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Abstract Soil quality is the most important factor in forest management decisions and is greatly influenced by soil
physico-chemical properties. This study was carried out to enhance understanding of the relationships existing among
selected properties of two ferralsols common in humid tropical forests (Xanthic and Rhodic ferralsols). In the field, thirty
eight Xanthic ferralsols and sixteen Rhodic ferralsols were sampled from the upper 0 — 20 cm of mineral soil. Soil physical
and chemical properties were analyzed following standard laboratory procedures. Descriptive statistics was performed on
various soil properties and Student’s t-test was used to compare properties of the two soil types. The relationship between soil
properties was examined using correlation and regression analyses. Principal Component Analysis (PCA) was performed to
identify sources of variations in soil properties and to group soil properties into units that could serve as a guide for soil
quality monitoring and management. Results indicated that all soils were generally acidic (pH-H,O <4.8) and had high levels
of exchangeable acidity (EA) (3.33 — 6.25 meq/100 g). Organic carbon (OC) ranged from 1.01 — 3.87%, base saturation (BS)
ranged between 6.21 — 17.87%, cation exchange capacity (CEC) was low and ranged from 4.85 — 8.67 meq/100 g and the
soils were rich in clay (24.6 — 54.6%). Between Xanthic and Rhodic ferralsols, there was a significant difference (p <0.05) in
OC, exchangeable Mg*", EA, CEC, effective CEC, % clay and % sand. Xanthic ferralsols showed less variability (CV% =
3.57 — 50.0%) compared to Rhodic ferralsols (CV% = 5.1 — 61.5%). There was a significant positive correlation between
some soil properties (r = 0.32 — 0.88, p < 0.05, 0.01 for Xanthic ferralsols) and (r = 0.51 — 0.85, p < 0.05, 0.01 for Rhodic
ferralsols). Simple linear regression analysis indicated that coefficients of determinations were low (R?2< 0.4, p <0.05) while
multiple linear regressions among related soil properties yielded higher R? values (R? = 0.57 — 0.96). PCA yielded five
principal components with Xanthic ferralsols which explained a total of 80.04% of the variation in soil properties. For Rhodic
ferralsols, PCA yielded four principal components which explained a total of 79.42% of the variation observed. Grouping of
soil properties within principal components showed that key indicators of soil quality to be considered in soil management are
soil texture, soil acidity, base status and soil organic matter. We recommend detail soil characterization and the establishment
of soil maps for better interpretation of soil analytical data and proper management of forest soil fertility, since our findings
show that soil properties greatly vary even at the local scale.
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1. Introduction WRB). Rhodic ferralsols are defined as ferralsols having a B
) horizon with a Hue redder than S5YR (3.5YR or redder) and a

FF:rralsols fo.rm a brgad category of soils, defined 35 moist colour value < 3.5, and a dry colour value > 1 unit
havmlg.clay mlperals Wlﬂ.l low cation exchange capacity  pioher than the moist value. On the other hand, Xanthic
(k'f10.11n1t6, aluminum and iron OPFldeS)’ moderate to SUONg  ferralsols are defined as ferralsols having a ferralic horizon
acidity, and low exchangeable cation content. Internationally, it 4 yellow to pale yellow colour [1]. These colours are
Ferralsols are k.nown as O%ISOIS. .(USA Soil Taxonomy), yyally associated with the mineralogical composition of the
Latoso.ls. (B.razﬂ), SOIS Férrallitiques (French CPCS), g, Reddish colours are usually associated with ferric
Ferralitic soils (Russia) and Ferralsols (IUSS/FAO/ISRIC  +:iqaq (hematite and magnetite) while the yellow colour of

Xanthic ferralsols is as a result of iron oxyhydroxides
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Cameroon, ferrallitic soils cover more than 60% of the
southern Cameroon plateau, where dense forests exist [3].
The ferralsols that occur in Cameroon include Rhodic and

Haplic ferralsols, Humic ferralsols and Xanthic ferralsols [3].

The Humic ferralsols are dominant in the Western highlands
of Cameroon, where low temperatures (mean annual
temperature fluctuates around 18°C) delay organic matter
decomposition [4, 5]. Rhodic, Haplic and Xanthic ferralsols
are predominantly present in the humid forest zones where
high temperatures (mean annual temperature > 23°C), high
precipitations (mean annual rainfall is around 1500 mm) and
low altitude (< 800 m above sea level) favour their formation
[3]. These soils support huge forest cover, composed of
many different hardwood species. Most of the forest species
have been exploited for timber and this has led to soil
degradation or extinction of some high value timber species.
In the management of forest resources within the Congo
Basin in general, and Cameroon in particular, emphasis has
always been made on the conservation of flora and fauna and
water resources, meanwhile little attention has been given to
the soil resource. The difficulty usually encountered during
reforestation of degraded forest soils with particular tree
species is in part due to lack of detailed knowledge about soil
properties in forest milieu. Soils have been considered as a
fundamental resource of tropical forests to predict the
response of particular tree species to various soil types [6-8].
Another problem encountered is the lack of soil quality
indicators which can serve as guide for sustainable
management of forests [9]. These soil quality indicators have
been established in the United States of America [10] and the
United Kingdom [11]. In the Congo basin, information on
soil quality indicators is lacking. A major difficulty
encountered by forestry scientists is soil analysis and
interpretatation of analytical results. Usually, analyses are
carried out in forests as part of ad hoc studies, research
projects and research thesis, or continuous monitoring
studies and the results are not always recorded in databases.
Some results remain on paper or in individual spreadsheets
[9]. Using such data to produce reference values and
indicators that can be used by foresters poses several
questions. Furthermore, to decide on how forest stands
should be managed, it is important to have a better
knowledge of static and dynamic soil properties and their
relationships in order to establish soil quality indicators.
The interrelationships that exist among soil
physico-chemical properties can be used to evaluate the
reliability and consistency of soil analytical data through
statistical means [12]. However, little information exists for
the use of such an approach, especially in forestry.
Furthermore, the great diversity of soil encountered in
tropical forests necessitates an understanding of soil
properties and their relationships, even at the local scale. The
objective of this study was therefore to inform on the
statistical relationships among selected physico-chemical
properties of Rhodic and Xanthic ferralsols in a humid
tropical forest of East Cameroon, in order to enhance
understanding of the soils, in view of their proper

management in reforestation programs, and as a starting
point for establishment of soil quality indicators. Specifically,
the study was designed to compare the differences in soil
properties of Rhodic and Xanthic ferralsols, to examine the
relationship existing between soil properties, to assess the
variability of soil properties and factors accounting for their
variations, and to identify properties that can serve as proxies
for soil quality indicators in humid tropical forests.

2. Materials and Methods

2.1. Description of Study Area and Collection of Soil
Samples

The study was carried out in a forest management unit
(FMU, 10 030) of PALLISCO Company in the East Region
of Cameroon. The FMU is located between latitudes 3° 05’
N and 3° 30’ N and longitudes 14° 00’ E and 14° 30’ E. The
climate is the Equatorial Guinea sub-type with two seasons;
the main wet season (August to November) and main dry
season (November to March), and two minor seasons
designated as mini wet (March to May) and mini dry (June to
July). Mean annual temperature is about 23.1°C and mean
annual rainfall is 1566 mm [13]. Altitude varies between 600
and 760 m above sea level. The vegetation is the evergreen
forest type, with Meliaceae, Sterculiaceae and Ulmaceae
families dominating [14]. The dominant soils are Rhodic and
Xanthic ferralsols, and are developed from various parent
materials such as micaschists, gneisses and granites [3].

In the field, two distinct areas of about 100 ha each,
dominated by Rhodic and Xanthic ferralsols, were sampled.
In each area, soil samples were randomly collected from the
upper 0 - 20 cm within 50 m x 50 m square plots and bulked
to obtain composite soil samples. The plots were established
following procedures described by Frontier Cambodia [15].
In all, thirty eight composite samples of Xanthic ferralsols
and sixteen composite samples of Rhodic ferralsol were
collected.

2.2. Laboratory Analysis

Soil samples from the field were air-dried at room
temperature, crushed and sieved through a 2 mm sieve. The <
2 mm soil fraction was analyzed for both physical and
chemical properties. Particle size analysis was done
following the hydrometer method [16]. Soil pH was
determined electrometrically with a 1:2.5 soil:H,O and 1:2.5
soil:KCl ratio, using distilled deionised water and 1N KCl
solution, respectively. Organic carbon (OC) was determined
by the Walkley and Black wet combustion method as
described by Pauwels et al, [17]. Soil organic matter (SOM)
was estimated from OC by multiplying OC by 1.742 [17].
Exchangeable bases (Ca®', Mg®*, Na’, K") were determined
following the Schollenberger’s method using a 1M
ammonium acetate solution buffered at pH 7. The
concentrations of Na' and K ions in the extract were
obtained by flame photometry, and those of Ca*" and Mg*"
were determined by complexometric titration using a 0.002
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M Na,-EDTA solution. Cation exchange capacity (CEC)
was determined as a direct continuation of the
Schollenberger’s method using a 1N KCl saturation solution.
Exchangeable acidity (A" + H") was determined using a IN
KClI solution for soil leaching following procedures outlined
by Dipak and Abhijit, [18]. Effective CEC (ECEC) and base
saturation (BS) were determined by the summation method
[17].

2.3. Statistical Analysis

Descriptive statistics (minimum and maximum values,
mean values, standard error of means, standard deviation,
and coefficient of variation) was performed on soil
properties. Coefficient of variation (CV %) was used to
examine the variability of soil properties and was calculated
using the formula;

CV%:%XIOO

Where;
SD = standard deviation

X = arithmetic mean of soil properties

Soil properties having CV % values < 15% were grouped
as least variable, those with CV % between 15 to 35% were
grouped as moderately variable and those with CV % > 35%
indicated high variability [19]. Principal Component
Analysis was performed to identify factors accounting for
the variation in soil properties. Differences in soil properties
of the two soil types were compared using student’s t-test.
Relationships among soil properties were investigated using
correlation and regression analyses. Soil parameters tested
and fitted to regression models were based on prior
established general relationships among variables as
described by Yerima et al, [12]. Plots of the dependent versus
independent variables were used to determine the fit of the
models [20]. A general linear model was used based on
visual observation of the shape of the relationship. Statistical
analysis was facilitated using Microsoft Excel 2007 and
SPSS (Version 19).

3. Results and Discussion

3.1. Physical and Chemical Properties of Soils

Descriptive statistics of soil properties are shown in
Tables 1 and 2. In general, soil properties deviated from
normality, as indicated by standard deviation values. There
was a significant difference in some soil properties of Rhodic
and Xanthic ferralsols, including OC, Mg**, exchangeable
acidity, CEC, ECEC, % clay and % sand (Table 3). All soils
were acidic in nature but Xanthic ferralsols were less acidic
compared to Rhodic ferralsols and this difference in soil pH
was concomitant to values of exchangeable acidity. Results
of correlation analysis indicated that there was a
non-significant negative correlation between soil pH and
exchangeable acidity for both soil types. However, many

studies have reported that soil pH and exchangeable acidity
have an inverse relationship, i.e. as soil pH reduces below 5.5,
exchangeable acidity increases [21]. At very low pH values
(pH < 5.0), Al in clay minerals becomes soluble and exists as
positively charged aluminum (AI’") or aluminum hydroxyl
cations (e.g., AI(OH)*’, AI(OH),"). These cations can
become adsorbed on negatively charged clay particles in a
similar way to base cations. The presence of these acidic
species in soil solution is the primary cause of P deficiency
through fixation processes, and Al toxicity for particular tree
species [22]. SOC was higher in Rhodic ferralsols compared
to Xanthic ferralsols, and this difference in SOM is one of the
factors accounting for the difference in their colours [2].
High SOM contents in soils are the result of slow
decomposition rates, following the accumulation of large
plant residue. The rate of organic matter decomposition
varies depending on the type of organic material and its
turnover [23]. Exchangeable bases (Ca”" and Mg*") were low
in all soils and these low values are generally associated with
advanced weathering stages and leaching of humid tropical
soils, influenced by high amounts of precipitation [2]. The
low amounts of exchangeable cations are in accord with
those reported in most soils of lowland humid tropical forests
[24], [25]. CEC and ECEC were significantly higher in
Rhodic ferralsols compared to Xanthic ferralsols. This was
certainly due to the higher amounts of SOM and
exchangeable cations. Rhodic ferralsols in this environment
have a higher nutrient status compared to the Xanthic
ferralsols, but could be toxic with respect to AI** content.
SOM can therefore be used as a soil fertility indicator within
humid tropical forests. BS was generally low in both soils (<
20%). It has been observed that highly weathered ferralsols
in the Amazonian forest generally have low base status and
this varies with weathering stages of the soils [22].

Table 1. Descriptive statistics of Xanthic ferralsols

Soil properties |\ | Max. | Mean (:SE) |Std. Dev. | CV %
(n=38)
pH-H,0 400 | 460 | 420£002 | 015 | 357
pHKCI 310 | 370 | 3.27+003 | 015 | 459
0C (%) 101 | 319 | 2084009 | 055 | 2644
OM (%) 174 | 550 | 3.59+0.15 | 094 | 26.18
Ca® (meq/100g) | 032 | 0.88 | 0.51+0.02 | 014 |27.45
Mg® (meg/100g) | 0.04 | 031 | 0.16+0.01 | 008 | 50.00
E(’I‘fl:('ﬁggi;;y 333 | 467 | 4024006 | 035 | 871
CEC (meg/100g) | 4.85 | 8.64 | 6.46+0.14 | 087 | 1347
ECEC (meq/100g) | 3.85 | 5.46 | 4704007 | 041 | 872
BS (%) 621 | 17.87 | 10.58+049 | 3.02 | 2854
Clay (%) 24,60 | 48.60 [37.07+1.09 | 669 | 18.05
Silt (%) 800 | 34.00 | 1684091 | 561 | 3331
Sand (%) 3340 | 5740 |46.08=1.17| 722 | 15.67

Std. Dev. = standard deviation, SE = standard error of means
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Table 2. Descriptive statistics of Rhodic ferralsols

Smiffll’g“es Min. | Max. | Mean (+SE) | Std. Dev.| CV %
pH-H,O 3.80 | 470 | 4.07£006 | 024 | 590
pH-KCI 3.10 | 370 | 333+004 | 017 | 511
0C (%) 196 | 387 | 293012 | 049 | 1672
OM (%) 338 | 667 | 506021 | 084 | 16.60

Ca® (meq/100g) | 0.40 | 0.80 | 0.58+0.03 | 0.14 |24.14

Mg* (meg/100g) | 0.04 | 0.56 | 026+0.04 | 0.16 |61.54
%’;ﬁ:ﬁgﬁg‘;y 528 | 625 | 5764007 | 028 | 4.86
CEC (meg/100g) | 7.12 | 8.67 | 7.80+0.12 | 048 | 6.15
ECEC (meg/100g) | 597 | 7.17 | 6.62+0.09 | 037 | 5.59
BS (%) 758 | 1589 [ 11.03+072| 2386 | 2593

Clay (%) 30.60 | 54.60 | 43.60=1.41| 566 | 12.98

Silt (%) 10.00 | 26.00 | 1838=1.07| 427 | 2323
Sand (%) 2040 | 45.40 [ 38.03+1.15| 460 | 12.10

Std. Dev. = standard deviation, SE = standard error of means

Table 3. Comparison of mean (+SE) soil properties of Xanthic and Rhodic
ferralsols

Soil Properties ;é:;};l:] f]: r};zfslc():l t-value | probability
pH-H,O 4.20+0.02 | 4.07+0.06 1.99 0.06
OC (%) 2.08+0.09 | 2.93+0.12 -5.38 <0.001*

Ca®" (meq/100g) | 0.51+0.02 | 0.58+0.03 | -1.77 0.083
Mg 0.16 £0.01 0.26 +0.04 -2.44 0.025*

(meq/100g) ' ' ' ' ' '

Fz)r(r(::q /1%18;; 402+0.06 | 576£0.07 | -1745 | <0.001*
(me((:]i((:)Og) 6.46+£0.14 7.79+£0.12 7.26 <0.001*
(mleg((;]lagOg) 4.7+0.07 6.62 +0.09 -16.29 <0.001*

BS (%) 10.58 +£0.49 | 11.03+2.71 -0.5 0.62
Clay (%) 37.07£1.09 | 43.6+£1.41 | -3.42 0.001*

Silt (%) 16.84+091 | 1838+1.0 -0.98 0.333
Sand (%) 46.08+1.17 | 38.03 £ 1.15 -3.90 0.001*

* Mean values are significantly different at p < 0.05; SE = Standard error of
means.

The percentage of clay was significantly higher in Rhodic
ferralsols compared to Xanthic ferralsols. There was also a
significant difference in % sand. Generally, soil texture plays
an important role in soil nutrient availability as it influences
the hydraulic properties of soil such as infiltration. Soil
texture is an important property to consider in tree growth,
since it influences root penetrability and physical stability
and anchorage. According to O’Neill et al, [21] soil texture,
alongside bulk density, are important parameters to consider
in monitoring the compaction of forest soils, and this has
significant implications for forest management. Additionally,
soil texture plays a key role in belowground C storage in
forest ecosystems and strongly influences nutrient
availability and retention, particularly in highly weathered
soils such as ferralsols [26].

3.2. Variability of Soil Properties

Coefficients of variation (CV %) indicated that for
Xanthic ferralsols, least variable soil properties (CV % <
15%) were soil pH, exchangeable acidity (A’ + H"), CEC
and ECEC. Moderately variable soil properties (15% <
CV % < 35%) were OC, BS, % sand, % silt and % clay.
Mg*" showed high variability (CV % > 35%). For Rhodic
ferralsols, least variable soil properties were pH,
exchangeable acidity, CEC, ECEC, % clay and % sand;
moderately variable properties were OC, Ca*", BS and % silt;
the most variable was Mg*". Comparatively, the results
indicate that % clay and % sand are less variable in Rhodic
ferralsols than in Xanthic ferralsols. In general, most soil
properties ranged from least to moderately variable, and
reflect the trend observed in most ferralsols due to the
heterogeneity in soil properties [27].

Knowledge of soil variability is important for the
evaluation of agricultural land management practices in the
context of precision agriculture [19]. In natural ecosystems
such as forests, soil variability is caused by soil forming
factors, i.e., climate, parent material, time, topography, and
vegetation [28]. Each of these factors may operate
independently or in combination with other factors and over
a wide range of spatial and/or temporal scales. Parent
material plays a key role in maintaining the spatial variability
of many physico-chemical properties [29]. The variability in
soil properties observed in this study could therefore be a
result of the heterogeneity in parent material in the study area
(micaschists, gneisses and granites). The CV % for soil pH in
both soils ranged from 3.57 to 5.9%. The pH values in our
study show less variation compared to those reported in the
Amazon rainforests, where CV % ranged from 6 to 8.5%
[27]. These small variations (< 15%) indicate that soil pH
can serve as a good indicator for soil quality monitoring in
forest soils. Soil pH provides a good indication of the
chemical status of the soil and can be used in part to
determine potential plant growth in forest milieu [30].
However, it has been observed that even slight variations in
soil pH could significantly affect nutrient availability and
uptake [24], thus, the necessity to monitor soil pH variations
in space and time.

In both soils, % sand, % silt and % clay were moderately
variable (12.1 — 23.23%) and the trend is lower than that
reported in a tropical forest of the Amazon, which was 32.5%
[27]. The difference in soil SOM between both soils and the
moderate variation in SOM (16.6 — 26.8%) could be a result
of differences in soil litter type and decomposition rates of
SOM. The variation could also be influenced by other soil
properties and environmental factors that control losses and
accumulation of organic matter, such as soil texture,
mineralogy and soil moisture [31, 19]. The observed
variation of SOM in this study is smaller, compared to that
reported in Brazilian ferralsols, which was about 60% [27].
The marked difference is probably due to the larger spatial
scale considered in their study (regional scale). According to
Wilding and Drees [32], SOM is one of the most variable soil
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properties, with a magnitude of variability that generally
increases with increasing scale factor from pedons (< 10%)
to polypedons (20-30%) to mapping units (30-70%).
Detailed appreciation of spatial and temporal variability of
soil properties usually necessitates the collection of
numerous soil samples and measurements need to be
repeated as conditions change or to determine if they are
changing. Knowledge on spatial variations in soil physical
and chemical properties has been used within humid tropical
forests to understand the spatial distribution patterns of
various tree species [24, 33]. Although our study presents
results obtained at local scale, information on the variation in
soil properties is very important in forest management, since
such variability at the local scale has been reported to
influence the abundance and distribution patterns of tree
species within tropical forests [34].

3.3. Relationship among Soil Properties

Results of correlation analysis for Xanthic and Rhodic

191

ferralsols are shown in Tables 4 and 5, respectively.
Correlation coefficients (r), linear regression equations and
coefficients of determinations (R?) are presented in Tables 6
and 7 for Xanthic and Rhodic ferralsols, respectively. In both
soil groups, some soil properties showed significant positive
and negative correlations between one another. It was
observed that physical and chemical properties correlated
among themselves, but correlations were more observed
between chemical properties. In Xanthic ferralsols, there was
a significant positive correlation between % clay and
exchangeable acidity, and between % sand and soil pH. In
both soils, physical properties that correlated between each
other were % clay and % silt. The correlation was more
negative for Rhodic ferralsols, probably due to the lower
CV % observed for % clay and % silt. The low silt content
and the negative relationship between % clay and % silt are
explained by the increased susceptibility to weathering of
primary minerals when their particle size is reduced [35].

Table 4. Correlation matrix of Xanthic ferralsols

pH-H:O |pH-KCI | OC (%) Cjiof)“gl)eq M;gf;é‘;eq E("nfzqf}gfg‘;y (meiﬁ%og Ec/’fgo(g“;eq BS (%)|Clay (%)| Silt (%) | Sand (%)

pH-H,O
pH-KCl 693"
0C (%) 253 .005

Ca** (meq/100g) 083 081 | -.004

Mg** (meq/100g) 094 058 042 466"

Eéﬁ:ﬁgi(;gy 285 | -224 | -004 | -.088 252

CEC (meq/100g) 058 042 | 263 123 183 409

ECEC (meq/100g) | -200 | -.155 | .003 362" 573" 883" 432"
BS (%) .089 086 | -.087 | .862" 652" -.148 -255 298
Clay (%) -268 | -014 | -133 | -.089 -110 406" -.023 299 -.105
Silt (%) -142 | -221 | 197 183 061 -.164 051 -.066 168 | -321°
Sand (%) 358" 185 | -.030 | -.060 055 -249 -.019 -226 | -.033 | -.677" | -.480"

* Correlations are significant at P < 0.05, ** Correlations are significant at P < 0.01
Table 5. Correlation matrix of Rhodic ferralsols
PH-HL,0 | pH-KC1| OC (%) C‘;‘ioggfq M/gf;égeq E(";:qﬁg‘gig‘;y (me(;ﬁf)og) Ec/‘iocofg“)‘eq BS (%) Clay (%) Silt (%) | Sand (%)

pH-H,O
pH-KCI 783"
0OC (%) 253 268

Ca®* (meq/100g) 6747 | 7407 | 270

Mg?" (meq/100g) 189 -039 | .101 349

E(’:lzd/’?gi(fgi;y 097 | -266 | -074 | -350 | 245

CEC (meq/100g) 603 481 120 5127 294 .089

ECEC (meq/100g) | .257 052 087 251 753" 750" 386
BS (%) 376 304 216 740" 852" -.070 272 590"
Clay (%) -360 | -333 | -.068 | -300 -208 189 -373 -056 | -.240
Silt (%) 392 227 | -.047 198 097 128 270 215 111 | -.601°
Sand (%) 080 199 | 127 186 166 -351 207 -.131 192 | -6717 | -.189

* Correlations are significant at P < 0.05, ** Correlations are significant at P < 0.01



192 Kome Georges Kogge et al.:

Statistical Relationships and Variability of Selected Properties

of Xanthic and Rhodic Ferralsols in a Humid Tropical Forest of Cameroon

Table 6. Regression equations and coefficients of determination for related soil parameters of Xanthic ferralsols

Related Soil Parameters

Regression equations and coefficients of determinations (R?)

CEC - Exch. Acidity

CEC = 1.001* Exch. Acidity +2.430 (R> = 0.167, p < 0.05)

ECEC - Ca™ ECEC = 1.039 * Ca®" +4.169 (R2= 0.130, p < 0.05)

Clay - Exch. Acidity % Clay = 7.676 *Exch. Acidity + 6.225 (R?=0.165, p < 0.05)
Clay — Silt % Silt =-0.268 * % Clay + 26.81 (R?=0.102)

Sand — pH-H,O % Sand = 16.86 * pH-H,O - 24.70 (R*=0.128 , p < 0.05)

BS, ECEC, Ca*", Mg*

BS=7.57 - 1.63 * ECEC + 15.84 * Ca® + 16.48* Mg*" (R>=0.85, p < 0.05)

Table 7. Regression equations and coefficients of determination for related soil parameters of Rhodic ferralsols

Related Soil Parameters

Regression equations and coefficients of determinations (R?)

CEC - pH-H,0 CEC = 1.211 * pH-H,0 + 2.866 (R = 0.364, p < 0.05)
CEC - Ca** CEC = 1.814 * Ca¥ + 6.742 (R2 = 0.262, p < 0.05)

BS - ECEC BS = 4.633 * ECEC - 19.65 (R*= 0.348, p< 0.05)
Clay — Silt Silt = -0.454 * % Clay + 38.17 (R? = 0.361, p < 0.05)

CEC, Ca* pH-H,0, %clay, %silt,
(R2=10.57,p <0.05)

CEC =5.96 + 0.6 * pH - H,0 — 0.01* % Clay — 0.04 * % Silt + 1.74* Ca*

Exch. Acidity, Mg*", ECEC, BS

Exch. Acidity =0.21 +0.08 * Mg> +0.97 * ECEC — 0.08 * BS (R>=0.96, p < 0.05)

Linear relationships between % clay and % silt had low R?
values (R? = 0,102 for Xanthic ferralsols and R2 = 0,361 for
Rhodic ferralsols). For all other linear relationships, R?
values were low (R? < 0.4). The low R? values coupled to the
small correlation coefficients (r =0.32 — 0.61) give evidence
of the heterogeneity of soil properties in both areas. However,
the smaller correlation coefficients of Xanthic ferralsols
(r=0.32-0.4, p <0.05) indicated that soil properties were
more heterogeneous than those of Rhodic ferralsols (r =0.51
— 0.60, p < 0.05). Because of this heterogeneity, soil
parameters cannot readily be estimated from one another
using simple linear relationships. Some studies have
observed that the analytical methods used for soil analysis
could significantly influence the relationship between two
soil parameters [12]. In this respect, quality control of soil
analytical data is necessary, whereby different analytical
methods should be used to check the reliability of methods
and quality of data obtained. Notwithstanding, multiple
linear regressions among related soil properties yielded high
coefficients of determinations (R* > 0.5) (Tables 6 and 7).
The results showed that in Xanthic ferralsols, Base saturation
can be estimated from ECEC, exchangeable Ca®" and
exchangeable Mg”" (R? = 0.85 p< 0.05), and in Rhodic
ferralsols, Exch. Acidity can conveniently be estimated from
exchangeable Mg”", ECEC and BS (R2 = 0.96; p< 0.05).

3.4. Sources of Variation in Soil Properties

Principal Component Analysis (PCA) yielded five
principal components (PC) for Xanthic ferralsols and four
principal components for Rhodic ferralsols. In Xanthic
ferralsols, the communalities for soil attributes indicated that
the five components explained more than 90% of the
variance in BS, ECEC, % Clay and % Sand; 70 — 80% of the
variance in pH-H,0, pH-KCI, Ca*", Mg®", Exch. Acidity,
CEC and % Silt; and less than 60% of the variance in OC

(Table 8). The five PCs could explain a total of 80.04% of
the variation in the area dominated by Xanthic ferralsols
(Table 9), with PC1, PC2, PC3, PC4 and PC5 contributing
20.16%, 16.06%, 15.04%, 14.96% and 13.29% respectively.
For Rhodic ferralsols, the communalities for soil attributes
showed that four components explained more than 90% of
the variance in Mg*" and ECEC; 60 - 80% of the variance in
pH-H,0, pH-KCl, Ca*", Exch Acidity, BS, % Clay, % Silt, %
Sand, and less than 50% of the variance in OC (Table 10).
The four components could explain a total of 79.42% of the
variation observed, with PCl, PC2, PC3, and PC4
contributing 23.26%, 21.08%, 18.87% and 16.23%
respectively (Table 11). The total variance of 80.04% for
Xanthic ferralsols against 79.42% for Rhodic ferralsols
provides more evidence for the heterogeneity of soil
properties in the area covered by Xanthic ferralsols.

For Xanthic ferralsols, PC1 had high and positive loadings
on Ca®" (0.86), Mg®" (0.81) and BS (0.98); and a moderate
positive loading on ECEC (0.59). Because of the high
loadings of PC1 on Ca*", Mg®"and BS, this component was
named the base status factor. PC2 was named Organic
matter/CEC factor because of the high and moderate positive
loadings on OC (0.57) and CEC (0.83). PC3 was named soil
acidity factor as it showed high positive loadings on pH-H,O
(0.88) and pH-KCl1 (0.89). PC4 was named soil texture factor
because of the high positive loadings on %clay (0.91) and
high negative loading on % sand (-0.89), and PC5 as
acidity/texture factor.

For Rhodic ferralsols, PC1 was rather named soil
acidity/texture factor because of the similarity in loadings
with PC5 of Xanthic ferralsols. PC2 was called base status
factor; PC3, organic matter factor and PC4, soil texture
factor. In both areas, the main factors accounting for
variation in soil properties are base status, soil acidity, soil
texture and soil organic matter. These factors serve as
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important key indicators of forest soil quality. For example,
SOM is considered as a key index of soil quality because of
its importance as a regulator of soil chemical, biological, and
physical properties [36].

Table 8. Rotated component matrix of principal components and
communalities (Xanthic ferralsols)

Soil properties Principal Components Communalities
1 2 3 4 5

pH-H,O 0.882 0.839
pH-KCl 0.899 0.822
oC 0.573 0.566
Ca*' 0.861 0.785
Mg** 0.813 0.737
Exch. Acidity 0.526 0.555 0.873
CEC 0.827 0.703
ECEC 0.591 0.946
BS 0.918 0.962
Clay 0.906 0.930
Silt -0.845 0.831
Sand -0.894 0.984

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
Coefficients with absolute values < 0.5 are suppressed.

Table 9. Variance explained by principal components (Xanthic ferralsols)

Rotation Sums of Squared Loadings
Component
Total Variance % Cumulative Variance %
1 2.690 20.691 20.691
2 2.088 16.064 36.755
3 1.955 15.036 51.790
4 1.945 14.960 66.751
5 1.727 13.288 80.039
Table 10. Rotated component matrix of principal components and
communalities (Rhodic ferralsols)
Soil properties Component Communalities
1 2 3 4
pH-H,0O 0.829 0.817
pH-KCl 0.734 0.823
ocC 0.675 0.466
Ca® 0.574 0.586 0.827
Mg* 0.940 0.926
Exch. Acidity 0.512 -0.662 0.817
CEC 0.684 0.560
ECEC 0.893 0.960
BS 0.750 0.879
Clay -0.594 -0.619 0.857
Silt 0.739 0.676
Sand 0.906 0.844

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
Coefficients with absolute values < 0.5 are suppressed.
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Table 11. Variance explained by principal components (Rhodic ferralsols)

Rotation Sums of Squared Loadings
Component
Total % of Variance Cumulative %
1 3.024 23.261 23.261
2 2.741 21.084 44.346
3 2.453 18.866 63.212
4 2.107 16.205 79.417

Forest ecosystems obtain most of their nutrients from the
decomposition of litter, branches, and other organic
materials near the soil surface. Additionally, SOM contains a
large number of exchange sites that increase the capacity of
the soil to adsorb these nutrients and prevent them from
leaching below the rooting zone [21, 36, 37]. Soil acidity (pH)
is a primary factor in determining the productivity of the soil
through its regulation of soil nutrient availability and
microbial activity. Maps of soil pH in relation to texture and
forest type provide baseline indices of the weathering status
and potential nutrient holding capacity of soils [21]. As
concerns the base status factor, concentrations of plant
nutrients (Ca, Mg, Al etc.) provide insight into questions
about stand productivity, growth, survival and mortality, and
even in the context of climate change and forest dynamics,
emphasis is laid on these soil characteristics for adaptive
management and sustainable production since soils act as
reliable predictors of forest health [38].

4. Conclusions

Xanthic and Rhodic ferralsols have characteristic
morphological properties (soil colour) which could easily
give an impression of homogeneity in soil properties at a
local scale. Our study showed that at the local level, soil
properties showed variability ranging from least variable to
highly variable (15% > CV % > 35%). The soils were
generally acidic, low in exchangeable bases and organic
matter, had high exchangeable acidity and low cation
exchange capacity. Between Rhodic and Xanthic ferralsols,
there were significant differences in some soil properties.
Although many soil properties showed significant
correlation between one another, correlation coefficients
were generally low (r < 0.5, p<0.05) and linear regression
equations yielded very low coefficients of determinations
(R2=0.32 - 0.61, p <0.05), indicating the consideration to
be given to detailed soil sampling and analysis for individual
soil units. Also, the relatively small number of sampling
points does not present a complete picture of the results
obtained. Thus, detailed soil maps are imperative for a better
understanding of soil properties and their spatial
distributions within forest milieu. Principal component
analysis (PCA) explained up to 80.0% of the variation in soil
properties of Xanthic ferralsols and about 79% of the
variation observed in Rhodic ferralsols. PCA provided some
key indicators of soil quality that should be considered in soil
management, which are: soil texture, soil acidity, base status
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and soil organic matter. We recommend the characterization
and mapping of soil properties at larger spatial scales,
including the use of different soil analytical techniques for
the sake of quality control of soil data. Detailed soil maps
will be of great use in site selection and reforestation of
particular tree species.
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