
 
 
 
 
 

The role of fog in the ecohydrology and biogeochemistry of the Namib Desert 
 
 
 
 
 

Keir Stephen Soderberg 
 Germantown, MD 

 
 
 

MSc, University of Cape Town, 2003 
BSE, Princeton University, 2000 

 
 
 
 
 
 

A Dissertation presented to the Graduate Faculty 
of the University of Virginia in Candidacy for the Degree of 

Doctor of Philosophy 
 
 

Department of Environmental Sciences 
 
 

University of Virginia 
May, 2010 

 
 

 

Dr. Stephen A. Macko  

Dr. Robert J. Swap  

Dr. Paolo D’Odorico  

Dr. P. Paxton Marshall  



ii 

 

Abstract 

 The Namib Desert on the west coast of southern Africa is hyper-arid in terms of 

rainfall, but receives up to 100 days of fog each year. This project adds to the 

understanding of the occurrence of fog in the Namib, the importance of fog as a water 

source for this ecosystem, and the role of fog in carbon, nitrogen and sulfur cycles. Stable 

isotopes (δ2H, δ18O, δ34S) of fog, groundwater, plant water and soil water (collected from 

2007 to 2009) indicate that plants growing in or near the ephemeral Kuiseb River have a 

distinctly depleted water isotope signal, similar to groundwater in the alluvial aquifer. In 

contrast, shrubs and grasses growing on the dunes and gravel plains tend to have an 

enriched signal, representing a minimum of 5 to 40% fog water usage in these plants. 

Notably, the very long-lived gymnosperm Welwitschia mirabilis, has a depleted water 

isotope signal, statistically similar to the trees growing in the Kuiseb River. This finding 

is consistent with long-term observations associating growth with annual rainfall. 

Together these studies can dispel the popular perception that W. mirabilis survives in the 

desert via fog water uptake, which is significant because this plant is important as a 

national symbol and potentially threatened by proposed uranium and copper mines. The 

δ34S of plant material tends to be more enriched in plants that use more fog water, 

providing a first-order corroboration of the water isotope results. W. mirabilis has 

significantly more enriched δ13C values in lower rainfall areas, but also exhibits high 

variability in δ13C (range of 4 ‰) within a single community, suggesting the influence of 

microhabitat on photosynthesis. The δ15N of C3 plants becomes more depleted closer to 

the coast in an apparent reversal of the trend found across the Kalahari.   
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Chapter 1 : Introduction 

1.1 Water in the Namib Desert 

The Namib Desert on the west coast of southern Africa supports diverse flora and 

fauna while receiving extremely little water as rainfall. Although rainfall pulses are 

important for many arid ecosystem processes (Seely, 1978; Jacobson and Jacobson, 1998; 

Huxman et al., 2004), the ability to survive between these pulses can be linked in the 

Namib to much more frequent fog events. Significant work has been done to show the 

utilization of fog water by Namib biota (Louw, 1972; Hamilton and Seely, 1976; Seely 

and Hamilton, 1976; Henschel and Seely, 2008), the general occurrence and 

characteristics of fog events (Lancaster et al., 1984; Pietruszka and Seely, 1985; Olivier, 

1995; Henschel et al., 1998; Hachfeld and Jurgens, 2000), as well as geochemical aspects 

of Namib ecosystem relating to fog deposition (Eckardt and Schemenauer, 1998; Goudie 

and Parker, 1998; Viles, 2005). However, several questions remain about the role of fog 

water in the ecohydrology and nutrient cycling of these ecosystems. In particular, the 

amount of fog water used by the unique plants of the Namib is virtually unknown. The 

main goals of this study are to (1) estimate the relative utilization of fog water by several 

Namib plants and (2) infer effects of fog on C, N and S cycling.  

Two early studies used tritiated water to demonstrate the ability, in situ, to take up 

simulated fog water via surficial roots in a common dune grass, Stipagrostis sabulicola 

(Louw and Seely, 1980), and via leaves in a dune shrub, Trianthema hereroensis (Seely 

et al., 1977). Investigators have also suggested that the long-lived and floristically 
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enigmatic Welwitschia mirabilis absorbs fog water through its leaves (Bornman et al., 

1973), leading to the widespread view that this species survives on fog and dew 

deposition (McGough et al., 2004; Curtis and Mannheimer, 2005). However, this 

pathway has not been proven and long-term observations link growth to rainfall rather 

than fog (Walter and Breckle, 1986; Henschel and Seely, 2000). Other studies have relied 

on correlating species distribution (Zygophyllum stapffii, Arthraerua leubnitziae) with fog 

occurrence (Hachfeld and Jurgens, 2000), or studying plant-scale water relations (Ebert, 

2000; Loris, 2004). 

Fog in the Namib most commonly occurs through advection of a low stratus cloud 

that forms over the cool Benguela Current that upwells along the southwestern coast of 

Africa. When advected inland, this cloud intersects the land at elevations of 100-500 

mamsl, which translates to 10-60km from the coast (Figure 2). Occasionally very low 

elevation fog occurs within 10 km of the coast. Radiation fog, which occurs much less 

frequently, results from warm moist air cooling rapidly at night in low-lying areas. 

Winter frontal systems from the southwest infrequntly bring light drizzle. Rain 

accumulations range between 20 and 80mm/yr, increasing to the east. Whereas, fog 

deposition has been measured at 20-180mm/yr within 60km of the coast (Lancaster et al., 

1984; Henschel et al., 1998; Hachfeld and Jurgens, 2000; Shanyengana et al., 2002). A 

simplified version of these patterns gives a sense of the overall atmospheric moisture 

regime active in the Namib (Figure 1-2), but sampling at higher resolution for 1 year 

indicates the spatial heterogeneity of the system (Figure 1-3). 
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Figure 1-1: Site location map. 
 

The fog and rain deposition pattern affect the distribution of vegetation across the 

Namib, with large trees generally confined to the eastern edge of the desert and along 
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ephemeral watercourses (Walter and Breckle, 1986; Burke, 2003; Curtis and 

Mannheimer, 2005; Burke, 2006). Here the trees have access to the relatively shallow 

alluvial aquifers, which are recharged by seasonal floods that have high interannual 

variability and can be absent for several years (Jacobson et al., 1995; Lange, 2005). 

Common trees in the riverbeds include Acacia erioloba, Faidherbia albida, and Tamarix 

usneoides. The Kuiseb River marks the boundary between the great dune sea to the south 

and the gravel plains to the north. Perennial vegetation in the dunes is dominated by S. 

sabulicola, with T. hereroensis co-dominating towards the coast. And the gravel plains 

comprise various species of perennial shrubs (e.g., A. leubnitziae, Z. stapffii, Calicorema 

capitata) notably including the gymnosperm W. mirabilis. 

 

Figure 1-2: Simplified rain and fog annual totals across the Namib Desert (after Lancaster et al. 
(1984)). 
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Figure 1-3: Fog and rain annual totals for two transects from the coast inland.  
The “Lancaster” transect includes 9 stations with up to 16 years of monthly data (Lancaster et al., 1984), 
and the “Hachfeld” transect includes 23 stations with one year of weekly data (Hachfeld and Jurgens, 
2000).  Rain was collected in open buckets in both studies, whereas fog was collected with cylindrical wire 
mesh in the “Lancaster” transect and bunches of vertical wires in the “Hachfeld” transect. 
 

Although the age of the Namib is still debated (Lancaster, 2002) it has seen at least semi-

arid conditions since the breakup of the Gondwana supercontinent in the Late Cretaceous 

(about 80 million years before present, Ma) and arid to hyper-arid conditions since the 

intensification of the cold Benguela current upwelling about 10 Ma in the Late Miocene 

(Siesser, 1980; Wilkinson, 1990; Goudie and Eckardt, 1999). The cold water upwelling 

enhances the overall stable atmosphere. Storms originating in the Indian Ocean have lost 

most of their moisture by the time they reach the western edge of the inland plateau (the 
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Great Escarpment), which forms the eastern border of the Namib about 150 km from the 

Atlantic coast (Jacobson et al., 1995).  

 This persistent aridity has kept the Namib quite geomorphologically stable, one of 

several characteristics the Namib shares with the Atacama Desert in Chile (Bierman and 

Caffee, 2001). The Namib and the Atacama are also climatologically similar with 

extremely low rainfall, frequent fog events, and proximity to a cold upwelling coastal 

current. Geochemically, both deserts also have extensive pedogenic gypsum crusts 

(Eckardt et al., 2001; Rech et al., 2003) as well as more unusual evaporites (Eckardt 

personal communication). Heavy fog events occur in the Atacama (up to 189 fog days 

per year), adding significantly to the total wet deposition (Rech et al., 2003; Michalski et 

al., 2004). Other areas of the world with significant hydrologic input from fog include 

parts of Kenya, New Zealand, Hawaii, Oman, China and the Canary Islands (Ingraham 

and Matthews, 1988; Ingraham and Mark, 2000; Scholl et al., 2002; Stock et al., 2003; 

Garcia-Santos et al., 2004; Liu et al., 2005; Hildebrandt and Eltahir, 2006).  

 

1.2 Water demands in the Namib 

 Despite its general lack of water and inhospitable appearance, the Namib is 

critical to the Namibian economy. The desert lies on the Atlantic coast where the 

upwelling of the cold Benguela current just offshore supplies abundant nutrients (e.g. N, 

P, S) to one of the richest fisheries in the world (Siesser, 1980; Jacobson et al., 1995). 

The coastal communities of Walvis Bay and Swakopmund support this industry as well 

as the shipping and tourism industries in Namibia. Other parts of the Namib are tourist 
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hotspots as well, with private and communal tourist operations continuing to increase 

(Bethune and Schachtschneider, 2004). The capacity to supply water to a growing 

population in the Namib is clearly important for the economy. Collection of fog water has 

been suggested and tested as one potential source of supplementary water for the coastal 

region (Shanyengana et al., 2002). 

Namibia also has great mineral wealth and is among the leading global producers 

of uranium and diamonds, with significant production of other metals including copper. 

The recent rise in prices has seen increased uranium exploration and mine development 

in Namibia, including within its national parks. Namibia contributed 7.5%, 7.7%, and 

9.1% of global uranium production during 2005, 2006 and 2007, respectively (Kwasny et 

al., 2007). Although there is currently a moratorium on issuing uranium prospecting 

licenses in Namibia, more than 60 licenses exist (Weidlich, 2008) – most are in the 

Namib, many within national parks. Demands on local water sources and potential 

impacts by future mines are currently being evaluated; however, studies of ecosystem 

water requirements in the mining areas are difficult, expensive, and can require long-term 

monitoring. While the demand for water increases, the requirements of the Namib’s 

natural ecosystem need to be met as well.  

 

1.3 Quantifying fog input 

 Three basic pieces of information are needed to begin quantifying the importance 

of fog in an ecosystem. First, the frequency of fog incidence needs to be consistently 

recorded. Second, the volume of fog deposition needs to be estimated. And third, the 
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potential pathways for fog uptake need to be identified for the vegetation and habitats 

present in the ecosystem. Each of these should be considered with respect to other 

potential sources of water. 

 Fog is typically defined by a drop in horizontal visibility below 1 km. This 

criterion, however, is dependent on sampling frequency and does not give a nighttime 

measure unless a specialized system is set up. The visibility criterion has been used 

historically because it is relatively simple and because most concern about fog came from 

the transportation industry (Jiusto, 1981). When considering fog as a water source, the 

wetting of soil and plant surfaces by fog is more directly important than visibility. As 

noted above, biological soil crusts can make use of fog and dew water in addition to the 

direct uptake by some vascular plants. In recognition of the importance of surface 

wetting, a new measure of fog and dew occurrence is being used – Leaf Wetness – which 

is measured through changes in resistance or capacitance across a grid of electrodes that 

is painted to mimic a leaf surface (Campbell Scientific, 2006; Decagon Devices, 2007).  

Leaf Wetness Sensors (LWS’s) record the amount of time that a surface has been wet, or 

“hours of wetness”, which can be divided into daytime and nighttime wetness hours.  

In areas of significant fog occurrence, and with reference to certain parts of the 

ecosystem that can benefit from fog and dew, annual hours of wetness can be a better 

measure of aridity than mean annual rainfall (MAR). For example, in a study of 

hypolithic cyanobacterial crusts in the Atacama Desert, Leaf Wetness was recorded for 

four sites along an “aridity gradient” defined by MAR. The study found an increase in 

crust occurrence along the gradient, but it did not correlate well with MAR (Warren-
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Rhodes et al., 2006). However, if the crust occurrence is plotted against total annual 

hours of wetness, an extremely significant log-log relationship is observed (see Chapter 

3). 

 Leaf Wetness Sensors were designed to measure the duration of fog over a given 

time period. In order to estimate the volume of fog deposited in an ecosystem, typically 

an artificial structure is used to collect fog droplets and deposit them into a sample 

container. For estimates of natural deposition rates, this collection is done passively, 

relying on the ambient wind to draw fog-laden air across the collecting surface. Early 

techniques involved placing a wire mesh cylinder on top of a standard rainfall collector or 

tipping bucket (Nagel, 1956; Lancaster et al., 1984). The cylindrical shape allows fog 

from any direction to be collected, and thus larger, more recently designed collectors are 

also omni-directional (Goodman, 1985; Fischer and Still, 2007). In an effort to provide 

comparable volume measurements to assess the ability to collect water for human use, a 

Standard Fog Collector was designed (Schemenauer and Cereceda, 1994). The SFC is a 1 

m2 plastic mesh screen on a vertical, flat square frame standing 1.5 m above the ground, 

and is oriented orthogonal to the typical prevailing wind direction during fog events in a 

given area. However, if the wind direction changes the fog collecting efficiency is 

altered.  Another technique that is common in forested areas is to collect fog drip with an 

array of rainfall collectors under the canopy, which can be compared to above-canopy or 

open field collectors to differentiate between fog and rain (Kerfoot, 1968; Dawson, 1998; 

Hildebrandt et al., 2007). These fog drip volumes may be more representative of the 

amount of fog water available for infiltration and uptake by roots than the volumes 
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collected by artificial surfaces. It should be noted, however, that when fog water collects 

on trees, a significant volume of water could be transported to the soil via stemflow rather 

than dripping onto the soil (Hildebrandt et al., 2007), with a third pathway being direct 

foliar absorption of deposited water (Seely et al., 1977; Burgess and Dawson, 2004). In 

Chapter 3, a new method is described for estimating fog and dew deposition amounts 

using Leaf Wetness Sensors. 

 Fog input can also be estimated with experimental addition of isotopically labeled 

water. As mentioned above, uptake through the above-ground portions of the Namib dune 

shrub T. hereroensis was shown by spraying tritiated water onto several individuals 

surrounded by plastic sheeting to prevent sprayed water from reaching the roots directly. 

After two hours the tritiated water was found in the root tips (Seely et al., 1977). 

Similarly, tritiated water was sprayed onto the sand surrounding two large stands of the 

dune grass S. sabulicola with plastic placed around the above-ground portions of each 

individual to prevent sprayed water from reaching the grass blades directly. In addition to 

a significant vertical root system, this grass has very shallow lateral roots that extend up 

to 20 m away from the plant. The tritiated water was found in the grass blades, vertical 

roots, and lateral roots after one day. The highest concentration was in the lateral roots. 

Seven weeks later tritiated water remained in all parts of the plants, although only very 

little remained in the grass blades (Louw and Seely, 1980).  Such experiments are quite 

useful for identifying the fate of deposited fog as well as uptake pathways. However, in 

order to identify the overall importance of fog to an ecosystem, an integrated measure of 

the uptake of water from all available sources is needed. 
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 The stable isotopes of oxygen and hydrogen can provide this integrated measure 

in ecosystems with isotopically distinct water sources to link the three aspects discussed 

above: occurrence, volume and uptake. Isotopes are measured as ratios of the heavy 

isotope to the light isotope (18O/16O, 2H/1H), and reported relative to a standard in “per 

mil” (‰) notation by convention (Equation 1-1 gives the example of δ18O). 

  

 δ18O = (Rsample/RVSMOW - 1) x 1000    (1-1) 

Where, R = the abundance ratio of 18O to 16O 
VSMOW = Vienna Standard Mean Ocean Water, the international reference 
standard for water isotopes. 

 

The movement of water in the environment leads to changes in isotopic composition due 

to fractionations that occur primarily during evaporation and condensation.  Consistent 

variations in δ2H and δ18O in meteoric water globally were first reported almost 50 years 

ago (Craig, 1961), establishing the Global Meteoric Water Line (GMWL; Equation 1-2).    

δ2H = 8 x δ18O + 10      (1-2) 

Processes dominated by kinetic fractionation lead to deviations from the GMWL, as in 

evaporation from soil (Barnes and Allison, 1988) and evapotranspiration in leaves 

(Twining et al., 2006; Gat et al., 2007). If the δ18O and δ2H values of the potential water 

sources for an ecosystem are significantly different, they can be used as end members in a 

mixing equation that describes their relative contribution to a given population of plant or 

soil water samples (White et al., 1985; Dawson and Ehleringer, 1991; Dawson et al., 
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2002). This situation is commonly the case for studying contributions from fog and rain 

because fog condenses from humid air at relatively low altitudes, resulting in relatively 

little fractionation of stable isotopes. Whereas, rain is often depleted due to condensation 

at higher altitudes than fog, as well as rainout of the heavy isotopes from a given cloud as 

it moves across land (Ingraham and Mark, 2000). 

For example, the California redwoods receive summer fog that is isotopically 

enriched relative to the winter rainfall by about 60 ‰ in δ2H (Table 1-1). Water extracted 

from redwoods and undergrowth had δ2H values between the fog and rain endmembers, 

showing an annual contribution of 34% from fog (Dawson, 1998). Several other studies 

have been able to use the isotopic difference between fog and rain to determine the 

hydrologic importance of fog water in, for example, arid northern Kenya, grass fields of 

New Zealand, and the Atacama Desert of Chile (Table 1-1). No integrated isotopic study 

of plant water sources has been performed for the Namib, but sufficient isotopic 

discrimination between fog and rain in the Namib is suggested by separate studies of fog 

(Eckardt, 1996), rain (Rozanski et al., 1993) and groundwater (Schmitz, 2004).  

 The use of extracted plant water for source identification is possible because 

water in non-photosynthetic parts of plants (e.g. xylem) is not significantly different than 

its source water (White et al., 1985), although isotopic exchange can occur xylem water 

and enriched leaf water involved in transpiration (Shu et al., 2005). This evaporative 

enrichement is important in studying desert plant water isotopes, but still allows for the 

determination of original source water isotope signatures due to the relative stability of 

evaporative fractionation for a given plant at a given location (Kuells, 2000; Gat et al., 
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2007).  Soil water extraction and interpretation is more complex, especially in very dry 

soils, due to the presence of mineral bound water that is isotopically different from the 

water available for uptake by plant roots (Walker et al., 1994). However, if the 

complications can be controlled for, soil water isotopes can be a powerful and sometimes 

necessary component of this type of study (Corbin et al., 2005; Gat et al., 2007). 

 

Table 1-1:Ecosystem studies that make use of an isotopic difference between fog and other water 
sources.  

Location Description δ2H§ δ18O§ 

  Fog Rain
Ground
water 

Surface 
Water 

Fog Rain 
Ground
water 

Surface 
Water 

California 
Redwoods1 Coastal fog, prominent in summer 0.0† -59† NA NA NA NA NA NA 

Kenya2 

Cloud condensation in hill rising from 
the Chalbi Desert; heavy enrichment in 

fog thought to be from rainfall that 
evaporated and recondensed 

10.9 NA -16.6 -20.5 -1 NA -3.6 -4.3 

New Zealand3 Upland snow tussocklands -47 -66 -58 NA -7.4 -9.7 -8.7 NA 
Atacama 

Desert, Chile4 Coastal fog, northern Chile -11 -28 -81 NA -2.3 -4.8 -10.5 NA 

Atacama 
Desert, Chile5 Coastal fog, northern Chile -2.9 -39.7 -30 -29.5 -1.8 -5.8 -5.1 -4.3 

Namib Desert6 
Coastal Atlantic fog, rain and 

subsequent groundwater recharge 
from Indian Ocean storms 

-0.7 -24.5† -38.3 -73.7 2.1 -5.0 -6.1 -11.2 

Note that the Namib Desert example is from three separate studies, without a synthesis relating to 
ecohydrology of the Namib ecosystem. 
NA – Not Analyzed 
References: 1, (Dawson, 1998); 2, (Ingraham and Matthews, 1988); 3, (Ingraham and Mark, 2000); 4, 
(Squeo et al., 2006); 5, (Aravena et al., 1989); 6, (Rozanski et al., 1993; Eckardt, 1996; Schmitz, 2004) 
§ - Per mil relative to VSMOW; arithmetic mean except where noted 
† - Volume weighted mean; Note that the Namib Desert rain value is from Windhoek, about 150km east of 
the desert. 
    

 Evaporation is a non-equilibrium process leading to Rayleigh isotope 

fractionation, where the lighter isotope preferentially enters the vapor phase and this 

phase is continually removed from the system. This process leads to isotopic enrichment 

in the remaining water. The plots of δ2H vs δ18O for water that remains after evaporation 
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are “Evaporation Lines”. The slopes of these lines, always less than 8 (Dansgaard, 1964), 

reflect the relative fractionation of 2H and 18O in the evaporation process. The pattern of 

evaporative enrichment in soil water is mainly controlled by the humidity of the air 

(Sofer and Gat, 1975) and the soil physical properties that affect diffusion rates 

(Zimmerman et al., 1967; Allison and Barnes, 1983; Shurbaji and Phillips, 1995). 

Saturated soil Evaporation Lines have slopes similar to those of free water, 4 to 6, 

whereas unsaturated soils have slopes in the range of 2 to 5 with lower slopes associated 

with drier soils (Barnes and Allison, 1988). Transpiration losses via stomata lead to 

similar fractionation patterns (Aravena et al., 1989; Twining et al., 2006; Gat et al., 

2007), which can sometimes be helpful in determining water sources (Figure 1-4). Using 

evapotranspiration lines such as this will allow for source water apportionment between 

fog and groundwater. Relationships among Fog Contribution, species and plant size can 

then be investigated, as in the California redwoods where larger plants used less fog as 

their roots were able to reach deeper soil water (Figure 5). 

 



25 

 

 

Figure 1-4: Atacama Desert eucalyptus leaf water is enriched through transpiration losses, but 
tracking this enrichment indicates that the source water is fog rather than rain, groundwater, or 
surface water (after Aravena et al. (1989)). 
 

 

Figure 1-5: Use of fog water by California coastal redwood trees (after Dawson (1998)). 
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1.4 Microenvironmental controls on photosynthesis 

 Several studies have concluded that W. mirabilis makes use of both the C3 and 

CAM photosynthetic pathways (Schulze et al. 1976, von Willert et al. 2005), with 

apparently more CAM usage, and resultant higher δ13C, closer to the coast. One 

interpretation of this relationship is that the more water-efficient CAM adaptation is 

utilized to a greater extent in areas with lower rainfall, and therefore with less available 

soil and ground water. A study of microenvironmental control and δ13C in C3 plants of 

the Sonoran Desert found enriched values in the more water-stressed habitats. This 

enrichment was attributed to water-use efficiency in water stressed plants (Ehleringer and 

Cooper, 1988). A similar study is presented in Chapter 6 for the W. mirabilis population 

at Hope Mine in the Namib Desert. 

 

1.5 Fog and nutrient cycling 

 Lastly, fog may play a significant role in nutrient supply and cycling in the 

Central Namib. A relationship between δ15N and rainfall was found in C3 plants growing 

on Kalahari sands in southern Africa, and indicates more nitrogen isotope discrimination 

in lower rainfall areas (Swap et al., 2004). The present study (Chapter 6) provides 

additional δ15N data from several trees and shrubs to extend the Kalahari Mean Annual 

Rainfall gradient (200-1200 mm/yr) into the hyperarid Namib Desert (20-80 mm/yr). 
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 There is also the potential for feedback mechanisms to exist between the 

occurrence of fog and dust in the Central Namib. The chemical composition of fog 

indicates that particles of dust have contributed elements such as sulfur and calcium by 

dissolving into the water droplets that make up fog, although there appears to be an 

additional source of Ca other than gypsum in some of the samples (Figure 1-6). The 

“Enrichment” of sulfur and calcium means that more of the element is present relative to 

chloride when compared to the composition of seawater. Seawater is the primary source 

of fog and rain water in the Namib. Dust that mixes with clouds in India has been shown 

to deter the formation of rain droplets in clouds due to the high abundance of 

condensation nuclei (Rosenfeld et al. 2001). Dust can also help to “seed” clouds because 

water may condense out of the atmosphere onto the dust particles, depending on the type 

of dust (Noone et al. 2000). Dust may also suppress cloud formation on larger scales by 

helping to cool the sea surface (Lau and Kim 2007). It is unclear what the interactions are 

between Namib dust and fog, but the initial chemistry data indicates that they do interact 

in some way. Here, stable isotope ratios of sulfur (δ34S) in size-segregated aerosols are 

used to evaluate the marine influence on background aerosol composition in the Namib 

Desert (Chapter 7). 

 



28 

 

 

Figure 1-6: Sulfur and calcium enrichment in fog from the Namib, Chile, and Oman (after Eckardt 
and Schemenauer 1998). 
 

1.5 Hypotheses 

(1) Fog is a significant source of water for several common plant species within 60 

km of the coast, and is variably less important for deeply-rooted trees and shrubs. 

(2) Fog utilization increases with increased fog deposition. Thus, for a given species, 

highest fog utilization is expected on the upper slopes of dunes or inselbergs, especially 

on west-facing slopes. The coast-inland fog gradient is non-linear, and fog utilization by 

a given species is expected to follow this gradient. 
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(3) Welwitschia mirabilis makes use of the CAM photosynthetic pathway more often 

in more water-limited microenvironments, which are defined both by access to 

subsurface water and fog occurrence. 

(4) Nitrogen isotopes of plants and soils in the coastal Namib do not follow the 

rainfall trend found in the Kalahari due to the influence of fog and dew. 

(5) The sulfur isotopes of plants will correlate with fog deposition. That is, the 

patterns of δ34S of plant material will be similar to that in fog water uptake.  

 

1.6 Objectives 

 The primary objective in evaluating these hypotheses is to characterize the 

following end-members: δ2H and δ18O for fog, groundwater, soil water and plant water; 

δ13C and δ15N for plant tissue; δ34S for fog water, rain, soils, groundwater and plant 

tissue. Ground-based climatological parameters specific to the microenvironments around 

the sampled plants and soils will aid in the interpretation of the isotope results. Long-term 

data from Gobabeb will help extrapolate the findings of this two-year study.  

The impact of fog on a given species will be evident from inter-species 

differences at each location as well as intraspecies differences among locations that 

receive differing amounts of fog. The plants to be sampled are representative of common 

plants in the three habitats of the Central Namib – dune, river bed, gravel plains (Table 1-

2). Results from co-occurring species (A. leubnitziae and Z. stapffii in the gravel plains, S. 

sabulicola and T. hereroensis in the dunes) will give insight into their relative fog 

utilization. Most of the species distributions extend from the coast (Rooibank) to the edge 
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of the fog zone (Hope Mine). An exception is A. leubnitziae, which only occurs in areas 

of high fog frequency. A. leubnitziae is absent at Gobabeb and Hope, so C. capitata will 

be sampled where it is present at these locations for comparison with Z. stapffii.  The 

shrubs C. capitata and A. leubnitziae are both in the Amaranthaceae family and co-occur 

with Z. stapffii. Their main difference is that C. capitata lacks the longitudinal grooves on 

its stems. A small set of samples will also be collected from the Swakop-Arandis transect, 

which was the subject of an intense study of fog influence on vegetation patterns 

(Hachfeld and Jurgens, 2000). In addition to this overall fog gradient, local gradients in 

elevation also separate areas of differing fog deposition. These local gradients will also 

be investigated (High Dune at Gobabeb and Swartbank Berg, both about 100 m high). 

Permission to sample W. mirabilis is difficult to obtain due to its extremely localized 

distribution, CITES protection, and importance as a national symbol for Namibia. Thus, 

W. mirabilis samples were only taken from Hope Mine. However, it is hoped that 

comparisons with Z. stapffii in this area will help elucidate connections with the fog 

gradient given that Z. stapffii occurs throughout the fog zone.   

Sampling and observations occurred from August 2007 to June 2009, including 

continuous measurements at Gobabeb’s Permanent Weather Stations and at least six 

months of data from Mini Stations as described in Chapter 3. Water, plant and soil 

samples were collected at Gobabeb and along the fog gradient during four field 

campaigns: August to December 2007, June to July 2008, January 2009, and June to July 

2009. 
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Table 1-2: Summary of plants to be sampled. 

Species Habitat Description 
Photosynthetic 

pathway Reported fog use References 

Occurrence 

R
oo

ib
an

k 
Sw

ar
tb

an
k 

G
ob

ab
eb

 
H

op
e 

M
in

e 

Stipagrostis 
sabulicola 

Dune 

Common dune 
grass 

C4 Absorption via very 
shallow lateral roots

1,2,4 X X X  

Trianthema 
hereroensis 

Succulent dune 
shrub 

CAM Foliar absorption 1,3,4,5,7 X X X  

Acanthosicyos 
horridus 

Succulent, produces 
!nara melons Unknown 

Channels fog to 
roots via longitudinal 

grooves in stems 
6,7,8,9 X X X  

Acacia erioloba 

River 
bed 

Large leguminous 
tree 

C3 None reported 10,11,12 X X X  

Faidherbia 
albida  

Large leguminous 
tree 

C3 None reported 11,13,14,15 X X X  

Tamarix 
usneoides 

Medium evergreen 
tree – salt tolerant C3 None reported 14,16 X X X  

Zygophyllum 
stapffii 

Gravel 
plains 

Succulent shrub Apparent C3 None reported 1,7,17,19,24 X X X X

Arthraerua 
leubnitziae 

Shrub – green 
stems 

Apparent C3 
Channels fog to 

roots via longitudinal 
grooves in stems 

1,7,17,18,19
,24 

X X   

Calicorema 
capitata 

Shrub – green 
stems Apparent C3 None reported 1,20   X  

Welwitschia 
mirabilis 

Ancient shrub, two 
large wide leaves 

C3/CAM Foliar absorption 
(still debated) 

1,7,21,22,23    X

References: 1 (Vogel and Seely, 1977), 2 (Louw and Seely, 1980), 3 (Seely et al., 1977), 4 (Southgate et 
al., 1996), 5 (Nott, 1985), 6 (Sandelowsky, 1990), 7 (Kutschera et al., 1997), 8 (Hebeler et al., 2004), 9 
(Moser, 2004), 10 (Canadell et al., 1996), 11 (Schulze et al., 1991), 12 (Schulze et al., 1998), 13 (Ward and 
Breen, 1983), 14 (Bate and Walker, 1993), 15 (Roupsard et al., 1999), 16 (Horton and Clark, 2001), 17 
(Ebert, 2000), 18 (Loris, 2004), 19 (Hachfeld and Jurgens, 2000), 20 (Burke, 2003), 21 (Bornman et al., 
1973), 22 (Schulze et al., 1976), 23 (von Willert et al., 2005), 24 (Schulze and Schulze, 1976) 
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Chapter 2 : Methods 

2.1 Ground-based measurements 

 Fog and dew deposition amounts are measured daily at Gobabeb, and long-term 

observation efforts at varying temporal resolutions have been conducted since the 1960’s 

at stations across the Namib with the data available at Gobabeb (Lancaster et al., 1984; 

Henschel and Seely, 2008). In addition to these data, this study adds discrete, event-scale 

fog deposition and soil moisture measurements as well as continuous measurements of 

leaf wetness, soil moisture, air temperature, and relative humidity. The fog was collected 

using four portable, modified harp style (“X-harp”) collectors comprised of nylon fishing 

line strung vertically between stainless steel threaded rods from which the fog drips into 

PVC troughs, through about 30 cm of tygon tubing into a sealed, clean High Density 

Polyethylene collection bottle (Fischer and Still, 2007). The X-harp collectors were built 

with local materials in 2007, and have a mean cross-sectional area of 0.084 m2 (Figure 2-

1B). For a few fog events, X-harp collectors were placed adjacent to the Gobabeb daily 

collector (Standard Fog Collector “SFC”, 1 m2 of a double-layer of plastic shade netting 

on a square frame facing northwest 2m off the ground; Figure 2-1A) for comparison with 

the large data set at Gobabeb and other locations worldwide (Schemenauer and Cereceda, 

1994). Several deployments of a teflon harp-style collector (Figure 2-1C) were also made 

adjacent to the SFC at Gobabeb in an attempt to collect clean samples for major ion 

chemistry. Other X-harp deployments coincide with plant and soil sampling events at 

Gobabeb, Swartbank and Hope.  
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Figure 2-1: Fog collectors at Gobabeb. 
Note: See text for descriptions and references. 

 

Continuous measurements were made for at least six months in four locations 

across the Gobabeb-High Dune transect (“Mini Stations”), along with the permanent 

Gobabeb weather station (“Permanent Station”). As with the fog collection, short-term 

measurements adjacent to the Gobabeb weather station are used to connect with the 

larger Gobabeb data sets. The measurements comprise dielectric leaf wetness (Decagon 

Leaf Wetness Sensor “LWS”, or Campbell Scientific Sensor 237), dielectric soil moisture 

(volumetric moisture content, Decagon Sensor EC5 or 5TE), air temperature and relative 

humidity. Pyranometers and Water Activity sensors (Decagon Sensors PYR and MPS) 

were also used at several Mini Stations. Pyranometers can be used to estimate sky type 
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(Duchon and O'Malley, 1999) and water activity has been useful in characterizing soil 

moisture in other arid soils (Gee et al., 1992; Sandvig and Phillips, 2006). Leaf Wetness 

Sensors were placed within a plant’s canopy, as well as just above the bare ground 

surface. Discrete soil moisture measurements were made gravimetrically by weighing 

wet soil collected in jars, drying at 70 °C and re-weighing. Measurements at the Mini 

Stations were made every 5 minutes, whereas the Permanent Station recorded every 15 

minutes. In addition to the six months of data (June 2008 – January 2009) at Gobabeb, 

five permanent Mini Stations were placed at locations along the fog gradient in July 2009 

(Appendix C). In order to characterize atmospheric moisture conditions, saturation vapor 

pressure is related to air temperature according to Equation 2-1 and relative humidity is 

related to vapor pressure and temperature using Equation 2-2. 

݁௦ ൌ 0.611 ൈ ݁భళ.ఱబమ ൈ ೌೌశమరబ.వళ    2-1 

 ݄ ൌ ೌೞ       2-2 

 
with, 
es = saturation vapor pressure (kPa) 
Ta = air temperature (centigrade) 
h = relative humidity (decimal form, not percentage) 
ea= ambient vapor pressure (kPa) 
 

Leaf Wetness Sensors were designed to mimic the thermal properties and texture 

of leaves from food crops. Although an LWS typically gives a binary “wet” or “dry” 

response for a given time period based on a threshold electrical resistance value, the raw 

data allows for some quantification of the amount of water deposited. This quantification 
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was performed using a separate calibration for each LWS (Figure 2-2) following the 

results of testing by the manufacturer (Decagon Devices, Inc. unpublished data 1999). 

With a 2500 mV excitation, the raw response of an LWS varied between around 100 and 

1000 (mV), with a stable “dry” signal between 430 and 450 mV. Response above 450 

mV indicates wetness, and range up to about 650 mV during heavy fog or rain. Values 

below 430 mV and equal to 1023 mV were indicators of poor sensor response. From field 

observations, the very low values could be due to the sensor touching the sand surface or 

plant material. And, the very high value of 1023 mV seems to correspond to times when a 

crust formed on the upper side of the sensor – possibly due to jackal or fox urine based on 

animal tracks nearby. Much of the data surrounding these high and low response events 

had to be discarded due to irregular response patterns. After this data quality check, “wet” 

events were identified as periods with a response greater than 450 mV which persisted for 

more than 1 hr, ending with the response staying below 450 mV for at least 1 hr. Each 

event was then categorized as rain, fog or dew through an objective comparison with both 

manual and continuous weather monitoring data at Gobabeb. The event was labeled as 

rain if rain was collected at Gobabeb (2 km Northeast of  the High Dune LWS); fog if (1) 

fog was noted through manual observations, (2) if a fog sample was collected, or (3) if 

there were very low clouds observed at 8am; and the remaining events were considered to 

be dew. 
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Figure 2-2: Example calibration data for converting raw data from Leaf Wetness Sensors to an 
amount of water deposited. 

 

After converting the raw values to volume per area (ml/m2) using separate 

calibrations for each sensor (Figure 2-2), the amount of water deposited was calculated as 

the sum of positive increments in the volume of water deposited. That is, if the volume 

per area increased from one 5-min average value to the next during a wetting event, this 

increment was interpreted as an addition of water to the surface of the sensor. An 

alternative interpretation would be to take the maximum value per event as the total 

amount deposited. However, the incremental procedure used allows for a more realistic 

description of wetting and drying of the sensor during a fog or dew event. There is 

minimal noise in the 5-min averaged data, but this aspect should be examined before 

applying the procedure elsewhere. It is possible that additional noise in, for example, 1-

min averaged data would add an artificial amount of water to the total due to minor 
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variations in the sensor response. Any such higher-frequency variations appear to be 

averaged out in the 5-min data.  

 

2.2 Climate model predictions 

 Arid areas of southern Africa are generally predicted to become drier under the 

influence of climate change, and thus produce more dust (Hulme et al., 2001; Thomas et 

al., 2005; Giannini et al., 2008). However, the Namib "fog desert" is potentially less 

affected by decreased rainfall as long as the fog frequency does not decrease. The broad 

impacts of climate change on fog occurrence in the Namib will be examined using 

existing output from various models using the most recent IPCC climate scenarios 

(Intergovernmental Panel on Climate Change, 2007). Predictions for changes to relative 

humidity (RH, an output of some climate models) in the desert will be related to fog 

occurrence through a relationship between fog and RH from ground-based observations 

using data from 2007-2009. 

 

2.3 Sampling – water 

 Fog samples were collected at Gobabeb by research station technicians during the 

8am manual weather station duty from the Gobabeb SFC and stored at 4°C in 12 mL 

vacutainers sealed with Parafilm. Concomitant fog samples from X-harp collectors 

placed around Gobabeb, Swartbank and Hope were collected during field campaigns 

(Appendix C). Dew samples were also collected during field campaigns from the 



42 

 

Gobabeb Standard Dew Collector (“SDC”), a 1 m2 teflon sheet sitting at 45° on a frame 

about 0.5 m off the ground. The SDC is checked for water and emptied every morning. 

Dew samples were collected on days when no fog was observed or collected in the 

vertical SFC. Correlations among SFC fog, X-harp fog, and dew samples collected 

during field campaigns serve to extend the more continuous SFC fog data.  

 Rain water was collected opportunistically during field campaigns. Groundwater 

and surface water has been analyzed extensively for δ34S, δ2H and δ18O in previous 

studies (Eckardt, 1996; Schmitz, 2004), and the δ2H and δ18O values from groundwater 

were regionally shown to have a well-defined signal. Groundwater from Gobabeb was be 

sampled periodically to confirm this apparently robust signal.  

 

2.4 Sampling – plants and soils 

 Plants were sampled and stored according to the IAEA-MIBA (Moisture Isotopes 

in the Biosphere and Atmosphere) program protocol (Twining et al., 2006). In this 

protocol, the stem material is stripped of bark and any phloem material that may contain 

photosynthates. The exposed tissue is then stored in a glass vacutainer sealed with 

Parafilm, chilled in the field, and refrigerated in the laboratory. Due to long storage times 

(6-12 months) in the present study, the samples were stored frozen. Both exposed stem 

and leaf material from the same branch were collected in order to examine proximal and 

distal signals. For several individual plants, a series of stem samples was collected 

separately from various points along the stem. For grass samples (S. sabulicola), a non-

green piece of stalk was collected in lieu of stem material. In order to obtain an integrated 
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water sample from the branchless W. mirabilis, a 5mm diameter core (Haglof increment 

borer) was taken from 12 individuals (Appendix B). Soils were collected and stored 

frozen in glass mason jars. Several soil profiles were collected in sand dunes from areas 

where the sand is solid enough to allow an auger to penetrate 0.5-1m. 

 

2.5 Sampling – aerosols 

Aerosols were collected with a High Volume Cascade Impactor system (Turekian 

et al., 2001; Tisch Environmental Inc., 2004) at flow rates averaging about 1000 liters per 

minute (L min-1). Glass Fiber filters on four impactor stages (7.6, 1.5, 1.0, and 0.5 µm) 

were used to collect aerosols for 11 hr sampling periods: “Day” (~7am to 6pm local time) 

and “Night” (~7pm to 6am). Flow rates were recorded continuously and calibrated with a 

NIST-traceable variable orifice calibration unit at the beginning and end of the sampling 

period. The aerodynamic diameter particle size cutoffs for each of stage vary up to 0.1 

µm based on flow rate and atmospheric conditions. Flow rate and size cutoff calculations 

are given in Appendix A. Collection was performed at Gobabeb from 21 June to 2 July 

2009 at 1.5 m above the ground in a location as far as possible from the daily activities of 

the research station (~500 m). Filters were pre-ashed at 550°C for 4 hours and no sulfur 

was detected in field or lab blanks of the slotted GF filters. The backing filter media 

contained a binder that retained a sulfur blank after ashing, and thus these results are not 

presented.  

Additional aerosol samples were collected using a low flow cascade impactor 

(Sioutas, 2004) with four stages (2.5, 1.0, 0.5 and 0.25 µm) and a backing filter (Quartz 
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Fiber). This collector was placed at a height of 4 m above the ground and ran at a flow 

rate of 9 L min-1 from 19 June to 2 July 2009, resulting in 4 sets of day and night 

samples. Separate sets of day and night collection stages were used for up to four days to 

increase sample mass. The same backing filter was used for all four days. However, due 

to insufficient mass collected on each individual stage, the two coarse and two fine 

fraction stages were combined for each δ34S analysis. Analytical grade tin was used as the 

collection substrate on the impactor stages. The tin material can be directly introduced to 

the Elemental Analyzer system described below , and is expected to have comparable 

aerosol collection efficiencies as Glass Fiber substrates (Sioutas, 2004). Three Total 

Suspended Particulate samples (Glass Fiber) were also collected at 6-8 L min-1 for a few 

hours each, but no sulfur was detected in these samples. 

 

2.6 Analysis – plants and soils 

Plant and soil samples were dried (60°C), homogenized, weighed into tin capsules 

and  converted to CO2, N2 and SO2 for isotope analysis using a Carlo Erba elemental 

analyzer (EA) which is  coupled to an OPTIMA stable isotope ratio mass spectrometer 

(Micromass, Manchester, UK).  Carbon and nitrogen isotopes were determined with a 

single combustion using a dual furnace system composed of an oxidation furnace at 

1020oC and a reduction furnace at 650oC. Using the EA, the samples for sulfur were 

separately pyrolyzed at 1050oC using a combination oxidation and reduction furnace 

system. The resulting gases are dried in a water trap (MgClO4) and separated in a packed 

column gas chromatograph before flowing into the source of the mass spectrometer. The 
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ratio of heavy to light isotope (e.g. 13C/12C) in each sample is measured with respect to a 

reference peak of carbon dioxide, nitrogen or sulfur dioxide gases which have been 

calibrated against NBS 22, atmospheric N2 and NBS 127, respectively. The stable 

isotopic ratio is reported as in Equation 1-1, using the following abundance ratios of the 

heavy to light isotopes: 13C/12C, 15N/14N or 34S/32S.  The standard for carbon is the Peedee 

Belemnite limestone (PDB), for nitrogen the standard is atmospheric N2 (Air) and for 

sulfur the standard is the Canyon Diablo Troilite (CDT) which are assigned values of 

0.0‰ for δ13C, δ15N, and δ34S.  For sulfur and carbon the isotope value is corrected for 

contribution from 18O content. This correction involves multiplying by 1.09 for sulfur 

(Giesemann et al., 1994) after adjusting the value to an internal standard (BaSO4). The 

reproducibility of the measurement is typically better than ±0.2‰ for these elements 

using the continuous flow interface on the OPTIMA. Sample aliquots ranged from 4-10 

mg for plants and 40-80 mg for soils, depending on N and S concentrations. 

In addition to δ13C, δ15N and δ34S, soil grain size and water content were 

determined. Water content was calculated from pre and post weighing of about 50 wet 

grams of soil during the cryogenic vacuum distillation procedure described below. 

Discrete sampling for gravimetric soil moisture was also performed from August to 

December 2007 at various depths. Grain size was determined on composite dune, 

riverbed and gravel plains soils using a laser diffraction particle size analyzer (Beckman 

Coulter CS I3 320). 

Soil and plant water was extracted by cryogenic vacuum distillation (West et al., 

2006), and the extracted water analyzed for δ2H and δ18O as described below. In this 
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procedure, sample vials are connected to an isolated vacuum loop with Swagelok Ultra-

torr fittings. After freezing the sample with liquid nitrogen and evacuating the vacuum 

loop, the sample is heated while cooling the collection tube with liquid nitrogen until no 

additional vapor evolves, and the collection tube is sealed with a blow torch or 

immediately transferred to a glass autosampler vial. The vacuum in each closed sample 

loop is also recorded immediately after completing the distillation, allowing for the 

identification of any obvious significant residual gases. The scale of the vacuum gauge 

(Varian 801) is somewhat arbitrary, but typical values from before and after a distillation 

were 0.01 and 0.03 Torr, respectively. 

Although stem water can give an authentic isotope signature of the source water 

(White et al., 1985) if at least 98% of the water is extracted (West et al., 2006), water 

involved in transpiration will become enriched along an evaporation line (Aravena et al., 

1989; Shu et al., 2005; Twining et al., 2006).  Leaf water involved in photosynthesis 

exchanges with xylem water in leaves and small branches, enriching the extracted branch 

water relative to the water source (Shu et al., 2008). In eastern Namibia, evaporation lines 

have been used to calculate the original water source for infiltrating soil water using 

Equation 2-3 (Kuells, 2000). Here, branch and leaf samples taken under similar moisture 

conditions at different times of the day (ie different transpiration rates) will be used to 

calculate evaporation lines for source water determination. The corresponding δ2H and 

δ18O values that fall on the meteoric water line will be calculated using Equation 2-3 for 

individual samples and this value will then be used to calculate the “Fog Contribution” 
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from a linear interpolation between average groundwater and average fog, winter rainfall 

and dew (Equation 2-4). 

ଵ଼ߜ  ܱ ൌ ఋమுି௦ൈఋభఴைିௗ௦ି௦    (Equation 2-3) 

with, 
δ18Oc = isotope value “corrected” to fall on the meteoric water line 
d = intercept of the δ2H vs. δ18O relationship 
s = slope of the δ2H vs. δ18O relationship 
subscript m = measured 
subscript g = meteoric water line 
ܨ  ൌ ఋభఴைିఋభఴைೢఋభఴைିఋభఴைೢ  ൈ 100   (Equation 2-4) 

with, 
Ff = contribution of water from fog, winter rainfall and dew 
δ18Ow = average isotope value of groundwater 
δ18Of = average isotope value of fog, winter rainfall and dew 
 

2.7 Analysis – water samples 

 Extracted plant and soil water as well as fog, rain, and groundwater were sent to 

an external laboratory for measurement of δ2H and δ18O (University of Minnesota). 

These analyses were performed using Laser-Absorption Spectroscopy (LAS). This 

method is comparable in precision and accuracy to the traditional Isotope Ratio Mass 

Spectrometry (Wang et al., 2009) and can be performed with very little volume of sample 

(< 50 μL), which was important for some of the plant and soil samples in this study. 

Dissolved sulfates in water samples were analyzed by IRMS at the University of Virginia 

(OPTIMA as described below for aerosol samples) after precipitation as BaSO4
 by adding 
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a solution saturated with respect to BaCl2, and subsequent filtration of the precipitate onto 

Whatman No. 1 Cellulose filters in the field. 

2.8 Analysis – aerosols 

Sulfur isotope values (δ34S) were determined using Isotope Ratio Mass 

Spectrometry (VG/Elementar Optima) on slotted, pre-ashed glass fiber filters. 

Immediately following collection, glass fiber filters were folded in half to protect the 

collection surfaces, enclosed in pre-ashed aluminum foil, and kept frozen until analysis. 

The collection surface of each impaction stage comprised 10 strips of filter separated by 

slots. The mass loading on each strip was not determined, but they were visually similar. 

One day prior to analysis, a scalpel was used to scrape the sample from a representative 

selection of 3 to 7 strips. The scrapings (10-20 mg of GF plus sample) were placed into a 

tin capsule. Even on heavily-loaded filters, the sample was concentrated along a thin line 

in the center (Figure 2-3). 

 

Figure 2-3: Example glass fiber filter showing 3 strips scraped for analysis and 2 strips untouched. 
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The glass fiber filter samples contained very low levels of S, requiring 

correspondingly low-level standards and detailed post-processing of the data. This data 

processing involved three steps after allowing the software (GV Instruments, 1995) to 

find the sample and reference peaks. First, the peak zero lines were adjusted to include as 

much of the sample peak as possible. Second, the peak definitions were adjusted for 

consistency among samples and standards. And third, the sensitivity of the isotope ratio 

to changes in peak definition was checked and categorized. The peak end was changed by 

50 to 100 s, and if the δ34S changed by 1 to 5 ‰, the sample was assigned a large error 

bar (+/- 2 ‰); a 5 to 10 ‰ change was flagged as “Trace” and anything greater was 

flagged as “Non-detect.” 

In addition to δ34S, elemental abundances of S, C and N were determined from 

δ34S runs. S mass was determined through a calibration with mass 32 peak areas (Figure 

2-4). And C and N masses were determined through TCD peak area calibration, although 

there is less separation between C and N peaks than during a typical C/N run with lower 

pressure on the He carrier gas. Given that there is a limited amount of sample for each 

aerosol filter, any C and N data available from a single δ34S run is useful. Orchard Leaves 

(NBS 1571) were used as a standard for C and N elemental composition, giving a 

consistent calibration for November and December 2009.  

 
Naliquot  = 34.6 * (ATCD – ATCD, zero)   (2-5) 
Caliquot = 8.06 * (ATCD – ATCD, zero)   (2-6) 
 
with, 
Naliquot and Caliquot  in µg 
ATCD as the area of the identified TCD peak 
ATCD,zero as the area of the TCD peak below the baseline 
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Elemental abundances of 45.6% and 2.71% were use for C and N, respectively, in 

Orchard Leaves (NBS 1571). Limits of detection were estimated by evaluating the 

variability in Orchard Leaves, which became quite high (+/- 50%) for masses lower than 

10 µg for C and 2 µg for N. Field and laboratory blanks yielded values around 2 µg for 

both C and N. This blank mass was subtracted from the calculated values from Equations 

(2-5) and (2-6). If the original calculated mass was less than 10 µg for C and or 2 µg for 

N, the value was flagged as “Trace”. If no TCD peak was found, the sample was flagged 

as “Non-detect”. Finally, for many of the aerosol filters, only a portion of the full sample 

was analyzed as described above. The results for these aliquots were scaled up to the full 

sample size to give an estimate of the total C and N mass collected for each sampling 

period. Given this procedure and the low abundance of C and N in most of the aerosol 

samples, uncertainty is fairly high (+/- 10%), which is confirmed by two replicates taken 

through all sample preparation steps separately. 
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Figure 2-4: Sulfur abundance calibration. 
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Chapter 3 : Precipitation, soil moisture and climate change 

in the Namib Desert 

 

Abstract 

 Frequent fog events apparently play a major role in the ecophysiology of certain 

organisms in the hyperarid Namib Desert ecosystem. This study estimates the deposition 

of fog, dew and rainfall for 2007-2009 using various measurement techniques. Leaf 

wetness sensors were used to estimate both duration of wetness and amount of deposited 

water. Using ground-based observations to distinguish between fog and dew events, it is 

revealed that these two moisture sources are of the same order of magnitude in terms of 

annual hours of wetness (522 and 1172 hours, respectively) and precipitation depth (4.7 

and 12.3 mm). These values are comparable to rainfall in this wet year (July 2008 to June 

2009) in which rain events accounted for 233 hours of wetness and 57 mm of 

precipitation.  Soil moisture is also reported, indicating no substantial contribution from 

fog or dew to soil moisture below the top 3 cm, and this wetted surface layer dries in a 

few hours after a fog or dew event. Lastly, arid areas of the world are generally predicted 

to become drier under the influence of climate change, and thus produce more dust. 

However, the Namib "fog desert" is potentially less affected by decreased rainfall. 

Current predictions for changes to relative humidity in the Namib are evaluated using 30-

year monthly averages for two climate models, showing 0 and 1.5-3% decline in relative 

humidity over the coming century. To look at the potential impact of these findings on 
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fog deposition, a scaling-up of ground-based observations of fog occurrence is attempted 

through a correlation with relative humidity. 

 

3.1 Introduction 

 The Namib Desert on the southwestern coast of Africa is hyperarid in terms of 

rainfall, but receives frequent coastal fog events that are thought to play a major role in 

the Namib ecosystem. Fog in the Namib most commonly occurs through advection of a 

low stratus cloud that forms over the cool Benguela Current that upwells along west 

coasts of South Africa, Namibia and southern Angola. When advected inland, this cloud 

intersects the land at elevations of 100-500 mamsl, which translates to 10-60km from the 

coast (Figure 1-2). Occasionally very low elevation fog occurs within 10 km of the coast. 

Radiation fog, which occurs much less frequently, results from warm moist air cooling 

rapidly at night in low-lying areas. Winter frontal systems from the southwest infrequntly 

bring light drizzle. Total rain accumulations range between 20 and 80mm/yr, increasing 

to the east. Fog deposition, although highly dependent on by the collection method, has 

been measured at 20-180 mm/yr within 60 km of the coast (Lancaster et al., 1984; 

Henschel et al., 1998; Hachfeld and Jurgens, 2000; Shanyengana et al., 2002). A 

simplified version of these patterns gives a sense of the overall atmospheric moisture 

regime active in the Namib, and the annual rainfall totals experienced during the present 

study describe the typically dramatic interannual variability in rainfall (Figure 1-2). 
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Figure 3-1: Soil moisture for fog and rain events on a Namib dune (after Gut (1988). 
 

Fog and dew in ecosystems 

In certain ecosystems fog and dew can be important stable water sources even 

though individual fog and dew events are low in terms of the amount of water delivered 

to a soil or plant surface (Weathers, 1999). The redwoods of California experience 

seasonal fog, and obtain up to 34% of their transpired water from fog. Most of the 

utilized fog water is from water that drips onto the soil and is taken up by roots of 

redwoods and undergrowth (Dawson, 1998), but about 6% of the transpired water may 

come from foliar absorption (Burgess and Dawson, 2004). This fog input to redwoods is 

lower in magnitude on an annual basis than water from the winter rains, but fog occurs in 

the summer which is when transpiration demand is highest. Thus, without fog the 

redwood water balance would be impacted more than is indicated by the annual fog 
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uptake (Dawson, 1998). Fog occurrence in the redwoods has decreased 33% since the 

early 1900’s due to warming of the sea surface and atmosphere (Johnstone and Dawson, 

2010). Fog is also a controlling factor in moist tropical forest ecosystems such as in 

Monteverde, Costa Rica, where changes in species composition ecosystem productivity 

are expected due to effects on cloud height from changing global temperatures (Foster, 

2001). 

In areas that receive frequent fog the utilization of fog water by plants is 

somewhat expected, whereas the contribution of fog to subsurface water is more difficult 

to envision. Typically, fog deposited on soil is quickly evaporated after the fog lifts 

(Louw and Seely, 1982). However, significant infiltration of fog has been shown to occur 

in areas where fog is deposited with high frequency. For example, in broad-leaved forests 

of coastal Oman, seasonal dense fog helps contribute to stemflow, which was found to be 

30 % of total precipitation (Hildebrandt et al., 2007) – quite high compared to the typical 

estimate of <10 % in arid lands (MartinezMeza and Whitford, 1996). This, along with the 

reduction in transpiration during the summer months leads to a doubling of the growing 

season relative to surrounding desert or deforested land (Hildebrandt et al., 2007).  In 

another study, fog drip occurring in mountains of northern Kenya was found to contribute 

isotopically to the groundwater of a neighboring valley. The study was not long enough 

for the authors to calculate a percentage contribution from fog (Ingraham and Matthews, 

1988), but it appears to be on the order of 30%.  

Hydrologic input from fog is not limited to forest systems -- significant 

contribution (about 50%) from fog to deep drainage was found for a grassland in New 
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Zealand (Ingraham and Mark, 2000). The Atacama Desert in Chile, a climatological 

analog of the Namib, has been studied extensively for fog water harvesting (Schemenauer 

and Cereceda, 1991) and nutrient cycling (Weathers et al., 2000; Rech et al., 2003). 

Recent studies have found significant use of fog and dew by biological crusts in the 

Atacama (Warren-Rhodes et al., 2006), but comparisons with fog and groundwater have 

found no connection (Aravena et al., 1989; Squeo et al., 2006). 

Fog and climate change 

 Predictions of extensive drying in southern Africa over the next 50 years (Hulme 

et al., 2001; Thomas et al., 2005; Giannini et al., 2008) (Thomas et al., 2005) raise the 

question of how climate change will affect the Namib “fog desert”. From studies of cloud 

forests, where the mechanism of water delivery is the same as with fog, the cloud base 

height is expected to increase with rising atmospheric temperatures, essentially removing 

this water source from plants at lower elevations (Still et al., 1999; Foster, 2001). If a 

similar increase in cloud base height were to occur in the hyper-arid Namib, the impact 

on perennial vegetation and associated fauna could be significant.The present study looks 

at the temperature and humidity predictions for the Namib as a first step towards 

assessing the potential impacts on fog deposition in these ecosystems.  

 The Namib has an extremely stable atmosphere driven by (1) the cold Benguela 

current offshore, and (2) its position in the descending limb of the Hadley cell, which 

combine to dampen any atmospheric convection. This system, along with the continental 

rain shadow, has led to arid or hyperarid conditions since at least the mid-Miocene. The 

cold Benguela current is a highly productive upwelling that follows the southwestern 
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coast of Africa, and has been established for millions of years (Siesser, 1980). Although 

it is not clear how the scarce water resources of the region will be affected by the 

predicted climate change scenarios, the fact that the overall stability and fog occurrence is 

driven partly by ocean currents could indicate a de-coupling of the Namib from the 

overall drying across southern Africa. However, increased air temperature will increase 

the saturation vapor pressure at a given specific humidity level. Thus, climate warming 

could have the effect of decreasing the frequency of condensation events at a given 

altitude, thereby reducing the supply of atmospheric water in the form of dew or canopy 

condensation. This study combines ground-based observations of fog occurrence, 

deposition amounts, leaf wetness, temperature and relative humidity in the Central Namib 

Desert with climate model predictions of temperature and specific humidity. 

Relationships between humidity and fog occurrence are obtained, which can be used for a 

qualitative prediction of the occurrence of fog under various climate scenarios. 

 

3.2 Methods 

Fog observation and monitoring 

 Fog and dew deposition amounts are manually measured daily at Gobabeb, and 

long-term observation efforts have been conducted since the 1960’s at stations across the 

Namib with the data available at Gobabeb (Lancaster et al., 1984; Henschel and Seely, 

2008). The present study adds discrete, event-scale fog deposition and soil moisture 

measurements as well as continuous measurements of leaf wetness, soil moisture, air 
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temperature, and relative humidity. Soil moisture data presented here includes: (1) 

gravimetric (drying at 70 ºC), (2) sequential weighing of a soil-filled plastic container in 

the field (Mettler BD202, 0.01g accuracy), and (3) continuous monitoring at a depth of 5-

10 cm using dielectric probes (5TE and MPS-1 sensors, Decagon Devices, Inc.). 

 Leaf Wetness Sensors (LWS; Decagon Devices, Inc.) record a decrease in 

resistivity across a coated grid of wires when the surface is wetted, giving a duration of 

wetness. Although an LWS typically gives a binary “wet” or “dry” response for a given 

time period based on a threshold electrical resistance value, the raw data allows for some 

quantification of the amount of water deposited. This quantification was performed using 

a separate calibration for each LWS following the results of testing by the manufacturer 

(Decagon Devices, Inc. unpublished data 1999). Calibrations were performed in the 

laboratory by spraying a sensor with water and recording changes in weight and the 

corresponding sensor readings as the water evaporated. Correlation coefficients of the 

calibration curves averaged 0.90 (r2) and ranged from 0.83 to 0.96 for the seven LWS’s 

investigated. The raw response of an LWS varied between around 100 and 1000 

(unspecified units), with a stable “dry” signal between 430 and 450. Response above 450 

indicates wetness. Values below 430 and equal to 1023 were indicators of poor sensor 

response. From field observations, the very low values could be due to the sensor 

touching the sand surface or plant material. And, the very high value of 1023 seems to 

correspond to times when a crust formed on the upper side of the sensor – possibly due to 

jackal or fox urine based on animal tracks nearby. Much of the data surrounding these 

high and low response events had to be discarded due to irregular response patterns. After 
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this manual data quality check, “wet” events were identified as periods with a response 

greater than 450 which persisted for more than 1 hr, ending with the response staying 

below 450 for at least 1 hr. Each event was then categorized as rain, fog or dew through 

an objective comparison with both manual and continuous weather monitoring data at 

Gobabeb. The event was labeled as rain if rain was collected at Gobabeb; fog if (1) fog 

was noted through manual observations, (2) if a fog sample was collected, (3) if there 

were very low clouds observed at 8am; and the remaining events were considered to be 

dew. 

After converting the raw values to volume per area (ml/m2) using separate 

calibrations for each sensor, the amount of water deposited was calculated as the sum of 

positive increments in the volume of water deposited. That is, if the volume per area 

increased from one 5-min average value to the next, this increment was interpreted as an 

addition of water to the surface of the sensor. An alternative interpretation would be to 

take the maximum value per event as the total amount deposited. However, the 

incremental procedure used allows for a more realistic description of wetting and drying 

of the sensor during a fog or dew event. There is minimal noise in the 5-min averaged 

data, but this aspect should be examined before applying the procedure elsewhere. It is 

possible that additional noise in, for example, 1-min averaged data would add an artificial 

amount of water to the total due to minor variations in the sensor response. Any such 

higher-frequency variations appear to be averaged out in the 5-min data.  
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Climate model data 

 The Global Climate Model (GCM) data evaluated here comprises monthly 

averages for the 30-year composite summary data from the most recent work of the 

Intergovernmental Panel on Climate Change (IPCC, 2007). Two model outputs for the 

emissions scenario “SRESA1B” are evaluated. The models are MIROC 3.2 High-

Resolution (“MIHR”; 0.28 x 0.19 degree resolution; 160x320 global grid) and BCM 

Version 2 (“BCM2”; 1.5 x 1.0 degree resolution; 64x128 global grid). The data are freely 

available from The IPCC Data Distribution Centre (http://www.ipcc-data.org). The 

SRESA1B emissions scenario is described this way: “In this world, people pursue 

personal wealth rather than environmental quality” (IPCC, 2007). This scenario was 

selected for this first order evaluation in order to get a somewhat “worst case” view of 

relative humidity changes in the Namib. 

 The ideal evaluation of GCM data for evidence of changes to fog frequency in the 

Namib would be to have high temporal (3hr) and spatial (<0.5 degree) resolution. 

Unfortunately, no humidity data is available at the 3hr temporal resolution. The spatial 

resolution is available in several models including MIHR, and this will be compared with 

the lower spatial resolution BCM2 model. To gain a first-order understanding of the 

predictions for relative humidity in the Namib, 30-year composite data are compiled for 

one pixel from BCM2 and two corresponding pixels from MIHR that cover the areas 

around Walvis Bay and Conception Bay to the south. The variables include air 

temperature, specific humidity, and atmospheric pressure, and they are combined via 

Equations (2-1) and (2-2) to generate the relative humidity values presented. 
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3.3 Results 

Rain, fog and dew deposition 

During the three years of sampling, rainfall varied considerably from a relatively 

dry year in 2007 to wet years in 2008 and 2009 (Figure 1-2). In fact, March 2008 saw 

unprecedented extreme rainfall and wind storms, with an estimated 14 mm in the first 30 

minutes of storm activity leading to a total of around 81 mm for the month. Prior to the 

first plant and soil sampling in October 2007, just 13.5 mm of rain fell in the previous 16 

months (1 mm May 2006, 7 mm October 2006, 5.5 mm March 2007). Rainfall exhibited 

typical seasonality, with the main storms occurring in the austral summer months. 

However, 2.3 mm and 1.8 mm did fall between May and September in 2008 and 2009, 

respectively. The winter rainfall totals are potentially important here as a supplemental 

dry season water source and because they typically arise from the over the Atlantic 

Ocean, and thus have a similar isotopic signature to fog (see Chapter 4). No winter 

rainfall was observed in 2007, so comparing these samples to 2008/9 should reveal any 

major additional contribution from winter rainfall relative to fog. 

 Fog and dew, as estimated by LWS’s from July 2008 to June 2009, exhibited 

much less seasonality than rainfall (Figure 3-2). Wetness events (n=242 on 200 days) 

were characterized as rain (n=30 on 18 days) or fog (n=69 on 65 days) based on manual 

and continuous observations at the Gobabeb weather station and the remaining events 

were labeled as dew (n=143 on 117 days). Interestingly, the volume of water deposited 

by dew events (12.3 mm) exceeded that of fog events (4.7 mm) for the 12 months 

evaluated by a factor of 2.6 (Figure 3-3). However, when a vertical structure such as an 
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X-harp collector is placed near a LWS, it receives about 7 times the amount of water per 

cross-sectional area than an LWS (Figure 3-4). In terms of surface wetness, events lasted 

around 8 hours with fog events slightly shorter than dew and rain events.  Fog events 

occurred mostly at night, but contributed 23% of the annual hours of daylight wetness 

compared to 15% from rain events and 63% from dew.  

 

Table 3-1: Rain, fog and dew totals (July 2008 to June 2009) from the Gobabeb weather station (for 
rain volume) and a Leaf Wetness Sensor placed near the sand surface on the westward-facing plinth 
of High Dune 2 km SW of Gobabeb. 

Event 
(n) 

Total 
(mm) 

Average 
(mm) 

Average 
Rate 

(mm/hr) 

Total 
Wetness
Exposure
(L*Hr/m2)

Average 
Wetness 
Exposure 
(L*Hr/m2) 

Average 
Hours of
Wetness

Average 
Daylight 
Hours of 
Wetness 

Annual 
Hours of 
Wetness 

Annual 
Daylight 
Hours of 
Wetness 

Contribution 
to Annual 
Daylight 
Wetness 

Fog 
(69) 

4.7 0.07 0.011 41 0.6 7.6 3.5 522 224 23% 

Dew 
(143) 12.3 0.09 0.014 150 1.0 8.2 4.3 1172 618 63% 

Rain 
(30) 57 1.9 0.245   7.8 4.8 233 144 15% 

Total 
(242) 

74 0.31 0.038 
  

8.0 4.1 1927 986 
 

 

 A comparable set of Leaf Wetness measurements is available for sensors placed at 

the bottom and top of High Dune (2 km SW of Gobabeb; data available July 1st-October 

20th 2009) and in Welwitschia Wash (14 km east of Gobabeb; data available July 1st-

September 10th, 2009). Paired daily Hours of Wetness show consistently longer durations 

of wetness at the top of High Dune (overall mean of 2 Hours of Wetness per day, 120 

Hours of Wetness total 1 July to 10 September) than at the bottom of High Dune or in 

Welwitschia Wash (Figure 3-5), which saw similar duration of fog and dew events (0.51 

and 0.54 Hours of Wetness per day, 39 and 40 Hours of Wetness total 1 July to 10 

September). In fact, of 50 days with some fog or dew at the top of High Dune, 28 saw no 
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wetness at the bottom of High Dune. This local elevation difference was observed in fog 

collection on High Dune and Swartbank Berg – both with about 80 m elevation 

difference between bottom and top sampling locations – where X-harp collectors at the 

top saw about 3 times the amount of collected deposition than collectors at the bottom. 

This finding is also consistent with the dominance of moisture being advected inland 

from the Atlantic Ocean. The advection would be expected to deposit more moisture at 

higher elevations where the stratus would tend to be thicker at a given distance from the 

coast. Radiation fog would lead to more moisture, or longer durations of wetting events, 

in lower lying areas, which may explain the one event that recorded more Hours of 

Wetness at the bottom of High Dune than at the top (Figure 3-5). 

 
Figure 3-2: Daily rain and fog at Gobabeb (rain) and High Dune (fog). 
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Figure 3-3: Rain, fog and dew totals for 2007 and the July 2008 to June 2009 study period. 
Note: Black portions of the columns represent the deposition between May and September. 
 

 
Figure 3-4: Volume of water deposited for three fog events on a vertical collector (X-harp) and a Leaf 
Wetness Sensor. 
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Figure 3-5: Daily hours of wetness at the top and bottom of Gobabeb High Dune as well as 
Welwitschia Wash. 
Note: July to October 2009 for High Dune, July to September for Welwitschia Wash. 
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volumetric soil moisture -- most likely due to temperature dependence of the dielectric 

measurement. The volumetric soil moisture is corrected for temperature dependence of 

the dielectric sensor automatically with soil temperature measured by a sensor in the 

same probe as the soil moisture (5TE, Decagon Devices, Inc.). Interestingly, soil 

moisture was highest at the top of high dune (Figure 3-6), where fog frequency and 

duration is highest: 120 hours of wetness compared to 39 and 40 hours at the bottom of 

high dune and Welwitschia Wash, respectively (July to mid-September 2009). However, 

there was no trend observed in volumetric soil moisture with the daily Hours of Wetness, 

indicating that fog and dew had no significant effect on the daily average soil moisture. 

 Gravimetric soil moisture in Namib soils was consistently about 0.2 to 0.3 wt% 

for soil that felt dry to the touch. In the top 1-3 cm of soil, this value increased by 0.05 

wt% during a fog event in soil not covered by vegetation and 0.1 to 1.0 wt% in soils 

within a plant’s drip zone. Soil moisture at 10 cm depth did not change during the fog 

event (Figure 3-8).  Increases in soil moisture were about the same during fog and dew 

events, and four successive dew events showed a cumulative increase up to around 2.0 

wt% despite significant drying during the day. For comparison with fog and dew 

deposition described above, each wetting event observed gravimetrically corresponded to 

about 50 to 250 ml/m2 (Figure 3-9). These soil samples were subsampled and composited 

for a grain size analysis. Soils from all three habitats – Dune (n=13), Riverbed (n=6), 

Gravel Plains (n=5) – were dominated by sand: 100%, 96%, and 96% of the <2 mm 

fraction by volume, respectively. Minor amounts of silt (2 to 50 µm) and clay (<2 µm) 

were found in Riverbed (3.2% silt, 0.5% clay) and Gravel Plains (3.1% silt, 0.7% clay). 
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Figure 3-6: Soil moisture at the top and bottom of Gobabeb High Dune and in Welwitschia Wash. 
Note: Measurements taken July to October 2009 at 5-10 cm depth within the drip zone of common species 
in each location: S. sabulicola  at Dune Top, T. hereroensis  at Dune Bottom, W. mirabilis at Wash. 
 

 
Figure 3-7: Soil moisture and hours of wetness at the top and bottom of Gobabeb High Dune and at 
Welwitschia Wash.  
Note: Measurements taken July to September 2009. Soil moisture measurements as in Figure 3-6. 
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Figure 3-8: Soil moisture during (solid lines) and after (broken lines) a fog event at Gobabeb, 21 
October 2007. 
 

 
Figure 3-9: Deposition of water onto soil in the Gravel Plains at Gobabeb during several fog and dew 
events, August to December 2007. 
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Fog and relative humidity 

 For the period of July 2008 to June 2009, Leaf Wetness sensors along with direct 

observation indicate that there were 18 days with rain, 65 with fog, 117 with dew and 147 

were dry (18 days with no data). Fog and rain days had an average RH of 61%, compared 

with 54% on days with dew and 41% on dry days. The RH at 8AM, when fog is typically 

still present during foggy days, was 88% for days with fog, 70% on rain days, 71% on 

dew days, and 53% on dry days. The relationship between daily and 8AM RH is 

significant (R2 = 0.8), but exhibits a high degree of variability at the upper end, where fog 

events occur (Figure 3-10). The amount of fog or dew deposited during each event was 

weakly correlated (R2 = 0.25 for dew, 0.06 for fog) with 8AM RH for events with RH > 

90%, but did not show an overall correlation (Figure 3-11). This pattern suggests that a 

weak association exists between deposition amount and RH during a fog or dew event, 

but the association breaks down for events that ended before the RH reading was taken at 

8AM. 
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Figure 3-10: Relative humidity measured 30 cm above the sand surface at the western  plinth of High 
Dune, 2km SW of Gobabeb (July 2008 to June 2009). 
 

 
Figure 3-11: Relative humidity and deposition of fog and dew (July 2008 to June 2009). 
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Climate model data 

 For the 30-year composite data evaluated, there was a substantial difference 

between the two models. BCM2 showed very little variation in relative humidity from the 

control period (1961-1990) through all three future time periods (Figure 3-12). MIHR, in 

contrast, showed a decline of 1.5 to 3% in average annual relative humidity. The change 

is greater towards the south at Conception Bay, which is closer to the winter rainfall area 

in southern Namibia and western South Africa. Although this is still a small change, it 

warrants further investigation into the higher resolution regional downscaling data for the 

entire length of the Namib. 

 

Figure 3-12: Global climate model 30-year composite relative humidity data for future and control 
periods. 
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3.4 Discussion 

Rain, fog, dew and hours of wetness 

 Although the amount of fog deposited on plant surfaces is still highly uncertain, it 

is clear that dew is a significant contributor to the total non-rainfall moisture deposition in 

the Namib (Figure 3-3). The dew contribution more than doubles the total hours of 

wetness from about 750 hrs/year considering just fog and rain events to 1900 hrs/year. 

Many of these “dew” events may in fact be fog that was not observed due to data gaps 

and errors (Appendix C), but the distinction between fog and dew would not be 

significant for plants that absorb deposited water via leaves, like T. hereroensis (Seely et 

al., 1977) given that the average fog and dew events deposited water at a similar rate 

(about 0.01 mm/hr) and lasted roughly the same amount of time (8 hrs). The concept of 

“Wetness Exposure” (with units of Volume*Time/Area) is introduced here (Table 3-1) as 

a way of integrating the deposition amounts over the duration of the wetting event. 

Wetness Exposure extends the traditional “Hours of Wetness” derived from LWS data, 

and could be an important variable for quantifying leaf water uptake. During the study 

period, average Wetness Exposure for each dew event (1.0 L*hr/m2) was nearly double 

that of each fog event (0.6 L*hr/m2), adding to the potential impact of dew on plants that 

take water up via their leaves.  

The Atacama Desert provides an example of the potential importance of wetness 

duration. The Atacama is an analogous system to the Namib in terms of climatology, 

aridity, and the potential importance of fog as a water source (Walter and Breckle, 1986). 

A study of the occurrence of cyanobacteria identified the aridity gradient, defined by 
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rainfall, as a controlling variable for the percentage of quartz rocks colonized by 

hypolithic cyanobacteria (Warren-Rhodes et al., 2006). In fact, if the duration of wetness 

is used to define the aridity gradient instead of rainfall totals, the relationship with 

colonization is striking, although a preliminary study near Gobabeb showed about twice 

the duration of wetness for the same level of colonization in the Atacama (Figure 3-13). 

This relationship is significant because hypolithic cyanobacteria simply need to be wetted 

in order to photosynthesize. Now, for vascular plants than can absorb water via wetted 

leaves or shallow roots, translocate it and store it for future use throughout a day or 

longer, the magnitude of the wetting event becomes a factor. This situation is where 

Wetness Exposure could become useful for describing moisture availability, and in turn 

for describing the occurrence of fog-dependent vascular plants. 

 

Figure 3-13: Hours of wetness (rain, fog and dew) and colonization of quartz stones by cyanobacteria 
in the Atacama Desert (after Warren-Rhodes et al. (2006) and Aiyambo (2007)). 
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Soil moisture 

 Surface soils can clearly be affected to the same degree during dew and fog events 

(Figure 3-9). Soils deeper than about 3 cm were not found to be affected by individual 

fog events based on continuous monitoring with dielectric probes. This type of probe may 

not be sensitive enough to pick up changes on this scale, and it is intriguing to note that 

the site with the most fog deposition had the highest 5-10 cm soil moisture (Figure 3-7). 

It should be noted that the three monitoring sites were within the drip zone of three 

different plants: S. sabulicola at the wettest site on High Dune, T. hereroensis at the drier 

base of High Dune, and W. mirabilis in the driest site, Welwitschia Wash. The same 

pattern between S. sabulicola and T. hereroensis was seen in the gravimetric soil 

moisture data as well (Figure 3-8). Extensive fog drip could account for the higher soil 

moisture in S. sabulicola, although vapor intrusion down to 5-10cm associated with the 

more frequent and longer wetting events experienced at the top of High Dune could also 

play a role. More sensitive probes should be tested in the soils for ongoing monitoring. 

The water potential probes (MPS-1, Decagon Devices, Inc.) appear to be more sensitive 

than the volumetric soil moisture probes (5TE, Decagon Devices, Inc.), but the 5TE 

probes have the advantage of native temperature correction. That is, the soil temperature 

is recorded in the same probe, so no post-processing has to be performed to correct for 

temperature dependence.  

Fog, relative humidity and climate change 

The most recent IPCC report suggests that the coast of Namibia will see at least 

10% decline in rainfall (IPCC, 2007). Earlier models indicated a 0 to 20% decline in 
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relative humidity, with the largest decreases in the summer months (Foster, 2001), which 

is consistent with the expected decline in rainfall. A large portion of the single grid cell 

evaluated here from the BCM2 model includes the entire fog zone over land and it also 

extends offshore. Regional downscaling efforts are designed to address these resolution 

issues (Jones et al., 2004) for determining locally important patterns, such as fog in the 

Namib. This effort is underway for southern Africa at the Climate Systems Analysis 

Group (CSAG) at the University of Cape Town, but the data have not been analyzed 

here. 

If the climate predictions for RH are going to be useful in predicting changes in 

fog, there has to be a good relationship established between RH and fog occurrence. 

From the data presented here, daily RH values do not adequately separate foggy days 

from dry days. At least 3hr resolution data would be necessary, and a fog cutoff of about 

90% RH seems appropriate based on the 8AM RH data (Figure 3-10). Other fog or cloud 

forest studies have suggested an 80% RH cutoff value, but this would include a large 

number of false positives. Ground-based fog monitoring from Leaf Wetness sensors and 

direct observation may provide a consistent predictor of fog day frequency. For example, 

if a 95% RH cutoff consistently predicts 50% of the fog days, then this will provide a 

useful link to both climate model output and remote sensing of RH. In addition, the 

relationship will likely be more significant if data are grouped by month or season than 

on an annual basis. That is, a different RH cutoff value could be used for each season 

leading to fewer errors. This relationship will have to be studied over several years of 

continuous measurements, or by going through high quality historical data at Gobabeb. In 
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addition, in order to scale up to a GCM grid cell, RH and fog need to be consistently 

measured across the area covered by the grid cell. Towards this end, five mini-weather 

stations were left in the field and are being maintained by the Gobabeb Training and 

Research Centre. Also, the Standard Fog Collectors at Gobabeb were equipped in January 

2010 with tipping buckets to automatically record the volume of fog water deposited, 

which will restore this measurement system to its previous high fidelity status. 

 

3.5 Conclusions 

 The main findings of this study are (1) Leaf Wetness Sensors can provide 

information on amount of water deposited, (2) dew is a significant contributor of both 

hours of wetness and deposited water, (3) soil moisture below about 3 cm does not appear 

to be affected by fog or dew at the event scale, and (4) a preliminary look at GCM 

predictions for humidity in the Namib indicate a 0 to 3% decline in the next century. The 

initial evaluation of GCM data warrants further study of the vast accumulation of data 

made available by the IPCC and groups working on regional down-scaling. Connecting 

fog and dew deposition with GCM data is a necessary next step for making concrete 

predictions of future patterns in occult precipitation of the Namib and elsewhere. These 

connections, if the relationships among fog, dew and RH prove useful, could lead to 

expansion of the analysis to the entire Namib Desert. Such an analysis will allow for the 

evaluation of relationships among fog, dew and species distributions, which will help 

drive conservation priorities in the future. 
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Chapter 4 : Fog as a supplemental water source for plants 

in the Central Namib Desert 

 

Abstract  

 The Namib Desert on the southwestern coast of Africa is hyper-arid in terms of 

rainfall, but experiences up to 100 days of fog each year. This fog is a more regular and 

potentially more plentiful source of water than the highly seasonal rainfall, which 

averages 20-80 mm/yr. Several studies have demonstrated fog use strategies of Namib 

biota, and the mechanism for fog uptake has been shown for three plants endemic to the 

Namib (Stipagrostis sabulicola, Trianthema hereroensis, Arthraerua leubnitziae). 

Although fog is not important for direct soil water recharge, uptake by leaves or very 

shallow roots of some plants can sequester fog deposited in the early morning before it is 

removed by evaporation. This study uses stable isotopes of water (fog, rain, groundwater, 

soil water, and plant water) to determine the amount of fog water used by ten common 

plant species in the Central Namib, notably including the enigmatic and very long-lived 

Welwitschia mirabilis. The greatest contribution of fog water to plant stem (xylem) water 

was found in the dune grass and shrub species (40%), followed by three shrubs of the 

gravel plains (5-20%). Riverbed trees, W. mirabilis and Acanthosicyos horridus (!nara) 

all had depleted stem water isotope values indicating a fairly consistent groundwater or 

deep soil water source. Fog utilization is minimal for Zygophyllum stapffii on the edges 

of the fog zone, and it is significantly correlated (p < 0.02) to plant size for Z. stapffii and 

T. hereroensis. 
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4.1 Introduction 

Water in the Namib 

The Namib Desert on the southwestern coast of Africa is hyperarid in terms of 

rainfall, but receives frequent coastal fog events that are thought to play a major role in 

the Namib ecosystem. Fog in the Namib most commonly occurs through advection of a 

low stratus cloud that forms over the cool Benguela Current that upwells along west 

coasts of South Africa, Namibia and southern Angola. When advected inland, this cloud 

intersects the land at elevations of 100-500 mamsl, which translates to 10-60km from the 

coast (Figure 2). Occasionally very low elevation fog occurs within 10 km of the coast. 

Radiation fog, which occurs much less frequently, results from warm moist air cooling 

rapidly at night in low-lying areas. Winter frontal systems from the southwest infrequntly 

bring light drizzle. Total rain accumulations range between 20 and 80 mm/yr, increasing 

to the east. Fog deposition, although operationally defined by the collection method, has 

been measured at 20-180 mm/yr within 60 km of the coast (Lancaster et al., 1984; 

Henschel et al., 1998; Hachfeld and Jurgens, 2000; Shanyengana et al., 2002). A 

simplified version of these patterns gives a sense of the overall atmospheric moisture 

regime active in the Namib, and the annual rainfall totals experienced during this study 

describe the typically dramatic interannual variability in rainfall (Figure 1-2). 

Significant work has been done to show the utilization of fog water by Namib 

biota (Louw, 1972; Hamilton and Seely, 1976; Seely and Hamilton, 1976; Henschel and 

Seely, 2008), the general occurrence and characteristics of fog events (Lancaster et al., 

1984; Pietruszka and Seely, 1985; Olivier, 1995; Henschel et al., 1998; Hachfeld and 
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Jurgens, 2000), as well as geochemical aspects of Namib ecosystem relating to fog 

deposition (Eckardt and Schemenauer, 1998; Goudie and Parker, 1998). However, 

several questions remain about the role of fog water in the ecohydrology and nutrient 

cycling of these ecosystems. In particular, the amount of fog water used by the unique 

plants of the Namib under natural conditions is virtually unknown. The central objective 

of this study is to estimate the relative utilization of fog water in several Namib plants.  

Two early studies used tritiated water to demonstrate the ability, in situ, to take up 

fog water via surficial roots in a common dune grass, Stipagrostis sabulicola (Louw and 

Seely, 1980), and via leaves in a dune shrub, Trianthema hereroensis (Seely et al., 1977). 

Although infrequent and highly seasonal rainfall pulses increase soil moisture to much 

greater levels, fog events have been shown to increase soil moisture to a depth of 8 cm 

(Gut, 1988), supporting the surficial root uptake pathway for S. sabulicola. Investigators 

have also suggested that the long-lived and floristically enigmatic Welwitschia mirabilis 

absorbs fog water through its leaves (Bornman et al., 1973), but this pathway has not 

been proven and long-term observations link growth to rainfall rather than fog (Walter 

and Breckle, 1986; Henschel and Seely, 2000). Other studies have relied on correlating 

species distribution (Zygophyllum stapffii, Arthraerua leubnitziae) with fog occurrence 

(Hachfeld and Jurgens, 2000), or studying plant-scale water relations (Ebert, 2000; Loris, 

2004). 

The fog and rain deposition pattern affect the distribution of vegetation across the 

Namib, with large trees generally confined to the eastern edge of the desert and along 

ephemeral watercourses (Walter and Breckle, 1986; Burke, 2003; Curtis and 
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Mannheimer, 2005; Burke, 2006). Here the trees have access to the relatively shallow 

alluvial aquifers, which are recharged by seasonal floods that have high interannual 

variability and can be absent for several years (Jacobson et al., 1995; Lange, 2005). 

Common trees in the riverbeds include Acacia erioloba, Faidherbia albida, and Tamarix 

usneoides. The Kuiseb River marks the boundary between the great dune sea to the south 

and the gravel plains to the north. Perennial vegetation in the dunes is dominated by S. 

sabulicola, with T. hereroensis co-dominating towards the coast. And the gravel plains 

comprise various species of perennial shrubs (e.g., A. leubnitziae, Z. stapffii, Calicorema 

capitata) notably including the gymnosperm W. mirabilis. 

Stable isotopes in fog studies 

The stable isotopes of oxygen and hydrogen can be used in some systems to link 

the three aspects necessary for describing fog utilization occurrence, volume and uptake. 

Isotopes are measured as ratios of the heavy isotope to the light isotope (18O/16O, 2H/1H), 

and reported relative to a standard in “per mil” (‰) notation by convention (Equation 4-1 

gives the example of δ18O). 

 δ18O = (Rsample/RVSMOW - 1) x 1000    (Equation 4-1) 

Where, R = the abundance ratio of 18O to 16O 
VSMOW = Vienna Standard Mean Ocean Water, the international reference 
standard for water isotopes. 

 

The movement of water in the environment leads to changes isotopic compositions due to 

fractionations that occur primarily during evaporation and condensation.  Consistent 

variations in δ2H and δ18O in meteoric water globally were first reported more than 40 
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years ago (Craig, 1961), establishing the Global Meteoric Water Line (GMWL; Equation 

4-2). Processes dominated by kinetic fractionation lead to deviations from the GMWL, as 

in evaporation from soil (Barnes and Allison, 1988) and evapotranspiration in leaves 

(Twining et al., 2006; Gat et al., 2007).    

δ2H = 8 x δ18O + 10      (Equation 4-2) 

If the δ18O and δ2H values of the potential water sources for an ecosystem are 

significantly different, they can be used as end members in a mixing equation that 

describes their relative contribution to a given population of plant or soil water samples 

(White et al., 1985; Dawson and Ehleringer, 1991; Dawson et al., 2002). This situation is 

commonly the case for studying contributions from fog and rain because fog condenses 

from humid air at relatively low elevations, resulting in relatively little fractionation of 

stable isotopes. Whereas, rain is often depleted due to condensation at higher altitudes 

than fog, as well as rainout of the heavy isotopes from a given cloud as it moves across 

land (Ingraham and Mark, 2000). 

For example, the California redwoods receive summer fog that is isotopically 

enriched relative to the winter rainfall by about 60 ‰ in δ2H. Water extracted from 

redwoods and undergrowth had δ2H values between the fog and rain end-members, 

showing an annual contribution of up to 34% from fog (Dawson, 1998). Several other 

studies have been able to use the isotopic difference between fog and rain to determine 

the hydrologic importance of fog water in, for example, arid northern Kenya, grass fields 

of New Zealand, and the Atacama Desert of Chile (Ingraham and Matthews, 1988; 
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Aravena et al., 1989; Ingraham and Mark, 2000). No integrated isotopic study of plant 

water sources has been performed for the Namib, but sufficient isotopic discrimination 

between fog and rain in the Namib is suggested by separate studies of fog (Eckardt, 

1996), rain (Rozanski et al., 1993) and groundwater (Schmitz, 2004). 

 

4.2 Methods 

Study site and plant species 

Ten plant species were studied at several locations from 10 to 80 km from the 

coast in the Central Namib Desert, with most of the sampling near the permanent 

research station at Gobabeb (Figure 1-1). Gobabeb is situated at the confluence of the 

three main habitats of the Namib: dunes, ephemeral riverbed, and gravel plains. The 

plants to be sampled are representative of common plants in these three habitats (Table 1-

2). Results from co-occurring species (e.g. A. leubnitziae and Z. stapffii in the gravel 

plains) will give insight into their relative fog utilization. Although W. mirabilis samples 

will only be taken from Hope Mine, it is hoped that comparisons with Z. stapffii in this 

area will help elucidate any connections with the fog gradient given that Z. stapffii occurs 

throughout the fog zone. Sampling and observations occurred from August 2007 to June 

2009, including continuous measurements at Gobabeb’s Permanent Weather Stations and 

at least six months of data from Mini Stations as described below (also see Appendix C). 
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Sampling and analysis 

Fog samples were collected for each fog event at Gobabeb by the research station 

technicians during the 8am manual weather station duty from the Gobabeb SFC and 

stored at 4°C in 12 mL vacutainers sealed with Parafilm. Concomitant fog samples from 

X-harp collectors placed around Gobabeb and Swartbank were collected during field 

campaigns. Dew samples were also collected during field campaigns from the Gobabeb 

Standard Dew Collector (“SDC”), a 1m2 teflon sheet sitting at 45° on a frame about 0.5 

m off the ground. The SDC is checked for water and emptied every morning. Dew 

samples were collected on days when no fog was observed or collected in the vertical 

SFC. Rain water was collected opportunistically during field campaigns. Groundwater 

and surface water has been analyzed extensively for δ34S, δ2H and δ18O in previous 

studies (Eckardt, 1996; Schmitz, 2004), and the δ2H and δ18O values from groundwater 

were regionally shown to have a well-defined signal. Groundwater from Gobabeb was 

sampled periodically to confirm this robust signal. 

Plants were sampled and stored according to the IAEA-MIBA (Moisture Isotopes 

in the Biosphere and Atmosphere) program protocol (Twining et al., 2006). Stem and leaf 

samples were stored in a glass vacutainers sealed with Parafilm, chilled in the field, and 

refrigerated in the laboratory. Due to long storage times (6-12 months) in the present 

study, the samples were stored frozen. For grass samples (S. sabulicola), a non-green 

piece of stalk was collected in lieu of stem material. In order to obtain an integrated water 

sample from the branchless W. mirabilis, a 5mm diameter core (Haglof increment borer) 

was taken from 12 individuals (Appendix B). Soils were collected and stored frozen in 
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glass mason jars. Several soil profiles were collected in sand dunes from areas where the 

sand is solid enough to allow an auger to penetrate 0.5-1 m. 

Soil and plant water was extracted by cryogenic vacuum distillation (West et al., 

2006) and analyzed along with fog, rain, and groundwater for δ2H and δ18O using Laser-

Absorption Spectroscopy at the University of Minnesota. This method is comparable in 

precision and accuracy to the traditional Isotope Ratio Mass Spectrometry, IRMS, (Wang 

et al., 2009) and can be performed with very little volume of sample (< 50 μL), which 

was important for some of the plant and soil samples in this study. Sulfur isotopes (δ34S) 

in water and plant samples were analyzed by IRMS at the University of Virginia using 

Continuous Flow sample introduction with conversion of sample S to SO2 in a Carlo Erba 

elemental analyzer coupled to an OPTIMA IRMS (Micromass, Manchester, UK). Sulfur 

in water samples was precipitated as BaSO4
 and the filtrate precipitated onto Whatman 

No. 1 Cellulose filters in the field.  

Although stem water can give an authentic isotope signature of the source water 

(White et al., 1985), water involved in transpiration will become enriched along an 

evaporation line (Aravena et al., 1989; Shu et al., 2005; Twining et al., 2006; Gat et al., 

2007).  Leaf water involved in photosynthesis exchanges with xylem water in leaves and 

small branches, enriching the extracted branch water relative to the water source (Gat et 

al., 2007). In eastern Namibia, evaporation lines have been used to calculate the original 

water source for infiltrating soil water using Equation 3 (Kuells, 2000). Here, branch and 

leaf samples taken under similar moisture conditions at different times of the day (i.e. 

different transpiration rates) will be used to calculate evaporation lines for source water 
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determination. The corresponding δ2H and δ18O values that fall on the meteoric water line 

will be calculated using Equation 4-3 for individual samples and this value will then be 

used to calculate the “Fog Contribution” from a linear interpolation between average 

groundwater and average fog, winter rainfall and dew (Equation 4-4). 

ଵ଼ߜ  ܱ ൌ ఋమுି௦ൈఋభఴைିௗ௦ି௦    (Equation 4-3) 

With, 
δ18Oc = isotope value “corrected” to fall on the meteoric water line 
d = intercept of the δ2H vs. δ18O relationship 
s = slope of the δ2H vs. δ18O relationship 
subscript m = measured 
subscript g = meteoric water line 
ܨ  ൌ ఋభఴைିఋభఴைೢఋభఴைିఋభఴைೢ  ൈ 100   (Equation 4-4) 

With, 
Ff = contribution of water from fog, winter rainfall and dew 
δ18Ow = average isotope value of groundwater 
δ18Of = average isotope value of fog, winter rainfall and dew 

 

4.3 Results 

Water and soil samples - δ2H and δ18O 

 Fog, dew and winter rainfall all had similar mean values of δ18O and δ2H (Figure 

4-1: -1.3 to 0.4 ‰ and -1.6 to 2.7 ‰ for δ18O an δ2H, respectively), with unexpectedly 

large variability in fog (n=35, standard deviation of 1.4 and 6.9 ‰  for δ18O and δ2H, 

respectively). Gobabeb groundwater was the most depleted of all water samples. Both 
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mean values and variability were consistent with 2004 samples from the same borehole 

(Schmitz, 2004), with δ2H of -6.1 ‰ (n=20, σ=0.2) in 2004 and -6.0 ‰ in the present 

study (n=4, σ=0.5) and corresponding δ18O of  -38.3 ‰ (σ=4.1) and -39.6 (=6.2). 

Gobabeb groundwater is slightly depleted relative to the fresh groundwater at Homeb 

which is used for drinking water.  Groundwater at Hope was highly brackish, with a 

value of 28 on the Practical Salinity Scale (PSS), compared with 0 at Gobabeb, 4 at Nara 

Valley, and 35 for seawater. Hope groundwater, at about 30 m depth, was also enriched 

relative to Gobabeb and Homeb groundwater, and consistent with 2004 values from a salt 

spring on the gravel plains (Schmitz, 2004). Nara Valley groundwater, at about 17 m 

depth, was opaque with a fine black sediment, potentially from biofouling. The water 

isotope values for this water fell to the left of the meteoric water line, a highly unusual 

deviation in water isotopes which could be caused by isotopic exchange with oxygen in 

minerals over long periods of time. This explanation would be consistent with the theory 

that the aquifer beneath Nara Valley being a paleochannel of the Kuiseb River (Lenz et 

al., 1995). Soil water from about 10 to100 cm was highly variable in δ2H and δ18O, and 

enriched in High Dune sand compared to gravel plains soils (Hope) at comparable depths. 

All High Dune soils were collected in winter 2008 after winter rainfall, and Hope soils 

were collected in winter and spring 2007 which saw no winter rainfall. 

Plant samples - δ2H and δ18O 

 Stem water isotopes exhibited a large amount of variability among different 

species (Table 4-1), with dune plants being the most enriched (δ2H 13.7 to 27.2 ‰), 

followed by gravel plains shrubs (δ2H -17.9 to -13.4 ‰) and riverbed trees (δ2H -55.3 to -
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29.5 ‰). Stem water of W. mirabilis is most similar to that of A. erioloba, and it is 

statistically similar (95% confidence) to all of the riverbed trees as well as A. horridus. Z. 

stapffii has a water isotope signal that is distinct from both riverbed trees and dune plants, 

and it is most similar to A. leubnitziae and C. capitata. A. leubnitziae and Z. stapffii tend 

to occur together within about 40 km of the coast. C. capitata appears to replace A. 

leubnitziae in this niche further inland. The two species are of the same family 

(Amaranthaceae) and have very similar growth forms. For this reason and due to the low 

number of samples, A. leubnitziae and C. capitata are combined for statistical analyses. 

Stem water content (% of wet weight) ranges from 35 to 54% for the woody species and 

the one perennial grass; whereas, the stem succulent A. horridus was much higher at 

74%. 

Table 4-1: Stem water summary with mean isotope (δ2H, δ18O) and water content values. 

Plant1 δ18O δ2H Water Content n Slope2 
Fog  

Contribution3 Group4 

S 10.9 (4.1) 13.7 (18.9) 48% (5) 20 2.0, 2.7, 2.3 41% (30) A 

T 17.4 (4.8) 27.2 (6.0) 54% (5) 16 2.0, 2.6, 2.1 37% (11) A 

CL 1.5 (2.6) -13.4 (11.2) 43% (4) 5 2.5 18% (26) AB 

Z 1.3 (2.1) -17.9 (11.0) 35% (11) 18 2.5 5% (24) B 

A 1.2 (3.8) -29.5 (17.0) 40% (5) 6 2.5 -26% (33) BC 

W 0.0 (0.9) -33.8 (6.6) 39% (6) 13 2.5 -31% (24) C 

F -3.9 (1.9) -51.3 (5.2) 51% (6) 4 2.5 -56% (3) C 

N -1.3 (1.1) -44.8 (5.5) 74% (4) 3 2.3, 2.6 -58% (9) C 

X -5.6 (1.6) -55.3 (11.2) 43% (3) 3 2.5 -55% (24) C 
Number in parentheses is 1 standard deviation 
1 – S = S. sabulicola, T = T. hereroensis, C = C. capitata, L = A. leubnitziae (combined with C for statistics, 
see text), Z = Z. stapffii, W = W. mirabilis, A = A. erioloba, F = F. albida, N = A. horridus, X = T. 
usneoides 
2 – Slopes are for linear relationships among stem or leaf water from different times of the day. Multiple 
values are given if enough data were available for each sampling event, and they correspond to: Summer 
2007, Winter 2008 and Summer 2009 (not available for A. horridus), respectively. 
3 – From Equation 4-4; “Fog” = “Atlantic” (see text); negative values indicate a water source that is more 
depleted than Gobabeb groundwater. 
4 – Statistical grouping of Fog Contribution based on a fixed-effects ANOVA at 95% confidence 
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Figure 4-1: Isotope values (δ2H, δ18O) for water and soil water samples.  
Note: Gobabeb and Homeb groundwaters listed as 2004 are from Schmitz (2004). Soil waters were 
collected in winter (2008; depths of 12 to 72 cm) on High Dune 2km SW of Gobabeb and winter and spring 
(2007; depths of 20 to 100 cm) at Hope. Groundwaters at Gobabeb and Homeb are potable, whereas Hope 
is brackish (28 PSS) and Nara Valley contains fine black sediment indicative of biofouling. 
 

Variability in the stem water isotopes of the riverbed trees is greatest in A. erioloba 

(Figure 4-2), but this mainly reflects the variety of individuals sampled. This variety 

includes large and small individuals in the riverbed and on both north and south banks of 

the Kuiseb, covering winter and summer sampling events. The F. albida data, while 

covering the same time periods, include samples from just one large individual, and thus 

have a standard deviation of less than one-third of that in the A. erioloba data (Table 4-1). 

Large variability in the dune grass S. sabulicola is expected due to the lack of woody 

tissue, and thus the interaction of water drawn up via the roots with that involved in 
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transpiration along the grass blades and green stem. This is observed in the data, and 

appears to follow a similar pattern to the variability in stem water of T. hereroensis, the 

leaf succulent shrub growing in the same location. That is, the slopes of the 

evapotranspiration lines of both plants are lowest in the Summer 2007 samples, highest in 

Winter 2008, and intermediate in Summer 2009. There is not enough data to look for 

these patterns in the other species. Interestingly, the slopes of stem to leaf water in T. 

hereroensis (Figure 4-3) are consistently higher (2.5 to 3.2) than the corresponding slopes 

derived from stem water only (2.0 to 2.7). This indicates more enrichment in 2H relative 

to the corresponding enrichment of 18O in the leaf water compared to stem water. 

 
Figure 4-2: Average stem water isotope values (δ2H, δ18O) for each plant species. 
Note: Species that share a letter cannot be distinguished statistically (95% confidence). Error bars indicate 
1 standard deviation. 
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 Using the available evapotranspiration lines for each species, average Fog 

Contribution to the stem water is shown to be highest in the dune plants at around 40% 

(+/- 1 standard deviation of 11% for T. hereroensis and 33% for S. sabulicola), followed 

by the gravel plains shrubs (20% +/- 26% for C. capitata and A. leubnitziae, 5% +/- 24% 

for Z. stapffii). All of the other species had evapotranspiration lines that intersected the 

meteoric water line below the Gobabeb groundwater signal. This is expressed as a 

negative Fog Contribution, but should be taken as simply a way of evaluating the isotopic 

value of their respective water sources by incorporating both δ2H and δ18O into one 

number. These depleted water sources cannot be distinguished statistically. However, if 

this group were to be divided into subgroups, A. erioloba (-26% +/- 33%) and W. 

mirabilis (-31% +/- 24%) plot together on the more enriched end, with T. usneoides (-

55% +/- 24%), F. albida (-56% +/- 3%) and A. horridus (-58% +/- 9%) on the depleted 

end.  

Sulfur isotopes 

 The δ34S values of water samples ranged from about 10 ‰ in groundwater at 

Gobabeb to about 16 ‰ in fog water, with highly enriched values (16.5 ‰) found in the 

saline groundwater at Hope. Plants in the riverbed at Gobabeb had depleted values in the 

range of 8 to 12 ‰, whereas dune plants were much more enriched at 16 to 18 ‰. In the 

gravel plains, plants had intermediate values of 14 to 16 ‰ except for W. mirabilis at 10 

‰. At Gobabeb, where groundwater is quite depleted relative to fog, there is a significant 

positive correlation between Fog Contribution to stem water and the δ34S of the stem 

material from which the water was extracted (Figure 4-4).
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Figure 4-4: Fog Contribution and δ34S of stem material for plants in the riverbed, dunes and gravel 
plains around Gobabeb, with the corresponding groundwater and fog δ34S indicated. 
 

4.4 Discussion 

 The statistical grouping of W. mirabilis and A. horridus with A. erioloba and the 

other riverbed trees (F. albida and T. usneoides) indicates that these species use the same 

water source. The water source is isotopically similar to the alluvial groundwater, which 

is consistent with A. erioloba being a known phreatophyte. This finding confirms the 

phreatophytic nature of A. horridus, which has long been thought to utilize groundwater 

(Sandelowsky, 1990; Klopatek and Stock, 1994; Hebeler et al., 2004; Moser, 2004). 

However, the same conclusion cannot be drawn for W. mirabilis given its different 
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hydrogeological setting (see Chapter 5) as well as the sulfur isotope results. The 

association of A. horridus and F. albida also supports the locally held belief that these 

species compete for the same water resources (Henschel et al., 2004; Ito, 2005). Further 

evidence for the groundwater connection in A. horridus comes from the observation of A. 

horridus die-offs in an area of the Kuiseb delta after a levy was built that diverted 

episodic flooding of the area, essentially eliminating groundwater recharge (Ito, 2005). 

Similarly, a drop of several meters in the Kuiseb alluvial aquifer water table in the 1970’s 

and 1980’s caused water stress in F. albida (Ward and Breen, 1983; DWA, 1987).  The 

phreatophytic properties of some Acacias has long been discussed given their spatial 

association with groundwater (Meinzer, 1927). The extremely long roots (30 to 50 m) of 

A. erioloba (Leistner, 1986; Canadell et al., 1996), and observations of die-offs in a 

group of A. erioloba in Namibia after a drop in the water table (Dinter, 1921), indicate 

that this species is able to tap groundwater.  

 The “Fog Contribution” to stem water presented here includes negative values for 

the trees and deeply rooted shrubs. These values indicate a water source that is more 

depleted than that consistently found in the fresh groundwater (Figure 4-2). Such values 

have been seen in Kuiseb flood waters (Schmitz, 2004), which are isotopically variable 

covering the range of values required to explain the range in negative Fog Contribution 

values observed (e.g. δ2H of -50 to -80 ‰ in one flood event). One explanation for 

depleted flood waters relative to groundwater is that the floods result from exceptional 

storms which have seen large fractionations due to intense rainfall prior to entering the 

watershed (Levin et al., 1980). The less variable groundwater signal is isotopically 
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similar to summer rainfall, and reflects a longer-term integration of recharge. The signal 

is also consistent with more distal recharge in the upper portion of the watershed to the 

east of the Namib. Rainfall in this eastern portion of the Kuiseb basin would tend to be 

released from the cloud at an earlier stage in the rainout process, and would thus be less 

depleted than rain from the same cloud falling in the western portions of the watershed. 

The implication of this variable subsurface signal is that the Fog Contribution needs to be 

considered a minimum value as it uses groundwater as the subsurface end-member. It 

should be remembered that this end-member is consistent through time and reflects local 

summer rainfall (Rozanski et al., 1993).  

 It needs to be emphasized that the “Fog Contribution” discussed here is more 

appropriately termed the “Atlantic contribution” due to the isotopic similarity among fog, 

dew and winter rainfall which are all derived from Atlantic air masses. However, there 

was no winter rainfall at Gobabeb in 2007, so these samples should reflect only fog and 

dew contributions to the Atlantic end-member. Re-sampling the same A. erioloba and F. 

albida individuals showed only slightly higher Fog Contribution values in 2007 (-23% 

and -53%) relative to 2008 and 2009 (-41% and -57%). This is expected given the 

extensive roots and thus more consistent water source for these trees. The winter 2008 Z. 

stapffii samples at Gobabeb have a higher Fog Contribution than those in 2007 (31% vs 

4%), suggesting that winter rainfall is a significant component of the Atlantic isotope 

signal in this species. For the dune plants, there is also an enrichment in the 2008 and 

2009 samples, but the most significant pattern is in the slopes of the evapotranspiration 

lines. Both S. sabulicola and T. hereroensis have shallow slopes in 2007 (2.0, 2.0), steep 
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slopes in 2008 (2.6 and 2.7), and intermediate slopes in 2009 (2.1, 2.3). A slope of 2.5 

was found in the gravel plains and riverbed species with some variability. A study of 

Negev Desert plants found mean evaporation lines around 2.1-2.8 for several species 

including two from genera in the present study -- Tamarix and Zygophyllum (Gat et al., 

2007). Evaporation line slopes are attributed to the water potential gradient along the soil-

plant-air continuum which affects the diffusion of 2H and 18O and thus the relative 

fractionation factors (Zimmerman et al., 1967; Sofer and Gat, 1975; Shurbaji and 

Phillips, 1995). Lower slopes are found in drier soils (Barnes and Allison, 1988). 

Although soil moisture data is not available, the observed changes in slope are consistent 

with having drier soils in late 2007 followed by 82 mm of rain and thus wetter soils in 

winter 2008.  

 The highly enriched stem waters of S. sabulicola and T. hereroensis could be due, 

to some extent, to the translocation of leaf water which is enriched to a much greater 

degree (Figure 4-3).  That is, some of the leaf water that has become enriched during the 

day is translocated from leaf to stem, and subsequently translocated back into the leaves 

for photosynthesis. Both species have been shown to be able to translocate water through 

all of their structures (i.e. roots, stems, leaves) in simulated fog wettings with tritiated 

water (Seely et al., 1977; Louw and Seely, 1980). When the dune sand is very dry, 

reversal of flow in the stems of these plants could potentially be caused by high relative 

humidity during the night or during fog events (Burgess and Dawson, 2004). The T. 

hereroensis stem and leaf waters tended to be more enriched than S. sabulicola although 

they appear to use approximately the same water mixture of water sources. This 
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difference could indicate a higher degree of translocation in T. hereroensis than S. 

sabulicola.  An alternative explanation to both the “Fog Contribution” and translocation 

is the utilization of highly enriched soil water in the dune deep enough to escape ongoing 

evaporation. Summer rainfall at Gobabeb dominates precipitation, and thus infiltration of 

soil water, on an annual volume basis. The soil water data presented here (Figure 4-1) is 

from a very limited soil water survey in June/July 2008 during an exceptionally wet 

winter, and thus is not taken as representative of the dune water available to the plants 

throughout the year. The conclusions drawn here about Fog Contributions are supported 

by the constancy of the stem water isotopes from 2007, a very dry year with no winter 

rainfall, through 2008 and 2009. Lastly, there is emerging evidence of compartmentation 

of water within leaves or grass stems, leading to sequential isotopic differences in the 

spatially separated, but connected reservoirs (Yakir, 1992; Gat et al., 2007). Micro-

compartmentation of water in plant tissues is a challenging ongoing research area, and 

these two species could potentially be interesting candidates for field studies of this 

phenomenon. 

Fog utilization was shown to decrease with the logarithm of plant size in the 

California redwoods ecosystem (Dawson, 1998). A similar pattern is seen here, with 

significant correlation between Fog Contribution to stem water and the natural log of 

canopy cover when all species are included (Figure 4-6). This relationship is primarily 

driven by the finding that trees tend to use more groundwater than shrubs and grasses of 

the dunes and gravel plains. However, there are similar patterns seen within four 

individual species. Significant intra-species correlations exist for Z. stapffii and T. 
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hereroensis – the two stem succulents sampled – and marginally significant correlations 

exist for S. sabulicola and A. erioloba, whereas, no intra-species correlation was found 

for W. mirabilis and C. capitata/A. leubnitziae. The implication is that as the four species 

with significant correlations grow larger, they are able to tap deeper into the subsurface, 

accessing the more isotopically depleted soil water or groundwater. For W. mirabilis, it is 

possible that exposed stem area is not a good measure of rooting depth, or that all of the 

plants sampled were already deeply rooted enough to obtain isotopically depleted soil 

water. The lack of a correlation in C. capitata/A. leubnitziae indicates that fog is 

important for both small and large plants, and potentially suggesting that these species do 

not develop extensive vertical root systems, implying the use of fog and shallow soil 

water to the same extent in small and large individuals. This interpretation is consistent 

with the confinement of the distribution of these species to the fog zone, as well as their 

co-occurrence with Z. stapffii. That is, these shrubs become established in the same 

habitats, often in the same rock crevice or shallow depression, likely due to the 

availability of transient shallow soil moisture and the occurrence of fog events. Then as 

they grow, in avoidance of the competetion for shallow soil water, Z. stapffii may be able 

to develop a deeper root system to survive, and C. capitata/A. leubnitziae continue to 

utilize fog uptake and storage in their stems and unique leaves through their entire life. 

Although excavations have shown similar root systems in these species (Kutschera et al., 

1997), Z. stapffii has been known to thrive in habitats with hardpad layers in the soil 

(Burke, 2003), indicating and ability to reach water despite these physical barriers . An 

extension of this work would be to examine the ability of C. capitata/A. leubnitziae to 
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deliver fog water to the shallow soil, which is then used by Z. stapffii, potentially 

providing further explanation of their co-occurrence. 

The only plant to be sampled at every location was Z. stapffii, and it exhibits a 

pattern of Fog Contribution to stem water with distance from the coast (Figure 4-5). 

Within 15 km of the coast there is very little fog deposition, and in this area Z. stapffii 

tends to occur in shallow wash areas leading to the depleted isotopic signal. Similarly 

depleted values are seen at Hope Mine on the inland edge of the fog zone. However, in 

the fog zone this shrub tends to grow on rocky outcrops, and these plants tend to have 

more enriched stem water values. In fact, the three individuals at Hope Mine with 

enriched stem water isotopes occur on the rocky slopes of the wash, and the two depleted 

individuals occur at a lower elevation in the middle of the sandy wash.

 

Figure 4-5: Fog Contribution and deposition vs distance from the coast for Z. stapffii. 
Note: See Chapter 1 for discussion of the generalized fog deposition (Lancaster et al., 1984) 

0

20

40

60

80

100

120

-80%

-60%

-40%

-20%

0%

20%

40%

60%

0 20 40 60 80 100

A
n

n
u

a
l F

o
g

 D
e

p
o

s
it

io
n

 (
m

m
)

F
o

g
 C

o
n

tr
ib

u
ti

o
n

 t
o

 S
te

m
 W

a
te

r

Distance from Coast (km)

Z. stapffii stem water

Fog Deposition



102 

 

  
F

ig
u

re
 4

-6
: 

F
og

 C
on

tr
ib

ut
io

n
 v

s 
p

la
n

t 
si

ze
 (

ca
no

p
y 

co
ve

r)
 f

or
 a

ll 
p

la
n

ts
 (

to
p 

ri
gh

t)
 a

n
d

 s
ix

 in
d

iv
id

u
al

 s
p

ec
ie

s 
or

 g
ro

u
p

in
gs

 w
it

h
 s

uf
fi

ci
en

t 
da

ta
  

(N
ot

e:
 W

. m
ira

bi
lis

 s
iz

e 
is

 t
h

e 
ex

p
os

ed
 s

te
m

 a
re

a,
 n

ot
 c

an
op

y 
co

ve
r,

 a
n

d
 is

 t
h

u
s 

ex
cl

u
d

ed
 f

ro
m

 t
h

e 
to

p
 le

ft
 “

al
l p

la
n

ts
” 

gr
ap

h)
. 

 

 

R
² 

=
 0

.5
0

p
 <

 0
.0

0
1

-1
2

0
%

-8
0

%

-4
0

%

0
%

4
0

%

8
0

%

1
2

0
%

-5
-3

-1
1

3
5

7

 

R
² 

=
 0

.3
2

p
 =

 0
.0

1

R
² 

=
 0

.0
1

p
 >

 0
.1

-6
0

%

-4
0

%

-2
0

%

0
%

2
0

%

4
0

%

6
0

%

8
0

%

-2
-1

0
1

2
3

4

Fog Contribution to Stem Water
Z

. s
ta

p
fii

C
. c

a
p

ita
ta

, A
. 

le
u

b
n

itz
ia

e

R
² 

=
 0

.6
2

p
 =

 0
.0

6

R
² 

=
 0

.0
1

p
 >

 0
.1

-1

-0
.8

-0
.6

-0
.4

-0
.20

0
.2

0
.4

-4
-2

0
2

4
6

L
o

g
 C

a
n

o
p

y 
C

o
ve

r 
[l

n
(m

2
)]

A
. e

ri
o

lo
b

a

W
. m

ir
a

b
ili

s
R

² 
=

 0
.1

5
p

 =
 0

.1
0

R
² 

=
 0

.4
0

p
 <

 0
.0

1

-4
0

%

-2
0

%

0
%

2
0

%

4
0

%

6
0

%

8
0

%

1
0

0
%

-5
-3

-1
1

3
5

Fog Contribution to Stem Water

L
o

g
 C

a
n

o
p

y 
C

o
ve

r 
[l

n
(m

2
)]

S
. s

a
b

u
lic

o
la

T.
 h

e
re

ro
e

n
si

s



103 

 

4.5 Conclusions 

 Water isotopes could not distinguish fog, dew and winter rainfall, but this can be 

achieved through a combination of sensor and manual observations (see Chapter 3). Fog 

– or winter rain, fog and dew – provided around 40% of the stem water in dune plants 

and 5-20% in shrubs of the gravel plains. In contrast, there is no indication of fog uptake 

in the riverbed trees, A. horridus or W. mirabilis. These results are consistent across two 

years of sampling including summer and winter conditions, and are corroborated by the 

positive correlation between Fog Contribution and the δ34S of stem material. Significant 

relationships were found between fog utilization and plant size for the leaf succulents Z. 

stapffii and T. hereroensis, suggesting that deeper soil water becomes more important as 

the plants age. No such relationship was found in the shrubs that co-occur with Z. stapffii, 

and this finding can guide future research into the differential root development and 

water uptake strategies in these Namib endemics. 
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Chapter 5 :  Determining water sources of a Welwitschia 

mirabilis population within the context of increased 

mining operations in the Namib-Naukluft Park 

 

Abstract 

 The coastal Namib Desert in southwestern Africa is hyperarid with respect to 

rainfall, but can receive up to 100 days of fog in a year, which is suspected to influence 

the water available for vegetation. With imminent increases in groundwater abstraction 

for new uranium and copper mines in the Namib, it is fundamental to assess the extent to 

which fog deposition can sustain this desert ecosystem. The southernmost community of 

Welwitschia mirabilis, a very long-lived and floristically enigmatic Namib endemic 

gymnosperm, lies in an area being explored for a new mine that would lower the water 

table significantly. Results from δ2H and δ18O analyses of W. mirabilis and nine other 

species common in the Central Namib suggest that this W. mirabilis population depends 

principally on deep soil water rather than fog as a water source. This finding is consistent 

with previous long-term observations of leaf growth, rainfall and fog deposition in an 

adjacent population. Water extracted from stem samples of 12 W. mirabilis individuals is 

highly depleted (δ2H of -34 ‰ +/- 6.6) relative to coastal fog (-1.6 ‰ +/- 6.9), and lies on 

an apparent evaporation line (slope = 2.5) between soils (20-100 cm) and typical summer 

rainfall. The W. mirabilis values are statistically similar (p<0.05) to trees growing in the 

nearby ephemeral Kuiseb River (n=16), and distinct from known fog users of the dunes 
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(n=36) and gravel plains (n=14). Groundwater at the site does not appear to be a 

significant water source given that it is brackish, 20-40 m deep, and has an isotopic 

signature between that of W. mirabilis stem water and fog. Using δ34S as additional water 

source tracer corroborates the deep soil water source given that W. mirabilis stem 

material (10 ‰) is depleted relative to Hope groundwater (17 ‰), soils (16 ‰) and fog 

(16 ‰), and it is similar to Kuiseb River groundwater (11 ‰). 

 

5.1 Introduction   

 Welwitschia mirabilis (Gnetales: Welwitschiaceae) is a floristically unique and 

long-lived plant that is endemic to the coastal Namib Desert of southwestern Africa 

(Figure 5-1), and is listed in the Convention on International Trade in Endangered 

Species of Wild Fauna and Flora (CITES Appendix II). W. mirabilis has fascinated 

scientists for more than 150 years owing to its unusual morphology (Pearson, 1929; 

Rodin, 1953a; Bornman, 1972), longevity, reproductive strategies (Rodin, 1953b; 

Whitaker et al., 2008), photosynthetic pathways (Schulze et al., 1976; von Willert et al., 

2005), as well as its overall ability to survive and remain perennially active in the 

hyperaridity and heat of the Namib Desert (Herppich et al., 1996; Henschel and Seely, 

2000) despite having apparently non-xeromorphic characteristics (Bornman, 1972).  

 Welwitschia mirabilis has a low growth form with a thick stem up to a meter in 

diameter (Bornman, 1972) which is thought to be a stunted cotyledon (Rodin, 1953b). 

Two thick wide leaves grow from the bi-lobed stem and sprawl across the sand 

surrounding the stem. The leaves remain with the plant for its entire life, drying and  
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Figure 5-1: Study area with W. mirabilis distribution.  
Note: All published locations of W. mirabilis populations are included (Taborda de Morais, 1958; Kers, 
1967; Irish, 2008). 
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splitting at the ends. The green portion extends tens to hundreds of cm from the basal 

meristem. Medium-sized plants have been 14C-aged at around 300 to 550 years (Herre, 

1961; Vogel and Visser, 1981; Jurgens et al., 1997), and one individual of unspecified 

size was determined to be 920 +/- 100 years old (Crane and Griffin, 1970). The leaves are 

considered to be the longest-lived in the plant kingdom because the original two leaves 

persist for the life of the plant (Bornman, 1977). Although, the green portion of each leaf 

is only years to decades old given that several centimeters are added from the basal 

meristem each year (Vogel and Visser, 1981; Walter and Breckle, 1986; von Willert and 

Wagner-Douglas, 1994; Henschel and Seely, 2000; Osborne and Gudde, 2001), and the 

ends become variably split and dried by winds and photodegradation. 

 It has long been suspected that water requirements of W. mirabilis are high owing 

to the large exposed leaves (Pearson, 1929).  Water use in three contrasting central 

Namib habitats has been measured at 0.053 to 2.6 L/day (19 to 949 L/year), 

corresponding to leaf growth of 0.17 to 1.12 mm/day (von Willert and Wagner-Douglas, 

1994).  If these levels of water use are examined per unit leaf area they can be compared 

to estimates of mean annual rainfall and fog deposition (Table 5-1). With evaporation 

rates in the Namib of up to 1500 mm/year (Lancaster et al., 1984) it is apparent that even 

a vast horizontal root system would have difficulty providing the several hundred liters of 

water per year needed to balance transpiration in W. mirabilis. The most complete W. 

mirabilis root excavation found lateral roots extending more than 15 m (Kutschera et al., 

1997). As an example, if the roots have a capture area of 50 m2, 20 mm of rainfall and a 

recharge rate of 10% would yield only 100 L of water in the vadose zone near the roots. 
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It is tempting, then, to assume that the remaining water (about 250 L) comes from fog 

deposition. If fog is taken up at all, it would have to be channeled along the leaves to the 

meristem, reducing the effective capture area to about 2 m2 for a given plant. Although 

fog deposition is operationally defined and continuous measurements are sparse, a value 

of 10 mm/year is a good first estimate for the Hope Mine area (see Chapter 3), which 

would provide a maximum of 20 L per plant each year. 

 
Table 5-1:Growth and water use data for three W. Mirabilis populations relative to the Hope Mine 
population. 

Location Distance to 
coast (km) 

Leaf 
growth 
(mm/yr) 

Leaf 
area* 
(m2) 

Rainfall† 

(mm/yr) 
Fog† 

(mm/yr) 

Total wet 
deposition 

(mm/yr) 

Transpired 
water‡ 

(mm/yr) 
Welwitschia flats 45 305 0.651 25 60 85 513 

Brandberg Junction 60 410 1.84 20 30 50 516 
Brandberg 60 60 0.309 20 30 50 62 
Hope Mine 75 §135 NA 30 10 40 NA 

* – Upper side of leaves for representative specimens (von Willert and Wagner-Douglas, 1994) 
† – Rainfall and fog were estimated from a relationship between precipitation and distance to the coast 
based on 9 long-term stations (Lancaster et al., 1984) and an intensive 1-year (1999-2000) study with 23 
stations (Hachfeld and Jurgens, 2000). In these studies fog was collected using a wire structure above a rain 
gauge, and collected volume was compared to an adjacent rain gauge. 
‡ – Volume of transpired water per unit leaf area, extrapolated from 5 months (November 1990 – March 
1991) of data (von Willert and Wagner-Douglas, 1994)  
§ – From a 14-year study of the adjacent “Welwitschia Wash” population (Henschel and Seely, 2000) 
NA – Not available. 

 

 Observations of the potential for fog water availability in the Namib have been 

mostly qualitative, and have long led to the suggestion that W. mirabilis utilizes fog as a 

water source. In addition to the lack of rainfall, fog-dependence was suggested based on 

the apparent confinement of W. mirabilis to the fog-belt of the Namib (Rodin, 1953a). 

However, fog is apparently not necessary as some more mesic habitats on the Namib 

Desert margins also support abundant populations of W. mirabilis (Rodin, 1953a; Kers, 

1967). This dichotomy has led to debate on fog use over the years. An early observation 

was that fog only wets the upper 4 cm of soil (Pearson, 1929), and that lateral roots of W. 
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mirabilis are no shallower than 20 cm. This shallow soil wetting from fog is consistent 

with measurements in the Namib dunes of 1 cm (Louw and Seely, 1982), 8 cm (Gut, 

1988), and 1-3 cm in the present study (see Chapter 3). Thus, uptake of fog would have to 

happen through the leaves (Rodin, 1953a; Bornman, 1972). A study under artificial 

conditions showed that radioactively-labeled water pooled on a leaf could be taken up by 

the leaf and transported toward the stem (Bornman, 1977), but this has never been shown 

under natural conditions or beyond the leaf scale. In addition, saturating the stomata of 

any plant’s leaves can temporarily reverse xylem flow in any plant depending on its water 

status and that of the soil (Burgess and Dawson, 2004). In addition, this experiment alone 

does not prove the ability to use natural foliar wetting as a water source given the 

apparent biophysical obstacles of wetting the stomatal guard cells and the thick waxy 

cuticle (Walter and Breckle, 1986). 

 A long-term study at the community level recently provided significant evidence 

to refute the fog-dependence hypothesis.  The 14-year study of 21 individuals found an 

average growth rate of 0.37 mm/day – similar to earlier studies (Eller et al., 1983; von 

Willert and Wagner-Douglas, 1994). More importantly, this growth was highly seasonal 

and correlated with episodic rainfall. Annual growth also correlated with fluctuating 

annual rainfall, whereas fog deposition remained relatively stable over this time period 

(Henschel and Seely, 2000). This connection between W. mirabilis and rainfall was 

observed in two earlier expeditions with contrasting antecedent rainfall conditions. The 

same population of plants was visited twice – the end of an average rainy season (1907, 

12.8mm) and the end of a poor rainy season (1909, 5.9mm). The second visit saw much 
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degraded plant health and little reproductive activity (Pearson, 1909).  The role of fog in 

germination and seedling development remains, however, poorly understood (Rodin, 

1953b; Whitaker et al., 2008).  

 Namibia has great mineral wealth and is among the leading global producers of 

uranium and diamonds, with significant production of other metals including copper. The 

recent rise in prices has seen increased uranium exploration and mine development in 

Namibia, including within national parks. Namibia contributed 7.5%, 7.7%, and 9.1% of 

global uranium production during 2005, 2006 and 2007, respectively (Kwasny et al., 

2007). Although there is currently a moratorium on issuing uranium prospecting licenses 

in Namibia, more than 60 licenses exist (Weidlich, 2008). Demands on local water 

sources and potential impacts by future mines are currently being evaluated; however, 

studies of ecosystem water requirements in the mining areas are difficult and expensive. 

 The Matchless amphibolite belt stretches northwest from central to north-east 

Namibia. This copper-zinc sulfide deposit is a significant source of metals regionally 

(Klemd et al., 1987), and like Namibia’s uranium deposits, it has seen increased interest 

with the recent rise in copper price. The southernmost population of W. mirabilis lies in 

the southern tip of the Matchless deposit near Hope Mine. A new copper mine is being 

explored at this location. The mine would require dewatering of the unconfined aquifer, 

which could disrupt the water balance of the plants if they depended on groundwater.  

 Despite recent findings that relate W. mirabilis growth to rainfall and subsurface 

water availability (Henschel and Seely, 2000), the perception remains that this 

exceptional plant survives through the acquisition of water from fog (McGough et al., 
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2004; Curtis and Mannheimer, 2005; Mshigeni et al., 2005). The current study evaluates 

the hypothesis that the Hope Mine W. mirabilis population relies on fog as a water source 

through analysis of the stable isotope geochemistry of plant, soil and ground water, as 

well as water levels and watersheds around the community.  

5.2 Methods 

Site description 

 The Hope Mine site (E15.26° S23.57°) lies in the gravel plains of the Central 

Namib Desert about 10 km north of the ephemeral Kuiseb River. Shallow wash areas and 

low outcrops break the overall flat topography. Soils are patchy, coarse-grained, and 

shallow – 0 to 0.5 m deep in the middle of the wash areas, and are underlain by schist and 

amphibolites forming a fractured hardrock aquifer that contains brackish water in the 

saturated zone.  W. mirabilis is the dominant perennial in the immediate vicinity, with a 

density of around 7.5 plants/ha (133 individuals over 0.177 km2). This compares to 

around 50 plants/ha in the more narrow Welwitschia Wash  (Henschel and Seely, 2000). 

Other plants include the perennial leaf-succulent Zygophyllum stapffii, and annual 

succulents and grasses. Trees, e.g. Faidherbia albida, Acacia erioloba, Tamarix 

usneoides, and Acanthosicyos horridus (!nara) occur in or near the Kuiseb River channel 

10 km to the South with a few isolated Acacia reficiens individuals in the main wash area 

to the East of Hope Mine. 
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Using stable isotopes to determine water sources 

 Stable isotopes are here used to determine the sources of water used by W. 

mirabilis. The isotopic composition is generally expressed as ratios of the heavy isotope 

to the light isotope (18O/16O, 2H/1H), and reported relative to a standard in “per mil” (‰) 

notation by convention. For example the δ18O isotopic composition is expressed as:  

 

δ18O = (Rsample/RVSMOW - 1) x 1000    

Where, R = the abundance ratio of 18O to 16O 
VSMOW = Vienna Standard Mean Ocean Water, the international reference standard for water 
isotopes. 
 

 The movement of water in the environment leads to changes isotopic 

compositions due to fractionations that occur primarily during evaporation and 

condensation.  Consistent variations in δ2H and δ18O in meteoric water globally were first 

reported almost 50 years ago (Craig, 1961), establishing the Global Meteoric Water Line 

(GMWL) expressed as:   

 
 δ2H = 8 x δ18O + 10 
 

 Processes dominated by kinetic fractionation lead to deviations from the GMWL, 

as in evaporation from soil (Barnes and Allison, 1988).  If the δ18O and δ2H values of the 

potential water sources for an ecosystem are significantly different, they can be used as 

end-members in a mixing equation that describes the relative contributions to a given 

population of plant or soil waters (White et al., 1985; Dawson, 1998). This is the case for 

differentiating between fog and rain because fog condenses from humid air at relatively 

low elevations, resulting in relatively enriched isotope values. Rain is often depleted in 
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the heavier isotope due to condensation at higher elevations than fog, as well as rainout 

from clouds as they move across land (Ingraham and Mark, 2000). 

 For example, the California redwoods receive summer fog that is isotopically 

enriched by about 60‰ in δ2H relative to the winter rainfall. Water extracted from 

redwoods and undergrowth have δ2H values between the fog and rain end-members, 

showing an annual contribution of 34% from fog (Dawson, 1998). This type of analysis is 

possible because water in non-photosynthetic parts of plants is not significantly different 

than its source water (White et al., 1985).  Although soil water extraction and 

interpretation can be confounded by the presence of mineral bound water that is 

isotopically different from the water available for uptake by plant roots (Walker et al., 

1994), soil water isotopes can still be useful in characterizing plant-available water 

(Corbin et al., 2005). 

Sampling and analysis 

 Core samples (5mm diameter core, Haglof increment borer) of W. mirabilis stems 

from 12 individuals were collected in January and July 2009 along with adjacent soil 

(n=3) from depths of 20 cm, 50 cm, and 100 cm in July, and October 2007. Samples were 

stored in glass vacutainers sealed with Parafilm, chilled in the field, and refrigerated in 

the laboratory within 3 hours. To establish the context of stem water isotopes for various 

perennial plant forms across the Central Namib, 3 tree (Acacia erioloba, Faidherbia 

albida, Tamarix usneoides), 5 shrub (Zygophyllum stapffii, Arthraerua leubnitziae, 

Calicorema capitata, Trianthema hereroensis, Acanthosycios horridus) and 1 grass 

(Stipagrostis sabulicola) species were sampled at Hope and areas closer to the coast (see 
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Chapter 3). The samples were analyzed for δ2H and δ18O by Laser Absorption 

Spectroscopy (Wang et al., 2009) at the University of Minnesota following cryogenic 

vacuum extraction of soil and plant water (West et al., 2006). Replicate water samples 

(n=5), including three aliquots taken through the distillation procedure, had a standard 

deviation of 0.9 ‰ for δ2H and 0.2 ‰ for δ18O. Duplicates were also analyzed by the 

more traditional method of Isotope Ratio Mass Spectrometry, and mean values (n=2) 

deviated from the LAS results by -1.0 and +0.8 ‰ for δ2H and δ18O, respectively.  

 

Depth to groundwater and watershed analysis 

 Current mine prospecting operations provided access to groundwater through 

several exploration boreholes drilled at an angle of about 50° from the ground surface 

towards the North. Water levels were measured using a conductivity meter in boreholes 

adjacent to and within the W. mirabilis population in October 2007 (n=10) and July 2008 

(n=7). After correcting the measured groundwater elevation for the slant angle (obtained 

from the site geologist), the values were interpolated using linear universal kriging 

(Tonkin and Larson, 2002) to calculate a groundwater elevation surface covering a 

rectangular area of 3-6 ha that contains about 10% of the plant community. The 

groundwater elevation surface was then subtracted from the ground surface elevation 

(derived from GPS track points) to obtain depth-to-groundwater values. 

 Watersheds encompassing the W. mirabilis communities near Hope Mine and 

Welwitschia Wash were delineated based on topography using ArcGIS Spatial Analyst 

(ESRI, 2008). Ground surface elevation was derived from the Shuttle Radar Topography 
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Mission data (Farr et al., 2007). Watershed outlet grid cells were selected just 

downstream of the main Hope W. mirabilis community (“Hope West”), about halfway 

along the wash that includes the eastern Hope community, and about halfway along the 

Welwitschia Wash. Each watershed is then calculated by the software to include all grid 

cells (90 x 90 m each) that would contribute runoff to a selected outlet cell.  

 

5.3 Results 

 Water extracted from stem samples of 12 W. mirabilis individuals is highly 

depleted (δ2H of -34 ‰ +/- 6.6) relative to coastal fog (-1.6 ‰ +/- 6.9). Using and 

evaporation line typical of other gravel plains plants (slope = 2.5), the W. mirabilis stem 

water falls between soils (20-100 cm) and typical summer rainfall (Figures 4-1 and 4-2). 

The W. mirabilis values are statistically similar (p<0.05) to trees growing in the nearby 

ephemeral Kuiseb River (n=16), and distinct from known fog users of the dunes (n=36) 

and gravel plains (n=14). Groundwater at the site does not appear to be a significant 

water source given that it is brackish, 30-40 m deep, and has an isotopic signature 

between that of W. mirabilis and fog. Using δ34S as additional water source tracer is 

consistent with a deep soil water source rather than groundwater or fog given that W. 

mirabilis stem material (10 ‰) is depleted relative to Hope groundwater (17 ‰), Hope 

soils (16 ‰) and fog (16 ‰), and it is similar to Kuiseb groundwater (11 ‰). Tree, shrub 

and grass species sampled near Gobabeb show a significant positive correlation between 

Fog Contribution to stem water and δ34S (see Chapter 4). 
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 Groundwater elevations ranged from 550 to 561 meters above mean sea level 

(MAMSL) in October 2007, and from 549 to 560 MAMSL in July 2008. The latter 

survey covered a smaller area, of about 3 ha compared to 6 ha in 2007. For the two 

boreholes that were measured in both surveys, levels were about 2 m lower in 2008. In 

both cases, groundwater elevation was found to be higher towards the southeast. 

Groundwater elevation gradients of around 70 and 80 m/km were found in 2007 and 

2008, respectively. The depth to water was measured as 36 to 44 m in 2007. However, 

when the depth to water is calculated for a continuous rectangular area by subtracting 

interpolated groundwater elevations from ground surface elevations, the depth to water 

over the entire area ranges from 30 to 48 m (Figure 5-2). For the 19 plants in this area, 

depths range from 33 to 39 m with a mean of 35 m. 

 
Figure 5-2: Geology, water levels, and W. mirabilis individuals at Hope Mine. 
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Figure 5-3: Watersheds and W. mirabilis near Hope Mine. 
Note: Many additional W. mirabilis individuals exist East and South of the mapped community 
immediately adjacent to Hope Mine. The Welwitschia Wash watershed shows the contributing area 
upgradient of the mid-point in the community (W. mirabilis “F20” in Henschel and Seely 2000). Matchless 
Amphibolite is the stratigraphic target of mining operations, and its outcrop is taken from the electronic 
1:250,000 Geological Map “Kuiseb 2314” (NGS, 2007). 
 
 The watershed encompassing most of the Hope West W. mirabilis community is 

quite small, at just 1.2 km2, whereas the community just to the east is in the wash of a 

much more extensive watershed with a 48.2 km2 area (Figure 5-3). The Welwitschia 

Wash watershed is on the small side with an 8.2 km2 contributing area. The Hope East 

watershed takes a sharp turn to the left across alternating schist and amphibolite bands 

which form jagged steep hills. The wash drops 20 m in elevation quickly across these 

hills. The Hope East W. mirabilis community is confined to the edges of the wide sandy 
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wash, whereas in Hope West the occurrence is more dense and associated with the 

outcropping of Matchless Amphibolite. This fractured metamorphic formation is the 

target of extensive copper mining operations stretching from Hope towards the northeast 

for hundreds of km. 

5.4 Discussion 

 Desert plants are often adapted to make use of multiple water sources (shallow 

soil water, groundwater, fog/dew). Evaporation of precipitation during and after 

infiltration leads to a consistent fractionation in δ18O and δ2H that can be traced in soil 

water; one study of central Namib soils found a slope of 2.6 (Sofer, 1978), which is 

consistent with other desert soils (Liu et al., 1995) and plants (Gat et al., 2007). A similar 

slope of 2.5 was found for trees of the Kuiseb riverbed, which group statistically with W. 

mirabilis. This evaporation line intersects the GMWL in the vicinity of the Kuiseb 

groundwater, which is quite close to a long-term volume-weighted rainfall value from 

central Namibia (Rozanski et al., 1993).  

 All W. mirabilis in the area analyzed for groundwater levels occur where 

groundwater is less than 39m below ground surface (Figure 5-2). Although the water 

table had dropped from October 2007 to July 2008 by a couple of meters, the pattern of a 

shallower water table to the southeast is consistent between the two surveys. In addition, 

the bulk of the individuals in this population occur in the bottom of the wash, as indicated 

by the ground surface contours. This result suggests that W. mirabilis occurrence is 

associated with shallower groundwater. It has long been observed that W. mirabilis tends 

to occur in wash areas or on stream banks (Pearson, 1929; Rodin, 1953a; Kers, 1967; 
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Henschel and Seely, 2000). In the long-term observations described in the introduction, 

leaf growth rates were found to be higher on the edges of the main wash than in the 

middle (Henschel and Seely 2000). This pattern may be due to micro-environmental 

factors rather than water availability (Schulze et al., 1976; von Willert et al., 2005). 

 If this population of W. mirabilis is indeed accessing groundwater directly, the tap 

roots would have to reach depths of 30 to 39m. Although this would be an extremely 

deep root system, other species of plants from the nearby Kalahari Desert have been 

shown to reach depths of 40-68 m (Canadell et al., 1996). Another Namib endemic, 

Acanthosicyos horridus is phreatophytic with a tap root reported to reach depths of 15-40 

m (Jurgens et al., 1997; Mshigeni et al., 2005), although excavations have shown depths 

of 2-5 m (Kutschera et al., 1997). Direct observations of W. mirabilis have shown that it 

can have an extensive lateral root system extending more than 15m. Tap roots are 

present, and have been directly observed in three incomplete excavations to depths of 1.6, 

3.5 and ~5m (Bornman, 1972; Kutschera et al., 1997). Other qualitative explanations of 

W. mirabilis distribution have invoked a tap root, including the description of a 

Kaokoveld population in an area with groundwater around 22m belowground (Pearson, 

1929; Rodin, 1953a). As noted above, the bulk of the W. mirabilis individuals in the 

Hope Mine population are in the wash area, where the ground surface is 5-10 m below 

the area of the groundwater surveys. Groundwater is likely to be even shallower here, 

which may indicate a typical tap root depth closer to 25 m. Although this depth would 

still require an exceptional energy investment by the plants, it has been shown that they 

can create lateral root networks of comparable lengths.  
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Table 5-2: Qualitative rainfall requirement estimation by watershed. 

Watershed Area (km2) 
Number of 

Plants1 
Rainfall 

Requirement (mm)2 

Welw Wash 8.16 100 45 
Hope East 48.20 100 8 
Hope West 1.16 150 473 

Hope East + West 49.35 250 18 
1 – Number of perennial plants (dominated by W. mirabilis) estimated from Whitaker (2006) for Hope 
West, Henschel and Seely (2000) for Welwitschia Wash, and personal observation in all locations. 
2 – Based on 1 L of transpired water per plant per day (von Willert and Wagner-Douglas, 1994), and 10% 
recharge to the root zone of the plants as an example for watershed comparison. 
 

 The delineated watersheds (Figure 5-3) can be used to evaluate the hypothesis that 

local rainfall supplies enough water for the Hope W. mirabilis community. For 

comparison among the watersheds, a qualitative water requirement of 1 L/day for each 

plant can be assigned to the three W. mirabilis communities based on the number of 

perennial plants present (Table 5-2). Assuming 10% of the rainfall in each watershed 

reaches the collective root zones, around 470 mm/year of rainfall would be required to 

supply the dense W. mirabilis community in Hope West. In contrast, the Hope East and 

Welwitschia Wash watersheds could supply sufficient water to the root zones with 8 and 

45 mm of annual rainfall, respectively, which is the same order of magnitude as measured 

annual rainfall in this area of 20 mm/yr. These first-order calculations are qualitative, but 

show that rainfall within the Hope West watershed is vastly insufficient for supporting 

the extant community. However, given the fact that the Hope West community occurs 

with the outcrop of Matchless Amphibolite and that the larger watershed feeding Hope 

East takes an orthogonal turn at the beginning of this outcrop, it is possible that the much 

larger Hope East watershed supplies water to the Hope West vadose zone during flooding 

events. That is, the fractures of Matchless Amphibolite and the Hope West plants that tap 
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into these fractures, could be receiving quick flow originating in the Hope East watershed 

during flooding events. Further studies would be needed to show the hydrologic 

connection and to test the accuracy of the 10% recharge assumption, but this mechanism 

would explain the apparent water shortage in the Hope West watershed. This mechanism 

would also be consistent with the fact that Hope West and Hope East W. mirabilis stem 

water had very similar δ2H and δ18O values, suggesting a common water source. 

5.5 Conclusions 

 The isotope data confirms that fog deposition does not appear to be a significant 

source of water for this W. mirabilis population. Rather, the stem water isotope values 

appear to be consistent with a water source that is isotopically similar to the water used 

by trees in the Kuiseb River. A first-order use of sulfur isotopes as a water tracer appears 

to corroborate a deep soil water source for this W. mirabilis population. The deep, 

brackish groundwater at Hope does not appear to be a significant water source, and 

shallow (20-100 cm) soil water cannot explain the isotope signature. The watershed 

extending 15 km to the Northeast would be able to supply enough water on an annual 

basis to support the W. mirabilis community in the vicinity of Hope Mine. All of this 

information points to a deep (~2-30 m) soil water source fed by local runoff. These 

findings are consistent with long-term observations correlating leaf growth with rainfall.  
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Chapter 6 : Environmental controls on C, N and S cycling in 

plants of the Namib Desert 

Abstract 

 Nutrient cycles (C, N and S) in the Namib Desert are investigated through a 

survey of δ15N, δ13C and δ34S of plant material and soils along a fog gradient. The coastal 

Namib Desert in southwestern Africa is hyper-arid in terms of rainfall, but receives up to 

100 days of fog each year. This climate regime leads to interesting water relations among 

the desert flora and fauna. Among many enigmatic characteristics, photosynthesis in W. 

mirabilis has puzzled researchers since the 1970’s. Although it is predominantly a C3 

plant, δ13C ranges from -17.4 to -24.2 ‰ in natural habitats, and can be as enriched as -

14.4 ‰ under artificial growing conditions. Recently the CAM pathway has been 

confirmed, but it is dominated by CAM-cycling rather than primary CAM fixation, and 

the driver for CAM utilization has not been identified. Literature values of δ13C are re-

plotted across a 150 km aridity gradient for comparison with new data from Hope Mine, 

showing a significant correlation that appears to be explained by rainfall (R2 = 0.25, 

p<0.001). Within the Hope Mine community, there are significant positive relationships 

among stem size, N, δ13C and δ15N. The responsible mechanism needs further 

investigation, but high levels of CAM-cycling and photorespiration along with recycling 

of N could explain the observed patterns. In addition, there appears to be a reversal of the 

trend between rainfall and δ15N found in Kalahari C3 plants, as more depleted δ15N 

values were found closer to the coast by. 
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6.1 Introduction 

Namib Desert 

The Namib Desert on the southwestern coast of Africa supports diverse flora and 

fauna while receiving extremely little water as rainfall. Although rainfall pulses are 

important for many biogeochemical processes in arid ecosystems (Seely, 1978; Jacobson 

and Jacobson, 1998; Huxman et al., 2004), many organisms in the Namib make use of 

the much more frequent fog and dew events to survive, and even thrive, between these 

pulses (see Chapter 4). Significant work has been done to describe the utilization of fog 

water by Namib biota (Louw, 1972; Hamilton and Seely, 1976; Seely and Hamilton, 

1976; Loris, 2004; Henschel and Seely, 2008), the general occurrence and characteristics 

of fog events (Lancaster et al., 1984; Pietruszka and Seely, 1985; Olivier, 1995; Henschel 

et al., 1998; Hachfeld and Jurgens, 2000), as well as geochemical aspects of Namib 

ecosystem relating to fog deposition (Eckardt and Schemenauer, 1998; Goudie and 

Parker, 1998). However, several questions remain about the role of fog water in the 

nutrient supply and cycling in the Namib. The central objective of this study is to 

evaluate the effects of fog on C, N and S cycling in the Central Namib analyzing plant 

and soil samples from areas that receive different amounts of fog.  

Photosynthetic pathways 

 There are three recognized pathways for photosynthesis: C3, C4 and CAM. The 

most common is C3, in which CO2 is taken into the plant with the stomata open during 
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the day and directly fixed via the enzyme ribulose diphosphate carboxylase (RuBP). The 

CAM and C4 pathways adapt this process by using a different enzyme, 

phosphoenolpyruvate carboxylase (PEPc), in the first step of CO2 assimilation. CAM and 

C4 plants are then able to concentrate the CO2 near RuBP using two distinct mechanisms: 

temporally through diurnal organic acid intermediaries in the case of CAM, and spatially 

through the presence of bundle-sheath cells or other specialized structures in the case of 

C4 (Keeley and Rundel, 2003). The CAM pathway is most common among succulent 

species, and is particularly adapted to arid environments because it allows the plant to 

close its stomata during the day, dramatically reducing water losses. Stomata in CAM 

plants are open during the night when CO2 is brought into the mesophyll cells and 

converted to organic acids, predominantly malate (Kluge et al., 1975). Since the original 

description of CAM photosynthesis, the indication has been that the CAM operates along 

with the more productive, less water-efficient C3 pathway under times of lower water 

stress (Osmond et al., 1973). 

 Carbon isotopic values of plant material have been useful for identifying 

photosynthetic pathways in plants due to differences in isotopic discrimination due to (1) 

diffusion into the cell and (2) RuBP activity under the three pathways described above 

(Smith and Epstein, 1971; Osmond et al., 1973; Griffiths, 1992; Keeley and Rundel, 

2003). However, additional isotopic discrimination and various combinations of the three 

photosynthetic pathways must be considered when interpreting δ13C for certain species 

depending on environmental conditions (Osmond, 1975; Ehleringer and Cooper, 1988; 

Warren and Adams, 2006). During periods of lowered water or temperature stress, many 
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CAM plants will utilize the more productive C3 pathway, indicated by differences in 

δ13C for plants grown with imposed shorter or longer days (Lerman and Queiroz, 1974). 

Some plants also exhibit CAM-cycling where respiratory CO2 is re-fixed into organic 

acids, and this variation also affects the resulting δ13C in the plant material (Osmond et 

al., 1980; Griffiths, 1992). The most recent work on photosynthesis in W. mirabilis 

indicates that it utilizes the C3 pathway primarily, with a high degree of CAM-cycling 

and a small amount of primary CAM activity indicated by low levels of CO2 uptake at 

night (von Willert et al., 2005), and this is consistent with less conclusive previous 

studies (Ting and Burk, 1983; Winter and Schramm, 1986; von Willert and Wagner-

Douglas, 1994). 

 

6.2 Methods 

 Plant and soil samples were collected along the precipitation gradient in the 

Central Namib. Sampling sites included dunes, gravel plains, and the ephemeral Kuiseb 

River at various distances from the coast: Rooibank (10 km), Swartbank (35 km), 

Gobabeb (56 km) and Hope (78 km). Plant species sampled include common trees of the 

Kuiseb (Acacia erioloba, Faidherbia albida, Tamarix usneoides), shrubs of the gravel 

plains (Zygophyllum stapffii , Arthraerua leubnitziae , Calicorema capitata), a shrub 

(Trianthema hereroensis ) and grass (Stipagrostis sabulicola ) of the dunes, as well as the 

Namib endemics W. mirabilis and Acanthosicyos horridus. 

 Microclimates at Hope were characterized by Leaf Wetness, Air Temperature, 

and relative humidity at three sites: central sandy wash (“Hope Wash”), the top of a rocky 
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outcrop (“Hope Rocks”), and the rocky slope leading down to the wash (“Hope Slopes”). 

Leaf Wetness Sensors (Decagon Devices, Inc.) were placed on the tops of W. mirabilis 

leaves, and air temperature and relative humidity were determined at 30 cm above the 

ground surface – approximately the average height of the W. mirabilis canopy. 

Continuous measurements were made for 9 days in January 2009 and compared to 

concomitant measurements at the western base of High Dune near Gobabeb, 22 km to the 

west of Hope. 

 Plant and soil samples were dried (60°C), homogenized, weighed into tin capsules 

and  converted to CO2, N2 and SO2 for isotope analysis using a Carlo Erba elemental 

analyzer (EA) which is  coupled to an OPTIMA stable isotope ratio mass spectrometer 

(Micromass, Manchester, UK).  Carbon and nitrogen isotopes were determined with a 

single combustion using a dual furnace system composed of an oxidation furnace at 

1020oC and a reduction furnace at 650oC. Using the EA, the samples for sulfur were 

separately pyrolyzed at 1050oC using a combination oxidation and reduction furnace 

system. The resulting gases are dried in a water trap (MgClO4) and separated in a 

capillary column before flowing into the source of the mass spectrometer. The ratio of 

heavy to light isotope (e.g. 13C/12C) in each sample is measured with respect to a 

reference peak of carbon dioxide, nitrogen or sulfur dioxide gases which have been 

calibrated against NBS 22, atmospheric N2 and NBS 127, respectively. The stable 

isotopic ratio is reported as in Equation 1-1, using the following abundance ratios of the 

heavy to light isotopes: 13C/12C, 15N/14N or 34S/32S.  The standard for carbon is the Peedee 

Belemnite limestone (PDB), for nitrogen the standard is atmospheric N2 (Air) and for 
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sulfur the standard is the Canyon Diablo Troilite (CDT) which are assigned values of 

0.0‰ for δ13C, δ15N, and δ34S.  For sulfur and carbon the isotope value is corrected for 

contribution from 18O content. This correction involves multiplying by 1.09 for sulfur 

(Giesemann et al., 1994) after adjusting the value to an internal standard (BaSO4). The 

reproducibility of the measurement is typically better than ±0.2‰ for these elements 

using the continuous flow interface on the OPTIMA.   

  

 

 
Figure 6-1: Acidified and un-acidified carbon isotope values for W. mirabilis leaf samples. 
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 Previous studies have found a 0.5 ‰ enrichment in δ13C after acidifying W. 

mirabilis leaves (von Willert et al., 2005). This observation was tested for leaves from 12 

individuals, and no significant consistent change was seen in the acidified samples 

(Figure 6-1). Although no effect was seen in the 12 samples tested here, the enrichment 

due to carbonate removal found previously indicates that the presence of any carbonates 

would diminish the apparent CAM utilization in a given leaf. 

6.3 Results 

 Microclimates of three locations at Hope indicate local variability in fog and dew 

deposition, which may help interpret the observed carbon and nitrogen isotope patterns. 

Three light fog events occurred at Gobabeb, and none at Hope during the 9 days of 

continuous measurements. Leaf Wetness, however, was experienced as dew deposition at 

Hope on four of the days (Figure 6-2). The dew wetness at Hope was the same order of 

magnitude as the first and third fog events, but no dew was experienced at Hope during 

the second Gobabeb fog event. Among the three sites at Hope, the highest elevation site 

at the top of a rock outcrop receieved much less deposition and shorter duration of 

wetting than the other two sites. This is likely due to higher or more consistent winds at 

this exposed site.  Air temperature 30 cm above the soil surface was slightly lower at this 

site than in the middle of the wash. The wetting events and the nightly rise of relative 

humidity began sooner at Gobabeb than at Hope, which is consistent with a westerly 

(Atlantic) source of moisture being advected inland. 



134 

 

 
Figure 6-2: Leaf Wetness at Hope and Gobabeb in January 2009. 
Note: Erratic values removed for Gobabeb 13 January between 1:20 AM and 4:20 AM  
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Figure 6-3: Air temperature and relative humidity at Hope and Gobabeb in January 2009. 
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Table 6-1: Carbon, nitrogen and sulfur for plant material (stem / leaf1) and associated soils. 

Plant2 Water % n C % N % S % δ13C δ15N δ34S 

S 48 / 46 23 / 8 45.4 / 44.2 0.6 / 1.3 0.07 / 0.13 -13.8 / -15.4 0.7 / 3.1 16.0 / 14.6 

T 57 / 82 20 / 10 44.7 / 29.2 0.4 / 1.9 0.10 / 0.33 -13.3 / -11.3 4.5 / 6.2 15.4 / 14.1 

N1 74 / 72 3 / 8 43.7 / 44.3 1.3 / 1.4 0.16 / 0.64 -22.7 / -23.6 10.4 / 6.6 14.6 / 14.0 

Dune Soils 11 n.d. n.d. 0.01 n.a. n.a. 18.7 

A 40 / 58 13 / 3 45.9 / 46.9 0.8 / 2.2 0.14 / n.a. -28.8 / -30.0 5.4 / 4.0 11.5 / n.a. 

F 53 / 60 9 / 4 44.5 / 46.0 0.8 / 2.1 0.28 / n.a. -28.7 / -28.7 3.5 / 1.8 11.6 / 10.4 

X 43 / 53 8 / 3 44.0 / 34.8 0.6 / 1.2 0.50 / 1.39 -26.0 / -23.2 7.6 / 9.9 5.2 / 11.2 

Riverbed Soils 6 0.1 n.d. 0.01 n.a. n.a. 9.5 

W 39 / n.a. 12 / 32 42.0 / 38.7 0.9 / 1.4 0.07 / 0.11 -19.7 / -20.6** 5.9 / 1.9*** 10.2 / 12.6 

L 47 / 65 6 / 4 37.3 / 34.7 0.9 / 1.2 0.72 / 0.24 -22.5 / -21.6 4.1 / 8.0 15.9 / 16.4 

C 41 / 55 3 / 2 43.4 / 41.1 0.9 / 1.8 0.10 / 0.12 -22.7 / -22.9 7.6 / 9.6 13.9 / 14.1 

Z 36 / 89 20 / 5 40.2 / 13.8 0.5 / 0.5 0.12 / 6.1 -22.6 / -23.9 4.1 / 5.7 14.6 / 13.8 

Gravel Plains Soils 9 0.6 0.06 0.03 n.a. n.a. 15.2 
n.a. – not analyzed, n.d. – not detected 
* - stem and leaf samples (W. mirabilis was the only species evaluated) are significantly different at 95% 
confidence level (** 99%; *** 99.9%) 
1 – “Leaf” material in A. horridus is simply younger succulent stem material 
2 – Species represented: S = Stipagrostis sabulicola, T = Trianthema hereroensis, N =  Acanthosicyos 
horridus, A = Acacia erioloba, F = Faidherbia albida, X = Tamarix usneoides, W = Welwitschia mirabilis, 
L = Arthraerua leubnitziae, C = Calicorema capitata, Z = Zygophyllum stapffii 
 

The overall distribution of δ13C for the three known C3 species in the study is 

somewhat bimodal (Figure 6-4), with the more enriched values found in A. horridus. The 

one highly enriched value (-17.8 ‰) was from a T. hereroensis leaf sample taken in 

Swartbank that also had an anomalously enriched δ15N value of 15.8 ‰. The 

corresponding stem sample had values of -25.4 ‰ (δ13C) and 12.3 ‰ (δ15N). The only 

known C4 species sampled was S. sabulicola, which had highly enriched δ13C values and 

relatively depleted δ15N values (Figure 6-5). However, T. hereroensis showed even 

greater enrichment in δ13C. No Krantz anatomy was found the leaves of T. hereroensis, 

suggesting that it is not C4 (Vogel and Seely, 1977), but the highly enriched δ13C values 
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indicate that it would have to make extremely efficient use of the CAM pathway (Keeley 

and Rundel, 2003). Interestingly, it has recently been found that Krantz anatomy is not 

required for the C4 pathway, and 20 species of the Trianthema genus have been shown to 

use C4 (Keeley and Rundel, 2003; Sage, 2005). In fact, Trianthema is one of the genera 

thought to represent an evolutionary origin of the C4 pathway (Sage, 2005) making the 

lack of Krantz anatomy and extremely enriched δ13C values an interesting paradox that 

leaves the photosynthetic pathway uncertain. Thus, T. hereroensis is plotted with the 

“Unknown” group, and the possibility remains that it is either CAM or a non-Krantz C4. 

The other species with “Unknown” photosynthetic pathways (Z. stapffii, C. capitata, and 

A. leubnitziae) are all likely C3, potentially with CAM-cycling activity as will be 

discussed with respect to W. mirabilis. 

Male W. mirabilis individuals were found to be significantly more enriched in 13C 

than females (95% confidence, two-tailed t-test, assuming unequal variances) with 

respective mean values of -20.1 ‰ and -20.9 ‰ (Figure 6-6). Similarly, W. mirabilis 

stem material was enriched by 0.9 ‰ relative to leaf material (99% confidence).  The 

δ15N values in W. mirabilis leaves were also significantly depleted relative to stem 

material (99.9% confidence), and this was consistent among both male and female 

individuals (Figure 6-7). There was also a significant relationship between δ13C and δ15N 

for the W. mirabilis stem material. Leaf material did not follow a consistent trend, but did 

seem to form three groups on the δ15N vs δ13C plot. Notably, Group C was most enriched 

in δ13C and also tended to occur on the rocky slopes of the study area, whereas Group B 
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was grouped towards the center of the upper main wash area, overlapping with a few 

individuals from Groups A and C (Figure 6-8). 

 
Figure 6-4: Distribution of δ13C values for all plant samples.  
Note: The C3 group includes A. erioloba, F. albida, T. usneoides; C4 includes S. sabulicola; C3/CAM 
includes W. mirabilis; and Unknown includes Z. stapffii, C. capitata, A. leubnitziae, and T. hereroensis. 
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Figure 6-5: Distribution of δ15N for all plant samples. 
Note: Species groupings as in Figure 6-4. 
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tissue with variably green internal tissue.  Leaf N content was highest in the Mimosaceae 

trees A. erioloba and F. albida at 2.2 and 2.1 % (dry weight basis), and ranged from 1.3 

to 1.9 % in all dune and gravel plains species except Z. stapffii which had the lowest 

foliar N at 0.5 %. This value was low even for stem N content, which ranged from 0.5 to 

0.9 % for all but A. horridus (1.3 %). The A. horridus values match well with the 1.2% 

reported previously (Klopatek and Stock, 1994).  The C and S content of Z. stapffii were 

also anomalous: low for C at 13.8% and high for S at 6.1% relative to foliar ranges of 29-

47% and 0.11-1.4% for C and S, respectively in the other species. The S content of leaves 

was higher than the corresponding stem material for all species except A. leubnitziae, in 

which stem material had three times the foliar concentration of S. Only marginally higher 

concentrations of S were found in the leaves of W. mirabilis, S. sabulicola and C. 

capitata relative to their stem material. A. leubnitziae had higher S concentrations in its 

stem than its leaves. And, in the remaining species foliar S was three to four times the 

stem concentration. 

The δ34S content of all dune and most gravel plains plants was fairly consistent 

around 14 to 16 ‰, and no significant difference was seen between stem and leaf values. 

Similar values were found in gravel plains soils, although a more enriched average value 

of 18.7 ‰ was found in the dune soils. The riverbed trees and W. mirabilis were much 

more depleted at 10.2 ‰, which reflects values seen in riverbed sediments (9.5 ‰) and 

alluvial groundwater (10.8 ‰). Groundwater directly beneath the W. mirabilis population 

was enriched at 16.5 ‰, as was groundwater of the interdune area at Nara Valley (14.9 

‰). 
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Figure 6-6: δ13C values for all W. mirabilis male and female samples. 
Note: Both leaf and stem samples are included. 
 

 
Figure 6-7: δ15N and δ13C for all W. mirabilis leaf (open symbols) and stem (filled symbols) samples.  
Note: Male and female individuals are also identified where this information is available. 
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Figure 6-8: Aerial view of Hope Mine and the W. mirabilis leaf samples.  
Note: Groups correspond to labels given in Figure 6-8. 
 

6.4 Discussion 

Plant water status and carbon cycling 

One strategy for coping with very dry soils is to increase the solute concentration 

in the leaves, thereby creating a gradient in osmotic potential that promotes the 

movement of water from the stems to the leaves. This is suggested in the succulent plants 

studied here through the S concentration difference between stems and leaves. The ratio 

of leaf to stem S is 3, 4 and 50 in T. hereroensis, A. horridus and Z. stapffii, respectively. 
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A ratio of 2.8 was also seen in T. usneoides, a tree which is known to exude salts from its 

leaves leaving a grayish appearance. The S ratio in the two stem succulents T. 

hereroensis and Z. stapffii follows their respective ratios of leaf to stem water content: 1.6 

and 2.5. However, A. leubnitziae has a leaf to stem water content ratio of 0.97 and an S 

content ratio of  0.34. This pattern is consistent with A. leubnitziae using osmotic 

potential to store water in its stem – a water-saving measure. 

 This osmotic regulation of water movement has also been suggested to help 

explain the use of CAM-cycling and the associated high organic acid content of W. 

mirabilis leaves, which was also found to be highly variable along a single leaf (von 

Willert et al., 2005). The high concentration of organic acids, e.g. malic acid, would not 

necessarily correlate with high foliar S concentrations. The leaf to stem S ratio in W. 

mirabilis was 1.6 – similar to trees and non-succulent shrubs. A better indication of the 

long-term impact of CAM or CAM-cycling activity is δ13C of younger and older plant 

material. The δ13C values in older material have been found to be enriched relative to 

younger material in CAM plants (Lerman and Queiroz, 1974). This pattern was observed 

here in W. mirabilis, with more enriched values in the woody stem relative to the leaves 

(Table 6-1). The leaves would have a maximum age on the order of decades compared to 

centuries for the stem material (Vogel and Visser, 1981; von Willert and Wagner-

Douglas, 1994). This pattern could be due to changes in environmental conditions over 

time or to changes in the δ13C of the material between the initial fixation of CO2 in the 

leaves and the subsequent synthesis of structural organic compounds found in the stem. 

The latter is more likely due to the high levels of CAM-cycling activity and 
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photorespiration (von Willert and Wagner-Douglas, 1994; von Willert et al., 2005), and 

the potential loss of 12C during these processes (Griffiths, 1992; Warren and Adams, 

2006). It should also be noted that the stem material of W. mirabilis has a highly unusual 

wood histology. The woody material contains both xylem and phloem produced by 

successive cambia, but also uniquely includes calcium oxalate crystals in the intercellular 

space. This last feature appears to be limited to just one other genera -- Ephedra 

(Carlquist and Gowans, 1995; Carlquist, 2007). These oxalate crystals could be related to 

the organic acids involved in CAM-cycling, and could thus contribute to the enriched 

δ13C value of the stem material given preferential loss of 12C during CAM-cycling. 

 

Figure 6-9: Carbon isotope values for W. mirabilis individuals with distance from the coast. 
Note: “All published data” are from four  references (Schulze et al., 1976; Vogel and Seely, 1977; Vogel 
and Visser, 1981; von Willert et al., 2005). Data from Vogel and Visser (1981) and the present study (50 
and 78 km from the coast, respectively) include  both stem and leaf material, whereas the other data are all 
from leaf samples; original field notes from Schulze et al. (1976) were used to confirm distances; Data 
from von Willert et al. (2005) were generated randomly within the published minimum and maximum 
values for each site (51, 66, 85, 93, 98, and 157 km from the coast), and repeated realizations of the random 
values change the r2 value by 0.04 but do not change the statistical significance of the overall trend. 
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 The presence of more enriched δ13C values in W. mirabilis closer to the coast has 

been suggested in two studies of leaf material across the Central Namib (Schulze et al., 

1976; von Willert et al., 2005). The δ13C values of the present study are consistent with 

these previous surveys, and together they form significant relationship when plotted with 

distance from the coast (Figure 6-9). To gain a rough estimate of how this relationship is 

explained by precipitation, corresponding rain and fog values were pulled from Figure 1-

2 for each W. mirabilis location. The resulting correlations (Figure 6-10) were all 

statistically significant, but rain explained more of the variation in the data (R2 = 0.25) 

than fog (R2 = 0.11) or rain and fog combined (R2 = 0.21). Rain still only explains 25% 

of the variability in the data, and an overall striking feature of the data is that δ13C is 

highly variable at any given site. This variability is smallest (1 ‰) at the site with the 

highest rainfall, and greatest at the lower rainfall sites (3.5 ‰). The low rainfall sites are 

on average about 4 ‰ more enriched than the highest rainfall site, but this range in mean 

values is matched at individual sites within about 80 km of the coast, including the 

present study area at Hope Mine. Similar site-specific variability has been seen in C3 

plants of the Sonoran Desert, with enrichment of about 2.5 ‰ in the more water-stressed 

rocky slope habitats attributed to both increased stomatal closure and decreased water-use 

efficiency relative to plants in the sandy wash areas (Ehleringer and Cooper, 1988). This 

pattern was broadly observed in the W. mirabilis population at Hope Mine, with many 

plants of the rocky slopes enriched by about 1.5 ‰ (Figure 6-7). A similar observation 

was made in the first survey of δ13C in W. mirabilis across different habitats, where a 2 

‰ enrichment was seen in individuals located on hilltops relative to those in the valleys 
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(Schulze et al., 1976). Differential CAM utilization is not necessary to explain such an 

enrichment (Winter and Schramm, 1986), but given the CAM functionality in W. 

mirabilis, it remains possible that the enrichment is due to a combination of stomatal 

control, CAM, CAM-cyling and photorespiration. 

 

  

  
Figure 6-10: Correlations among δ13C, distance from the coast and mean annual rain and fog.  
Note: Rain and fog data derived from linear interpolations among the data shown in Figure 1-2. 

 

Precipitation and nitrogen cycling 

A significant trend towards more enriched δ15N values at lower rainfall sites was 

observed in C3 plants across the Kalahari, which covers much of southern Africa (Swap 
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al., 1999), but does not include any sites with less than 200 mm of annual rainfall. It is 

now possible to extend this sub-continental scale transect into the hyperarid Namib using 

data from literature (Schulze et al., 1991a) and the present study. Doing so reveals an 

apparent reversal of the trend, with more depleted values in the fog zone (Figure 6-11). 

There are many possible explanations for such a pattern, as discussed with respect to the 

original trend (Swap et al., 2004). Three possible contributing factors to different N-

cycling in the Namib compared to the Kalahari are (1) coastal N deposition, (2) 

colonization of surface soils and rocks by N-fixing cyanobacterial crusts, and (3) frequent 

surface soil wetting. High productivity associated with the Benguela upwelling off of the 

Namibian coast leads to N releases from wetlands and seal colonies along the coast, 

which could be delivered to inland locations via fog or dry deposition with the prevailing 

SW winds. Although significant cyanobacterial crusts occur in the Kalahari (Aranibar et 

al., 2003), their presence is potentially more extensive in the fog zone of the Namib 

(Lange et al., 1991; Lange et al., 1994; Lalley et al., 2006). The frequent wetting of soil 

surfaces from fog and dew will likely increase the average rate of denitrification on an 

annual basis relative to the low rainfall sites in the Kalahari. Faster denitrification leads to 

less isotope discrimination. The N content of Namib soils (Table 6-1) is at the low end of 

the range of soils in the Kalahari (Wang et al., 2007a), which would tend to favor the 

third proposed mechanism – frequent soil wetting – which would promote the loss of N 

from the soil. Although each of the proposed mechanisms could be active in the 

ecosystem, frequent soil wetting appears to be most consistent with the fog occurrence, 
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which makes this hyper-arid system look more like a 300 mm rainfall site in the Kalahari 

according to the trend of Swap et al. (2004). 

 
Figure 6-11: δ15N for C3 plants across the Kalahari (Swap et al., 2004), C3 trees across the Namib 
(Schulze et al., 1991a), and C3/CAM plants in the present study. 
 

Carbon and nitrogen in W. mirabilis 

Five related correlations (Figure 6-12) indicate that enriched δ13C values are 

associated with larger woody stems, enriched δ15N and higher N concentration. As 

discussed above, enriched δ13C values could be a result of (1) increased use of the CAM 

pathway for fixing atmospheric CO2, (2) increased CAM-cycling and associated leakage 

of 12C, and (3) preferential loss of 12C during photorespiration. A similar pattern of 

enriched δ13C associated with enriched δ15N was seen in N-fixing Namib trees, but not in 

other trees (Schulze et al., 1991a). Also similar to the W. mirabilis pattern, CAM species 
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across the Namib tend to have enriched δ13C with higher N content, although it is unclear 

whether such a correlation exists with δ15N (Schulze et al., 1991b). The N relationship 

with δ15N was not significant in the W. mirabilis stems (Figure 6-12), although this 

relationship has been commonly seen in other species (Wang et al., 2007b).  

One interpretation of the association between N and δ13C is that intrinsic Water 

Use Efficiency (WUE) increases with more N available for uptake. N-fixing plants have 

lower WUE (implied by depleted δ13C values) if they fix more N than if they obtain it 

from the surrounding environment (Schulze et al., 1991a). Elsewhere, a positive 

relationship between foliar N and WUE was seen in C4 but not C3 plants (Sage and 

Pearcy, 1987). However, in a separate study a negative relationship between foliar N and 

WUE (implied by δ13C) was found for C3 but not C4 or CAM plants (Schmidt et al., 

1993). Overall, the mechanism driving the relationship between δ13C and N found in W. 

mirabilis is uncertain, but appears to be related to internal C and N cycling given the high 

levels of photorespiration and CAM-cycling as well as the associated δ15N patterns. 

Given the association between enriched δ15N and lower rainfall in the Kalahari 

(Figure 6-11), it is tempting to explain the positive correlation between δ15N and δ13C in 

W. mirabilis as an extension of the precipitation gradient. This would imply that 

individuals that are more water-stressed, as indicated by more enriched δ13C, also take up 

N more enriched in 15N. This could be explained by having isotopically distinct sources 

of N, with larger plants able to tap into N pools that are deeper in the subsurface and 

therefore less influenced by, e.g. denitrification occurring in shallower soils. The δ15N of 

plant material has been used to show utilization of different N-pools in arid environments 
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(Page, 1995; Arndt et al., 2004). However, this N-source explanation is not necessarily 

consistent with the strong positive correlations between δ15N, δ13C and plant size. The 

δ15N of various soil N pools would need to be determined to confirm this explanation. 

Also, discussed below, this N-source mechanism appears to be outperformed by more 

complex models of δ15N fractionation in plants. 

Nitrogen and carbon cycles are necessarily linked as most foliar N is involved in 

photosynthesis (Evans, 1989), and typically the simple relationship of lower stomatal 

conductance leading to higher WUE and lower photosynthetic nitrogen use efficiency is 

used to interpret δ13C and N-status of plants (Warren and Adams, 2006). Thus, lower N 

content or higher C:N values correlated with more enriched δ13C values is seen in many 

systems (Evans, 1989; Schmidt et al., 1993; Li et al., 2009). However, the reverse 

relationship is seen in the W. mirabilis stem samples, which is consistent with evidence 

that the typical relationship holds for C3 plants but not C4 or CAM (Schmidt et al., 

1993).  

Alternative explanations of the C-N relationships in W. mirabilis could come from 

intraspecific differences in photosynthetic internal conductance, loss of 12C during 

photorespiration or CAM-cycling, and loss of 14N during uptake, assimilation, and 

recycling of N from older to younger material. Changes in internal conductance – i.e. 

conductance from the sub-stomatal cavity to the carboxylation site – can have a variable 

effect on δ13C of the same order of magnitude as stomatal conductance (Warren and 

Adams, 2006). However, although internal conductance differences could alter δ13C by 
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up to 1.9 ‰ (Warren and Adams, 2006), it would not necessarily be expected to alter 

δ15N as is seen here (Figure 6-12).  

 

 
Figure 6-12: Correlations among δ13C, δ15N, C, N and plant size for W. mirabilis stem samples.  
Note: Error bars show the minimum and maximum values from a given stem where multiple analyses (n=2 
or 3) were performed along a core, except δ15N vs δ13C, in which paired samples for each stem are plotted 
to illustrate the lack of a consistent pattern across a stem. 
1 – Natural log of exposed basal meristem when viewed from above. Although the exact mechanism 
causing this relationship remains uncertain as discussed in the text, the empirical inclusion of δ13C in this 
general C-N-size relationship indicates that an overall contributing factor is the growth or metabolism of 
the plants. The use of log-transformations has a long history in helping to describe patterns in biological 
data (Barnes, 1952; Gingerich, 2000), including studies of plant size and nutrient distribution (Niklas et al., 
2005; Kerkhoff et al., 2006). The log-transformation has a solid statistical foundation (Gaddum, 1945; 
Tukey, 1957; Box and Cox, 1964), and a recent critical review of its use concluded that geometric 
relationships are necessary in allometric studies (Kerkhoff and Enquist, 2009). 
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Photorespiration is high (40-80% of gross photosynthesis) in W. mirabilis (von 

Willert et al., 2005) compared with typical photosynthesis-limiting levels in C3 plants of 

20-30% (Sage, 2005). CAM-cycling is a coping mechanism for the heat and temperature 

stress associated with photorespiration, and the two processes explain the continued leaf 

growth under a net negative CO2 balance observed in some W. mirabilis individuals (von 

Willert and Wagner-Douglas, 1994). Loss of CO2 or other compounds during 

photorespiration would enrich the δ13C value of the remaining carbon. Similarly, CAM-

cycling, or the re-fixation of CO2 released via respiration, would preferentially fix 13C 

(Griffiths, 1992), and even if this fractionation factor was small the process could have a 

cumulative effect over time in the remaining carbon. The photorespiration and CAM-

cycling mechanisms are consistent with the association between larger, and presumably 

older, W. mirabilis individuals and more enriched δ13C values.  

The enrichment of 15N in the W. mirabilis stem material is consistent with 

enrichment due to the recycling of N from older to younger tissues found in tree rings 

(Elhani et al., 2005), but this would tend to leave behind a lower N content in the 

enriched material, and the opposite was seen here. In addition, the enrichment seen here 

is greater in magnitude than found in tree rings, suggesting an additional mechanism, 

possibly related to CAM-cycling, but certainly related to plant size. The long-lived leaves 

of W. mirabilis could play a role in the stem δ15N enrichment. That is, longer average 

residence time of N in the leaves could lead to preferential loss of 14N as a result of 

CAM-cycling or the preferential partitioning of 15N into organic compounds that are 

translocated to the stem. Although the longer life of leaves is a trait that conserves 
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nutrients, it can also reduce Nitrogen Use Efficiency (Berendse and Aerts, 1987). 

Together with the overall slow growth and metabolism in W. mirabilis (von Willert and 

Wagner-Douglas, 1994; Henschel and Seely, 2000), these factors imply overall slow rates 

of biochemical reactions. Slower reactions allow for more isotope fractionation and in 

biosynthesis the heavier 15N would be energetically more favorable than 14N (Hoefs, 

2005), leading to more enriched δ15N values in compounds that are ultimately stored in 

the woody parts of the plant. Specifically, the assimilation of N into organic compounds 

by various enzymes (e.g. glutamate dehydrogenase, glutamine synthetase) in terrestrial 

organisms has been shown to lead to products more enriched in 15N (Weiss et al., 1988; 

Fogel and Cifuentes, 1993). Further, recycling of the organic N through photorespiration 

can lead to enriched δ15N in proteins and depleted δ15N in the remaining glutamate 

(Werner and Schmidt, 2002). The N residence time mechanism is supported by the 

observation of more enriched δ15N in larger individuals.  

The final δ15N in stem material reflects an integration of source δ15N and isotope 

fractionations during assimilation and subsequent cycling of N within the plant.  Further 

studies of δ15N in available N at different depths in the sub-surface could also help 

explain the enrichment, as this rooting-depth explanation has been shown to be important 

elsewhere for desert perennials (Handley et al., 1994; Arndt et al., 2004). Where this 

association has been observed elsewhere, higher N availability leading to higher rates of 

photosynthesis has been a suggested mechanism (Handley et al., 1994). However, this N-

source mechanism would not explain the positive correlation between δ15N and δ13C, and 

more detailed models that incorporate all contributory factors are more consistently able 
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to replicate observations (Robinson et al., 1998; Evans, 2001).  Lastly, changes in 

atmospheric δ13C over the life of the plants should be considered as a source of variation 

in stem δ13C (McCarroll and Loader, 2004) given the possibility that the carbon was fixed 

hundreds of years ago in the larger individuals (see Chapter 5). 

 

6.5 Conclusions 

 The inverse relationship between δ13C in W. mirabilis and distance to the 

Namibian coast has been suggested for more than 30 years, and is shown here to be 

statistically significant after compiling all available δ13C values. Using a first-order 

approximation of fog and rain deposition across the δ13C gradient reveals that rainfall 

explains much more of the variability than fog or total precipitation. This finding implies 

a de-coupling of W. mirabilis physiology from fog occurrence, which is consistent with 

long-term growth observations of a population 70 km from the coast as well as stable 

water isotope findings in the present study (see Chapter 4). 

 The relationship between Mean Annual Rainfall and δ15N of C3 plants across the 

Kalahari does not extend into the hyperarid Namib. There appears to be a trend towards 

more depleted δ15N values closer to the coast from a peak in central Namibia. This 

finding indicates (1) additional inputs of N with depleted δ15N in areas closer to the 

Namibian coast, (2) an overall more closed system with respect to N in the Namib, or (3) 

faster denitrification rates possibly related to frequent wetting of surface soil. 

 The brown, dried ends of W. mirabilis leaves, still attached to growing leaves, 

were found to be significantly depleted in both δ13C and δ15N relative to stem samples 
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(Table 6-1). In addition, samples taken from a single long-dead stem on display at the 

research station, although within the range of other stem samples, did not fall along the 

same C-N relationships shown in Figure 6-12. These observations indicate that changes 

in δ13C and δ15N after death of the tissue (still attached to the green leaf) could be due to 

resorption or degradation, and that it is important to incorporate this information into 

sampling strategies when studying W. mirabilis. 

 It remains unclear whether CAM-cycling and photorespiration can account for the 

enrichment in 15N seen in W. mirabilis stem material. However, some indirect evidence is 

available. The δ13C enriching processes of CAM-cycling and photorespiration have been 

clearly demonstrated as central to W. mirabilis physiology (Ting and Burk, 1983; Winter 

and Schramm, 1986; von Willert and Wagner-Douglas, 1994; von Willert et al., 2005). 

These processes are the likely sources of δ13C enrichment, and, in turn, are related to the 

δ15N enrichment given the significant positive relationship between δ13C and δ15N 

observed in the stem samples. The isotopic enrichment is also positively correlated with 

the logarithm of stem size, which could provide an alternative explanation for enriched 

δ15N values related to rooting depth with larger plants having access to isotopically 

distinct N sources. 
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Chapter 7 : Fog-aerosol interactions in the coastal Namib 

Desert 

 

Abstract  

 The hyper-arid coastal Namib Desert in southern Africa is characterized by 

frequent morning fog, which is an important water supply for certain desert organisms. 

The fog is climatologically driven by both the cool upwelling Benguela Current and the 

general stability of the lower atmosphere at tropical latitudes. High dimethyl sulfide 

(DMS) concentrations associated with the productive upwelling zone suggest DMS as a 

major source of condensation nuclei for fog formation. However, the few available 

chemical analyses of fog water show a strong relationship between dissolved calcium and 

sulfur in the fog. A likely source of these ions is the gypsum (CaSO4) crust common 

across the gravel plains of the Namib. The current study exploits the difference in sulfur 

isotopes between the gypsum crusts (δ34S = 10 to 15 ‰) and that of marine sulfur 

(δ34Sseasalt = 20‰, δ34SDMS = 18‰) to determine sources of sulfur in size-segregated 

aerosols collected before, during, and after a fog event in the Central Namib, 56 km from 

the coast. Values of δ34S were significantly higher (p < 0.02) for the coarse fraction (1.5-

7.6 µm) at 14.6 +/- 1.5 (1 S.E.) ‰ than for the fine fraction (0.5-1.0 µm) at 9.3 +/- 1.2 ‰ 

with no significant change as the winds shifted from fog-bearing (westerly) to  hot and 

dry (easterly). Although these values are within the range found for local soils and 
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gypsum crusts, the strong easterly winds brought both higher sulfur and carbon, 

consistent with a contribution from continental biomass burning. Total sulfur 

concentrations were low (58 ng/m3) compared to previous studies (94 to 335 ng/m3). 

7.1 Introduction 

The Namib Desert on the southwestern coast of Africa is hyper-arid in terms of 

rainfall but experiences regular coastal fog events (Figure 1-2). The fog and hyperaridity 

is primarily caused by the overall stability of the atmosphere around the Tropic of 

Capricorn which is enhanced by the cold Benguela Current that upwells just offshore. 

This study investigates the fog-formation mechanism by looking at the relationship 

between aerosols and fog using stable isotopes of sulfur (δ34S) to identify aerosol sources 

during and after fog events. The potential sources of sulfur are local gypsum crust, 

dimethyl sulfide (DMS) from the ocean, sea-salt, hydrogen sulfide from sulfate-reducing 

bacteria on the Namibian shelf, biomass burning (seasonal), fossil fuel burning, and other 

terrestrial materials that are mobilized from dry pans and riverbeds.  

The Namib Desert is known as having some of the lowest background aerosol 

chemical concentrations in the world – e.g. Pb of 0.6 ng/m3 (Bollhöfer and Rosman, 

2000) and S of 200 ng/m3 (Annegarn et al., 1983). A recent global modeling effort lists 

the background S in <2.5 µm aerosols over Africa as 278 ng/m3 (Liu et al., 2009), which 

lies between the Namib value and that of a background sampling station in Zimbabwe – 

452 ng/m3 (Nyanganyura et al., 2007).  

Dust and fog both occur frequently in the Namib (Eckardt et al., 2001). The 

chemical composition of fog indicates that particles of dust have contributed elements 
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such as sulfur and calcium by dissolving into the water droplets that make up fog (Figure 

1-6). The “Enrichment” of sulfur and calcium means that more of the element is present 

relative to chloride when compared to the composition of seawater. Seawater is the 

source of fog and rain water in the Namib. Dust that mixes with clouds in India has 

recently been shown to prevent the clouds from releasing rain (Rosenfeld et al. 2001). 

Dust can also help to “seed” clouds because water may condense out of the atmosphere 

onto the dust particles, depending on the type of dust (Noone et al. 2000). Dust may also 

suppress cloud formation on larger scales by helping to cool the sea surface (Lau and 

Kim 2007). 

Previous studies of elemental concentrations in size-segregated Namib aerosols 

from the same study area found a biogenic marine signal in the fine fraction (<1 micron), 

whereas the coarse fraction (>1 micron) had a mixed inorganic marine (sea salt) and 

terrestrial signature (Annegarn et al., 1983). A more recent investigation of elemental 

concentrations in individual particles collected by aircraft below, within and above the 

marine stratus cloud bank off of the Namib found a sea-salt signature in most of the 0.3 to 

2.0 µm fraction, and an “aged sea-salt” signature in the <0.3 µm fraction where Cl had 

been replaced by SO4 (Posfai et al., 2003). A minority of the particles in the <0.3 µm 

fraction exhibits high K content relative to S and Ca, which was attributed to the 

inclusion of biomass burning particles, consistent with the dry-season timing of the 

sampling (13 September 2000). This biomass burning contribution was apparently not 

significant for aerosols collected in the summer (Annegarn et al., 1983). In these ground-

based studies (collection occurred November 1976 to February 1977), S and Ca are 
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present in much higher concentrations than K in both coarse and fine fractions. Similar 

patterns were seen in 3-hr samples collected over one week (30 October to 7 November 

1978) in the Namib (Annegarn et al., 1979). Interestingly, this last study showed an 

increase in the relative amount of K at the onset of a “Berg Wind” event. These events 

involve dry air moving in from across the continent to the East often with high winds. 

The timing of this sampling at the end of the dry season coincides with biomass burning 

across southern Africa, a potential source for this increase in K which would be 

consistent with the more recent detailed particle composition study (Posfai et al., 2003). 

However, higher K relative to Ca and S was also found in the <0.3 µm fraction of dust 

generated from Namib soils (Eltayeb et al., 1993). This fine fraction K could be 

associated with either clay minerals or soil organic matter, but in either case would 

represent a local source that could help explain the observed patterns without the need for 

a contribution from biomass burning.  

 

7.2 Methods 

Aerosols were collected with a High Volume Cascade Impactor system (Turekian 

et al., 2001; Tisch Environmental Inc., 2004) at flow rates averaging about 1000 liters per 

minute (LPM). Glass Fiber filters on four impactor stages (7.6, 1.5, 1.0, and 0.5 µm) were 

used to collect aerosols for 11 hr sampling periods: “Day” (~7am to 6pm local time) and 

“Night” (~7pm to 6am). Flow rates were recorded continuously and calibrated with a 

NIST-traceable variable orifice calibration unit at the beginning and end of the sampling 

period. The aerodynamic diameter particle size cutoffs for each of stage vary up to 0.1 
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µm based on flow rate and atmospheric conditions. Flow rate and size cutoff calculations 

are given in Appendix A. Collection was performed at Gobabeb from 21 June to 2 July 

2009 at 1.5 m above the ground in a location as far as possible from the daily activities of 

the research station (~500 m). Filters were pre-ashed at 550°C for 4 hours and no sulfur 

was detected in field or lab blanks of the slotted GF filters. The backing filter media 

contained a binder that retained a sulfur blank after ashing, and thus these results are not 

presented.  

Additional aerosol samples were collected using a low flow cascade impactor 

(Sioutas, 2004) with four stages (2.5, 1.0, 0.5 and 0.25 µm) and a backing filter (Quartz 

Fiber). This collector was placed at a height of 4 m above the ground and ran at a flow 

rate of 9 LPM from 19 June to 2 July 2009, resulting in 4 sets of day and night samples. 

Separate sets of day and night collection stages were used for up to four days to increase 

sample mass. The same backing filter was used for all four days. However, due to 

insufficient mass collected on each individual stage, the two coarse and two fine fraction 

stages were combined for each δ34S analysis. Analytical grade tin was used as the 

collection substrate on the impactor stages. The tin material can be directly introduced to 

the Elemental Analyzer system described below , and is expected to have comparable 

aerosol collection efficiencies as Glass Fiber substrates (Sioutas, 2004). Three Total 

Suspended Particulate samples (Glass Fiber) were also collected at 6-8 LPM for a few 

hours each, but no sulfur was detected in these samples. 

Sulfur isotope values (δ34S) were determined using Isotope Ratio Mass 

Spectrometry (VG/Elementar Optima) on slotted, pre-ashed glass fiber filters. 
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Immediately following collection, glass fiber filters were folded in half to protect the 

collection surfaces, enclosed in pre-ashed aluminum foil, and kept frozen until analysis. 

The collection surface of each impaction stage comprised 10 strips of filter separated by 

slots. The mass loading on each strip was not determined, but they were visually similar. 

Even on heavily-loaded filters, the sample was concentrated along a thin line in the center 

(Figure 2-3). One day prior to analysis, a scalpel was used to scrape the sample from a 

representative selection of 3 to 7 strips.  

The glass fiber filter samples contained very low levels of S, requiring 

correspondingly low-level standards and detailed post-processing of the data. This data 

processing was involved three steps after allowing the software (GV Instruments, 1995) 

to find the sample and reference peaks. First, the peak zero lines were adjusted to include 

as much of the sample peak as possible. Second, the peak definitions were adjusted for 

consistency among samples and standards. And third, the sensitivity of the isotope ratio 

to changes in peak definition was checked and categorized. Any change between 1 and 5 

‰ was flagged for a large error bar (+/- 2 ‰), 5 to 10 ‰ was flagged as “Trace” and 

anything greater was flagged as “Non-detect.”  

In addition to δ34S, elemental abundances of C and N were determined by TCD 

during δ34S analyses.  This information is accessible through the Optima software, 

although there is less separation between C and N peaks than during a typical C/N 

analysis which employs a lower temperature in the gas chromatograph. Given that there 

is a limited amount of sample for each aerosol filter, any C and N data available from a 

single δ34S run is very useful. Orchard Leaves (NBS 1571) were used as a standard for C 
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and N elemental composition, giving a consistent calibration for November and 

December 2009. If the original calculated mass was less than 10 ug for C and or 2 ug for 

N, the value was flagged as “Trace”. If no TCD peak was found, the sample was flagged 

as “Non-detect”. Finally, for many of the aerosol filters, only a portion of the full sample 

was analyzed as described above. The results for these aliquots were scaled up to the full 

sample size to give an estimate of the total C and N mass collected for each sampling 

period. Given this procedure and the low abundance of C and N in most of the aerosol 

samples, uncertainty is fairly high (+/- 10%) 

 

7.3 Results 

 Generally, a wide range of sulfur isotope values was found both day and night, 

with overall average values of 10.1‰ (n = 22, sd = 5.3 ‰) and 11.1 ‰ (n=21, sd = 5.1 

‰) for Day and Night samples, respectively.  The coarse fraction (1.5 and 7.6 µm stages) 

had significantly enriched δ34S values relative to the fine fraction (Figure 7-6). Although 

the coarse fraction was statistically similar during the day and night sampling, fine 

fraction daytime aerosols were significantly depleted relative to fine fraction nighttime 

aerosols (Figure 7-7). The first three days of sampling saw two fog events (21 and 23 

June) and one afternoon rain event (22 June) which came from the Atlantic (i.e. the same 

water source as the fog). From 24 June to 2 July a strong East Wind brought hot dry 

conditions. Mean air temperatures during the day and night were 23ºC and 14ºC, 

respectively. relative humidity averaged 34% during the day (58% for the first 3 days, 
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17% for the next 7), and 53% at night (83% for the first 4 nights, 27% for the next 4). 

The wind patterns are captured by 24hr back trajectories (Figure 7-5).   

 

Table 7-1: Number of aerosol samples by stage for which sulfur mass and stable isotope ratio could 
be determined. 

δ34S S mass 
High Volume Low Flow 

7.6 1.5 1.0 0.5 1.0, 2.5 0.25, 0.50 <0.25 

Quantifiable  
(61) 

Detect 2 13 9 11 0 0 0 

Trace 4 3 2 3 2 0 1 

Non-Detect 4 1 2 2 0 2 0 

Unquantifiable Non-Detect 10 3 7 4 4 4 3 

Total Samples (96) 20 20 20 20 6 6 4 

 

 

 
Figure 7-1: Average δ34S values for each sampling event. 
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Table 7-2: Sulfur isotopes and general atmospheric conditions for aerosol samples. 

Event Mid Date/ Time V Vmax D Conditions δ34S - Low Flow Sampler 
    1.0, 2.5 µm 0.25,0.50 <0.25 

DA 6/21/2009 1:55    Clear/Fog1/Rain2 U U 
U 

NA 6/21/2009 12:30    Rain/Fog/Fog T15.9 N17.0 

DC 6/25/2009 0:57    
Clear 

U U 
U 

NC 6/25/2009 12:20    T12.2 N21.7 

DD 6/29/2009 12:57    
Clear/Windy 

U U 
T13.1 

ND 6/30/2009 1:07    U U 

    δ34S - High Volume Sampler 
    7.6 1.5 1.0 0.5 <0.5 

N1 6/21/2009 23:51 2.8 5.4 233 Clear U 8.4 N1.7 11.3 

High 
S 

Blank 

D1 6/22/2009 10:30 1.5 5.8 178 Rain U 8.4 U 4.1 

N2 6/23/2009 0:45 2.5 6.3 236 Fog U U U U 

D2 6/23/2009 12:40 0.4 4.0 248 Fog U 13.7 U T12.6 

N3 6/24/2009 0:44 3.1 8.9 245
Clear 

U U N13.2 U 

D3 6/24/2009 12:34 1.2 4.0 180 N8.4 9.3 U N19.6 

N4 6/25/2009 1:08 2.6 9.8 147

Clear/Windy 

13.6 13.8 14.9 T3.0 

D4 6/25/2009 13:07 2.3 9.4 157 N22.1 U U U 

N5 6/26/2009 1:54 3.1 10.7 171 T14.8 15.9 15.2 U 

D5 6/26/2009 13:09 1.9 6.3 149 U N25.1 U N15.5 

N6 6/27/2009 1:43 2.1 8.0 171 U 24.4 6.3 15.0 

D6 6/27/2009 14:03 4.0 9.8 143 N8.7 T14.2 T6.6 5.9 

N7 6/28/2009 2:20 4.9 12.5 89 U T6.8 T8.1 T14.7 

D7 6/28/2009 13:42 4.7 9.4 125 U 17.4 9.6 13.4 

N8 6/29/2009 1:34 2.0 6.7 140 T12.3 17.7 14.1 17.8 

D8 6/29/2009 13:25 3.6 9.8 120 N8.4 22.6 8.9 2.7 

N9 6/30/2009 0:47 3.7 11.6 130 T14.8 17.9 9.8 4.3 

D9 7/1/2009 13:19 2.4 9.8 113  U T6.0 U 5.1 

N10 7/2/2009 1:50 4.1 9.8 164 T20.9 6.8 9.3 2.5 

D10 7/2/2009 13:44 2.6 8.0 133 15.6 12.6 9.3 4.5 

Mean 3.2 9.1 158  14.0 14.2 9.8 9.5 

Standard Deviation 1.6 3.2 50  4.8 6.1 3.8 6.0 

Night Mean 2.6 7.9 154  15.3 14.0 10.3 9.8 

Day Mean 3.7 10.2 163  12.6 14.4 8.6 9.3 

V = mean of 30-minute average wind speed (m/s); Vmax = maximum wind speed (m/s) 
D = mean of 30-minute average wind direction (degrees, with North=0 and East=90) 
1 – Fog events occurred on the nights of June 20-21 and 22-23 
2 – Rain events occurred on the night of June 19-20 (short thunderstorm) and during the day on June 22 
(light, advected from West) 
N – Sample was Non-Detect for sulfur mass; T – Sample was Trace for sulfur mass 
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Figure 7-2: All quantifiable δ34S values for the HV samples.  
Note: Samples with detectable S mass have black symbols and are connected by lines, Trace S mass 
samples have grey symbols, and Non-Detect S mass samples have open symbols. 
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Figure 7-3: Average carbon, nitrogen and sulfur mass loadings for each sampling event.  
Note: Symbols reflect the detected mass, and error bars incorporate both 10% analytical uncertainty and 
potential additional mass from Trace and Non-Detect collection stages at half of the trace or detection limit. 
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Figure 7-4: Wind direction and speed (m/s) diagrams for each High Volume aerosol sampling event. 

<=2
>2 - 4
>4

N1 N2D1 D2

N3 N4D3 D4

N5 N6D5 D6

N7 N8D7 D8

N9 N10D9 D10



171 

 

 
Figure 7-5: Wind direction and speed (m/s) for all night and day sampling periods. 
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Figure 7-6: HYSPLIT model back-trajectories for representative sampling events . 
Note: Six trajectories were modeled for each 10-hour sampling event (ie beginning, end, and at 2-hour 
intervals); each trajectory goes back 24hrs. 
Events: left column, top to bottom: N1, D1, N2; right column, top to bottom: N8, D8, N9. 
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Figure 7-7: Statistical comparison of δ34S for aerosol size fractions. 
 

 
Figure 7-8: Statistical comparison of δ34S for day and night aerosol samples. 
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Figure 7-9: Carbon ratios (mass basis) with sulfur and nitrogen for various size fractions.  
Note: Samples with one of the two elements below detection are excluded. Error bars indicate the 
maximum value. 
 

7.4 Discussion 

 Although the isotope results do not show a fog-associated shift from enriched 

marine to depleted terrestrial values over this period, two interesting patterns emerge. 

First, whereas the range of values covers several possible end-members -- sea-salt (20 

‰), DMS (18 ‰), gypsum (10-15 ‰), and other terrestrial (e.g. local precambrian 

sulfide-containing rocks at 1-10 ‰) – the bulk of the data fall within the gypsum range 

(Eckardt and Spiro, 1999). This, along with the relationship between Ca and S in Namib 
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fraction (0.5-1.0 µm) is significantly depleted relative to the coarse fraction (Figure 7-7), 

mainly due a highly depleted signal in the daytime fine fraction (Figure 7-8). This is most 

likely a result of consistently stronger daytime winds (Figure 7-4) bringing continental 

aerosols from further inland. The higher concentrations of aerosols in Day 7 to Day 10 

resulted in a very consistent depleted δ34S signal in the 0.5 µm fraction (Figure 7-2).  

Mixing of highly depleted H2S with DMS could also produce the depleted values 

observed in the fine fraction. However, H2S releases from the muddy Benguela sediments 

are intermittent (Dubecke and Bruchert, 2004; Emeis et al., 2004; Weeks et al., 2004; van 

der Plas et al., 2007), and thus an inconsistent source relative to DMS and gypsum 

(Eckardt and Spiro 1999). 

 Ratios of C:S in the aerosols ranged from 4 in the 0.5-1.5 µm fractions to 9 in the 

7.6 µm fraction (Figure 7-9). These are somewhat lower than values from nearby soils of 

7 in the Kuiseb Riverbed, 50 in the Gravel Plains, and 10 on Swartbank Berg (see 

Chapter 6). Another study of inselberg soils (Spitzkoppe, NE of Gobabeb) found C:S 

values of 150 to 300 (Burke, 2002). This comparison gives a first-order indication that 

Kuiseb River soils contribute substantially to the C and S in the aerosols, which is 

consistent with the δ34S results (see Chapter 6). Kuiseb soils had depleted δ34S (9.5 ‰) 

relative to soils of the gravel plains (15 ‰) and dunes (19 ‰). 

 

7.5 Conclusion 

 No distinctive marine signal was found in 0.5 to 7.6 µm aerosols on foggy days 

compared to East Wind days. It remains possible that the marine signal seen in previous 
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studies existed in the ultra-fine (<0.5 µm) fraction, which was not included in this 

analysis due to a high S blank in the backing filter media. This would also help explain 

the relatively low total S concentrations found here (53 ng/m3), although corresponding 

total from the 0.5 to 4.0 µm fraction in the 1976 study ((Annegarn et al., 1983) was still 

around 3 times higher (144 ng/m3). 

 Local gypsum likely dominates the aerosol sulfur with additions from more 

depleted terrestrial sources apparent during East Wind and additions from more enriched 

marine sources variably important for the larger size fractions. Further investigation of 

the collected aerosols, specifically for elemental concentrations of K and Ca, could lead 

to more concrete conclusions about the relative importance of biomass burning, local 

riverbed soils, and gypsum crusts for the terrestrial δ34S values reported here. 
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Chapter 8 : Synthesis 

 Water is a limiting resource in Namibia. Thus, balancing the water requirements 

of both the people and the ecosystems in which they live is critical for Namibia’s long 

term prosperity. The availability of water has governed the general population 

distribution around the country. Competition for water resources is becoming an even 

more important national issue with population and mining activities increasing, and as 

the society continues to grow its industrial and agricultural output. Such growth is good 

for Namibians, and it can be even more beneficial if done in a way that conserves water 

in support of the natural ecosystem. The ecosystem provides various services as well as 

being an integral part of the tourism industry, one of the most important sectors of the 

Namibian economy. Balancing growth and conservation is exceptionally difficult and 

depends largely on the priorities of the Namibian people for determining conservation 

targets. The weighing of conflicting priorities requires an understanding of the potential 

impacts of resource use on the natural environment. This is a practical motivation behind 

the research presented here on water use by plants in the Namib Desert. 

 The Namib is inhabited by flora and fauna that have adapted to highly stressed 

conditions (Louw and Seely, 1982; Henschel and Seely, 2008). Understanding these 

adaptations can help determine the physiological boundaries within which ecosystems 

can thrive and continue to provide services in support of human life: e.g. clean water, 

clean air, habitat, food (Rockstrom et al., 2009). As southern Africa faces drier 

conditions in the coming decades, these xeromorphic adaptations will help determine 

which types of plants can be used to stabilize soils or even used in cultivation. For 
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example, the !nara melon (Acanthosicyos horridus) has been an important food for the 

Topnaar people of the Kuiseb River for centuries (Henschel et al., 2004), and its oil and 

seeds are now marketed in the cities as part of a sustainable small-scale agriculture 

initiative. The !nara is very limited in its distribution, and understanding its water use 

strategies will be key to its potential cultivation. 

 Adjacent to areas where the food-producing !nara plants grow are vast gravel 

plains that support very little biomass (Seely, 1978), but notably include microorganisms 

that are linked to the origins of photosynthesis – cyanobacteria. Accurately describing 

the soil surface wetting in the gravel plains will help understand their colonization 

patterns and the limit to the amount of moisture needed for photosynthesis. This is 

exciting from a scientific point of view, and could help parameterize the search for life 

on other planets (Warren-Rhodes et al., 2006). 

 The gravel plains are also home to the very long-lived primitive gymnosperm 

Welwitschia mirabilis, which has fascinated scientists for almost 150 years (Darwin, 

1861; Hooker, 1863; Bower, 1880; Pearson, 1909; Rodin, 1953; Schulze et al., 1976; 

Henschel and Seely, 2000; von Willert et al., 2005). This unusual plant is among the 

most well-known aspects of the Namib, and thus contributes to the influx of tourists to 

Namibia. Based on its extant distribution, globally confined to the central and northern 

portions of the Namib, there appears to be a link between W. mirabilis and fog 

occurrence. Although fog and dew may play a role during germination and overall N-

cycling, long-term observations of growth in adult plants suggest a decoupling of W. 

mirabilis physiology from fog. The present study provides new information on W. 
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mirabilis water sources using natural stable isotope abundances in a multiple tracer 

approach. 

 

8.1 Main findings – water sources  

 Fog cannot be distinguished isotopically from dew or winter rain, so “Fog 

Contribution” in the following discussion should be considered “Atlantic Contribution.” 

Five plant species were found to have isotopically enriched water in their stems (grouped 

by relative Fog Contribution): Stipagrostis sabulicola and Trianthema hereroensis > 

Arthraerua leubnitziae and Calicorema capitata > Zygophyllum stapffii. The 

quantification of fog utilization is uncertain and would have to be followed closely 

through several additional seasons to ensure accuracy, but the evidence here allows 

relative fog use to be described as shown above corresponding to Fog Contributions of 

around 40 %, 15% and 5% in the three groups. Dune plants showed the greatest 

contribution from fog, and the water source appeared to be consistent among several 

contrasting antecedent moisture conditions during the study period of October 2007 to 

July 2009.  The Fog Contribution findings are corroborated by δ34S values of the stem 

material, which is enriched in the plants that exhibited Fog Contributions in their stem 

water, suggesting delivery of marine S with the uptake of fog water. 

 The leaf succulent Z. stapffii showed maximum Fog Contribution 30 to 60 km 

from the coast, with minimal contribution outside of this range either closer or further 

from the coast. In the middle, foggy, zone A. leubnitziae co-occurs with Z. stapffii, and it 

had fairly constant, slightly larger, Fog Contributions. Thus the ability of Z. stapffii to 
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extend its distribution further inland than A. leubnitziae could be related to being able to 

tap deeper soil water suggesting different root systems in these two shrubs. They tend to 

occur side by side in the fog zone, and thus having different rooting depths would be 

consistent with their ability to coexist in the same niche. However, single plant 

excavations of both species indicate that they have similar root systems (Kutschera et al., 

1997). 

 Trees growing the riverbed (A. erioloba, F. albida, T. usneoides), W. mirabilis 

and A. horridus all had isotopically similar stem water (p<0.05), indicative of a common 

water source. The water source for Kuiseb River trees is fairly clear given that their 

distribution in the Namib is essentially confined to the ephemeral riverbed or nearby 

washes. Here the alluvial aquifer contains fresh water within 10 m of the ground surface 

and is recharged by flood waters every year or two. The distribution of A. horridus is also 

associated with the Kuiseb River, with certain communities extending to the base of the 

large dunes to the south of the river. In contrast, W. mirabilis occurs far from this 

constant freshwater source, and yet it has isotopically similar stem water to the riverbed 

trees. The most likely explanation for this is a deep soil water source (>2 m) where local 

summer rain has infiltrated and accumulated in the vadose zone above the brackish 

groundwater. This explanation is consistent with the few soil waters analyzed (0.2-1m), 

which showed evaporative enrichment relative to W. mirabilis stem water. It is also 

consistent with previous observations of W. mirabilis tap roots reaching several meters 

belowground (Bornman, 1972; Kutschera et al., 1997). 
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8.2 Main findings – fog occurrence 

 The use of Leaf Wetness Sensors to determine the amount of fog and dew 

deposited in addition to the duration of wetness, is a new approach developed here in 

conjunction with Decagon Devices, Inc. that has the potential to be a very valuable tool 

in describing aridity gradients for biota and processes that depend on these occult water 

sources. Using these sensors, it was shown that annual dew deposition volumes are on the 

same order of magnitude as fog. Fog and dew volumes at Gobabeb exceeded rainfall in 

2007, a dry year, and they were still about a third of annual rainfall in the relatively wet 

period from July 2008 to June 2009. 

 There is a relationship between fog occurrence and daily average relative 

humidity, and extending the analysis of this relationship could allow for the use of daily 

RH as a proxy for fog. If such a proxy is shown to be statistically valid, readily available 

output from Global Climate Models can be used to determine the future patterns of fog 

under different emissions and climate forcing scenarios. A broad first look at climate 

model predictions for relative humidity in the Namib show no change in one model and a 

1.5 to 3% decline in relative humidity using a second model. The decline in the second 

model appears to be related to the overall declines in rainfall predicted for the winter 

rainfall region in South Africa. 

 The connection between fog and dust suggested by Namib fog chemistry in a 

previous study is consistent with the δ34S values of size-segregated aerosols found here. 

These δ34S values covered the range of values seen in local soils including gypsum crusts 

The fine fraction showed a consistently depleted δ34S signal during East Wind events, 
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which could be explained by either a local source (e.g. ephemeral riverbed sediments) or 

more distal continental sources potentially associated with biomass burning. Additional 

analyses of the K and Ca composition of the collected aerosols may allow for 

discrimination between gypsum and biomass burning sources. 

 

8.3 Main findings – biogeochemical cycling 

 The occurrence of more enriched δ13C values in W. mirabilis communities closer 

to the coast was shown to be statistically significant after compilation of all available 

data. Further, rainfall appears to explain more of the variability in the data than fog or the 

total precipitation. This finding adds to the growing weight of scientific evidence 

decoupling W. mirabilis physiology from fog deposition, and is consistent with the water 

isotope findings summarized above. The range in community-averaged δ13C values 

across the gradient (4 ‰) is matched by the range in values seen within a single W. 

mirabilis community. This intra-community variability suggests that microenvironmental 

stressors or highly variable access to subsurface water is contributing to fractionation of 

13C during or after photosynthesis. Primary fixation via the CAM pathway would need to 

be invoked to explain variable fractionation during photosynthesis. Post-photosynthesis 

fractionation would involve CAM-cycling and photorespiration, both of which occur at 

very high levels in W. mirabilis, whereas levels of primary CAM fixation are very low. 

 Significant relationships among stem material δ13C, δ15N and plant size were 

found in the W. mirabilis community at Hope Mine. There was a significant positive 

correlation between N content and δ13C, but not δ15N. The δ15N of stem material is the 
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result of source δ15N and fractionations during and after assimilation. However, the 

association between enriched δ15N, larger stem size and enriched δ13C suggests a 

connection between photorespiration, CAM-cycling and internal N recycling. The 

enrichment of δ15N with plant size would also be consistent with difference in rooting 

depth giving larger plants access to an isotopically distinct N pool in the subsurface. If 

the N-source mechanism controls δ15N, then a second mechanism, most likely related to 

CAM-cycling, would have to be invoked to explain the δ13C enrichment. 

 Nitrogen cycling in the Namib does not follow the same trend with precipitation 

seen across the Kalahari. There appears to be a reversal of the Kalahari δ15N-precipitation 

trend, with more depleted δ15N values in C3 plants closer to the coast. This depletion 

could indicate additional N sources, faster denitrification due to frequent soil wetting, or 

a generally less open system with respect to N in the Namib relative to central Namibia 

and the driest parts of the Kalahari. 

 

8.4 Conclusions 

 This study confirms that fog plays a significant role in water and nutrient cycles 

for certain parts of the Namib ecosystem. Fog, or Atlantic moisture more generally, is a 

water source for four shrubs and a perennial dune grass, but not W. mirabilis or A. 

horridus. Fog and dew occurrence and semi-quantitative deposition volumes can be 

continuously monitored using Leaf Wetness Sensors, although direct observation is 

required to distinguish between the two forms. There does appear to be an influence of 

fog on N cycling, with depleted δ15N values closer to the coast. However, the water and 
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carbon cycles of W. mirabilis appear to be somewhat decoupled from the occurrence of 

fog. 

 Hypothesis 1 – Fog is a significant water source – is supported given the Fog 

Contribution to five species endemic to the fog zone.  

 Hypothesis 2 – Fog uptake increases with fog deposition – needs further 

evaluation given the complexities of estimating fog deposition for all locations, and 

monitoring is ongoing with the instrumentation installed during the present study. 

However, the data do suggest increased fog utilization by Z. stapffii in the 30-60 km 

zone, which appears to confirm Hypothesis 2 with respect to this species.  

 Hypothesis 3 – Welwitschia mirabilis CAM usage is a function of water 

availability – is supported after including data from previous studies across the entire 

aridity gradient. However, the diurnal organic acid production appears to be due to CAM-

cycling in response to a lack of rainfall and high photorespiration levels, rather than 

primary fixation of carbon at night via the CAM pathway. 

 Hypothesis 4 – N-cycling does not follow the Kalahari trend – is supported as 

there appears to be a depletion of δ15N closer to the coast. 

 Hypothesis 5 – fog influences S-cycling – is supported, but could only be 

evaluated at Gobabeb where the groundwater δ34S endmember was significantly different 

from fog. 
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Appendix A: Aerosol sampling calculations 

 

Calibration of flow rates for the High Volume Air Sampler was performed using a 

“Slack-Tube Manometer” and a variable flow calibration orifice on the first and last day 

of sampling following established procedures (Tisch Environmental Inc., 2004b). Five 

readings of manometer fluid displacement were taken corresponding to five different 

flow rates from about 20 cfm to 60 cfm. These fluid displacements were converted to 

actual flow rates using Equation A-1. A nominal flow rate corresponding to each fluid 

displacement reading was taken from the continuous flow chart recorder, and adjusted to 

ambient atmospheric conditions through Equation A-2. Then, Ic was plotted against Qstd 

to obtain the calibration Equation A-3. The slope and intercept of Equation A-3 were 

adjusted linearly from the first to the last day of sampling to give flow rates for each 

sampling period (Table 1). Note that barometric pressures should be the actual measured 

pressures at the sampling elevation, not a “Sea-Level Pressure.” Pressures listed as “Sea-

Level” can be corrected by subtracting 0.1 inches of Hg for every 100 ft of elevation 

above sea level, and this was the case for pressure measurements the main Gobabeb 

weather station. Finally, the aerodynamic diameter of the 50% cutoff point for each 

collection stage of the Cascade Impactor is calculated according to Equation A-4, with 

parameter values are given in Table 2 (Marple and Liu, 1974; Tisch Environmental Inc., 

2004a). 
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 ܳ௦௧ௗ ൌ  ଵ ൈ ൬ටܨ ൈ ೌ ൈ ଶଽ଼்ೌ െ ܾ൰    (A-1) 

 With, 
 Qstd = actual flow rate (m3/min) 
 F = Slack-Tube Manometer fluid displacement (in) 

Pa = ambient barometric pressure during calibration (mm Hg) 
Ta = ambient air temperature during calibration (K) 
m = “Qstandard slope of orifice” (Tisch Environmental Inc., 2009) 
b = “Qstandard intercept of orifice” (Tisch Environmental Inc., 2009) 

 
ܫ  ൌ ܫ ൈ ට ೌ ൈ ଶଽ଼்ೌ        (A-2) 

With, 
Ic = continuous flow chart recorder values corrected to ambient T and P (cfm) 
I = continuous flow chart recorder values (cfm) 
 ܳ௩ ൌ  ଵೞೌ ൈ ൬ܫ௩ ൈ ටೌ ೡ ൈ ଶଽ଼்ೌ ೡ െ ܾ௦൰  (A-3) 

With, 
Iavg = average continuous flow chart value for the sampling period (cfm) 
Qavg = average actual flow for the sampling period (m3/min) 
msamp = slope of least squares regression for Ic vs Qstd 
bsamp = intercept of least squares regression for Ic vs Qstd 
Pavg = average barometric pressure during sampling period (mm Hg) 
Tavg = average air temperature during sampling period (K)  
ହܦ  ൌ ඥܵ௧ ൈ ݓ ൈ ට ଽൈఎൈൈൈொೞ    (A-4) 

 
With, 
Dp50 = aerodynamic diameter of ideal spherical aerosol at 50% collection 
efficiency 
St = Stoke’s Number (unitless) 
w = Width of each slot (cm) 
η = gas viscosity (g/cm/s) 
L = length of each slot (cm) 
Pp = particle mass density (g/cm3) 
C = Cunningham slip correction 
Qps = flow rate per slot (cm3/s) 



189 

 

 

 

 

 

Table A-1: Flow rate calculation parameters and Cascade Impactor aerodynamic diameter cutoffs 
for all high volume sampling periods. See Equations 3 and 4 for an explanation of variables. 

Date msamp bsamp Iavg Qavg Tavg Pavg 
Collection 

Mode 
1 2 3 4 5 

Stages, Dp50 

6/20/2009 Day 43.483 -23.160 50 58.8 293 726 TSP1    

 Night 43.627 -23.371 50 59.5 284 729 TSP    

6/21/2009 Day 43.770 -23.581 42 52.8 289 731 TSP    

 Night 43.914 -23.792 22 37.0 283 733 Cascade 7.5 3.1 1.5 1.0 0.5

6/22/2009 Day 44.058 -24.003 22 36.8 288 731 Cascade 7.5 3.1 1.5 1.0 0.5

 Night 44.202 -24.214 22 37.0 284 733 Cascade 7.5 3.1 1.5 1.0 0.5

6/23/2009 Day 44.345 -24.424 22 36.9 290 734 Cascade 7.5 3.1 1.5 1.0 0.5

 Night 44.489 -24.635 22 37.1 283 733 Cascade 7.5 3.1 1.5 1.0 0.5

6/24/2009 Day 44.633 -24.846 22 36.9 291 731 Cascade 7.5 3.1 1.5 1.0 0.5

 Night 44.777 -25.057 22 37.2 284 731 Cascade 7.5 3.1 1.5 1.0 0.5

6/25/2009 Day 44.920 -25.267 22 36.9 295 730 Cascade 7.5 3.1 1.5 1.0 0.5

 Night 45.064 -25.478 22 37.1 289 730 Cascade 7.5 3.1 1.5 1.0 0.5

6/26/2009 Day 45.208 -25.689 21 36.0 301 729 Cascade 7.6 3.2 1.5 1.0 0.5

 Night 45.351 -25.899 22 37.1 292 729 Cascade 7.5 3.1 1.5 1.0 0.5

6/27/2009 Day 45.495 -26.110 21 36.1 302 728 Cascade 7.6 3.2 1.5 1.0 0.5

 Night 45.639 -26.321 21 36.5 291 728 Cascade 7.6 3.1 1.5 1.0 0.5

6/28/2009 Day 45.783 -26.532 20 35.5 301 727 Cascade 7.7 3.2 1.6 1.0 0.5

 Night 45.926 -26.742 21 36.6 291 729 Cascade 7.6 3.1 1.5 1.0 0.5

6/29/2009 Day 46.070 -26.953 21 36.4 300 728 Cascade 7.6 3.1 1.5 1.0 0.5

 Night 46.214 -27.164 22 37.4 290 729 Cascade 7.5 3.1 1.5 1.0 0.5

6/30/2009 Sampler out of use for motor replacement 
7/1/2009 Day 46.358 -27.375 20 35.7 301 729 Cascade 7.7 3.2 1.6 1.0 0.5

 Night 46.501 -27.585 21 36.8 291 730 Cascade 7.6 3.1 1.5 1.0 0.5

7/2/2009 Day 46.645 -27.796 20 35.8 299 730 Cascade 7.7 3.2 1.6 1.0 0.5

Cascade Impactor Mean 36.6 7.6 3.1 1.5 1.0 0.5

1 – Total Suspended Particulates (Cascade Impactor stages removed) 
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Table A-2: Parameters for an example calculation of aerodynamic diameter 50% cutoff values using 
Equation 4. 
Variable  Units Stage1 Stage2 Stage3 Stage4 Stage5 

Dp50 particle size at 50% 
collection efficiency for 
spherical particles 

microns 7.6 3.1 1.5 1.0 0.5

St stoke's number unitless 0.36 0.34 0.27 0.48 0.48

w slot width cm 0.396 0.163 0.0914 0.0457 0.0254

η gas viscosity g/cm.s 1.80E-
04

1.80E-
04

1.80E-
04

1.80E-
04 

1.80E-
04

L slot length cm 12.28 12.40 12.40 12.40 12.40

Pp particle mass density g/cm3 1 1 1 1 1

C cunningham slip correction unitless 1.02 1.06 1.11 1.17 1.33

Qavg flow rate cfm1 36.5 36.5 36.5 36.5 36.5

 number of slots unitless 9 10 10 10 10

Qps flow rate per slot cm3/s 1914 1723 1723 1723 1723

1 – Cubic feet per minute 
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Appendix B: Welwitschia cores 

 

 Cores from the woody stems of 12 Welwitschia mirabilis individuals near Old 

Hope Mine in the Namib-Naukluft Park were taken in January and July 2009 with an 

increment borer. The individuals comprise 8 from the rocky and sandy (wash) areas 

immediately adjacent to Old Hope Mine and 4 from the larger wash downstream to the 

east. There are 4 female plants, 6 male, and 2 of unknown sex. Individuals sampled in 

January were thriving in July, and the health of all 12 will be monitored periodically. An 

additional set of samples was taken from a dead Welwitschia stem (W28) on display at 

Gobabeb Training and Research Centre. Details about each individual are displayed in 

Table B-2 along with photos indicating where subsamples were taken from each core 

(e.g., position “1” on Site “W35” refers to the subsample “W35-1”). These subsample 

ID’s correspond to analytical data listed in Table B-1. Cores are shown with the deepest 

portion to the left and the shallowest (closest to the edge of the plant where the core was 

initiated) to the right of the photo, except for W28 which is a vertical section. The scale 

beneath each core is in increments of 1 cm. “Stem Dimension” gives the length of 

perpendicular axes of the nominally oval-shaped stem as viewed from above. 

The research and export permits associated with the samples of this protected 

species (CITES Appendix II) were issued from the Namibian Ministry of Environment 

and Tourism (Research and Collecting Permit Numbers 1190/2007, 1312/2008; Export 

Permit Numbers 73440, 63540) and a Material Transfer Agreement was signed with the 

Namibian National Botanical Research Institute on 16 January 2009.  
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Table B-1: W. mirabilis core analytical data. 
Site Sample 14C Years BP Calibrated Years BP1 δ13C δ15N C (%) N (%) Water (%) 

W1 
A1   -19.2 4.6 39.4 0.7 44.2 
A2   -19.7 3.4 40.0 0.4 38.9 
B1   -19.5 4.1 38.8 0.6 40.8 

W2 
1   -18.4 6.6 37.9 1.1 40.8 
2   -18.5 5.3 39.1 0.8 39.5 

W4 
1   -20.9 2.3 41.2 0.5 42.3 
2   -21.3 4.7 39.4 0.6 42.8 

W24 1   -19.3 5.1 43.4 0.6 27.0 

W28 

1 135  +/- 25 
0 - 145 (78%) 

220 - 260 (18%) -20.0 6.7 40.8 1.8  

2 80  +/- 25 20 - 75 (53%) 
140 - 110 (30%) 

-19.6 6.9 39.2 1.5  

3 165  +/- 40 
0 - 155 (61%) 

205 - 280 (29%) 
-18.9 4.8 40.9 1.4  

4 135  +/- 25 
0 - 145 (78%) 

220 - 260 (18%) -18.9 6.0 41.0 1.2  

5 110  +/- 25 
0 - 75 (48%) 

80 - 145 (35%) 
225 - 255 (13%) 

-19.5 4.7 41.4 1.0  

W29 
M2   -19.9 6.0 43.1 0.8 38.2 
1       38.7 
2       37.7 

W30 
1   -19.0 8.3 39.4 0.7 44.2 
2   -19.1 9.5 40.0 1.2 37.2 

W31 
1   -18.9 9.1 38.8 0.4 25.4 
2   -18.5 7.8 39.2 0.7 42.7 
3   -18.9 8.7 38.9 0.6 40.4 

W32 
1   -18.6 9.8 43.9 0.7 51.1 
2   -18.8 10.9 40.3 0.7 31.2 

W34 
M   -20.2 5.5 39.7 0.4 46.3 
1       52.6 
2       39.9 

W35 
1   -20.4 6.7 37.5 0.5 53.8 
2   -20.8 6.8 34.4 0.4 53.8 

W36 1   -20.2 3.5 37.5 0.5 37.8 

W37 
1   -20.5 5.8 37.2 0.6 53.2 
2   -20.5 4.3 39.0 0.4 45.4 

P1  480 +/- 45 1402-1509 (86%) -23.1     
P2  920 +/- 100 983-1300 (95%)      

P3  260 +/- 70 
1498-1600 (18%) 
1608-1818 (63%) -19.9     

P4,P5  550 +/- 50 1383-1463 (86%)      
1 – The calibrated date ranges (Years BP = years before 1950) are listed along with the percentage of the 
original 14C age range that intersects the corresponding portion of the calibration curve (Figure B-1). 
Calculations were performed by the program OxCal (Ramsey, 2009) using the latest calibration curve for 
the southern hemisphere(McCormac et al., 2004). 
2 – “M” refers to a mixture of multiple subsamples 
P1 to P5 are from previous studies, with dates recalibrated here (Herre, 1961; Crane and Griffin, 1970; 
Vogel and Visser, 1981; Jurgens et al., 1997)  
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Table B-2: Location, dimensions, habitat and sampling details on cored W. mirabilis individuals.  
Note: Coordinates are given in decimal degrees, WGS84 datum. 

Site ID W1 
Plant ID 023MHM 

Sex Male 
Stem 

dimensions 
64 x 20 cm 

Core length 12.5, 5.8 cm 
Sample time 13:00, 16:30 
Sample date 14 Jan, 30 June 

2009 
Latitude -23.569830 

Longitude 15.259960 
Elevation 595 m 
Habitat Shallow sandy 

soil on plateau 

 

Site ID W2 
Plant ID 063MHM 

Sex Male 
Stem 

dimensions 
60 x 21 cm 

Core length 9 cm 
Sample time 14:00 
Sample date 14 Jan 2009 

Latitude -23.571420 
Longitude 15.258720 
Elevation 591 m 
Habitat Middle of 

west wash, 
sandy soils 

A1 A2 

B1
14 JAN 2009

30 JUN 2009

1 2
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Site ID W4 
Plant ID 083FHM 

Sex Female 
Stem 

dimensions 
35 x 6 cm 

Core length 13.5 cm 
Sample time 14:35 
Sample date 14 Jan 2009 

Latitude -23.572130 
Longitude 15.258480 
Elevation 586 m 
Habitat Middle of 

west wash, 
sandy soils 

Site ID W24 
Plant ID 00FFHM 

Sex Female 
Stem 

dimensions 
39 x 19 cm 

Core length 5.5 cm 
Sample time 11:00 
Sample date 14 Jan 2009 

Latitude -23.572960 
Longitude 15.255680 
Elevation 592 m 
Habitat Rocky slope 

with very thin 
to no soil 

 
Site ID W28 
Plant ID Dead Stem 

Sex Unknown 
Stem dimensions 40 x 20 cm 

Core length 14 cm 
Sample time 12:00 
Sample date 20 Dec 2007 

Latitude Unknown 
Longitude Unknown 
Elevation Unknown 
Habitat Unknown 

1 2

1

2

1

3

4

5
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Site ID W29 
Plant ID 008FHM 

Sex Female 
Stem dimensions 90 x 40 cm 

Core length 9 cm 
Sample time 12:30 
Sample date 14 Jan 2009 

Latitude -23.571180
Longitude 15.258740
Elevation 592 m 
Habitat Middle of 

west wash, 
sandy soils 

Site ID W30 
Plant ID 009MHM 

Sex Male 
Stem dimensions 143 x 85 cm 

Core length 9 cm 
Sample time 12:30 
Sample date 14 Jan 2009 

Latitude -23.571180
Longitude 15.258660
Elevation 592 m 
Habitat Middle of 

west wash, 
sandy soils 

  

1 2

1 2 
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Site ID W31 
Plant ID 001MEW 

Sex Male 
Stem 

dimensions 
89 x 48 cm 

Core length 12 cm 
Sample time 15:00 
Sample date 14 Jan 2009 

Latitude -23.579411 
Longitude 15.258932 
Elevation 567 m 
Habitat Middle of 

east wash, 
sandy soils 

Site ID W32 
Plant ID 002MEW 

Sex Male 
Stem 

dimensions 
135 x 30 cm 

Core length 20 cm 
Sample time 15:30 
Sample date 14 Jan 2009 

Latitude -23.573219 
Longitude 15.265679 
Elevation 578 m 
Habitat Middle of 

east wash, 
sandy soils 

 

  

1 2

1 2 

3
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Site ID W34 
Plant ID UW1 

Sex Unknown 
Stem 

dimensions 
40 x 16 cm 

Core length 10.5 cm 
Sample time 15:30 
Sample date 2 July 2009 

Latitude -23.567582 
Longitude 15.266599 
Elevation 591 m 
Habitat Middle of 

upper east 
wash, sandy 

soils 

Site ID W35 
Plant ID UW20 

Sex Unknown 
Stem 

dimensions 
55 x 24 cm 

Core length 9 cm 
Sample time 16:00 
Sample date 2 July 2009 

Latitude -23.57008 
Longitude 15.26723 
Elevation 581 m 
Habitat Middle of 

east wash, 
sandy soils 

  

1

1 2
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Site ID W36 
Plant ID 072FHM 

Sex Female 
Stem 

dimensions 
48 x 18 cm 

Core length 4.5 cm 
Sample time 16:30 
Sample date 2 July 2009 

Latitude -23.571490 
Longitude 15.258670 
Elevation 591 m 
Habitat Middle of 

west wash, 
sandy soils 

 

Site ID W37 
Plant ID 013MHM 

Sex Male 
Stem 

dimensions 
26 x 16 cm 

Core length 7.5 cm 
Sample time 17:00 
Sample date 2 July 2009 

Latitude -23.571720 
Longitude 15.258550 
Elevation 591 m 
Habitat Middle of 

west wash, 
sandy soils 

 

 

 

1

1 
2



199 

 

 
 
 
 

 
Figure B-1: Output from the OxCal program for sample W28-4 showing the original 14C age range 
on the vertical axis and the calibrated ranges on the horizontal axis. 
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Appendix C: Data availability 

Table C-1: Data availability for weather stations and sampling locations during the study period. 

Station 

2007 2008 2009 2010

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F

Weather Stations 

GBB Auto f f f f f f f f f f f f f f p f f p p f f f f f p f f f f f f f f f

GBB Manual f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f f

GBB Fog1 f f f f f f f f f f f f f f f f f f f f f f f f f f f p
High Dune 
West Low                p p p f f f f f f f f f f f f f p   
High Dune 
West High                

p f f f f f f p
           

High Dune 
East High                

p f f f f f f p
    

p f f f p
  

Kuiseb p f f f f f f p

Kommabes 
Rooibank 

Welwitschia 
Wash                           

p f f p
  

Hope p

Sampling - water 

GBB fog x x x x x x x x x x x x x x x 

GBB rain x x 
GBB 

groundwater           
x x

     
x

        
x 

      
Hope 

groundwater    x      x                x       
Nara Valley 
groundwater                           x      

Sampling – aerosols 

GBB aerosols x x 

Sampling – plants and soils 

GBB x x x x x x x x 

Hope x x x x x x 

Swartbank  x x x x

Rooibank  x x x x 

Swakop x x x x 

f – full coverage; x – partial coverage; blank – no data; x – samples collected; grey – author present for 
observations at Gobabeb 
1 – Fog data were provided by Gobabeb for all months in 2007, 2008 and 2009, but several months were 
rejected here. No fog was reported by Gobabeb during the rejected months, but fog was either observed by 
the author or collected by Gobabeb technicians. For this reason, a tipping bucket and data logger were 
installed in January 2010 to monitor the fog volumes on a continuous basis. 


	Title Page
	Abstract
	Table of Contents
	Acknowledgements
	Chapter 1: Introduction
	1.1 Water in the Namib Desert
	1.2 Water demands in the Namib
	1.3 Quantifying fog input
	1.4 Microenvironmental controls on photosynthesis
	1.5 Fog and nutrient cycling
	1.5 Hypotheses
	1.6 Objectives
	References

	Chapter 2 : Methods
	2.1 Ground-based measurements
	2.2 Climate model predictions
	2.3 Sampling – water
	2.4 Sampling – plants and soils
	2.5 Sampling – aerosols
	2.6 Analysis – plants and soils
	2.7 Analysis – water samples
	2.8 Analysis – aerosols
	References

	Chapter 3 : Precipitation, soil moisture and climate changein the Namib Desert
	3.1 Introduction
	3.2 Methods
	3.3 Results
	3.4 Discussion
	3.5 Conclusions
	References

	Chapter 4 : Fog as a supplemental water source for plantsin the Central Namib Desert
	4.1 Introduction
	4.2 Methods
	4.3 Results
	4.4 Discussion
	4.5 Conclusions
	References

	Chapter 5 : Determining water sources of a Welwitschia mirabilis population within the context of increasedmining operations in the Namib-Naukluft Park
	5.1 Introduction
	5.2 Methods
	5.3 Results
	5.4 Discussion
	5.5 Conclusions
	References

	Chapter 6 : Environmental controls on C, N and S cycling inplants of the Namib Desert
	6.1 Introduction
	6.2 Methods
	6.3 Results
	6.4 Discussion
	6.5 Conclusions
	References

	Chapter 7 : Fog-aerosol interactions in the coastal NamibDesert
	7.1 Introduction
	7.2 Methods
	7.3 Results
	7.4 Discussion
	7.5 Conclusion
	References

	Chapter 8 : Synthesis
	8.1 Main findings – water sources
	8.2 Main findings – fog occurrence
	8.3 Main findings – biogeochemical cycling
	8.4 Conclusions
	References

	Appendix A: Aerosol sampling calculations
	Appendix B: Welwitschia cores
	Appendix C: Data availability

		2010-04-30T01:03:13-0400
	PhD Committee




