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University, No 639, 35 pp. 45 hp (45 ECTS credits). 
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Subject: Biogeology 

Giulia Lodi, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. 

E-mail: gi0514lo-s@student.lu.se 

Abstract: The Okavango Delta is southern Africa’s greatest wetland and is among one of the most pristine 

wetlands in the world. There is moderate information about how this system functions, however, the research on 

nutrient concentrations and cycles is especially limited. This study provides new knowledge on the Okavango Delta 

by analysing samples of Cyperus papyrus, one of the main aquatic plants in the area. Total nitrogen (TN), total 

organic carbon (TOC), and biogenic silica (BSi) concentrations in papyrus were measured and examined. Papyrus 

was harvested from three sites in the permanent swamps of the Okavango Delta, and divided in the different organs: 

umbel, culm, scales, roots, and rhizome. The two methods used in this study are elemental combustion analysis for 

TN and TOC and wet chemical digestion for BSi. I investigated if there were differences in TOC, TN, and BSi 

depending on the part of the plant, the age of the plant, the environment in which the plant was growing, and the 

flood period. The highest TN concentrations were found in umbels, rhizomes, and roots. Umbels function as both a 

photosynthetic organ and an inflorescence; rhizomes act as a storage for nutrients; and roots have been found to be 

colonized by N2-fixing bacteria. Moreover, TN concentrations in juvenile organs were higher than in mature ones. 

This was associated active translocation and recycling of nutrients in the first stages of growth of papyrus from 

mature to juvenile plants which then might cause a higher productivity in juvenile plants. The environment in 

which papyrus grows does not seem to influence TN concentrations, however, during high flood periods there was 

a higher TN amount in papyrus. The results of the study showed TOC concentrations between 39-43%, the highest 

concentrations were found in umbels and rhizomes and the lowest in the roots. Statistical analyses on TOC 

concentrations comparing the growing sites and the flood periods did not give any significant results for any part of 

papyrus. Lastly, the highest BSi concentrations were found in mature organs since silica is accumulated inside the 

plant throughout its life. BSi was not uniformly distributed among the different organs, possibly because of a 

passive transport of dissolved silica through the transpiration system and deposited in regions mostly affected by 

water loss. The growing site does not seem to influence BSi concentrations in papyrus. However, BSi in rhizomes 

was twice as high during high flood periods than during flood recession. 
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GIULIA LODI 

Lodi, G., 2022: Kol-, kväve- och kiselkoncentrationer i papyrus (Cyperus papyrus) i Okawangodeltat, Botswana, 

Afrika. Examensarbeten i geologi vid Lunds Universitet, Nr. 639, 35 sid. 45 hp. 

Nyckelord:  Okawangodeltat, papyrus, kväve, organiskt kol, biogeniskt kisel 

Handledare: Daniel Conley, Karl Ljung, Johanna Stadmark  

Ämnesinriktning: Biogeologi 

Giulia Lodi, Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. 

E-post: gi0514lo-s@student.lu.se 

Sammanfattning: Okawangodeltat är södra Afrikas största våtmark och en av världens minst påverkade 

våtmarker. Kunskapen om hur våtmarkssystemet fungerar är begränsad, särskilt vad gäller halter av näringsämnen 

och omsättning av näringsämnen i de dominerande våtmarksväxterna. I den här studien presenteras analyser av kol-

, kväve- och kiselhalter i Cyperus papyrus som är den dominerande akvatiska växten i stora delar av deltat. Papyrus 

samlades in från tre platser i den permanenta våtmarken i deltat. Material samlades in från växter med olika ålder, 

från olika växtplatser och under hög- och lågvatten. Varje insamlad växt delades upp i: blomställningar, stammar, 

fjäll, rötter och jordstammar. Alla prover analyserades för halt av totalt kol, totalt kväve och kisel. Skillnader i 

koncentration av näringsämnen från de olika växtdelarna analyserades med avseende på ålder, växtmiljö och 

vattenstånd. De högsta kvävehalterna uppmättes i blomställningar, rötter och jordstammar. Detta förklaras av att 

blomställningar både är fotosyntetiserande och producerar blommor och frön, jordstammarna lagrar näring, och 

rötterna har ofta associerade kvävefixerande bakterier. Kvävehalten var också högre i juvenila växter, eftersom 

växter har mer aktiv näringstransport under den första tillväxtfasen. Kvävehalterna var generellt högre under 

högvattenfasen, medan växtplatsens avstånd till strömfåran i deltat inte påverkade kvävehalten. Koncentrationen av 

totalt kol låg mellan 39 och 43 procent med högst halter i blomställningar och jordstammar, och lägst i rötter. 

Halten totalt kol var inte korrelerad med växtmiljö eller vattenstånd. Andelen kisel var högst i äldre växter, vilket 

beror på att växterna ackumulerar kisel under sin livstid. Kiselinnehållet var inte jämnt fördelat mellan olika 

växtdelar, sannolikt eftersom kisel fälls ut i större utsträckning i de delar som är påverkade av vattenförlust. 

Kiselhalten var högre vid högvatten än vid lågvatten, medan växtmiljön inte påverkade kiselhalten. 
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1 Introduction 
 
The Okavango Delta is located in northern Botswana 
and is southern Africa’s greatest wetland. It is one of 
the world’s largest Ramsar sites (wetland sites selected 
to be of international importance under the Ramsar 
convention) and it has been recently added to the 
UNESCO list of World Heritage Sites in 2014 (West 
et al., 2015). The Delta covers about 55000 km2 in 
area and it is very important for the region. In fact, the 
Okavango Delta is one of the only two perennial 
sources of water in Botswana. Moreover, the 
Okavango Delta belongs to the most pristine wetlands 
in the world (McCarthy & Ellery, 1998). A first 
explanation for this is that the region has never been 
densely inhabited by humans, even though the first 
record of humans here dates back to more than 30000 
years (Thomas & Shaw, 1991). A second reason is that 
water management projects never have impacted the 
region’s hydrology (McCarthy & Ellery, 1998). A 
third cause is the presence of the malarian mosquito 
and the tsetse fly, which represent a problem for both 
humans and cattle (Stanistreet & McCarthy, 1993). 

 
 A more profound understanding of the 
Okavango Delta is necessary to preserve the value of 
this oasis of water and wildlife. Since there is 
moderate information about how this wetland system 
originated, how it functions, and which processes take 
place (Mendelsohn et al., 2010), this study provides 
new knowledge on the plant communities in the 
Okavango Delta. C. papyrus is one of the main aquatic 
plants both in the Panhandle and in the permanent 
swamp (Fig. 1; Struyf et al., 2015). It is known that 

papyrus wetlands are some of the most productive 
systems on Earth (Saunders et al., 2013), but still, in 
the Okavango Delta, research on nutrient 
concentrations and cycles is limited (Mendelsohn et 
al., 2010). Moreover, little research has focused on 
wetland dissolved silicon (DSi) concentrations and 
cycling or on the cycling of DSi compared to nitrogen 
cycling (Struyf & Conley, 2009). Therefore, a detailed 
study on nutrient concentrations in C. papyrus 
wetlands is of major significance to better comprehend 
how this fascinating ecosystem operates. 

 

1.1 Research questions 
 

The aim of this MSc thesis project is to study TOC, 

TN, and BSi concentrations in C. papyrus plants. To 

do this, the analysis will consider different variables: 

the age of the plants (juvenile or mature), the sampling 

area (channel margin or backswamp), and the stages of 

the flood pulse (high flood or flood recession). These 

factors could control the nutrient concentrations in 

papyrus and in the Delta. The major hypotheses that 

are tested in this study are: 

1. TN content in younger plants is higher than in 

more mature plants. 

2. TN and TOC contents are higher during high 

flood than during flood recession. 

3. TN and TOC contents are higher in plants har-

vested on channel margins compared to the 

backswamps. 

4. BSi content is higher in mature plants as com-

Figure 1. The Okavango Delta map, showing the permanent and seasonal swamps, and the three sampling sites (modified from 

Christison et al., 2005, fig. 1).  
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pared to juvenile plants. 

 To examine these hypotheses, three sites in the 

Panhandle region were chosen (Fig. 1) and 261 sam-

ples of different parts of the papyrus plant were har-

vested, namely umbel, culm, scales, roots, and rhi-

zome. The sampling was executed in 2017 collecting 

samples of different age to compare juvenile and ma-

ture plant parts. Moreover, papyrus plants were har-

vested in different time periods following the flood 

pulse: flood expansion, high flood, and flood reces-

sion. The first method of this MSc project utilized high 

temperature combustion for the analysis of TOC and 

TN. The second method is a wet chemical digestion 

technique for biogenic silica (BSi), which dissolves all 

amorphous silica components in the samples using a 

weak base solution. Lastly, previous studies are used 

to compare the results obtained. 

 

1.2 The vegetation in the Okavango 
Delta and Cyperus papyrus 

 
The primary vegetation types in Africa mainly follow 

the rainfall distribution on the continent. These vegeta-

tion complexes have one feature in common: extreme-

ly shallow hydrologic gradients. Moreover, there are 

similitudes in their origins: tectonic activity, massive 

deposition of sediments, or both. For instance, the 

swamps of the Okavango Delta are thought to origi-

nate from an ancient rift valley system, now filled with 

~150 metres of sediments brought into the basin by the 

Okavango River (Denny, 1985). 

 The permanent inland waterbodies, such as the 

Okavango Delta, have floodplains. They are classified 
as lacustrine or riverine floodplains. The former is the 

area of land above water level, that is inundated at 
least once a year. The latter is delimited by the levee. 
Levees are formed along the margins of river channels 

by sediment deposition. During flooding, coarser parti-
cles, like sand, deposit first, forming the levees, while 

the finer particles, like silt, make up the backwater 
swamps. A similar classification is also used when 

talking about the papyrus swamps. Papyrus swamps 
(Fig. 2) are typically found in stable hydrological re-

gimes, but they can also prosper with water level 
changes. Papyrus swamps are found from sea level to 

over 2000 m altitude, and usually have ~pH 6.5, but 
the plant itself can tolerate a pH range of 4-8. In the 

Okavango Delta, papyrus swamps make up ~20% of 
the total reed swamp (Fig. 3; Denny, 1985). 

 The most important plant family in permanent-
ly herbaceous swamps is Cyperaceae. Cyperus in one 

of the major genera in this family and contains more 
than 600 tropical and sub-tropical species living on 

mostly poor, heavy soils or in deep water (Denny, 
1985). Cyperus papyrus (Fig. 4) is the most ecologi-

cally important aquatic emergent in the genus and has 
an almost entire African distribution (Thompson, 

1976). Furthermore, C. papyrus is the biggest sedge 
worldwide, reaching up to 9 metres in height in Ethio-

pia. It is usually a sudd (Arabic word meaning 

Figure 2. An example of channel dominated by Cyperus papyrus in the Okavango Delta (https://i2.wp.com/

www.marieangeostre.com).  
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“blockage” or “barrier”) dominant species. This word 
was first used referring to the massive papyrus block-

ages in the Nile swamps (Hope, 1902; Drar, 1951). 
Cyperus species are present in every type of sudd, and 

C. papyrus is the only species which dominates a ma-
jor sudd type. Indeed, the fringes of almost all riverine 

and lacustrine papyrus swamps are floating, and 
thanks to papyrus’s exceptional growth rate, it quickly 

occludes channels. This type of sudd is bound together 
by papyrus’s rhizomes, the underground plant stem 

producing roots and new shoots (Denny, 1985). 

 Aquatic emergent plants living in wetlands had 

to develop some adaptations to thrive in such a partic-

ular environment. There are numerous adaptations, 

ranging from morphological to anatomical to physio-

logical. 

 In C. papyrus the first morphological adapta-

tion is seen in the leaves. Each umbel is made of hun-

dreds of small bracteoles (leaves directly subtending 

the flowers) that create a perfectly spherical radiation 

interceptor, and at the same time retain a prime mecha-

nism for cooling. A second morphological adaptation 

is in the roots. C. papyrus developed a dimorphic root 

structure: roots suspended in water are large, white, 

and fleshy, while roots in alluvium are small, dark, and 

springy. This difference is related to nutrient uptake, 

as non-aquatic plants do not need to develop “water 

roots” in soil (Denny, 1985). 

 The main anatomical adaptation is related to 

aeration tissues. Papyrus has developed aerenchyma 

tissues (spongy tissues that create air channels in the 

stems) in the culm that perform aeration service for the 

submerged roots and rhizomes. Gaseous diffusion oc-

curs across the restriction of the basal intercalary meri-

stems (region of cells capable of division and growth) 

located at the junction of vertical culm with horizontal 

rhizome. Once the basal meristem ceases activity, ap-

proximately one month after the beginning of culm’s 

extension, the diffusion channels are completed. Until 

the juvenile culm is mature, oxygen diffuses down the 

adjacent mature culm and the submerged rhizome to 

supply young growing tissues (Denny, 1985). 

 Lastly, physiological adaptations took place as 
well. The first adaptation regards anaerobic respiration 

(Denny, 1985). In fact, Thompson (unpublished data) 
made an experiment where he put a sectioned rhizome 

of papyrus under water with a very low oxygen con-
tent and noticed that it was still forming new culms. 

This suggests that proper metabolic pathways are pre-
sent in papyrus to make anaerobic respiration possible. 

The second physiological adaptation is about germina-
tion. Many species have long-lived seeds since most of 

the time the germinations’ requirements are not met in 
their living environment. Consequently, most reeds, 

and C. papyrus as well, had to adapt because their 
seeds require nutrient-rich, wet, and muddy substrates. 

The Okavango habitat is nutrient poor, so the wet 
muddy substrate is fundamental for seedling develop-

ment. The third adaptation takes nutrients into consid-
eration. The plant’s productivity is determined by tem-

perature and nutrient availability (Denny, 1985). A 
study conducted by Thompson et al. (1979) showed 

that papyrus’s biomass was unaffected by the amount 
of nutrients present in its growing environment. Nev-

Figure 3. An example of reed swamp in the Okavango Delta (https://live.staticflickr.com/).  
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ertheless, productivity was largely affected by the sta-

ble or seasonal presence of water: in the first case, 
individual plants were robust but with a low culm den-

sity, while in seasonal water regimes individual plants 
were scrubby but with a high culm density. 

1.3 Carbon and nitrogen in Cyperus 
papyrus 

 
The first aim of this MSc project is to investigate total 

organic carbon (TOC) and total nitrogen (TN) contents 

in C. papyrus. The Okavango Delta wetland system 

sequesters and accumulates significant amounts of 

carbon in both detritus and peat (Saunders et al., 

2012). Papyrus wetlands have high rates of primary 

productivity and they have been classified as some of 

the most productive natural ecosystems on the planet 

(Saunders et al., 2013) with a net average production 

of 48-143 t ha-1 y-1 (Thompson et al., 1979). This is 

caused by papyrus’s continual development and 

growth throughout the year, with growth units emerg-

ing from rhizomes in multiple age classes (Jones & 

Muthuri, 1997). Papyrus is characterized by massive 

rhizome development, with an estimate of 30-50% of 

the total biomass being underground (Thompson, 

1976). This underground biomass is of crucial im-

portance in maintaining a high productivity in papyrus. 

It has been suggested that 50% of carbon in the bio-

mass of a mature culm is recycled within the plant as it 

gets old and eventually dies, by translocating it to the 

rhizome system. This reuse of carbon is then provided 

to young culms (Denny, 1985). The constant growth 

builds a stable canopy structure ensuring more than 

95% light interception (Jones, 1988). Another im-

portant character of papyrus is that it is a C4 sedge, and 

it is one of only two or three permanent aquatic spe-

cies in the world to have the C4 photosynthetic path-

way (Denny, 1985). This means that it has high effi-

ciency in converting solar radiations into dry matter as 

well as in the management of light, water, and nutri-

ents, resulting in elevated rates of carbon assimilation 

and net primary productivity (NPP, Piedade et al., 

1991). Its outstanding growth rate is undoubtedly 

linked to this adaptation and nutrient conservation is 

the prime benefit obtained by the C4 photosynthetic 

pathways (Denny, 1985). This type of photosynthesis 

is not usually associated with aquatic plants, but it is 

mostly found in plants living in hot, arid, and high 

light conditions (Björkman, 1973). In particular, one 

characteristic linked to this photosynthetic pathway are 

advantageous in a wet environment: C4 species have 

been shown to have a higher nitrogen use efficiency 

than C3 plants (Wilson, 1975; Bolton & Brown, 1980). 

Since wetlands are often limited in nitrogen content, 

papyrus has the capability of using nitrogen more effi-

ciently, and thus achieves a higher NPP and is there-

fore more competitive than C3 species (Jones, 1987). 

 The presence of nitrogen in the Okavango sys-
tem is fundamental for papyrus’s productivity. C. pa-
pyrus can permanently remove N from the system and 

store it in its biomass (Saunders et al., 2013). Most of 

Figure 4. The aquatic sedge Cyperus papyrus. In this photo it is possible to see the umbel and the culm (https://www.turn-it-

tropical.co.uk/).  
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the N uptake probably goes on within the top 20-30 
cm of the dense tangle of roots and detritus of the 

flowing mat. It has been suggested that papyrus has 
developed a system for N fixation where the rhizomes 

are the centre of intense N fixation together with the 
root system (Patriquin & Knowles, 1972; Bristow, 

1974; Muthuri & Jones, 1997). 

1.4 Biogenic silica in Cyperus papyrus 
 
The second aim is to measure the amount of biogenic 

silica stored in the different parts of C. papyrus. The 
main biological sinks for Si are diatoms and vegeta-

tion. Diatoms take up dissolved silica (DSi) and depos-
it it as amorphous silica (ASi), also known as biogenic 

silica (BSi), in the protective layer of the frustule (hard 
and porous cell wall of diatoms; Struyf & Conley, 

2009). The biological Si pump is a fundamental mech-
anism by which carbon moves from the atmosphere to 

the deep ocean, together with ASi, is buried at the 
ocean floor (Dugdale et al., 1995). As a consequence, 

ocean food webs would not work if buried ASi was 
not restored by inputs by rivers (Struyf & Conley, 

2009). Plants also take up DSi, and deposit it as ASi in 
siliceous structures known as phytoliths (Fig. 5; Piper-
no, 1988). As mentioned for diatoms, the recycling of 

ASi is essential for terrestrial Si cycle as well. In fact, 
Conley (2002) estimated that the global annual fixa-

tion of vegetation silica is on the same order of magni-
tude as the one in ocean diatom communities, and 

sometimes the terrestrial environment contains even 
more ASi.  

 Wetlands in general and also the Okavango 

Delta are dominated by grasses and sedges, that are 

both well-known silica accumulators (Struyf et al., 

2005). Sedges like C. papyrus are among the best rep-

resentatives in the Si-accumulating species (Struyf & 

Conley, 2009). Silicon is present in the soil as DSi, 

which is monosilicic acid, Si(OH)4 (McKeague & 

Cline, 1963), and it is absorbed by the plant and trans-

ported in the xylem (tissue transporting water and nu-

trients from the roots to the leaves; Handreck & Jones, 

1967; Hartely & Jones, 1972). Once it is absorbed, it is 

then deposited as amorphous silica, SiO2·nH2O 

(Fessenden & Fessenden, 1967). Silica furnishes 

plants with numerous advantages, such as greater 

shoot rigidity, defence against physical stresses, en-

hancement of photosynthesis, and lastly resistance to 

disease, herbivores, metal toxicity, and salinity 

(Epstein, 2001).  

Figure 5. An example of papyrus phytolith found in the umbel (picture by Karolina Brylka).  
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 Wetlands are some of the biggest storage and 
recycling hotspots for ASi. Some factors governing 

this feature are inundation volume, water residence 
time, flooding frequency, and ecosystem structure. 

Flooding frequency intensifies the deposition of sus-
pended material, which contains both phytoliths and 

diatom ASi. A long water residence time enhances ASi 
retention potential as well as high evaporation (Struyf 

& Conley, 2009). Because of that, the recycling of DSi 
will slow down (Van Cappellen, 2003). Lastly, the 

ecosystem structure, particularly grass and sedge abun-
dance, is extremely dependent upon hydrology (Struyf 

& Conley, 2009). 

1.5 The hydrology of the Okavango 
Delta 

 
The hydrology of the Okavango Delta is characterized 

by an annual flood pulse that inundates the wetland. 
The flooded area of the Delta is about 6000 km2 during 

low flow seasons but it can be up to 15000 km2 in high 
flow seasons, depending on the size of the flood event 

(Struyf et al., 2015). The climate of the Okavango Del-
ta has to be taken into account when thinking about 

this flooding since it is located in a semi-arid region. 
In fact, during November-March, a seasonal rainfall of 

300-500 mm a-1 occurs during the time period when 
evaporation can be up to 2100 mm a-1 (Wolski et al., 

2006). The flood event starts in the Angola’s highlands 
as precipitation and then it arrives to Botswana in the 

Mohembo inlet in February, reaching its maximum in 
April (Struyf et al., 2015). The flood reaches the distal 

part of the Okavango Delta in August-November, after 

flowing more than 600 km through the Okavango Riv-
er and the alluvial fan. The long duration of this spe-

cific flood pulse is due to the long distance covered 
and the low topographic gradient of the fan (Wolski et 

al., 2006). 

1.6 Nutrient status of the Okavango 
Delta 

 
Nutrients in the Okavango Delta have two primary 

sources: the Okavango River and atmospheric aerosol 

deposition (Wolski et al., 2005). The surface water is 

known to have a generally low concentration of nutri-

ents (Sawula & Martins, 1991; Cronberg et al., 1995; 

Garstang et al., 1998). The main causes for these low 

amounts are the numerous biological processes trig-

gered by the flood’s onset, i.e., the increase in primary 

productivity rates in floodplains and the increased pro-

duction of both phytoplankton and zooplankton (Krah 

et al., 2006). 

 Aerosols are the second source of nutrients 
(Fig. 6), quantitatively important and characterized by 
a reasonably uniform spatial distribution (Garstang et 

al., 1998). Nitrogen found in aerosols arise from fires 
occurring in the region and are transported in both dust 

and ash. N is then primarily carried by an anticyclonic 
circulation that originates every year during late winter 

(August). N is redistributed along the Delta also at 
smaller scales by the wind-induced motion of dust 

(Krah et al., 2004). Cronberg et al. (1996) found that 
the concentrations of N in the Okavango River are 

Figure 6. Kalahari Desert. Sand and dust from the Kalahari Desert are the main source of nutrients in the Okavango Delta 

(https://www.bwindiugandagorillatrekking.com/). 
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similar to global averages in river water. In particular, 
they found a total nitrogen (TN) concentration of 0.35-

0.88 mg/dm3 in the Okavango River, while the global 
average is 0.2 mg/dm3 (Mitsch & Gosselink, 2000). 

Moving to the permanent swamp, nutrients brought by 
the Okavango River are immediately scavenged by the 

channel vegetation, mainly composed of C. papyrus 
(Garstang et al., 1998). Papyrus can internally cycle 

nutrients (Denny, 1985), but a small portion of nutri-
ents might get trapped in peat and it cannot be exploit-

ed by papyrus. For it to be available for plants again, 
oxidization or fires are needed (Wolski et al., 2005). 

2 Study area 
 
The Okavango Delta is a remarkable area of northern 

Botswana for many reasons. First of all, it is historical-

ly important both as a source of water during drought 

and as a refuge in past centuries during troubled times. 

It is ecologically important because a relevant amount 

of Botswana’s wildlife can be found in that area. It is 

then economically important as a source of tourism 

and of water for northern and central Botswana. More-

over, it is scientifically important because of its biodi-

versity, its association of abundant water and the arid 

environment in which the Okavango Delta resides, and 

because of the impressive palaeoclimates’ record con-

tained in its sediments (Shaw, 1988). 

 The Panhandle is a permanently flooded land-
scape characterized by the flowing of the Okavango 

River, one of the largest rivers in southern Africa (Fig. 
7). It forms in the Angola highlands and then starts its 

flow southwards entering Namibia and finally reach-
ing Botswana. Here, the Okavango River creates the 

inland Okavango Delta in the core of the Kalahari De-
sert. When entering Botswana, the Okavango River 

movement is controlled by two parallel faults that 
shaped the 90-km-long and 15-km-wide (Nash et al., 

2006) region of the Panhandle (West et al., 2015). By 
flowing in this restricted area, the Okavango River 

undergoes constant changes in its flow, confirmed by 
the presence of numerous oxbow lakes and lagoons 

(Smith et al., 1997), either isolated or connected to the 
main channel by smaller and narrower secondary 

channels (West et al., 2015). The channel margins are 
elevated above the surrounding floodplain and are con-

fined by peat levees, stabilized by living plant commu-
nities dominated by C. papyrus and Phragmites spp. 

(Stanistreet & McCarthy, 1993). 

 At the end of this region, the river flows into 

the permanent swamps with a very low gradient of 

1:5500 (McCarthy et al., 1997). The permanent 

swamps are characterized by numerous large lakes, 

most of which are ancient oxbow lakes (McCarthy & 

Ellery, 1998). Moreover, in this area, the Okavango 

River divides into three distributary channels: the Nqo-

ga channel flowing to the east, the Jao channel flowing 

to the southeast, and the Thaoge channel flowing to 

the south (Struyf et al., 2015). As in the Panhandle, the 

channels’ levees are almost entirely topped by papyrus 

(McCarthy et al., 1988), but it can be found also as 

floating mats of rhizomes (modified subterranean plant 

stems that send out roots and shoots from their nodes; 

Ellery et al., 1995). The areas between the channels 

Figure 7. Okavango River in the Panhandle (https://franks-travelbox.com/).  
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receive significant amounts of water that permeate 

through the levees during the entire flood pulse. 

Thanks to this percolation, the vegetation in this area 

of the Okavango Delta flourish and, as a result, the 

sedimentary material that accumulates is only com-

posed of peat (Stanistreet & McCarthy, 1993). Conse-

quently, since the peat is wet throughout the year, fires 

have less impact on vegetation and peat degradation in 

the sedimentary system (Ellery et al., 1989). 

 The further region of the fan is composed of the 
seasonal swamp, an area where the flow is not con-

fined to channels but proceeds as a slow sheet flood-
ing. The topography of this section of the fan is gently 

undulating with some reliefs reaching 1.5 m in height. 
The depth of flooding is usually less than 1 m, that 

means that the higher grounds form local islands. The 
southern end of the fan is marked by the Thamalakane 

River and the smaller Kunyene River. They are also 
influenced by the seasonality of the flood as they flow 

only when water gets as far as the most distal borders 
of the fan (McCarthy & Ellery, 1998). Furthermore, 

the seasonal swamps are a major site of water leakage 
into the groundwater system below the numerous is-

lands of this area during flood times. These islands are 
bordered by arboreal vegetation and are known to be 

excessive transpiration and evaporation sites 
(McCarthy & Metcalfe, 1990). 

3 Geological history of the 
Okavango Delta 

 
The Okavango Delta is thought to be a relict of a past 

internal drainage system that emptied into the Kalahari 

basin, in southern Africa. The Kalahari basin devel-

oped around 140 million years ago when Gondwana 

was breaking up (Fig. 8; Thomas & Shaw, 1988). The 

final division of Gondwana resulted in an uplifted 

marginal hinge line, today represented by the Great 

Escarpment (Fig. 8; De Swardt & Bennet, 1974; Olli-

er, 1985), and a shallow depressed interior basin 

(Dingle et al., 1983; Thomas, 1984). 

 Two different types of drainage evolved from 

this setting: the first was characterized by short 

streams with sharp gradients flowing from the hinge 

line to the coast, the second was composed of major 

rivers running in the opposite direction as the first one, 

and the Okavango River is the last perennial river be-

longing to this system today (Thomas & Shaw, 1988). 

The fact that the Okavango River is the last major riv-

er flowing to the interior of the continent can be ex-

Figure 8. Map showing the relationship of the Kalahari basin and the marginal escarpment of southern Africa, and their 

association with the pre-rifting configuration of Gondwana (modified from McCarthy & Ellery, 1998, fig. 4).  
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plained by the endoreic system getting smaller during 

the late Jurassic evolution of the entire drainage sys-

tem (De Heinzelin, 1963). However, a significant en-

doreic system had to be present after the Gondwana 

division as it is one of the few possible explanation for 

the initial deposition of the Kalahari sediments (Fig. 8; 

Thomas & Shaw, 1988), that resulted in over 300 m in 

thickness locally (Thomas & Shaw, 1991). These sedi-

ments are diverse, from water-born material to wind-

blown sand, the latter being the upper portion of the 

Kalahari sediments called “Kalahari sand” (McCarthy 

& Ellery, 1998). Aeolian sand comes during arid peri-

ods while riverine sediments are dominant during wet-

ter periods as today. This second type of sediments is 

made of very fine-grained aeolian and fluvial material. 

The Kalahari sands dominate the Okavango Delta sed-

iments and are known to be nutrient-deficient (Thomas 

& Shaw, 1990). As a result, soils of the Okavango 

region are mostly structureless fine sands, in short 

supply of fundamental plant nutrients and with a low 

organic matter content (Perkins & Thomas, 1993). 

 The Kalahari basin and the Okavango system 

have been deeply modified by continuous rifting of the 
African continent (Hutchins et al., 1976). In the Red 

Sea, the East African rift system starts and extends 
towards the south into the continent. Once it reaches 

Malawi, the rift system divides, and the western rami-
fication stretches towards the southwest crossing Zam-

bia and northern Botswana. In Botswana, the rift sys-
tem is recognizable as two depressions, one hosting 

the Makgadikgadi pans (Fig. 8) and the other the Oka-

vango Delta, separated by the uplifted Ghanzi ridge 
(Fig. 8; Scholz et al., 1976; Hutchins et al., 1976; 

McCarthy et al., 1993a). The section containing the 
Okavango Delta is characterized by east-west exten-

sion that developed a graben bounded by faults orien-
tated NE-SW of which the Thamalakane fault (Fig. 9) 

is the major. Perpendicular to this set of faults, another 
set has formed with an overall subsidence effect. 

These faults contain the Panhandle region of the Oka-
vango Delta (McCarthy et al., 1993a). There are two 

hypotheses on the ambiguous origin of the Panhandle 
(McCarthy, 1992). The first is that it might be an ex-

ample of a confined graben perpendicular to the main 
rift (Mallick et al., 1981), the second is that it may 

correspond to an erosionally incised river segment on 
the upper part of the Gumare fault (Fig. 9; McCarthy, 

1992). The general subsidence of the area is filled up 
with both aeolian sand and riverine sediments brought 

by the Okavango River, that is responsible for the de-
velopment of the alluvial fan whose age is still un-

known (McCarthy & Ellery, 1998). However, smaller 
independent blocks uplifted exposing themselves as 

islands, such as the Chief’s Island (Fig. 9; McCarthy et 
al., 1993a). 

4 Material and methods 
 

4.1 Papyrus samples 
 
A number of samples from papyrus plants were col-

lected at three study sites in the Panhandle region, 
namely Sepopa, Guma, and Etsatsa, and of those, 261 

samples were analysed in this study. At every study 
site, three transects were established spanning from the 

Figure 9. A schematic map showing the control of faulting on the Okavango Delta (modified from McCarthy & Ellery, 1998, fig. 

8).  
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channel margin to the backswamp. Each transect 
measured a distance between 45 and 60 m. Sampling 

was done at every 15 m distance category (0 m, 15 m, 
30 m, 45 m, and 60 m). For this study, samples from 0 

m and 45-60 m were chosen. Starting from the channel 
margin to the backswamp, papyrus plants were har-

vested and separated into the different organs with 
respect to the age of the plants. The organs of papyrus 

are umbel, culm, scales, roots, and rhizome (Fig. 10), 
and all of them were collected both as juvenile and 

mature except for roots. Harvesting of plants was exe-
cuted during different stages of the flood pulse: flood 

expansion (February 2017), high flood (May 2017), 
and flood recession or low flood (August-November 

2017). Yet, for this study samples from high flood and 
flood recession were chosen. 

4.2 Total organic carbon (TOC) and 
total nitrogen (TN) 

 
Total organic carbon (TOC) and total nitrogen (TN) 
were measured with a Costech ECS 4010 elemental 

analyzer. Subsamples of dried homogenized sediment 

(~2-3 mg) were packed in tin capsules. During system 
operation, helium carrier gas moves within the com-

bustion reactor. At the beginning of the analytical cy-
cle, helium is swapped to a volume of oxygen. The 

samples are dropped consecutively into the combus-
tion reactor before oxygen arrives. Then, the sample 

and the tin capsule react with oxygen and combust at 
temperatures of 1700-1800°C, and the sample is bro-

ken down to its elemental components: N2, CO2, H2O, 
and SO2. The excess oxygen is absorbed by high-

performance copper wires. After, the gases flow 
through the gas chromatographic separation column 

and they are then separated in C and N and detected 
sequentially by the thermal conductivity detector 

(TCD). The TCD creates a signal proportional to the 
amount of element in the sample. Lastly, the data han-

dling system correlates the elemental peak to a known 
standard material, after it has been calibrated, and then 

generates a report for each element on a weight basis. 
The measurements were calibrated with a 5-point cali-

bration curve with acetanilide as a standard (10.34% 
N, 71.10% C). Precision and accuracy were checked 

with reference soil samples with known carbon and 

Figure 10. Sketch of papyrus. The different organs of papyrus are represented as well as the different growth stages (I and I I 

represent the juvenile stages while III and IV represent the mature ones (modified from Muthuri & Kinyamario, 1989, fig. 1).  
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nitrogen contents (0.06% N, 0.73% C), barley flour 
standards (1.9% N, 43.51% C), and high organic sedi-

ment standards (0.52% N, 7.45% C).  

4.3 Dissolved silicon (DSi) 
 
Samples were freeze-dried to maintain a better sample 
integrity and homogenized. Subsamples were weighed 
containing between ~28-31 mg of sample because of 
potential weight effects (Conley & Schelske, 2006) 
and placed into polypropylene round bottles. To digest 
papyrus, 40 mL of 1% Na2CO3 solution were added 
to the papyrus subsamples. The bottles were put in a 
covered shaking water bath (Julabo) at 85°C for 3 
hours, with caps slightly loosened to vent gases. Then, 
the bottles were removed from the shaking bath and 
placed into a room temperature water bath and cooled 
for 3-5 minutes to slow down further dissolution. 
Subsequently, 1 mL of the samples was pipetted into 
plastic bottles containing 9 mL of 0.017 M HCl to 
neutralize the Na2CO3 digestion solution. The 
subsamples were then analysed for dissolved silicate 
using the Smartchem 200 (AMS System) wet 
chemistry analyzer. For this study, an automated 
molybdate-blue method was used (Grasshoff et al., 
1999). The principle behind this method is the reaction 
of monomeric silicic acid with ammonium molybdate, 
that results in a molybdosilicic acid complex. This 
complex is then reduced to heteropoly-molybdenum 
by ascorbic acid and measured at 660 nm by a 
spectrophotometer.  
 

4.4 Statistics: T-Test and ANOVA 
 
Two sample T-Tests were run in the software R and 

used to test whether the averages of the two groups of 

variables (juvenile vs mature, channel margin vs back-

swamp, high flood vs recession) were equal or not. 

Before running the T-Tests, two assumptions were 

verified. The first was the Shapiro-Wilk Normality 

Test, a test for normality used to determine whether a 

sample has a normal distribution. The second was the 

Levene’s Test for Homogeneity of Variance, a test 

used to determine whether samples have equal vari-

ances. Lastly, the Bonferroni correction, a method to 

counteract the multiple comparisons problem, was not 

used because the p-values obtained were either < 0.001 

or non-significant. 

 A number of two-way ANOVAs were also run 

in R and used to analyse the differences among means. 

A two-way analysis of variance determines whether 

there is a statistically significant difference between 

the averages of three or more independent groups that 

have been divided into two variables or factors. The 

factors used in these analyses were basically the same 

as the ones used for the T-Tests: part of the plant, envi-

ronment, flood period, age. For the results of an ANO-

VA to be valid, the following assumptions had to be 

met: normality of residuals, tested with the Shapiro-

Wilk Normality test and the Two-Sample Kolmogorov

-Smirnov test, and homogeneity of variance, tested 

with the Levene’s Test for Homogeneity of Variance. 

 In the Appendix, degrees of freedom, t statistics 

and p-values for both T-Tests and ANOVAs are pre-
sented in tables. In this study, the p-values considered 

significant are p-values <0.05. P-values between 0.05 
and 0.01 are marked with one star (*), p-values be-
tween 0.01 and 0.001 are marked with two stars (**) 

while p-values <0.001 are marked with three stars 
(***). 

5 Results 
 

5.1 Mean TN, TOC, and BSi 
concentrations in Cyperus papyrus 

 
The highest TN contents are found in umbels and rhi-

zomes. The TN concentrations are 1.39±0.27% in ju-

venile umbels and 1.05±0.28% in mature umbels, 

while in rhizomes 1.36±0.33% and 0.91±0.31% for 

juvenile and mature, respectively. Culms and scales 

have shown to have the lowest TN concentrations: 

0.77±0.18% in juvenile culms and 0.46±0.22% in ma-

ture culms, and 0.59±0.12% for juvenile scales and 

0.34±0.08% in mature scales. Roots had a mean TN 

concentration of 0.94±0.23%. 

 All the parts of papyrus have similar TOC con-

centrations. Juvenile and mature umbels have 

44.36±0.83% and 43.34±1.70%, juvenile and mature 

culms have 42.41±0.60% and 42.55±1.10%, juvenile 

and mature scales have 42.08±0.69% and 

43.28±0.61%, and juvenile and mature rhizomes have 

43.32±1.04% and 44.45±0.44%. Roots have an aver-

age of 39.34±3.75%. 

 Lastly, BSi had the highest concentration in 
mature umbels with 7.19±3.12%. The second and third 

highest amounts are found in mature culms 
(4.03±1.30%) and in roots (3.10±1.56%). All the other 
parts of papyrus have Si-concentrations around 1%. 

5.2 Two sample T-Test 
 
5.2.1 Nutrient contents by age  

 
T-Tests were made to find out if there were statistical 

and significant differences between the juvenile and 

mature parts of papyrus (umbel, culm, scales, and rhi-

zome) regarding nutrient concentrations. T-Tests were 

done on the single nutrient concentrations, so for TN, 

TOC, and DSi separately (Fig. 11). All the T-Tests had 

a significant difference with p-values < 0.001 except 

for TOC in umbels and culms and DSi in scales which 

had non-significant results and for TOC in umbels 

with a p-value of 0.004. 
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 See the Appendix for degrees of freedom, t 
statistics and p-values (Table A). 

5.2.2 Nutrient contents by environment 

 

A second round of T-Tests was made comparing the 

environment in which papyrus was growing: channel 

margin or backswamp. In this second round, the parts 

of the plant were not divided into juvenile and mature 

parts, and roots were also considered in the analysis 

(Fig. 12). Contrary than the first round, this time all 

the T-Tests have a non-significant result except for TN 

and DSi in roots. 

 See the Appendix for degrees of freedom, t 

statistics and p-values (Table B). 

5.2.3 Nutrient contents by flood period 

 

A third round of T-Tests was made comparing the 

flood period during which papyrus was harvested: high 

flood or flood recession. As in the second round, the 

parts of the plant were not divided into juvenile and 

mature parts and roots were included as well (Fig. 13). 

Differently from the previous rounds, there are almost 

half significant and half non-significant results. 

 See the Appendix for degrees of freedom, t 
statistics and p-values (Table C). 

5.3 Two-way ANOVA 
 

5.3.1 Two-way ANOVA on TN 

 
The first ANOVA was made on the part of the plant 

and the environment (Fig. 14). Contrary to the results 

from the T-Test, the environment in which papyrus is 

growing had a significant result, with a p-value of 

0.02, as well as the part of the plant with a p-value < 

0.02*10-18. However, the interaction between the part 

of the plant and the environment was not statistically 

significant. 

 The second ANOVA was run on the part of the 

plant and the flood period (Fig. 14). In this analysis 

both the factors were significant with p-values of < 

0.22*10-17 and 0.65*10-5, as well as the interaction 

with a p-value of 0.03. 

 The third ANOVA was made on the part of the 

plant and the age (Fig. 14). As in the second ANOVA, 

the two factors and the interaction were significant: 

both the part of the plant and the age had a p-value < 

0.02*10-18 while the interaction had a p-value of 0.04. 

 See the Appendix for degrees of freedom, t 

statistics and p-values (Table D). 

5.3.2 Two-way ANOVA on TOC 

 

A second set on ANOVA was done on TOC concen-

trations (Fig. 15). The first ANOVA was done on the 

parts of papyrus and the environment. TOC had a sta-

tistical difference only on the parts of the plant with a 

p-value < 0.02*10-18 while both the environment and 

the interaction were not statistically significant. 

 The second ANOVA (Fig. 15) had a statistical 

result for the factor “part of the plant” with a p-value 

<0.02*10-18 and for the interaction with a p-value of 

0.03. The factor “flood period” was not statistically 

significant. 

 The third ANOVA (Fig. 15) gave significant 

results for two categories. The factor “part of the 

plant” had a p-value of 1.09*10-14, the factor “age” had 

a p-value of 0.06, and the interaction between the two 

had a p-value of 4.49*10-8. 

 See the Appendix for degrees of freedom, t 
statistics and p-values (Table E). 

5.3.3 Two-way ANOVA on BSi 

 

The last set of ANOVA was done on BSi concentra-

tions (Fig. 16). Once more, the factors were always the 

Figure 14. Bar plots representing the data analysed with the two-way ANOVA on nitrogen. The bar plot on the left shows the TN 

concentration in the different parts of papyrus and their environment. The bar plot in the centre shows the TN concentration in 

the different parts of the plant during the two periods of the flood pulse. The bar plot on the right shows the TN concentrations 

in the different parts of the plant (except roots) and their age. Green represents umbels, yellow represents culms, brown 

represents scales, grey represents roots, and blue represents rhizomes.  
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same. This time, the first ANOVA on the part of the 

plant and the environment had a statistically signifi-

cant result only for the first factor, the part of the plant, 

with a p-value of 4.86*10-16. 

 The second ANOVA (Fig. 16) had a highly 

significant p-value for the part of the plant (p-value < 

0.22*10-17) while the second factor was not signifi-

cantly different. Nonetheless, the interaction between 

the part of the plant and the flood period was signifi-

cant, with a p-value of 0.08*10-6. 

 The third ANOVA (Fig. 16) gave highly signif-

icant results for all the three categories. In fact, the p-

values obtained with this last analysis of variance 

were: < 0.22*10-17 for the first factor, 1.39*10-9 for the 

second factor, and 7.51*10-10 for the interaction. 

 See the Appendix for degrees of freedom, t 

statistics and p-values (Table F). 

6 Discussion 
 

6.1 TN in Cyperus papyrus 
 
The highest concentrations of TN were found in the 

umbel. This organ functions as both a photosynthetic 

organ and an inflorescence, so a high TN concentra-

tion reflects its services. The second highest TN con-

centration was found in the rhizome, which acts as a 

storage for nutrients (Muthuri & Jones, 1997). Ulti-

mately, high levels of TN in roots can be associated 

with nitrogen fixing bacteria (Muthuri & Jones, 1997). 

A study by Mwaura (1981) found that the root system 

was colonized by N2-fixing bacteria, and it was record-

ed a high rate of nitrogen fixation in roots. 

 In addition, the TN concentrations found in this 

study have been compared with measurements from 
papyrus samples collected either in the Okavango Del-

ta (McCarthy et al., 1989) or in other wetlands in Afri-
ca (Table 1): Lake Naivasha, Kenya (Muthuri & Jones, 

1997; Boar et al., 1999); Lake Victoria, Uganda (Lind 
& Visser, 1962). 

 TN concentrations have been observed to be 

higher in juvenile parts of papyrus than in mature 

parts, supporting the hypothesis. This can be connect-

ed to the productivity of the plant. In fact, juvenile 

plants are known to be more productive than mature 

ones, meaning that they grow faster. This considera-

tion is in accordance with previous studies (Gaudet, 

1977; Muthuri & Jones, 1997; Hes et al., 2021), where 

a higher concentration of TN was found in juvenile 

plants than in mature ones. Muthuri & Jones (1997) 

Figure 15. Bar plots representing the data analysed with the two-way ANOVA on carbon. The bar plot on the left shows the 

TOC concentration in the different parts of papyrus and their environment. The bar plot in the centre shows the TOC 

concentration in the different parts of the plant during the two periods of the flood pulse. The bar plot on the right shows the 

TOC concentrations in the different parts of the plant (except roots) and their age. Green represents umbels, yellow represents 

culms, brown represents scales, grey represents roots, and blue represents rhizomes.  

Figure 16. Bar plots representing the data analysed with the two-way ANOVA on BSi. The bar plot on the left shows the BSi 

concentration in the different parts of papyrus and their environment. The bar plot in the centre shows the BSi concentration in 

the different parts of the plant during the two periods of the flood pulse. The bar plot on the right shows the BSi concentrations 

in the different parts of the plant (except roots) and their age. Green represents umbels, yellow represents culms, brown 

represents scales, grey represents roots, and blue represents rhizomes.  
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reported that the biggest difference between juvenile 

and mature organs in TN concentration was found in 

umbels, with a concentration of 2.44% in juvenile um-

bels and 0.78% in mature umbels, while in this study it 

has been found 1.39% and 1.05% respectively. A simi-

lar decreasing trend with senescence of papyrus was 

observed also for the other organs of the plant but with 

lower gradients, the same trend observed by Muthuri 

& Jones (1997). 

 Another explanation for this is the active trans-
location and recycling in the juvenile stages of papyrus 

(Rejmánková, 2005; Asaeda et al., 2008). Emergent 
macrophytes like papyrus have a high efficiency in 

recycling elements because of both the high productiv-
ity and the nutrient translocation between the shoots 

and the rhizomes. The effects of this conservative 
strategy can be seen by comparing the concentrations 

of nitrogen in both juvenile and mature parts of papy-
rus and to the C/N ratios (McCarthy et al., 1989). In 

fact, the C/N ratios of mature organs is always higher 
or even double than in juvenile organs (Table 2). 

 The study by Boar et al. (1999) showed that 
there was no difference in nitrogen concentrations in 

the different organs of papyrus collected next to the 
river or far from the river. This can explain why the 

interaction between the part of the plant and the envi-
ronment in the ANOVA was not statistically signifi-

cant. Since papyrus has a high internal nitrogen’s sup-
ply, the external supply from the river does not signifi-

cantly affect TN accumulation in the different organs 
of papyrus (Boar et al., 1999). Nevertheless, higher 

concentrations of TN were found in papyrus growing 

in the backswamp rather than on the channel margin, 
and the ANOVA on TN between the two environ-

ments was statistically significant. This result is oppo-
site than what was hypothesized. 

 Regarding the flood periods, it has been ob-

served that the highest productivity is achieved in sites 
where water regimes are stable (Thompson et al., 

1979). In fact, a higher amount of TN has been found 
in papyrus during high flood periods rather than during 

flood recession, and this can reflect a higher productiv-
ity in the first case when water is stable and always 
present. 

6.2 TOC in Cyperus papyrus 
 

As found by Boar et al. (1999), carbon can make up to 

~45% of papyrus’s biomass. TOC concentrations 
found in this study have been compared to the ones 

from McCarthy et al. (1989) and Boar et al. (1999) and 
the percentages agree well (Table 3). 

 For the flood period, a higher concentration of 

TOC was found in rhizomes during recession than 

during high flood (43.05% during high flood, 44.22% 

during flood recession) while umbels had the opposite 

trend (44.22% during high flood, 43.63% during flood 

recession). This can be explained by a stressful condi-

tion in which papyrus is living during flood reces-

sion’s times, as less water is present in the system. A 

study from Geremiew et al. (2018) found that under 

stressful conditions, of which flood recession can be 

an example, there was a morphological flexibility to 

Table 1. TN values and ranges in papyrus found in this study compared with TN values and ranges found in other studies.  

Table 2. TN, TOC, and C/N ratios in papyrus found in this study compared to TN, TOC, and C/N ratios from McCarthy et al. 

(1989).  
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smaller shoots and denser rhizomes, and this might be 

an explanation for the results presented above. 

 It was not possible to obtain a straightforward 

result for the hypotheses on TOC being higher both 
during high flood and on the channel margin than dur-

ing flood recession and in the backswamp. In fact, 
considering the flood period, some parts show a higher 
concentration during high flood while some others 

have the opposite trend (Table 4). In addition, the 
ANOVA on TOC did not have a significant result 

when comparing values between the two different 
flood times but then the interaction between the parts 

of papyrus and the flood was significant. This could 
mean that carbon is redistributed within the plant ac-

cording to the flood period. Whereas for the TOC in 
the environments, no statistical differences were found 

between the two environments. 

6.3 BSi in Cyperus papyrus 
 

The highest concentrations of BSi were found in ma-

ture organs, as was hypothesized, while in rhizomes 

the highest BSi is found in juveniles. This is the conse-

quence of silica being accumulated by the plant 

throughout its life (Jones & Handreck, 1967). Moreo-

ver, BSi is a less labile plant element than nitrogen and 

carbon, and that is why there is more BSi increases 

with age as well (Eleuterius & Lanning, 1987). 

 The fact that BSi is not distributed uniformly 

among the different parts of plants and of papyrus can 

be explained by a passive transport of silica through 

the transpiration system and deposited in the regions 

mostly affected by water loss (Jones & Handreck, 

1967). High BSi content in roots might improve plant 

resistance to both disease and drought stress (Hodson 

et al., 2005). Moreover, high BSi content in roots and 

culm may be important for the protection of the vascu-

lar tissues that are found in the internal regions of 

these two organs (Lux et al., 2003). 

 A comparison of the data obtained for BSi has 
been done, even if the studies on the amount of BSi in 

papyrus are very limited (Table 5). 

 The environmental factor was not significant 
for the BSi concentration in papyrus. ANOVA results 

were not statistically significant for the environment 
and T-Tests results were also not significant for all the 

organs except for roots. Moreover, Struyf et al. (2015) 
found that floodplain vegetation stores similar 
amounts of BSi in both permanently flooded and tem-

porary flooded landscape. 

 BSi in the leaves is present in the form of opal 

bodies (Jones & Milne, 1963; Jones & Beavers, 1967) 

in epidermal cells (Parry & Smithson, 1964), in the 

walls of leaf cells (Dinsdale et al., 1979; Sakai & 

Thom, 1979), and in intercellular spaces (Parry & 

Table 3. TOC values in papyrus found in this study compared with values from Boar et al. (1999) and McCarthy et al. (1989). 

Table 4. TOC values of the different organs of papyrus during the two flood periods (high flood or recession) and in the two 

different environments (channel margin or backswamp).  
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Smithson, 1964). The same silica deposition is found 

in the inflorescence (Parry & Smithson, 1964; Hay-

ward & Parry, 1980). The deposition in the roots oc-

curs in different ways and has various function de-

pending on the plant species. In rice, silica is deposited 

within the inner wall of the cells of the roots (Parry & 

Soni, 1972), while in sorghum as an aggregate on the 

surface of the inner wall (Sangster & Parry, 1976). 

Anyhow, the function of silica in roots has been asso-

ciated with the maturation of the cells, excretion of 

excess of monosilicic acid, and a system of strengthen-

ing the cell walls (Bennett & Sangster, 1981). 

 Furthermore, differential strategies exist in the 
uptake of dissolved silica from the environment. These 

are reflected in diverse trends in BSi concentrations in 
the different parts of the plant. For example, the nettle 

has almost double amount of silica in its leaves than in 
its culm (Table 6). While both papyrus and reed show 

the opposite trend. A larger concentration of BSi in the 
culm helps the plant to stand straight and to resist en-

vironmental stresses such as tides and wind (Struyf et 
al., 2005). 

 A variability of BSi in rhizomes has been ob-
served both in this study and in Struyf et al. (2005). 

Table 5. BSi values in papyrus from this study compared with values from Struyf et al. (2015) and Hodson et al. (2005). 

Table 6. BSi values in different plants from other studies compared with BSi values of papyrus from this study. 
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During winter, the time when the Okavango Delta is 
characterized by high flood, the amount of BSi in rhi-

zomes is double than during the summer (flood reces-
sion; Table 7). The same trend has been detected in the 

amount of BSi in the reed’s rhizome (Struyf et al., 
2005). However, a seasonal variability caused by re-

translocation of DSi is questionable, because, once BSi 
is deposited in the plant’s tissues, it is immobilised 

(Struyf et al., 2005). A higher concentration of BSi 
during winter might be due to a higher amount of dis-

solved silica being transported during the flood. 

7 Conclusion 
 

To summarise, the main results found in this study are 

the following: 

• Nitrogen is a fundamental nutrient for papy-

rus’s growth and productivity. TN has been 

found in a higher concentration in juvenile 

plants, that are more productive than mature 

ones. An active translocation of N exists from 

mature to juvenile plants that explains the high-

er concentration in young papyrus. Moreover, a 

higher productivity was observed on the chan-

nel margin, where the water regime is stable. 

Umbels were the organs containing more TN as 

they are both photosynthetic organs and inflo-

rescences; then rhizomes had the second high-

est, being a storage for nutrients; lastly, the 

third highest concentration was in roots where 

the nitrogen fixation takes place. 

• TOC concentration of 39-43% were found in 

the study, the lowest being in roots and the 

highest in umbels and rhizomes. A higher con-

centration of TOC was found during high flood 

than during flood recession. The concentrations 

of TOC in the two environments did not have a 

statistically significant difference. 

• Silicon is a very important element for papyrus 

and plants in general, favouring the shoots’ 

rigidity and defence against diseases. Mature 

plants had more BSi than juvenile, reflecting 

the fact that silicon is accumulated into plants 

throughout their lives. Additionally, BSi was 

not distributed equally between the different 

parts of papyrus. This might be caused by a 

passive transport of silica through the transpira-

tion system and deposited in the regions mostly 

affected by water loss, as umbels might be. 

Moreover, a high concentration of BSi in roots 

can be explained as a mechanism increasing the 

plant’s resistance to disease and drought. To 

conclude, the environment in which papyrus is 

growing does not seem to affect BSi concentra-

tion. 
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10 Appendix 
 

Table A. T-Tests results comparing the age of papyrus and nutrient concentrations. 

Table B. T-Tests results comparing the environment of papyrus and nutrient concentrations. 
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Table C. T-Tests results comparing the flood period of papyrus and nutrient concentrations. 

Table D. ANOVA results on TN concentration comparing the part of the plant with the environment (orange), flood period 

(blue), and age (yellow).  
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Table E. ANOVA results on TOC concentration comparing the part of the plant with the environment (orange), flood period 

(blue), and age (yellow).  

Table F. ANOVA results on BSi concentration comparing the part of the plant with the environment (orange), flood period 

(blue), and age (yellow).  
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