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Productivity of Deserts

James R. Ehleringer

. Nature and Extent of Deserts

Moving along a geographic gradient of decreasing precipitation from either
shrub-woodlands (e.g., Mediterranean climate) or grasslands (see Chap-
ters 14 and 12, this volume), one encounters desert ecosystems, which typi-
cally receive less than 250 mm annual precipitation (Fig. 15-1). Arid lands
are extensive, occupying nearly 30% of the land surface globally (Noble
and Gitay, 1996), and their extent is thought to be increasing annually
through desertification into areas previously occupied by arid grasslands
(Schlesinger et al., 1990; Kassas, 1995; Bullock and Le Houérou, 1996).
Desert ecosystems are typically characterized by extremes, having the lowest
standing biomasses, lowest primary productivities, and lowest precipitation
inputs. Precipitation is, of course, the principal driver regulating primary
productivity rates. Even though rainfall patterns are usually seasonal, these
rains come as intermittent pulses, causing desert ecosystems to shift between
inactive and active states, depending on soil moisture availability (Noy-Meir,
1985). Only in the higher elevation, cold desert ecosystems of North Amer-
ica, central Asia, and the Middle East do low wintertime temperatures pre-
vent growth and also reduce evaporation, allowing for somewhat longer
' growth periods in the spring (Caldwell et al., 1977; Goodall and Perry, 1979;
Caldwell, 1985).
One feature that distinguishes productivity patterns in desert ecosystems
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Figure 16-1 Distribution of arid land ecosystems on a global basis. Deserts are typically
defined as those nonpolar regions that receive less than 250 mm of precipitation annually. The
map is based on information in Logan (1968), McGinnies et al. (1977), and Walter and Breck-
le (1984).

from all others is the increased interannual variability in precipitation. At
low precipitation means, both long-term annual and seasonal precipitation
{in a biseasonal environment) amounts follow a gamma distribution—not
anormal distribution. The consequence is that most years are drier than the
arithmetic mean. Additionally, as the mean precipitation amount decreas-
es, the interannual variability increases (Fig. 15-2). The consequence of this
is that the drier desert regions are often characterized by several years of be-
low-average precipitation amounts, punctuated by a relatively high precipi-
tation year. Ehleringer (1994) observed that the relative frequency distribu-
tion of storm sizes did not differ among North American desert sites
receiving different total precipitation amounts. Instead, what differed was
simply the number of storm events at a site: annual precipitation was pro-
portional to the total number of storm events in a given year.

Il. Standing Biomass and Aboveground
Net Primary Productivity Rates

Total standing biomass in desert ecosystems is highly variable, depending on
factors such as the seasonal distribution of the precipitation, grazing and hu-
man impacts, importance of woody versus herbaceous components, and soil
fertility (Noble and Gitay, 1996). A reasonable standing biomass range of
2000-5000 kg ha™! is not uncommon for shrub-dominated desert ecosys-
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Figure 15-2 A plot of the relationships between long-term mean seasonal precipitation in
the Sonoran Desert and the coefficient of variation in that precipitation.

tems (National Academy of Sciences, 1975; Whittaker and Niering, 1975;
Goodall and Perry, 1979; Gibbens et al, 1996; Rundel and Gibson, 1996;
Schulze ez al., 1996). Most of this aboveground mass is associated with woody
shrubs, which tend to increase in importance in response to grazing
(Schlesinger et al., 1990; Grover and Musick, 1990; Le Houérou, 1990; Pick-
up, 1996). Overall, the aboveground annual net primary productivity values
in desert ecosystems tend to be less than 1500 kg ha—! yr~! (National Acad-
emy of Sciences, 1975; Whittaker and Niering, 1975; Goodall and Perry,
1979; Szarek, 1979; Hadley and Szarek, 1981; Rundel and Gibson, 1996),
which is low compared to most other ecosystems except possibly grasslands.
Much of the interannual variability in primary productivity may be associat-
ed with herbaceous components (both annuals and grasses), making it chal-
lenging to calculate a general value of net primary productivity for desert
ecosystems unless the grazing pressures are well understood. It is possible,
however, that remote-sensing approaches may be a valuable approach here;
Prince and Goward (1995) and Prince e al. (1998) have shown large Nor-
malized Difference Vegetation Index (NDVI) changes in surface spectral
characterisitics in response to interannual variations in precipitation.

In desert ecosystems, net primary productivity is typically linearly related
to precipitation input (Walter, 1939; Noy-Meir, 1985; Le Houérou, 1984;
Sala et al., 1988). This would include productivity of all vegetation compo-
nents—woody, herbaceous, and annual. Soil nitrogen secondarily limits
primary productivity. Linear productivity—precipitation relationships have
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Figure 15-3 Rain use efficiency values for 72 different arid land sites. Data are from
Le Houérou e al. {1988).

been described in more than 100 separate biomass-based studies through-
out arid regions around the globe {Le Houérou, 1984; Le Houérou ¢ al,,
1988). Similar tends are also found using satellite-based observations (Tuck-
er et al., 1991; Peters et al, 1993; Prince and Goward, 1995; Prince et al.,
1998). Most of the data sets have been produced by measuring the variations
in net primary productivity at a particular site from year to year. Le Houérou
(1984} proposed the term “rain use efficiency” to describe the slope of the
relationship between net primary production and precipitation. He has
shown that this linear relationship not only typifies desert regions, but can
also be extended into semiarid grassland ecosystems.

Globally, rain use efficiency values range between 0 and 1 g m~2 mm~
(Fig. 15-3) (Le Houérou, 1984; Le Houérou et al.,, 1988). There is a tenden-
cy for higher precipitation input sites to have higher rain use efficiencies,
but not always. There is an even more evident tendency for disturbed eco-
systems to have lower rain use efficiencies (Le Houérou ef af., 1988; Var-
namkhasti ef al., 1995). These include overgrazed sites, regions of soil sur-
face disruption, and areas with wood-harvesting activities. One factor
contributing to a decreased rain use etficiency on disturbed sites is likely to
be the loss of soil nitrogen, which impacts leaf nitrogen and constrains max-
imum photosynthetic rates when soil water is available. A second possibility
is that in regions with bimodal precipitation patterns, some woody vegeta-
tion components may not be equally responsive to winter versus summer
moisture inputs, leading to potentially lower rain use efficiencies. These
relationships will be discussed further in a later section.

It is perhaps surprising that rain use efficiency values do not show clear
differences in Cy- versus C -dominated ecosystems (Le Houérou, 1984).
Consider, for example, the four major desert regions of western North
America (Chihuahuan, Great Basin, Mohave, and Sonoran). These ecosys-
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tems differ in Cs/ C M abundances; rain use efficiency values can be cal-
culated for nongrazed sites based on previously published observations
(Whittaker and Niering, 1975; Szarek, 1979; Turner and Randall, 1989). Cal-
culated values range between 0.40 and 0.65 g m~2 mm™?, with the Chi-
huahuan (C,/C,, 0.65 g m~2 mm™!), Great Basin (Cy/C,, 0.58 g m™2
mm 1), and Mohave (C,, 0.64 g m~2 mm™~!) being indistinguishable from
each other. One possible explanation for the lack of a relationship between
rain use efficiency and photosynthetic pathway is that the more efficient C,
plants tend to be more summer active, whereas C, plants tend to be more
spring active {Ehleringer and Monson, 1993). The higher evaporative de-
mand associated with warmer temperatures in the summer would require a
greater photosynthetic efficiency in order to attain a rain use efficiency
value similar to that of a spring-growing vegetation.

Although both annual and perennial vegetation components contribute
to the linear rain use efficiency relationship, it is not evident from regres-
sion coefficients that these two vegetation components respond differently
to precipitation (Beatley, 1974). Figure 15-3 shows the year-to-year net pri-
mary productivity as related to precipitation for Mohave Desert vegetation
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Figure 15-4 The relationship between net primary productivity and precipitation for
perennials and all vegetation at the Mohave Desert site, Rock Valley, Nevada, The slope of the
regression is known as the rain use efficiency. Arrows and areas enclosed by dashed lines indi-
cate productivity patterns for three successive years. Based on data in Turner and Randall
(1989).



350  James R. Ehleringer

in Rock Valley, Nevada. The x intercept values indicate that net primary pro-
ductivity begins at a lower precipitation threshold for perennials than is re-
quired to initiate production in annuals. Primary productivity in both an-
nuals and perennials in linearly related to precipitation, yet productivity of
annuals is negligible below 100 mm precipitation.

Although the relationship between precipitation and primary productiv-
ity is usually linear in desert ecosystems, detailed analyses of year-to-vear pro-
ductivity data often suggest nutrient limitations as a secondary factor. For
example, when three successive years of above-average precipitation fell at
the Rock Valley site (Fig. 15-4), overall net primary productivity fell in the
middle year. This is shown by the circled data in Fig. 15-4, with the arrows
showing total net primary productivity from year 1 to year 2 to year 3. No-
tice thatin year 2, the net primary productivity of perennials decreased (well
below the regression line) and the productivity of annuals was very low. At
the end of any growing season, approximately one-third of the nitrogen may
not be recovered and will persist in standing dead plant parts. The likely ex-
planation of the observed pattern in year two is that a significant fraction of
the nitrogen within the ecosystem was still in standing dead, leftover from
year 1, limiting the capacity of vegetation to photosynthesize even though
adequate moisture might have been available. This nutrient limitation was
likely removed by year 3, allowing the vegetation productivity to respond as
it had in the first year.

lll. Seasonality Components of Net Primary Production

Given limited soil moisture availability in deserts and its direct effect on pro-
ductivity rates, it is essential to understand how different plants will respond
to year-to-year changes in the seasonality of precipitation, especially because
it is becoming more clear that a macroscale phenomenon, such as El Niflo,
can influence the duration and amounts of both summer and winter pre-
cipitation inputs. How well do desert plants utilize winter-derived and sum-
mer, monsoonal moisture inputs?

Cold desert ecosystems of North America and Asia occur at higher eleva-
tions, They receive moisture inputs from frontal storms and have a winter-
time recharge of deeper soil layers (Gee et al., 1994; Smith et al,, 1997), a fea-
ture that does not occur in lower elevation, warm desert ecosystems, where
plants can be active throughout the winter-spring period. One interesting
feature is that many woody species in the cold desert or cold-to-warm desert
transition zone in North America tend to use meoisture in the upper soil lay-
ers only during the spring, but not in the summer (Ehleringer et al.,, 1991;
Donovan and Ehleringer, 1994; Evans and Ehleringer, 1994). This is most ev-
ident in evaluating plant responses to summer moisture input, whereby
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Figure 15-5 A calculation of the percentage use of moisture derived from upper soil lay-
ers (summer-derived rain) by five common woody perennials in the Colorado Plateau desert
shrub community (Utah). Data are derived from Lin et al. (1996) and are based on measured
hydrogen isotope ratios of xylem water and a two-member mixing model of deep and shallow
soil isotope ratio values of soil water.

monsoon precipitation events often saturate only the upper soil layers. Yet
the limited use of monsoonal moisture in the upper soil layers by desert
plants is not limited to cold desert species, but can also occur in warm desert
woody perennials {(Reynolds and Cunningham, 1981; Ehleringer and Cook,
1991).

It is essential to reiterate that soil moisture availability in the upper soil
layersis a pulse phenomenon. Because temperatures are warmer in the sum-
mer than in the spring, the duration of this pulse will be shorter in the sum-
mer than in the spring. Lin et al. (1996) have shown that woody perennials
in Colorado Plateau deserts have a limited capacity to respond to 25- or 50-
mm precipitation events in the summer (Fig. 15-5), although it is known that
these plants respond to precipitation events in the spring (Ehleringer et al.,
1991). For those woody perennials responding to summer moisture inputs
(such as Coleogyne), less than 40% of the moisture extracted from the soil and
transpired by the shrub is derived from these upper soil layers. Instead it ap-
pears that plants are relying to a large degree on moisture stored in deeper
soils layers (Thorburn and Ehleringer, 1995; Lin ef al., 1996). However, there
are life form-dependent differences in the use of moisture in these upper
soil layers during the summer. Annuals derive virtually all of their water from
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Figure 15-6 The calculated percentage use of moisture derived from summer (August)
precipitation events by three life forms on the Colorado Plateau desert shrub community
(Utah). Data are means and total ranges for all species within a category. Data are derived from
Ehleringer et al. (1991).

these surface soil layers, whereas herbaceous perennials derive nearly 85%
of their moisture from the shallow depths (Fig. 15-6). On average, only 54%
of the water transpired by woody perennials at this site is derived from up-
per soil layers. Thus, in evaluating the rain use efficiency of a site, an essen-
tial factor may be the life form diversity and the capacity to use a specific
moisture source. Grazing activities tend to reduce the abundance of annu-
als and herbaceous vegetation components, which may result in surface-lay-
er moisture being evaporated rather than transpired from a site. It is likely
that this relationship explains the observations of reduced rain use effi-
ciencies on impacted arid land sites.

Although the woody shrub Coleogyne ramosissima will extract and utilize
summer-derived soil moisture, that moisture is not as effective as winter
moisture in promoting growth, Ehleringer (unpublished) evaluated the in-
teractions of both competition and water limitations in constraining growth
of this dominant shrub. Both the elimination of immediate neighbors and
supplemental winter precipitation increased net primary productivity (Fig.
15-7). However, neither supplemental summer precipitation (50 mm) nor
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Figure 15-7 The relationships between growth of Coleogyne ramosissima and time of the
year for treatments receiving supplemental precipitation and/or having their immediate
neighbors removed (shaded regions) or neighbors present {unshaded regions). Data are from
Ehleringer and Phillips (unpublished).

neighbor removal promoted net primary productivity during the summer
period. Thus, it would appear rain use efficiencies in ecosystems dominat-
ed by spring-active woody shrub components would decrease under condi-
tions of elevated monsoonal precipitation, particularly if grazing were
present to restrict the growth of herbaceous vegetation components.

IV. Human Impacts on Primary Productivity
in Desert Regions

The relationships between net primary productivity and human impacts
may be generalizable using a simple model illustrating rain use efficiency
(Fig. 15-8). Although net primary productivity increases linearly with cu-
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Figure 15-8 A simple model of the relationship between cumulative precipitation and net
primary production in desert ecosysterns under different levels of soil disturbance.

mulative precipitation inputs through the growing season, human impacts
tend to be associated with reductions in the slope of this relationship (i.e.,
rain use efficiency). The decrease in rain use efficiency is based on two pri-
mary factors. First is the reduction in the standing biomass of herbaceous
vegetation components through grazing pressures. The second factor is as-
sociated with degradation of the land. The causes here may be variable, but
it appears that at least in the Colorado Plateau (if not other deserts as well)
that breaking up of the biological crust (also known as the cryptobiotic
crust) by trampling is perhaps more subtle, but just as important. Arid land
ecosystems throughout the world are dominated by a biclogical crust (Bel-
nap, 1995, 1996), which consists of a diverse mixture of bacteria, fungi, al-
gae, mosses, and lichens. For many desert ecosystems, the biological crust is
the primary source of nitrogen input (Evans and Ehleringer, 1993; Evans
and Johansen, 1998). Disruption of the crust surface by hooves of cattle,
sheep, or goats (or visitors to national recreation areas) results in death of
the nitrogen-fixing lichens and algae as they are buried by loosened soil par-
ticles (Belnap, 1995, 1996). In the Colorado Plateau desert, where the sur-
face biological crust has been best studied, it is the keystone component in-
fluencing both input and loss of nitrogen from the ecosystem. Thus, the
biological crust appears to play a central role in affecting primary produc-
tivity through its influence on nitrogen availability to higher plants.

Evans and Ehleringer (1994) and Evans and Belnap (1999) provided evi-
dence that soil disturbance was one of the primary factors now decreasing
soil nitrogen in desert ecosystems and possibly contributing to desertifica-
tion (Fig. 15-9). Their model has been evaluated through comparisons of
both plant and soil nitrogen on adjacent disturbed and undisturbed sites.
Both studies examined the long-term impacts of crust disturbance on
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Figure 15-10 The relationships between nitrogen isotope ratio (§!°N) of soil and soil ni-
trogen content (left) and mineralizable soil nitrogen and nitrogen isotope ratio (right} for soils

in arid land ecosystems on the Colorado Plateau. Data are derived from Evans and Ehleringer
(1993, 1994).

ecosystem nitrogen relationships by comparing two contrasting ecosystems,
At Canyonlands National Park, one site was left undisturbed by cattle (Vir-
ginia Park) and the adjacent site (Chessler Park) received light grazing for
a decade. Grazing in Chessler Park stopped more than 30 yr ago. Yet recent
nitrogen isotope ratio (8!°N) and nitrogen content data indicate that the
crusts have not recovered and that the ecosystem continues to lose nitrogen.
Chessler Park has only 66% of the soil nitrogen compared to that in the
undisturbed Virginia Park. At the Ceral Pink Sand Dunes State Park, very
light grazing continues on an irregular basis. Note that the disturbed soils
are similar to those found in Chessler Park, even though one site is still oc-
casionally disturbed (keeping it from recovering), whereas the other has had
30 yr of recovery time. Both data sets show that soil disturbance and dis-
ruption of the biological crusts resulted in substantial decrease in both soil
and plant nitrogen. Because plant photosynthesis is directly proportional to
leaf nitrogen content (Field and Mooney, 1986; Evans, 1989), disruption of
the biological crusts results in very long-term decreases in ecosystem pri-
mary productivity. These decreases should be quantifiable in terms of low-
er rain use efficiencies. At some point, soil nutrition will be impacted suffi-
ciently by disturbance activities such that C, species may be expected to
out-compete the native G, species. This is because photosynthesis is intrin-
sically more nitrogen-use efficient in C, plants, which may translate into a
competitive advantage.
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The impacts of soil surface disturbance on ecosystem nitrogen cycling and
its impact on primary productivity appear to be related to the soil and veg-
etation 83N values. Nitrogen isotope ratios of soils follow a Rayleigh distil-
lation curve (Fig. 15-10), whereby the 8'°N value of the soil N changes in a
manner highly correlated with the abundance of nitrogen in the soil. That
is, when biological crusts are disturbed, there is a shift in the nitrogen in-
put—ioss balance, resulting in a continual loss of nitrogen from the ecosys-
tem. That nitrogen is lost by both dentrification and ammonification pro-
cesses (Schlesinger, 1997). Because '*N is preferentially lost, the remaining
nitrogen is enriched. Nitrogen isotope ratios of nitrogen incorporated into
plants reflect the soil enrichment processes (Fig. 15-9).

V. Anticipated Impacts of Global Change on Deserts

Human impacts through grazing activities and land degradation, such as dis-
ruption of the biological crusts, are likely to be the dominant factors influ-
encing net primary productivity rates in deserts for some time to come.
These stressor impacts may only tend to decrease net primary productivity
in desert ecosystems. Nitrogen isotope ratio measurements in plants may be
one way of quantifying these long-term ecosystem impacts. Yet, leaf-level eco-
physiological responses to elevated carbon dioxide may mitigate these stres-
sors to some degree.

Mooney et al. {1991) predicted that water use efficiency would increase
under elevated carbon dioxide conditions and that this would increase pri-
mary productivity in arid ecosystems. Carbon dioxide acts directly at the
stomatal level, reducing stomatal conductance, which results in an increased
photosynthesis:transpiration ratio (Knapp et al., 1996). One additional di-
rect, long-term consequence of the reduced stomatal activity will be an ex-
tension of the growing season, because under elevated carbon dioxide lev-
els soil moisture is transpired through the vegetation at a slower rate (Ham
et al., 1995; Field et al., 1997). In grassland microcosms, Field e al. (1997)
observed that a doubling of carbon dioxide levels over present-day values
reduced evapotranspiration rates by nearly 50%, allowing plant growth sub-
stantially longer into the summer drought period.

Although equivalent long-term data on water-use efficiencies are not yet
available for desert ecosystems, the same extension of the growing season
into the drought period is expected to occur (Fig. 15-11). Modeling studies
have calculated the expected impact of an enhanced water use efficiency on
seasonal activity and on the increase in leaf area that can be supported by a
plant given a reduced transpiration at the single leaf level (Skiles and Han-
son, 1994; Neilson, 1995; VEMAFP, 1995). Neilson (1995) predicted that as a
consequence of elevated carbon dioxide, the leaf area of desert plants in
southwestern North America should increase by 25-50% or more (Fig. 15-
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Figure 15-11 Model simulations of the predicted long-term change in vegetation density
within the United States in response to a doubling of atmospheric carbon dioxide above
present-day values. The Geophysical Fluid Dynamics Laboratory (GFDL) and the United King-
dom Meteorological Office (UKMO) developed two general circulation models. Data are de-
rived from models described in Neilson (1995) and VEMAP (1995). This particular figure first
appeared on the back cover of “Our Changing Planet, The FY 1998 U.S. Global Change Re-
search Program,” and was a supplement to the President’s Fiscal Year 1998 Budget.

11). He refers to this phenomenon as the “greening of the desert,” with the
expected impact predicted to extend over all arid and semiarid ecosystems
in North America. Although global modeling of this phenomenon has not
yet be done, it is likely that enhanced water use efficiencies are likely to
extend the growing season in most arid ecosystems.

Is there currently strong evidence for broad, climate-induced changes in
desert ecosystems? Le Houérou (1996) recently reviewed the available data
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and concluded that the answer is “no.” Although there have been some de-
tectable changes in precipitation of desert regions over the past century,
these changes have been region specific and have not shown a consistent,
predictable pattern. Desert regions in central Chile and the Sahel have be-
come drier during the past century (Le Houérou, 1996). Yet, in contrast, the
deserts of North America may have become wetter during this same period
(Nichols et al,, 1996). However, there is strong evidence for changes associ-
ated with anthropogenic activities, such as those associated with grazing, sur-
face disturbance, and wood harvesting (Le Houérou, 1996). These changes
decrease the ability of desert ecosystems to respond to pulse precipitation
events, When gas-exchange activities resume following moisture inputs into
these impacted regions, it appears that primary productivity usually reflects
a reduced rain use efficiency. Yet in satellite-level studies of rain use effi-
ciency in the Sahel, Prince et al. (1998) have not been able to detect reduced
rain use efficiencies or increased desertification on many of these impacted
lands. Future efforts should be directed at resolving this discrepancy,
because it lies at the heart of our ability to understand change in primary
productivity of desert ecosystems at the global scale.

VI. Conclusions

Primary productivity rates within a desert ecosystem tend to be less than
1500 kg ha™! yr~1, with the productivity rate within a specific location be-
ing linear with precipitation inputs. However, the year-to-year primary pro-
ductivity of a desert ecosystem is challenging to predict, because of high in-
terannual variation in precipitation amounts compounded with human
impact (usually grazing related) in many regions. Remote-sensing ap-
proaches may be a valuable tool for quantifying productivity in some arid
land ecosystems, where vegetation cover is sufficient. Not all perennial
plants utilize moisture from the same soil layers, leading to interseasonal dif-
ferences in the responsiveness of vegetation to biseasonal precipitation in-
puts. Biological crusts may be a key nitrogen source in many arid regions
and disruption of these crusts by grazing is suggested to be a contributing
factor to decreased productivity in disturbed arid land ecosystems.
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