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Net Primary Production in the
Shortgrass Steppe

Net Primary Production of the Shortgrass
ﬁg Context of the Central North American
Grasstand Region

Temperate grasstands in central North America are found over @ range of mean
anneal precipitation from 200 w 1200 mmey apd mean annudl femperaturas
srom 0 to X0 *C (Lusenroth ot al., 1999). The widely cited relationship between
mean antual precipitation and sverage annaal ANPP -__Qn.w a_uw” n_.ncnn .r.n._
yrecipitatkon gradient into n production gradient (Lavearoth, 1979; 1.auenro

“a”r 1999; Noy-Meir, 1973; Rutherford, 1980, Sala <t al, 19880 Therefore, the
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et primary production (NPP), the amount of carbon or energy fixi

by green plants in excess of their respirslary needs, is the fund
awenti] quantity upon which il heterntophs and the ¢cosystem processes
associnted with depend, Understanding NPP is therefore a prerequisite

standing ecosystem dynamics. Our objectives for this chapser are o

current state of our kpowledge aboul the temporal and spatial pattems
the shortgrass sieppe, 1o evalunte the important varisbles that consrol
to discuss the future of NPP in the shortgrass steppe given current
ubout global change. Most of the data available for NPP in the shong
are for aboveground net primury production (ANPP), 56 most of our p
will focus on ANPP and we will deal with belowground net peimary
(BNPP) as o scparute 1opie. Furthermare, our treatment of NPP in this ¢
ignore the effects of herbivary, which will be coverad in detail in chapter

Our approach will be 1o start with a regional-seale view of ANPP in si
grass ecosysters snd work toward a site-scale view, We will begin by biie
placing ANPP in the shorigrass steppe in its larges context of the ce
American grassland region, We will then deseribe the regional-scalke

and controls 0n: ANPP, and then move 10 the site-scale pattem:
o ANPP. At the site scale. we will describe both temporal and
s, and controls on ANPP as well as BNPP. We will then discuss

hetween spatial and remporal patterns in ANPP and end the chapter with ast
specalative section on how future global change may influence NPP in the/she

grass sieppe.
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estion of the central Noeth American grasslands on the production gradient is
from less than 100 gor =y 1o moce than 600 g-m -y (Lauencoth et al.. 1999).
The shortgrass steppe contains a large proportion of the least produstive sites in
e segion. Parvelo and Laveoroth (1995) used normalized difference vegetation
isdex (NDVT) dota, which are correlated with ANPP (Paruelo et al, 1997), 10
L onp .nﬁ.ew!:.iaiarlg.g?sn_auo%-g
* grasslund types. suppociing the idea thit the shorgruss steppe is the least protiuc-
tive of the grussinnd types (Fig. 12.1), . )

Lane et al, (199K, 2000) sampled 3 trumiect across the uasvulsa un&..
!agigfagmgnﬂng:_ﬁg.ia%gé
.sozsggiuwmndﬁ‘g-wo!uvs._txf%{z_%i.-ﬁ
ngﬁﬁﬁasﬁitg:s%&.ﬁ%&a%g
- stin ..anaagggaggigigggs.m&
found that botl increased significantly with increasing mean annual precipitation
- (Fy _N.NE.>§3!—2.¥3§~3§853n§bl§§.ﬁ§
gruss steppe sites, from 165 to 300 g-m at three northern mined praicie sites,
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Figure 121 Normalized diffcrence
over the growing season for b shorl:
prairie {NMF}, southent mixed prairie

(SMP), and taligruss pririe (TGPYL
Ench har represents the yverage over
several #es, {(Adipied from Parvelo

and Limencoth [19951)
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Figure 12.2  The selationship among annual shovegreund et primry
production (ANPP), leaf area index (LAIL mesa annual peecipication (A); Mean Anmual Temperatire (C) .

and ANPP per unit of LAI as a functian of meun anaual precipitation aceoss location of the shortgrass steppe in the paramicr
e central grassdand negio (B). (Data from Lane &t al. [1998, 20001} ﬁﬁ%ﬁi%igig
gsggiz’?itiw};fﬂ
into portions dominated by C; ot C, plants. (Adapled from Epdin el 31
[199Tb}) (&) The relationship between the percentage contritution of Cy
grasses 1o aboveground net peimary production and mesn anmual 1empera-
wr¢ in the shorgrss sieppe. (Data from Fan [19931)

and was 410 g-m-? for & tallgrass prairie site. Leaf area index averaged approti
mately 0.25 at the shorigrass sites, mnged from 0,75 to 1.9 at the northern mixed
prairic sites, and was 3.15 at the tallgrass site. The relationship berween LAl
and ANPP suggests that the amount of NPP peoduced per unit LAI decresses
lﬂﬁsﬁﬂ&ggqg.ﬁgaoaosnvnﬂggx”.
(Fig. 1Z.28). Lane et al. (206X estimuted the amount of lght reeching the soil




surface al masimim canopy dovelopmeat and reposted that it was greater th
0% for the shorigrass sites, between 05 and 105 for the mixed prairie sites, _.A
0% for the 1atlgrass site, .—dova_zac:.sa.s..ﬁga%vo.g%a
this work 15 one of 9 low-productivity esvironment with # small amount of th
sail surfitoe shaded by the leaves of plants.
The shortgrass steppe combines Jow precipitation with high temperatarcs. 16
found in areas with mean annual temperatures more than 7 °C and mean g -
precipitution less than gaaiw_nsgia-?eﬂx&mﬁis
(1997b) 4 very small poetion of the environmental space of the shorgriss s
(Fig. 12.3A) favors the dominance of C, species Regression 3_...8!?? _.,.

Q) average ppl.
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nocth 1o 0% in the south (Epstein et al, 1997b), The decreass in C, grasses from
nocth 1o south is linear with increasing mean manual temperature (Fig. _u.uuw
Thus, the shortgrass steppe is o dry grasstand that is dominated by s
ure C, grasses that develop a sparse canopy with o low LAL These char .....__
thcs combine to result in s having the lowest annual ANPP in the 83-_ w
American grassland region,

Regional-Scale Spatial Patterns and Controls
on Net Primary Production
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Effects of Precipitation and Temperature

>§>23.§§?§§§.§58n§»8§a han
uocn m = {(Fig. 124 JUSDA, 1967]). The mean %2.5!&..2.52«0%55. 3
£ *, with  sputial coefficient of varistion (CV) of 38%. Predictably, the distribation
during unfavorable years shifhs toward smaller values; and in favorable vears, toward
lurger values (Fig, 12,4). During unfavorable years. 10% of the sites have ANPP
550 g'm?, whereas during favorable vears 10% of the sites have ANPP more th an
400 g-m=. The mean for unfuyorable years is (03 2:m (CV, 506, and for fave '
able years v 250 gr-m > (CV, 35%).

The key environmental variables that explain the diffcrences among locations
within the shortgrass steppe are precipitation nod temperatare (Fig, 12 5). Soil
teature aluo has u small but significant Influcace on the regional distribution of
ANPP. The sites with the lowest ANPP occur in the warmest and driest parts of
the region (western Texas and southeastérn New Zz._os Fig. 12.5B). Sites
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Fgure 12.4 Froquency distributions of sdneal sbaveground ot
peimary production (ANFP) in the shongrass steppe for_ normal
These dats were caflectod by the Nogural Resources Canscrvation
the: Sorvice o¢ past of (hoir Range Sitc dambase (USDA, 1967}, The dsta
gggﬁiggﬁigoﬁgi represent ANPP fix differca sites thrughoss the shorgrss regica.
zgzﬁsgﬁvgnﬁa,gon&ﬁnsigazorﬂg
the sites with the grestest amounts of offective peecipitation. AS mean an
tempesature (MAT) increases, mean anmial potential evapotranspiration r
Increases (MAPET [measurcd in contimeters] =94 = SxMAT: #=0.7] [Ls

and Burke, 1995]), resulting in & requirement for grester precipitation ﬁ,._u_:ﬁ-




” of ANPP. Vertical stices through Rigore 12.5A provide expmples
3) i Vnsﬂ»:ﬁ%iwﬂ% sl & mean annual precipitution of 43¢ im. ANPP ranges
=0 ggwﬁ{auﬂgﬂiasg-a!aﬂa.r«zl_oﬁ
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A i _ i | plays in Influencing ANPP can be illustrated by an
! e role thal soll texture :
g n ﬂ%ﬂnﬂ » ?&tgsgzﬁwég_gam@ 12.64)
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Figure 12.5 Distribusion of - o 3 w0 4w W 0 w0 6w |
duction (ANPP) in the shonprass. steppe, gvgga.)ﬁ ?E—%E

(measured i gramy per square meter) us a function of Mmess aanual
precipieation iﬂﬂiﬁ.ggg_ﬂ&)z%
(meamured in grams per squars meter) us a function of longisude and
lacitde, Sex Figure 124 for descripeion of the databrse.

hn b O
Figure 12.6 Relationsbip botween (A) watcrholding capaciy
of soils and average sunual aboveground aet primary produc-
tion (ANPP) and (B) mean asnual precigitstion and ANPP for
1w s0i] testure clusses from sives in Weld County, Colorado. See
Figure 12.4 far o description of the database.
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Tt is difficlt 1o estinte NPP for crops, bat by miking woeme ssstmptions we cxit

eapacity 18 Jargely detcrmined by sail sgaavgpiﬂggg. ol - * i il that all con cea it

water availubility and water balance {Cosby ot al, 1984 Lanenroth and Bradford,
2006). A decrense in ANPP 10 dry wreas as water-holding capacity increascs i§
consistent with (he inverse Lexture effect (Noy-Meir, 1973), which states thit in dry
Areas, coarse-textured 5oits should be mors productive thun tine-textured 20ils and
the revesse should be true for wet arces (Fig. 12.6R). The explanation lies in the
rebative roles of bare soil evaporation and percolation below the roat zone. Codrse-
texrured sails have low water-holding capacity and low losses to bare sail evaparas
tion. This results in more water available for plont growth in dry arcas and less'in
wet areas, This cffect can be best illustrated by cviluating the two extreme cases of
clay and sand (Fig. 12.68). At the wettest sites (=650 mmy™'), ANPP on chay soils’
sverages 70 gom? more than tsat on sandy soils: at the dry end of the gradient (300"
min-y"'), sandy soils have an ANPP that is spproximately 20 g-m* more than o A,w.
found on clay. The inverse texture effect (Fig. 12,08} provides an explanation for
why the relationship between ANPP and water-holding capacity for sites in north-
central Colorado decreases as water-hokling cupavity increases (Fig, 12.6A). These
sites have mean snnual precipitation that s kess thao 375 mm, which puts them on.
the dry side of the crusover point for the inverse texture effect (Fig. 126B)

i N P, " -
ﬂﬂnﬁ%ﬁgv!i!&?imwm!g%i
>§££lﬂ£ﬁli§!i§8_8§

ANPP (g )= 197 +0. 2 MAP
(mm) (F=067)

Another soucoe of evidence for the existence of an inverse texture cffect can be:
found in the observation that deep sandy soils in the shortgrass region tead 0 sup-
port taller vegetation than adjacent fine-textured yoils. Kiichler (1964) mapped the:
potential natural vegetstion of the conterminous United States and indicated that®
on deposits of desp sund asocisted with major rivers in the shortgrass rigion,
tllgrasses (Andropogon sp) are dominant, whereas the adjocent fine-texires
soils are dominsted by the shortgrasses Sowreloua gracilis and Buchlo# dactys

ul&>z¥§§gt:r_§ya§§ .
ﬂV?FﬁEﬁgiﬁuaB§§%>zxi
S‘gt_gm.ualngzlnwcslatggkogig
aﬁilsag.faﬂusiﬁnﬁnnuﬂ%rﬂggir. .

loides. Fan (1993) evaluated the distribution of species and functional groups in
castern Colorasda ard found that peoduction of C, grasses was significantly and
positively related o sand comtent of the soil (#=0.56; =0001), Investigation of
the details of this relationship revealed thot the largest proportion of ANPP at.
the highest sand contents wis contributed by tallgmss species. Average ANPP at
Jow sand contents {(<605) was 635 z'm~. and «t high sund contents was 120 g'm

Mast of the evidence sapports the kdeit of an inverse texture effect at both the hmr

shortgrass steppe and the ¢entral grasslund reginn scales. The single contrusting = =

study s that of Lane et al. (1998), and it is possible that the lack of support in & 20 -

these data for an Inverse texture effect was the result of insufficient smple sizc ta) A Y2 Wit

deal with quadrat-o-quadrar variability, < — = Grasland
100

Effects of Land Use on Aboveground Net Primary Production

A current reality for the shortgrass steppe and all grassland sreay worldwide is
that only 2 pottion of the original area of grassland remains in sative vegetation
(Laveoroth et al, 199%). More than half the arca within the shortgrss steppe -
remains in native vegetation (Lauenroth and Mikhusas, 1992; Lauenroth et aky
1999, Hurt, chapter 4, this volume). The remainder is split between dryland andd
irrigated crops. The major dryland crop is winter wheat and the key irrigated crop!

oe§§a8vu8wmm,w§.nmo
:gii}ai

127 Relationship betwesn meon nnual precipitation and
qs.ﬂln!gs&.ni_ai%szws.aifulv
gi!s!;i%i!i%% (Adapted

these two aceount for the largest pan of the ares harvesied each year. from 1auenrodh ¢t al, (200043




“summes-faklow rotation system oa aveeige produces more favorable sail water ¢on-
ditlons for plant growth and bess vaciabilicy amoag years than in the adjacent gruss—
lands. The crossover point at $75 mm i¢ the poine st which there is no adventage 1o
the summer-fallaw sysiem, and contiavous cropping wenkd be more dosirable.

The decreased variability of winter wheat ANPP relative to the native short-
SRS deppe is very apparent from o spatinl analysis (Fig. 12.8), Alhough the

%%.uiﬂo&%ﬁgr%_ﬁaég
production The winter wheat i - :
_qiﬂsl!.gwﬁa.>zav§an§=eo§ﬂ_ﬂ=_§§?r=§§
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fallow persod,

Mean Annual Temperature (C)

site-Scale Spatial Patterns and Controls
on Net Primary Production
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Figure 12.8 Disteibution of ansual aboveground net primary
production (ANPP) for summer-fallow winter wheat in the shoet-
grass steppe. (A) Distribution of ANFP as a functicn of meaxn
annual precipitation (MAF) and mean anauil temperatute, (B)

Distribmtion of ANPP as 2 function of loagitode and latinsde.
Abovegrosnd NPP was calcuised from the regression equation
ANPP (gm Y= 1974 0.2 xMAP (mm) (= 67) (Leuenroth et al.,
2000,

Green Blomssss Qébiwobogng (rF=095)

| Regrensions for two other periods peoduced coeffcicns of determination of
071 and D85 (Amicssom, .3_v>§o8w>§.=3=.§!.-§8
gg%,sggﬁgﬁ%uaﬁEEagﬁu&?%
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1

for the CPER 1801 shaswvn) suggests that landscape position and surface horfzon

suil texiure both may infivence green biomass. .-

The sails wt the CPER. similar to most other sites (0 the shostgrass seppe that

have remained in mitive vegetation, are predominantly coarse ity fextare. The
RSt COMINGN texture is fine sandy loam. Todd (1994) used Landsit Thematie
Mapper data for the entire CPER (65 knv’) to investigite relationships. between |

2

g

g

and standing erop {Fig, 12.9), but it is possible that the key <onicolling varistl:
is landscape position rather than clay (see the next .ac.s.,.ow- _-_...a..__..ug
One of the gg_ég.ﬁ_ggﬁgiiwz_!f ship
V._”s the majority of our feld data indicale thar ANPP is greatest on s Wy
?sqgnn.sggg.ngq&a:ooa,
relationships with different y-insercepis but oticewise similar forms. The June 22,
1984, image peoduced standing crop vakues that were. on aversge, 32 g more.
than the July 12, 1991, image. Precipitation in 1991 was very near the long-ierm.
wverage. and in 1984 was 30% mreater shan the sverage. This likely sccounts foe.
the difference in standing crop between the 2 years. .
: anga-?Rgng:&n_ﬂxS:on&ﬁag!lci-g oy
Nife approximately S km apart suppoet the idea that ANPP on coarse-textused.
soils is greuter than on fine-textured soils (Fig, 12.10), Six of the seven ratios.
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Figure 1210  Relationship betwoen anmesd abovegeonind net geimiary
prodisction (ANPPI on a loumy siund and a clay loom site af the CPER.

of ANPP fine 10 ANPP conrse were between 0,45 and 080 and were not sig-
nificantly refated - annual precipittion, [n | year, the natio was approximately
une. Dodd and Lauensoth (1997) wsed a soil waser simulation model 10 compare
these two sites and found that, on average, over SO years, a 2rester fraction of soil
witer was Jost via transpisation from the loamy sand than from the clay oam site.
Conversely. a greater fraction of the water was Jost to bare sail evaporation on
the clay lowm than the loamy sand site. These results are coosistent with greater
ANPP for the coarse- versus the fine-textured site.

150

4 o
125} 4% a Sy,

Landscape Effects

In addition 1o the effects of soil wexture, landscape pesition has o complex eftect
on ANPP that is not eusy 1o partition into (ndividunl controlling factors; Siateen
yeass of data collected from three landseape positions at the CPER indicate that
there are small differences in ANPP between upland and midslope positions, but
lirge differepoes between swales and either of the other two Tandscape positions
(Fig. 1211} A simple soil texture explanation does not account for these differ-
ences because in this example batl the midslope and swale positions have the
: same soil textures, The wpland position has & clay Joam soil and the midsiope and
 swale positions both are on sandy clay. loam soils. ‘The mos likely explanation for
these differences fies in o combination af effects of soil texture, soil water, wmd
nitrogen, Swale positions can recedve additional water via runon o interflow and
in some cascs hove higher soil catbon aml nitrogen contenss (Burke ot nl., 1999,
Youker et ok, 198S),

100

Standing Crop (g m¥)

73

Clay (%)

Figure 129 Relationship berween seand)

nding crop blomass for the
CPER predicted Trom Thematic
froen Todd f1 Mapper data and clay content. (Datz




Similar kinds of morphologicsl differences In rooting apply as well 10 the
majority of the shortgrase steppe, which ks grass dominared {Lanenroth and
Mikchuaas, 1992), Cool-senson grasses such as Agropyron swizhii wend 10 be more
deep rooted than the warm-season, dominant 8. geoctlls (Coupland and Johnson,
1965 Weaver and Albertsan, 1956} and these differeaces in rooting characieris-
tics cun result in different soil-plant water dynamics (Dodd and Lauentoth, 1997:

R i Sulx et al. 1992), Furthermore, leaf water potential and leaf conductance of 5.
= grateiliy sometimes appear to be more sensitive (o changes in soil water compared
e ®|F with A. smithii (Morgan et al., 1998; Sala snd Lavenroth, 1982, Sala et al, 1982),

= esponses that could be related 10 differences in rooting characteristics.
A The other important functional typing that has often framed physiological stud-
fes 0n the shortgrass steppe involves the photosynthetic puthway—specifically, the
Figure 1211 Annual aboveground 40 categorization of plants into C,, C,, and CAM (Black, 1971, 1973). Of the three
net primary production (ANPP) for sypes, CAM plants are the smallest group represented in the shortgrass steppe
ﬁnﬁaﬁxgiinmw 20 f and are especially noted for their adaplations (0 xeric eaviroaments. Opuntid is
o ﬂsawa..ni-__ ....s.-* -..M-.«m“ 7 2 1he most prominent CAM genux of the region (Lauenroth and Milchunas, 1992)

An abundance of both C, and C, perennial grasses dominates (he shortgrass
steppe, although the majoeiry of physiological studies bave focused on contrasting
two important, representative speciess the C; A. smithii and the C, B. gracilix.
Boutetony gracilis has & higher tempersture optimum for photosynthesis (Brown
. amd Tilica, 1977; Kemp und Williams, 1980; Mansoa et al, 1983; Read et al,
1997), requires more fight to saturate photosynthesis (Brown and Trlica, 1977;
Willlams and Kemp, 1978), and has greater water ase efficiency (Monsoa et al.,
1986; Morgan ¢t al., 1998) compared with the C, native A. smithii. These traits
purtly explain the dominance of B. gracilis in this semiarid steppe; they have
als0 been ssed to explain the emporal variation in production betsween these 1w
grasscs as & mechanism for niche séparation (Monson et al., 1983).

At the site level, scasonal and yearly variation in the dynamics of precipita-
..Biggcaggnisa.&igggwa%mr
cal activity. The period when both temperatune and precipitation create favarable
conditions is, W & lagge exteny, limited f0 May, June, and July (Lavenroth and
Milchunas, 1992; Ssta et al., 1992), The carly part of this period is most favorable

Temporal Patterns and Controls

Ecophysiology of Shartgrass Plants

within the context of functional types (e g., morphologival groups, such as shrubs;
grasses, fochs, succulents; of photosynthetic groups, such as C,. €, and crassne
lacean acid metabolism [CAM]), and generally in response to variation in water
and temperature, the two Most important environmental constraints to plant pro-
duction in this region (Detling et al,, 1978; Dickinson and Dodd, 1976; Kemp and
Williams, 1980, Sala et al, 1992). These fonctional types have frequently been

variation in primary production as well. For instance, shrubs can be important o ~ for photosysthesis and growth of cool-season C; grasses and sedges (Kemp and
soils (Dodd and Lasenroth, 1997, Lane et al.. 1998, Lavenroth and Milchunas, Williame, 1980; Maonson et al., 1983; Read and Morgan, 1996, Read ¢t al, 1997).
1992; Sala et al., 1997) or in climates (Knight, 1994; Sals et al,, 1997) that encow ) Furthesmore, the distribution of soil water tends 1 be deeper in the profile extly
age decp percolation of water. Deep-rooted shrubs and forbs can take sdvantage during the growing scason than at other times (Sala et al., 1992), a factor that may

be important for deeply rooled C, grasses.

As the growing season progresses and temperatures warm, growth of the dam-
mgﬂgwugtkulu.gwgaoﬂuggng..s- =
. gg.-?ﬂ&ﬁﬂ»wﬁi%nﬁ&:%?i ,

Dodd. 1976; Mouson and Williams, 1982). Precipitation amounts peak, and pho-
cas: s&%:&»gggggniggnrﬁgﬁi
small precipitation events will enhance primasily grass production (Dodd and: rapal increases in blomass (Brown und Trlica, 1977, LeCain et al., 2002)
Lauenroth, 1997), Becanse deep soil water is Jess variable and eplemera! than | After the first of July, increased evaporative demand means that recharge of
shallow soil water, the seasonal dynamics of shrub production should be less vari- the soil water stotes s unlikely, and water from precipitation is beld only bricfly
#ble than for shallow-rooted grasses (Sala and Lauenroth, 1982). in the surfoce soil liyers before being transpired or evaparated (Sala ot al., 1992)

nte (Coffin and Laucnroth, 1990). Similarly, variation in scasonal ANPP of a sie
and of individual species depends 10 a large extent on the intecactions among sei-.
sonality and amount of precipitation, soils, and plant types (Epstein et al., 1997a)k
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of C, grasses. Rases of community photoxynthesis tend to be less this time of year
becanse of water stress (Brown and Trlics, 1977; LeCsin et al, 2002). Con ¢
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photosymhesis and growth of C, grasses in late sumnser ls due in farge part a0
their warmessason €, mesabolism, which can maintain photosynthetic sctivy »
up to relatively hiph femperatures (Brown and Trkica, 1977; Detling <t o), 1978
Kemp and Williams, 1980: Monson et al,, 1983; Read and Margan, 1996; Reed!
et ul, 1997), ptus their shallow Toot system that ix uble to utilize soil water effie
ciently that is available mostly near the soil surface, The charscteristic high water:
wse efficiency (Monson et al, 1986; Morgun et ul.. 199%) and stoasatal seasitivity:
(Morgan et al, 1998; Sala and Lauentoth, 1982; Sala of al,, 1982) of the C, grass:
B. gracilis may be important adaptations that allow continued growth of this spes
cies at this time of year. High light saturaticn of photosynthesis in 8. grocilir
(Brown and Triica, 1977; Williams and Kemp, 1978) may also be impartaat in
the dominance and functioning of this spectes during summer months in a region
characterized by low keaf area amd few clowdy days,
LeCain ot al. (2002) illstrated how the seasonality of CO, fluxes on the shogr-
griss steppe i ted W soil water. They used chambers to measure CO; exchange.
every 2 1o 3 weeks duning the 1995 10 1997 growing seasons, and measurements
were adjusied to subrract soil respirasion, giving an estimate of community net.
photosynthesis. Precipitation in 1996 was close to Jong-term norms for the sires
(Fig. 122, Tn contrast, spring in 1995 was unusually wet, followed by u dry,
summer, whereas 1997 had below-avorage precipitation early in the year, followed
by greater than normal peccipitation late during the second bulf of the growing
-seasva. The effects of these different precipitition pattems on soil water content,
and consequenily on nct phatosynthesis of the plant community in this semiarid!
steppe. are evident (Fig, 12,12), and illostrate how scasonal and year-10-year vanis
ability in precipitation are, in large part, the basis for differences in NPP.
In summary, the temporal variation in peoductivity of the shocigrass steppa
oceurs primirily in response 1o variations in water and temperature, snd involves
the coexistence of differcat plamt types in this grasstand thaz are capable of grow-
ing nnd wiilizing resources ar different times of the year. The coolseason G
erasses take advantuge of early-wesson cool temperatures and water stores that
are deepest ot that time of year. Both Cy and €, grusses typically exhibit their.
fighess zrowth rates in mid to lste speing and on into early summer, bat the

£ &

(geon’)

- Soil water conteni Weekly precipitution

typically warm, dry conditions of midsummer clearly favor the warm-season and:
shallow-rooted C, grasses that tend to have Nigher water use efficiency. The actual
rates of NPP and the contribution made by different species can vary dramatically
and depend on seasonal and year-to-year varisbility in soil water and temperaure:
(LeCain et al, 2002).
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Aboveground Net Primary Production
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centrnl grassand reglon result in all the grasslunds having sirnilie temporal pet-
tesis of NPE Average NDVI data from 1991 for a mumber of sites in each of the:
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Effects of Precipitation

the data in terms of ANPP The S2year average ANPP was 97 gin and devi-
ated positiyely (maimum, 45 grm ) and negatively (minimum, 36 g'm’?) from!
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landscape positions followed the same large-scale trends, but ANPP on the
swale fuctvated mare widely batwoen low-production and high-production ;

midsdope positons it was between 100 and 125 gw . Aboveground NFP foe all
fandscape pusitinns was relited to anmial precipitation (Fig. 12.16),
dangutvna:vnui-ﬁegtggxs_ﬁgg?vﬁ.
vk suggests that the controlling factors may be different among the kindseape
positions. The classic catena model {Gerrard, 1981) i bused upon the dowaslope:
movement of material as 2 result of the mevement of water, Although many hill
gz.aiaggﬁﬁe_unxgig_ga%mg
of wind movesent of material, it s possible that duriog certain years there is-
movement of water cither abovegroind or bekwwground from the upland and nyid-
sogie positions S.E%v&wg»mwars-_sg>§.§§si,
swakes 6 that many of them have higher soif ocganic carboa and nitrogen, as well
as higher nitrogen availability (Burke et al., 1999 Hook and Buske, 20040, Yonker

Nitrogen Effects

Nitrogen additions increase ANPP in most ponforested tecrestrial ecosystems, -
and the shorigrass steppe i pot an exception (Dodd and Lauenrath, 1979; Haxt
et al, 1995; Lavenroth et al.. 1978). Burke et al, (1997) repoered that the shoct-
ara5s steppe has a Jow nitrogen nse efficiency (ANPP/annual net nitmgen mioce-
alization) compared with other locations in the central North American grassiond
region. One of many possible interpretations of this is tet ANPP is more limited
by wuter than by nitrogen. Several experiments have been conducted at the CPER
that provide siditional tnformation ahout this issue. although only two provide
direct information about the response of ANPE to aitrogen addition.

Hart et al. (1995) reported the results of an experiment that was ciirled ou
batween 1979 and 1985, and consisted of the addition of 2.2 ¢ Nem annually
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midslope (B}, and swale (C) lnndscape positions at the CPER,
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Table 121 Average Ansiual ANFF for Species and Species
Groups with and without ‘Nitrogen Fertilization

Speciies or Growp Contrel, Kgha!  Nitrogen Addition. kg !

Beatelum graciis A3l 2 680 1
Conl-peascn grasses e 04
Onher grasies e e
Forbs Of 10 g

ANPP (g m)

?4..1&.!-..13091.!?—{13!!!!5‘_!_«
sanﬁt_.nbrva.:iz!a)_sc

1979 1930 1981 1982 1983 1984 1985
Year

3%-&%%335&853&!-5%&55.
gen addition (Table 12.1), The forts group had the greatest peecentige incredse o
%§%§§§.§S~<32§L>z¥§33?
1ol conditions, but increased to K#ESsﬁe%u&awgggﬁi
an interaction between s«.ﬂ:a:%-ig:sﬁuooii:un ANFP st the

(B)

steppe, was started during the Internativmal Biological Program (1BP). (Results
19w§.§9§§-33§§§2§~§?.5§5

The interactive effects of water and nifrogen ¢a >z~vsﬁn§=§&_-

this experiment, which cousisted of a factorial combination of nitrogen and water
E_aﬂaggiggguﬁongiaa;_gqﬁ% _ D
gu:ﬁg%&-%&%x irogen 2s AR
353!—.sinammzéaaﬁ.wn{&&nsino??_aa!’&

in the sddition of 35 g Nem™? over the § vears of the experimenit to the nitrogen
addition plots. The watered nitrogen treatment consisted of annual additions of

¥ 8 & 2
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Figure ‘N...w. {A) The effect of nitrogen addition an ansmal aboves-
round eed primory production (ANPP) af the CPER. (Dafa from Hart
.ﬂs-r :owu_n {B) Relationship between growing season proviptation aml
1he amosnt by which ANPP way increased by mitrogesn fertilization

CPER. (Dot from Hart et al. [1995]) nhe

in the fall 10 1wo 32.4-ha pastures, Two similar-size we

trols. Nitrogen sddition increased ANPP in each of % &ﬁs&&ﬁ?ﬁ.&.&.&v
(Fig. 12.17A). The average tncrease in ANPP compared with the control was 27%,
with a range of 4% to 39%. The varisbility In the response of ANPP to nitrogen
.-&53 was relates] to growlng season precipitation (Fig 12.078), The Jargest
inereases occurred in years with high growing season peecipitation, and the small-
est .:.n.g oceurred in years with low growing season precipitation. Bowreloua
gracilis was the dominant species in terms of cantributions to 1014l ANFP in both

-%?Z&Fa:aﬁn-rcgligiggn:r
:8&35-&%8%.?3&1&59!!%%
agﬁisggigaﬁg?aﬁgig
nﬂcoﬁrﬁgggig%gggﬁ
grass, B, gracills, increased by S0, Hyder et al. (1975) suggesied that on average
during the 7 years of their experiment, the additian of 2.2 g Nenw? had megative
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. - f hat iscreasing CO; concentrations
there are godd theoretical reasors 1o expect ¥ O3 c0niy .
will result in increases in NPP in miny ecosystems, and especilly those na.wr
fated by T, species {Bowes, 1993), There Jiee also good ihearetical ceasons for
%i!s&:gaunﬁwn%su_saaoa.:ﬁdv«n.gﬁwa P
experience minimal increases in NPP (Bowes, 1993). In contrast to theorefical J_

ositive responses of NPP o elevated CO, (Ghannoam el al.. 2000,
ﬁﬁiﬁw.ﬂiz Morgan et al, 2001; Wand et al, 1990y We -&3 caiucted two
rd.%gisganﬁ??.sa:w:a.g.os.a&.%
(Hunt ¢ ak., 1996 LeCain and Morgan, 1998; Morgan &t al.. 1998) and .ssm. .ﬁ
lurge open-top field chambers experigacing ambient wearther conditions (L
et al., 2003: Morgan ct al. 2001, 2004). S

Under s greephause treatment of 00 pLet CO;, biomiss resporses of
8. gracilis (C,) uad A, .aavz.n‘usﬁaﬁupﬁnu_.:_as.aigsaorﬁ
from cach other (Hunt et al., 1996}, For hoth species, their respanse 1o
€0, wa enhanced with water addition. The .6608.....% B. gracills was greatest
li&gggz—?g.&?g:;rigg _
mperurare (Hunt et al, 1996). v
” .._.unoe.nmv..-o___ossgg-ig..r.—..B.>§§~E§§5Mr |
&a:..an*.sanuqﬁa.vnwRﬁsxssgsuﬁ.?:ugiogz 15
2001, 200M), The indreasc in >z¥§§ﬁﬂdv§_§n€a‘ﬂo‘.aan.
Aﬁ,ﬁ.nﬂﬂnwomgoaﬁ_%&ntﬁism?s%g.
%&Q?u.i%iﬁq%if..?!uﬁg%tzo. in ANPP,
suggesting a positive effect of clevited temperntete. The avai E&u!!.ea)zs »
Eﬂ&a??%sﬁ.égnv&d%%
incrensing CO, concentrutions amwd perhaps to warming.
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Figure 12,18 Effccts of water, nitrogen, amd wates-aitrogen additioas
o anownl abovegrousd net primary production (ANPEY & the CPER,
(Adapted from Dodd snd Lasensoth [1979))

effects an the frequency of occumence of perennial species and positive ¢ffacts
annual species. In the water und nitrogen experiment by Lasenroth et af. (1978}
nitrogen addition incrensed grasses by 70%, forbs by 4255, sod the dominant

tsat controls ANPP a1 the CPER. Waler addilion had the gresies absolute Belowground Net Primary Productior

mggran9n3>z§eﬁ=anmnﬁ[o?. pen addition were alo substantiall Belowground Zvvimguiowgsgngﬁhqé
¥ there is a clear, positive {nteraction between water and nitrogen availibil- icppe ecosystem structure and funiction. The challenge his besn aas-uaﬁrs&en
e . . : 1 it il prodace rliabie resuls, This i 3 problem that is cominn 1 the sudy
oF all ecosystems, wot just the shacgres sieppc (Lasuenroth, 2000, aﬂ - _”a-u..
pitude of belowground allocution ansd its importance foe cansunmers 5

systent {see Moore ¢t al., chipter 11 ths volume) makes w espesially _B_.R.Bs
bt we understand BNPP. We have uscd two mothods in the shorgruss steppe.
g?%&aggﬂl_gggitg!ﬂ?gg
(Colordo) and Pantex {located in the punhandle of Tesas near Amarillo)

trestment was 3.7 times greater than ANPP of the nitrogen addition trestment. It
i5 also true that with simikey smounts of water availability, the addition of nitro-
gen had a huge effect on ANPP. Average ANFPP of the water-plus-nitrogen treats
meat was 2.3 times that of the water treatment. Interestingly, many of the effects
of niteogen have persisted decades afler the nitrogen additions were hahed (Burke

ct al, chapter 13, this volume: Lavenroth, chapter 3. this volume: Milchunas and
Lavenroth, 19951

Effects of Carbon Dioxide

The CO. concentration of the atmosphere has increased 30% during the past 150°
years and is expected to continse (o increase into the foreseeable future (TPCCS
2007; Korner, 2000}, Because the stmosphere s the source of carbon o phmts.




Table 12,2 Abeve- and Belowground Blomass Components
for Two Sites In the Shortgrass Steppe
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shartgrass sieppe siles. Pantex is e Texas Tech University Research
Farm in Amarilio, Texas, and CPER i the Central Plains Experimental
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Singh [1978])
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Root blomass is distributed as a segative expoocatial function with depth
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Sims and Singh (1978) reported estimates of BNPP using sequential harvest-
mgiéﬁskﬂ-lvg?igmagg_ﬁ-gnﬁ‘
,3$magsuaaziaiaaﬁxiziS&gasEEasSns.
These %.a§a£§>z§.8.§i.8&§89nﬁ§
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those reported by Sims and Singh in 1978 (Milchunas and Lavcuroth, 1992). This
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Table 123  Estimates of Aboveground and Delowground
ANPT for Two Sites i the Shortgrass Steppe

Betause witer sviitability is a key controt on NPP in the shorgrass regeon, 000
of the ways to campize spatial ind tempocal putterns r.B sk ix._.n he slopes
of rogressions between ANFP and precipitation are similar foc spatial and 1enypo:
sul data sets. Lasenroth and Sala (1992) summarizod 52 years of >23.a=.ﬂ for
the CPER and developed a regression betwees ANPP ned wnnual precipitation:

ANPP, =564 0,131 x APPT,

o e o8 " i i : meter) and APPT,
where ANPP, =>§B§E.A§.mn.&3?~£§
"u.w.u _nw" ﬁ ﬁ w" : r-!ws._ia.nig Evcﬂw.ﬂgn&ib:_g.qv&g%ﬂ
2ol A " = 1s uhis termparal model with 4 spatial mide] developed foc the entire grassiand region
b zou by Sala e al. (198N
19% an a7 an 410 y
1971 455 ™ 106 87 ANPP, =-34 4060 MAP Lot
1972 &07 4 e 068 : ) ;
where ANFPP, is mean ANPP (measured i grums per square meter) d
- = — = e w§§n§mﬁgg_=3m=.g=w§§§18}r
e e i e parison that. the temporal elationsbip i different from the.spatial relationship

_grgfigigauﬁnsﬁssq-ui year and
Hﬂ.ﬁ-ﬁ?ﬁum»aﬁ%xsgzs qs&.?g-no.issa&_v.ma&!&
‘giiéggui_%g_ssggi I <
MAP). the vegetation (the number, lentity, and ssze of plants) and the biogeo-
chemistry (the xize and quality of arganic meatier pools) reflect the average wetler
conditions of the site, ead ANPP excecds the yvalve one would expect for a site

ANPP in the shortgrass steppe. With further sampling of these plots, we found
some complications with the method as 2 result of contamination of roots by soil
(Milchumas and Laugnroth, 2001). Cormectine fur contam ination resulted in 0 22%
inerease i the 10-year average annwal rood production from 183 1o 223 22m
Because the 10-year uncorrected average production for roots is essentially klen-
tical 10 the orkging) dwear average (183 gar™ vao 178 wom3), it seems ressonable
(0 assume that the average for crowns will be similar. If that is true, the averge
ANPP-to-BNPP ratio is approximately 0.36, suggesting that BNPP is 2.8 times.
greater than ANPP. This falls wathin the lower partion of the mnge reported by

P Sims and Singh (1978) of 2.5 o 4.5,

Comparison of Spatial and Temporal Patterns

Shortgrass sciestists have conducted] 0 great deal of rescarch on the spetiv] pat-
terms in ANPP across grasstand reghons (e.g., Epdein ot al., 1997, bt Sala et al.,
1988b), as well as conducied long-term monitoring and experimental analyses
(Lavenroth und Sala, 1992: Lavearoth ¢f al, 1978). These experiments have all
demonstrated that precipitation s a key control over NPP. However, are the rela«
tionships gained from snalysis of large spatial gradients the same as those from
long-term, site-level analyses? Conceptually. the relationships differ. In the tem-
poral case, the relationship is between ANPP in 4 specific year and the amoun
of precipitation received during that year, In the spatial case, the relationship is
between mean annunl ANPP and mean annual precipitation, The semporal model
reflects the ability of the vegetarion to capitalize oa the umoant of precipitation
and nitrogen made availsble as a resull of the amount and timing of waser inpats
m n specific year,

Aboveground Net Production (g m¥)

ot ul, 1988h) snd a semporal iodel for de CPER
M...!n-: g.wr»!. Svﬂsgioain&tosﬁﬂs
interval. The spatial wodel is Evvlgx:lf.-u.n the wmpa-
ul mode is ANPPe(LI3 X AP +56. AP, anmal precipaation. (Adapaed
from Lavenroth and Sala (199210
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 yulability of ANPP include Randscape effects, soil nicogen. and atmospheric
€0, Landscape position influcaces water und aulelent aﬁ:i...:.« through topog-
raphy (ranoff and runom) and soil texture. Ajthough coancctions between annual
variability in hitrogen supply and ANPP are difficult 1o find, additions of nitrogen
a5 fertilizer have coasistendly resulted in increases m... >zvv The _aama'n» are
fargest in the weitest years, o when nitrogen &a.:.a is combined with waler
&nsr!.mmgoqocggeon.&uuw:ai with open-tep chambers and
in an average 425 incoeass over 2 years.
! gﬂgggnzgwai? most difficult quantities :..n&i!n for
-Q%pggagﬁav?iﬁ%g :1—3:8.?«
this sysiem. We have estimated BNPP for shorigrass ecosystems using blomass
farvest and carbon isotope turnover techniques. Biomass harvest eslimates runge
from 400 to almost 1000 gy, and carbon isotope tnrnover estimates of BNPP
range from 180 to 225 g-m . The carbon isotope turnover estimates seea 10 have
 (he fewess problems and therefore represent the best estimates of annual BNPP

for shoTigrass coosystems.

that had APPT s MAP. In i wet year, (APPT, > MAT), the vegetation and biogas.
chemical processes at a single site rofiect drier conditions, and cannot capstalize
on the extra water available, 30 that ANPP is Jower than the spatial model woulg
predict for  site with APPT,=MAP. i
O resalts from the shortgrass steppe huve substuntial implications for under
standing the response of ecosystoms to changes in climate—short term oc kg
terim. For instance, simulstion models that utilize such long-teem spatind relstion.
ships o reflect the relationship between climate and producsion cannot adeumatis
predict huw a single site will change, <
Furthermore, our results {Lavenroth and Sala, 1992) have been validated
wther locations. For instance, Parvelo et al, (1999) evaluated relationships beswees
spatial and tempiral models for the entire grassland region precipitation gradiss
{200 mm < MAP < 1200 mm). They found that tempoeal precipitation use effi-
ciency (PUE, = AANPRAAPPT) was low at both the dry (shortgrass steppe) and
wet (lallgrass prairte) ends of the gradicnt. Their interpretation was that a¢ the dry
end of the precipitation gredient, vegetation constraints were: the dominant infh-
ence (that is, that the ability of vegetation to respond o changes in precipitation
limited ANPP responsch AL the wet end of the gradient, they inferred that bigs
geochemical constraints dominsted (that &, that the ability of ANPP to respond
was limited by nitrogen or other nutrient availability), These results suggest b
the low slope of the shortgrass steppe temporal model reported by Lauearoth and
Sala (1992} is the result of the Jow productive potential of the dominant shortgrass
species (8. grucilic and B. ductyloides). .
Gur results have beea further validated in the tallgrass prairic (Briges and
Knapp, 1995). The dope of the relationship besween ANPP and annual precipitas
3 tiom was substaatially Jower than that reported by Sala et sl (1988b) for the grass-
tand region and very close to the similar stope for the shorigrass steppe. 4
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