
result is supported by the findings of an earlier study that
was carried out at the same site that reported that soil
nutrient concentrations (Na, K and available P) rather
than environmental factors (rainfall, soil moisture content,
air temperature, and soil temperature) related to fine-root
biomass (Addo-Danso 2017). Similarly, Harteveld et al.
(2007) found no relationship between fine root biomass and
environmental factors (soil water content and soil tempera-
ture) in a tropical forest in Sulawesi, Indonesia. In the same
study, fine-root biomass related positively to above ground
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stand structural attributes such as canopy cover, diameter at
breast height (dbh) and basal area (Harteveld et al. 2007).

Conclusion

Seasonal differences in water availability may have a greater
influence on root biomass in dry and wet forest sites. Fine-
root necromass seasonal dynamics indicated the importance
of fine roots in soil organic matter formation. The results
of this study point to the fact that fine-root biomass relates
differently to environmental variables at different sites. It
appears that in the moist forest, factors other than environ-
mental variables we considered may control root dynamics.
Roots turned over faster in the dry forest, and this could
have implication for C storage. Knowledge of patterns and
controls on root turnover is crucial, given the importance
of predicting the consequences of climate change. These
findings indicate that changes in root dynamics in response
to climatic variables are valuable for simulations and projec-
tions of climate change in the future.
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