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Abstract: Many of New Zealand’s natural and induced tussock grasslands are in a degraded low-biomass 
state due to a combination of fire, overgrazing and weed invasion. The capacity of degraded grasslands to 
recover biomass is uncertain because legacies of degradation can strongly influence the demographic processes 
controlling ecosystem recovery. We develop a conceptual framework for understanding biomass carbon (C) 
flux in degraded perennial grassland based on demographic processes of growth, mortality and recruitment. We 
apply this framework to 22 years of data from Chionochloa- and Festuca-dominated perennial tussock grassland 
in the South Island high country, sampling two grazed sites and two sites retired from domestic grazing. Total 
biomass C stocks were assessed at site level using 174 temporary plots measured in 1989 and 2011. Long-term 
demographics were monitored using 24 permanent plots in which 7213 individual tussocks were tagged and 
monitored every 1–5 years from 1989 to 2011. Although biomass C stocks were generally low (2159 ± 494 kg 
C ha–1), there was a significant increase in total biomass C over the 22-year period at the north-facing retired 
site of 92 ± 47 kg C ha–1 year–1. Increases in total biomass C were generally due to recruitment and growth of 
tall tussock (Chionochloa spp.) and/or woody shrubs. Biomass C stock in grazed sites, and the retired south-
facing site, declined by up to 65 kg C ha–1 year–1 or remained constant. Declines were due to dieback of the 
dominant short tussock (Festuca novae-zelandiae) across all treatments, and a lack of recruitment of tall tussock 
and shrub species. Our results suggest that retirement from grazing was not sufficient to ensure total biomass 
C gains after 22 years, and highlight the roles of recruitment limitation, shrub establishment and management 
history in controlling ecosystem recovery.

Keywords: biomass allometry; Chionochloa; ecosystem services; Festuca; marginal farmland; recruitment; 
seed limitation

Introduction

Grassland ecosystems are one of the most widespread terrestrial 
ecosystems in the world, and are an important contributor 
to global biogeochemical cycles and terrestrial productivity 
(Scurlock & Hall 1998). However, many of the world’s grassland 
ecosystems are becoming increasingly degraded (Akiyama & 
Kawamura 2007; Miehe et al. 2010). New Zealand’s grassland 
ecosystems have expanded considerably in extent following 
human settlement about ad 1280 (Wilmshurst et al. 2008) due 
to a combination of Māori-lit fires and active forest clearance 
for agriculture and human settlement (McWethy et al. 2010; 
McGlone et  al. 2014). Tussock grassland (dominated by 
Chionochloa, Festuca and Poa species) currently occupies over 
700 000 ha of the eastern South Island between 700 and 1500 m 
above sea level (Newsome 1987). While the extent of tussock 
grassland has increased since human settlement, pressures such 
as herbivore introductions, overgrazing, agricultural burning, 
and weed invasion have resulted in significant degradation 
of many natural and induced grassland ecosystems (e.g. 
O’Connor 1982; Treskonova 1991; Rose et al. 1995; Rose & 
Frampton 2007). Degraded grasslands typically have sparse 
grass cover, low standing biomass, low productivity, and are 
more susceptible to further degradation through erosion and 
drought (Hofstede et al. 1995; Sparrow et al. 2003; Akiyama 
& Kawamura 2007).

The capacity of degraded grasslands to recover is uncertain 
because legacies of degradation can strongly influence 
the demographic processes (e.g. recruitment, growth, and 
mortality) controlling recovery (Rose & Platt 1992; Sparrow 
et al. 2003; Standish et al. 2009). Legacies include management 
history, loss of topsoil, depletion of natural seed sources, 
changes in dominant species pool, and physical changes to 
the environment. While many studies have looked at recovery 
of species composition in degraded ecosystems (Hobbs & 
Norton 1996; Rose et al. 2004), relatively few have investigated 
recovery of biogeochemical properties such as biomass carbon 
(C) sequestration, despite evidence to suggest that ecosystem 
properties might respond favourably to restoration even when 
composition does not recover (Palmer et al. 1997). Management 
of grasslands for C gain is an emerging opportunity (Conant 
2010), and although the largest pool of C in grasslands is in 
the soil (Qiu et al. 2013; Soussana et al. 2004), New Zealand’s 
tussock grassland species are perennial, long-lived, and can 
accumulate relatively high biomass. For example, Payton and 
Pearce (2009) reported total biomass C stocks of 18 Mg C 
ha–1 for Chionochloa rigida grassland, with over two-thirds of 
this total being root and litter biomass. These stocks are in the 
upper range of biomass C stocks reported for China’s grasslands 
(1–24 Mg C ha–1; Fan et al. 2008). Furthermore, ecosystem 
recovery via succession of induced grassland ecosystems back 
into woody-dominated shrubland or forest has the potential 
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to add a substantial additional pool of biomass C (Zavaleta 
& Kettley 2006; Walker et al. 2009).

Demographic processes of tree populations have been 
studied to better understand controls of net biomass change 
in forests (Botkin et al. 1972; Coomes et al. 2012) and these 
principles could also be applied to long-lived perennial 
tussock grasslands (Rose et al. 1995; Oliva et al. 2005). The 
demographic processes of recruitment, growth, and mortality 
vary with plant size structure, composition, time since 
disturbance, and with management (Coomes et  al. 2012). 
Large areas of degraded grassland in New Zealand have 
recently become public conservation land through Nature 
Heritage Fund acquisitions and the tenure review process 
(e.g. the 68 000-ha Hakatere Conservation Park, Canterbury). 
It is thought that retirement from agricultural grazing, with 
the associated reduction in burning, has the potential to alter 
demographic processes and promote biomass recovery by 
reducing mortality, increasing growth and standing biomass 
of existing tussocks, and increasing plant recruitment (Rose 
et al. 1995; Su et al. 2003; Cipriotti & Aguiar 2012). Here, 
we develop a theoretical framework to address the question of 
whether grazing management affects the demographic drivers 
of biomass C change in degraded tussock grasslands. We apply 
this framework to 22 years of data from paired grazed and 
retired tussock grassland sites in New Zealand to test whether 
retirement from grazing promotes ecosystem recovery in the 
form of biomass C gain.

Materials and methods

Biomass C change in tussock grassland: a theoretical 
framework
To understand the demographic parameters driving biomass 
C sequestration in tussock grassland, we adapted a theoretical 
framework developed for above-ground C sequestration 
in forests (Coomes et al. 2012). This was possible because 
grasslands are governed by the same demographic processes 
(recruitment, growth, mortality) as forests, despite being 
ecologically very different systems. Here, we define biomass C 
as the sum of live above-ground, litter and root biomass pools. 
Biomass C of an individual tussock (Ci) can be predicted as 
an allometric function of its basal area (Bi) and height (Hi) 
(Guevara et al. 2002):

	 .                                                                   (1)

Total biomass C stock per unit area (Ctot) is

                                .	 (2)

Net biomass C sequestration (SeqM) between two time periods 
(t0 and t1) is therefore

                                    .	 (3)

Demographically, SeqM is comprised of C gains due to growth 
of existing individuals (ProdM), C losses due to mortality 
and subsequent decomposition (LossM), and C gains due to 
recruitment and growth of new individuals (RecrM):

                                                  .	 (4)

We present this framework using a ‘carbon triangle’ (Fig. 1a), a 
graphical model derived from Silvertown & Franco (1993). The 
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three axes of the triangle represent the proportional contribution 
of the ProdM, LossM, and RecrM to total net biomass C flux. 
To avoid the complication of negative ProdM values caused by 
declines in biomass of live individuals, the LossM proportion 
includes both C lost due to mortality and biomass C lost due 
to dieback. This framework was used to visually assess the 
demographic processes driving net biomass C sequestration 
patterns (see Fig. 1a). Using the framework, we propose three 
(potentially competing) hypotheses for the effects of continued 
grazing (G) and retirement from domestic grazing (R) on the 
demographic drivers of biomass C stocks (Fig. 1b).

Hypothesis 1 (H1): Biomass C sequestration in the absence 
of grazing is driven by growth of existing individuals. Grazing 
(H1G) causes continued loss of biomass C through declines in 
biomass (low ProdM) and increased mortality (high LossM) 
whereas retirement from grazing (H1R) increases biomass C 
by increasing growth (high ProdM) and reducing mortality 
(low LossM) of tussocks. Recruitment of new individuals is 
unimportant.

Hypothesis 2 (H2): Biomass C sequestration in the absence 
of grazing is driven by recruitment of new individuals. Grazed 
sites (H2G) have low RecrM and continued loss of biomass 
C due to removal of above-ground biomass (low ProdM) and 
ongoing mortality (high LossM). Retirement from grazing 
(H2R) promotes biomass C sequestration due to recruitment of 
new tussocks and woody shrubs (high RecrM). The low density 
of existing individuals means that ProdM is unimportant.

Hypothesis 3 (H3): Biomass C sequestration is driven by 
ongoing mortality at both grazed and retired sites. Biomass loss 
due to mortality (LossM) is greater and ProdM and RecrM are 
lower in grazed sites (H3G) than retired sites (H3R), resulting 
in substantial biomass C loss at grazed sites. Any increases in 
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Figure 1. Carbon triangle framework illustrating the driving 
demographic processes and their hypothesised responses to 
grazing. Panel (a) gives the driving demographic processes and 
their location in triangle-space; panel (b) shows the hypothesised 
effects of retirement from grazing on demographic processes 
(alternative hypotheses H1–H3, G = grazed, R = retired; see 
theoretical framework section in main text for more details). Axes 
represent the relative contribution of each demographic carbon 
process to total net biomass carbon flux, and therefore sum to 
100. ProdM = biomass carbon gain due to growth of existing 
individuals, RecrM = biomass carbon gain due to recruitment of 
new individuals into the population, LossM = biomass carbon loss 
due to mortality and reductions in size of existing individuals. A 
LossM of 50% or more indicates net biomass carbon loss.
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growth (ProdM) and recruitment (RecrM) at retired sites are 
offset by ongoing mortality (LossM).

Study area
The study took place in the Harper–Avoca catchments in 
New Zealand’s South Island (43.10° S, 171.33° E). Vegetation1 
is primarily low-productivity tussock grassland dominated 
by a mixture of short-tussock (Festuca novae-zelandiae and 
Poa cita) and tall-tussock species (Chionochloa macra and 
C. flavescens). The area’s management history is described 
in detail by Packard (1947) and Rose et al. (1995). Briefly, 
the natural forest cover of monospecific mountain beech 
(Nothofagus solandri var. cliffortioides) was burnt between 
1860 and 1910 by European settler farmers, causing expansion 
of the adjacent natural tussock-dominated grasslands. These 
grasslands were grazed by sheep and cattle, and were burnt 
frequently up until c. 1950 (Rose & Platt 1992). Domestic 
grazing was removed from parts of the study area in 1955 
and 1968. Wild deer (Cervus elaphus), chamois (Rupicapra 
rupicapra), and hares (Lepus europaeus) have been present 
for about 100 years at variable densities depending on hunting 
pressure (Forsyth et al. 2010). Within this study area, four 
sites with different management histories were sampled: (1) 
south-facing grassland grazed by domestic and wild animals, 
(2) south-facing grassland retired from grazing by domestic 
stock in 1955, (3) north-facing grassland grazed by domestic 
and wild animals, and (4) north-facing grassland retired from 
grazing by domestic stock in 1968.

Temporary plots
Species composition, cover and tussock population structure 
were recorded on four transects established in 1989 at each site 
(N = 16 transects in total), using stratified random sampling 
that focused on the degraded tussock community. Transects 
were chosen to avoid occasional remnant patches of woody-
dominated vegetation (Rose et al. 1990, 1995). Each transect 
had a marked origin and followed a fixed compass bearing 
from the valley floor at c. 700 to 1350 m a.s.l. A total of 174 
unmarked 4-m2 plots were established at intervals of 100 m 
along each transect, with a total of 40–48 plots per site. 
Transect origins and plot locations were permanently marked 
on aerial photos.

For each plot, all individuals of each tussock species rooted 
in the plot were measured. Basal diameter and maximum 
extended height of live tillers (pulled height) were recorded. 
For all shrubs, two orthogonal crown widths and natural (non-
extended) height were measured. Estimated foliar cover of 
all vascular species having ≥5% cover was recorded in four 
cover classes (5–25%, 25–50%, 50–75%, 75–100%) and 
five height classes (<0.1 m, 0.1 – 0.3 m, 0.3–1 m, 1–2 m, 2–5 
m). For the 2011 remeasurement, transect origins were re-
located using photos and descriptions from 1989, the original 
compass bearings were followed, and plots were measured 
using the same methodology. These temporary plots provide 
the representative sample necessary to calculate site-level 
changes in biomass C stocks.

Permanent demography plots
In 1989, 22 stands that were representative of the tussock 
grassland in the area were selected from the four sites to 
____________________________________________________________________________
1 Plant names follow Nga Tipu o Aotearoa – New Zealand plants online 
database: http//nzflora.landcareresearch.co.nz (accessed July 2013).

monitor tussock demography under different grazing regimes 
(Rose & Platt 1992; Rose et al. 1990). Plots were subjectively 
located to sample at least 30 individual tussocks, and therefore 
varied in size from 4 to 80 m2 depending on tussock density. 
Measurement methods were the same as for the unmarked 
plots (tussock basal diameter and pulled height, shrub crown 
width and natural height, foliar cover). All tussocks and shrubs 
were permanently tagged and mapped.

To assess the effects of wild animal grazing (predominantly 
hares), an additional fenced site and a paired control site 
were established in 1989. These were both located within the 
north-facing site that was retired from domestic grazing in 
1968. Within each of these two sites, the same methods and 
measurement intervals were used to assess Festuca and Poa 
populations in five 10-m2 plots. Trends in Chionochloa and 
shrub populations were also assessed using a single (non-
replicated) 900-m2 plot.

All permanent demography plots were remeasured at 
intervals of 1–5 years. All deaths were recorded and all new 
recruits were tagged and mapped. We analysed changes over 
time in total biomass C (calculation explained below), using 
measurements from 1989, 1991, 1996, 2001, 2006 and 2011, 
and calculated relative contributions of mortality (LossM), 
growth (ProdM) and recruitment (RecrM) using data from 
1989 and 2011. With a total of 7213 tagged tussocks, these 
plots provide demographic data on growth, mortality and 
recruitment over 22 years.

Biomass C calculations
Tussock C was estimated for Chionochloa flavescens (eqn 
5) and C. macra (eqn 6) using species-specific allometric 
relationships between total tussock C (Ctus) and basal cylindrical 
volume (V) (Johnson et al. 1988; Carswell et al. unpubl. report 
2010; Fig. 2):

Ctus=3.715V 0.795	     r2 = 0.94			   (5)

Ctus=4.314V 0.800	     r2 = 0.90.	 6)

Total tussock C includes live tiller, root, dead tiller, and litter 
pools (Carswell et al. unpubl. report 2010). Basal cylindrical 
volume (V) was calculated from basal diameter (D) and pulled 
height (H) using the formula:

                   .	 (7)

No species-specific allometric relationships were available for 
Festuca novaezelandiae or Poa cita; these species are most 
similar in growth form to Chionochloa macra, and so eqn (6) 
was used to estimate their C content.

Shrub volume and C density (kg C m–3) were used to 
estimate total above-ground shrub C. Shrub volume (Vshrub) 
was calculated from measurements of orthogonal crown width 
(W1 and W2) and natural height (Hshrub):

Vshrub=W1W2Hshrub.				    (8)

Shrub volume was converted into C using a shrub C density 
value of 1.029 kg C m–3 (Beets et al. 2009). For years where 
measurements of shrub orthogonal dimensions were missing, 
Vshrub was estimated from species-specific relationships 
between height and volume using 2011 data (Fig. 3). Shrub 
root C was estimated as 25% above-ground C (Cairns et al. 
1997), and this value was added to shrub above-ground C to 
generate total shrub C.

4

2HDV π
=
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Figure 2. Allometric relationship between total carbon content and basal cylindrical volume calculated using pulled height for (a) 
Chinochloa flavescens and (b) C. macra. Total carbon content includes live tillers, roots, and litter. Fitted relationships: C. flavescences 
total carbon = 3.715(volume)0.795 (r2 = 0.94, P < 0.001), C. macra = 4.314(volume)0.800 (r2 = 0.90, P < 0.001).

Figure 3. Shrub volume (m3) as a function of shrub height (cm). Relationships shown for (a) all species, (b) Discaria toumatou, (c) 
Corokia cotoneaster, and (d) Rosa rubignosa. Fitted relationships: All species volume = 1.055 × 10–6(height)2.843 (r2 = 0.75, P < 0.001); 
Discaria toumatou volume = 1.010 × 10–5 (height)2.438 (r2 = 0.84, P < 0.001); Corokia cotoneaster volume = 1.786 × 10–7(height)3.420 (r2 
= 0.74, P < 0.001); Rosa rubignosa volume = 1.339 × 10–7(height)3.276 (r2 = 0.93, P < 0.001).
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The biomass C associated with other live herbaceous 
species (e.g. non-tussock-forming grasses such as Agrostis 
capillaris and herbs such as Celmisia spectabilis (Asteraceae)) 
was assessed for two sites by destructively sampling a 6.5-cm-
diameter circular sub-plot located at the centre of every second 
4-m2 temporary plot (i.e. 20 samples from each of two sites; 
grazed south-facing and retired south-facing). Samples were 
oven-dried at 60°C and weighed. A ratio of 0.47 was used to 
convert herbaceous biomass into C (IPCC 2006). Total C stocks 
in this pool ranged from 93 to 340 kg ha–1, and averaged 230 
(±26) kg ha–1 for the retired south-facing site and 232 (±43) 
kg ha–1 for the grazed south-facing site. These pools did not 
vary significantly between sites and previous years’ data were 
not available. We therefore assumed this component did not 
change significantly between 1989 and 2011 and excluded 
the herbaceous (non-tussock) biomass C pool from all further 
analysis. Total biomass C stocks therefore represented the sum 
of total tussock C and total shrub C.

Statistical analysis
For the temporary plots the effects of site, treatment, and year 
on tussock density (number of tussocks per square metre), 
cover (% based on the geometric mean of cover-class data), 
tussock size (basal diameter), biomass C stock, and biomass C 
sequestration rate were analysed independently using anova 
and Tukey HSD post hoc tests. Biomass C sequestration rates 
were calculated for each site, using transects as replicates (N = 
4 transects per site) since transects were paired through time 
but plots were not. All other variables were analysed at the 
plot level (N = 174), except for tussock size, which was based 
on all individual plants at a particular site.

For the permanent demography plots we analysed trends 
in total biomass C over time, using linear mixed-effects 
models, with grazing treatment and year as fixed effects, and 
plot as a random effect on the Y-intercept to avoid temporal 
pseudo-replication. The effects of domestic grazing were 
analysed separately from the effects of excluding all grazing 
mammals at the fenced exclosure and control sites. These 
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Figure 4. Effects of grazing and aspect on total biomass carbon stock and annual sequestration rate over a 22-year period. Both total 
biomass carbon stock (a) and annual sequestration rate (b) are based on the temporary-plot data. Sites differ in their grazing regime (grazed 
or retired), and their aspect (south and north facing). Error bars are ±SE with N = number of plots per site for (a) and number of transects 
per site for (b). Total biomass carbon stock includes all live above-ground, root, and litter biomass. Nth = north facing, Sth = south facing.

analyses were carried out using the lme function in the R 
package nlme. We used the demography plot data for the period 
1989–2011 to calculate ProdM (growth of existing individuals), 
LossM (mortality), RecrM (recruitment and growth of new 
individuals), and SeqM (net carbon sequestration), and tested 
for domestic grazing effects using anova and Tukey HSD 
tests. The relative contributions of ProdM, LossM and SeqM 
to net C sequestration were visually presented within the 
carbon triangle framework, using the triax.plot function in 
the R package plotrix. All statistical analyses were done in R 
version 2.11 (R Development Core Team 2010).

Results

Temporary plots
Total biomass C across all temporary plots in 2011 averaged 
2210 ± 314 kg ha–1 (mean ± SE) and was higher in the retired 
sites compared with the grazed sites (2589 ± 329 kg ha–1 vs 
1465 ± 186 kg ha–1; Fig.  4a, anova, F3,170 =10.36, P < 
0.001). The retired north-facing site showed a net increase in 
C from 1989 to 2011, with an average sequestration rate of 
91.9 ± 47.4 kg C ha–1 year–1 (Fig. 4b; anova, F3,12 = 3.98, P 
= 0.035). The other sites had either no net change or a decline 
in biomass C over the period (Fig. 4b).

Foliar cover of both tall (Chionochloa spp.) and short 
tussock (Festuca novaezelandiae and Poa cita) was low in 
the temporary plots, ranging from 0 to 10.1% for tall tussock 
and 2.2% to 12.3% for short tussock across all sites (Table 1). 
Tall-tussock cover was higher at the retired than the grazed 
sites in both 1989 (anova, F3,170 = 4.61, P = 0.003) and 2011 
(F3,170= 10.01, P < 0.001). Shrub cover was also low, ranging 
from 0 to 17.6% across all sites. These results indicate that 
tussocks and shrubs comprised a relatively small fraction of 
total cover at all the sites, with the remaining cover (up to 95% 
in some sites) consisting of a mix of bare ground and invasive 
low-biomass herbs and grasses such as Pilosella officinarum 
(Asteraceae) and Agrostis capillaris.
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Short-tussock size declined by 29–54% and biomass by 
12–73% across all sites over the 22 years, and these declines 
were statistically significant with the exception of the grazed 
north-facing site where the average size and density of tussocks 
declined by 29% and 40% (respectively) but declines in biomass 
C and percent cover were not significant (Table 1). These 
results indicate that widespread short-tussock fragmentation 
and mortality occurred over the 22-year period independently 
of grazing management. Where initially present, average tall-
tussock diameter declined across sites, and there was a 165% 
increase in tall-tussock plant density at the retired south-facing 
site, indicating an increase in the number of small individuals 
in the population. Tall-tussock biomass C did not change 
significantly at any site over the 22 years (Table 1). There was 
a three-fold increase in shrub cover at the retired north-facing 
site, as well as a significant increase in shrub density, but no 
change in average shrub height (Table 1).

Permanent plots
The permanent demography plots had higher tussock plant 
density than the stratified-random temporary plots (Table 2 cf. 
Table 1) in both 1989 (0.84 ± 0.42 vs 0.20 ± 0.06 plants m–2) 
and 2011 (2.03 ± 0.71 vs 0.55 ± 0.11 plants m–2), resulting in 
higher tussock biomass C in the demography plots than in the 
temporary plots in 1989 (816 ± 352 vs 381 ± 122 kg C ha–1) 
and 2011 (1278 ± 473 vs 428 ± 105 kg C ha–1). However, 
average biomass C in the demography plots was similar to that 
in the temporary plots in both 1989 (2061 ± 350 vs 2046 ± 195 
kg C ha–1) and 2011 (2238 ± 531 vs 2210 ± 314 kg C ha–1), 
likely reflecting lower shrub biomass C in demography plots 
compared with temporary plots (62 ± 41 vs 381 ± 122 kg C 
ha–1 in 1989 and 274 ± 170 vs 1134 ± 299 kg C ha–1 in 2011).

Permanent demography plots located in grazed sites had 
lower total biomass C compared with those in retired sites 
(Fig. 5; mixed-effects-model (MEM) grazing effect t1,20 = −2.9, 
P = 0.007), but did not change over time (MEM year effect t1,108 
= −0.46, P = 0.64). However, total biomass C stock increased 
over time for retired sites (MEM year × grazing interaction, 
t1,108 = 3.05, P = 0.003), particularly the retired north-facing 

site (Fig. 5b). Individual biomass C pools from the permanent 
plots showed similar patterns to the temporary plots, with 
increases in tall tussock and shrub biomass, particularly at the 
retired sites, and significant declines in short-tussock biomass 
over time across some but not all sites (Table 2).

Declines in short-tussock biomass of 72% and 84% were 
recorded for the fenced exclosure and unfenced control sites 
respectively (Fig.  6a; MEM year effect t1,48 = −5.93, P < 
0.001).There was no effect of grazing on changes in short-
tussock biomass over time (MEM year × grazing interaction 
t1,48 = 1.66, P = 0.10). Although not replicated, increases in 
tall-tussock and shrub biomass were observed for both the 
fenced exclosure and control plots (Fig. 6b).

Demographic drivers
For the permanent demography plots, biomass growth of 
existing tussocks and shrubs (ProdM) varied among the four 
sites (anova F3,18 = 3.92, P = 0.02) reflecting significantly 
higher ProdM on the retired south-facing site than the retired 
north-facing site (65.14 ± 23.94 vs 1.22 ± 1.22 kg C ha–1year–1; 
Tukey HSD P = 0.03) rather than grazing effects. Differences 
in ProdM among all other sites were non-significant. Biomass 
C loss due to mortality (LossM) averaged 25.48 ± 6.68 kg 
C ha–1year–1, and was similar among sites (anova, F3,18 
= 2.91, P = 0.06) and grazing treatments (F1,20 = 0.11, P = 
0.74). Biomass C gain due to recruitment and growth of new 
individuals (RecrM) averaged 33.22 ± 12.18 kg C ha–1year–1and 
was higher at retired sites compared with grazed sites (48.60 
± 18.02 vs 6.29 ± 2.48 kg C ha–1year–1); however, because 
of the high variability in RecrM among plots, this treatment 
effect was not significant (anova, F1,20 = 3.07, P = 0.09). 
In summary, biomass C loss occurred at both grazed and 
retired north-facing sites, but C gains were primarily due to 
recruitment and subsequent growth of shrubs on retired sites 
(Table  2; Fig.  7a). In contrast, net sequestration occurred 
on south-facing sites due to a combination of the growth of 
existing tussocks (ProdM) and recruitment and growth of new 
individuals (RecrM) (Table 2; Fig. 7b).
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Figure 5. Variation in total biomass carbon stock in demography plots over a 22-year period. Data are from (a) south-facing and (b) 
north-facing grazed and retired sites. Error bars are ±SE.
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Figure 7. Demographic drivers of net biomass carbon (C) change for (a) north-facing sites and (b) south-facing sites based on data from 
permanent demography plots. Circles represent grazed sites, triangles retired sites. Symbol size scales proportionally to absolute net 
C change. Axes represent the relative contribution of each demographic carbon process to total net biomass C flux, and therefore sum 
to 100. ProdM = biomass C gain due to growth of existing individuals, RecrM = biomass C gain due to recruitment of new individuals 
into the population, LossM = biomass C loss due to mortality and reductions in size of existing individuals. A LossM of 50% or more 
indicates net biomass C loss.
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Figure 6. Biomass carbon stock changes over 22 years for control and fenced exclosure plots. Data are divided into (a) short-tussock 
biomass and (b) tall-tussock and shrub biomass. Control plots are retired from agricultural grazing but are grazed by hares (Lepus 
europaeus). Error bars are ±SE.

Discussion

Effects of grazing on grassland C 
We recorded only minor changes in C stocks over a 22-year 
period, with a maximum sequestration rate of 92 ± 47 kg C 
ha–1 year–1 for the retired north-facing site, and no change or 
losses of up to 65 kg C ha–1 year–1 for the other grazed and 
retired sites. Our demographic framework revealed mixed 
support for all three hypotheses (H1–H3), indicating that 
growth, recruitment and mortality all play important site-
specific roles in determining the capacity of low-producing 

perennial grassland ecosystems to sequester C. These small, 
variable and idiosyncratic long-term biomass C sequestration 
responses are similar to those observed for forests (Bardgett 
& Wardle 2003; Tanentzap et al. 2009; Holdaway et al. 2012) 
and suggest that retirement from grazing is not sufficient to 
ensure biomass C gains in New Zealand tussock grasslands 
at decadal timescales. An understanding of the effects of 
management activities on biomass C stocks in low-productivity 
grasslands is required to enable land managers to accurately 
assess the potential costs, benefits and trade-offs associated 
with agricultural grazing practices (Scurlock & Hall 1998; 
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Conant 2010; Dickie et  al. 2011). Our results suggest that 
removal of agricultural grazing in these ecosystems may not 
lead to recovery of the pre-grazing state (Standish et al. 2009) 
and that a diverse range of management interventions may 
therefore be required to achieve significant biomass C gains.

Growth and capacity to recover
Growth (ProdM) is often viewed as the most important driver 
of biomass C sequestration, determined by initial density and 
intrinsic growth rates of individuals (Coomes et  al. 2012). 
The low tussock density at our sites resulted in low ProdM 
values, and ProdM was only a significant determinant of net 
C flux at the south-facing retired site where tussock density 
was high. The low ProdM also suggests the intrinsic growth 
rates of tall-tussock grasses in New Zealand are relatively 
slow. Similarly, Lee et al. (2000) showed that heavy grazing 
of Chionochloa pallens had negative effects for up to 20 years 
and that full recovery of individual tussocks may take up to 
three decades. Annual C gain due to growth is also influenced 
by environmental factors, with the south-facing sites being 
typically cool and wet and the north-facing sites being dry and 
hot. Eddy covariance estimates of C gain for sparse tussock 
grassland in the Mackenzie Basin, New Zealand, showed large 
variability in net C sequestration between wet (gain of 410 
kg ha–1) and dry (loss of 90 kg ha–1) years (Hunt et al. 2004). 
Our results support the view that tussock grass productivity 
is low and that growth is the main process driving biomass 
C change, but only when tussock density and cover are high.

Overcoming recruitment limitation
The low density of existing tall tussocks, particularly on grazed 
sites, could limit seed availability and recruitment. For example, 
Rose and Platt (1992) found that 93% of tall-tussock seedlings 
occurred within 70 cm of a mature adult tussock. Inter-tussock 
ground substrate may also influence seedling establishment. 
Rose and Platt (1992) also reported that seedling distribution 
varied greatly from high frequencies in native vascular and 
bryophyte mats to very low frequencies on exposed bare ground. 
In another study area, Tanentzap et al. (2009) found increase 
in size but no change in numbers of individuals for tussock 
grassland after 40 years of red deer control, and suggest that 
seed addition may be required to facilitate tussock regeneration. 
The limited recruitment ability of tall tussock (Chionochloa 
sp.) is further exacerbated by its strong mast-seeding behaviour 
(Kelly et al. 2000), and poor ability to colonise bare ground 
(Rose & Platt 1992; Lloyd et al. 2003). In tussock grasslands 
on the Patagonian steppe, seed distribution has been found to 
be more important than microsite availability for recruitment 
in tussock grassland (Aguiar & Sala 1997). These results 
suggest that seed limitation may be an important barrier to 
tall-tussock establishment.

For human-induced grasslands, cessation of grazing also 
can promote woody plant establishment (Cipriotti & Aguiar 
2012), which may lead to biomass C gains. Recruitment of 
woody shrubs dominated net biomass C sequestration patterns 
at the north-facing retired site, while woody establishment 
at other sites was limited. This was most likely due to a 
combination of seed limitation and microclimate; with the 
retired north-facing site having higher local seed availability 
and a warmer microclimate (Mason et  al. 2013a). Woody 
establishment into grassland can cause increases in biomass 
C, declines in soil C and complex responses by different 
components of above- and below-ground diversity (Dickie et al. 

2011). However, woody establishment may also represent the 
natural trajectory of ecosystem recovery for induced grasslands 
such as those in our study area (Walker et al. 2009). Such 
trade-offs between biodiversity and ecosystem services are 
important to consider when assessing the likely trajectory of 
ecosystem recovery.

Short-tussock mortality
Mortality can exert a strong influence on net biomass C 
sequestration through individual plant death, and this effect 
is amplified when cohort-wide population senescence occurs 
(Kurz et al. 2008; Mason et al. 2013b). There is some evidence 
for cohort-type dynamics occurring in short tussock, with 
dieback and fragmentation of large individuals recorded 
throughout the four study sites, regardless of grazing treatment 
(Table 1). Rose and Frampton (2007) also recorded large and 
sudden declines in short-tussock cover in grazed and ungrazed 
grasslands. Reasons for such declines in short tussock are 
unclear. Historical large-scale burning could have led to the 
establishment of a relatively even aged cohort of short tussock 
(Rose et al. 1995), which may be undergoing natural senescence. 
Alternatively, Rose and Frampton (2007) attributed declines in 
short tussock to competition with the invasive herb Pilosella 
officinarum (formerly Hieracium pilosella, Asteraceae). 
Regardless of the cause, such mortality events can result in 
biomass C declines. In our study, losses from short-tussock 
mortality were somewhat buffered by recruitment of tall 
tussock and shrubs in retired sites, but not in grazed sites. This 
demonstrates the interactive effects that biological invasions, 
management legacies, and demographic processes have on the 
recovery of an ecosystem property such as biomass.

Limitations of non-destructive C estimation techniques
A limitation of this study is an inability to detect changes in 
above- vs below-ground biomass allocation. This is because the 
allometric models used to non-destructively estimate C stock 
assume that the ratio of above- to below-ground biomass is 
fixed. In contrast, grazing can alter the allocation of resources 
below ground, and the direction of the effect depends on site 
productivity and species’ tolerance to grazing. For example, 
Frank et al. (2002) observed much greater stimulation of root 
productivity and shoots in naturally grazed grassland compared 
with exclosure plots in Yellowstone Reserve, USA. In contrast, 
McIntosh and Allen (1998) showed disproportional increases in 
root biomass inside exclosure plots in short-tussock grassland in 
New Zealand compared with plots grazed by sheep and rabbits. 
This supports the idea that New Zealand tussock grasslands 
may be intolerant of grazing by introduced mammals (Lee et al. 
2000; Tanentzap et al. 2009), suggesting that grazing might 
reduce both above- and below-ground productivity in these 
systems. Further investigation of the effects of management 
on the ratio of above- to below-ground biomass in grasslands 
would be beneficial, especially if these data are incorporated 
into allometric biomass models.

Another limitation of our study is that we do not have any 
repeat-measured information on the soil C pool in our study 
area. Soil C is the largest C pool in grassland ecosystems, 
and it can show dynamic and variable responses to grazing 
management (Soussana et al. 2004; Derner & Schuman 2007; 
Qiu et  al. 2013). However, there have been relatively few 
studies looking at the effect of domestic grazing on soil C in 
New Zealand tussock grasslands. McIntosh and Allen (1998) 
found no effect of grazing removal on soil C in short-tussock 
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grasslands after 16 years, despite a 43% increase in plant 
biomass. Basher and Lynn (1996) found conflicting effects of 
grazing removal on soil C after 45 years of grazing exclusion 
at two sites within 20 km of the current study area. Dickie et al. 
(2011) found that establishment of the invasive Pinus nigra 
into short-tussock grasslands resulted in a decline in soil C, 
but this was offset by a concurrent increase in above-ground 
woody biomass. Further research on the relationship between 
above-ground tussock biomass, woody plant invasion, root 
biomass and soil C is therefore required to properly understand 
the effects of ecosystem recovery and total C stocks.

Conclusions
Our study provides a framework for understanding the effects 
of grazing management on the demographic drivers of biomass 
C recovery. A demographic understanding informs management 
by identifying the key processes limiting biomass C gain, 
allowing management actions to be tailored to overcome these 
specific barriers. Our results highlight the role of recruitment 
limitation, shrub establishment and management history in 
controlling ecosystem recovery in degraded perennial tussock 
grasslands. Retirement from grazing was not sufficient to 
ensure biomass C gains. Land managers wishing to enhance 
biomass C in degraded human-induced perennial tussock 
grasslands may need to overcome multiple barriers to promote 
the establishment and growth of tall tussock, woody shrubs 
and ultimately forests.
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