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The fog harvesting grass Stipagrostis sabulicola is one of the few plants able to cope with the hostile conditions in
dune fields of the hyper-arid Namib Desert. S. sabulicola tussocks modify the substrate and atmospheric condi-
tions leading to the formation of fog plant oases (FPO). Average air temperature within FPO canopies was
reduced by up to 7.5 °C and air humidity raised by 11 % compared to the bare sand, inducing a lowering of vapor
pressure deficit (VPD) by up to 1.5 kPa. Stomatal conductance showed a negatitive correlation with VPD, rising
to an average of 435 mmol.m-2 s-1 in the forenoon of foggy days. Due to leaf water runoff during fog events,
substrate moisture at the plant basis increased locally to values of up to 16% ensuring adequate plant water
supply during fogless days. FPO substrates had finer grain sizes and doubled concentration of organic particles,
thus improving water storage capacity. Fog interception rate of the sand increased by up to 109 % with steep-
ening of S. sabulicola mounds. Improved water availability, balanced temperature conditions and the presence of
digestible plant material promote niche-building for substrate life, which in turn is a prerequisite for the func-
tioning of fog-driven oases ecosystems.

1. Introduction sea, which seldom receives rain but is regularly affected by fog (Mitchell

et al., 2020). S. sabulicola is the principal primary producer of biomass

As ongoing climate change leads to increasing desertification in
many regions of the world (Baas and Delobel, 2022), there is a strong
imperative to study ecosystems, that are adapted to such conditions. A
common strategy of desert plants to improve their water budget is to
exploit fog and dew water directly from the atmosphere (Gurera and
Bhushan, 2020). One plant able to overcome hyper-arid desert condi-
tions by exploitation of fog is the Namib Desert dune grass Stipagrostis
sabulicola (Ebner et al., 2011). It is endemic to the Namib Desert sand

on the sand dunes of the southern Namib Desert (Yeaton, 1988). The
grass provides water, food and shelter for a variety of animals from ants
(Curtis, 1985), sand termites (Henschel and Jiirgens, 2024) and beetles
(Lawrence, 1959) to spiders and reptiles further up in the food chain.
Trophic relations of above- and belowground fauna within S. sabulicola
tussocks were recently studied using stable isotope technique (Gan et al.,
2024). Detritus in the vicinity of S. sabulicola is colonized and decom-
posed by fungi, which are activated by fog water (Jacobson et al., 2015).
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S. sabulicola itself harbors a complex endophytic fungal community
(Wenndt et al., 2021) and maintains symbiotic relationships with
Glomus fungi (Jacobson, 1997).

In the full-grown state, S. sabulicola form lofty tussocks of more than
2 m height. The mound-building species has a multiple-branched and
vigorous rhizome in the adult stage (Yeaton, 1988). The open and erect
arrangement of aboveground plant organs enables the perfusion of
fog-laden air masses through the tussock and the transfer of intercepted
water to the ground. Discharge of fog water is promoted by the grooved
structure of their leaf surfaces (Roth-Nebelsick et al., 2012). As a
consequence, water accumulates in the sandy substrate below the
emergences of the stalks (Ebner et al., 2011), where it becomes acces-
sible to the root system. Experiments with titriated water indicated that
water uptake may additionally occur via an extensive superficial root
system, which has the capability of capturing fog water directly from the
substrate (Louw and Seely, 1980).

Plants are able to limit water losses by minimizing stomatal
conductance (gs), which regulates the exchange of CO5 and water vapor
with the atmosphere. G responds to various environmental factors such
as light (Turner, 1970), substrate water availability (Konrad and
Roth-Nebelsick, 2011) and water vapor pressure deficit (VPD) of the
atmosphere (Miranda et al., 2013). VPD is a significant environmental
factor, as it combines both relative humidity and temperature, into one
parameter of plant stress (Jones, 2013). Studies in different ecosystems
brought about that g5 responds negatively to VPD (Fan et al., 2020).
Stomatal conductance is usually highest in the morning and forenoon
hours, when daylight is already high enough to activate photosynthesis,
but VPD is still low (Spunda et al., 2005). Studies in the Atacama fog
desert (Sotomayor and Drezner, 2019) showed that there is significant
feedback between g5 of plants and microclimate.

Several spatially isolated and burial-tolerant dryland plants all over
the world, like S. sabulicola, trap windborne sediments with their leaves
and branches accumulating phytogenic mounds, so-called nebkhas,
underneath them (Ahmed et al., 2016).

A study by El-Bana et al. (2002) showed that water and nutrient
conditions in substrates of nebkhas are improved compared to adjacent
substrates. Water storage capacity of the ground is a function of grain
size distribution and organic matter (Rawls et al., 2003). Particulate
organic soil matter is also an important food source for soil bacteria,
fungi and soil fauna (Soong and Nielsen, 2016). Due to the low pro-
ductivity of the Namib Desert (Seely and Louw, 1980) many psammo-
philes depend on wind-blown detritus (Crawford, 1991). Detritivores
recycle nutrients.

In this study we evaluate to what extent S. sabulicola can create
niches for heterotrophic organisms. We tested the hypothesis that
S. sabulicola modifies the micro-climatic and substrate conditions above-
and belowground in a way that promotes further growth of the grass
itself, but also supports organisms associated with it. We assumed that
S. sabulicola mounds fulfil preconditions for the establishment of oasis-
like micro-environments, which we term Fog Plant Oasis (FPO). Spe-
cifically, we investigated if humidity in the airspace within the
S. sabulicola canopies and in the substrates below is increased and if
temperature extremes are reduced. We further analyzed if ecologically
relevant substrate properties like grain size distribution and concen-
tration of particulate organic matter (POM) of FPOs are different
compared to the bare sand (BS). Last but not least we monitored how
stomatal conductance of S. sabulicola responds to changing water con-
ditions during the course of days with and without fog. This study is
aimed at uncovering interrelationships of biotic and abiotic factors in
FPOs.

2. Methods
2.1. Site description

This study was performed in the hyper-arid Namib Desert with
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highly unpredictable rainfall in time and space (Eckardt et al., 2013).
Mean annual rainfall between 1962 and 2011 was 20 mm (Henschel and
Seely, 2008). The study site is located close to the Gobabeb Namib
Research Centre (23°34S, 15°03E, elevation 408 m) on a dune, termed
Station Dune. The base of Station Dune is bordered by interdune plains
to the west and by the Kuiseb River to the north. Tussocks of
S. sabulicola, S. lutescens, and Acanthosicyos horridus were mapped from
the top to the western base of Station Dune by a Garmin GPS (60CSx)
and plotted using Google Earth Pro (Supplementary information). Di-
mensions of plant tussocks and corresponding nebkhas, were deter-
mined together with the apparent condition of the plants. Volume of
nebkhas Vy (m®) was rated by equation (1):

VH:%.(NL o N, ¢ Ny)

N; = Nebkha width, N,, = Nebkha breath, Ny = Nebkha height.
2.2. Atmosphere conditions

Air temperature and humidity were recorded by Tinytag data loggers
(Gemini Data Logger Ltd, UK) at a height of 10 cm above ground at 5 min
intervals, inside and outside of two FPOs of medium size at the top and at
the base of the dune. Bare sand sites were around 10 m outside those
FPOs directed to the south. The measuring period was from 3rd to
September 15, 2022, including 6 nights with fog.

Fog at Gobabeb occurs at night from 21:00 until shortly after sunrise
(Spirig et al., 2021).

All dataloggers were checked at the end of the field campaign from
16th to 17th of September at a BS site, with the result of a deviance of
less than 2 °C for air temperature and less than 5% for air humidity. For
testing the impact of fog on temperature and humidity measurements,
the dataloggers were incubated in artificial fog for 1 h at 13°. The
average air temperature measured in the field at fog conditions on
September 11, 2022 was 9.2 °C. The loggers were placed into a dry
cabinet at 40 °C for 24 h after fogging. A control data logger was not
placed in the fog stream, but directly into the dry cabinet to analyze if
the humidity from the fog influences the logger’s sensors. The influence
of humidity inside the fog chamber on the data loggers is negligible, as
shown by the tests which were replicated 3 times. The atmospheric VPD
was calculated from temperature and humidity according to Jones
(2013).

For assembling daily courses of temperature, air humidity and VPD
within FPOs and the BS, the values recorded during the study period at
both sites were averaged for days with and without fog at 5-min in-
tervals. The 12th was excluded from the analysis due to a sandstorm
event, that affected the sensors. Spot measurements of wind velocity
were taken at locations inside and outside of FPO simultaneously at 10
cm above ground, using portable anemometers (Wind bee — TFA Dos-
tmann GmbH & Co, Germany). Runoff at S. sabulicola leaves was
quantified at the fog events of 4.9., 11.9. and 12.9. According to the
collector method of Ebner et al. (2011) using plastic-coated super-ab-
sorbent sponge cloth for three different leaves of a S. sabulicola tussock
on the upper dune and at the base of Station Dune.

2.3. Substrate conditions

Substrate temperature was measured by portable hand thermome-
ters (TFA Dostmann GmbH & Co, Germany) at depths of 1.5 and 9 cm in
the sandy ground a) directly at the base of S. sabulicola stalks, b) in the
interspace between the stalks and c) in the bare sand around 2 m outside
the FPO. Measurements of substrate parameters in BS were performed
closer to the nebkha since studies on airflow around nebkhas suggest a
more fare-reaching effect of the plant on the atmosphere as on the
substrate (Zhao et al., 2021).

About 1000 measurements were undertaken at different daytimes on
dry and foggy days, in a random manner during the field campaign.
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Temperature values from different days and locations on the dune were
pooled for the time intervals 7-9 am, 9-11 a.m., 11 a.m.-1pm, 1-3 pm,
3-5pm and 5-7 pm in the 3 depth positions. During the nighttime no
measurements of soil conditions were performed due to poor light
conditions.

Substrate moisture at the sandy substrate surface was measured by a
Theta Probe Soil Moisture Sensor with an HH2 read-out device (Delta-T
Devices, Burwell, Cambridge, U.K.). For calibration, moisture of dune
sand was subsequently determined gravimetrically and compared with
measurements by the Theta probe. The difference in soil water content
(SWC) between both methods was less than 0.1 %. The measurements
took place directly at the stalks, in the space between the stalks and in
the bare sand in a random manner during the measuring campaign.

2.4. Substrate composition

Substrate samples, of the soil surface down to a depth of 3 cm, were
collected by soil cylinders (diameter: 6 cm, depth: 3 cm) at three
different FPOs, two at the base and one on the upper dune (Fig. 1-Left). A
total of 11 samples were collected from each FPO, seven of which were
collected from within the nebkha and four within a 2 m radius outside
the nebkha. Sample collection points were placed along the longest axis
of the nebkha, two along the shortest axis and one right on top of the
nebkha (Fig. 1- Right).

Grain size distribution of sand samples were measured with the
Malvern Mastersizer Hydro 2000s by laser diffraction at the laboratory
of applied geoscience at the University of Tiibingen (Germany). The
range of particles sizes are denoted for diameters above 10 % (D10) to
below 90% (D90). Extraction of particles of organic matter (POM) from
sand was based on density fractionation of heavy mineral fraction
against lighter organic fraction in a sedimentation column. 50 g of sandy
substrate was suspended in 500 ml of tap water within a 1000 ml glass
cylinder. For quantification a Lycopodium marker tablet (BATCH
050220211, Lund University, Department of Geology, Sweden) was
added as an internal standard, containing approximately 18407 spores.
The suspension in the column was treated by ultrasonication for 1 min to
detach agglomerated organic particles from sand grains. Thereafter the
cylinder was sealed with a foil and repeatedly (10 times) turned upside
down. The suspension was left for 30 s for sedimentation of heavy
particles before carefully pouring the supernatant into a filtration de-
vice, equipped with a 6 pm sieve. The filtrate was enrolled into Kaisers-
glycerin gelatin for preparation of microscope slides. The procedure was
repeated 3 times. POM was classified and counted using a light micro-
scope at 400x magnification by an Olympus model BX51TF (Olympus
Optical CO. LTD. Tokyo, Japan). Counting of POM against Lycopodium
marker spores was carried out to a number of more than 100 POM.
Quantification of POM/g dry sand by equation (2):
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Lsc
[ ]
POMc

POM =18407 DW

Lsc = counted Lycopodium marker spores, POMc = counted organic
particles, DW = dry weight of sample (50g).

2.5. Substrate properties

To measure the water retention capacity (WRC) we placed 1 cm of
dry sand in a RETSCH analysis sieve with 250 pm pores size and
determined its dry weight. For complete saturation, the sieve with the
sample material was submerged in a water bath for 5 min. Thereafter the
sieve with the sample was left for down drip of gravitational water for 2
min and weighed again. All steps were executed with care, to avoid loss
of grains >250 pm.

Thereafter WRC was calculated by equation (3):

WRC {ﬁl}
4

WRC = water retention capacity, mg = dry weight, m,, = wet weight.

Infiltration capacity was rated in the field by measuring the descent
of a water column of 30 cm which was poured into a transparent Plex-
iglas cylinder. The cylinder of 50 cm height and 8 cm diameter was
inserted 5 cm into the sand to avoid lateral seepage. Water was abruptly
filled into the cylinder up to a height of 20 cm and the drawdown against
time documented. Infiltration experiments were performed inside and
outside of five FPOs at dry conditions in the afternoon of 16.9.

For simulation experiments fog was generated by the ultrasonic
nebulator Hebor BH 850E Aquastar (Loney, Switzerland). The experi-
ments were conducted in an undisturbed, unheated cellar room of the
paleontological museum of Tiibingen at stable temperature conditions of
around 14 °C. Average air temperature at fog conditions of September
12, 2022 at Station Dune was 9.2 °C. The statement that fog droplet sizes
of nebulators are in the range of natural fog is based on Spirig (Spirig
et al., 2021), who analyzed natural fog in the Namib and Koij (Kooi
et al., 2019), who measured size distributions of droplets by ultrasonic
nebulators.

The artificial fog was funneled and conducted into a confined
chamber (20 o 40e 50 cm) by a PVC tube (20 cm long, diameter of 4.7
cm). A petri-dish was filled with sandy substrates. The Petri-dish was
installed on a pistil within the chamber that was mounted on a precision
balance (KERN EW 620, Kern and Sohn, Balingen, Germany) underneath
the chamber. Exchangeable pistils allowed inclining the sand-filled
petri-dishes at angles of 0°, 15° and 30° relative to the horizontally
oriented fog stream. Weight increase by fog water uptake was monitored
in 1-min intervals. Fogging was performed with 5 FPO and 5 BS samples,
respectively, at all the three inclinations. An empty petri-dish was

my, —my
my

Fig. 1. Left: Stipagrostis sabulicola nebkhas at Station Dune. Right: Scheme displays the locations of substrate samples using the example of a nebkha (length: 4 m,
width 2.5 m) at the base of station dune. Dashed circles display arrangement of samples taken. Distance of the outside samples to the mound was 2 m. Distances of

sampling points within the nebkha were 0.75 m and 1.5 m from the origin.
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fogged for calibration before each test series. The velocity of the fog
stream at the petri-dish was at 1 m/s, fog water discharge was at 300 ml/
h. Fogging time was 1 h, The experiments were replicated 5 times. After
the fogging experiments the sand-filled, humid petri-dishes were incu-
bated within a drying-chamber for 3 h at around 50 °C and 17% air
humidity. Such temperature extremes were also measured at Station
Dune (Ebner et al., 2011). Weight loss was asserted in 30 min intervals to
determine evaporation rate of intercepted fog water.

2.6. Stomatal conductance

Stomatal conductance (gs) at S. sabulicola leaves was measured with
a Porometer AP4 (Delta-T Devices Ltd, Cambridge, UK) at the inner
(adaxial) and outer (abaxial) side of vital leaves of S. sabulicola at a
central position. The values of adaxial and abaxial sides were averaged
respectively. Measurements were taken at different stages of the day
randomly at different S. sabulicola tussocks. At fog and dew conditions
leaves were dried with an absorptive tissue prior to the measurements.
Gas exchange measurements were replicated on at least 3 different
leaves for each plant analyzed. Since measurements were taken under
very different daytime conditions (high humidity and low temperatures
early in the morning, low humidity and high temperatures during the
afternoon). We recalibrated the porometer 4 times during a day. A total
of about 1000 single measurements were taken during the field
campaign.

2.7. Statistical analysis

Statistical analysis was performed using SPSS 27 (IBM, USA), Past
4.17 and R Statistical Software (R Core Team, 2021). We tested if the
samples were normally distributed with Shapiro-Wilk test. For the
comparison of samples that did not show normal distribution, such as
infiltration capacity, retention capacity, soil water content (SWC), fog-
water leaf runoff and grain size distribution we used the Kruskal-
Wallis and/or Wilcoxon-test. For normally distributed samples such as
concentration of particulate organic matter (POM), stomatal conduc-
tance (gs), vapor pressure deficit (VPD) and soil temperatures we used t-
tests, Mann Whitney U tests and ANOVA tests.

3. Results
3.1. Vegetation pattern at the station dune study site

A total of 122 individual S. sabulicola plants were recorded in a study
area of around 4 ha from where the dune base meets the interdune plain
in the West to the upper dune including the dune crest and a flat area on
the mid-dune (Fig. S1). 49 of the 122 plants formed mounds with a
volume between 0.1 and 10 m3, 13 mounds were even bigger than 10 m®
(Table 1).

The dune base up to a distance of 20 m from the contact line with the
interdune plain was densely populated by S. sabulicola (60eha™') in
contrast to the dune slopes (16.5eha™l). A relatively high density of
S. sabulicola tussocks was as well noted on the upper dune (28.6eha'l).
The flat upper dune was delimited from the inclined dune slope by a
brim. At the base of the dune 34 Stipagrostis lutescens grass tussocks

Table 1

Nebkha size distribution within the study area of Station Dune.
Nebkha density Dune base Dune slope Upper dune Total area
ha! (1ha) (2.4 ha) (0.8 ha) (4.2 ha)
0-0.1m? 27 9.1 14.3 14.3
0.1-5m? 20 5.6 4.8 8.8
5-10 m® 5 0.9 5.9 2.9
>10 m? 8 0.87 3.57 3.1
Average nebkha 3.4 2.7 4.1 3.34

size (m®)
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forming small mounds and a total of 6 big mounds of Acanthosicyos
horridus were recorded in the vicinity of S. sabulicola. The flat area on the
upper dune was exclusively settled by S. sabulicola.

3.2. Atmosphere conditions

Fluctuations in average temperature and air humidity within the
canopy space of FPOs were reduced compared to the extremely varying
conditions at BS (Fig. 2).

Buffering of the daily temperature amplitude for FPOs compared to
BS depended on fog occurrence. On dry days average air temperature
within the FPO lagged up to 6.4 °C behind the BS, reaching maximum
values of around 40 °C at 13:30. Temperature reduction within FPOs
lasted almost the entire day from 07:00 to 17:00. In the nighttime hours
the temperature in the FPOs were up to 2.5 °C higher compared to the
BS. The average minimum temperature on dry days above bare sand was
12.7 °C at midnight. There is a highly significant difference between
FPO and BS temperatures on dry days (Wilcoxon-test, P < 0.05).

On foggy days, we recorded lower temperatures that lasted from
07:00 to 16:00, with up to 7.4 °C lower values in FPOs compared to the
BS one morning at 09:20. Maximum temperatures did not exceed 35 °C
on days with fog (Fig. 2). During the late afternoon and nighttime, the
temperature above the bare sand was up to 2 °C lower than in the FPOs,
reaching a minimum of 8.3 °C at 2:30.

Within 14 days of the field campaign fog reached the dune 6 times
(Fig. 3). The average runoff of leaves recorded at the fog events was 3.7
L m? leaf area. Leaf runoff at the upper dune with an average of 4.5 L
m 2 was significantly higher (Wilcoxon test P > 0.05) than at the base of
the dune with 2.5 L m~2.

During fog events, (lasting mostly from 1:30 to 07:30), the air hu-
midity reached 100% at BS, while inside the FPO canopy, the average air
humidity remained below 80% (Fig. 2). After the end of the fog events
from 8:20 until 15:00 in the afternoon, air humidity was significantly
higher within the FPOs than at BS (Wilcoxon-test, P < 0.01). Therefore,
a temporal “water window” established itself within FPO canopies. On
days following a fog event, the average humidity within FPOs was at
times more than 10% higher than at BS. During days without fog event,
mean air humidity within FPOs was also significantly above BS at day-
time from 07:30 to 14:00 (Wilcoxon test P < 0.01).

VPD dropped to extreme values of —6.9 kPa from 13:00-13:45 of dry
days in the BS, whereas it did not exceed —5.6 kPa within FPOs. Between
13:00-13:45 on dry days the VPD at BS was significantly lower than in
the FPOs (Wilcoxon-test P < 0.01). In the same time frame at fog days
VPD did fall below —4.8 kPa at BS and was only slightly, but signifi-
cantly lower in FPOs (Wilcoxon-test, P < 0.01) (Fig. 2). Snapshot mea-
surements of wind speed showed a reduction of up to 40% within the
FPOs. Two individual measurements at 10:00 on September 6, 2022
showed, that wind speed was reduced from 3 to 2 m s* and from 2 to
1.4 m s~ ! at a FPO at the upper dune. At 17:00 at 7.9. it was reduced
from 8.8 to 5 m s~ *.

3.3. Substrate conditions

Moisture conditions within the substrate varied strongly in time and
space during the field campaign (Fig. 3). After fog nights the soil water
content (SWC) at the base of the grass stalks increased substantially. The
water replenishment of the pore space was highly heterogenous result-
ing in a SWC between 1.3 % and 16 % after fog events. SWC in the BS
remained at low levels of around 1 % (0.4-1.5%).

Once increased by a fog event, water content at the stalk bases
remained above the permanent wilting point (PWP) for up to 2 days. We
rated the PWP of the sandy substrate at 1.7 % water content according to
Amelung et al. (2018). On the upper dune, soil moisture at the stalk
bases was higher due to more intense fog runoff. One exception was the
relatively minor fog event on 9.9., which led to a relatively low
replenishment of soil moisture. We found a significant difference
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Fig. 2. Average diurnal courses of air temperature, humidity and vapor pressure deficit (VPD) within FPO canopies (dashed black line) compared to bare sand
(continuous black line). The dots-dashed line shows the difference of the climate parameter in question between bare sand and FPO. The blue dashed polygon along
the x-axis shows the duration where microclimatic conditions on bare sand are more stressful that at FPOs. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

between the SWC at BS compared to at the stalk bases (Wilcoxon test P
< 0.05), for foggy and non-foggy days, both at the base and at the upper
dune. SWC values of the BS were not significantly different from the
positions measured in the interspace (IN) between the individual stalks
of a tussock.

Temperature fluctuations in deeper substrate layers in general were
less extreme than at the surface. As demonstrated in Fig. 4 the average
substrate temperatures (AST) at 9 cm depths varied between 20 °C and
34 °C, whereas AST at the surfaces went to extremes between 12 °C and
45 °C. At the stalk bases within the FPOs variations of substrate tem-
peratures were more moderate. The temperature profile changed during
the course of a day from low AST at the surface in the early morning
(12 °C) and relative high AST in deeper layers (19 °C at 10 cm) to very
high surface AST in the afternoon with 45 °C at BS and 38 °C in FPOs.
Temperatures declined to 32 °C at BS and 28 °C in FPOs at 10 cm depth.

An ANOVA with Tukey post-hoc test showed, that differences in
substrate temperatures within the depth profile were significant at all
considered time intervals of the day, with the exception of 17:00-18:00.
The reduction of the substrate temperatures within FPOs, compared to
the BS, was significant for most daytimes and depths. The differences in

AST between FPOs and BS were particularly distinct around midday and
afternoon hours, reaching a reduction of up to 7 °C at the surface. From
07:00 to 09:00, soil temperatures between BS and FPOs differed
significantly at 9 cm depth (t-test P < 0.01), from 09:00 to 11:00 at 1 cm
(t-test P < 0.01), and from 11:00 to 17:00 at all depths (t-test P < 0.001).

3.4. Substrate composition

The grain sizes of the dune sand samples ranged from 0.126 mm to
0.433 mm (Fig. 5) in the D10-D90 interval. Mean average grain size
within FPOs at the Eastern and Western bases of Station Dune was 0.239
mm and therefore significantly finer than in the BS with 0.28 mm
(Wilcoxon test P < 0.05). On the upper dune however, no significant
difference in grain size between the FPO and the BS was observed.
Concentration of organic particles varied strongly between the samples.
The average concentration of POM in FPO substrates (1300 POMogfl)
was more than doubled compared to the BS (600 POMog_l) (Fig. 6). The
difference is statistically significant (t-test P < 0.01).



M. Ebner et al. Journal of Arid Environments 227 (2025) 105312

SBS
IN
14| BsT
"
12| >
-
10| *
6l
| *
| * *
41
2|

29 s 449 59 69 18 B9 88 109. 119 129 139 149
fog dy fog dry dy dy dy fog dy fog fog dry fog

Fig. 3. Soil moisture measured at the stalk bases (ST), interspace positions between the stalks (IN) and at bare sand (BS) at station dune during the field campaign
from 2.9. — September 14, 2022. Boxplots present median, standard deviation, extremes (stars) and outliers (circles). The dashed line demarcates the water content
we adopted for the permanent wilting point in sandy substrates. The total number of measurements was n = 690.
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Fig. 4. Spatiotemporal pattern of substrate temperatures at S. sabulicola stalks (dark) versus the bare sand (grey) during the course of the day in different soil depths
demonstrated by boxplots. The substrate temperatures are plotted against the average air temperatures of FPOs and BS of the bare sand. The total number of
measurements was n = 282.

Dune Center Eastern Base
24 Western Base 24 ”
22 22 22
0 i 7
X
- 16 16 SN 16
= 14 14 14
g1 12 12
5 10 10 10
5 8 8 8
> 6 6 6
i ! !
0 0 0 * <
50  Pparticle Diameter pm 500 50 500 50 500

Fig. 5. Grain size distribution within FPOs (black) compared to the bare sand (gray) at the base and dune top. The thick curve lines represent the average grain size
distributions on a logarithmic scale at the 3 different positions (Western base, Dune center and Eastern base) on the Station Dune (positions see figure in supple-
mentary information). The individual samples are displayed by the array of fine lines. In total 21 samples have been analyzed, 12 from the bare sand and 15 from
the FPOs.

3.5. Substrate properties Fog simulation experiments with an artificial fog stream showed that
the wetting of sand was extremely slow and depends on the inclination
Water retention capacity (WRC) of the sandy substrates of the of the dune. It took around 2 h to saturate the 1.5 cm layer of dune sand

analyzed plants was 0.225 mL g1, whereas WRC from BS substrates was in the Petri dish with artificial fog. There was a significant difference
significantly lower at 0.210 mL g ! (Wilcoxon test P < 0.05). The between fog absorption at different tilt angles (Kruskal-Wallis P < 0.05).
infiltration observed into FPO substrates (0.1 m s~!) was slightly lower Fog interception at an inclination of 30° of the substrate surfaces, was
than into BS substrates (Wilcoxon test P < 0.05) (Fig. 6). 2.3 mL min leg™! dry weight (Fig. 7). This is more than double
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Fig. 6. Water storage capacities, infiltration rates, average grain sizes and concentration of organic particles of FPO substrates (dark-gray) compared to BS (white).
The number of samples (n) are indicated above the boxplots, presenting medians, standard deviation and extremes.
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Fig. 7. Fog interception and evaporation rates of sandy substrates sampled
within FPOs (dark gray) and the BS (light gray). Fog interception was measured
at different inclination angles (0°, 10°, 30°) of the sandy plane. Evaporation was
measured at a temperature of 52 °C and air humidity of 17.5%. The number of
samples (n) to which the boxplots refer is written above.

compared to a non-inclined surface (1.1 mL minflogfl). At an inclina-
tion of 10° fog interception was at 1.6 mL minflogfl, which is an in-
crease of 45% compared to a flat sandy surface. At all tilt angles FPO
substrates showed significantly higher fog absorption rates (Kruskal-
Wallis P < 0.05). Evaporation rate of intercepted fog water from sandy
substrates was 0.55 mL min~ leg!. This means that the speed of fog
uptake is more than twice as high as evaporation at 52 °C. No significant
difference in evaporation between FPO and BS substrates was recorded.

3.6. Stomatal conductance of Stipagrostis sabulicola leaves

Stomatal conductance (gs) of S. sabulicola measured before sunset
between 05:00 and 06:00 was 84 mmol m 2. s~ ! on average (Fig. 8). At
upcoming daylight from 6:00 to 8:30, average gs increased rapidly to
419 mmol m~2e s™! on foggy days but only to 119 mmol m~2e s ™! on dry
days. From 8:30 to 10:30, gs was at 213 mmol m~2e s~ ! on days with fog
and 170 mmol m~2e s~ on dry days. The difference in gs between fog
and dry days was statistically significant from 6:00 to 10:30 (t-test P <
0.001) but not for the rest of the day. From 10:30, g5 remained at an
average of 140 mmol m~2e s until 13:30. On dry days, average g, (173
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Fig. 8. Scatterplot of g5 values measured at S. sabulicola leaves (n = 423) with
superimposed curvilinear trendlines for days with and without fog from 5:00 a.
m. to 24:00. As stomata conductance measurements are unreliable during
heavy fog, before 8:00 the gs values of dry days were adopted for computation
of the curve of stomatal conductance of days with fog.

mmol m~2e s71) was slightly above the g, of foggy days (115 mmol m2e
s~ 1) at this time of the day. During the afternoon hours from 13:30 until
the sunset at 19:00, g, values dropped to 92 mmol m~2e s~! on dry days
and to 80 mmol m~2e 5! on days with fog. At nighttime until midnight,
gs was at 55 mmol m~2e s~1. High g, values occurred together with the
relatively humid atmospheric conditions within the FPO canopies dur-
ing the forenoon hours.

4. Discussion

An important principle which governs the establishment of ecosys-
tems in a bare environment is that living systems are able to modify the
abiotic conditions in their vicinity to their own benefit (Wilson and
Agnew, 1992). We studied if and to what extent such a life-supporting
effect, based on positive feedback mechanisms, exists between
S. sabulicola tussocks and substrate and airspace.

The most important impact of S. sabulicola on the hydrological
budget of a dune site is its capability to harvest water from fog-laden air
masses and divert it to the ground, a process that happens to a much
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lesser extent at bare sand, where such plants are absent. Fog and dew
intercepted by desert plants can be an important source of water for
desert arthropods (Broza, 1979). This is also true for Namib Desert dune
beetles associated with S. sabulicola (Seely, 1979).

After fog events and as well after fogging experiments, we observed
the formation of a moistened, superficial layer of less than 1 cm thick-
ness, where sand grains are agglutinated by cohesion. Fog water uptake
by substrates of the Namib Desert is also described by (Li et al., 2018).

Our field measurements confirm previous studies, which pointed out
that there are plant adaptations of S. sabulicola promoting fog inter-
ception and drainage to the ground (Ebner et al., 2011), (Roth-Nebelsick
et al., 2012), (Louw and Seely, 1980). Those studies also indicated that
irrigation of the substrate and subsequent root water uptake enhances
the plant water potential (Ebner et al., 2011). Our findings confirm that
the irrigation during fog events is highly targeted and can increase water
concentrations at the emergences of the stalks, which are up to 16 times
higher than at bare sand. Further studies should focus on the fate of
water infiltrating into the ground. Fog water thus could potentially feed
water reservoirs in deeper layers of the dunes and trigger hydrological
processes that include both water input and uptake by S. sabulicola.

We also observed that elevated water content are sustained
throughout fogless periods due to the relatively high retention capacities
of FPO substrates. In contrast, the water concentration of the substrate at
bare sand remains at low values between 0.4 and 1.5 % even after
intense fog events. Such low moisture content in the sand is below the
permanent wilting point and therefore not adequate for the growth of
higher plants (Amelung et al., 2018). The few elevated moisture values
in the interspace between the stalk emergences are caused by a random
down drip of water from horizontally orientated stalks.

The effect of rain on Namib Desert dune ecosystem is investigated by
Seely and Louw (1980) and Southgate et al. (1996). Rain supports the
germination and initial growth of plants in deserts (Gutterman, 2000). A
hypothesis to be tested in the future is that after abundant rain a new
generation of S. sabulicola plants can establish on dune fields and grow
up to an effective size, which enables them to satisfy their water de-
mands by harvesting fog.

In this context it is important to note that S. sabulicola also forms
nebkhas in the eastward zone of the dune fields, where fog rarely pen-
etrates but that receives more rain (Seely and Pallet, 2008). Jiirgens and
Grongroft, 2023 show, that S. sabulicola at a study site out of the fog zone
is able to exploit water from a water body beneath the dune surface.
Another aspect to be investigated in the future is if S. sabulicola is able to
exploit dew as an alternative water source to fog.

The lowering of the atmospheric vapor pressure deficit in the canopy
space of S. sabulicola tussocks in the forenoon hours was particularly
pronounced after fog events. Within this self-created spatiotemporal
“water window”, S. sabulicola grasses were able to increase the stomatal
conductance, without losing excessive amounts of water. The values of
the stomatal conductance were highest between 7:30 and 10:00, when
daylight is sufficient for photosynthesis but atmospheric humidity still
high. The pattern of stomatal conductance we recorded at S. sabulicola is
within the limits of other desert plants (Ogle et al., 2012). Agricultural
plants, such as tomatoes, were found to reduce gs only when VPD falls
below - 2.8 kPa (Patané and Cosentino, 2010). This critical value was
reached during our field campaign at 8:30 a.m. in the bare sand, but only
at 10 a.m. within S. sabulicola tussocks. During fog events, the time
period adequate for plant assimilation is even longer, lasting until noon
within FPOs.

The substantially increased g5 values on fog days during the morning
hours until 10 a.m. corresponds to low VPD within that time frame.
According to the model of Konrad and Roth-Nebelsick (2011), increased
substrate water availability may also trigger stomatal conductance after
fog irrigation. With 37-87 fog events per year (Mitchell et al., 2020),
reduced VPD after fog considerably increases stomatal conductance and
thus boosts bio-productivity. Our data, however, do not allow an
in-depth interpretation of the fact that 9 in the noon hours of dry days
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can be higher than on fog days. The temperature reduction we observed
in FPOs can be related to shading, transpiration of water at the leaves
and evaporation from the substrate.

Wind is one of the governing environmental factors in desert dunes
(Henschel and Jiirgens, 2024). It exerts mechanical stress on plants,
uncovers their roots, brings about damage by sand abrasion and in-
tensifies dehydration of living tissues. Wind in the Namib Desert, how-
ever, is an essential factor in transporting fog from the sea and mediating
nutrient input into the dune ecosystem by drift of detritus from more
productive areas (Seely, 1978). Previous studies demonstrated that
Namib dune sand has low levels of nutrients (Seely and Louw, 1980).
Windblown detritus captured by plants presumably could be a means of
increasing nutrient status within FPOs (Southgate et al., 1996).

Plants in turn affect the ground-level wind regime (Meng et al.,
2018). Although the stalks and leaves of S. sabulicola tussocks are ar-
ranged in an open and hence permeable way, individual anemometer
measurements showed that the wind speed above ground is slowed
down within S. sabulicola tussocks. Therefore, the particle carrying ca-
pacity of the airstream is reduced. This promotes accumulation of sed-
iments in the lee of plants (Leenders et al., 2011). As a result, nebkhas
build up close to S. sabulicola tussocks. Modelling approaches by cellular
automata indicate that nebkhas progressively grow during their lifetime
(Nield and Baas, 2008). Maximum inclination of unconsolidated heaps
corresponds to the angle of repose of sand, which varies between 6 = 28
and 32°, depending on grain size distribution and water content (Zhijie
et al., 2015). Formation of steeply sloping nebkhas can have
far-reaching consequences for the hydrology and thermal budget of
FPOs ecosystems. Our laboratory experiments with simulated fog
brought about that fog interception for surfaces inclined at 30° is more
than twice as high as for non-inclined sandy surfaces. Increasing fog
interception can be traced back to reinforced compacting pressure that is
exerted by fog-laden air masses hitting a steep slope. Fog water, which is
directly intercepted by the substrate thus becomes more accessible
during the formation of nebkhas. Improved availability of substrate
water may favor the spreading of a widely ramified root system directly
below the surface on the windward side of a nebkha. The idea that
S. sabulicola. is able to take up water by an extended superficial root
system is supported by Louw and Seely (1980). They detected the iso-
topic signature of tritiated water in S. sabulicola tissue after spraying it
on the sandy surface adjacent to a plant tussock. Heightened sand hills
also bring FPOs in a position where wind speed is higher, thereby
increasing fog harvest potential. Enlargement of sand heaps underneath
FPOs, however, may also deteriorate habitat conditions. The hillside
exposed to the sun for example may overheat, thus increasing evapo-
ration losses and disturbing bioactivity in the substrate. Worsened
conditions may initiate the senescence and decline of FPO ecosystems
(Southgate et al., 1996).

Our findings about the grain size distributions at Station Dune on a
whole correspond to previous grain size studies of Namib Desert dunes
around Gobabeb (Lancaster, 1981). Comparison of grain size distribu-
tion between FPOs and BS however also indicated that deceleration of
wind speed promotes deposition of finer mineral grains in FPO
substrates.

A study of Lancaster (1985) states that desert plants facilitate the
trapping of fine sand. Grain size composition substantially affects hy-
drological properties of a substrate. Small grain sizes are known to
promote water storage capacities (Nemes et al., 2006). Our study
confirmed that water retention of FPO substrates is slightly increased.
Storage of fog water in the rooting space is therefore improved. The
water retention capacity of sandy soils is also positively correlated to the
amount of organic matter (Rawls et al., 2003). Our findings of relatively
high concentrations of particulate organic matter (POM) in FPO sub-
strates converge with a study in the littoral desert of the Sinai: Mounds
which formed underneath Retama raetam shrubs showed an enrichment
of fine sediment grains, organic carbon and high-water concentrations
compared to the surroundings (El-Bana et al., 2002). The accumulation
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of POM within FPO substrates can be assigned to litterfall of dead plant
material from the grasses but also to deposition of windblown organic
material within S. sabulicola tussocks (Robinson and Seely, 1980). We
regard trapping of POM as a way of S. sabulicola to improve substrate
conditions for itself and associated organisms.

Animals, which move between the aboveground and the below-
ground section of the FPO may incorporate organic material deposited at
the surface into deeper substrate layers. Thus, remobilization of light
organic matter by wind is prevented. Camponotus detritus ants, for
example, are known to transport plant material from the surface to the
deeper substrate in order to build their nests (Curtis, 1985). We observed
intense C. detritus activity at the study site, especially at S. sabulicola
plants in the senescent stage. Regarding sandy substrates at FPOs as a
living space for animals, it is important to note that extremely high
temperatures can restrict life in deserts. Lethal temperatures between
42.5 °C and 50 °C have been reported for desert beetles around Gobabeb
(Robinson and Seely, 1980). During the afternoon hours of our field
campaign, the air temperatures within FPOs compared to the bare sand
was lowered from 40° to 34° and the substrate temperatures from 45° to
less than 38° on average. Fluctuations of temperature within FPOs
during daytime can be assigned to the differential shielding of sunlight
by leaves and stalks, which generate definite zones of lighted and shaded
spots within the FPO canopy. Through that, a heterogenous and highly
dynamic habitat is generated in terms of light, temperature and hu-
midity. Mobility is therefore advantageous for animals living in such an
environment. Tenebrionoid beetles for example thermoregulate by
moving between sunshine and shade (Edney, 1971).

Not only in the canopy space, but also in the substrate of FPOs, the
temperature fluctuations are buffered. This is especially true for the
emergences of S. sabulicola stalks, which are frequently moistened by fog
runoff. Temperatures during the afternoon are reduced there up to 7 °C.
More moderate temperature conditions promote a higher continuity in
life processes taking place in the substrate (Bell et al., 2008). It is
important to note that our study refers to a restricted area at the
northern tip of a dune at the edge of the Namib sand sea. The simple field
methods for monitoring of substrate and atmosphere conditions used in
this study could be applied to other sites of the Namib sand sea in order
to broaden the scope of the data.

An obvious way to escape from the temperature extremes of the
substrate surface is to retreat to deeper layers where conditions become
more stabilized. Burrowing is also a strategy to detract from the
destructive mechanical forces, which emanate from moving, wind-
blown sand. Henschel and Jiirgens (2024) report a burrowing habit of
many invertebrates inhabiting sand dunes of the Namib Desert including
silverfish, spiders and scorpions to different kinds of beetles.

The presence of fog irrigated substrate zones around the stalks of
S. sabulicola offer relatively favorable and constant habitat conditions
for soil life in terms of water availability, food resources and protection
against heat and wind-imposed mechanical stress. The recent study of
Gan et al. (2024) illustrates that S. sabulicola FPOs harbor trophic niches
for a diverse array of above- and belowground invertebrates. Also,
vertebrates like dune larks (Cox, 1983), gerbils (Perrin and Boyer, 1996)
and oryx antelopes (Seely et al., 1977) have been reported to visit FPOs.
Animals in turn may affect the plants by herbivory, release of nutrients
from excrement or input of nesting material.

Buffered temperature conditions, lowered VPD, accessibility of
substrate water and food supply set the stage for the trophic net in the
vicinity of S. sabulicola tussocks. We confirmed that the Namib Desert
dune grass could modify the abiotic environment to its favor and provide
new evidence about how it creates potential niches for other organisms
that fulfill important functions in a fog driven ecosystem. Studies about
the development of such islands of life in barren desert areas can give
evidence on the process of colonization of our landmasses in the
Paleozoic. Establishment of early ecosystems and consequences for
global climate and cycling of matter is poorly depicted by the fossil re-
cord (Kenrick et al., 2012). Long-term studies of Southgate et al. (1996)
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related increasing rain precipitation to growth of phytomass in the dune
system during the last decades. In this context, our study contributes to
forecasting the effects of climate-driven vegetation changes on the
environmental conditions in the Namib Desert dune system on the
whole. Plant growth thereafter may initiate a positive feedback loop
promoting further greening of dunes by modification of substrate and
atmosphere conditions in the future.

5. Conclusions

This study addressed the question to what extent S. sabulicola tus-
socks modify environmental conditions in their immediate surround-
ings, thereby providing the basis for oases-like ecosystems. It was
confirmed that the S. sabulicola can substantially improve temperature
and water conditions within the substrate as well as around its above-
ground parts. In that way high stomatal conductance becomes possible
during forenoon, which promotes CO, uptake and hence production of
biomass. Such conditions prevail especially after fog events. The water
budget of S. sabulicola tussocks benefits by effective drainage of fog
water to the ground and subsequent storage in the substrate. Evapo-
transpiration of fog water supports humidification of the canopy space,
accompanied by reduction of temperatures. Water retention in the
substrate close to such FPOs is supported by finer grain sizes and higher
concentration of organic matter compared to the BS. We ascribe depo-
sition of fine sediments and light detritus within FPOs to wind speed
reduction by the tussocks. Further studies with respect to aerodynamics
of S. sabulicola are desirable to quantify particle deposition. We also
postulate that during succession of FPOs, nutrients are incrementally
trapped by improved recycling of organic matter.

S. sabulicola tussocks represent isolated islands of fertility in the
desert. They are appropriate systems for generation of models, that
describe the function and dynamics of mini ecosystems in arid desert
environments.
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