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We studied the effects of browsing on the plant architecture and volume-biomass relationships of three dominant
dwarf shrubs — Artemisia herba-alba, A. mesatlantica and Teucrium mideltense — in a sagebrush steppe in the
Central High Atlas Mountains, southern Morocco. For this purpose, we developed power-law volume-biomass
functions based on nonlinear regressions for each of these species, under both browsed and unbrowsed conditions.
These functions were then applied to individual-based annual monitoring data from inside and outside a browsing
exclosure to calculate standing biomass for each of the years from 2004 to 2009. The biomass of the three species
was well predicted by the allometric functions, and different functions for the browsed and unbrowsed conditions
reflected changes in plant architecture. Browsing had a significant negative impact on biomass for A. herba-alba
but not for A. mesatlantica, whereas its effects on T. mideltense were inconsistent between years. The fact that the
latter two species hardly benefited from browsing exclusion might be because of increased competition from the
more dominant A. herba-alba. During the study period, the standing biomass increased whether or not there was
browsing, which might be because of the recovery of the shrubs after a preceding severe drought. Further studies
are needed in order to investigate the generality of the findings.
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Plant biomass is the most common measure of rangeland
production (Cook and Stubbendieck 1986). The assess-
ment of the standing biomass and its fluctuations is crucial
in rangeland management. Accordingly, direct and indirect
methods have been developed. Direct methods based
on biomass harvesting (e.g. Patton et al. 2007) are more
precise, but they are laborious, costly and destructive.
On the other hand, indirect methods are cheaper, less
detrimental to fragile ecosystems, and allow for easy spatial
extrapolation of biomass estimates. Namely, methods
based on remote sensing (e.g. Kawamura et al. 2003),
allometric regression models (e.g. Usé et al. 1997, Paton et
al. 2002, Abdelkader et al. 2008), and combinations of these
two methods are frequently used. In this context, allometric
regression models generally relate dimensional plant data,
i.e. measures of height and diameter, to biomass. Such
methods are useful; however, as static models, they do
not describe the strong fluctuations of biomass production
in ecosystems with high seasonal and interannual climatic
variability (Le Houérou and Hoste 1977). In consideration
of this problem, several studies (Abrams et al. 1986, Xiao
et al. 1996) used monitoring methods to follow vegetation
changes over several years and combined this approach
with some of the previously cited methods.

Southern Moroccan steppic rangelands have been the
subject of research on total biomass production (Baumann
2009), but little is known about their species-specific
standing biomass, or the interannual changes to this
biomass with and without browsing. In this study we aimed
to estimate the variability in standing biomass of three
dominant dwarf shrubs in an exclosure experiment, using
allometric functions.

The study was conducted in a large intramontane basin in
the southern ranges of the Central High Atlas Mountains at
31°23'N, 6°19' W and about 1 870 m asl, near the village of
Taoujgalt in the province of Ouarzazate, Morocco. The study
site is located on the toeslope of a calcareous alluvial cone
and is representative for the rolling plains within the basin.
The mean annual precipitation from 2001 to 2006 was 238
mm and the mean annual temperature 14.2 °C (Schulz et
al. 2010). The climate is characterised by two rainfall peaks
in autumn and spring, separated by a short dry winter and a
long dry summer. Monthly mean temperatures reach their
maximum in July (26 °C) and their minimum in January
(5 °C) (Schulz et al. 2010).

The vegetation is a sagebrush steppe dominated by
the three dwarf shrub species Artemisia herba-alba
Asso, A. mesatlantica Maire (Asteraceae), and Teucrium
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mideltense (Batt.) Humbert (Lamiacae). Artemisia herba-
alba has two periods of high productivity, at the end of spring
and in early autumn, with a maximum biomass in autumn,
whereas T. mideltense has its peak biomass development
between late spring and early summer (Gresens 2006).
Perennial grasses play a subordinate role, whereas annual
species are well represented in terms of species richness
and abundance with many small individuals mainly of the
families Poaceae, Brassicaceae and Asteraceae, yet are not
important in terms of biomass (Baumann 2009).

Traditionally, the steppes within the basin were managed
as summer pastures with restricted access. Currently, the
steppe is used throughout the year for browsing by sheep
and for firewood extraction, and in some localities for crop
farming practised by sedentary people. The sagebrush
steppe is in good condition in terms of biomass production
and ecological integrity (SENS 2005). The stocking rates
vary considerably between seasons. Mahler (2010) found
0.25 small stock units (SSU) ha™' in 2009, whereas Freier
et al. (2011) found 0.5 SSU ha™' in early summer of 2009
for the area of the study site. In addition, two short stocking
rate peaks occur in early May when many transhumant
pastoralists gather in the area with their herds waiting for the
opening of the high mountain pasture and in autumn when
the herders migrate back to the lowlands.

In early spring 2001, an exclosure experiment of about
1 250 m? was installed within the rangelands of the study
site. Two plots of 10 m x 10 m each placed inside and
outside the exclosure in sites with similar and representative
vegetation and soil conditions. Each plot was divided into
a grid of 400 quadratic subplots of 0.25 m?. Length, width,
and height of all individuals of the three dominant species
A. herba-alba, A. mesatlantica and T. mideltense were
monitored once per year from 2004 to 2009. As precipita-
tion and productivity in the study area show a bimodal distri-
bution with spring and autumn peaks (Schulz et al. 2010),
we shifted the measurements in dry years to autumn in
order to capture always the main part of the annual biomass
increase. However, in autumn 2006 measurements could
not be obtained because of strong thunderstorms that
destroyed roads and blocked access to the study area.
For this reason, measurements were taken prior to the
beginning of the growing period in early spring 2007 and
used as a surrogate for the 2006 data.

To establish volume—biomass relationships, we harvested
10 individuals of each species both inside and outside
the exclosure in 2008, representing the full size ranges
occurring in the respective treatment. Length, width, and
height of the harvested individuals were measured in order
to calculate the plant volume. After measurement, the
aboveground biomass of the individuals was cut, oven-dried
at 80 °C for 24 h, and weighed.

For the individual plants, volumes were calculated
assuming the shape of a half ellipsoid for all three species
with the following formula:

V=16 LWHr,
where V = volume, L = length, W = width and H = height.

We developed power-law regressions for each species,
both inside and outside the exclosure in order to describe

the volume-biomass relationships for the measured
species. These calculations were based on the spring
biomass harvested in 2008. The formula was:

B=aV®,

where B = biomass, V = volume, and a and b are fitted
parameters.

We chose to model this power law directly with a
nonlinear regression approach (Motulsky and Christopoulos
2004) instead of applying log-transformations to both axes
and then using a linear regression (log B = log a + b log V)
as it is frequently done. Our approach with B instead of
log B as the dependent variable gives relatively more weight
to the larger individuals, which are more relevant in terms of
biomass per area. The regression equations were calculated
with the nonlinear regression module of STATISTICA 8.0
(StatSoft 2007). We used the default setting of the program
(loss function = [OBS — PRED]J?; estimation method = quasi-
Newton; convergence criterion = 0.0001; step width for all
parameters = 0.5; starting values for all parameters = 0.1).

In order to apply the equations established for 2008
to all years between 2004 and 2009, we assumed that
outside the exclosure, overall browsing pressure remained
constant at 0.25-0.5 SSU ha™"'. Therefore, plant architec-
ture, i.e. canopy shape, should hardly have changed over
the years, and thus the same function was assumed valid
over the whole period. For the subplots inside the exclosure,
two different approaches were applied. The first approach
(further referred to as the static method) used the formula
established in 2008 for all the years. In the second approach
we applied a linear transition (transitional method) between
the starting point in 2001, when the exclosure was installed,
using the function for the browsed subplots and the function
established for the exclosure in 2008, assuming that plant
architecture only gradually adapted to the relaxation from
browsing pressure (Figure 1). According to this idea, we
adopted different equations for the growing biomass in

2008

(unbrowsed)

2001

(browsed)

BIOMASS

VOLUME

Figure 1: Schematic representation of transitional method for
biomass calculation inside of the exclosure. The lower thick curve
represents the volume-biomass function outside the exclosure;
the upper thick curve shows that inside the exclosure. The curves
between these are calculated assuming a linear transition between
the two functions
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each year. To achieve this, we calculated the difference of
the fitted parameters a and b between the outside formula
and the static inside formula. Then we let both parameters
change over the years with a constant increment between
these endpoints (Figure1).

We used the specific regression functions for species,
treatments, and years to estimate the biomass of each of the
measured individuals. In the case of the dominant A. herba-
alba, we used these values to calculate the standing
biomass for each of the 0.25 m? subplots. For the two
other species, which were only present in a small subset of
subplots, we followed the development of the plant individ-
uals separately. For A. mesatlantica, we had 25 plants inside
and 29 outside, whereas T. mideltense was represented by
33 plants inside and 36 plants outside. We displayed the
plots and the individual plants in a grid using a GIS to follow
the time series in a spatially explicit manner and to correct
for position errors. Missing records, i.e. individuals that
were overlooked in a certain year, were entered by using
the averaged biomass between the previous year and the
subsequent year.

In order to test for differences in mean biomass between
the browsed and unbrowsed plots and for changes
between pairs of subsequent years within each 0.25 m?
subplot, we used the permutation-based analogue to a
two-sample t-test as implemented in the software PAST
1.95 (Hammer et al. 2001) with 10 000 permutations. A
permutation-based comparison of means does not require
any distributional assumption, as both parametric and
non-parametric tests do (Quinn and Keough 2002, Manly
2007). Accordingly, such an approach is well suitable for
extremely skewed distributions as in our case. The effect of
browsing on biomass changes was evaluated by comparing
the plots or individuals of the treatments between all pairs
of subsequent years and for the cumulative changes over
the five-year study period. As the replication was done
only on the level of subplots or individuals, but not at the
level of treatments, the case study can mainly address
the question of whether and how plant architecture differs
between species and treatments, but does not allow for
formal inferences about browsing effects in the rangelands
of the study region in general (see e.g. Quinn and Keough
2002, pp 158 et seq.).

The biomass of the three study species was well
predicted with power-law functions of their volume in both
management variants (Figure 2). The regressions explained
67-89% of the variance. The proportions of variance
explained within species were similar inside and outside of
the exclosure, with the exception of T. mideltense, which
had a considerably higher R? value inside.

Our analyses returned different volume—biomass
functions for the species with and without browsing. In the
case of A. herba-alba (Figure 2a), biomass was higher
inside than outside for the same plant volume, which means
that the individuals grew more densely without browsing.
By contrast, the biomass of A. mesatlantica was higher
outside of the exclosure (Figure 2b). Finally, for small plants
(volume < 5 dm3) of T. mideltense (Figure 2c) there was no
difference, whereas the biomass per volume of large individ-
uals was higher with browsing.

The static and transitional methods of biomass calcula-
tion yielded very similar results for A. herba-alba and T.
mideltense, whereas the patterns found in A. mesatlan-
tica strongly differed between these two methods (Table 1,
Figure 3). The static method for A. mesatlantica indicated
no significant differences between the treatments, whereas
the transitional method found a negative impact of browsing
exclusion on cumulative biomass development of this
species over the five years (Table 1).

For A. herba-alba, the cumulative biomass from 2004
to 2009 increased strongly both inside and outside the
exclosure, but the absolute biomass increase was three-fold
higher without browsing (Table 1). Considering the interan-
nual changes, browsing was strongly negative for biomass
development in three cases (2005-2006, 2007-2008 and
2008-2009), negative in 2004-2005, whereas it showed
inconsistent effects among the two calculation methods for
2006-2007 (Figure 3a).

For A. mesatlantica, the cumulative biomass from 2004
to 2009 showed generally a slightly more positive trend
with browsing than without (Table 1). For this species, we
found the largest differences between our two methods
of biomass calculation. We observed a positive trend with
and without browsing for the static method. By contrast,
a slight negative trend was observed with the transitional
method. Furthermore, the difference between the browsed
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Figure 2: The power-law functions determined with nonlinear regression inside and outside the exclosure for (a) Artemisia herba-alba, (b)
Artemisia mesatlantica and (c) Teucrium mideltense. B = aboveground biomass (g), V = volume (dm?)
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Table 1: Mean cumulative annual biomass change from 2004 to 2009 in comparison between grazed and ungrazed plots. The mean
biomass changes for Artemisia herba-alba are given in g m=2, and those for A. mesatlantica and T. mideltense in g individual™

Ungrazed

Ungrazed

Species Grazed (static method) P (transitional method) P
Artemisia herba-alba +92 +230 <0.001 +279 <0.001
Artemisia mesatlantica +61 +56 0.798 -1 0.009
Teucrium mideltense +11 +17 0.847 +13 0.855
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Figure 3: Mean interannual biomass changes for (a) Artemisia herba-alba, (b) Artemisia mesatlantica and (c) Teucrium mideltense inside
(static and transitional methods) and outside the exclosure. The symbols above the bars indicate the significance of different biomass
development compared to plots outside the exclosure. Error bars represent the SD. ns = P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001

and unbrowsed treatments was significant only with the
transitional method (Table 1). The same was observed for
biomass changes between subsequent years (Figure 3b).
For T. mideltense, the cumulative biomass change
from 2004 to 2009 did not differ significantly between the
browsed and unbrowsed plots (Table 1). Mean biomass
hardly varied between the browsed and unbrowsed plots.
Mean biomass per individual fluctuated from year to year

(Figure 3c). Biomass development was significantly higher
within the exclosure during only two observation periods,
whereas for 2006—2007 it was significantly lower.

The results show that the volume—biomass relations
of the three species behaved differently on browsed
and unbrowsed plots. Artemisia herba-alba, which is the
dominant species in the study site, was found within both
treatments in all sizes from juvenile to mature. We further
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observed that individuals of A. herba-alba grew less dense
with browsing. This could be because of their growth
habit: individuals tended to respond to browsing pressure
by developing long and sparse perpendicular twigs and
shoots. With browsing exclusion, we observed that individ-
uals developed more short and dense perpendicular
shoots. Accordingly, if the same volume-biomass function
would have been applied to both treatments, it would have
returned biased biomass estimations.

For A. mesatlantica, individuals under the browsing
treatment grew denser than without browsing. This result
again can be explained by plant architecture with a woody
base and parallel, ascending shoots. Browsing animals
preferentially consume the less dense upper shoots of
the plants (MF pers. obs.). Another reason for the denser
plants in the browsing treatment might be the dominance
of small individuals with browsing, whereas we found larger
individuals in the exclosure. Tausch (1989) attributed similar
results to the presence of more abundant smaller plants,
which generally had denser crowns with more biomass per
unit of crown volume than the fewer, larger plants.

For T. mideltense, the absence of differences between
browsed and unbrowsed small individuals (<5 dm?) could be
explained by the selective browsing of sheep. Selectivity of
sheep was also documented for other North African shrubs,
including A. herba-alba in Tunisia (Ben Salem et al. 1994).
Large individuals of T. mideltense have a growth habit
similar to A. mesatlantica and hence the same reasoning
may apply here.

The two different approaches for biomass estimation
(the transitional and static methods) yielded qualitatively
similar results in A. herba-alba and T. mideltense. This
congruence lends support to our estimation, and theoreti-
cally the true development must be within the boundaries
defined by these two estimation approaches. The relatively
greatest difference between the two methods was found
for A. mesatlantica, which might be only because of the
relatively small sample size, especially in the larger volume
classes. Tausch (1989) found that the nonlinear regression
method, which we chose for the present study, is the most
appropriate for sagebrush species, whereas Abdelkader et
al. (2008) found reasonable linear correlations for volume—
biomass relationships for A. herba-alba in Tunisia. However,
he argued that using the mean diameter of individuals
resulted in a better fit than using volume estimates. We
feel that further studies are necessary to gain a clearer
understanding of how the two estimation approaches might
affect biomass estimations in monitoring studies and which
allometric parameter is most useful.

Browsing had a significant negative effect on cumula-
tive biomass development of A. herba-alba over the five
years. This is not surprising given the high density and
palatability of this shrub (Ben Salem et al. 1994), and thus
its importance to the animals’ diet in comparison with the
other two species. The fact that browsing had only minor
effects on the two other studied species perhaps indicates
that they are more resistant to browsing (Le Houérou 1980).
Our findings indicate that they might even benefit indirectly
from browsing through the reduction of the most competi-
tive species in this ecosystem. According to the transi-
tional method, A. mesatlantica benefited significantly from

browsing over the five-year period as a whole, but not
between individual years. Teucrium mideltense, meanwhile,
did not show a cumulative difference, being affected by
browsing positively in some years and negatively in others.
We cannot infer too much from these inconsistent results,
however, and confirmation of the potentially positive effect
of browsing must await further studies.

The main merit of our study is the characterisation of
volume—biomass functions for three ecologically and
agronomically important dwarf shrubs in Moroccan steppe
ecosystems. We have been able to show that these species
change their architecture when subjected to browsing.
Furthermore, we introduced two alternative approaches
for the estimation of annual biomass changes based on
allometric functions gained by nonlinear regression. These
two approaches, i.e. the static and transitional methods,
represent the two extremes of plant individual response
to relaxation from herbivore pressure. The truth must lie
between the values obtained by the two approaches and
when both yield consistent results one can be sure about
the outcome. Our study has also clearly demonstrated how
plant response to browsing exclusion can differ strongly
not only between species but also between years. Data
from a single year is clearly not sufficient to describe plant
behaviour. This was demonstrated by A. herba-alba, which
showed a positive browsing effect for two of the five interan-
nual transitions, but a negative cumulative effect over the
study period.

Our case study was not designed to make inferences
about browsing effects at the ecosystem level, as we did
not replicate the treatments. However, it gives valuable
insights into the processes that need taking into account
in any future attempts at the ecosystem-wide quantifica-
tion of browsing impact. One result meriting further investi-
gation was the varying effect of browsing on the dominant
versus two subdominant species found in our plots. Another
interesting finding was how the standing biomass for
all three species increased over the five years. This was
strongest without browsing, but nevertheless apparent with
browsing. It might be attributable to a recovery of the whole
ecosystem after a long period of drought ending in the
year 2000 (Born et al. 2008). This relatively quick biomass
rehabilitation is a common feature of such non-equilibrium
ecosystems (Finckh and Goldbach 2010). Relatively short
time periods, i.e. up to 5-10 years, can apparently result
in the restoration of biomass resources of the major dwarf
shrub species, depending on the type of ecosystem.

Acknowledgements — MF developed the monitoring design, was
responsible for data sampling and database management and wrote
the Study Site subsection, JO sampled data and worked on the
interpretation, and JD selected the statistical methods. ZA performed
all data analyses and wrote the main part of the paper. All authors
critically revised the whole manuscript. The authors would like to
express their gratitude for the financial support of the BIOTA Maroc
project by the German Federal Ministry of Research and Education
(grant no. 01 LC 0601A). The University of Hamburg supported ZA
with a one-year research scholarship. Prof. N Jirgens (University
of Hamburg) and Prof. M Yessef (IAV Hassan Il, Rabat) contrib-
uted with logistic support and stimulating discussions. K Dehn, C
Erb, K Ludewig, J Mdller, K Nabel, M Staudinger, and A Wittko
contributed to data sampling in the field. We are deeply indebted to



36

Akasbi, Oldeland, Dengler and Finckh

H Lmkdim and his family (Taoujgalt) for their generous hospitality
during many visits. Many colleagues of the working group made
valuable comments on previous drafts of the manuscript, and we
would like to thank C Bjérk and W Simonson for language editing
of the manuscript. Lastly, we are grateful to the two anonymous
referees and the editors whose comments significantly contributed
to the improvement of the article.

References

Abdelkader |, Ferchichi A, Chaieb M. 2008. Estimation of
aboveground biomass of Artemisia herba-alba in Tunisian Arid
Zone. International Journal of Botany 4: 109-112.

Abrams MD, Knapp KA, Hulbert CL. 1986. A ten-year record of
aboveground biomass in a Kansas tallgrass prairie: effects of
fire and topographic position. American Journal of Botany 73:
1509-1515.

Baumann G. 2009. How to assess rangeland condition in semiarid
ecosystems? The indicative value of vegetation in the High
Atlas Mountains, Morocco. PhD thesis, University of Cologne,
Germany.

Ben Salem H, Nefzaoui A, Abdouli H. 1994. Palatability of shrubs
and fodder trees measured on sheep and dromedaries: 1.
Methodological approach. Animal Feed Science and Technology
46: 143-153.

Born K, Fink A, Paeth H. 2008. Dry and wet periods in the
northwestern Maghreb for present day and future climate
conditions. Meteorologische Zeitschrift 17: 533-551.

Cook CW, Stubbendieck J. 1986. Range research: basic problems
and techniques. Denver: Society for Range Management.

Finckh M, Goldbach H. 2010. Vegetation dynamics under climate
stress and land use pressure in the Draa catchment. In: Speth
P, Christoph M, Diekkriiger B (eds), Impacts of global change on
the hydrological cycle in West and Northwest Africa. Heidelberg:
Springer. pp 122—131.

Freier LP, Schneider UA, Finckh M. 2011. Dynamic interactions
between vegetation and land-use in arid environments: using
a Markov process for modeling Moroccan rangelands under
climate change. Agriculture, Ecosystems and Environment 140:
462-472.

Gresens F. 2006. Untersuchungen zum Wasserhaushalt
ausgewabhlter Pflanzenarten im Draa-Tal-Sidost Marokko. PhD
thesis, University of Bonn, Germany.

Hammer @, Harper DAT, Ryan PD. 2001. PAST: Paleontological
Statistics software package for education and data analysis.
Palaeontologia Electronica 4(1): 1-9. Available at http://palaeo-
electronica.org/2001_1/past/past.pdf.

Kawamura K, Akiyama T, Watanabe O, Hasegawa H, Zhangh FP,

Yokota HO, Wang S. 2003. Estimation of aboveground biomass
in Xilingol steppe, Inner Mongolia using NOAA/NDVI. Grassland
Science 49: 1-9.

Le Houérou HN.1980. Browse in Africa. The current state of
knowledge. Paper presented at the International Symposium
on Browse in Africa, Addis Ababa, 8-12 April 1980. ILCA
(International Livestock Centre for Africa), Addis Ababa, Ethiopia.

Le Houérou HN, Hoste CH. 1977. Rangeland production and
annual rainfall relations in the Mediterranean Basin and in the
African Sahelo-Sudanian Zone. Journal of Range Management
30: 181-189.

Mahler D. 2010. Raumnutzungsmuster von Weidetieren im
sudlichen Atlasvorland. Staatsexamen thesis, University of
Hamburg, Germany.

Manly BFJ. 2007. Randomization, bootstrap and Monte Carlo
methods in biology (3rd edn). Boca Raton: Chapman and Hall/
CRC Press.

Motulsky H, Christopoulos A. 2004. Fitting models to biological data
using linear and nonlinear regression — a practical guide to curve
fitting. New York: Oxford University Press.

Paton D, Nufez J, Bao D, Muioz A. 2002. Forage biomass of
22 shrub species from Monfragiie Natural Park (SW Spain)
assessed by log-log regression models. Journal of Arid
Environments 52: 223-231.

Patton BD, Dong X, Nyren PE, Nyren A. 2007. Effects of grazing
intensity, precipitation, and temperature on forage production.
Rangeland Ecology and Management 60: 656—665.

Quinn GP, Keough MJ. 2002. Experimental design and data
analysis for biologists. Cambridge: Cambridge University Press.
Schulz O, Finckh M, Goldbach H. 2010. Hydro-meteorological
measurements in the Draa catchment. In: Speth P, Chritoph M,
Diekkrtiger B (eds), Impacts of global change on the hydrological
cycle in West and Northwest Africa. Heidelberg: Springer.

pp 122-131.

SENS (ed.). 2005. Etude relative a linventaire participatif,
identification et évaluation des sites clé de la biodiversité dans le
versant sud du Haut Atlas (document de synthese). Projet MOR
99/G33/A /1G/99. Ouarzazate: SENS. pp 1-72.

StatSoft Inc. 2007. STATISTICA fir Windows (Software-System fur
Datenanalyse) Version 8.0. URL: www.statsoft.com.

Tausch RJ. 1989. Comparison of regression methods for biomass
estimation of sagebrush and bunchgrass. Great Basin Naturalist
49: 373-380.

Uso6 JL, Mateu J, Karjalainen T, Salvador P. 1997. Allometric
regression equations to determine aerial biomasses of
Mediterranean shrubs. Plant Ecology 132: 59-69.

Xiao X, Chen D, Peng Y, Cui X, Ojima DS. 1996. Observation and
modelling of plant biomass of meadow steppe in Tumugi, Xingan
league, Inner Mongolia, China. Vegetatio 127: 191-201.



