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Abstract: Miombo woodlands are extensive dry forest ecosystems in central and southern Africa
covering ~2.7 million km?. Despite their vast expanse and global importance for carbon storage, the
long-term carbon stocks and dynamics have been poorly researched. The objective of this paper is
to present and summarize the evidence gathered on above- and belowground (root and soil) carbon
stocks of miombo woodlands from the 1960s to mid-2018 through a review. We analyzed data to
answer: (1) What is the range of aboveground and belowground carbon stocks found in miombo
woodlands over the last six decades? (2) Are there differences in carbon stocks based on land-man-
agement categories? (3) Does precipitation influence aboveground carbon stocks in old-growth mi-
ombo? (4) Do differences in cover type, age and region influence carbon stocks? (5) How does pre-
vious land-use affect carbon stocks in re-growth miombo? A literature review protocol was used to
identify 56 publications from which quantitative data on aboveground and soil carbon pools were
extracted. We found that the mean aboveground carbon stock in old-growth miombo was
30.83+16.76 Mg C ha'! (range 1.48 —107.24 Mg ha!). Old-growth miombo had an average calculated
root carbon stock of 16.49+9.18 Mg C ha' (range 0.8—57.81 Mg ha™). Soil carbon stocks in old-
growth miombo varied widely, between 8.75 and 134.6 Mg C ha! while in re-growth miombo they
varied between 10.73 and 52.2 Mg C ha'. It must be noted these soil data are given only for infor-
mation; they inconsistently refer to varying soil depths and are thus difficult to interpret. The wide
range reported suggests a need for further studies, much more systematic in methods and reporting.
Other limitations of the dataset include the lack of systematic sampling and lack of data in some
countries, viz. Angola and Democratic Republic of the Congo.
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1. Introduction

Forests are important terrestrial ecosystems and act as carbon sinks with up to 2.4 +
0.4 Pg C yr' carbon sequestered globally over the last two decades [1]. Despite their nu-
merous benefits, trends in global forest cover show a rapid loss of forests due to land use
conversion and degradation. These trends have resulted in a loss of 11 gigatonnes (Gt) of
global carbon stocks over the past 25 years alone [2]. While the changes occurring in car-
bon stocks of tropical moist forests are well documented, the changes occurring in the
carbon stocks of tropical dry forests, such as the African miombo woodlands, remain
poorly quantified and understood. In an attempt to address this gap, this review synthe-
sizes the current data available on above and below-ground carbon stocks in the miombo
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woodlands to inform the development of appropriate policies to better manage these val- 45
uable, but diminishing, ecosystems. 46

Miombo woodlands are seasonal tropical dry forests found in parts of south and cen- 47
tral Africa and extending over Angola, Zimbabwe, Malawi, Mozambique, Tanzania, Zam- 48
bia and the Democratic Republic of Congo [3]. They are the most extensive dry forest 49
woodlands in all of Africa, covering over 2.7 million km? [4]. These woodlands are recog- 50
nized as an ecoregion (a large area of land or water having characteristic species and en- 51

vironmental conditions that is biologically different from other regions) [5]. Miombo 52
woodlands are the largest of 21 ecoregions in sub-Saharan Africa and part of the WWF’s 53
(World Wildlife Fund) Global 200 most important ecoregions [5]. The landscape of these 54
woodlands is dominated by trees of the genera Brachystegia, Julbernardia and/or Isober- 55
linia all belonging to the legume family Fabaceae (subfamily Caesalpinioideae) [4]. 56

Miombo woodlands are often distinguished into two main cover types: old-growth 57
and re-growth. Old-growth woodlands (OG) are relatively mature woodlands with little 58
indication that these were intensively used or logged. Re-growth woodlands (RG) referto 59

naturally regenerating woodlands following the clearing of mature woodlands for agri- 60
culture or other purposes. As the woodlands have supported humans for centuries 61
through the use of fire, timber for charcoal production, and land for cultivation the re- 62

growth category is especially relevant [6]. Since the Caesalpinoid species do not die out 63
after clearing and regenerate easily from existing root systems [5] it is common to find 64
these woodlands in various stages of regrowth. If appropriately managed, these re-growth 65
woodlands can contribute to carbon sequestration [5]. 66

Rainfall, and its effect on vegetation growth, varies significantly in the eco-region. 67
This is why the woodlands are often characterized as either dry or wet [7] based on the 68
mean annual precipitation (MAP). Dry miombo refers to areas receiving less than 1000 69

mm rainfall annually with Brachystegia spiciformis, B. boehmii and Julbernardia globi- 70
flora as the dominant tree species, while wet miombo areas receive more than 1000 mm 71
rainfall per year with a comparatively richer floristic composition of Brachystegia flori- 72
bunda, B. glaberrima, B. longifolia, B. wangermeeana, Julbernardia paniculata, Isoberlinia 73
angolensis and Marquesia macroura [4]. Elevation and MAP range also vary in the region: 74
study sites reported an elevation range of 316-2080m above sea level and a MAP range of 75
629-1600mm. 76

Many areas of the miombo are protected for conservation purposes which fall under 77
a broad range of management practices for protected areas. OG are classified according 78
to their legal protection status following IUCN conservation categories of national parks 79
(NP), forest reserves (FR) and game management areas (GMA). When no protected status 80
is reported they are considered as open areas (OA). Accordingly, different types of mi- 81
ombo habitats are covered in the present review, e.g., Katani et al. [8] estimated biomass 82

at upland and lowland miombo sites; while Guedes [9] looked at carbon storage in moun- 83
tain miombo, a type of miombo forest found at high altitudes (1100-1700m above sea level. 84
The objective of this paper is to present and summarize the evidence gathered on above- 85
and belowground carbon stocks of miombo woodlands from the 1960s to mid-2018. Tobe 86
included in the review, studies had to show two main criteria (and further explained be- 87

low): first, that the study site(s) were in miombo woodlands through the presence of tree 88
species of the genera Brachystegia, Julbernardia and Isoberlinia; and second, the study 89
had to present quantitative data for aboveground and/or belowground (soil) pools. With 90

these data, we discuss the following questions: 91
1.  What is the range of aboveground and belowground carbon stocks found in miombo 92
woodlands over the last six decades? 93
2. Are there differences in carbon stocks based on land management categories? 94
Does precipitation influence aboveground carbon stock in old-growth miombo? 95
4. Do differences in cover type (old-growth and re-growth), age of woodland and re- 96
gion influence carbon stocks? 97

5. Does previous land-use effect carbon stocks in re-growth miombo? 98
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2. Materials and Methods 99
2.1. Literature review and data extraction 100

The aim of this paper was to review evidence on the above- and belowground carbon 101
stocks of miombo woodlands spanning six decades (1960s to mid-2018). Literature was 102

reviewed for the period 2016 to mid-2018 following the systematic review protocol by 103
c
2 Records identified through
3 databasesearch and
EE simultaneoustitle screening \ Duplicate records removed
ﬂ (n =109) (n=28)
Abstract screening
&0 (n=101) \ Records excluded
= (n=39)
I
@
Full-text screening
(n=62) [~ Records excluded
(n=30)
|
=
= Critical appraisal criteria
:-EU applied ~— Records excluded
o (n=32) (n=15)
|
3
= Studies included in quantitative synthesis
© (n=17)
£
Figure 1. Systematic review process. Graph adapted from [11]. 104
Syampungani et al. [10]. While this study follows a previous systematic review pro- 105
tocol and systematic review methods informed by CIFOR’s Evidence-Based Forestry = 106
(EBF) initiative [11,12] we emphasize that the present paper is not a “pure’ systematicre- 107

view. That is, the intention of this paper is to provide a summarized assessment of carbon 108
data for miombo based on the available literature, screened to the best of our knowledge, 109
but falling short of the standard set by EBF (and other systematic review) criteria. Ina 110

“pure” systematic review, the references are gathered through a pre-defined search strat- 111
egy including the time-period [13]. For our paper, we defined the time-period to 2016 to 112
mid-2018. During full-text screening, we found references in the selected studies from be- 113
fore 2016. Here we deviate from the confines of a strict review and added these ‘addi- 114
tional” references to the annotated bibliography following the same protocol described 115
above. 116

After the full text screening (Figure 1), critical appraisal criteria [10] were applied 117
which included study length and duration, relevance of the study area/population (e.g. 118

presence of relevant woodland species), exposures, (e.g. activities which affect above- 119
and/or belowground carbon stocks such as wood extraction for fuel and charcoal) com- 120
parators (e.g. control plots included in study design or before-and-after intervention com- 121

parison of study sites) and outcomes (e.g. quantitative data on above and below ground 122
carbon). Questions were also asked regarding the replicability of methods, the clarity and 123
replicability of the analysis, and if the results were logically derived and confounding fac- 124
tors were considered. Additional context-based social and site information were also rec- 125
orded (such as historical information of study area, ecological context, political context, 126
site characteristics such as climate, soil, seasonality and site vegetation) to further appraise =~ 127
studies. Only those studies with an appraisal rating of medium or high were included, = 128
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while those which were rated low or very low were excluded.2 After critical appraisal, 17 129
papers were selected and data on wood biomass, carbon stocks and soil carbon stocks 130
were extracted into an Excel file (Table S1, Table S2). Other information such as country 131
of study, location, age of study sites, year(s) during which data was collected, geograph- 132
ical coordinates, elevation, mean annual precipitation and miombo type were included in 133
the database. In addition, bibliographic information such as author, year of publication, 134
reference and study type were recorded. Data from the 17 studies were collated with data 135
from 39 quantitative studies from the recently published systematic map by Gumboetal. 136
[14] for this review. It must be noted that a few references from [14] were excluded due to 137
unverifiable data. The final dataset contains a total of 56 quantitative studies of the best ~ 138
available evidence on the above- and belowground carbon stocks of miombo woodlands. 139
Thus, while the systematic map [14] also informs values for above-ground carbon in old- 140
growth miombo woodland, the present study is based on a revised and completed dataset 141
and provides a more in-depth analysis which includes estimates for regrowth miombo 142
and belowground C pools. 143

By providing a summary of published carbon data as they are currently available, we 144
hope to prompt further, more systematic research into questions regarding the study and 145
documentation of land use, management, and carbon stocks in the miombo woodlands. 146
We also hope this review provides a better basis for calculating forest reference levels for =~ 147
climate research and national climate reporting in sub-Saharan Africa and for institutions 148
such as the UNFCCC (United Nations Framework Convention on Climate Change). 149

2.2. Aboveground and belowground carbon stocks 150

Data on woody biomass and carbon stocks were recorded into a database. Whenonly 151
basal area estimates were provided they were converted to biomass using the equation =~ 152
from [15]: 153

Aboveground wood biomass,y = 0.702 * BA,, — 281.484, 1)

where y is kg hal, BAohis basal area at breast height (1.3 m aboveground ground) in cm2. 154
Basal area data measured at stump height (between 15 and 30cm above ground) were 155

converted to its equivalent at breast height following the equation from [16]: 156
Basal area =-0.0019 + 0.71 = stump height basal area, (2)
Biomass data calculated from equation (1) were then converted into Mg ha' by mul- 157

tiplying with 0.001. A carbon conversion factor of 0.47 [17] was used to estimate carbon 158
stocks. Root biomass (RB) was estimated using the root:shoot ratios 0.54 and 0.77 for old- 159

growth and re-growth woodland, respectively [15], and subsequently converted into car- 160
bon stocks. 161
2.3. Soil carbon stocks 162

In the assessed literature, soil data were estimated at various depths ranging from 2.5 163
cm to 150 cm belowground and often presented as stratified by soil layers or horizon. 164
However, some studies provided information only on pooled SOC stocks, i.e., for theen- 165

tire sampling depth considered in the study design rather than stratified by layers [9,18]. 166
For these studies, only the total SOC stocks were recorded in the database. It is important 167
to note that not all studies have published error/variation estimates. In addition, there is 168
also a problem of consistency where some studies use standard deviation or standard er- 169
ror of the mean while others use variance estimates. Data on sampling depth and soil 170

2 For the appraisal rating, each study was given a score of 1 = yes, 0.5 = unclear and 0 = no for each criterion described above.
The values in each row were summed up to obtain an overall rating for each study in the list. The overall rating was categorised as
13-14 = high, 9 - 12.5 = medium, 6 - 8.5 = low and 0 - 5.5 = very low. All studies with low and very low rating were excluded (See
TABLE S1 - Study validity, included in the supplementary material).
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organic carbon (SOC) stocks were extracted from the selected literature. For estimating 171
SOC stocks (Mg C ha) from SOC% the equation by [19] was used: 172
SOC = SOC% * BD * SD, )

where SOC%, soil organic carbon; BD, bulk density, g cm™3; SD, soil depth, cm. Not all stud- 173
ies reported bulk density (BD) values. For miombo woodlands, soil bulk density (to a 174
depth of 20 cm) is found in the range of 1.2 to 1.4 g cm? [20,21] and an average value of 175

1.3 g cm™ was used for estimating SOC stocks whenever BD values were not reported. 176

When only soil organic matter (SOM)% data were reported [22] they were converted to 177

SOC% using the equation from [23]: 178
SOC% = SOM% x 0.50, @)

where SOM%), soil organic matter. 179

2.4. Statistical analysis 180

A preliminary analysis on the distribution of the aboveground carbon (AGC) stocks 181
for OG (n = 168) and RG (n = 114) using the Shapiro-Wilk normality test showed that the =~ 182
data do not conform to a normal distribution (OG: p = 0.940 and RG: p = 0.873) but are ~ 183
positively skewed at 0.05 significance level. Non-parametric tests Mann-Whitney (M-W) 184
and Kruskal-Wallis (K-W) ANOVA were used to test for significant differences between = 185
AGC groups based on factors such as conservation status, precipitation, cover type, age 186
of miombo, region and previous land-use. When results were significant at the 0.05 level, 187

pairwise comparisons of each pair of groups were done using the M-W test with Bonfer- 188
roni correction to test which pairs of groups were significantly different to each other. All 189
descriptive and comparative statistics were computed using Origin Pro v. 2018b. 190
2.4.1. Conservation status and cover type 191

Old-growth miombo sites were classified according to their legal protection status 192
following the IUCN conservation categories of national parks (NP) (n = 8), forest reserves =~ 193
(FR) (n = 97), game management areas (GMA) (n = 1) and when no protected status was 194
reported it was considered as open area (OA) (n=62). The OG AGC data was grouped by 195
conservation status and the K-W ANOVA was used to verify if these categories vary with 196
respect to AGC. 197

The AGC data covers both old-growth (n =168) and re-growth (n = 114) cover types. ~ 198
M-W test was used to verify if the two groups vary with respect to AGC. Age of RGwas 199

recorded when available in the study; usually no age was reported for OG. 200
2.4.2. Precipitation gradient and age 201
The M-W test was used to determine whether there were significant differences be- 202

tween OG AGC stocks of wet (n=29) and dry (n=133) miombo woodlands. Not all papers 203
in the review provided MAP information of the study sites, hence the sample size was 204
smaller than the total sample size for OG AGC. OG AGC stocks were grouped into five 205
precipitation categories (550 — 800 mm, n = 6; 800 — 1000 mm, n = 28; 1000 — 1200 mm, n = 206
7,1200 — 1400 mm, n = 2; and 1400 — 1600 mm, n = 2) to represent a precipitation gradient. =~ 207
Some studies reported MAP information as a broad range and the corresponding AGC 208
stocks for these were excluded from this part of the analysis. To test for significant differ- 209
ences between the precipitation categories a K-W ANOVA was used. 210

The AGC stocks were grouped into six age categories (0-5, n=15; 6-10, n = 23; 11-20, 211
n = 33; 21-30, n = 20; 30-50, n =11 and >50 years, n = 172). All plot-level RG C stocks were 212

categorized into age classes and all OG data were grouped in the >50 years age class. Dif- 213
ferences in C stocks for each age category in the aboveground pool were estimated using 214
the K-W test. 215

216
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2.4.3. Previous land-use 217

Two land-use types prior to abandonment and following natural regeneration in RG 218
are ‘agriculture” and ‘woodlands cleared for other purposes’. The agricultural fallows are 219
categorized as ‘Postcult’ (n = 54) and RG on previously cleared land as ‘Postclear’ (n = 54). 220
To test for significant differences between these two groups the M-W test was used. 221

2.4.4. Parameters influencing aboveground carbon stocks 222

To investigate the influence of age (age), precipitation (prec), cover type and miombo 223
type on AGC (carb), a multiple linear model was fitted with different combinations of the ~ 224
aforementioned covariates. Model selection was done using Akaike’s information crite- 225
rion (AIC). Only covariates with a significant influence on AGC were kept in the model. 226
The models were checked by inspecting the residuals and as previous models violated the =~ 227
assumption of a constant variance, we refit the models using a variance function to model =~ 228

the variance. The models were fit using generalized least squares with R Statistical Soft- 229
ware version 3.5.1 [24] and the package ‘nlme’ version 3.1-137 [25]. 230
3. Results 231
3.1. Literature review 232

The countries covered in the literature sweep were Malawi, Mozambique, Tanzania, 233
Zambia and Zimbabwe. Data were not found for Angola and the Democratic Republicof =~ 234
Congo. 235

Most studies in the dataset were from Tanzania (36%), followed by Zambia (28%) 236
and Zimbabwe (17%) (Figure 2a). The quantitative studies included are from 1966 to mid- 237
2018 with the majority (67%) published in the 2010s (Figure 2b). A total of 284 observations 238
for AGC stocks were recorded into the database with 168, 114 and 2 observations for the 239

cover types old-growth, re-growth, and cropland, respectively. 240
Zimbabwe [N 17% 1960 W 2%
1970 N 2%

Zambia [N 28%

1980 N 11%

Tanzania [N 36%
1990 W 9%

Mozambique [ 12%
2000 N 11%

Malawi [ 7% 2010 I 7%
0% 10% 20% 30% 40% 50% 0% 20% 40% 60% 80%
(a) (b)
241
Figure 2. Distribution of selected studies by (a) country and (b) publication year. 242
3.2. Old-growth above- and belowground carbon stocks 243
Data were mainly reported as basal area (m? ha'), biomass (Mg ha), and above- 244
ground carbon stocks (Mg C ha). Old-growth miombo showed a large variation in the = 245
aboveground carbon stocks (Table 1). 246

247
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Table 1. Summary statistics for old-growth miombo. 248

Summary statistics
n Mean SD Min Median Max

Aboveground carbon 168 30.83 16.76 1.48 29.45 107.24
Root carbon 168 16.49 9.18 0.80 15.37 57.91
n, sample size; SD, standard deviation. 249
3.2.1. Case study: Biomass increments in old-growth miombo in Morogoro, Tanzania 250

Several studies in the database provide longitudinal data on old-growth miombo 251
woodlands from the Kitulangalo Forest Reserve in the Morogoro region of Tanzania. In 252
1985, the area was established as a reserve with restrictions on wood harvest which in 253
1995 was completely protected from any extractive activities [26]. Eight permanent sam- 254
pling plots were established and measured for biomass density in 1977 by Kielland-Lund 255
[27]. Another study repeated the biomass measurements at the same sites over a period of 256
15 years [28]. These observations are cited in [26]. Note the case study is in biomass units, 257
not carbon. 258

When we look at the 15-year period, the plots 1, 3, 5, 4 and 2 showed relative linear 259
above-ground increments of between 2.1 and 2.9 Mg ha", while the three remaining plots 260
showed stagnant or declining biomass (-0.7 to 0.1 Mg ha) (Figure 3). The plots 1, 3,5,4 261
and 2 (following their ranking in Figure 3) which showed increments in biomass at the =~ 262
end of the period, had higher biomass levels in 1977 (39-90 Mg ha'). In comparison, plots 263
6, 8 and 7 started-out with lower biomass levels (22-46 Mg ha') and the levels remained 264
stagnant or even declined at the end of the 15-year period. This case study illustrates (1) 265
that even in miombo sites in the same area biomass can vary widely, and growth rates 266

140

Plot 1

120 4
Plot 3

Plot 5

160 Plot 4

80 4 Plot 2

Mg ha-1

60

40 - il w
= ' Plot 7

20 A

T
1975 1980 1985 1990 1995

Years

Figure 1| Variation in old-growth biomass as measured in eight sites in
Kitulango Forest Reserve, Tanzania over a period of 15 years. Source: own
graph based on data in [27]

vary widely, too; and (2) that the growth rates depend on the initial biomass and may 267
reflect different site-specific conditions. 268

3.2.2. Soil carbon stocks 269

The SOC stocks of old-growth miombo were reported at varying sapling depths (Ta- 270
ble 2). Soil carbon data in re-growth miombo were reported from ages 1 to 30 years since 271
abandonment of the previous land use, i.e., either as fallow land following cultivation or 272
following clearing for other purposes (Table 3) with a minimum of 10.73 Mg Cha'anda 273
maximum of 52.2 Mg C ha-l. Three of the studies reported soil C data in agricultural fields 274


https://doi.org/10.20944/preprints202103.0029.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 March 2021 d0i:10.20944/preprints202103.0029.v1

after clearing of miombo woodlands for conversion into cropland [22,29,30], at varying 275
depths. These ranged between 11.51 Mg C ha! and 49.73 Mg C ha! (Table 4). These sites 276

were continuously cultivated across a varying number of years ranging from 0 to 30 years. 277
Table 2. Soil organic carbon stocks for old-growth miombo woodlands [9,18,22,29-41.] 278
Depth Soil C Depth Soil C Depth Soil C Depth Soil C Depth Soil C Depth Soil C
cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha
0-5 8.75 0-15 28.47 0-16 19.40 0-20 54.10 0-25 25.00 0-30 14.51
0-5 12.10 0-15 45.63 0-20 30.90 0-30 14.33
0-15 16.19 0-20 36.50 0-30 13.70
0-15 15.41 0-20 21.06 0-30 14.66
0-15 14.63 0-20 21.32 0-30 34.52
0-15 18.35 0-20 47.32 0-30 46.80
0-20 28.90 0-30 27.11
0-30 28.08
0-30 20.20
0-30 40.10
0-30 29.25
0-30 43.88
Depth Soil C Depth Soil C Depth Soil C Depth Soil C Depth Soil C Depth Soil C
cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha cm Mg/ha
0-35 55.70 0-40 45.30 0-45 45.60 0-50 87.00 0-60 134.60 0-100 72.47
0-50 76.30 0-60 33.90 0-150 82.52
0-50 34.90 0-60 80.10
0-60 71.80
Table 3. Soil organic carbon stocks in re-growth miombo woodlands as various stages of recovery ranging from 1 to 30 279
years since abandonment [21,22,30,42,43.] 280
Depth Age Soil C Depth Age Soil C Depth Age Soil C Depth Age Soil C
cm yr Mg/ha cm yr Mg/ha cm yr Mg/ha cm yr Mg/ha
0-15 1 20.38 0-20 16 32.76 0-30 1 24.18 0-150 M 52.2
0-15 1 20.30 0-20 16 26.26 0-30 1 42.32
0-15 1 19.70 0-30 2 13.85
0-15 1 14.70 0-30 2 18.72
0-15 1 13.00 0-30 5 23.99
0-15 2 20.87 0-30 5 35.10
0-15 2 19.17 0-30 6 25.55
0-15 2 21.26 0-30 6 10.73
0-15 2 1591 0-30 7 19.50
0-15 2 13.82 0-30 13 24.77
0-15 3 21.22 0-30 19 29.45
0-15 3 20.21 0-30 20 34.32
0-15 4 19.85 0-30 25 24.57
0-15 20 20.50 0-30 1-30 45.20
0-15 20 22.50
M, data not reported. 281

There is a need to emphasize, however, the limitations to interpreting these data due 282
to the variation in the soil depths. Other factors such as variation in the edaphic and cli- 283
matic conditions, or differences in spatial and temporal dimensions of the data further = 284
contribute to the limitations. Although soil C stocks in re-growth are reported at varying = 285
ages of natural regeneration, the high variability in the data (Table 3) and the fact that 286

these are reported at differing depths prevents further analyses such as looking at varia- 287
tion in soil C with age and/or exploring time trends. Similarly, it is difficult to interpret ~ 288
the soil C data in re-growth miombo woodlands, due to these differences and the chang- 289
ing but mostly unknown site histories. 290

291
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Table 4. Soil carbon stocks in cropland following clearing of miombo woodlands [22,29,30.]

Depth,cm  Age, yr Soil C, Mg C/ha Depth,cm  Age, yr Soil C, Mg C/ha Depth,cm  Age, yr Soil C, Mg C/ha
0-15 M 45.05 0-30 0 11.51 0-150 1-30 48.35
0-30 1 49.73
0-30 3 23.79
0-30 4 32.18
0-30 5 20.48
0-30 5 24.77
0-30 7 15.80
0-30 8 30.03
0-30 12 11.70
0-30 14 13.26

M, data not reported.

3.4. Conservation status and cover type

Results show that AGC in open areas (OA) ranged from 1.48 Mg hato 75.42 Mg ha-
1, in forest reserves (FR) from 7.47 Mg ha to 107.25 Mg ha”, and in national parks (NP)
from 5.91 Mg ha' to 46.48 Mg hal. There was only one reported observation for the game
management area (GMA) of 23.88 Mg hal. There were no significant differences in carbon
storage between conservation categories of old-growth miombo sites (K-W ANOVA: p =
5.8511).

Aboveground carbon stock in old-growth miombo ranged from 1.48 to 107.25 Mg ha-
Tand in re-growth miombo from 0.09 to 77.07 Mg ha. Significant differences in AGC were
observed between these two cover types (M-W: p = 5.8481).

3.5. Precipitation and age

Wet miombo had a minimum AGC stock of 10.6 Mg ha' and a maximum of 75.42 Mg
ha with a median value of 38.03 Mg hal. The corresponding values for dry miombo are
1.48 Mg ha, 107.25 Mg ha'! and 23.88 Mg ha", respectively. AGC stocks differed signifi-
cantly between the two rainfall categories (M-W: p =7.80E-08). Differences in carbon stor-
age across a precipitation gradient were calculated using plot-level data from the review
(K-W ANOVA: p = 0.005) and found to be significantly different at the 0.05 level. Using
the M-W test with a Bonferroni correction (p < 0.01) revealed that there were significant
differences between the precipitation categories 550-800 mm and 1000-1200 mm (p =
0.008), and between 800-1000 mm and 1000-1200 mm (p = 0.001).

Carbon storage also differed significantly across different age classes (K-W ANOVA:
p =8.19E-15). Pairwise comparisons between the age classes based on the M-W test along
with a Bonferroni correction revealed that groups differed significantly to each other ex-
cept for the groups 0 — 5 and 6 — 10 years and 6 — 10 and 21 — 30 and 11 — 20 and 21 - 30
and 30 — 50 and >50.

3.6. Previous land-use

The AGC range was higher for the ‘Postclear’ category of re-growth category ranging
between 3.17 Mg ha'! and 77.07 Mg ha-! than in ‘Postcult’ category ranging between 0.09
Mg ha' and 61.70 Mg hal. AGC storage was significantly different between these two
groups (M-W: p =2.417). In general, the AGC stocks increased with age of re-growth fal-
low (Figure 4).
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Figure 4. Distribution of aboveground carbon stocks in re-growth miombo by age. 326
3.7. Paramters influencing aboveground carbon stocks 327

The AGC data of both old-growth and re-growth miombo were used to fit a multiple ~ 328
linear model with different combinations of covariates. The final model selected has age 329
and precipitation as predictors (Table 5). The other covariates cover type (old-growthand 330

re-growth) and miombo type (wet and dry) did not show a significant influence on car- 331
bon. The model shows that aboveground carbon increases with age and precipitation (Fig- 332
ure 5). 333
Table 5. Multiple linear model parameters. 334
Effect on aboveground carbon stocks
Estimate SE p-value

Intercept -15.634545 2.8278490 <0.01

Age 0.690509 0.0497392 <0.01

Precipitation 0.018066 0.0033369 <0.01
SE, standard error. 335
4. Discussion 336

This review demonstrates the little evidence available for the biomass and carbon 337
stocks in above- and belowground pools for the miombo ecoregion in earlier decades. It ~ 338
is only in recent years (from the 2010s onwards) that the evidence base has considerably =~ 339
expanded, accounting for nearly 70% of the studies in this review. The regional coverage = 340
has however not changed and is restricted to the countries of Malawi, Mozambique, Tan- 341
zania, Zambia and Zimbabwe. There is still a lack of evidence on biomass and carbon 342
stocks from other key miombo regions such as Angola and the Democratic Republic of 343
Congo. 344
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Figure 5. Effect of precipitation and age on aboveground carbon stocks in miombo woodlands. 346

Data for AGC in dry miombo had a much higher maximum (107.25 Mg ha) thanin = 347
wet miombo (75.42 Mg C ha'). Excluding this value, which is probably an outlier, shows 348
that wet miombo has a higher range of carbon stocks than dry miombo, with ranges 10.6 349
—75.42 Mgha'and 1.48 —61.62 Mg ha", respectively, and a clear difference in the medians, 350
with 38.03 Mg ha! for wet miombo vs. 23.88 Mg ha for dry miombo. While wet miombo 351
has a higher AGC range, the values are comparable which suggest that in addition to 352

rainfall there are other factors, such as species composition and variable growth condi- 353
tions [44] , which could also influence carbon storage. 354
Soil C presents a lesser studied but important carbon pool in the miombo ecoregion. ~ 355

Studies show that the SOC stocks in miombo forests account for significant amounts of 356
total C stored in the ecosystem, storing up to 50 — 80% of total C [9,30]. The ranges for re- 357
growth and cropland SOC stocks indicate that the two datasets cover a similar range of 358
underlying variability. This could be explained by the similar age range that the data 359
cover, i.e., between 0 — 30 years, and most of the data in the re-growth cover type fallunder 360
the post-cultivation category. Hence, prior to abandonment most re-growth areas were 361
cultivated. Thus, the similarity in variability of SOC stocks of the two cover types may be 362

attributed the similar land-use management histories. The minimum SOC stock in old- 363
growth miombo also falls under a similar range as re-growth and cropland, but old- 364
growth miombo stores up to 2.5 times more C on the upper end of the scale. 365

Miombo woodlands across the region are found in various stages of disturbance from 366
human activities, such as, e.g., selective wood harvesting for charcoal production, leading 367
to changes in wood species structure and diversity. Often, these extractive activities mod- 368
ify the ecosystem to an extent that makes it vulnerable for further degradation. Selective =~ 369
removal of fire-resistant woody species leads to a higher vulnerability of the ecosystem 370
towards fire (which is a naturally occurring event in this region), with consequences for ~ 371
the entire system, e.g., transformation to grassland. Muposhi et al. [45] studied the effects 372
of anthropogenic disturbances on the edges of protected areas along a disturbance gradi- 373
ent with increasing distance from the edge of the park boundary to inside to the park. 374
They found that these disturbances significantly affected wood plant density and height, 375
which is likely to affect the carbon storage of these woodlands. Therefore, there is an ur- 376
gent need to manage these boundary areas which act as a buffer between communities 377
living outside these protected areas and the protected areas themselves. Introducing 378

buffer zones and extractive reserves to limit the encroachment and degradation of wood- 379
lands in these protected areas are some potential possibilities for woodland management. 380
4. Conclusion 381

Despite the ecological and social importance of miombo woodlands, the carbon 382
stocks of these ecosystems remain poorly assessed and documented which limits the 383
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scope of any analysis. The variability in aboveground carbon data reported points to stand
age and environmental effects but these factors are not consistently recorded across the
studies. Root carbon data are missing and could only be inferred from conversion factors,
which is not optimal. Soil carbon stocks cannot be reliably computed because different
studies sampled widely different soil depths, often pooling the data. Establishing perma-
nent sampling plots with systematic records of environmental parameters and disturb-
ance regimes and levels would be needed in order to assess the time trends in carbon
stocks in these woodlands. Moreover, future studies should include sites in the miombo
woodlands of Angola and the Democratic Republic of Congo, whose ecosystems and car-
bon dynamics are absent in the available literature.
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