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Abstract In most temperate grasslands, cattle graz-

ing can promote physiognomic changes on plant

communities, as well as changes in species growth

patterns. Through these changes in vegetation, cattle

grazing can generate changes in allocation to total, fine

and coarse root biomass, which can further affect

ecosystem processes. The objective of this work was

to evaluate differences in root biomass, in the propor-

tions of fine and coarse root biomass and in root C:N

ratio across physiognomies from 0 to 30 cm. We

selected plots of grazing lawns (associated to rela-

tively high stocking rates), and plots of thin and thick

tussock grasslands (associated to relatively low stock-

ing rates) within the Pampa de Achala system in

central Argentina. We found that total, coarse, and fine

root biomass were highest in grazing lawns, interme-

diate in thin tussock grasslands, and lowest in thick

tussock grasslands. Thick tussock grasslands showed

the highest relative proportion of fine roots while root

C:N ratio did not vary among physiognomies. Higher

root biomass in lawns was probably caused by the

dominance of species that allocate more biomass to

roots than to shoots, as well as by the complementarity

of soil resource extraction and by compensatory root

growth in response to herbivory. In addition, and

contrary to what was expected based on their above-
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ground attributes, thick tussock grasslands presented

higher proportion of fine roots, which suggests a more

acquisitive resource use strategy. However, root C:N

from thick tussock grasslands did not differ from other

physiognomies which might indicate there are not

clear differences in below-ground resource use strate-

gies. Our results show that grassland root biomass in

this study system can increase in patches associated to

higher cattle grazing due to changes in plant compo-

sition and physiognomy, while changes in root quality

seem to be uncoupled from the above-ground traits.

Keywords Grazing � Root biomass � Coarse and fine
roots � Root carbon stock � Acquisitive syndrome �
Below-ground traits

Introduction

Grassland ecosystems worldwide are a major compo-

nent of the global C cycle due to their extension (Gang

et al. 2014) and due to the high amounts of organic

carbon present in their soils (SOC; Hungate et al.

1997; King et al. 1997; Gill et al. 1999; Amundson

2001; Derner et al. 2006). SOC is a particularly

stable C pool (Cotrufo et al. 2015) and its formation is

highly linked to the decomposition of root tissues and

exudates (Rasse et al. 2005; Mambelli et al. 2011;

Freschet et al. 2013; Hu et al. 2016; Shahbaz et al.

2016). In this line, below-ground productivity can

account for around 67% of total productivity in

grasslands (Chapin et al. 2011), resulting in a below-

ground biomass from two up to 30 times higher than

above-ground biomass (Moretto et al. 2001; Gao et al.

2008). In spite of its importance, below-ground

biomass in grassland ecosystems is still under-studied

(Wilson 2014).

Currently, the increase in the use of lowlands for

agriculture has increased the livestock pressure on

most mountain systems, in particular on grassland

physiognomies within them (Asner et al. 2004; FAO

2016). Grazing produces both short- and long-term

changes in grasslands. The most immediate effect of

grazing on vegetation is defoliation and, as a result of

this, an increase in the below-ground biomass propor-

tion relative to above-ground biomass. Also as a

consequence of defoliation, consumed species can

increase their absolute biomass allocation to below-

ground tissues, further differentiating above- and

below-ground biomass compartments (McNaughton

1983; Shariff et al. 1994; Holland et al. 1996; Frank

et al. 2002; Hamilton et al. 2008; Garcia-Pausas et al.

2011; Wilson et al. 2018). In the long term, grazing

can lead to floristic changes (Bardgett and Wardle

2003; Dı́az et al. 2007; Cingolani et al. 2008).

Herbivory often favors the dominance of rosette or

prostrate growth forms, which have higher root

biomass relative to leaf biomass (Pucheta et al.

2004; Piñeiro et al. 2010; López-Mársico et al.

2015, 2016). This in turn increases even more the

proportion of below-ground biomass. In systems

without serious nutrient and water limitations, floristic

changes may also involve the replacement of grazing

intolerant, conservative species by grazing tolerant,

acquisitive species (plants with higher Specific Leaf

Area and N content, lower C:N ratio and total fiber

content; Bardgett and Wardle 2003; Cingolani et al.

2007; Lavorel et al. 2007; Vaieretti et al. 2013; von

Müller et al. 2017). Assuming that above- and below-

ground plant functional strategies are coordinated

(Freschet et al. 2013), it should be expected that

grazing tolerant species have also acquisitive root

attributes such as higher proportion of fine roots, lower

concentrations of C and higher concentrations of N,

compared to non-acquisitive and grazing intolerant

plants (Lavorel et al. 2007; Bardgett et al. 2014; Prieto

et al. 2015; Roumet et al. 2016). As such, changes in

plant tissue quality could further affect nutrient and C

cycling and its effects on decomposers activity

(Bardgett and Wardle 2003).

Pampa de Achala, located on the highlands of

Córdoba hills in Argentina, represents a grazed

grassland without strong water or nutrient limitations

(for water availability: Cingolani et al. 2015; Colladon

et al. 2013; for nutrient availability: Vaieretti et al.

2010). In this system, high grazing pressure maintains

a landscape dominated by lawn patches with low

above-ground biomass covered by short species with

acquisitive characteristics. Under grazing exclusion or

very low stocking rates, the landscape is dominated by

tall tussock grasses with more conservative character-

istics (Pucheta et al. 1998; Cingolani et al. 2007;

Vaieretti et al. 2013; von Müller et al. 2017).

Below-ground biomass in grazing lawns at the site

have been found to be either equal (but with higher fine

root proportion; Pucheta et al. 2004) or higher (Jaras

Zamar 2016) than below-ground biomass at tussock
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physiognomies, while information on below-ground

traits is limited (e.g.,: C:N ratio; Jaras Zamar 2016). In

this context, our first objective was to evaluate

differences in root biomass between the dominant

physiognomy found under higher grazing pressure

(grazing lawns) and the dominant physiognomies

found under lower grazing pressure (thin and thick

tussock grasslands) in a temperate grassland system of

central Argentina along the first 30 cm of soil and at

three separate depths (from 0–5, 5–15, and 15–30 cm).

Our second objective was to determine the differences

in absolute and proportional amounts of fine and

coarse root biomass between physiognomies at the

same depths. Our third objective was to analyze the

differences in total root biomass C:N ratio between

physiognomies for the whole 30 cm of soil. Our first

hypothesis states that in grazing lawns, the vegetation

allocates a great amount of biomass to roots (Piñeiro

et al. 2010), while null or low herbivory in tussock

grasslands promotes the development of species with a

smaller amount of biomass allocated to roots, and

differences fade with depth because root biomass

generally decreases rapidly at deeper soil layers

(Prieto et al. 2015). Our second hypothesis states that,

as grazing lawns are dominated by species with leaf

attributes linked to a more acquisitive syndrome

(Vaieretti et al. 2013; Poca et al. 2015), the absolute

and relative abundance of fine roots (diame-

ter\ 1 mm; Pucheta et al. 2004) will be stimulated

and roots will present a lower C:N ratio, in comparison

to tussock-dominated patches (Pucheta et al. 2004;

Lavorel et al. 2007). We predict that (1) total root

biomass will be greater in lawns and these differences

will be greater at a 0–5 cm depth, (2) absolute and

relative fine root biomass will be greater in lawns, and

(3) root C:N ratio will be lower in lawns, all compared

to both types of tussock grasslands.

Methods

Study site

The study was developed in paddocks located inside

the Quebrada del Condorito National Park (31�370S,
64�480W; at 2000 m a.s.l.) and in neighboring private

properties, during February and March 2017 (i.e.,

plant maximum growth season; Pucheta et al. 2004).

The mean temperatures of the coldest and warmest

months are 5.08 �C and 11.48 �C, respectively, and
there is no frost-free period. Mean annual precipitation

is * 900 mm, with most rainfall concentrated in the

warmest months (Colladon et al. 2013; Cingolani et al.

2015). Climate conditions during the year prior to the

study (2016) were measured at a climatic station

installed at one of the study paddocks. Mean temper-

atures of the coldest and warmest months were 2.04

and 15.86 �C, respectively, and precipitations were

732 mm. Soils in the area are derived from the

weathering of the granitic substrate and fine-textured

eolian deposits (Cabido et al. 1987). About 400 years

ago, domestic European livestock were introduced in

these mountains and their presence continues till date

(von Müller et al. 2017). At present, cattle grazing is

used inside the National Park as a management tool

with conservation aims. Outside the Park, private-

owned paddocks present comparatively higher stock-

ing rates (see ‘‘Sampling design’’ section below). The

landscape within the study area is an undulating plain

with different vegetation patches, where more inten-

sively grazed paddocks are predominantly covered by

lawn patches dominated by species like Lachemilla

pinnata (Ruiz & Pav.) Rothm., Muhlenbergia peru-

viana (P. Beauv.) Steud., Carex fuscula d’Urv.,

Eryngium spp, among others (hereafter grazing

lawns). Within the same area, less intensively grazed

or ungrazed paddocks are predominantly covered by

tussock grassland patches dominated by species like

Poa stuckertii (Hack.) Parodi (hereafter thick tussock

grasslands), and Festuca lilloi E.B. Alexeev and

Deyeuxia hieronymi (Hack.) Türpe (hereafter thin

tussock grasslands; Cingolani et al. 2004; Vaieretti

et al. 2013; von Müller et al. 2017).

Sampling design

We selected three pairs of paddocks, each pair

constituted by two paddocks with contrasting plant

physiognomy, separated by a wire-fence. By working

with paired paddocks (in the form of wire-fence

contrasts), and selecting plots relatively close to the

wire-fence (plot distance to the fence ranged from 5 to

100 m), we maximized environmental and edaphic

similarities, but avoided borderline effects. In this

way, changes in root biomass and in root character-

istics were attributed with more confidence to changes

in vegetation physiognomy. Location of paddocks and

plots within them is presented in Fig. 1. Paddocks
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under higher grazing pressure are under annual

effective stocking rates of above 0.23 animal units

per ha of non-rocky surface (Vaieretti et al. 2018)

while paddocks under lower grazing pressure are

under stocking rates from 0.02 to 0.18 animal units per

ha of non-rocky surface (Cingolani et al. 2014; von

Müller et al. 2017). As a result of these differences in

stocking rates, grazing lawn patches dominate the

landscape at more intensively grazed paddocks, while

tussock grassland patches dominate the landscape at

less intensely grazed or ungrazed paddocks. Within

each pair of paddocks, we selected three 25 m2 grazing

lawn plots on the side where this physiognomy was

more abundant, and six tussock grassland plots (three

thin and thick tussock grassland plots) on the other

side, making a total of 27 plots (9 of each physiog-

nomy; average distance to the nearest plot of 110 m).

Total plant cover at all plots was nearly 100%.

Measurements

In each plot, we took compound soil samples at three

depths using a 4-cm-diameter soil corer (8, 4, and 4

soil cores, for each 0–5 cm, 5–15 cm, and 15–30 cm

depth, respectively). Samples were taken systemati-

cally at each plot corner. We selected a maximum

30-cm soil depth considering rooting depth in the

system has been found to be relatively shallow, with

86% of root biomass found in the first 20 cm of soil

(Pucheta et al. 2004). Due to the shape of the soil corer

used, we were unable to directly calculate the volume

of each soil sample to later estimate root biomass per

unit area. In order to correct for this issue, we took a

smaller soil sample of a known volume using a 1.8-

cm-diameter soil corer in the center of the plot at each

depth. This way, we assessed soil bulk density values

which were later incorporated in the calculations. We

kept soil samples in well-sealed plastic bags to avoid

loss of humidity, during their transportation to the

laboratory and their storage in fridges (at 6 �C), until
samples were processed.

We hand-mixed compound soil samples in the

laboratory and separated them in two homogeneous

mounds: one for total root biomass extraction

(n = 27 = 3 plots 9 3 physiognomies 9 3 blocks)

and the other for fine and coarse root biomass

extraction. This last measurement was done only in

one plot of each physiognomy per pair of paddocks

(n = 9 = 1 plot 9 3 physiognomies 9 3 blocks). We

separated small root-free soil mounds to assess soil

moisture by the gravimetric method and incorporated

these values in the calculations.

To assess total root biomass, we oven dried soil

samples (60 �C, 48 h), extracted roots and other

below-ground organs with forceps, and washed them

to remove adhered soil. We further oven dried (60 �C,
48 h) and weighed roots to measure dry weight (g).

This root extraction technique allows to use a bigger

sample size as it extends the period of time during

which samples can be stored until processed, but it can

produce a slight under-estimation of fine root biomass.

Fig. 1 Geographical disposition of the six study paddocks and

grassland plots within them.Map of Argentina (top left) with the

Córdoba province at the center and an expanded view of the

Quebrada del Condorito National Park (gray areas) where the

study area (expanded below) is marked with a dotted line
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We expressed values as root biomass per land surface

area (g/m2) using Eq. 1:

Root biomass ¼ D B= S=BDð Þ½ �; ð1Þ

where D is soil depth (cm), B is root biomass (g), S is

soil dry weight (g), and BD is soil bulk density (g/

cm3). To assess fine and coarse root biomass, we

processed soil samples immediately after being

brought back to the laboratory by wrapping them in

voile fabric and washing fine soil particles under

running water. This technique avoids problems related

to fine root extraction such as decomposition and

changes in root diameter, but it requires for immediate

processing which in turn reduces the amount of

samples that can be obtained on each field trip. We

separated roots with forceps using a criterion of C 1

mm diameter for coarse roots and\ 1 mm for fine

roots (Pucheta et al. 2004). We oven dried fine and

coarse root samples (60 �C, 48 h) and expressed fine

and coarse root biomass values by land surface area (g/

m2) using Eq. 1 as well, but S was calculated

subtracting water content to fresh soil. We then used

biomass values to calculate coarse:fine roots ratios.

We ground root samples (ball mill Pulverisette 0,

Fritsch) and we measured their C and N percentages

with an elemental analyzer (Perkin Elmer 2400, II

series). Thick tussock grassland coarse root samples

from 15 to 30 cm depth did not reach the minimum

weight necessary for this procedure (3 mg), so we

estimated their C and N concentration as the means for

thick tussock grassland coarse roots. We finally

calculated total root biomass C:N ratios for the whole

soil profile (0–30 cm).

Statistical analyses

We used Linear Mixed Models (LMM) to analyze

total, coarse and fine root biomass and coarse:fine

roots ratio for the whole soil profile (30 cm) and at

each depth separately (0–5, 5–15, and 15–30 cm). We

also analyzed total (coarse ? fine) root C:N ratio for

the whole soil profile. Physiognomy was considered as

fixed effect and as grouping factor for the variance

function (varIdent; Pinheiro and Bates 2000). We used

wire-fence contrasts as random effects for total root

biomass analysis considered at each depth and at the

whole 30 cm, and also for coarse and fine root biomass

at the whole 30 cm. We did not use any grouping

factor for the variance function of the C:N ratio

analysis. We always chose best fit models considering

the Akaike Information Criterion. For every LMM, we

made Fisher’s LSD tests to compare means. We

carried out all tests with a significance level of 0.05 on

Infostat (Di Rienzo et al. 2017) using an R interface

(3.4.0 version 2017).

Results

Total root biomass

Along the whole soil profile analyzed (0–30 cm;

n = 27 plots; p B 0.0001), lawns had twice as much

root biomass (682.59 ± 88.82 g/m2; mean ± SE)

than thin tussock grasslands (343.88 ± 60.96 g/m2)

and 5 times as much biomass than thick tussock

grasslands (135.12 ± 37.50 g/m2; Fig. 2a). When

each depth was analyzed separately, lawns had higher

root biomass from 0 to 5 cm, followed by thin tussock

grasslands and thick tussock grasslands, in that order

(p = 0.0001). From 5 to 15 (p B 0.0001) and from 15

to 30 cm (p = 0.0029), lawns and thin tussock grass-

lands did not differ from each other, while thick

tussock grasslands showed the least amount of root

biomass (Table 1).

Coarse and fine root biomass

From 0 to 30 cm, coarse root biomass was higher in

grazing lawns than in thick tussock grasslands

(p = 0.0432), with thin tussock grasslands being

intermediate (Fig. 1). When comparing values from

0 to 5 cm depth, both tussock grasslands had lower

coarse root biomass than lawns (p = 0.0140). For the

5–15 cm depth, lawns showed higher amounts of

coarse root biomass than thick tussock grasslands,

with thin tussock grasslands being intermediate

(p = 0.0338). At 15–30 cm soil depth, coarse root

biomass in lawns decreased markedly, and did not

differ from that of tussock physiognomies (Table 1).

From 0 to 30 cm, fine root biomass was higher in

grazing lawns than in both types of tussock grasslands

(p = 0.0207; Fig. 2b). When analyzed at each depth

separately, differences in fine root biomass between

physiognomies were only detected at a 5–15 cm depth

(p = 0.0144), where lawns had higher fine root

biomass than thick tussock grasslands, with thin

tussock grasslands being intermediate (Table 1).
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Results from supplementary measurements of C in

total, coarse, and fine root biomass yielded very

similar patterns to those presented for biomass alone

(Figure S1 and Table S1).

Coarse:fine roots ratio and root C:N ratio

Fine roots were always more abundant than coarse

roots (78% of total root biomass, as it is also shown by

the coarse:fine roots ratio values below 1 in all

a b

Fig. 2 Root biomass by physiognomy from 0 to 30 cm: a total

root biomass, b coarse and fine root biomass. Different letters

represent significant differences between physiognomies for

total, coarse, and fine roots separately. Bars represent standard

error. Values on top of bars are average coarse:fine roots ratios,

and superscript letters indicate significant differences between

physiognomies. Total root biomass data were obtained from

roots retrieved from previously oven-dried soil samples which

allow to maximize sample size (n = 27). Fine and coarse root

biomass data were obtained from roots retrieved by washing

fresh soil samples which minimize fine root loss (n = 9)

Table 1 Total, coarse, and fine root biomass and coarse:fine roots ratio for each depth and C:N ratio for the whole soil profile

(mean ± SE)

Physiognomy Depth (cm) grazing lawns Thin tussock grasslands Thick tussock grasslands

Total root biomass (g/m2) 0–5 305.60 ± 56.24A 130.75 ± 38.30B 60.15 ± 35.45C

5–15 240.27 ± 43.74A 144.84 ± 26.46A 44.18 ± 9.71B

15–30 136.72 ± 35.54A 68.29 ± 13.34A 30.78 ± 4.14B

Coarse root biomass (g/m2) 0–5 254.45 ± 60.35A 29.98 ± 19.01B -4.69 ± 1.15B

5–15 239.88 ± 87.62A 40.37 ± 15.00AB 5.10 ± 2.06B

15–30 34.45 ± 6.78A 80.42 ± 70.62A 0.45 ± 0.06A

Fine root biomass (g/m2) 0–5 436.21 ± 203.81A 110.23 ± 79.16A 109.54 ± 61.58A

5–15 482.00 ± 217.48A 132.90 ± 83.94A 74.01 ± 33.27A

5–30 126.59 ± 23.68A 120.87 ± 99.23AB 26.09 ± 2.76B

Coarse:fine roots ratio 0–5 0.85 ± 0.32A 0.32 ± 0.04A 0.06 ± 0.02B

5–15 0.69 ± 0.39A 0.54 ± 0.33A 0.08 ± 0.04A

15–30 0.30 ± 0.08A 0.53 ± 0.11A 0.02 ± 0.0023B

C:N ratio 0–30 38.80 ± 4.63A 36.76 ± 4.63A 45.84 ± 4.63A

Upper-case superscript letters denote significant differences between physiognomies for each soil depth (a = 0.05). Total root

biomass data were obtained from roots retrieved from previously oven-dried soil samples which allow to maximize sample size

(n = 27). The rest of the data was obtained from roots retrieved by washing fresh soil samples which minimize fine root loss (n = 9)
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physiognomies, Fig. 2b). Thick tussock grasslands

had an even higher proportion of fine roots than the

other two physiognomies (p B 0.0001). These differ-

ences were related to a significantly higher proportion

of fine roots in thick tussock grasslands in the first

5 cm (p = 0.0018) and in the last 15 cm (p = 0.0030),

while in between these depths the three physiog-

nomies did not show significant differences (Table 1).

Total root C:N ratio (i.e., coarse ? fine) for the whole

soil profile was not significantly different between

physiognomies (Table 1).

Discussion

As it was expected according to previous studies in

other grasslands, and supporting our first hypothesis,

total root biomass was highest in lawns (physiognomy

under more intense local grazing), intermediate in thin

tussock grasslands, and lowest in thick tussock

grasslands (the last two under less intense or null

grazing). Supporting our second hypothesis, absolute

fine root biomass was highest in lawns, medium in thin

tussock grasslands, and lowest in thick tussock

grasslands. However, as opposed to what was

expected based on the above-ground attributes of

dominant species at each physiognomy, root C:N ratio

did not differ between physiognomies and fine root

proportion was higher in thick tussock grasslands than

in the other vegetation types, for which we partially

reject our second hypothesis.

Root biomass

In coincidence with previous work from temperate

grasslands of Southamerica (Piñeiro et al. 2010;

López-Mársico et al. 2015, 2016; Jaras Zamar 2016),

total root biomass was highest in grazing lawns, which

are the dominant physiognomy under high disturbance

intensity. Also, both the generally higher relative

contribution of fine roots compared to coarse roots,

and the higher absolute fine root biomass of grazing

lawns were coincident with other results in our study

region (Pucheta et al. 2004). The root biomass pattern

found in our study is opposed to the above-ground

biomass and litter patterns found in previous research

within the same area (Table 2; Vaieretti et al. 2013).

These opposite patterns are also in accordance with

what is proposed for grasslands in general (Chapin

et al. 2011; Moretto et al. 2001; Gao et al. 2008). In

particular, higher root biomass in lawns could be

mainly related to species replacement associated to

grazing (Cingolani et al. 2003, 2014), since many lawn

species typically present below-ground reserve and

reproductive organs like bulbs, rhizomes, and tap roots

(Pucheta et al. 2004), which account for a substantial

contribution of biomass to below-ground tissues.

Additionally, we should have in mind another mech-

anism that could be operating in grazing lawns,

namely the complementarity of soil resource extrac-

tion (Kell 2012; Mueller et al. 2013). The higher

diversity that characterizes lawns could result in the

presence of species with different soil exploration and

nutrient uptake strategies, which make use of different

soil resource patches. This could be generating the

higher root density of lawns, even at 30 cm depth.

Lastly, stimulated root growth as a response to above-

ground herbivory could be contributing to the forma-

tion of this pattern (McNaughton 1983; Shariff et al.

1994; Holland et al. 1996; Frank et al. 2002; Garcia-

Pausas et al. 2011; Wilson et al. 2018). This study did

not test which one of these mechanisms is operating at

a higher degree, but it is possible that all of them are

acting simultaneously. Complementary designs and

manipulative experiments could contribute to eluci-

date the importance of these processes in this study

system.

Thin tussock grasslands presented intermediate

values between the other two physiognomies. It is

possible that, even when thin and thick tussock

grasslands are both dominated by the same growth

form (tussocks sensu Pérez Harguindeguy et al. 2013),

species intrinsic differences in attributes could be the

cause of their intermediate root biomass values. Thin

tussock grasslands are typically dominated by F. lilloi

and D. hieronymi (instead of the much highly dom-

inant P. stuckertii from thick tussock grasslands;

Cingolani et al. 2003) which are relatively more

palatable than P. stuckertii and are thus sometimes

consumed by herbivores (von Müller et al. 2017), and

this may stimulate biomass allocation to roots. More-

over, although at our study sites both thin and thick

tussock patches co-occurred, it has been pointed out

that thin tussock grasslands do not develop under high

soil moisture conditions as thick tussock grasslands do

(Cingolani et al. 2014). The more developed root

systems in thin tussocks in comparison to thick
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tussocks could then be a useful adaptation for water

exploitation in well-drained soils.

The decrease in root biomass with soil depth is a

common pattern associated to less favorable condi-

tions in deeper soil layers (e.g., lower nutrient

availability and higher soil compaction; Prieto et al.

2015). Additionally, in the highly diverse lawns,

interspecific competition could be further decreasing

the relative abundance of deep roots by reducing plant

vigor to such an extent that plants cannot produce roots

deep enough to exploit resources at lower depths

(Wardle and Peltzer 2003). As for both thin and thick

tussock grasslands, interspecific competition and its

effect on plant vigor might be less intense under these

physiognomies. This in turn should account for the

less steep decrease in below-ground biomass with

depth under these vegetation patches.

Coarse:fine roots ratio and root C:N ratio

Coarse:fine roots ratio and total root C:N ratio patterns

did not correspond to what was expected in the context

of leaf attributes of dominant species from each

physiognomy (Table 2). Leaves of species from

grazing lawns are palatable and more on the acquis-

itive end of the spectrum (SLA and N content, lower

C:N ratio, and total fiber content) while leaves of

species in tussock physiognomies are unpalatable and

present traits typical of a more conservative syndrome

(Cingolani et al. 2007; Vaieretti et al. 2013; Poca et al.

2014; Whitworth-Hulse et al. 2016). However, thick

tussock grasslands presented a higher proportion of

fine roots, which is generally associated to an acquis-

itive strategy (Lavorel et al. 2007). At the same time,

root C:N ratio did not differ between the three

physiognomies, suggesting that their root quality

was similar, although measurements with a bigger

sample size and spanning a wider time lapse are

required to make a stronger assertion. This apparent

absence of coordination between above and below-

ground traits has been already found in other non-

palatable grass species (Moretto et al. 2001), and in

other plant communities of the world (e.g., Freschet

et al. 2015). This outcome may result from diverse

above- and below-ground ‘‘environmental and evolu-

tionary constraints on plant species-average traits, as

well as plastic responses to local environmental

conditions’’ (Freschet et al. 2015). In addition, other

authors actually doubt of P. stuckertii being classified

as a conservative species, considering its high growth

rate and water uptake rate, typical of an acquisitive

water use syndrome (Cingolani et al. 2015; With-

worth-Hulse et al. 2016). Finally, in regard to coarse

and fine roots characterization, it has been noted that

the way these two groups are defined (i.e., according to

diameter or functional criteria) can influence the

results, especially when comparing different species

(McCormack et al. 2015; Freschet and Roumet 2017).

Table 2 Above-ground biomass traits from the literature: 1

from Vaieretti et al. (2013) where thin and thick tussock

grasslands are mentioned as open and closed tussock

grasslands, respectively (mean ± SE); 2 from Poca et al.

(2014) and 3 from Whitworth-Hulse et al. (2016)

Grazing lawns Thin tussock grasslands Thick tussock grasslands

Annual litterfall (g m-2 year-1)1 62.35 ± 11.34 527.13 ± 55.26 1075.51 ± 111.94

N (%)1 1.3 ± 0.07 0.9 ± 0.05 1 ± 0.06

Lignin (%)1 9.2 ± 0.43 6.9 ± 0.34 8.2 ± 0.45

Cellulose (%)1 33.8 ± 0.69 37.5 ± 0.67 39.1 ± 0.48

Hemicellulose (%)1 22.8 ± 1.17 27.7 ± 0.71 27.3 ± 1

C:N1 35.7 ± 2.07 50.8 ± 2.75 49.5 ± 0.35

Lignin: N1 7.1 ± 0.41 7.5 ± 0.24 8.5 ± 0.35

SLA (mm2/mg) 2 15.3 8 6

Wleaf (Mpa)3 - 4.1 - 3.4 - 2.8

Values from 2 and 3 are means for the dominant species typical of each physiognomy: M. peruviana, L. pinnata, and C. fuscula for

grazing lawns and F. lilloi and D. hieronymi for thin tussock grasslands. Only P. stuckertii values were used for thick tussock

grasslands
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Connecting the dots: further considerations

The contrasting amounts of root biomass in each

physiognomy, as well as the different proportions of

fine root biomass, could have different implications on

ecosystem processes at our study site. One aspect of

ecosystem functioning that should be further studied is

the annual dynamics in root biomass. Within the study

area, Pucheta et al. (2004) found a decrease in root

biomass values in winter compared to summer,

especially at grazing lawns, but this was only

measured in two plots. A better characterization of

root biomass seasonal changes, as well as seasonal

changes in root traits, is thus required to better

understand below-ground biomass dynamics. Our

findings may also have implications in relation to soil

C dynamics, because above- and below-ground

biomass at each physiognomy and their turnover make

up contrasting amounts of C inputs to soils. Root

derived C (both from biomass turnover and from

rhizodeposition) would expectedly be higher in lawns

than in tussock physiognomies (Figure S2), while the

opposite is true for leaf derived C (Vaieretti et al.

2013). How this affects soil processes will depend

mainly on the carbon use efficiency of the soil

microbiota and the stabilization capacity of the soil

matrix (Cotrufo et al. 2013; Oldfield et al. 2018), but it

is yet to be tested. In relation to this, it has been

proposed that the input of more labile litter may

stimulate soil organic matter stabilization (Cotrufo

et al. 2013, 2015). Grazing lawns seem to be receiving

more decomposable leaf litter, but roots do not seem to

be different in quality according to their C:N ratio

(unless we consider their higher absolute amounts of

fine root biomass compared to tussock grasslands).

How this changes in leaf and root quality may affect C

respiration and stabilization also remains to be

explored.
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tina. https://www.infostat.com.ar. Accessed April 2017

Dı́az S, Lavorel S, McIntyre S, Falczuk V, Casanoves F,

Milchunas DG, Skarpe C, Rusch G, Sternberg M, Noy-

Meir I, Landsberg J, Zhang W, Clark H, Campbell BD

(2007) Plant trait responses to grazing—a global synthesis.

Glob Change Biol 12:1–29

FAO (2016) FAOSTAT Emissions Database. https://faostat3.

fao.org/home/E12. Accessed June 2016

Frank DA, Kuns MM, Guido DR (2002) Consumer control of

grassland plant production. Ecology 83(3):602–606

Freschet GT, Roumet C (2017) Sampling roots to capture plant

and soil functions. Funct Ecol 31(8):1506–1518

Freschet GT, Cornwel WK, Wardle DA, Elumeeva TG, Liu W,

Jackson BG, Onipchenko VG, Soudzilovskai NA, Tao J,

Cornelissen JHC (2013) Linking litter decomposition of

above- and below-ground organs to plant–soil feedbacks

worldwide. J Ecol 101:943–952

Freschet GT, Kichenin E,Wardle DA (2015) Explaining within-

community variation in plant biomass allocation: a balance

between organ biomass and morphology above vs below-

ground? J Veg Sci 26(3):431–440

Gang C, Zhou W, Chen Y, Wang Z, Sun Z, Li J, Qi J, Odehet I

(2014) Quantitative assessment of the contributions of

climate change and human activities on global grassland

degradation. Environ Earth Sci 72:4273–4282

Gao YZ, Giese M, Lin S, Sattelmacher B, Zhao Y, Brueck H

(2008) below-ground net primary productivity and biomass

allocation of a grassland in Inner Mongolia is affected by

grazing intensity. Plant Soil 307:41–50

Garcia-Pausas J, Casals P, Romanyà J, Vallecillo S, Sebastià
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