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Estimating Aboveground Net
Primary Production in Grassland- and
Herbaceous-Dominated Ecosystems
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timating abovegcound net primary production (NPP) in grasslands,
wggnﬂqgﬁ!agingssgggﬁa

with relatively strightforward procedures compared with those required in other

biome types (for shrublands, see chapler 4; for farests, see chapter S; for aguatic

_ systems, see chapters 9-10). However, the apparent stroctural simplicity of grass-

fumds, andl other systens dominaed by herbaceous plants, belics & host of unique
and complicoting w“.ﬁa that can introduce significant errory into abovegronnd NPP

~ estimates (figure 3.1). For example, most grasslands were historically home to farge

migrory gnaw.g_g_hg_s&.cagfﬁg%
by domesticated large grazers. Accounting for the intermittent and cumulstive
wmounts of Tollage consumed by herbivornes (hath lurge and small) and potential
compensalory regrowth responscs by plants (McNaughton 1983; Coughenour 1985)

 cepresents 2 significant challenge 1o accurate sboveground NPP estimates in these

Grasslands also have been, and still are, subject 10 fire at # mach greater fre-

ueney than most other biomes (Whelan 1995), Fire can occur in the dornint or
uxugwng-isﬁogﬁglugﬁo_a&g;gu.
Fire can either simpiily or complicate estimates of aboveground NPP, and is rec-
ogaized 25 an important determinant of aboveground NFF in many grasslands.
(Knapp and Seastedt _owslggaaagiﬁug%ﬂﬂw
ors and fire (Coppedge and Shaw 1993; Knapp ct al. 1999) further complicate
estimates.
Typically, grasslands occupy the interior of %gfﬁ.iasogg
tal climutes assaciated with these locations aocentiate extremes in lemperature and

water avallnbility, Dyoughts in purticulae can alter the cxpested phenslogy of plams
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Figure 3.1. Stucturdlly, grasslamds are relutively simple compased 10 many other biomes
{sop lefr), but gk t of grasslamds sach as fire (lop right) and grazing (bettam
1600 ¢an inflecnce the methods chasen for quantlyiag abivegroend net primary produc-
tion, Furthermore, many grasskands have o significunt woody plart component (hoaom right),
which is mpadly inczeasing aroond the woeld (Briggs ot al. 2005 ). Thus, methods may need
o be selécted 1o nccammodate this structorl camponent. Photo credits: (lop lefi and rightk:
AL K. Knapp: (hatsom defil M. B, Swith (Yale University ) (hoitor righty; J, M. Brigzs.

and Jead fo premature tissue senescence and decomposition, thus affectng

aboveground NPP sampling strategics. Fire and grazing also strongly interuct with

drought in ways that must be recognized in order 1o estimate shoveground NPP
sccurmely.

Many herboceous wotlands are essentially grasslonds, and many of the
shoveground NPP issves listed above are 0150 challenges in these systems {chapter
7. this volume), Herbivory can be an important process in herbaccous wetlands
{Kreeland and Young 1997; Evers ot al. 1998; Gough and Grace 1998), partic-
larly those of high nutrient staius. Fire is nlyo a contrlling factor i many large
prassiond wetlunds (Schmalzer and Hinkle 1992; Ford and Grace 1998; Rheinhardt
and Faser 2001). Interannual variation in hydrologic drivers, including hydroperiod,
salinity, and depth of inunclation, may directly affect aboveground NPP rates. These
controls may also be manifest indirectly, such as through changes in plant phenol-
ogy (Hooper and Vitousek 1993: Din et ul, 2002; Brewer 2003). In ofigotrophic
herbaceous wetlands, such as the Florida Everglades, dramatic amd raped shifls in
plant community compasition in response 10 subtle changes i nutrient Malus

(Childers et al. 2003) also can complicate aboveground NPP measurements in both
space and time

Despite these challenges, cansistent and accurate estimates of aboveground NPP
iy these different systems can be made if a few kay principles and guidelines arc
incorporated into sampling procedures. Because grasslands are smong 1he ccosys-
(ems Most responsive (o climate variability (Knapp and Smith 2001 Knapp ¢t al.
2002). accurale estimates of aboveground NPP can be key for detecting global
changes in energy flow through ecosysterms,

The purpose of this chapter is 10 briefly review past and cumrently accepted

) methods of estimating aboveground NPP in grass and herb-dominated ecosystems,

provide some guiding principles and recommendatinns 1o fcilitate accurate deter-
minations of aboveground NPP, and discuss biases and cxrors and sumpling ad-
equacy, For (hese types of ecosystenss, aboveground NPP is operationally defined
us all ahoveground plant biomass produced duning & specificd interval (typically

iy the growing season, but usnally expressed on an annual bisis). sccouating for Josses
 due to herbivory and decomposition when appropriate. We will focus on annual
~ and perenaial grasslands, but these principles should apply 10 most herbaceous-

dominated sysienss such as old fields, tundra, and many agroecosystens. In savanna,
woodlend, or wetland communities with significant weody plant cover (fig. 3.1),
combining methods for the herbaceous strata with those recommended for shrubs
or frees (chapiers 4 and 5, this volime) should permit abaveground NP 1 be es-
timated in peoportion 10 the growth forms preseal.

Key Determinants and Representative Values
of Grassland Aboveground NPP

Grussland climates vary widely, nd, depending on the fire and grazing regime, any
of aeveral resources (water, temperature, nutricats, light) may limit aboveground
NPP (Borchent 1950; Collins and Wallace 1990; Knapp et al, 1998 Ni 2004).
Tn most arigd and semi-acid grasslands, soil moisture is primarily liniling o
ehoveground NPP, but even in more mesic grasslands, warer can Timit production
i1 most years (Lavencoth and Sala 1992; Knapp et ul. 2001). Ata continental scale,
annual precipitation is strongly correlated with aboveground NPP (Sala et al 1938,
wheress {n muny temperate and tropical grassiwnds, nutrients or light also can be
limiting (Kaapp and Medina 1999). Hydrologic conditions often exent strong con-
trol om aboveground NPP in both freshwater and estuarine herbaceous wetlands. In
some cases. all of these factors can co-limit sbovegrousd NPP simultancously or
in sequence throughout the growing sexson { Knapp et al. 1998). Because of the high
integanaual variahility in climate inherent to grasslands (Boechert 1950), different
controds can be the primary limiting factors i different vears. As a result of vari-
ability in climate, fire frequency. md grazing pressures, estimates of aboveground
NPP for grasstand ecosystems can vary over an onder of magnilude, mnging from
<100 g m~ vr in desert grassiands and <200 g m-? yr-! in oligotrophic freshwates
wetlands 10 1500 2 m~ yr-! in tropical grasslands, with aa incredible estimase
of %9000 g m? vr' in a perennially wet tropical grassland (Long & al. 1989,




table 3, 1) Moreover, grasslands exhibit more extreme [emporal vanability in
aboveground NPP than other biomes (Knapp and Smith 2001), and spatial vati-

ability cun also be sobsasitial (Beiggs und Knapp 1995; Lauenroth et al. 1999)..

despite topographic gradients that are ofien more shbtie than in other ecosystems.
Because of this wide range in aboveground NPP across grasslands and the funda-
mental differences among determinants of this varkation, sampling sirstegies and
methods must be custonized for each type of grassiand,

As in most ecosystems, there are far fewer reiiable estimates of belowground

23.92—.3_ n grasslands (Milchunas and Lasenroth 2001). Although there are.

exceptionnd grasslonds where aboveground baomass and productivity account for
95% of the total (Long ct al. 1989), itis generally accepted that a sigmficamt frac.
tion of productivity in most grasslands oceurs belowzround (Sims and Singh 1978,
Rice et al, 1998). Indeed, the high vrganic matter content of most grassland soils
reflects this allocution patiern. Scurlock et al. (2002} estimated that BRPP accounted
for between 40% and 90% of total NPP in grasslands globally, with BNPP greater
1han aboveground NPP in most grasstand types. Moreover, responses and dynam-
ics in BNPP do not necessarily mirroe those of aboveground NPP, thus, sboveground
NPP-BNPP ratios may nol be constant (Milchunas and Laxeriroth 2007: Ni 2004).
Given the magnitude of BNPP in grisshands, and the direct (sllocation strategies,
resvarce uptake, ¢ic. ) and indirect (soll properties, microhsal processes, elc. ) effects

Table 3.1 Estimates of abaveground net primary production (NPF)
for grasshand sites globally

Grasslast Type Meaa (g m” yr) Rouwrge Refercmess
Wot dosert 94 48,183, 229 16-282  Webb ot al, 1983
Keapip amt Snreith 2001
Cold et Slippe 100, 18% -3 Sowdock of ol 2002
Webd o al. 1583
Temgemie Heppo 94, 116 189 S 18985 Sowbeck ¢f ol X0
Webh er al, 1953
Keapp sed Smih 2001
Lavcacoth oed Sola 1952
Temgemme mesic 297,354, 4L S 197-1072  Seudock 2t 8l 2002
Webh o al, 1983
RKeapp snd Smith 3004
Settnspical savitms M6, 518, $53 BO1128 Sowlook 22 8, 2002
Koapp usd Meding 1999
Treopeal wer 73 5223 5509428 Sourleck exal. X2
Long et al, 1959
Herhaceous werlsds 000-5500  Mitsch wd Gosselink 2000
Hechascoun aligatrpbe: SO0, 2900, W00 150-2900  Davis 1589
wetlands Daoast and Childers 1958
Chisdens et al. 200G

Nozes: Toews valees wors derived frore » o 4de variery of sedk 1g differem metheds, lome of wiich
Waely msteresniredie and arhess of which iverestinesic Selu.ll..z!. v. «il:!ul.lis-l!.:o
Soeit berepursl (e devm Fata from one of 3 firw adiza ] 2o spamal sarsplog e
e sho M b wmed oy s guidies fo e e peooed d¢ of ihovoground NET o w dittorem grass
lanl types.

of BNPP on aboveground NPP, measuring BNFP is critically nmportant for under-
standing ecologheal interachions in these ecosystems. A review of technigues and
recommendations lor estimating BNPP in grasslands can be found in chapler § of
this volume.

Guiding Principles and Recommendations for Grasslands

 Review of Methods

Despite the relutive ease with which mosl prasslands cun be sampled for
aboveground production, temporal and spatial variability [n aboveground NPP is
significant, and field sampling and ab processing time can be sehstantisl. Ax o result,
punerons methoids huve been proposed, many having the goal of reducing sam-
pling cifort while optimizing the information gained from the time and resources
expended 10 estimate uboveground NPP (Wiegert 1962; Briggs und Kaspp 1991:
Brummer et al. 1994). These can be divided into two gencral approaches to esti-
mating aboveground NPP in grasstands: direct harvest methixds and indirect or “poa-
destractive” technigues. Although numerous variations have been propased for cach
of these approaches, we will review ouly a few here.

Harvest methods require the direct removal of shoveground plant biomass rom
plots of & specified size (wsually <1 o), separtion of this bionass into compo-
nents (live vs. dead, by growth form, by species), drying to a constant mass, and
weighing. Variations in thiy melwxd involve plot size, shupe, and number: sampling
frequency; pairing phots in grized sysiemns; snd the mode of biomass farvest (Wiegen
1962: Van Dyne e1al, 1963: Kelly ot al. 1974: Singh ot al. 1975: Dickermun et ul,
1986; Brummer et ul, 1994), Harvests ure typically sccomplishued with handheld scis-
socs, but becanse harvesting of beomass in this way can be quite ime-consaming.
alternative means ranging from the use of handheld clectric clippers o large mow-
ers 1o vacuw devices huve been proposed 1o speed the process (Van Dyne et ul.
1963; Milner and Hoghes 1968). Error dne to spatial variability is inlserent in bar-

~ vest methods, und this problem is typically addressed by harvesting many plots at

a tinse. The major labor cost is thiss io the fab-—~in sorting and drymy mauty samples,
There are few alternatives that can substantially reduce this labor cost, A sumber
of double sampling protocols and sndirect techniques (vee bedow) have been devel-
oped in which casily measured or estimaled parumeters (plant height, covey, eic.)

e comelated with harvest dots (Catehipole and Wheeler 1992; Daoust and Chikders

1998; Vermeire and Gillen 2001). We provide more details an the harvest method
below as the recommended technique for estimating aboveground NPP in most
grasslands.

A second general approach. using indirect or nondestructive lecimiques, includes
numerons variatioas for estimating sboyeground NPP in grasslands. Among them
are the use of electrical capacilance and bata attensation devices for estimating Jeaf
area and canopy volume as correlates of nhoveground NPP (Mitchell 1972; Knnpp
ctal. 1985; Sala snd Awain 2000, point intercept methods (Catchpole and Wheeler
1992), disk pasture meters (Trollope snd Potgicter 1986: Dorgeloh 2002), visual
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cUSIUCTON meihods (Vermeire and Gillen 2001), the meaturement of canopy ap-

ticul properties with handbiold devices or via remote sensing (Tucker 1980: Tusncr
et al. 1992, 2005), und sinndation modoling (Roxburgh et sl 2004). Indirect tech-
nigues, in which casily measured atributes are commeluted with bionass, con be a
prefeced alternative 1© harvest methods In grasslands wheee the number of plots
that must be harvested is prohibitively large dise 10 contintous growih of the veg-

etaion {e.g,, tropical systems), where a high sampling frequenuy is required 1o
account for rapid timover of biomass, or where lasge hirvests are difficult (e.g.. in’

naioeal parks). In addition, many of these indireer methods cnn be nseful for coarse

estimates of standing crop biomass and fuel loads, and it is imiportant to emphasize
that sorme indirect methods, sich as remotely sensed “greenness indices™ or NDVI,
can be quile valuable for estimates across large spatial scales. This s particularly

true 31 the regional and global scales, where stunding crop is often coarsely corre-

tated with aboveground NPP (Prince and Goward 1995), Hawever, the uncenainty

and ervor inhereat in predicting the rate of a process such as shaveground NPP from
a poal shze {standing emp) are often 0o high for site-bised coological studees in
grasslands (Tumner et al. 1992, 20055, Recent advances in combining remote sens-

fig output with peocess-based models muy improve peedictions of abovegrotnd NPP

with sateilite/airbormne scasors (chupeer |1, this volume).

Recommended Methods

Geaneral

Approaches baved on the harvest method are rocommended for estimating
aboveground NPP in most grassiands, with a secies of mocdifications depending on
the accuracy reqquired, the impartant drivery of abovegroind NPP, and the inherent
ateributes of a piven grassland lype. However, the harvest method may not be best
for tropical grussland systems or any herbaccous systens in which destructive har-
vesting is 2 problem. For these situations, allomeiric lechmiques i are regularly
validated with harvests (e.g., Daoust and Childers 1998: chapter 7, this volume)
are recommended. General principles of these methods are outlined below for dif-
ferent types of grasstands. These are presented from the simplest 10 the most conms-
plex sitartions,

Rey to the success of most harvest meshods is the ahility to accurstely recognize
and partition aboveground biomass into three pools: preen (living) biomass (h,);
sencseed muleninl peoduced dusing the current year, often referred 60 a5 Clarrent year's
dead (b or standing dead because it sunlly, though not always, is elevated above
the surface Litter and & typleally fot in contact with the soil surface (owever, this
material need ot be atached to the living plant); and dead biomass from previous
years (by) in the qgaﬂEﬁssui_gﬁl«:ssgahﬁr_. The
lntter two pools may be reahily distinguishad on the basis of their colodappeanince
in nany coosystems, but may be more difficslt 1o sepante in others (Singh et al.
1975). In tropical grasslands or herbaceous wellands, for instance, there is often
listle remaining of the previous year's dead material, Despite this difficulty, it is
critival for investigators 1o be able 1o dastinguish b from by because accurate

sboveground NPP estimates depend on quantifying these pools. In contrust. the
simplest harvest mothads are those that requine measuring just grean or Hiving bio-
s, which 18 the most casily distinguished aboveground component (Singh et al.
1975: Ni 2004). Those methods that require measuring only hving biomass ane not
appropriate for most grassiands, however, This is becouse there are virually no
natural grasslands where plant growth pheaologics Egﬁiﬂgﬁ
so unitorm and temporully distinct that senescent biomass can be ignored without
introducing significont ermors (Singh etal. 1973; Sala and Aostin 2000), lotensively

 managed antificial prasslonds, sich as wheat fields and other agroccosysiems, would

e the exception to (s rule. Thes, the harvest a.ﬂro&i! include
some tevel of accounting for plant seoescence (.¢.. montality. as per Wicgen and
Evans [1964], or turnover).

peak Standing Biomass Harvest

As the name imphics, this method bases estimates of uboveground NPP on above-
ground biomass harvested once, usually near the end of the growing season, at o
just after the time of peak biomass. This method is recommended for grasslands

 that meet the following criterin: (1) there is little carryover of Hving biomass from

previows years due 10 3 distinet dormant season of fire during the docmant season,
of the previows year's biomass can be easily recognized and separated from the
curreol year's biomass (Jiving and dead); (2) the growing scuson is sufficicatly show
of plant mateninl is of such low quality that decomposition of biomass produced
during the growing season can be igaored. (3) consumption of plunts by herbivares
w:&gaAmh..fﬁg&ug!aBn:gGEn?ﬁ%g
be ignored), 11 these criterin are met, of w?ggﬁm!_ragg
are acceptable. then green and current year's standing dead hiomass at the time of
harvést can be summed to estimate aboveground NPP, Hence,

Abuveground NPP = b, 4. b,

This method has been used extonsively at the Konza Prairie long-term ecologi-
cal research site in the central c&ﬁ._”!nri-.aaﬂ. ﬁﬂuﬂg_aluﬁgi:«.
ity, and fire in the dormant season is frequent (Briggs and Knapp 1995), In this

N grassland, there are carly-season C, foeb species that are not entirely accounted for

during a single end-of-season biomass harvest. bus carly-season ssmpling of their
Ecz«ggggﬂgggégg
and Knapp, wnpubl, dats), Thus, the effort required to include this component was
deemed excessive relative (o the increase in acciracy gained,

Sequential Biomass Harvests

gwgggﬁgggggggﬁog
ngﬂgcagignéigggs
productivity of species t:rgviigk.}qalnv_o..?gnui.
season floea dominates aboveground NPP in the spring and a C; warm-season flora
dominates in the summer, then the positive differences in green biomass are summed.
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relutions, and, ultimately, aboveground NPP has been well doctumented in other

grasstands (Knapp and Seastedt 1986). Thus, this method is not recommended.
Long et al. {1989) roviowed the extensive stadies of Simgh etal, (1975) and muny

others, and conchuded that in grassinnds with long growing seasons (1.¢., some tem- [ F

perite and most tropical grasslands) and where there are long time intervals be- _

tween harvests, so that losses due 10 decomposition will occur, the best method for

estimating aboveground NPP (with the fewest assunnptions) involves simoltaneows

measurements of changes in ull plant biomiss companents and decomposition. Thas

approach, which incledes the basic elements of the Wicgert and Evans. (1964)

method, has substantial mernit. Changes in nass of both living and dead pools ure

measared ut intervals appropriste for the grassland under study, and losses due o ;

decomposition are added [0 the net change in biomass. Estimating and correcting

for losses due 10 decomposition can be time-consuming and introduce additionnd

uncertainty (s2¢ Harmoo et al. 1999 for o review of methods). However, in s

 wet tropical grasstands, decomposition during the growing sexson can be so rapid

and of such a large magnitude that falure 10 account for this process can lesd 10

significant underestimutes in aboveground NPP (Long ot al. 1989). Hence,

An initial harvest may also be made at he beginning of the growjug season to es-
timate beginning biomass if some cartyover of living biomass oceurs, This method
Is recommended for grasslinds that meet the folkowing criteria: (1) biomass pro-
duced in previows vears is present but cannot be distinguished from current-year
production later in the season, and thus an nitial standing biomass value may be
needed 1 oorrect for this carryover biomass: {2) the grassland is composed of spe-
caes with snbstantially different ssasonal patiesns of growth (cool- snd warm-season
species, C; vs, Cs plants, ete), and cach contribuses significantly fo aboveground
NPP; (3) consumption of plants by hecbivores is minimal (i.c.. large gruzers are
abscat and small vertebrates and invertebrates can be Ignoced), In this method, green
pools are measured at each sampling period, 2nd these are summed aver the scason
to estimate aboveground NPP, Hence,

Abovegrousd NPP = (hy, - b))+ (b, - b,
where 1.2 refer (o sampling periods. ANPP i« the sum of the positive values of
these differences when b, ~ b, >0
fn some cases, investigators may want 1o sample namerous times during the
Lrowing season (Singh e al. 1975), but care must be tken with such frequent sam-
pling because both under- and overestimates of aboveground NPP can result (see
bebow und Saka and Austin 2000 for excellent amalvses of these potential etrors).

sﬁﬁnwbﬁ +d,
[

where d = loss dee to decomposition durtog the sampling interval and sboveground
NPP is summed over i sampling intervals, The decision of whether ¢r not 10 in-
clude nonstutistically significant changes in any companens between samples should
bse bused o the Jenpgth of the sampling inteeval (and hence the amwount of change
expected) and the sample size (relatively small changes reguire very lurge sample
sizes if spatial heterogeneity (s high Scudock @ al. 20027),

Aboveground Biomass Harvest(s):
Accounting for Decomposition

1T production and subsequent disappearance {(decomposition) of plant material are
likely to be substantial during the sampling inteeval, thea an estimate of the dy-
namics of all three biomass pools, as well ws decomposition losses, must he macde
nnd used 0 account for the tarover of biomass. Wicgert and Evans (1964) pro-
posed a method 1o account for decompasition in old fiekds dominated by grasses
by hirvesting biomass st frequent intervals and sorting it into live (8,) und deud
(b and by) components, They also measured decompuosition cither with ltterbags
or through the disappearance of dead biomass in patred plots where all living bio-

1 Abaveground Blomass Harvest(s):
Accounting for Grazing

Herbivory (mostly by large mammals o terrestrial sysiems and mosily by small
mammals of insects In wellands) is a widespread determinam of grasshand
aboveground NPP, Unfortunasely, this key biotic factor complicates estimaies of
aboveground NPP more than any ¢ther factor discwised thus far. This is becanse
the act of grazing (consumption can be & continuous or intermittent process, and is
almaost always spatially heterogencous. OF course, regrowth responses of the plants
mieror the activities of the grazers, and both consumption and regrowth must be
secounted for in aboveground NPP estimates (MeNaughton et al. 1996). It is well
established that plants huve numerous compensatory résponses to herbivory
(McNaughton 1983), and simply measuring aboveground NPP in permanent or
seasan-long grazing exclosures will not captuee altérations in productivity mani-
fest under grazed conditions. Thus, estimating aboveground NPP in grazed grass-
lands requires a substuntial number of temporary, movable exclosures that allow
for estimates of constmgrion by berbivores and regrowth responses of grazed plants.

This method is recommended with either of two varistions. In grasslands uc-
tively grazed by lurge herbivores, a large number of temporary exclosures are

mass had been removed (plots were paired with thoss in which all biomass was
harvested), By secounting for chunges in live biomass tetween intervals and the
martality of live moteriol (defined by changes in the standing crop of dead mase-
nial, adjusted foe decomponition), they calcalated aboveground NPP by summeng
positive growth increments. In practice, pairing plots with identical characteristics
(requised for this Wehnique) is Almost impossible, und other approaches have beea
favored (Singh ef al. 19755 Lomnicki et al, (1968} suggesied a ssmplifying modi-
fication to the Wiegert-Evans motkod. They propased accounting for the mortality
(senescence) of live plant material by removing all dead material at the beginning
of the sampling interval and then, for each sampling interval, summing Tiving and
dead material Atwgsﬂggggqg?g;
season) in harvested plots. Although they argued that for their grassland, removing
the previous year's litter had no effect on the current year's production, the key
role that Yitter (detrins) can play in affecting micmclimate, nutrient cycling, water
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rundomiy placed for a relntively short period ol time (12 Weeks). At the end of
this period. all living and cusrent year's senesced tomass within the exclosures is
hurvested 1 o similar harsest is made at the saune time outsade the exclosures, an
estimate of consumption ¢iun be made; these estimates can be summed for all mter-
vals and added 10 residual biomass at the ond of the senson to estimaie shoveground
NPP. Hence,

Abavegrouad NPP« X C + (b, + b, ).

where C = consumption and “final” refers (© standing crop bicusass ut the end of
the year {or growth season). Decomposition of current-year growth is assumed 1o
be unimpoctant if grazing intensity ss bigh or the growth season is relatively shoel
(Frank and McNaughton 1993).

A variation of this method involves harvesting plots outside the exclosures oy
the deginning of the interval rather than at the end, when exclosed biomass is har-
vested. This approach measures regrowth within the exclosures during the interval
rather than consumplion. The sem of these estimates comprises aboveground NPP
far the season, Exclosures should be placed prior 1w growth a1 the begimning of the
growing scason (such that the initial measures of b, und b, outside of exclosures is
7er0), and continne 10 be harvested and moved at regular intesvals until the end of
the season or year, Hence,

Abovegrovnd NPF = X [(b, # bk, ~ (b, + buduas],
where exclosure (ox) blomass is barvested at the end of intervals and outside bio-
mass is harvested at the beginning of the interval,

There are also unique situations that may require combinations of methbods or
udditional alterations (Cox and Waithaka 1989). For example, in lightly and patch-
ily grazed grasslands, ungrized areas may require methods dilferent from those wsod
in grazed ereas. Indeed, it is advisable W estimate grazing pressure prior 10 select-
Ing a sampling method and estimating the mimber of plots needed. Heavily and
wniformly grazed grasslands will require fewer exclosures and plots than patchily

grazed systems (McNaaghton et al, 1996) but, as noted varlicr, cach grassiand will

require a piigee sampling scheme. Table 3.2 summarizes some of the churacteris-
tics of grassiands that are important (o consider when choosing among the four pri-
mary methods Tor estimating shoveground NPP reviewed above,

Additional Methodological Issues

This chageer does not provide o detailed methodologicsl discotnse on field harvest-
ing, processing beomass from plots, the selection of the optimal plol size and shape,
ﬂ?!xgigg}ngﬁggs
In grasslands. This is because there are other works thit provide such detail {Van
Dyne et i, 1963; Miloer and Hughes 1968; Dickérman ot al. 1986; Brammer et al,
1994; Wicgert 1962) and becanse grasslands vary in so many different ways (e.g.,
dominance by rhizomatous v caespiiose grasses, annual vs. perennial, desert vs.
tropical wet grasslands vs. herbaceous weikands) that specific 1echniques must be
customized for exch grassland type. Instead, the focus is un a fow meshodological

l ", w bamas prodaced during the cunces yrar daat kas sennced

Tabie 3.2, General quide for determining the most appropriate method of
estimating aboveground NPP in grassland ecosystems based on ey attribates
ol the site

Sequestial  Tomposaey,
Pesk  Sequentinl Harvest « Movible  Nondeseructive
+ » & peld Py =

Mo 1 praviog 16 wee Important in s given grasstand vty sy of shros T ———
1 it erineri itk 1€ decrusspouit e st hws I sceevenfusd foe in (his sice. e 0y 00 téthed i appeoptiane.
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dedails that, i overlooked, are Likely w0 lesd 10 sysemutic arrors i aboveground
NPP estmates, In addition, a case stugly is provided as a guide for how o deee.
mine an appropiate sampling effort for ecological studies that include estimates of
abovegeound NPP. Although the resulls of this case study are specific to one grass-
land, it serves as 2 relutively tetailed model for quantifying and reducing sumpling
error in aboveground NPP estimates.

As noted carher, comectly partitioning hurviessed blomass into green (b,), sencs.
cent (hy), und previoas year's desd (b) components cin be critical for securme
aboveground NPP estimates. Operationally, defining green blomass as any plant
material (foliage or sieans) that contains visible chlorophyil is recommended, even

if the mnjority of the tiseue is senesced and brown. There is o loss of accuneey

with including leaves that are 95% brown and 5% green in the b, category because
b, und b, are subsequently combined 1o estimate aboveground NPP. Further, the
presence of green tissue usually ensures that the biomass was produced that year.
An cxception to this rule must be made for grasses that form acrial tillers in sub-
tropical and tropical climutes, In this case, care must be taken o separnte these tillers

from the senescent stalk that was prochuced the previous year. As noted earlier, b,

and b, can uvually be distinguished by calor, with b, darker brown o grey. depend-
ing on the state of decay. Sorting biomase 1o these categories, al least coarsely,
while harvesting in the field is also recomnended, Tt is often much easier o dlistin-
guish b, from by in the field than in the lab, A secondary cheek ol the accunicy of
this rough field sorting should be parformed in the lab.

Gruig-Smith (1983) and others (Sala and Auwstin 2000) have emphasized the need
for sampling plot (and hence quadrat) sizes 1o be largee than the average plant size,
which is not difficult in grsslands. However, when harvesting biomass, strict sules
mast be followed in defining (he edge of the sampled plot and for determining if
plant matenial 1 1o be included or excluded from harvest. Af the edpe of quadrats,
it is recammended that the basal portions of plants, 1oL canopy pasition, be used 1o
desermine if material is (o be harvesied or excluded, Thus, when locating the guad-
faf, care should be taken to ensure that it rests on the soil surface as much as pos-
sible, and that plants are harvested from their hase. Thus, canopy folisge that occurs
within the vertical projection of the quadsat, but whose basal contact with the soil
is onsside the quadrat, would not be included. Conversely, the foliage of plants whose
bages sre within the quadrat would be harvested even if this foliage extends ont-
side the vertical projection of the plot. Quadal cdges that fall across the bases of
large caespitose grasses will reguire that only those portions of the individua banch
within the plot be harvested. In other biomes se when sampling other growth forms,
alternative rufes for detenmining portions of plants to harvess may be employed (see
chupter 4, this volume). Clearly. the use of consistent methodology by ail field
personacl i crucial 0 wvoid unnecessarily high variances in abovegrovnd NPP
cstimates in any biome.

Long-térm %%ggz%egiéwgg@:!n o the
poteatial cumulative cffect of ssmpling (hiomass removal) and investigator tram-
pling on the plant consmunity. When a site is considered for long-term sampling,
sampled plots need  be marked with (fags or metal tags 10 ensure that ao further

sampling takes place in that year and for af least two sdditional years. Thus, the

stz of the overall sarmpling ares must be sufficient to seconunodste hurvests more
thn ofioe during the seasol and for several years without resmmplings the same plov

Errors in Estimating Aboveground Net Primary Production

Estimates of uboveground NPP (ANPP) have several sources of efror that can be
classified in two types: errors leading to undeeestimation (ELUs) of ANPP and er-
rors Ieading to overestimation (ELOs) of ANPP (Sala et al, 1988), These two Lypes
of errors are diffesent in patwre and will be discussed separately.

Errars Leading to Underestimation

Erroes leading to underestimation of aboveground NPP result from two seurces:
missing peaks of bioaiss and e simultancous nature of prodfuction, senescence,
and decomposition. The first source of ervor can be reduced by a high frequency of
sampling that reduces the possibility of missing peaks of biomass. and the conse-
queat soderestimation of anmual aboveground NPP, The second saurce of error is
associnted with the simahtaneous nature of production snd senescence, and is ik
conceptually very clear. Solutions o address this issue have been 1o simubllaneously
estimate biomass of different species and different catcgories, such as green, cur-
rent years and previoes years dead biomass, The combimation of high lrequency
and sampling several specics and types of biomass should result is a reduction of
ELUs,

Errors Leading to Overestimation

Errors leading to overestimation were fiest cecognized by Singh et al. (1984) and
Lauenroth et al. (1986). ELOs result from the fact that random errors in cxtimates
of biomass inevitably accumulate but may not compensate for each other. leading
10 4 positive bias in the estimates of ANPP. Sala et al, (1988) analytically deter-
mined that abaveground NI'P, defined as the increase in positive biomass incre-
ments during pericds of time, is a biased estimator of the true net primary prduction.
When Biomass ot time t+1 is larger than biomuss 4t 1y, we consider that B.,~B,is
the estimate of NPP. When B, in less than By, we consider that production and
growth have boen zero. Biomass estinates are random variables, but this etror ne-
cutiudases in the estimate of NPP, For example. assume that the true value B,,, =
B,, and consequently the truc NP = 0. However, because B is & random variahle,
in some instances B,,, will be higher than By, and in other instances B,,, will be
lower than B, The NPP bias occars as a result of the fact that most sampling pro-
tocols require that all the pegative values (B,,, < B, ) be discarded, but that all pasi-
tive values (B, > B, ) be included,

Singh et al. (1984) and Lauenroth et al. {1986) performed modeling experi-
ments in which they simulated a true value of production and calculated the
magnitude of e ELOs by randomty sampling from a 1rue distribution. These
expesiments indicated that the magnitude of the BLOg conld be quite large. For




belowground productivity. estimates of NPP were 5 times higher than troe NPP,
and for aboveground NPP the estimatod value was 33% highes than the troe value

Sala et al. (1988} analytically derived the distiibution function of the estimator
of NPP, which is nopnormal, sl concluded that the estimastor |5 a binsed estimate
of productivity. From the distrbution function of NPP, it was possible to derive the
equation to calvulate the magnitade of the overestimation error (OE):

OE = (a/VIxpe ™ _qu

This equation yields interesting conceptual results. The magnitude of the overesti-
mation ctror is 1 function of (1) the magnitude of the standard deviation (o) of NPP
thaat is directly relased to (he magnitude of the egror in estimating biomass (B,,, and

By), und (2)1he true vadoe of NPP (p). The magnitude of the overestimation error

increases as the evor incyeases and as the frue value of NPP deoreases. Consequently,
methods that iry 1o reduce ELUs by increising the sampling frequency will noces-
aarily increase the ELOs becanse as the sampling frequency increases, the true valoe
of productivity decreases, The magnitude of the trie increase in biomass decrenses
as the sumpling dates get close 1o each other. Similady, methods that cheose o
estimaic biomass by species result in larger ELOs because the true value of B,
= By b lower for subunits such as & species than for functional groups oc total bio-
mass. ELOs are lower when aboveground NPP is estimated from differences in 101al
biomass than whea i1 & estimated from differeaces i biomass per species that then
are added.

The paradox is that those techniques devised to reduse one kind of ervor (ELUS)
mevitably result in the increase of 1he other kind of error (ELOS). The same is trie
of efforts aimed st reducing ELOs that resull in high ELUs. Biondini et al, (1991)
developad an algonthm that can Be used 1o estimae the magnitude of the ELOs
based on the ohserved mean of ahoveground NPP and the cbserved standasd de-
viathon. This algorithm allows for correction of the OE and for focusing on reduc-
ing the ELUs,

This analysis of ELOs and ELUs shows thas methods that are more complicated

and cunceptually more complete may naot necessarily vield results closer to the rse.

value of abovegroand NPP than simpler methods. In masy cases, elabosate und
expensive methods based on high frequency of sampling and estimates per species
yleld results farther from the tse aboveground NPP than those yielded by simpler
methods

Determining Sample Adeguacy: A Case Study

Below. a case sindy is presented that determined the appropriate level of sampling
needed 1o teliably estimate aboveground NPP in wallgrass prairie, This analysis
focused on determining the effect of varying sample sizes oo aboveground NPP
estimates and the impact of sample size on the statistical determination of e ne-
sponse of this ecosysiem 10 fite. The cast study, a summary of Briggs and Knapp
(1991), used a combination of juckknifing and Monie Cario simulations based on

sumpling of sboveground NPPover a 1d-yr pariod. As mentioned eardicr, Wiegert
(1962) discussed the tramle-off belween sumy small and few large quadeats when
calculating variance for bionnss estimoles. This analysis did not include vasiables
such us plot size, shape, and arca, and sampling protocol, but instesd focused on a
sinple quadeal size (0.1m?) wsed extensively in cstimating aboveground NPP in
tullgcass prairic (Hulbert 1969; Barties ctal. 1983, Abeams ¢t al, 1956; Steoter 1987;
Briggs ot 0. 1989; Briggs and Knupp 1995 Briggs and Kpapp 2001), d..r size
quudrat fits the crteria of Greig-Smith (1983) regarding the relutionship between
quadrat dimension and average plant size. A three-swded metal frame (2 rectang-
lar quadrat with one open end) was used that allowed the frame to be casily inseried
into dense vegeiation.

Resvarch was conducted at the Kooza Prairie Biological Station, in a C -domi-
nated grasstand with & typical Midwestern contincaral climate characterized by
warm, wee summers and dry, cold winters (Knapp et al, 1998). Fire is eritical to
{he maintesance und functioning of tallgrass prairie (Collins and Wallace 1990),
and since 1981 (and in some aress on Konza since 1971) entire watersheds have
been subjected to late spring {April 10 £ 20 days) fises at intervals of 1.2, 4, 10,
and 20 yrs,

Although estimates of shoveground productivity are made in gumercus wa-
tersheds on Konza Prairic, analyses for this sudy were limited 10 a unique dota
41 from two intensively stodied watersbeds, One watershed (herealter referred
10 s the high-fire-frequency site) had been burned annually for > 20 yeurs, and
the adjucent watershed (hereafier referred o as the low-fire-frequency site) had
been burned only once in 20 years { | #94). Beginning in 1984 and continuing until
1997, 20 0.1-m* plots were harvestied ut about 2-wh intervals from May 10 Sep-
tember in these 1wo adjacent watersbeds. Soil type and topogmphic pesition were
similar at both sites of hiomss harvest. Dewiled methadology for sampling the
aboveground components are given in Abrams et al (1986), Briggs and Knapp
(1995), and Knapp ¢t al, (1998). Bricfly, all harvested plant material was first
separated into live {at least partially grzen), Current-year senescent, and previous-
vear(s) dead biomass (on unbamed sifes). Live plant material was further sepi-
raled into graminoids (dominated by C; plenis) and forbs (peimanily C, plants,
including 2 minor woody plant compancnt {less < 5% ), All matesial was oven-
dried a1 60° C for 4K hr, and weighed to the nearest 0.1g, with values expressed
s g/, Although permanent sises were used in this study, the plots sampled bi-
weekly were marked so that resampling of specific locations could be avoried
lor several years.

Sampie adequacy was determined In two ways, First, a nunning mean and the
sandsrid error of the mean were plotted for sequentially sampled quadrats. When
the standard ervos of the mean was reduced 10 <10% of (he mean, it wos concluded
that the sample size was sufficient (National Academy of Sciences 1962). In !.!._.
tinn. jackknifing sechniques were nsed 10 randomly select n-.-sg.u&svt-nﬁu
of 2 10 18, and again a standard error of <1060 was used as the criterion ?...Javt
ndoquacy, This analysis was replicated 20 times, with a maxkmum and & minimum
standard crror {SE) for each sample size determined.




To oxamtine the effect of sample size on the stutistical detection of tatment
effects (fire, in this case), data sets wire used from this jackkmifing analysis, snd

t-statistics wiete computed for cach sample size (tolal of 720 vtests), Since all van-

ahles (ot shaveground, sriss and forb biomass) were significantly different at
a sample size of 20, the sample size was deemed adeguate if ull 20 randomiy gen-
erated comparisons were algo significantly different at P = 0.05. Finally, since
the effect of fire on Biemiss in llgrss prairie can vary by over 60% (Knapp
et al. 1998), the analysis was extended using Monte Carlo simulations. Simulas
tions wese begun with meun biomays values from » fong-term: record for both
upland and low land seil types under high fire frequency and low fire frequency.

These wrean values were adjusted 10 obtain a 10%, 20%%, 30%, and 40% mcrease

i biogsass in burned relutive to unburmed sites. Vartances were also adjusted on
the basis of long-term data sets. Similarly, when the sample size wus decreased

to detesmnine s effoet on statistical comparisons, the sample variance was also

increased. This was accomplished with dats from the jackknifing exercise. Maxi-

mstm variances wers usd 16 ensure that sample adequacy cstlimates were ascon-

seTyative us possible.

When the ninning mesn was calculuted for sequential quairats, the standard esror
of the mean decreased to <10% of the mean i 10 quadrats for the bigh-fire- fre-
quency sile and 18 foe the low-fire-frequency site. Based on the jackkaifing analy-
wis. 14 and 16 quadints were deemed adoguate (maximum SE <10% of the mean)
for estimating uboveground NPP in the high- and low-fire-frequency sites, respec-
tively. The random ordering of the plots and the farge number of repetitions gener-
ared via this jackknifing procedure provided greater conlidence in thas recommended
sample size.

Results of analyses on the effect of sample size on the statistical detection of
freatment effects were specific to the particular components of aboveground NPP
that were being estimared. For example, il only the grass component was of intes-
cst, 2 samphe size of 14 was deemed adequate. But if differences in total aboveground
NPP were of interest, a sample stee of 18 wuy necessary, with 30 quadrats required
for reliable statistical comparisons of the forb component. Overall, results indicated
that to detect a treaturent effeet on aboveground NPP with a magnitude of 20%, &
sumple size of 20 quadeats (0,1 m?) was required (fig: 3.2). Since a sample size of
20 is near the inflection point of the relationship in figare 3.2, it may represent the
optimal sample size (for 0.1 m* quadrats) for assessing fire effects in this tallgrass
praisic.

Based on these analyses, it is recommernsied that to estimate abovegrouand NFP
with sa SE of the mean of <10% of the mean, 14 and 16 quadrss should be har-
vested from burned and unburmest sites in tallgrass prairie, respectivety. 1Mhe goal
of aboveground NPP estimates is to detect treatment effects due to fire, al least 20
quadrats (0.1 m*) would have 10 be harvesied pee site. Finally, these results seggest
that o treatment effect of <20% wouald be very difficult 1o detect using aboveground
NPP us the response variable in this grassland. Moreover, because forbs are paich-
ily distributed snd are ¢ relstively siall component of aboveground NPP, oaly fange
changes in this growth fonm component could be detected with a sampling effort
deemed adegquate for toral abovegronsd NPP,

Konzas Praine Biological Station
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Figure 3.2. The selationship of the magmitude of change in aboveground net peimary o

. duction (ANPP) beiween buraed and unbumned sites in a mesic grassiand (Konza Praisie,

Kaness) and the numbor of quadeats that would need to be sampled to sstistically detoct
this change. ‘This analysis was bssed on loag-recm field estimstes of ANPP in reiponse to
fie and on Monte Carlo simulations in which sample size and varances were sdjuied (see
Brizgs and Kaapp 1991 for more details).

Final Comments

~ The goal of this chapter was to provide guiding principles for estimating shove-

ground NPP in grasslands, not desuiled methods, Even cursory consideration of the
vasied artributes of grasslands and the number of putential determinants of produc-
tivity should coavince the reader of the difficulty in peoviding detailed recommen-
dations that would be useful for more than a few tvpes of grasslands. Aernatively,
brief covesage of thase factors (herbivory, decompasition, fire, phenology, ete.) are
inclixled thal, if not considercd, are likely 1o lead to substantial erors in aboveground
NPP estimates. Then, by providing guiding principles for coping with potential errors
inaboveground NPP estimates, some unigue 1o grasstands and some more general,
investipators can make informed decisions when selecting the best method to sdopt
for their system, A summary of the primary methods vecommended, and i general

~ gulde for selecting among them, are presented in table 3.2. For each of these meth-

ody, corresponding grasskand attributes are indicated.
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Estimating Aboveground Net Primary
Production in Shrub-Dominated
Ecosystems

Donald R. Young

casurement of production in shrub communities may be difficult,

but it 16 not impossible (Whittaker 196 1), Extimaling sboveground
net pritury prodaction (ANPP) in shrub-dominated ecosystems can be qalte chal-
Jenping refative 1o other hiome types. The inberent structural complexity of shrubs,
especially those with multiple stemmed bases and a high degree of vegetative propa-
gation, frequently Texds to denso communities and sampling challenges. Perhaps
most reflective of these statements is the deanth of published essmates for shrub
ANPP.

Shrub-dominated ecosystems span i variety of climates. Including the chapar-
i) and matorral of Mediterranean climates; the flodistically diverse fynbos v |
Reoosiervedd vegelation groups: arid commumitics associated with deserts, Steppes. |
aned Jower monfane zones: maritime shrub thickets: and riparian commwunities i-
cluding many at high elevations and high Jatitudes. The sheab growth form is slso
an importiat compowent of many biomes, such us forests and grasstonds, and fre-

quently represents 4 midsuccessional seral stage.
¢ ‘The purpuse of this chapter i 10 review methads for estinsating ANPE in shnb-
dominated ecosystems and 10 provide guiding principles and recommendations
o facilitate acewrate determinations of ANPP. For thesc systems, ANPP ix de-
~ fined as ull aboveground plunt biomass produced per unit area during a year,
accounting for losses due to berbivory and decomposition when appropriate. [n
10ost aystems, production may be restricted 10 tntervals of favoruble climate dus-
ing the year; nevertheliss, ANPP is capressed on an annual basis, The focus of
this chapter will be ecosystems in which shrubs arc the dominant growth forms,
but these principles should apply to the shrub component of all ecosystems. In prairic
of forested communities. combining shrub methods with those for grasslands and

il
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