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Abstract 
 
 

IPCC states that the observed changes in climate are due to human impact (e.g. emission of CO2). 

To reduce the rate of future global warming, an important action is to reduce deforestation and 

forest degradation. This study focuses on understanding the effects of disturbance on the carbon 

sequestration by comparing regrowing forest (Secondary) with undisturbed forest (Primary) in a 

tropical montane rainforest. 

 

The carbon sequestration in forests has an almost equal allocation to leaves, wood, and fine-roots, 

but the production of fine-roots is seldom incorporated in global carbon models. Hypotheses 

suggest that the fine-root production is higher in primary than secondary forests due to higher 

competition for nutrients. To test this, mass, length, surface area and volume of the fine root 

production was estimated by using 120 in-growth cores distributed on 15 half-hectare plots along 

a disturbance gradient. 

 

The fine root production was very high and ranged from 9.0 to 19.5 ton dry mass ha-1 yr-1, 

however no significant difference between primary and secondary forests was observed. The 

specific root length and specific root area was significantly negatively correlated with 

aboveground biomass, while the fine-root density was positively correlated with aboveground 

biomass. Since the aboveground biomass increases towards the primary forests, these findings 

suggests that fine-roots in secondary forest grows longer and thinner, while fine-roots in primary 

forest grows thicker. There was a significant negative correlation between the fine-root 

production and the nitrogen content in the leaves of the trees, and the variation between the sites 

could thus partly be explained by nutrient availability. 

 

The results from this study indicates that the role of montane tropical rainforests in the global 

carbon models could be severely underestimated if fine-root production is excluded, but also that 

the spatial variation of root productions needs to be addressed in future studies. 
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Sammanfattning 
 

Enligt FN:s klimatpanel, IPCC, kan vi nu konstatera att de uppmätta förändringarna i klimatet, 

med förhöjda halter koldioxid i atmosfären, är orsakade av mänsklig påverkan. För att minska 

hastigheten av den globala uppvärmningen är en viktig åtgärd att minska avskogningen. Den här 

studien syftar till att öka förståelsen för vilka effekter störningar av skogar får på kol-

upptagningen. Detta genom att jämföra återväxningsskog (sekundärskog) med ostörd skog 

(primärskog) i en tropisk bergsregnskog. 

 

Kolupptagningen har en näst intill jämn fördelning av kol till lövverk, ved, och finrötter, men 

trots detta är finrotsproduktionen sällan inkluderad i modeller över den globala kolcykeln. Enligt 

hypoteser är finrotsproduktionen högre i primärskog än sekundärskog på grund av högre 

näringskonkurrens. För att testa detta uppskattades finrotsproduktionen genom att mäta 

finrötternas längd, massa, och volym med hjälp av 120st utplacerade “in-growth cores” på 15st 

0.5 hektar stora mätområden, längs en störningsgradient. 

 

Finrotsproduktionen var hög och varierade från 9.0 till 19.5 ton torrvikt ha-1 år-1, men ingen 

signifikant skillnad var synlig mellan primär- och sekundärskog. Den specifika rot-längden (km 

kg-1) och den specifika rot-arean (km2 kg-1) var signifikant negativt korrelerade med den 

ovanjordiska biomassan, medan rot-densiteten var signifikant positivt korrelerad med den 

ovanjordiska biomassan. Eftersom den ovanjordiska biomassan ökar mot primärskogen indikerar 

dessa resultat att rötter i sekundärskog växer sig längre och tunnare, medan rötter i primärskog 

växer sig tjockare. En signifikant negativ korrelation mellan finrotsproduktion och kväveinnehåll 

i löven uppmättes, vilket indikerar att variationerna mellan platserna delvis kan förklaras av 

näringstillgång. 

 

Resultaten från denna studie indikerar att bergsregnskogars betydelse i den globala kolcykeln kan 

vara gravt underskattad om finrotsproduktionen exkluderas, men också att den spatiala 

variationen av finrotsproduktion behöver undersökas vidare i framtida studier. 
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1. Introduction 
 

The world’s forests sequester an important amount of carbon through the plants photosynthesis, 

and represent 80% of the world’s aboveground carbon storage and 40% of the belowground 

storage (Dixon et al. 1994). Of the world’s forests, the tropical rainforests are the most 

productive, diverse and dynamic and estimations suggest that tropical rainforests process more 

than six times the carbon that is released to the atmosphere by human fossil fuel use, through 

their photosynthesis and respiration (Lewis, 2006). The tropical rainforests thus play an important 

role in the global carbon cycle, which is regulated by carbon fluxes from fossil fuels, net fluxes to 

the oceans and the terrestrial ecosystems, and fluxes from land-use change (Lewis, 2006). The 

carbon fluxes and storage in terrestrial ecosystems is usually measured as net primary production 

(NPP), where the three major components are production of leaf, woody tissue (stem and coarse 

roots), and fine roots (Malhi, Doughty & Galbraith, 2011). The allocation of carbon to these 

components is an important measure of the carbon sequestration and the potential carbon storage 

in the ecosystem, as well as a description of the ecosystem function and dynamics (Malhi, 

Doughty & Galbraith, 2011). Tropical evergreen rainforests have shown to have the highest 

biomass in comparison with other biomes (Jackson, 1997) and are thus the most important biome 

for carbon cycling and storage. 

 

Most of the research in tropical rainforests has been focused on the world’s largest and third 

largest tropical rainforest regions, the Amazon and Asian tropical rainforests. But the world’s 

second largest regions, the central- and east-African tropical rainforests, have not been as 

thoroughly investigated (Malhi et al., 2013). The lack of research in these ecosystems has made it 

difficult to determine the global role of African forests in the carbon cycle, and today little is 

known about whether African forests are carbon sinks or sources (Ciais et al., 2011). The 

Amazon and Asian tropical forests have historically faced large deforestation events (Hansen & 

DeFries, 2004; Fearnside & Barbosa 2004) and the conversion from old growth, or primary, 

forests to secondary forests or plantations, is accelerating (Wright, 2005). The conversion from 

primary to secondary forest can be of natural kind, as when the forests encounter a disturbance 

such as fire, which is a natural part of the forest succession. This disturbance creates important 

canopy gaps, which allows pioneer species to colonize ground that was recently dominated by 

climax species, giving room for more understory vegetation and regeneration of trees (Gurevitch, 

Scheiner & Fox, 2006). However, the current expansion of human activity, such as food- and 
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timber-production, changes the natural disturbance rate in the forest and creates more 

anthropogenic secondary forests, a problem referred to as land-use change.  

 

1.1. Land-use change 
 

Land-use change is one part of global climate change, where the other part is the increasing 

amount of greenhouse gases in the atmosphere and their effects (Wright, 2005). The land-use 

change is increasing worldwide and creates a feedback to the world’s climate system and 

ecosystem services since it changes the carbon balance. When forests are degraded or deforested, 

their storage of carbon is released to the atmosphere as carbon dioxide (CO2), and in the same 

time important carbon sinks are lost, making the total amount of carbon-uptake smaller (Stephens 

et al., 2007). Primary forest have shown to be irreplaceable comparing to secondary forests in 

sustaining the biodiversity in tropical forests (Gibson & Ming Lee et al., 2011) and the total 

biomass as well as the fine-root production is higher in primary- than secondary forests (Ngo et 

al., 2013; Barbhuiya et al., 2012; Wilczynski & Pickett, 1993; Leuschner et al., 2006). Because of 

the great amounts of carbon cycled trough these primary tropical rainforests, a small change in 

these net carbon fluxes could have significant effects on the global carbon cycling, leading to 

consequences for todays and future climate (Reed, Wood & Cavaleri, 2012). Forests are thus 

“natural breaks” in climate change by their sequestration of carbon (Malhi, Baldocchi & Jarvis, 

1999), and one of the most important actions in the battle against climate change is therefore to 

stop deforestation. 

 

1.2. African forests 
 

Historically, the degradation of African forests has not been as extensive as in other tropical 

forests, but the last few years the logging in Africa has been intensified. Today, 30 % of the 

forests are under logging concessions (Laporte et al., 2007), and forest-degradation stands for 70 

% of the total CO2 emissions in Africa (FAO, 2005). Around 20 % of the global land-use CO2 

emissions are primarily through forest degradation and deforestation (Laporte et al., 2007). The 

net carbon releases from land-use in the sub-Saharan Africa are nearly all attributed to 

deforestation (Canadell, Raupach & Houghton, 2009). The carbon stored in African forests is 

increasingly acknowledged, but there are still many uncertainties about the carbon balance in 

Africa since continuous research in African forests are still lacking (Ciais et al. 2011; Djomo et 

al. 2011; Malhi et al. 2011; Williams, 2007). African forests are particularly vulnerable since 
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African countries today face problems with population increase, poverty, political instability and 

on top of that, climate- and land-use change - all of which are problems that often result in 

deforestation and forest degradation (Ciais et al. 2011). According to the United Nations 

intergovernmental panel on climate change, IPCC, the awaiting effects of global climate change 

are increasing temperatures, increasing sea levels, intensified natural disasters and an increase in 

extreme weather events, such as droughts and heavy rainfalls (IPCC, 2014). In Africa, the 

projections suggest that extreme temperatures will increase as well as droughts, and heavy 

precipitation are suggested to be intensified in east Africa (IPCC, 2014). However, the lack of 

data and contingency in scientific research causes the projections of future climatic events to 

have low confidence and high uncertainties, making continuous data from African countries 

needful to be able to make reliable projections.  

 

1.3. Belowground dynamics and fine-roots 
 

Not only is there a lack of research, but also a lack of knowledge concerning the belowground 

dynamics and carbon storage in African forest. In tropical forests, both the aboveground biomass 

and the belowground biomass in the top 1 m soil accounts for approximately 50 % of the total 

carbon storage each in the ecosystem (Dixon et al., 1994). However, Ngo (2013) points out that 

this relationship differ between sites as well as with elevation, where for instance an African 

moist tropical forest had around three times as much carbon stored in the aboveground biomass 

than in the top 1 m of the soil (Djomo et al., 2011) while a Peruvian montane forest showed the 

opposite pattern with twice as much carbon in the top 1 m of soil than in the aboveground 

biomass (Gibbon et al., 2010). These numbers indicates large uncertainties of the spatial 

belowground dynamics in different biomes, and Ngo (2013) further points out that the need of 

understanding the carbon storage in secondary forests is increasing since the conversion from 

primary to secondary forest is likely to continue (Ngo et al. 2013). When the forests life forms 

change, as with increasing understory due to the expansion of secondary forests, the functional 

balance of the ecosystem might change. In a review by Jackson (2000) where they summoned the 

effects of land-use change and their treatment in ecological models worldwide, they found that 

the major plant nutrients carbon (C), nitrogen (N), phosphorous (P), and potassium (K) are more 

shallowly distributed in the soil than calcium (Ca), magnesium (Mg) and sodium (Na). When 

plants life forms change and the vertical distribution of roots change with them, there is a risk of 

changing the belowground balance of nutrients (Jackson et al., 2000). The review also concludes 

that one of the difficulties with predicting the effect of land-use change in models is that the 
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belowground dynamics are so poorly investigated and seldom incorporated in ecological models. 

In belowground dynamics, the fine-roots are acknowledged to be a large component of the carbon 

allocation (Nadelhoffer & Raich, 2002) and their distribution in the soil is of high importance for 

the nutrient cycling and carbon storage in the ecosystem.  

 

1.4. What are fine-roots? 
 

Fine-roots are the smallest roots and are commonly defined as having a diameter < 2 mm, 

furthest out on the root system in close connection to mycorrhiza (Pregitzer, 2002; Pregitzer, 

2003; Hooshang et al., 2005; Eissenstat, 2000). They are short-lived, non-woody and the most 

important component for the nutrient cycling in the ecosystem, since the nutrient uptake from the 

ground goes through the fine-roots, and the mycorrhiza gives them access to valuable essential 

nutrients (Lauenroth & Gill, 2003; Gurevitch, Scheiner & Fox, 2006; Eissenstat, 2000; Pregitzer, 

2002). The fine-roots have a high turnover rate and some studies show that turnover rate is 

correlated to diameter class, where the smallest fine-roots (diameter < 0.5 mm) have the highest 

turnover rate (Baddeley and Watson, 2005; Eissenstat et al., 2000; Matamala et al., 2003; Wells 

and Eissenstat, 2001), making them more dynamic than coarse roots and more responsive to 

disturbances (Vogt, 1996). Fine-roots allocate great amounts of carbon and are thus an important 

part of the NPP in the ecosystem. This is shown via their on average almost equally important 

part in NPP as canopy and stem/coarse roots, where the canopy stands for 34±6 %, the woody 

tissue 39±10 % and the fine roots 27±11% of the total storage (Malhi, Doughty & Galbraith, 

2011). As the review from Jackson (2000) shows that different nutrients differ in vertical 

distribution, the vertical distribution of fine-roots is also an important factor for the belowground- 

and fine-root dynamics, since this affect the nutrient cycling in the ecosystem. Different studies 

have shown that the vertical distribution of fine-roots differs between primary and secondary 

forest as well as between sites (Jackson, 1996; Barbhuiya et al. 2012; Hertel, Leuschner & 

Hölscher, 2003).  The higher production of fine-roots in primary forest than secondary forest 

have been hypothesized to be due to that the canopy-gaps of secondary forests are associated with 

gaps in the root system of trees and thus generating a lower fine-root production on disturbed 

sites (Wilczynski & Pickett, 1993). The higher fine-root production in primary forest might also 

be caused by larger competition for nutrient acquisition in primary than in secondary forest, 

favouring carbon allocation to roots (Malhi, Doughty & Galbraith, 2011).  
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1.4.1 What controls the growth of fine-roots? 
Important factors for fine-root growth and function are the fine-roots length and surface area. The 

surface area is crucial to its nutrient and water uptake, and the further the roots go, the more 

nutrients and water they are likely to find (Lauenroth & Gill, 2003). For the whole plant, there is 

a trade-off in the investment of carbon allocated to the roots or the shoot, which is called the 

root/shoot ratio, and according to the functional balance theory, (Thornley, 1972; Cannell and 

Dewar, 1994) the plants allocate carbon and thus growth material to the part of the plant which 

face limited resources, such as nutrients, light intensity or water (Farrar & Jones, 2003). If the 

conditions are tough, for example during droughts, the plants allocate resources to the root by 

producing finer roots with greater surface area and length per unit mass, increasing the specific 

root area (SRA) and specific root length (SRL), thus making the roots longer and thinner in 

relation to their weight (Metcalfe et al., 2008; Jackson et al., 1997). This is a way of maximising 

resource acquisition under scarce conditions. On higher altitudes the nutrient cycling is slower 

due to lower temperatures and some studies show that the fine-root production is increasing with 

increasing elevation (Röderstein, Hertel & Leuschner, 2005; Girardin et al., 2010; Leuschner, 

2005; Kitayama & Aiba, 2002) while the aboveground biomass decreases (Röderstein et al., 

2005; Girardin et al., 2010). This indicates the trade-off in carbon allocation between root and 

shoot, which, according to the theory, favours allocation to the roots (Vitousek & Sanford, 1986; 

Vitousek, 1998). However, data of the dynamics and function of root growth concerning the 

variables length, surface area, SRL and SRA are lacking and more research is needed to 

understand how the resource allocation works (Metcalfe et al., 2008). The surface area of fine 

roots is for instance almost always higher than the leaf-area (Jackson et al., 1997), indicating that 

the root distribution might have an equal importance to the acquisition of resources as the trees 

leaves. Even so, the fine-roots are seldom included in biogeochemical models for ecological 

dynamics, which might give us inaccurate predictions about the whole ecosystem ecology 

(Jackson, 2000; Jackson, 1997). Root-studies are in general underrepresented in scientific 

research and this is partly due to the intensive and time-consuming methodology of these studies. 

This often results in a simplification of the fine-root dynamics (Woodeward & Osborne, 2000). 

Since the fine-roots represent a great part of the carbon storage in the ecosystems the risk of 

under- or overestimation of the carbon storage might be high if we do not investigate the fine-

roots. This might lead to inadequate assumptions about the global carbon cycle. 

 

The lack of research on fine-roots and belowground dynamics leaves an echoing gap of 

knowledge, which desperately urges to be filled. To gain knowledge about the fine-roots effect 

on the global carbon cycle is therefore of great importance to understand the fine-roots potential 



 

	  10 

effect on climate, and continuous research about the behaviour of roots in disturbed forests would 

help improve knowledge about the consequences of deforestation (Jackson et al. 2000).  

 

2. Aim 
 
This study aims to investigate the production of fine-roots in primary and secondary forests, 

using a method that controls for underestimation of fine-root production. The study also aims to 

decrease the gap of knowledge of fine-root dynamics and ecosystem function in African forests, 

and to see if there are any differences in carbon sequestration and storage in primary and 

secondary forests so as to see the effects of land-use change and deforestation. With this study, 

important research of the behaviour of fine-roots with disturbance rate will be conducted, and 

increase the knowledge about the carbon dynamics in African montane tropical rainforest. 

 

The purpose of this study is to find answers to the following questions: 

- Does the total root-mass production differ between primary and secondary forests? 

- At what depth does the most roots occur, and does it differ between the sites? 

- Do the fine-root length, surface area and volume differ between primary and secondary 

forest? 

- What factors can explain the eventual differences in fine-root growth between the sites? 

 
 

 

 

 

 

 

 

 
 



 

	  11 

3. Material and methods 
 

3.1. Study site 
 
The study was performed in Nyungwe national park, an approximately 970 km2 large tropical 

montane rainforest, which reaches up to 2950 m.a.sl. to the top of Mount Bigugu, situated in the 

Albertine rift in south-west Rwanda (2°17’-2°49’S and 29°03’-29°29’E, Nsabimana et al., 2009). 

The climate is stable during the whole year with more intense rain in March and April, and a dry 

season between June-August. During 2007-2013 the average day and night temperature was 

15.7° C and 13.5° C and the annual precipitation 1879 mm (Nsabimana et al., 2009).  

 

Nyungwe holds about 310 species of birds, 140 species of orchids and more than 200 tree 

species, and became a national park in 2005 due to the vulnerability of the forest type and its 

many endemic species (Plumptre et al., 2002). The forest ranges from different ecosystems such 

as dense forests to bamboo groves and marshes (Nsabimana, 2009) and is also home to one of the 

largest concentrations of chimpanzees in Africa.  

 

The sites in Nyungwe used in this study are 15 permanent intensive monitoring plots, which were 

established in 2011 within a project that focuses on the spatial and temporal characterization of 

carbon and nutrient dynamics, in collaboration between the University of Rwanda and University 

of Gothenburg. The project is also associated to the Global Ecosystem Monitoring network 

(GEM; http://gem.tropicalforests.ox.ac.uk/), which is a worldwide network with the aim of better 

understanding the ecosystem functions to estimate the effect of climate change. The plots are 

distributed along a 35 km long west-eastern transect that ranges from primary to secondary 

forests as well as along an elevation gradient from ca 1900 to ca 2500 m.a.sl (GEM, 2013). The 

plots along the disturbance gradient were divided into groups of three, where 2 groups were 

situated in secondary forest (Secondary1 and Secondary2), one group situated in “mixed” forest 

(Mixed) and finally two groups situated in primary forest (Primary1 and Primary2), thus 

providing five sites with three replicates. Four meteorological stations are situated in the forest 

along the disturbance gradient, ranging from primary forest (Karamba station) to secondary forest 

(Uwagashihe station). Climate data from these stations were collected between June 2013 and 

May 2014, where the Karamba station is located near Primary2, Uwinka is located near 

Primary1, Bigugu is located near Mixed and Uwagashihe is located near the sites Secondary1 and 

2. The annual precipitation and air temperature is higher at Karamba than the other sites, while 
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the other sites follows each other more clearly, with slightly lower temperatures at Uwagashihe, 

Figure 1.  

 

 

 

 

 

 

 

 

 

 

Each of the 15 plots was 0.5 ha and divided into 8 subplots of 25 x 25 m, giving altogether 120 

samples along the disturbance gradient. The forest types have both been decided to their 

successional phase primarily based on their species composition and level of disturbance, where 

the secondary forest have been continuously disturbed by human activities in the past, while the 

disturbances in the primary forests are primarily caused by naturally occurring events, and only 

occasional by human activities. The dominating tree species based on basal area (cross sectional 

stem area at breast height per unit ground area, m2 ha-1) in the secondary forest is Macaranga 

kilimandscharica, while in the primary forests Syzygium guineense, Faurea saligna, Afrocrania 

volkensii, and Cleistanthus polystachyus, are dominating. For more information about the plots, 

see Table 1 below. The data of the basal area of the trees were taken from already collected data 

on the same plots, used in the larger project this study is part of. Data of nitrogen content of fresh 

and dead leaves were also taken from already collected data on the plots, which is used later in 

the study. 

 

 

 

Figure1: Climate data for the different sites ranging from Primary (Karamba) to Secondary (Uwagashihe) with 
annual precipitation (a) and annual air temperature (b) collected from June 2013 to May 2014. 

a) b) 
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Table 1: Study site table showing the average height of the soil-layers (RL and SOIL), the average depth at which the 
in-growth cores were installed, the date for installation (putdown) and collection of roots (uptake) of the in-growth 
cores at each plot, the elevation of the plots and the dominating species based on basal area. 

 

 

 

 

 

 

 

 

 

3.2. Root studies 
 
The fine-root production was measured using in-growth cores, which are cylindrical (40 cm long 

and 8 cm in diameters) mesh-containers (12 mm mesh diameters), thus containing approximately 

2 litres of soil. The in-growth cores were installed in the soil by drilling a hole of 80 mm in 

diameter to the depth of 40 cm in the middle of each subplot, using a root auger (Ejkelkamp & 

Giesbeek, The Netherlands). The soil from the drilling was separated into the organic and mineral 

horizons, and after removing the roots it was used to fill the in-growth cores that was lowered 

into the soil. The two soil horizons were maintained during the filling. The in-growth cores were 

installed in September and December 2013, and fine-roots were allowed to grow into the cores 

during approximately 3-5 months before uptake in February and March 2014.  

 

3.2.1. Root extraction 
The small size of the fine-roots makes them difficult to collect, and their production difficult to 

estimate reliably. To overcome this problem, this study followed the method by Metcalfe (2007) 

which controls for underestimation of fine-roots by separating the root extraction into four 10 

minutes intervals from which calculations are done to be able to estimate the total amount of 

roots extracted if the extraction where to continue for a longer time (Metcalfe et al. 2007). During 

this project, the time intervals where shortened from 10 minutes to 7 minutes due to the small 

amounts of found roots in the third and the fourth time interval.  

 

Site Plot nr. Height RL Height soil Depth Date putdown Date uptake Elevation Dominating spec.

Secondary1 1 12.9 26.9 42.3 2013-08-30 2014-02-02 2411 m Macaranga kilimandscharica
2 14.7 24.9 40.9 2013-09-03 2014-02-09 2402 m Macaranga kilimandscharica
3 12.8 27.2 41.6 2013-09-04 2014-02-06 2440 m Macaranga kilimandscharica

Secondary2 4 15.4 23.9 40.9 2013-12-13 2014-02-28 2331 m Macaranga kilimandscharica
5 11.8 27.7 41.2 2013-12-13 2014-03-10 2334 m Macaranga kilimandscharica
6 12.7 26.5 39.8 2013-12-13 2014-03-12 2426 m Macaranga kilimandscharica

Mixed 7 10.9 29.1 38.6 2013-12-14 2014-03-14 2298 m Syzygium guineense
8 7.4 30.3 38.5 2013-12-15 2014-03-17 2290 m Macaranga kilimandscharica
9 10.8 28.4 38.9 2013-12-16 2014-03-20 2343 m Syzygium guineense

Primary1 10 15.3 23.6 39.6 2013-09-20 2014-02-19 2340 m Syzygium guineense
11 18.4 20.7 40.3 2013-09-19 2014-02-12 2313 m Faurea saligna
12 18.5 18.8 39.1 2013-09-20 2014-02-21 2391 m Syzygium guineense

Primary2 13 8.7 28.5 39.0 2013-09-21 2014-02-27 1854 m Afrocrania volkensii
14 8.9 29.6 38.0 2013-12-19 2014-03-21 1870 m Cleistanthus polystachyus
15 10.6 25.8 38.7 2013-12-19 2014-03-21 1846 m Syzygium guineense
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At each plot, the in-growth cores height over or below ground level was noted, as well as the 

height of the soil inside the in-growth cores to calculate the true soil depth and volume. The roots 

were extracted separately from the organic horizon (denoted Root-Litter layer, RL, due to its high 

content of litter and roots in the soil outside the in-growth cores) and the mineral soil (denoted 

SOIL). This was done in order to register at what depth most of the fine-root production is 

located. The division between the two layers was done by ocular estimation of the differences in 

colour between RL and SOIL, with RL being darker and lusher than the mineral soil. The heights 

of the two layers were noted and the layers where then separated into different basins in order to 

manually extract roots from the two layers separately. The extraction of roots was done during 

four intervals of 7 minutes each. After the extraction the same soil was put back into the in-

growth core and reused as to allow the roots to again conquer the in-growth cores. The same 

cores will then be taken up again after 4 months in the soil during the dry season to be able to 

study eventual seasonal differences. The extracted roots where put in marked plastic bags and 

brought to the lab for analysis. The height of RL was also registered after the core was put back 

to register the amount of soil lost in the root-extraction. 

 

3.2.2. Measurements of biomass and root properties 
The root properties where analysed in lab within 48 h of uptake, using a Seiko Epson scanner 

(STD4800, Seiko Epson Corporation, Nagano, Japan) and WhinRHIZO regular software 

(Regents instruments, Canada, 2013), scanned at high resolution (600 dpi) where the length (L), 

surface area (SA) and volume (V) of the roots was registered.  

 

Before scanning, the roots were rinsed in a sieve with 1 mm mesh diameter over a basin, and 

water was allowed to pass the sieve 2 times before the roots were put in trays for scanning. 

Before analysis, material not considered as fine-roots and roots considered dead was removed 

when possible. However, this extraction was only done when division was obvious. The fine-

roots from the different soil layers, RL and SOIL, where scanned separately to be able to analyse 

the root properties in relation to depth and soil type. The scanner was set to sort out debris with a 

length/width ratio less than 4, which was selected after testing what ratio was the best to use. The 

roots that could not be analysed within 48 h, was kept in freezer (-20 °C) until time was found for 

analysis, in order to avoid decay and change of morphology of the roots. After analysis eventual 

mineral particles were removed by decantation and the roots were then put in aluminium bags. 

Samples from six of the plots were put in pre-weighed aluminium bags in order to ease the later 

weighed procedure. The roots where then dried at 70 °C for 48 h until constant mass, and 
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weighed. Roots not inside pre-weighed aluminium bags where weighed by manually removing 

the roots from the bags and put in trays and weighed on a scale with a 0.1 mg precision. The pre-

weighed aluminium bags were put directly on the scale and tare weigh subtracted afterwards. 

 

3.3. Calculations and statistics 
 
The software used in this study detects and separates the fine-roots into groups based on their 

diameter, and only roots with a diameter less than 2 mm are considered in this study. The 

variables L, SA and V from the scanner are measured in cm, cm2 and cm3, respectively, and used 

to calculate the production of fine-root length, surface area and volume per unit ground area and 

soil volume, per unit time. The variables calculated per soil volume were calculated to be able to 

detect the denseness of the fine-roots in the soil sample, since the volume of the soil analysed 

varied between the sites. 

 

The calculations per unit area per unit time was done by taking the values from each soil layer 

separately and, based on the diameter of the in-growth core, extrapolate the ground area in units 

of m2 or hectare (ha). These values were then, based on the amount of days in the soil, 

extrapolated to annual production, resulting in the variables mass (Mg: Mg ha-1 yr-1), mass carbon 

(MgC: MgC ha-1 yr-1), length (L: km m-2 yr-1), surface area (SA: m2 m-2 yr-1) and volume (V: cm3 

m-2 yr-1). 

 

The calculations per unit volume per unit time was done by taking the values measured from each 

soil layer separately and, based on the height of each soil layer, calculate the amount of roots in 

each soil volume. These values were then, based on the amount of days in the soil, extrapolated 

to annual production, resulting in the variables mass per soil volume (M/V: kg m-3 yr-1), length 

per soil volume (L/V: km m-3 yr-1), surface area per soil volume (SA/V: m2 m-3 yr-1) and volume 

per soil volume (V/V: cm3 m-3 yr-1).  

 

The fine-root length, surface area, volume and mass were also used to calculate the specific root 

length, which is the fine-root length divided by the fine-root dry mass (SRL: km/kg); the specific 

root area, which is the fine-root surface area divided by the fine-root dry mass (SRA: m2/kg), and 

the fine-root density, which is the fine-root dry mass divided by the fine-root volume (Density: 

g/cm3). 
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The abundance of fine-roots in the different soil layers were calculated by dividing the fine-root 

values for all the variables in the different layers separately with the total amount of roots in the 

whole soil sample. This gives the percentage of fine-roots in the RL layer as well as the 

percentage of fine-roots in the SOIL layer. The same was done for the fraction of finest roots 

(diameter < 0.5 mm) in the different soil layers where the fine-root value in each soil layer was 

divided by the total amount of roots in the specific soil layer.  

 

3.3.1. Prediction method 
The method for successive extraction of fine-roots during four time intervals was developed by 

David Metcalfe in 2007 as to overcome the problem with underestimation of collected fine-roots, 

and to make it feasible to estimate the fine-root production in a suitable number of samples. The 

smallest roots are likely to be underestimated since they are difficult to see and it is time 

consuming to collect them all. Metcalfe estimates that full extraction of roots with conventional 

methods take up to 239 h for 18 samples, compared with 12 h for 18 samples using the prediction 

method (Metcalfe et al., 2007). The method is used to calculate how much roots one would find if 

the extraction where to continue for 120 minutes. The following logarithmic equation has been 

found to be the equation making the best prediction (Metcalfe et al., 2007):  

 

  Rt = a log(t) + b 

 

Where the Rt is the root mass extracted at time t, a is a constant that defines the shape of the 

curve and b is the intercept (Metcalfe et al., 2007). 

 

Based on the accumulated mass of extracted roots, the equation is used to estimate the values of a 

and b in the equation above for each in-growth core and root-layer (n = 240) separately, by using 

Solver in Excel (version 14.3.2, 2010). The solver was set to find the values for the constants 

where the sum of square error was the least. The fitting values were then used to calculate the 

predicted fine-root mass that should be found after an extraction period of 120 min (Figure 2). 
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Figure 1: Figure showing the fitting of the accumulated root mass (data) curve with the curve of the predicted values 
for the root mass at 120 min (pred) using Solver in Excel, with accumulated root mass in grams on the y-axis and time 
in minutes on the x-axis. Equation of the curve is shown in figure. 

 

According to Metcalfe, these calculations are derived to estimate root mass, but can also be used 

to estimate root length, surface area and volume. The calculations were therefore done for the 

mass of all samples, and the predicted values for the length, surface area and volume were 

calculated based on the values from the mass since ratio of predicted to measured accumulated 

values of mass, length, surface area and volume was similar.  

 

3.3.2. Statistics 
Fine-root production between the sites 

The eventual differences between the sites was analysed using a one-way ANOVA based on the 

mean values from the sum of layers (RL and SOIL) on all subplots, providing 3 replicates (n=3) 

per site. This was done for all the variables, and the ANOVA was followed by Tukey’s HSD 

post-hoc test to be able to localise the eventual differences. The data were tested for normality 

with Levene’s test. The analysis was done on samples from the average depth of 39.8 cm. Further 

information of the different sites is seen in Table 1. To explain eventual differences among the 

sites, Pearson’s test of correlation was run on all the variables and the basal area of the trees (m2 

ha-1) and percentage of leaf nitrogen in fresh and dead leaves (n=3). 

 

Distribution in layer between the sites 

To see the differences in distribution in soil layer, the ratio between RL and SOIL was calculated 

and a one-way ANOVA was run on the ratios from the sites to see if they differed significantly. 

All the values where logarithmically transformed in order to meet the requirements for a 
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parametric test. The ANOVA was based on the mean values for the different layers on the plots 

(n=3), and followed by Tukey’s HSD post-hoc test to be able to localise the eventual differences. 

 

All the statistical analyses where conducted in IBM SPSS statistics, version 22 (2013). The 

values of the total carbon-storage in the fine-roots are based on the assumption that the carbon-

storage is 50 % of the fine-root weight (Westlake, 1966; Gibbs et al., 2007; Ciais et al., 2011; 

Girardin et al., 2013). 
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4. Results 
 

4.1. Fine-root production in mass 
 
The prediction method added on average 47 % of the initial fine-root biomass. The highest fine-

root production was registered in Secondary2, Primary1 and Mixed, with the mean of 19.48 Mg 

ha-1 yr-1, 18.5 Mg ha-1 yr-1 and 14.4 Mg ha-1 yr-1, respectively. The lowest fine-root production 

was registered in Primary2 and Secondary1 with 10.4 Mg ha-1 yr-1 and 9.0 Mg ha-1 yr-1, 

respectively. The fine-root production, both measured per area and per volume, did not differ 

significantly between the sites. The variation and mean of the fine-root production at each site is 

shown in Figure 3 and 4, respectively. Mean values for fine-root production in mass as well as 

mass carbon on all the sites can be seen in Table 1, appendix 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Box plot of the spread of fine-root production in mass 
(Mg/ha/year) within the different sites, with error bars as 95% 
confidence intervals based on production from all the subplots. 
Outliers also shown in figure. 

Figure 4: Mean values for the fine-root production measured as tons per hectare per year (Mg/ha/yr) on the different sites and 
separation into soil-layers (RL, SOIL), p = 0.211, n = 3 (a). Mean values for fine-root production measured as kilos per cubic meters 
per year (Kg/m3/yr) on the different sites and separation into soil-layer (RL, SOIL), p = 0,226, n = 3 (b). 

a) 

b) 

b) 
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The fine-root production was significantly (p = 0.037) negatively correlated with the nutrient 

contents of the leaves, measured as percentage nitrogen in fresh leaves. The correlation suggests 

that the fine-roots increase in mass when nitrogen content in the leaves decreases, and can be 

seen in Figure 5 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Fine-root production in length, surface area, volume, specific root length, 
specific root area and density 
 
The mean values for the variables are seen in Figure 6, a-d. 

There were no significant differences between the sites for any of the variables, but the mean 

values show some variation between the sites. Secondary1 have the lowest mean for density (0.3 

g cm-3) and the highest means for SRL and SRA (77.8 km kg-1 and 87.8 m2 kg-1), compared to the 

other sites. The relationship between the variables length (L), surface area (SA) and volume (V) 

on the different sites follows the pattern for the mass, where the highest values measured per area 

and time were found in Secondary2 and Primary1 and the lowest values were found in 

Secondary1 and Primary2. The highest values measured per volume and time, were found in 

Secondary2 and Mixed, with decreasing values towards Primary2 and the lowest in Secondary1. 

There was a significant negative correlation between SRA and the basal area (p = 0.014) as well 

as between SRL and the basal area (p = 0.020), and a significant positive correlation between 

density and basal area (p = 0.041), for all the plots. The correlations can be seen in Figure 7, a-c. 

Figure 5: Correlation between the fine-root production (Mg/ha/yr) and nitrogen 
content in the fresh leaves (Leaf N%), n = 3 and p = 0.037. 
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c) 

b) 

d) 

Figure 6: Mean values for the variables length (L) (p = 0.264) and surface area (SA) (p = 0.237) measured per 
area (a) and volume (L/V p = 0.196, SA/V p = 0.203) with error bars as ± 1 standard error, n = 3 (b). Mean values 
for specific root length (SRL) (p = 0.739), specific root area (SRA) (p = 0.341) with error bars as ± 1 standard error, 
n = 3 (c) and density (g/cm3) p = 0.102, n = 3 (d). 
 

a) 
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4.3. Distribution in soil layer  
 
The percentages of the fine-root distribution in the soil layers are seen in Table 1, appendix 1, 

where all variables except specific root length (SRL), specific root area (SRA) and density had a 

larger distribution in RL than SOIL, with on average 70.3% of the roots in RL on the primary 

sites and 66.6% of the roots in RL on the secondary sites, for mass. SRL and SRA have an almost 

equal distribution in the soil layers, and density has an equal or larger distribution in SOIL than in 

RL. The ratio of fine-root production in RL to SOIL differed significantly between the sites for 

mass (p = 0.017), length (p = 0.047), surface area (p = 0.010), volume (p = 0.003), M/V (p = 

0.027) SA/V (p = 0.008), and V/V (p = 0.003).  

Figure 7: Significant negative correlation between specific root length (SRL) and basal area (BA), p = 0.020, n = 3 (a). 
Significant negative correlation between specific root area (SRA) and basal area (BA), p = 0.014, n = 3 (b). Significant positive 
correlation between density and basal area (BA), p = 0.041, n = 3 (c). 

b) 

c) 

a) 
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   The mean ratios for values per area are seen in Figure 8a, where M, SA and V have a 

significantly larger ratio in Primary1 than Secondary1 (p = 0.029, 0.022 and 0.005); M, L, SA 

and V have a significantly larger ratio in Primary1 than mixed (p = 0.035, 0.043, 0.018 and 

0.014); M and V have a significantly larger ratio in Primary1 than primary2 (p = 0.032 and 

0.023); and V have a significantly larger ratio in Secondary2 than in Secondary1 (p = 0.044). 

 

 

 

 

 

 

 

 

 

 

 

   The mean ratios for values per volume are seen in Figure 8b, where M/V, SA/V and V/V have a 

significantly larger ratio in Mixed than Secondary1 (p = 0.029, 0.042 and 0.009); SA/V and V/V 

have a significantly larger ratio in Secondary2 than Secondary1 (p = 0.044 and 0.007) and SA/V 

and V/V have a significantly larger ratio in Primary2 than Secondary1 (p = 0.018 and 0.009). 

 

4.4. Fraction of finest roots in soil layer 
 
The fraction of finest roots (diameter < 0.5) in the soil sample showed no significant differences 

between the sites. For length, the mean percentage of finest roots in the RL-layer was 79.4 %, 

where the highest (81.7 %) was registered in Mixed and the lowest (77.8 %) was registered in 

Primary2. The mean fraction of finest roots in RL for surface area was 52 %, with the highest 

value (54.4 %) in Mixed, and the lowest (49.6 %) in Secondary1. The fraction of finest roots in 

RL for volume was 26.5 % with the highest value (29.2 %) in Secondary2 and the lowest (24.6 

%) in Secondary1. The fraction of finest roots in the SOIL-layer showed similar percentage with 

slightly lower amount of finest roots than the RL-layer, see Table 1, appendix 3. 

Figure 8: Differences in soil –layer distribution (ratio RL/SOIL) for variables mass (Mg/ha/yr), length (L), surface area (SA) and 
volume (V), per area. Error bars as ± 1 standard error, n = 3 (a). Differences in soil-layer distribution (ratio RL/SOIL) for variables 
mass (M/V), surface area (SA/V) and volume (V/V) per volume. Errorbars as ± 1 standard error, n = 3 (b). 

a) b) 
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5. Discussion 
 

5.1 Fine-root production in mass 
 
The estimated fine-root production in Primary1 and Secondary2 of 18.5 - 19.48 Mg ha-1 year-1 

was very high compared to results from other studies in tropical rainforests, where the production 

was 3-7 Mg ha-1 year-1 in the Amazon (Metcalfe, 2008), 5.9 ± 4.8 Mg ha-1 year-1 in a compilation 

of a global dataset (Finer et al., 2011) and 2.8 Mg ha-1 year-1 in an Indian tropical rainforest 

(Barbhuiya, 2012). However, all these studies where conducted in lowland tropical rainforest, 

and the study from Röderstein (2005) show that the production of fine-roots are increasing with 

increasing altitude, reaching a production of approximately 20 Mg ha-1 year-1 at 3060 m.a.sl. in 

Ecuador. This is similar to the results from both Primary1 and Secondary2 in this study. Girardin 

(2010) also showed that the fine-root production in the Amazon and Peruvian Andes increased 

from 3 Mg ha-1 year-1 at 194m to about 10 Mg ha-1 year-1 at 3020m, reaching a maximum of 

almost 14 Mg ha-1 year-1 at 2020 m.a.sl. Thus, our results confirm that the fine-root production in 

montane tropical rainforest can be very high. 

   The highest values in the data set where registered in Secondary2, Primary1 and Mixed, which 

is unexpected according to the theory of higher production in primary forest. The differences 

between the sites were not significant and show that this forest doesn’t seem to have any 

differences in fine-root production between primary and secondary sites. Secondary1 and 

Primary2 had the lowest fine-root production, but compared to other studies, the values are still 

high, indicating that this forest has a very high fine-root production. However the extrapolation to 

annual production may be slightly overestimated as no measurements were made during the dry 

season of the year, which is assumed to be carrying a lower fine-root production compared to the 

rainy season (Metcalfe et al., 2008). Nsabimana et al. (2009) noted in measurements in the same 

forest, that the soil CO2 efflux was highest during the rainy season (March-April) and lowest 

during the dry season (July-August). This was discussed to be caused by the soil water content, 

which is lower during the dry season and thus indicates water stress to plants and 

microorganisms, which reduces the respiration rate. This could also be caused by the lower 

growth rate among the fine-roots, which lowers the respiration rate and indicates a lower fine-

root production during the dry season. To be able to find seasonal trends in the fine-root 

production the study needs to be conducted throughout a full year. Since this is the purpose of the 

larger project that this study is part of, differences between the sites cannot be excluded before a 

full year fine-root production is taken into account. 
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The lack of significant results in this study is partly due to the large spatial variation in the fine-

root production both between and within the plots. The within plot variation in e.g. Primary1 

ranged from around 2 tons ha-1 yr-1 to approximately 60 tons ha-1 yr-1. To even out the spatial 

variation either the plots need to cover a larger area or the number of plots have to increase. 

However, the large spatial variation in fine-root production shows that there is a larger difference 

within the different forest types rather than between the forest types, which is an important 

finding about the growth pattern of fine-roots. 

 

The negative correlation between nitrogen content in leaves and the fine-root production suggests 

that the roots increase in mass when the nutrients in the leaves decrease. This means that the sites 

where the fine-root production is high, the nutrient supply in the soil might be low, which results 

in an increase in root growth to maximise resource allocation. If the project where to continue for 

a longer time period, it would therefore be interesting to also measure the nutrient content in the 

soil as well as in the root samples on the different plots. Different factors have been suggested to 

control the growth and turnover of fine-roots, such as temperature (Gill & Jackson, 2000), 

mycorrhizal interactions (Eissenstat et al., 2000), soil water content (Rosado et al., 2011), and 

nutrient availability (Fitter et al., 1998). Possibly, many different factors control the growth and 

lifespan of fine-roots (Graefe et al., 2008), and findings in different studies show contradicting 

results with positive correlation between fine-root longevity and resource availability as well as 

negative correlations between the two (Hendrick & Pregitzer, 1994; for further information, see 

references therein). Thus, no consensus regarding what factors control fine-root production and 

growth have yet been found. Fitter (1998), however, suggests that the most determinant factor for 

fine-root growth is nutrient availability, which is in accordance with the findings in this study. 

However, measurements of the soil temperature, soil water content and nutrient composition in 

the soil was not performed in this study due to lack of time. Other factors impact for the fine-root 

production can therefore not be excluded. More measurements of fine-root production in relation 

to different factors important for fine-root growth are thus needed to be able to understand the 

fine-root growth and production. Also, if roots belonging to different successional groups are 

hypothesised to have different growth patterns, the fine-root production of individual species 

would also be interesting and necessary to investigate. 
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5.2. Fine-root production in length, surface area, volume, specific root length, 
specific root area and density 
 
Secondary1 had among the lowest values for all the variables M, SA, L, V and density, but the 

highest values for SRA and SRL. The low density and the high SRA and SRL indicate thinner 

roots on this site, which could speak for maximisation of resources, as discussed by Metcalfe 

(2008) and Jackson (1997). The negative correlation between SRA, SRL and basal area explains 

the high values of SRL and SRA in Secondary1, since the basal area is increasing along the 

transect towards the primary forest, and the SRL and SRA is somewhat decreasing towards the 

primary forest, although not significantly. The positive correlation between density and basal area 

also explains the low values of the density in Secondary1, since the correlation means that 

density increases with basal area. The dissertation by Comas (2001) show that fast-growing 

pioneer species have greater SRL than slow growing climax species, as well as thinner diameters. 

This also supports the results in this study of higher SRL and SRA, as well as the lower density, 

in Secondary1. However, the results in figure 7.c show the spatial variation in both the fine-root 

density as well as the basal area, so this rather gives an indication of how the parameters are 

connected, but more measurements are needed to be able to confirm what is determining the fine-

root growth on the different plots. 

 

The mean values of length and surface area were high comparing to other studies performed in 

montane tropical forests. The Andes have shown to have a fine-root length growth rate of 9.6 km 

m-2 yr-1 (Girardin et al., 2013) at 1855 m.a.sl, which is around 4 times lower than the results on 

the primary plots in this study (42 km m-2 yr-1). The plots in this study are in general at a higher 

elevation, but even the values from Primary2, which is at 1850 m.a.sl, are 3 times higher than 

those from Girardin et al. 2013. Reference values of the fine-root production in African montane 

tropical rainforests are however difficult to find. Jackson (1996) show that tropical moist forest, 

both lowland and montane, contain higher amount of fine-root biomass than other biomes. This 

could mean that the explanation for the high production seen in this study might be caused by the 

elevation, which causes slower nutrient turnover due to lower temperatures, and the high 

moisture, combined.  

 

5.3. Distribution in soil-layer  
 
The height of RL in Primary1 was on average 17.4 cm compared to the other sites that ranged 

from 9.3 cm to 13.5 cm. The significant differences between the sites concerning the RL to SOIL 
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ratio per area thus show that the height of RL is significantly larger in Primary1 than almost all of 

the other sites. However, the most roots do not occur on this site since none of the ratios per 

volume show a significantly larger ratio in Primary1 than the other sites. The ratio concerning the 

values per volume is higher in Secondary2 and Mixed than in Secondary1, which is somewhat 

expected since these sites have among the highest production of roots. But the ratio for SA/V and 

V/V is higher in Primary2 than Secondary1 even though Primary2 has the shallowest RL-layer. 

This indicates that the denseness of roots (not the root density) is the highest in Secondary2, 

Mixed and Primary2. However, since the difference in ratio varies among the sites, this study 

does not reveal any significant difference between primary and secondary forest in distribution in 

soil-layer. Some studies show that the organic layer is the preferred rooting layer in primary 

forest with around 70-90 % of the total fine-root biomass (Hertel, Leuschner & Hölscher, 2003; 

Rosado, 2011), other studies suggests that the vertical distribution of fine-roots does not change 

with the disturbance of the forest (Leuschner, 2006), while another study showed that there was a 

higher amount of fine-root in the organic soil layer on highly disturbed sites with 90 % of the 

fine-roots, compared to 67 % of the fine-roots on undisturbed sites (Barbhuiya et al., 2012). This 

implies that there is still no consensus for how the disturbance-rate of the forest affects the 

rooting distribution. Also, the study by Rosado (2011) show that there is a higher percentage of 

fine-roots in the uppermost organic layer during the wet season compared to the dry season, 

which gives an explanation to the importance of RL in Primary2 since this was the wettest plot. It 

also indicates the problems with not taking the dry season into account in this study. 

 

5.4. Fraction of finest roots in soil layer 
 
According to Hooshang et al. (2005), the turnover rate increases with decreasing fine-root 

diameter. The reason for the high amount of fine-roots on the plots could also be caused by the 

large amount of finest-roots on these plots which might have died but not yet decayed, so the 

counts of fine-root production might be based on both dead and live roots. In a study of fine-root 

dynamics in a montane tropical rainforest in south Ecuador, the percentage of finest roots for the 

variable length in the whole soil sample (down to 40 cm) was only 27.3 % (Graefe et al., 2008), 

while the fraction of finest roots in this study were 78% only in the organic layer (RL, 0-13 cm) 

and 69% finest roots in the mineral soil layer (SOIL, 13-40), for the variable length. This means 

that the plots in this study seem to be more dynamic than other montane tropical rainforests. 

Baddeley & Watson  (2005) saw that the roots at a depth of 10 cm had shorter longevity than 

roots at lower depths. Most of the roots in our study are present in the topmost 13 cm and the 

percentage of finest roots is high (78-82% for length for all sites), which combined might 
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contribute to the high production on all sites, where both live and dead roots might be included in 

the study.  

 

In general, most studies that focus on the differences in fine-root production between primary and 

secondary forest seem to be carried out in more disturbed secondary forests than the one used in 

this study. Ngo (2013) implies the importance of investigating the carbon sequestration and 

storage in secondary forest since these are increasing worldwide, and the findings in this study 

thus improve the knowledge about the differences between secondary and primary forest, 

suggesting that the fine-root production increases with decreasing disturbance.  

 

5.5. Experimental design 
 
The in-growth cores in Primary1 had been in the ground during the same period as Secondary1 - 

September to February - and in Primary2 the in-growth cores had been in the ground during the 

same months as Secondary2 and Mixed - December to March. If there are any phenological 

events occurring during these months, which are important to take into account (Vogt et al., 

1986), the values from Primary1 should be comparable to those from Secondary1, and Primary2 

to Secondary2. However, the mean production of fine-roots is larger in Primary1 than 

Secondary1, but the mean production in Secondary2 is larger than the production in Primary2, 

which is the opposite pattern. The reason to this observation remains to be answered. 

 

The plots in Primary2 contained a lot of stones and water and the soil in the in-growth cores were 

rather clay than soil. Additionally, some of the cores had gaps where there was no soil at all, and 

Primary2 also have the shallowest layer of RL. Because of the amount of stones and soil gaps in 

the cores, the fine-roots were possibly fewer due to either lack of space in the cores or no soil to 

grow into, which might have affected the result. Also, the average depth to which the in-growth 

cores were put was the least in Primary2 with 38.55 cm compared to average 41.1 cm in the 

secondary plots. The higher values in Primary1 than Primary2 are therefore more or less realistic 

and something we could expect. But the secondary sites however show another pattern, were 

Secondary1 has a deeper average depth than Secondary2 (41.59 cm compared to 40.61) but 

Secondary 2 still have higher values on all the variables. Additionally, the plots in Primary2 are 

on a lower elevation with higher temperatures and precipitation than the other plots, which 

according to Röderstein (2005) and Girardin (2010) might result in lower fine-root production, 

due to higher nutrient turnover.  
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According to Priess (1999) there might be a bias of the production estimation for short-term 

measurements since the first roots that grow into the cores grow into root-free soil which might 

enhance growing due to lack of competition between roots. The root-growth in Secondary2 and 

Mixed had been measured for the shortest duration, which, according to Priess, might explain the 

high values recorded on these sites. If this is the case, we can still not conclude any differences 

between the different sites due to the lack of significant results because of the large variances 

within the sites, but it indicates that the results might be different if the cores on the different sites 

where installed in the soil for equally long time.  

 

5.6. Limitations for the project  
 
As with all studies, this study shows some limitations. Due to the time frame given in the 

experiment, not enough time was spent on sorting out debris from the root samples before 

scanning and weighing. Even though the scanner was set to sort out debris with a length/width 

ratio less than 4, there might still be a risk that the scanner mistakenly analyses some organic 

material like bark or small twigs as fine roots and thus overestimates the length, surface area 

and/or volume of the roots. During the weighing, these materials do not add so much volume and 

should therefore not add so much extra weight to the sample, but there still might be a risk that 

the extra material add some that might lead to overestimated results. However, the method of 

Metcalfe where a correction of underestimation of roots is added still might show underestimated 

values of the fine-root production (Girardin et al., 2013), why one could argue that these eventual 

over- and underestimations rule out each other, leaving the “true” value of fine-root production 

behind. Studies comparing different methods of sampling root estimates show that fine-root (< 

0.5 mm) biomass estimations are 54 % lower with the in-growth core method than with 

minirhizotron estimates (Hendricks et al., 2006), and according to Metcalfe (2007) the prediction 

method adds 21-32 % of initial estimates of standing root crop mass. In this study we found that 

the prediction method added around 48 % of the initial fine-root biomass. This combined 

suggests that the estimates from this study still are reasonable.  
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6. Conclusions 
 
In this study the fine-root production in primary and secondary forests was compared, where no 

significant differences along the disturbance gradient was found. Instead, other factors were 

causing large variations in the fine root production. This study indicates that variability in leaf 

nutrient content of the trees is one factor. Other factors are unknown and this study emphasises 

the need of more studies to explain the spatial variation of fine root production in montane 

tropical rainforest to be able to better predict the carbon sequestration in these ecosystems.  

However, it is important to mention that this study did not cover a full year and that different 

phenological events combined with the fact that the in-growth cores at the different sites had been 

installed in the soil for different length of time may have influence the result. To understand the 

temporal variation as well as what factors control the fine-root production in tropical montane 

rainforests, more research about the fine-root ecology, longevity and turnover is needed, 

especially in Africa. 

 

This study reveals high production on all sites. Since previous research have shown that fine-root 

production increases with increasing elevation while the aboveground biomass decreases, the 

most important finding in this study is that models of the global carbon cycle are likely to 

sincerely underestimate the carbon sequestration and storage in tropical montane rainforest if 

they do not include the fine-root production. The fine-roots contribution to the ecosystems carbon 

storage is pronounced and reveals the importance of montane tropical rainforests for the global 

carbon cycle. 
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8. Appendices 

Appendix1 
Table 1: Mean percentage of fine-roots in upper soil layer (RL) and lower soil layer (SOIL). 

Prim1 Prim2 Mixed Sek1 Sek2 ALL PRIM SEC
Mg/ha/year
RL 77.6% 63.1% 63.3% 62.6% 70.6% 67.4% 70.3% 66.6%

SOIL 22.4% 36.9% 36.7% 37.4% 29.4% 32.6% 29.7% 33.4%

L (km/m2/yr)
RL 77.8% 68.8% 65.4% 68.2% 73.7% 70.8% 73.3% 71.0%

SOIL 22.2% 31.2% 34.6% 31.8% 26.3% 29.2% 26.7% 29.0%

SA (m2/m2/yr)
RL 76.3% 66.0% 63.3% 63.5% 72.2% 68.3% 71.2% 67.9%

SOIL 23.7% 34.0% 36.7% 36.5% 27.8% 31.7% 28.8% 32.1%

V (cm3/m2/yr)
RL 76.76% 64.91% 63.84% 61.29% 72.82% 67.92% 70.84% 67.06%
SOIL 23.24% 35.1% 36.2% 38.7% 27.18% 32.08% 29.16% 32.94%

SRA (m2/kg)
RL 48.9% 53.02% 50.38% 50.27% 50.84% 50.67% 50.94% 50.56%
SOIL 51.1% 47.0% 49.6% 48.0% 49.16% 48.98% 49.06% 48.59%

SRL (km/kg)
RL 51.11% 56.68% 52.36% 55.94% 52.48% 53.71% 53.89% 54.21%
SOIL 48.89% 43.32% 47.64% 44.06% 47.52% 46.29% 46.11% 45.79%

Density (g/cm3)
RL 49.7% 49.0% 48.0% 52.0% 48.1% 49.3% 49.3% 50.0%
SOIL 50.3% 51.0% 52.0% 48.0% 51.9% 50.7% 50.7% 50.0%

L/V (km/m3/yr)
RL 80.0% 86.8% 85.2% 80.4% 85.02% 83.5% 83.4% 82.7%
SOIL 20.0% 13.2% 14.8% 19.6% 14.98% 16.5% 16.6% 17.3%

SA/V (m2/m3/yr)
RL 78.7% 85.1% 84.0% 77.0% 84.14% 81.8% 81.9% 80.5%
SOIL 21.30% 14.87% 15.96% 23.04% 15.86% 18.2% 18.1% 19.5%

V/V (cm3/m3/yr)
RL 78.96% 84.28% 84.25% 75.43% 84.55% 81.5% 81.6% 80.0%
SOIL 21.04% 15.72% 15.75% 24.57% 15.45% 18.5% 18.4% 20.0%

M/V (kg/m3/yr)
RL 80.32% 83.19% 83.86% 76.47% 83.04% 81.4% 81.8% 79.8%
SOIL 19.68% 16.81% 16.14% 23.53% 16.96% 18.6% 18.2% 20.2%  
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Appendix2 
Table 1: Mean values of fine-root production for the variables mass carbon (MgC/ha/yr), mass (mg/ha/yr), length (L, 
km/m2/yr), surface area (SA, m2/m2/yr), volume (V, cm3/m2/yr), specific root length (SRL, km/kg) and specific root 
area (SRA, m2/kg). 

Foresttype MgC/ha/yr Mg/ha/yr L (km/m2/yr) SA (m2/m2/yr) V (cm3/m2/yr) SRL (km/kg) SRA (m2/kg)
Primary1 9.3 ± 6.7 18.5 ± 8.9 54.6 ± 21.9 59.2 ± 21.2 9153 ± 3377 64.0 ± 14.5 70.4 ± 16.9
RL 7.1 ± 5.7 14.1 ± 5.8 42.5 ± 17.1 45.2 ± 16.4 7039 ± 2645 32.7 ± 8.8 34.3 ± 8.8
SOIL 2.2 ± 2.0 4.4 ± 3.1 12.1 ± 5.5 14.0 ± 5.6 2114 ± 804 31.3 ± 7.6 36.1 ± 9.4

Primary2 5.2 ± 4.3 10.4 ± 4.3 30.1 ± 13.7 33.9 ± 15.2 5354 ± 2539 60.3 ± 1.6 66.4 ± 4.9
RL 3.3 ± 3.7 6.6 ± 3.0 21.0 ± 10.1 22.7 ± 11.0 3534 ± 1843 34.2 ± 3.8 35.1 ± 0.9
SOIL 1.9 ± 1.2 3.7 ± 1.3 9.1 ± 3.6 11.2 ± 4.3 1819 ± 697 26.1 ± 2.9 31.3 ± 3.9

Mixed 7.2 ± 4.7 14.4 ± 6.9 55.1 ± 21.9 52.7 ± 30.4 7332 ± 4398 71.5 ± 14.3 70.7 ± 10.9
RL 4.7 ± 3.4 9.3 ± 5.2 35.7 ± 21.6 33.5 ± 19.8 4765 ± 3087 36.9 ± 4.2 35.4 ± 3.9
SOIL 2.5 ± 1.6 5.1 ± 1.8 19.4 ± 12.8 19.2 ± 10.6 2566 ± 1314 34.6 ± 10.9 35.3 ± 7.8

Secondary1 4.5 ± 2.8 9.0 ± 3.8 35.0 ± 14.1 38.2 ± 14.9 5967 ± 2478 77.8 ± 23.6 87.9 ± 16.9
RL 2.9 ± 2.3 5.8 ± 3.3 24.0 ± 10.9 24.7 ± 12.0 3772 ± 2035 42.9 ± 9.5 43.9 ± 6.1
SOIL 1.6 ± 0.9 3.2 ± 0.6 11.0 ± 5.2 13.5 ± 4.5 2195 ± 503 35.0 ± 14.2 43.9 ± 10.9

Secondary2 9.7 ± 5.7 19.5 ± 5.0 65.0 ± 8.8 68.0 ± 4.0 9766 ± 1785 69.2 ± 20.3 71.7 ± 10.1
RL 6.9 ± 4.8 13.9 ± 4.4 47.9 ± 6.7 49.2 ± 4.2 7115 ± 1327 36.7 ± 12.6 36.7 ± 7.2
SOIL 2.8 ± 1.3 5.6 ± 0.68 17.1 ± 2.9 18.8 ± 0.7 2652 ± 489 32.4 ± 7.7 35.1 ± 2.9  

 

 
Table 2: Mean values of the fine-root production for the variables L/V (km/m3/yr), SA/V (m2/m3/yr), V/V (cm3/m3/yr), 
M/V (kg/m3/yr) and density (g/cm3). 

Foresttype L/V (km/m3/yr) SA/V (m2/m3/yr) V/V (cm3/m3/yr) M/V (kg/m3/yr) Density (g/cm3)
Primary1 307 ± 131 331 ± 122 51283 ± 18970 10.3 ± 5.3 0.41 ± 0.1
RL 247 ± 110 261 ± 100 40568 ± 15552 8.3 ± 4.2 0.20 ± 0.04
SOIL 60.1 ± 22.2 70.0 ± 24.5 10715 ± 4032 2.1 ± 1.1 0.21 ± 0.03

Primary2 256 ± 102 277 ± 107 42687 ± 18147 8.1 ± 2.3 0.41 ± 0.05
RL 223 ± 88 236 ± 89.6 35962 ± 15169 6.7 ± 2.4 0.20 ± 0.03
SOIL 33.6 ± 15.8 41.5 ± 18.5 6725 ± 2995 1.4 ± 0.5 0.21 ± 0.03

Mixed 429 ± 209 406 ± 189 56865 ± 29241 11.3 ± 4.7 0.45 ± 0.05
RL 362 ± 165 339 ± 153 47917 ± 24762 9.5 ± 4.1 0.21 ± 0.02
SOIL 67.2 ± 44.9 66.7 ± 37.4 8948 ± 4616 1.8 ± 0.6 0.23 ± 0.03

Secondary1 220 ±85.4 236 ± 91 36691 ± 15447 5.6 ± 2.5 0.31 ± 0.03
RL 177 ± 69 182 ± 75 27950 ± 12802 4.3 ± 2.1 0.16 ± 0.01
SOIL 43.7 ± 19.4 53.6 ± 18.5 8741 ± 2675 1.3 ± 0.4 0.15 ± 0.01

Secondary2 447 ± 72.6 462 ± 9.1 65935 ± 7921 13.0 ± 2.8 0.42 ± 0.02
RL 381 ± 67 389 ± 10.4 55653 ± 5427 10.8 ± 2.4 0.20 ± 0.02
SOIL 66.4 ± 6.2 73.3 ± 6.3 10282 ± 2511 2.2 ± 0.4 0.22 ± 0.01  
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Appendix 3 
Table 1: Percentage of finest roots ( < 0.5 mm diameter) in the  

topmost soil layer (RL) and the lower soil layer (SOIL), for the  

variables length (L), surface area (SA) and volume (V). 

 

 

 

 

 

  Sec1 Sec2 Mixed Prim1 Prim2 
L           
RL 78% 80% 82% 80% 78% 
SOIL 69% 76% 77% 76% 71% 
            
SA           
RL 50% 54% 54% 52% 50% 
SOIL 42% 53% 53% 51% 43% 
            
V           
RL 25% 29% 28% 25% 25% 
SOIL 21% 31% 30% 28% 22% 


