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Abstract

In Africa, information on time required for plants to develop from seed to mean size and maxi-
mum size is scarce. There is also a lack of information regarding accurate relationships between
stem diameter, height and canopy dimensions. This type of information is however becoming a
real necessity to allow the accurate measurement of carbon stocks and carbon stocks change to
qualify for the UNFCCC’s REDD+ mechanism. We evaluated these parameters for 22 Sand Forest
and woodland tree species of South Africa’s Maputaland. Results indicated that it takes approxi-
mately 66 and 35 years for current dynamics of Sand Forests and woodlands to occur respectively.
Based on diameter and growth rates, larger trees of the forests can be older than 600 years, while
large woodland trees can reach ages of 900 years. Our evaluation of linear relationships between
stem diameter, height and canopy dimensions showed extremely robust results allowing the use
of stem diameter to calculate height and canopy dimensions. The results are of interest for carbon
related investigations and reconstructing stands dynamics.
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1. Introduction
In Maputaland, which has been classified a Biodiversity Hotspot and Centre of Plant Endemism, natural land-
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scape loss appears both within rural areas as well as in formally conserved areas. In rural areas woodlands are
cut down and replaced by fields, whilst in conserved areas Sand Forest and woodlands appear to be transforming
into grasslands due to the prevalent density of elephants Loxodonta africana, and other large herbivores (Gau-
gris & Van Rooyen, 2010a). As in other areas of the country, ecologists in Maputaland are concerned by the rate
of degradation of the natural landscape (Matthews et al., 2001; Matthews, 2006; Smith et al., 2006, 2008; Gau-
gris & Van Rooyen, 2011) and are looking for solutions on how to conserve it (Gaugris & Van Rooyen, 2010b).
Most of the recent work has concentrated on various forms of Community-Based Natural Resources Manage-
ment (CBNRM) with the utilisation of wild game featuring as the main driver (Smith et al., 2008). For effective,
long term conservation, innovative solutions that add value to the land are needed (Smith et al., 2008).

However, simply setting aside natural forested land, for the purpose of biodiversity conservation for example,
has become a potential revenue generator. With South Africa’s recent ratification of the agreement on the “Re-
duced Emissions from Degradation and Deforestation” (REDD+) at the United Nations Framework Convention
on Climate Change (UNFCCC) in December 2010 (UNFCCC, 2010), the conservation and sustainable use of
forested lands and the enhancement of forest carbon stocks have become three eligible activities for receiving
carbon credits and the associated monetary gain (Maniatis & Mollicone, 2010). As a consequence, it has become
crucial for all adhering countries to set up a reliable Measuring, Reporting and Verification system (MRV) as a
regulatory, compulsory framework for all aspects related to the international carbon trade under the UNFCCC,
including the accurate measurement and description of carbon stocks and carbon emission changes over time
(Maniatis & Mollicone, 2010). Two of the features of this MRV system are to provide: 1) accurate measure-
ments of live above ground biomass of trees/forest, and 2) how it changes over time (Maniatis & Mollicone,
2010). Biomass calculations need reliable diameter and height estimates in order to provide usable estimates
(Khatry Chhetry & Fowler, 1996; Jayaraman & Zakrzewski, 2001; Chave et al., 2005). However, no information
is available for either of these two parameters for the Maputaland area and calculations need to be done extrapo-
lating from their most comparable European/Asian/American/Central African counterpart species, for which the
data are available (Chave et al., 2005). This, of course, is not a truly satisfactory approach.

As a preliminary response to addressing the two points mentioned above, by using published growth rates
(Gaugris et al., 2008), we evaluated the time required for 22 trees species to grow to the mean and maximum
stem diameter sizes sampled by Gaugris and Van Rooyen (2010a) for the area, thereby giving an indication of
the growth time scale which is needed to determine carbon stock in future time. We further determine whether it
is possible to reliably use tree diameter as a predictor of height and canopy dimensions for these 22 Maputaland
central plain Sand Forest and woodland tree species.

2. Study Area

Three study sites are in close proximity to each other, were sampled within the central Maputaland coastal plain.
The vegetation consists of woodlands of various densities intermingled with Sand Forest patches (Gaugris &
\Van Rooyen, 2008). The region is subtropical, with hot, wet, and humid summers, cool and dry winters, and a
mean annual rainfall of 700 mm (Gaugris et al., 2008). The first site, Tembe Elephant Park (hereafter referred to
asTembe, S 27.007049/E 032.432965), was proclaimed in 1983 to protect the Sand Forest vegetation and con-
serve the region’s remaining wildlife. The park covers 30,000 ha and was fully fenced in 1989. The Tshanini
Community Conservation Area (2420 ha, 6 km south of Tembe—hereafter referred to as Tshanini, S 27.40511/E
032.373152), which is the second site, represents a section of tribal land set aside by the Mangakulane commu-
nity in 1992 as a conservation area. Tribal laws protect Tshanini since 1992 and little human utilisation occurs
within its boundaries since that date. The third site is the Mangakulane village land (ca. 2500 ha—hereafter re-
ferred to as Mangakulane, S 27.153267/E 032.442312) that lies east of Tshaniniand is comprised of the village
zone and the portion of land between the village and Tshanini. Tembe, Mangakulane and Tshanini are described
in full details in Gaugris and Van Rooyen (2010a).

Growth rates for the species analysed in the present study have been evaluated over a period of 7 years by
Gaugris et al. (2008), and a detailed climate data has been presented in this paper.

3. Methods
3.1. Data Collection

A total of 164, 42 and 48 sample plots were selected through a stratified random sampling approach in the Sand
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Forest and Woodland units of Tembe, Mangakulane and Tshanini respectively. The number of plots was adapted
to each of the study area sizes and time available for the study. Plot size varied in length and width depending on
the woody plantdensity (i.e. plants with an erect to scrambling growth form and with a ligneous trunk, thus in-
cluding lianas). In each plot all woody plants with a height of >0.4 m and a stem diameter of >1.0 cm were iden-
tified to the species level and measured. Those with smaller dimensions were only measured for the first half of
the plot area. Irrespective of size, the following measurements were taken for each woody plant:

e Stem diameter (D) measured above the basal swelling for most of the plants, and at 100 cm height above
ground for large trees. Depending on the size of the plant, Vernier callipers or measuring tape were used.

o Total height above ground; plants up to 6 m in height were measured directly with 2 m high, colour coded,
plastic rods that could be assembled to form a rod with the total height of 6 m. For taller trees the height was
estimated.

e Maximum extent of the canopy; expressed by the two values D1 and D2, whereby D1 measures the widest/
longest extent of the canopy, whilst D2 quantifies the maximum extension of the canopy in the perpendicular
direction to D1. This was done using the same plastic rods as above.

Further detail on the data collection can be viewed in Gaugris and Van Rooyen (2008) and Gaugris and Van

Rooyen (2011).

3.2. Data Analysis

The analysis was limited to a set of 22 woody species that are representative of woodlands, sand forest and
mixed affinity species of the study area and for which the growth rate over a 7-year period was available from a
previous study by the authors (Gaugris et al., 2008). Moreover, analysis was limited to the species for which a
minimum of 30 individual trees were measured by Gaugris and Van Rooyen (2010a).

The databases representing the sum of all plots surveyed for each of the relevant species were analysed. First,
the number of measured plant individuals and their maximum recorded values (stem diameter (D), tree height,
canopy diameters D1, D2) are presented along with the mean stem diameter (d) (with standard error) for each of
the species. Then, the number of years required for each of the species to grow from an emerging seed of null
dimensions to the calculated mean stem diameter and to the maximum recorded stem diameter was extrapolated
based on growth rate indications available for the species as provided in (Gaugris et al., 2008). For these two
computations, a constant growth rate from seed emergence to adult size was assumed, thus disregarding any
static phase that can occur at the seedling or sapling stage while waiting for suitable growth conditions. The
overall mean number of years required for Sand Forest and woodlands to grow to their mean and maximum
stem diameter dimensions were also established. This was done by calculating the respective mean of the 10
relevant species representative of both the Sand Forest and the woodland vegetation. Lastly, using normal loga-
rithm data transformations and linear regressions, the relationships between stem diameter and total plant height,
stem diameter and maximum canopy extent (D1), and stem diameter and perpendicular canopy extension or
crown depth (D2) was evaluated. For each relationship, the slope coefficient (a), R?, standard error, F and P val-
ues are provided. The software suite GraphPad PRISM 4 (http://www.graphpad.com) was used to perform all
calculations.

Gaugris and Van Rooyen (2011) used normal logarithm transformations of the type Ln (Value + 1) in order to
conduct regression analysis on stem density over a range of stem diameter size classes. The use of such trans-
formations was based on a review of recommendations expressed by Condit et al. (1998), Lykke (1998), and
Niklas et al. (2003) for that type of analysis. These transformations proved remarkably successful at explaining
the biological meaning of such regressions through a reliable representation of the data points scatter (high R?
values) and at providing a statistically significant answer (Gaugris & Van Rooyen, 2011). The further advantage
of linear regressions lies in the possibility of expressing a relationship through a simple and easily understood
equation. Thus, logarithmic transformations of the type In(Diameter + 1) and In(Height + 1), In(D1 + 1), In(D2 +
1) were used to standardize the data (Lykke, 1998; Niklas et al., 2003) before performing least square linear re-
gressions on the data. The value of + 1 was added because some canopy dimensions were sometimes nil (Lykke,
1998), especially for smaller plants. The linear regressions were performed using diameter as the independent
variable and height or canopy dimensions as dependent variables. Because a relationship between stem diameter
and height and canopy dimensions starts from the emergence of a seedling of size considered as nil in all these
dimensions, the regression was forced through origin and is expressed as Y = a(X) where Y is the dependent
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variable, “a” is the slope coefficient of the regression line, and X the independent variable.

4. Results

The overall mean number of years required for the Sand Forest to grow to its overall mean stem diameter and
maximum stem diameter dimensions were 66 years (mean = 65.93, SE = 18.58) and 335 years (mean = 335.17,
SE = 72.17) respectively. Similarly, for woodlands the overall number of growth years required were 35 years
(mean = 35.49, SE = 5.89) and 316 years (315.81, SE = 78.59) respectively. Results are expressed in Table 1
and Table 2. With regards to the executed regressions, the data were explained remarkably well by the relation-
ships. The coefficient of determination (R?) values were usually > 0.9 (95% of species), and all relationships

Table 1. Baseline information on the species investigated and extrapolated number of years required for the species to grow
to mean and maximum stem diameter dimensions recorded during surveys.

Longterm Number  Maximum dimensions recorded Extrapolated  Extrapolated

(7year) stem of Mean oo 0o number of  number of years

Species circumference individual Stem e Max. Max Stem error of ?g\i/rt;(t):)r)n:g;n ()tl(;)nfwc;:(?r?mh

growth rate trees  diameter (Tl canopy  canopy diameter - g : e "

(G) measured (D) " diameter diameter  (d) stem diameter” recorded size
(mm per year)  (n) (mm) (D1) (m) (D2) (m) (yr=dxmn/G) (yr=Dxm/G)
Sand Forest species
Brachylaena huillensis 2.04 159 450 9.0 8.0 6.5 30 0.42 46 693
Cleistanthus schlechteri 3.69 147 700 150 16.0 14.0 177 117 151 596
Drypetes arguta 2.18 626 250 9.0 6.0 5.0 37 0.14 54 360
Hymenocardia ulmoides 3.48 346 350 12.0 8.0 6.0 47 0.33 42 316
Manilkara discolor 3.48 42 700 12.0 10.0 10.0 209 2.55 189 632
Psydrax locuples 4.27 315 200 8.0 6.0 4.0 14 0.13 11 147
Psydrax obovata 4.88 112 250 8.0 8.0 6.0 70 0.56 45 161
Pteleopsis myrtifolia 12.20 168 400 13.0 15.0 10.0 117 0.78 30 103
Strychnos henningsii 3.16 77 250 8.0 6.0 6.0 79 0.73 78 248
Vepris lanceolata 8.15 493 250 10.0 9.0 8.0 36 0.22 14 96
Woodland species

Acacia burkei 7.49 446 800 120 200 15.0 97 0.63 41 335
Albizia versicolor 12.01 36 700 12.0 17.0 15.0 124 2.54 33 183
Combretum molle 6.14 226 450 8.0 9.0 8.0 61 0.54 31 230
Garcinia livingstonei 26.28 40 750 6.5 8.0 8.0 185 2.80 22 90
Rhus gueinzii 3.97 119 250 7.0 8.0 5.0 21 0.32 17 198
Sclerocarya birrea 13.31 116 900 120 200 15.0 155 1.79 37 212
Spirostachys africana 2.54 319 800 10.0 15.0 12.0 69 0.63 85 989
Strychnos madagascariensis 5.65 540 600 7.0 8.0 8.0 54 0.35 30 333
Strychnos spinosa 4.11 385 400 75.0 9.0 9.0 35 0.30 26 306
Terminalia sericea 8.91 610 800 100 58.0 14.0 97 0.51 34 282

Mixed affinity species
Afzelia quanzensis 3.68 72 820 120 400 22.0 287 2.49 245 700
Dialium schlechteri 4.74 440 1000 15.0 18.0 18.0 98 0.76 65 662

:From Gaugris and Van Rooyen (2007); “Based on the assumption that the growth rate is constant from plant emergence onwards with no static periods;
Denotes the maximum canopy diameter that is perpendicular to D1.
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Table 2. Relationships between stem diameter and tree height, stem diameter and maximum tree canopy dimension, stem
diameter and tree canopy perpendicular to maximum canopy dimension.

Species

Sand Forest species
Brachylaena huillensis
Cleistanthus schlechteri
Drypetes arguta
Hymenocardia ulmoides
Manilkara discolor
Psydrax locuples
Psydrax obovata
Pteleopsis myrtifolia
Strychnos henningsii
Vepris lanceolata
Woodland species
Acacia burkei
Albizia versicolor
Combretummolle
Garcinia livingstonei
Rhus gueinzii
Sclerocarya birrea
Spirostachys africana
Strychnos madagascariensis
Strychnos spinosa
Terminalia sericea
Mixed affinity species
Afzelia quanzensis

Dialium schlechteri

Diameter to height relationship

Diameter to canopy D1 relationship  Diameter to canopy D2 relationship

Diameter Diameter Diameter
(X) to (X) to D1 (X) to D2

height (Y) R?  SE Fvalue ) R? SE Fvalue (Y) R? SE  Fvalue

relationship: relationship: relationship:

Y =a(X) Y =a(X) Y = a(X)

a a a

0.7679 0.9265 0.2960 1992.0 0.5470  0.8970 0.2588 1384.2 0.4687 0.9131 0.2018 1670.9
0.7022 0.9761 0.3231 5980.0 0.6131  0.9769 0.2775 61785 0.5645 0.9838 0.2133 8872.0
0.7708 0.9490 0.2662 11635.7 0.6226  0.9458 0.2221 10902.1 0.5419 0.9411 0.2021 9978.3
0.8332 0.9352 0.3492 4980.1 0.6308  0.9369 0.2608 5118.9 0.5392 0.9481 0.2010 6300.2
0.6411 0.9746 0.3136 1573.9 0.5457  0.9678 0.3019 1231.1 0.5117 0.9723 0.2616 1441.8
0.8644 0.9327 0.2157 4354.6 0.7209  0.9248 0.1908 3874.9 0.6054 0.9194 0.1663 3595.5
0.8093 0.9607 0.3367 2716.6 0.6152  0.9684 0.2288 3398.6 0.5575 0.9654 0.2173 3095.2
0.7334 0.9700 0.3098 5409.4 0.6130  0.9725 0.2478 5909.7 0.5439 0.9744 0.2119 6363.3
0.6732 0.9465 0.3362 1346.6 0.5816  0.9657 0.2304 2139.8 0.4964 0.9573 0.2204 1704.1
0.8550 0.9442 0.2942 8332.7 0.6608  0.9436 0.2285 8279.3 0.5743 0.9364 0.2116 7293.1
0.6088 0.9682 0.2380 13578.1 0.5905  0.9655 0.2413 12438.8 0.5315 0.9593 0.2366 10475.5
0.4874 0.9179 0.3958 391.6 0.5195 0.9391 0.3595 539.4 0.4479 0.9150 0.3708 376.9
0.6566 0.9429 0.2829 3716.5 0.6288  0.9581 0.2353 5148.6 0.5334 0.9614 0.1914 5597.1
0.4669 0.9839 0.1613 2395.3 0.4747  0.9567 0.2734 862.4 0.4162 0.9370 0.2923 579.9
0.7498 0.9044 0.2614 1117.0 0.7199  0.9287 0.2139 1538.0 0.5548 0.9206 0.1748 1367.3
0.5573 0.9704 0.2422 3776.1 0.5624  0.9601 0.2875 2791.2 0.5088 0.9636 0.2478 3074.7
0.6814 0.9545 0.2657 6681.2 0.6003  0.9648 0.2050 8711.7 0.5215 0.9666 0.1734 9193.7
0.5606 0.9414 0.2329 8660.4 0.5764  0.9480 0.2247 9856.0 0.5052 0.9421 0.2084 8802.9
0.6299 0.8691 0.3305 2550.2 0.5554  0.9269 0.2110 4866.8 0.4569 0.9079 0.1968 3784.4
0.5921 0.9618 0.2526 981.1 0.5843  0.9556 0.2694 13167.8 0.5194 0.9543 0.2431 12783.4
0.6112 0.9726 0.3336 2529.3 0.6306  0.9621 0.4075 1802.7 0.5863 0.9452 0.4597 1224.3
0.6517 0.9334 0.3541 6159.5 0.6144  0.9338 0.3336 6275.7 0.5548 0.9420 0.2808 7221.3

For all calculations P > 0.01.

were highly significant (>0.01), thereby indicating that these equations are reliable tools to determine height and
canopy dimensions from the diameter values.

5. Discussion

The evaluation of the time required for trees to grow from seedling to mature tree size investigated in Maputa-
land region indicates that the remaining intact landscapes may have required 300 - 400 years to develop to their
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current physiognomy, while they require at least 66 years to develop to their current level of dynamics in the
case of forests, and 35 years in the case of woodlands. These are two significant timeframes that need to be
taken into consideration when designing conservation area networks that take into account climate change and
social pressure. Thus, the apparently generous 50 year management timeframe (based on estimated life expec-
tancies of up to 300 years) suggested by Gaugris and Van Rooyen (2010b) may even be insufficient to take into
account full growth of the dominant landscape tree species. Normally ecologists work on a 20 - 50 years imple-
mentation timeframe (Smith & Leader Williams, 2006) reference which, particularly in the case of sand forest,
illustrates how insufficient this is, as a timeline that can be three times longer may be required to regain lost dy-
namics.

The timelines mentioned here are of further importance in the debate on how Sand Forest evolved, and
whether it is a relic vegetation type or a case of stasis while environmental conditions change (Matthews, 2006).
Transitions between forests and savannas states have been a regular feature of the African landscape over the
past 18,000 years (Schwartz et al., 1996; VVan Gemeerden, 2004; Leal, 2004) and today still, a range of situations
exists where it is unknown whether savannas will be overrun by forest, or whether forests are retreating, with
progress of forest/savanna fronts measured at scales of 50 m per century (Schwartz et al., 1996). Such dynamics
have been proven to range over centuries, and the current “stasis” apparent for Sand Forest (Matthews, 2006)
could be considered as normal in light of the indications provided for Sand Forest dynamics timelines in the
present study.

In terms of tree heights and canopy dimensions (above ground live biomass), the developed equations proved
highly accurate and can be used reliably (high coefficients of determination and highly significant regressions)
and quickly to assess some of the elements required for biomass calculations, an aspect that has become cru-
cially important in order to achieve higher tiers in the context of REDD+ (Djomo et al., 2010) through develop-
ing results based on local measurements instead of relying on defaults values applied for larger geographical re-
gions of limited applicability or relevance. The high similarity and homogeneity of the Maputaland central plain
vegetation (Matthews et al., 2001; Gaugris et al., 2004) indicates that these equations are most probably valid for
a significant portion of the Maputaland Centre of Endemism area shared by Mozambique and South Africa. The
implications from these equations could, and should now be used within a systematic conservation planning
scenario to reliably estimate the potential for carbon sequestration by hardwood and evergreen forests in the re-
gion (Smith & Leader Williams, 2006) and the potential revenue that could be derived by the conservation of
these landscape. It is hoped that this work can be of further use to the reliable estimation of above ground bio-
mass in the context of REDD+ for Maputaland, a region that has substantial interest for South Africa, Mozam-
bique and Swaziland and for which so far no species specific indications representing local variability were
available (Henry et al., 2011). Moreover, the reliability of the present estimation simplifies considerably the field
work requirements, and allows the use of low skilled labour in a reliable way, thereby permitting rural citizen
empowerment.

Further uses of these equations are obvious in terms of sustainable utilisation to estimate wood volume or tree
biomass that may be harvested from an area, but also for example to reconstruct past stand characteristics (Kha-
try Chhetry & Fowler, 1996). This would be the case when for example only tree stumps are left subsequent to
harvesting by people, as is often observed in the Maputaland region (Gaugris & Van Rooyen, 2007). The equa-
tions can then become reliable tools to estimate past forest biomass, stock changes, and therefore establish past
trends.

6. Conclusion

In conclusion, because of the robust nature of the results, the authors believe that the current study results and
equations provide a useful, practical, fast, and user friendly tool and represent a satisfactory alternative to direct
measuring of numerous, time-consuming and onerous tree parameters. The authors surmise that the results
should facilitate certain carbon calculations in Maputaland thereby hopefully contributing to the conservation of
some of Maputaland’s unique, endemic, and endangered flora. Finally, the present result provides a background
to the speed at which vegetation dynamics of the Maputaland region may progress, which should be considered
within timeframes of 300 - 400 years.
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