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ABSTRACT

Agricultural systems are expected to have higher

net secondary production (NSP) than natural sys-

tems as a result of higher trophic efficiency and

lower interannual variability. These differences,

however, have not been quantified across regional

gradients. We compiled a dataset of herbivore bio-

mass, consumption, NSP, annual precipitation, and

aboveground net primary production (ANPP) for

extensive livestock farms across a wide precipitation

gradient in Argentina. We compared these data

with worldwide published studies of natural sys-

tems. In a double-logarithmic scale, NSP of agri-

cultural systems increased with ANPP from semiarid

to subhumid systems and decreased from subhumid

to humid systems, a response that contrasted with

the linear positive increase of natural systems.

Compared to natural systems dominated by ho-

meotherms, Etroph (NSP:ANPP) in agricultural sys-

tems in semiarid areas was 8 times higher, due to a 2

times higher Econsump (Consumption:ANPP) and a 4

times higher Eprod (NSP:Consumption). In subhu-

mid areas, Etroph was 46 times higher, due to a 13.7

times higher Econsump and a 3.3 times higher Eprod.

In humid areas, Etroph was 5 times higher, due to a

2.5 times higher Econsump and a 2 times higher Eprod.

The interannual variation of herbivore biomass, a

major determinant of NSP, was 60 % lower in

agricultural than in natural systems dominated by

homeotherms, and was decoupled from the vari-

ability of precipitation. Agricultural systems reach

higher NSP by (1) diverting a major proportion of

ANPP from the detritus to the grazing chain, (2)

converting more efficiently consumption into NSP,

and (3) stabilizing herbivore biomass across years.

Key words: aboveground net primary produc-

tion; herbivores; poikilotherm; homeotherm;

interannual variation; consumption.

INTRODUCTION

Land use by humans has shaped Earth’s landscape

and changed natural biogeochemical processes,

competing in magnitude and extension with

natural effects (Vitousek and others 1997). Grazing

by domestic herbivores is one of the most extensive

land uses (Vitousek and others 1986). Above-

ground net primary production (ANPP) is the major

determinant of livestock carrying capacity and net

secondary production (NSP). In fact, 70 % of the

energy required by livestock to reach market is

provided by rangeland ANPP (Holechek and others

1989). Animal husbandry in rangelands includes

water provision, disease and predator control,

pastoral practices, and the introduction of exotic

herbivores. As a consequence of these practices,
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agricultural systems are expected to have consis-

tently higher NSP than natural systems as a result

of higher trophic efficiency and lower interannual

variability. These impacts, however, have not been

quantified across regional gradients.

Different herbivore attributes have been corre-

lated with ANPP for natural systems and only

partially for agricultural systems. In natural sys-

tems, herbivore biomass (Coe and others 1976; East

1984; McNaughton and others 1989; Fritz and

Duncan 1994; Frank and others 1998) and con-

sumption (McNaughton and others 1989; Cebrian

1999, 2004) increase exponentially across ANPP

gradients, whereas NSP (McNaughton and others

1989) increases linearly. In agricultural systems of

South America, herbivore biomass also increased

exponentially with ANPP (Oesterheld and others

1992), but herbivore biomass per unit of ANPP was

6 times higher than in natural ecosystems (Oest-

erheld and others 1992), except for some natural

systems with high soil fertility (Fritz and Duncan

1994). However, the consumption-ANPP and the

NSP–ANPP patterns of agricultural systems have

not been established. The most parsimonious

hypothesis is that agricultural consumption should

increase exponentially and NSP should increase

linearly with ANPP, as in natural systems, but with

higher levels of consumption and NSP per unit of

ANPP, as suggested by the herbivore biomass pat-

tern.

If agricultural systems have higher consumption

and NSP per unit of ANPP than natural systems,

their trophic efficiency, Etroph, must also be higher.

Etroph has two major components: Econsump repre-

sents the consumption efficiency, the proportion of

ANPP consumed by herbivores; and Eprod repre-

sents the production efficiency, the proportion of

consumption transformed into NSP (Lindeman

1942; Kozlovsky 1968; Chapin 2011). The impact

of animal husbandry on these ecosystem-level

efficiencies has not been quantified across regional

gradients. Etroph should be higher in agricultural

systems than in natural homeotherm-dominated

systems because of higher Econsump and Eprod. As

stated above, Econsump should be higher because

agricultural systems have 6 times more biomass at a

similar ANPP level (Oesterheld and others 1992),

and Eprod should be higher because agricultural

systems have more digestible forage and implement

sanitary management that decreases respiration

costs. As a consequence, agricultural systems

should produce more herbivore energy per unit of

consumed forage energy. Etroph and its two com-

ponents have never been quantified across a wide

resource gradient in agricultural systems.

The impact of animal husbandry on the inter-

annual variation of ecosystem processes has re-

ceived less attention than the impact on mean

values. The effects of animal husbandry on the

stability of NSP can be seen in two ways. First, it is

possible to compare the interannual variation of

NSP between agricultural and natural systems.

Second, it is possible to compare the interannual

variation of NSP in agricultural and natural systems

in relation to the variation of a control factor, for

example precipitation. In rangelands, the relative

interannual variation of precipitation decreases

across gradients of mean annual precipitation

(Paruelo and Lauenroth 1998). As far as we know,

no study has yet compared the relative interannual

variation of NSP in agricultural and natural sys-

tems, and its relation with the relative interannual

variation of a control factor, such as precipitation.

We expect that animal husbandry will reduce the

interannual variation in NSP caused by the varia-

tion of precipitation.

In Argentina, cow–calf operation systems and

sheep production takes place almost exclusively on

native rangelands and nonirrigated cultivated pas-

tures (Soriano 1983, 1992). Rangelands and culti-

vated pastures expand across a wide precipitation

gradient, from semiarid to humid, and different

types of ecosystems, including grass and shrub

steppes, prairies, and subtropical savannas (Soriano

1983, 1992). This precipitation gradient provides

the opportunity to assess the impact of animal

husbandry on (1) the relationship between con-

sumption and ANPP, and NSP and ANPP across a

regional gradient; (2) the trophic efficiency and its

components; and (3) the interannual variability of

herbivore biomass, a major determinant of NSP, in

relation to the variability of precipitation.

METHODS

Overview

For the first objective, we described and compared

the consumption-ANPP and the NSP–ANPP rela-

tionships of agricultural and natural systems across

a precipitation gradient. Consumption and NSP

data for agricultural systems were gathered and

compiled at the farm level for this study, whereas

data for natural systems came from the literature.

For the second objective, we quantified Etroph as

NSP:ANPP. To estimate Econsump and Eprod, we

estimated herbivore consumption from our own

herbivore biomass dataset at the farm level for

agricultural systems and from the literature for

natural systems. Finally, for the third objective, we
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studied temporal series from our own compilation

of farm-level herbivore biomass data for agricul-

tural systems and from the literature for natural

systems.

Data Sources

For agricultural systems, we gathered livestock

biomass, NSP, and mean annual precipitation data

from 113 Argentinean farms. This compilation in-

cluded rangelands dominated by ruminant herbi-

vores, cattle and sheep, and encompassed a wide

precipitation gradient from 282 to 1,600 mm. The

farms were arranged into 24 groups (Table 1). The

first three groups were composed of a large farm

each (50,000–170,000 ha) located in the Patago-

nian semiarid steppe, with wool and lamb pro-

duction as the main activity. The other 21 groups

were composed of smaller farms (230–18,000 ha)

located on semiarid, subhumid grassland, and hu-

mid savanna areas, with cow–calf operation as the

main activity in which grasslands are the main

forage source (Viglizzo and others 2001). Each of

these 21 groups corresponded to an interaction unit

of a national consortium of farmers (CREA, http://

www.aacrea.org.ar). The main objective of the

consortium is to achieve profitable and sustainable

enterprises by exchanging experiences and testing

technologies. Farms within each interaction unit

share similar ecological conditions and manage-

ment. All farms share the general idea of providing

rest periods within the growing season through

rotational grazing (Golluscio and others 1998b;

Jacobo and others 2006).

ANPP was estimated from a generalized linear

relationship between ANPP and mean annual pre-

cipitation across a wide gradient of precipitation

(Sala and others 1988) which is similar to other

gradients in the world (Sala and others 2012), an

approach also used by (Oesterheld and others

1992). Consumption was estimated as 3 % of her-

bivore biomass per day (McNaughton and others

1989; Oesterheld and others 1992; Cebrian 1999).

NSP was calculated as the annual livestock and

wool sales of each farm. This approach would

overestimate or underestimate NSP if farmers sold

their stock or withheld production, respectively. To

evaluate this potential error, we performed a

regression between livestock biomass and time. A

significant trend would indicate that either stock

selling or withholding was biasing the estimation of

NSP. We only observed a positive significant

(P < 0.05) trend in one group of farms, and the

influence of that trend (4.14 kg/ha year) was

minor compared to the total NSP estimated from

annual sales (173.5 kg/ha year). Thus, we con-

cluded that annual sales were a good estimator of

NSP in this context.

For natural systems, we used consumption, NSP,

and ANPP data compiled by McNaughton and

others (1989, 1991), which served for the two first

objectives. These compilations provided worldwide

data from tundra to tropical forests, included sys-

tems dominated by homeotherm (56 % of the

cases) or poikilotherm (invertebrates, 44 % of the

cases) herbivores, and encompassed a wide pre-

cipitation gradient. They represent the most com-

plete compilation of these variables for natural

systems and have been used in other key studies

(Cyr and Pace 1993; Cebrian 1999; Cebrian 2004).

We assume that this worldwide data may be used

as a reference of natural herbivory for our study

region. McNaughton and others (1993) analyzed

the patterns of natural herbivory in South Ameri-

can grasslands and savannas and concluded that

herbivory by ants, the dominant herbivores, was

comparable to herbivory by large mammals in

similar ecosystems in Africa, which largely con-

tributed to the database compiled by McNaughton

and others (1989, 1991). For the third objective, we

gathered temporal series of species or community-

level herbivore biomass, a major determinant of

NSP, of natural systems dominated by homeo-

therms, and precipitation from several references

(Table 2). The selection of the natural systems was

based on three criteria: the selected herbivore

species were dominant, the temporal series was

longer than a decade, and annual precipitation data

were available for the same period.

Data Analysis

For the first objective, we analyzed the consumption-

ANPP and the NSP–ANPP relationships of agricul-

tural systems by means of regression techniques of

the log-transformed variables, and compared it with

the corresponding relationship for natural systems

found in the literature (McNaughton and others

1991):

log NSP ¼ b� log ANPPþ log a ð1Þ

These are power-law functions:

NSP ¼ ANPPb � a ð2Þ

b greater than 1 indicates a more than proportional

increase in NSP with a unit changes in ANPP,

whereas b greater than 0 and lower than 1 indicates

a less than proportional increase in NSP with a unit

change in ANPP. When b = 1, the response of NSP

is linear. We explored three techniques to fit data:
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á
6

2
9

�
4
7

¢S
5
8

�
0
3

¢W
S
a
v
a
n

n
a

C
o
w

ca
lf

1
4
,7

5
9

2
5
8

7
7

C
o
rr

ie
n

te
s—

M
e
rc

e
d
e
s

6
2
9

�
1
1

¢S
5
8

�
0
4

¢ W
S
a
v
a
n

n
a

C
o
w

ca
lf

1
4
,0

7
0

2
5
9

7
5

C
o
rr

ie
n

te
s—

G
.

A
lv

e
a
r

6
2
9

�
0
3

¢S
5
6

�
3
2

¢W
G

ra
ss

la
n

d
C

o
w

ca
lf

1
7
,4

3
4

1
6
1

4
3

C
o
rr

ie
n

te
s—

S
.

R
o
q
u

e
6

2
8

�
5
7

¢S
5
8

�
3
4

¢W
G

ra
ss

la
n

d
C

o
w

ca
lf

1
5
,8

5
3

2
3
6

6
2

F
o
rm

o
sa

—
M

.
S
.

F
.

d
e

L
a
is

h
i

4
2
6

�
1
4

¢S
5
8

�
3
7

¢W
S
a
v
a
n

n
a

C
o
w

ca
lf

1
0
,3

4
4

1
6
1

4
0

E
a
ch

gr
ou

p
re

ce
iv

ed
a

n
a
m

e
th

a
t

co
m

b
in

es
th

e
p
ro

vi
n

ce
a
n

d
th

e
co

u
n

ty
m

os
t

cl
os

el
y

re
la

te
d

to
th

a
t

gr
ou

p
.

A
N

P
P

=
a
b
ov

eg
ro

u
n

d
n

et
p
ri

m
a
ry

p
ro

d
u

ct
io

n
;

H
B

=
h

er
b
iv

or
e

b
io

m
a
ss

;
N

S
P

=
n

et
se

co
n

d
a
ry

p
ro

d
u

ct
io

n
.

T
h

e
gr

ou
p
s

a
re

li
st

ed
fr

om
S
ou

th
to

N
or

th
.

Animal Husbandry and Trophic Dynamics at a Regional Scale 741

Author's personal copy



T
a
b

le
2
.

D
a
ta

S
o
u

rc
e
s

fo
r

H
e
rb

iv
o
re

B
io

m
a
ss

a
n

d
A

n
n

u
a
l

P
re

ci
p
it

a
ti

o
n

T
e
m

p
o
ra

l
S
e
ri

e
s

in
N

a
tu

ra
l

S
y
st

e
m

s

S
it

e
L

A
T

L
O

N
n

(y
e
a
rs

)
D

e
n

si
ty

so
u

rc
e

S
p

e
ci

e
s

B
o
d

y
m

a
ss

(k
g
)

B
o
d

y
m

a
ss

so
u

rc
e

H
ir

ta
,

U
K

5
7

�
4
8

¢N
0
0
8

�
3
4

¢W
5
2

(1
)

O
vi

s
a

ri
es

3
1

(4
)

Is
le

R
o
y
a
l,

U
S
A

4
8

�
0
0

¢N
0
8
9

�
0
2

¢W
4
9

(1
)

A
lc

es
a

lc
e

3
6
7

(5
)

T
sh

o
k
w

a
n

e
K

ru
g
e
r

n
a
ti

o
n

a
l

p
a
rk

,

S
o
u

th
A

fr
ic

a

2
3

�
3
7

¢S
0
3
1

�
3
3

¢E
1
1

(1
)

T
ra

ge
la

p
h

u
s

st
re

p
si

ce
ro

s
3
0
1

(6
)

P
re

to
ri

o
u

s
K

o
p
e

K
ru

g
e
r

n
a
ti

o
n

a
l

p
a
rk

,
S
o
u

th
A

fr
ic

a

2
3

�
4
7

¢S
0
3
1

�
3
4

¢E
1
1

(1
)

T
ra

ge
la

p
h

u
s

st
re

p
si

ce
ro

s
3
0
1

(6
)

R
u

m
is

la
n

d
,

S
co

tl
a
n

d
5
7

�
0
0

¢N
0
0
6

�
1
9

¢W
7
0

(1
)

C
er

vu
s

el
a

p
h

u
s

6
5

F
/9

1
M

(1
)

S
e
re

n
g
e
ti

,
T
a
n

za
n

ia
0
2

�
0
9

¢S
0
3
4

�
4
1

¢E
1
4

(2
)

C
on

n
oc

h
a

et
es

gn
ou

2
0
0

(6
)

Y
e
ll

o
w

st
o
n

e
n

a
ti

o
n

a
l

p
a
rk

,
U

S
A

4
4

�
3
7

¢N
1
1
0

�
3
1

¢W
5
1

(1
)

C
er

vu
s

ca
n

a
d

en
si

s
2
5
0

(1
)

R
a
m

m
o
u

n
ta

in
,

C
a
n

a
d
a

5
1

�
5
8

¢N
1
1
5

�
1
5

¢W
2
7

(1
)

O
vi

s
ca

n
a

d
en

si
s

7
2

(1
)

S
h

e
e
p

R
iv

e
r,

C
a
n

a
d
a

4
9

�5
4

¢N
1
1
4

�
0
2

¢W
2
0

(1
)

O
vi

s
ca

n
a

d
en

si
s

7
2

(1
)

K
ru

g
e
r

n
a
ti

o
n

a
l

p
a
rk

,
S
o
u

th
A

fr
ic

a
2
3

�
4
0

¢S
0
3
1

�
3
4

¢E
2
4
–
2
9

(3
)

G
ir

a
ff

a
ca

m
el

op
a

rd
a

li
s

1
,5

5
5

(7
)

T
a

u
ro

tr
a

gu
s

or
yx

6
5
0

(7
)

S
yn

ce
ru

s
ca

ff
er

5
5
0

(7
)

T
ra

ge
la

p
h

u
s

st
re

p
si

ce
ro

s

o
r

im
b

er
b

is

3
0
1

(6
)

H
ip

p
ot

ra
gu

s
eq

u
in

u
s

2
6
2

(7
)

H
ip

p
ot

ra
gu

s
n

ig
er

2
3
0

(7
)

C
on

n
oc

h
a

et
es

gn
ou

2
0
0

(6
)

D
a
m

a
li

sc
u

s
lu

n
a
tu

s
1
4
0

(6
)

P
h

a
co

ch
oe

ru
s

a
fr

ic
a

n
u

s
9
0

(6
)

K
ob

u
s

el
li

p
si

p
ry

m
n

u
s

9
0

(6
)

A
ep

yc
er

os
m

el
a

m
p

u
s

5
7

(7
)

B
ec

a
u

se
m

os
t

re
co

rd
s

co
u

n
te

d
in

d
iv

id
u

a
ls

,
w

e
m

u
lt

ip
li

ed
th

e
ye

a
rl

y
co

u
n

ts
b
y

a
ve

ra
ge

a
d
u

lt
b
io

m
a
ss

re
p
or

te
d

in
p
re

vi
ou

s
st

u
d
ie

s.
F

or
on

e
si

te
,

R
u

m
Is

la
n

d
,

co
u

n
ts

w
er

e
d
is

cr
im

in
a
te

d
b
y

ge
n

d
er

,
a
n

d
so

w
a
s

b
io

m
a
ss

.
W

e
es

ti
m

a
te

d
h

er
b
iv

or
e

b
io

m
a
ss

a
t

th
e

co
m

m
u

n
it

y
le

ve
l.

W
e

se
a
rc

h
ed

a
ve

ra
ge

a
d
u

lt
b
od

y
m

a
ss

of
sp

ec
ie

s
w

it
h

co
u

n
ts

,
a
n

d
m

u
lt

ip
li

ed
co

u
n

ts
b
y

b
od

y
m

a
ss

a
n

d
a
d
d
ed

sp
ec

ie
s

b
io

m
a
ss

to
es

ti
m

a
te

co
m

m
u

n
it

y
h

er
b
iv

or
e

b
io

m
a
ss

.
(1

)
=

O
w

en
-S

m
it

h
a
n

d
M

a
rs

h
a
l

(2
0
1
0
);

(2
)

=
M

d
u

m
a

a
n

d
ot

h
er

s
(1

9
9
9
),

(3
)

=
O

gu
tu

a
n

d
O

w
en

-S
m

it
h

(2
0
0
5

);
(4

)
=

R
ob

in
so

n
a
n

d
ot

h
er

(2
0
0
6
);

(5
)

=
Jo

rd
a
n

a
n

d
ot

h
er

(1
9
7
1
);

(6
)

=
W

il
so

n
a
n

d
R

ee
d
er

(2
0
0
5
);

(7
)

=
P

et
to

re
ll

i
a
n

d
ot

h
er

(2
0
0
9

);
(8

)
=

O
w

en
-S

m
it

h
a
n

d
M

il
ls

(2
0
0
6
).

742 J. G. N. Irisarri and others

Author's personal copy



two forms of linear regression, simple and poly-

nomial of second degree, and a nonlinear method,

piecewise regression, which finds a natural break-

point, and adjusts linear regressions to the two

segments of data thus formed (Dorronsoro and

others 2002). We chose the most parsimonious

model based on two statistical criteria: the lowest

AIC value and the highest adjusted R2. In order to

have all variables in energy units, we transformed

kg of fresh weight into kJ using a conversion factor

of 9,900 kJ/kg of fresh weight (Coughenour and

others 1985). A factor of 36,919 kJ/kg was used to

transform wool mass into energy (Burton and Reid

1969). ANPP dry matter (DM) was transformed

into energy as 16,760 kJ/kg DM (Golley 1968).

For the second objective (trophic efficiency and

its components), we used the models fitted for

the previous objective to generate models of

trophic efficiency (Etroph = NSP:ANPP), consump-

tion efficiency (Econsump = consumption:ANPP),

and production efficiency (Eprod = NSP:consump-

tion) across the ANPP gradient.

For the third objective, effects of animal hus-

bandry on the interannual variability of herbivore

biomass, a major determinant of NSP, we per-

formed linear regressions between the interannual

coefficient of variation (CV) of herbivore biomass

and the interannual CV of precipitation for both

agricultural and natural systems.

RESULTS

For agricultural systems, the relationship between

consumption or NSP and ANPP depended on ANPP.

For ANPP below 4,962 kg DM/ha year (3.92 in the

log ANPP scale), consumption and NSP increased

with ANPP, whereas for ANPP above this threshold

they decreased (Figure 1; Table 3). All slopes were

significantly higher than |1|, except for the negative

relation between consumption and ANPP, which

was not different from 1. A significantly higher

slope than |1| indicates that a unit change in ANPP

was followed by a more than proportional change

in consumption or NSP, whereas a slope equal to 1

indicates a proportional change (Table 3). The

piecewise method performed better than any of the

two forms of linear regression (simple linear

regression: R2 = 0.38, AIC = 18.9 for NSP and

R2 = 0.58, AIC = 11.9 for consumption; polyno-

mial linear regression: R2 = 0.66, AIC = 5.2 for NSP

and R2 = 0.82, AIC = -6.9 for consumption). Both

the polynomial and the piecewise methods sup-

ported a two-phase pattern. For natural systems,

consumption increased more than proportionally

with ANPP for systems dominated by homeo-

therms, but there was no pattern for systems

dominated by poikilotherms (Figure 1; Table 3).

For the two groups of natural systems, NSP pro-

portionally increased with ANPP across the whole

gradient with a slope not different from 1 (Figure 1;

Table 3).

Figure 1. Relationship between consumption and ANPP,

and NSP and ANPP. Logarithms are on a decimal base. Data

for natural systems are from McNaughton and others

(1989, 1991). For systems dominated by poikilotherm

herbivores, there was no significant model for the con-

sumption-ANPP pattern (Consumption mean = 633 KJ/

m2 year ± 193 SE; n = 16).
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According to the fitted models, considering the

original, nontransformed values, consumption was

larger in agricultural than in natural systems, 2–14

times for homeotherms and up to 7 times for poi-

kilotherms (Figure 1). NSP for agricultural systems

was between 5 and 46 times above the natural

systems dominated by homeotherms, and 4 times

above natural systems dominated by poikilotherms

only at intermediate ANPP values (Figure 1).

The above-mentioned patterns had major con-

sequences on Etroph and its components across

the ANPP gradient (Figure 2). In the semiarid

end of the gradient, trophic efficiency (Etroph =

NSP:ANPP) was 8 times higher in agricultural than

in natural systems dominated by homeotherms,

due to a 2 times higher consumption efficiency

(Econsump = Consumption:ANPP), and a 4 times

higher production efficiency (Eprod = NSP:Con-

sumption). In the middle part of the gradi-

ent—subhumid areas—Etroph was 46 times higher,

due to a 13.7 times higher Econsump and a 3.3 times

higher Eprod. In the humid end of the gradient,

Etroph was 5 times higher, due to a 2.5 times higher

Econsump, and a two times higher Eprod. Compared

to systems dominated by poikilotherms, agricul-

tural systems had lower Etroph in semiarid and

humid areas and 4 times higher Etroph in subhumid

areas (Figure 2).

Interannual variability of herbivore biomass, a

major determinant of NSP, was 60 % lower in

agricultural systems (Figure 3, mean = 0.11 ± 0.05

SE; n = 24) than in natural systems (Figure 3,

mean = 0.28 ± 0.10 SE; n = 10). The interannual

variability of herbivore biomass was not related to

the interannual variability of annual precipitation

(Figure 3). As indicated by the position of the data

points above or below the equality line of Figure 3,

most sites had a lower herbivore biomass CV than

precipitation CV.

DISCUSSION

Human impact largely modified general patterns

previously known for natural systems. The two

phases of the log Consump–log ANPP and log NSP–

log ANPP relationships for agricultural systems may

reflect a variable limitation of consumption and

NSP across the precipitation gradient. The positive

phase may reflect more than a simple limitation by

forage production. It may also reflect the stronger

limitation imposed by higher seasonality and lower

forage quality at the lower end of the gradient.

ANPP is concentrated in early spring in the semi-

arid Patagonia (Paruelo and others 2004; Fabric-

ante and others 2009), and more evenly distributed

through the seasons in the subhumid Flooding

Pampa (Semmartin and others 2007). Besides,

forage digestibility is lower (37–68 %, Somlo and

others 1985) at the lowest end of the ANPP gradi-

ent than at the middle (47–77 %, Hidalgo and

others 1998). Forage digestibility changes are a

consequence of changes in the proportion of plant

functional types across the ANPP gradient (Paruelo

and others 1998; Epstein and others 2002). At the

lowest end of the ANPP gradient, in the semiarid

Patagonian steppes, low-digestibility C3 grasses and

xerophytic shrubs are dominant (León and others

1998; Epstein and others 2002), whereas at inter-

mediate ANPP values, in the Flooding Pampa

grasslands, mesophytic, higher-digestibility C3 and

C4 grass species and forbs are dominant (Paruelo

and others 1998; Perelman and others 2001; Ep-

stein and others 2002). In this positive phase, a unit

change of ANPP represented a more than propor-

tional change in consumption, a pattern shared

with natural systems dominated by homeotherms;

and in NSP, a pattern that contrasts with the linear

response of natural systems dominated by homeo-

therms.

Table 3. Regression Models Between log Consumption (Consump.) or log NSP and log ANPP

System Model P value Adj. R2 n

Agricultural systems (<4,962 kg DM/ha year) log NSP = 2.53 log ANPP - 7.69 <0.0001 0.83 13

log Consump = 2.77 log ANPP - 7.20 <0.0001 0.90

Agricultural systems (>4,962 kg DM/ha year) log NSP = -1.80 log ANPP + 9.30 <0.007 0.53 11

log Consump = -1.00 log ANPP + 7.60 <0.005 0.60

Natural homeotherm log NSP = 1.17 log ANPP - 4.03 <0.001 0.62 20

log Consump = 1.25 log ANPP - 2.38 <0.001 0.57

Natural poikilotherm log NSP = 1.02 log ANPP - 2.40 0.004 0.45 16

Nonsignificant model – –

For agricultural systems three types of models were fitted (piecewise, curvilinear, and linear). For the piecewise regression technique, the breaking point represents 3.92 ANPP
log (kJ/m2 year). Models for natural systems were obtained from McNaughton and other (1991).
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The negative phase may be a consequence of the

interaction of two factors, the limitation imposed

by forage quality and the homogenization of her-

bivore type through management. Forage digest-

ibility decreases with ANPP (45–60 %, Avila and

others 2012). At the highest end of the ANPP gra-

dient, in the Campos grasslands and savannas, the

landscape is dominated by low-digestibility sub-

tropical C4 grass species (Paruelo and others 1998;

Epstein and others 2002) which limits herbivore

consumption. Regarding the homogenization of

herbivore type, the negative phase may be attrib-

uted to the maintenance of cattle (ruminant ho-

meotherms) as the main herbivore type across the

subhumid–humid gradient. In contrast, natural

humid systems with high ANPP are dominated by

nonruminant herbivores (Olff and Ritchie 2002).

In this type of area, with fiber content above 65 %

(Treydte and others 2007), consumption is 60 %

lower in ruminants than in nonruminant herbi-

vores (Meyer and others 2010). The negative phase

suggests that the amount of energy usable for pri-

mary consumers decreases toward the subtropical

areas.

The patterns of variation of NSP and consump-

tion we just discussed differ from the variation of

Figure 2. Efficiencies for agricultural and natural systems

dominated by homeotherm or poikilotherm herbivores.

The lines represent the efficiencies based on the models of

Figure 1 and Table 3. Dots represent the observed efficien-

cies. Data for natural systems are from McNaughton and

others (1989, 1991).

Figure 3. Relationship between the interannual varia-

tion (CV) of herbivore biomass, a surrogate of NSP, and

the interannual variation of precipitation (CV), for agri-

cultural and natural systems dominated by homoe-

therms. Data for natural systems were gathered from

several references (Table 2). The solid line represents the

1:1 relation. Each point represents a single site with at

least 4 years of herbivore biomass and annual precipita-

tion data.

Animal Husbandry and Trophic Dynamics at a Regional Scale 745

Author's personal copy



herbivore biomass in agricultural systems (Oester-

held and others 1992) and NSP in natural systems

(McNaughton and others 1989), which increased

linearly with ANPP in a log–log scale. Although the

linear log–log fit of herbivore biomass in agricul-

tural systems properly represented the variation

across a wide gradient of ANPP (Oesterheld and

others 1992), closer inspection of the data suggests

a leveling off of herbivore biomass around the same

values of ANPP that split the two phases of our NSP

and consumption gradient. Thus, at high ANPP

levels, herbivore biomass of agricultural systems

did not increase with ANPP (Oesterheld and others

1992) and NSP decreased (Figure 1). In contrast,

biomass and NSP of natural systems increased

across the entire gradient, although with lower

values (McNaughton and others 1989). This pat-

tern of agricultural systems at the high end of the

productivity gradient may be a consequence of (1)

declining usable energy because of forage quality

limitations, as indicated above, and (2) the lower

reproductive efficiency of subtropical cow–calf

operation systems, whose calving age is at least

1.5 years later than in temperate systems, largely

due to breed characteristics (Lemka and others

1973).

Etroph was larger in agricultural than in natural

systems dominated by homeotherms due to dif-

ferent increments of production and consumption

efficiencies across the gradient. In semiarid areas, it

was mainly associated with a larger Eprod. This

larger Eprod may be related to disease control on

livestock, higher forage digestibility, higher diges-

tive capacity of domestic herbivores, and the type

of secondary production, that is, wool or meat.

Disease control may decrease respiration losses

associated with mouth and foot disease or internal

parasites or increase reproductive efficiency which

can be largely affected by brucellosis (abortion fe-

ver). Fourichon (1999) and Bennett (2003) de-

scribed up to 70 % NSP losses associated with

disease in dairy production and cow–calf operation

systems, respectively. In both cases, the comparison

was made between farms that had sanitary plans

and those that only used sanitary assistance in case

of the presence of a disease. Regarding forage

quality, at both ends of the ANPP gradient, agri-

cultural systems are sustained largely on low-

quality native steppes and grasslands (Golluscio

and others 1998a; Viglizzo and others 2011). In the

subhumid area, there is a larger proportion of cul-

tivated pastures along with native grasslands (Vig-

lizzo and others 2011), but both resources have

similar forage quality (Hidalgo and Cauhépé 2009).

Regarding interspecific differences, Schaefer (1978)

and Koch (1995) compared Eprod of Bos taurus and

Bison bison, and concluded that it was similar. Fi-

nally, regarding the type of secondary production,

Eprod reached its maximum within semiarid Pata-

gonia where wool production was the main sec-

ondary product, suggesting that the appropriated

product by humans may represent a major influ-

ence when regional gradients are evaluated.

In subhumid areas, the larger Etroph of agricul-

tural systems was mainly associated with a larger

Econsump. This larger Econsump may be related to

three factors: Econsump decreases with travel dis-

tance to drinking water points (Bailey 1996) which

are more available in current agricultural systems

than in pre-Europeans times (Tapia 2005); fencing

and animal movements allow regulation of con-

sumption through the control of the occupancy

period, frequency, and instantaneous stocking rate

(Heitschmidt and Stuth 1991); control of predators

increases the available time for consumption. The

first two factors are influenced by the degree of

subdivision of farms into paddocks, which, in

agreement with our results, is more intense in the

subhumid Pampas than in semiarid Patagonia or in

humid Campos and agrees with our finding that

the higher impact of animal husbandry on Econsump

was more important in the subhumid portion of the

gradient. Predators are much more under control in

the subhumid and humid portions of the gradient

than in the semiarid portion (Kissling and others

2009).

We focus our comparison on the trophic trans-

ference of energy. If nonrenewable energies are

taking into account, that is fossil fuels, the global

efficiency of agricultural systems must decrease

with the use of that type of energy source (for

example, fertilizers or pesticides). Natural systems

in protected areas also demand nonrenewable

energies, that is rangers’ surveillance, perimeter

fence maintenance, policy implementation such as

invasive species removal, and its global efficiency

should also decrease.

Animal husbandry more than halved the inter-

annual variation of herbivore biomass, indicating

that management ‘‘buffers’’ the system. The lower

interannual variation of agricultural systems sug-

gests that the addition of drinking water points,

which secures a critical resource in dry years, and

sanitary plans, which increase the accumulation of

new herbivore biomass, not only increased the

proportion of ANPP transformed into NSP, but also

stabilized it. For example, Chamaillé-Jammes

(2007) observed that the interannual variation of

elephant density decreased with the incorporation

of drinking water points within the landscape of a
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savanna area in South Africa. The agricultural

systems encompassed in our study are based on

direct utilization of rangeland areas and nonirri-

gated pastures. The success of these systems is

associated with strategies to mitigate seasonal

fluctuations in forage, through forage transference

practices, and vegetation changes, through rota-

tional grazing and without use of external feeding

(Jacobo and others 2006). Both strategies depend

on the existence of fences. A consequence of the

lower variability of herbivore biomass in agricul-

tural systems is that in years of very low ANPP, a

higher percent consumption of ANPP occurs,

whereas in years with high ANPP managers cannot

exploit the forage surplus. This in turn may de-

crease long-term mean ANPP as suggested by sim-

ulation models (Piñeiro and others 2006).

We expected a positive relationship between CV

of herbivore biomass and CV of precipitation be-

cause the variability of precipitation should be re-

lated with the variability of ANPP, the major

energy source for herbivores (Paruelo and Lauen-

roth 1998; Fang 2001). However, some regional

studies showed a lack of relationship between the

CV of ANPP and the CV of precipitation (Knapp and

Smith 2001), indicating that input variability is not

simply related with output variability. Additionally,

the lack of relationship may result from the tem-

poral resolution of the analysis.

In conclusion, we identify three major ways in

which animal husbandry reaches high NSP. First,

the pattern of agricultural systems showed two

phases, while in natural systems, the relationship

was linear (for NSP) and positive. At similar levels

of ANPP, agricultural systems had higher con-

sumption and NSP when compared to their natural

counterpart, homeotherm-dominated systems.

Second, the major consequence of the above-

mentioned patterns was that Etroph of agricultural

systems was much higher than Etroph of natural

homeotherm-dominated systems, and higher than

poikilotherm-dominated systems in subhumid

areas. The difference of Etroph was largely ac-

counted for by Eprod in semiarid areas, by Econsump

in subhumid areas, and by both Eprod and Econsump

in humid areas. Finally, animal husbandry strongly

reduced NSP interannual variation, which was

decoupled from the variability of precipitation

across the regional gradient.
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Piñeiro G, Paruelo JM, Oesterheld M. 2006. Potential long-term

impacts of livestock introduction on carbon and nitrogen cy-

cling in grasslands of Southern South America. Glob Chang

Biol 12:1267–84.

Robinson MR, Pilkington JG, Clutton-Brock TH, Pemberton JM,

Kruuk LEB, Snook R. 2006. Live fast, die young: trade-offs

between fitness components and sexually antagonistic selec-

tion on weaponry in soay sheep. Evolution 60:2168–81.

Sala OE, Gherardi LA, Reichmann L, Jobbágy E, Peters D. 2012.
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J, PincéN D, Ricard MF. 2011. Ecological and environmental

footprint of 50 years of agricultural expansion in Argentina.

Glob Chang Biol 17:959–73.
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