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1. Introduction 
 
In the face of rapid climate heating, New Zealand’s Labour Government, in 2019, 
adopted a national policy to achieve a carbon neutral economy by 2050.Recognising 
the important role that trees play in sequestering carbon, and thus offsetting CO2 
emissions, they initiated a major tree-planting programme as part of this policy, with 
the intention of planting a billion trees by 2028. 
 
District and regional councils clearly have a leading role to play in achieving this 
policy goal and in implementing the ‘Billion Trees’ programme, for they not only own 
large areas of land, but also have the authority and duty to protect trees, and have 
influence – both legal and political – over many of the decisions that determine land 
use change and habitat conservation within their jurisdiction. In this context, a first 
priority for local authorities is to assess the current tree stocks in their areas, and the 
trends in carbon storage, as a basis for developing appropriate strategies for tree 
protection and planting. This paper presents results from a detailed analysis 
undertaken of tree carbon stocks in Tasman district, South Island, New Zealand. The 
study uses data from the national Land Cover Database, together with allometric 
models, to estimate tree growth and carbon sequestration in the district between 
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1996 and 2018, and to project the estimates forward to 2030. Based on the findings, 
priorities are suggested for Council action to support the national policy on climate 
change. 
 
 
2. Methodology 
 
Data on the extent of tree cover in Tasman District were derived from version 5 of 
the New Zealand Land Cover Database (LCDB). This provides data for five survey 
years – 1996, 2001, 2008, 2012 and 2018 – for the whole of the country, based on 
the analysis of satellite imagery and other sources. The national data were 
downloaded as ESRI shape-files from the host website (lris.scinfo.ord.nz) and clipped 
to the Tasman district boundary using the geographic information system QGIS 
(version 3.12). All land cover classes representing areas of significant tree cover were 
then identified, and the area (in hectares) of each land parcel in each tree cover class 
in each year calculated. The results were then exported to Excel for further analysis. 
 
Modelling of carbon sequestration was done for three groups of tree cover classes: 
indigenous forest (mainly comprising beech forest), which made up the largest 
proportion of the land; exotic forests (mainly commercial plantations); and other 
tree cover classes (broadleaved indigenous hardwoods, deciduous hardwoods, 
manuka/kanuka, gorse/broom and orchards/vineyards). 
 
For exotic forests, volume growth between 1996 and 2008 was modelled using the 
Forecaster calculator, an on-line tool to predict growth and yields of newly planted 
stands, taking account of both management effects and regional growth rates 
(https://forecastercalculator. integral.co.nz). This was run for Pinus radiata (which 
makes up the vast majority of New Zealand’s commercial forestry plantations) for a 
representative site on the flanks of the Richmond Ranges. Analysis was done using 
default management settings for planting rate and pruning regime (Table 1). For all 
new plantings (as indicated in the LCDB by changes into exotic forest from another 
land cover class), the date of planting was set randomly between the year of 
appearance of the forest and the year of the previous LCDB survey. For land parcels 
which were already in exotic forest in 1996 but harvested between then and 1998, 
harvesting was assumed to occur at 30-35 years of age (the age for each land parcel 
set randomly within that range) and the ‘start age’ in 1996 determined by counting-
back to that date. For areas that remained in exotic forest from 1996 until 2018, age 
profile data for Tasman were used (Ministry for Primary Industries 2019), and land 
parcels in that year assigned to an age class randomly, subject to the constraint of 
retaining the correct age profile across the forests as a whole. Ages were then 
counted-back to 1996 to define the age at the start of modelling. 
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Table 1. Models and parameters 
 
Indigenous forest 
Carbon (Total, kg/tree) 𝐶!"## = 0.5𝑤 ∗ 4.83 ∗ 10$%(𝐷&𝐻)'.)*+ ∗

10$&𝐷&.&' + 1.71 ∗ 10$&	𝐷-.*%  
Beets et al. (2012) 

Diameter (cm/yr) ∆𝐻 = 	0.0728 ∗ Age'..&.-  Richardson et al. (2013) 
Height (m/yr) ∆𝐻 = 	0.453 ∗ e$'.'-%/01  Inferred: Manson (1974), 

Runkle et al. (2011) 
Stand density (n/ha) 𝑆2 = 103.+$'.)&4567!"####   Cohen et al. (2016) 
Wood density (kg/m3) 600 https://www.tanestrees.org.nz 
Understorey factor 0.2 * Ctree Inferred: multiple sources 
Root factor 0.25 * Ctree Beets et al. (2012) 
 Broadleaved indigenous hardwoods 
Carbon (Above-
ground, kg/tree) 

𝐶!"## = 0.5𝑤 ∗ 4.83 ∗ 10$%(𝐷&𝐻)'.)*+ ∗
10$&𝐷&.&' + 1.71 ∗ 10$&	𝐷-.*%  

Beets et al. (2012) 

Diameter (cm) 𝐷 = 2.892 ∗ 𝐴𝑔𝑒'..%+&  Derived: multiple sources 
Height (m) 𝐻 = 	9.73 ∗ ln(D) − 11.88  Derived: multiple sources 
Stand density (n/ha) 𝑆2 = 3356.2 ∗ 𝑒$'.''.86#  Derived: multiple sources 
Wood density (kg/m3) 600 https://www.tanestrees.org.nz 
Understorey factor 0.2 * Ctree Inferred: multiple sources 
Root factor 0.25 * Ctree Beets et al. (2012) 
 Manuka/kanuka scrub 
Carbon (Total, t/ha) 𝐶!5! = 𝑒$-.9+:&.&&∗<=	(?) + 0.5 ∗

𝑒$..-%:-.)%∗<=	(?)  
Scott et al. (2000) 

Diameter (cm) 𝐷B = 0.803𝐴𝑔𝑒'.%%9.  Inferred: Allen et al. (1992), 
Scott (2000), Smale (1994) 

Stand density (n/ha) 𝑆2 = 42419 ∗ 𝑒$'.'+-)86# + 1281  Inferred: Allen et al. (1992), 
Smale (1994) 

Understorey factor 0.4 * Ctot Inferred: Allen et al. (1994) 
 Gorse/broom 
Carbon (Above-
ground, t/ha) 

𝐶A6 = 5 ∗ e-.33:'.+*&∗<=	(B)  Pearce et al. (2010) 

Height (m) 𝐻 = 	1.371 ∗ ln(Age) − 0.5329  Lee et al. (1986) 
Root factor 0.38 * Cag Newsome (1987) 
 Deciduous hardwoods 
Carbon (Total, t/ha) 𝐶!5! = 0.5(87.2 ∗ (1 − 𝑒$'.-*∗86#). +

95.2 ∗ (1 − 𝑒$'.&+∗86#).)  
Inferred: Matzek et al. (2018) 

 Exotic forest 
Carbon (Total, t/ha) Forecaster model, for Pinus radiata: 

planting density 1000/ha; thin to 700/ha at 
age 5; thin to 350/ha at age 10; harvest at 
age 30-35 years 

https://forecastercalculator. 
integral.co.nz 

Wood density (kg/m3) 445 Palmer et al. (2013) 
 Orchards and vineyards 
Carbon (TotaL, 
kg/tree) 

𝐶!"## = 0.5 ∗ 0.095𝐷+'&.33+3  Périé (2015) 

Diameter at 80 cm 
(cm) 

𝐷+' = 24.5 + -.9+$&3.&+

-:C $"%&.(&)D
*.&**  Inferred: Quinones et al. 

(2013) 
Stand density (n/ha) 400 Inferred 

Notes: Age = average tree age (years); Cag = Above-ground carbon mass/tree (kg); Ctree =Total carbon 
mass/tree (kg);  Ctot = Total carbon mass/ha (tonnes); D = diameter (cm), at breast height unless 
stated; H = stem height (m); Sd = Stand density (n/ha); w = wood density (kg/m3) 
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For other tree cover classes (i.e. excluding indigenous forest), allometric equations 
were used to model tree growth over the survey period. These comprise empirically 
derived representations of the relationship between a readily measurable property 
of tree growth, such as stem diameter (usually at breast height – i.e. 1.3 metres 
above ground) and/or height, and the total volume or biomass of the tree. By 
incorporating data on average stand density (i.e. number of trees per unit area) and, 
where necessary, the specific density of the wood (typically dry wood density), 
estimates of volume or biomass per tree can be converted into estimates of total 
stand biomass, and from these estimates made of the total carbon stocks. When 
modelling standing trees on a field site, the indicator properties required by the 
allometric equations can be measured from sample trees. For a large-area, time-
series analysis such as this, however, direct measurement is not possible. Here, 
therefore, the indicators were imputed on the basis of published age-growth 
relationships (Table 1).  
 
Allometric equations, and the age-growth relationships used in their application, 
vary from one tree species to another (and also, to some extent, with environmental 
conditions). Most of these tree cover classes also comprise a mix of tree species, as 
well as understorey vegetation. To model carbon stocks, equations were therefore 
sought which represented the dominant species in each land cover class, and where 
necessary an adjustment factor was applied to the results to take account of other 
components of the vegetation, such as understory or secondary species. Many 
allometric equations have also been developed only to represent above-ground 
biomass; in these cases an adjustment factor was also used to provide an estimate of 
carbon held in root biomass. For most land cover classes these were derived from 
the data presented by White et al. (2000), based on Newsome (1987). 
 
As with the modelling of exotic forests, the dates for new appearances of these land 
classes were set randomly between that year and the year of the previous survey. 
Where these appearances were considered to be non-successional (i.e. a new 
planting or establishment of trees on previously non-tree covered land), the start-
age was set to 1 in that year. Where the first appearance was deemed to be 
successional, (e.g. when gorse/broom transitions to manuka/kanuka, or 
manuka/kanuka to broadleaved indigenous hardwoods) a successional age was 
applied, assuming that the dominant tree species in the new land cover class had 
been slowly emerging for some years. Again, this was set randomly within age 
ranges imputed from the literature on successional development in the relevant land 
cover class (Table 1). 
 
Indigenous forest presented a special problem. As the largest land class by far, any 
uncertainty or bias in the estimation of carbon stocks in this class is likely to have a 
significant effect on the results. Fortunately, New Zealand’s beech forests have been 
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the subject of considerable study, so well-established allometric equations have 
been devised, and there is a substantial body of research on growth patterns of the 
trees and successional changes in the stands. To use these, however reliable data are 
needed on the age profile of the forests in Tasman District, which are not available. 
Uncertainties also exist about the extent to which mature stands continue to 
accumulate carbon and if so at what rate. In theory, mature forests may be expected 
to reach an equilibrium state in which losses by self-thinning, senescence, decay and 
erosion approximately equal new growth, so that the carbon balance becomes 
neutral (Jarvis 1989, Wardle 1994). In more recent years, however, a number of 
studies have begun to dispute this belief, and suggested that biomass and carbon 
accumulation may persist even at extreme ages (Carey et al. 2001, Luyssaert et al. 
2008).  
 
Which interpretation holds true for New Zealand’s indigenous forests is unclear. 
Modelling by Hall and colleagues (Hall 2001, Hall and Hollinger 2000, Carswell et al. 
2012) tends to support the former view in indicating that, often after a peak in 
biomass by ca. 150-200 years, forests settle into a steady-state in which total 
biomass remains more-or-less constant in the absence of external disturbance. New 
Zealand’s report on greenhouse gas emissions to the United Nations (Ministry for 
the Environment 2020) subdivides indigenous forest into ‘regenerating’ and ‘tall’ 
natural forest. Based on measurements at sample field plots, for regenerating forest 
it assumes an average rate of carbon sequestration of 0.62 tonnes/ha/year, and for 
tall forest it assumes a zero rate.  
 
Here, a similar approach was used. By tracing land parcels back to the 1960s using 
the Vegetative Cover and topographic maps, areas of established indigenous forest 
were identified, that could be considered mature. These were assigned a notional 
start age in 1996 of 200 years, at which age the allometric equations were capped to 
maintain a constant level of carbon stocks. All other land parcels were given a 
randomly selected start age within the range consistent with the evidence from the 
maps.  
 
For all land classes, the models were run repeatedly, with a new random selection of 
start ages, and the averages calculated across all runs to provide best estimates of 
carbon stocks in each land class in each year. 
 
 
3.  Results 
 
3.1 Changes in area 
 
Changes in area of tree cover classes between 1996 and 2018 are summarised in 
Table 2.  As this shows, the overall area has fluctuated significantly in recent years. 
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From a peak of 705705 ha in 1996, it fell steadily until 2012, when it totalled only 
703267 ha (a loss of 2439 ha). Since then, however, the area has recovered slightly, 
to 703,716 ha. The net loss since the LCDB surveys started is thus 1989 ha.  
 

Table 2. Changes in the area (ha) of tree-cover classes, 1996-2018 
 

Year Indigenous 
forest 

Broadleaved 
indigenous 

hardwoods 

Manuka/ 
kanuka 

scrub 

Gorse/ 
broom 

Deciduous 
hardwoods 

Exotic 
forests 

Orchards 
and 

vineyards 

Total 

1996 532034 14559 49554 8564 1542 91763 7688 705705 

2001 531839 14655 48982 8232 1597 90626 7759 703690 

2008 531704 15156 48216 7872 1622 92661 8163 705395 

2012 531610 15360 47868 7596 1597 91036 8199 703267 

2018 531575 15480 47674 7328 1591 91883 8186 703716 

1996-2018 -460 +920 -1880 -1236 +49 +120 +498 -1989 

 
These figures mask the different fortunes of the various tree-cover classes, and the 
complex transfers of land that have been involved. Indigenous forest, 
manuka/kanuka and gorse/broom have all shrunk steadily since 1996, while 
broadleaved indigenous hardwoods have expanded. Reflecting the alternating 
phases of planting and harvesting, the area of exotic forests has risen and fallen 
cyclically over the 22 years of surveys, The largest recorded area was in 2008, the 
minimum in 2001. By 2018, the area had risen to 91883 ha, close to its maximum ten 
years earlier.  
 
These changes are the product of complex transfers of land between different land 
cover classes (Figure 1). A small proportion (less than 2%) is the result of 
successional changes from one type of tree cover to another – e.g. gorse/broom to 
manuka/kanuka, or from either of these to hardwood cover of one sort or another. A 
larger proportion has involved transfers from tree cover into either high productivity 
(i.e. improved) grassland or low productivity (i.e. unimproved) grassland. These 
transfers involve all tree cover classes, and together account for ca. 14% of transfers 
into tree cover and 9% of those out of tree cover. The vast majority of transfers, 
however, are between exotic forests and harvested forest, which account for 75% of 
transfers into tree cover and 84% of outward transfers. Transfers from tree cover to 
urban land uses (buildings, transport infrastructure etc), account for only 150 ha 
loss, 0.2% of total transfers out of tree cover. 
 
Over the period from 1996 to 2018 the balance of transfers into and out of tree 
cover from these different classes has varied. Transfers to and from grassland have 
declined, but the  balance has shifted from a net inward flow of 3500 ha of land to 
tree cover in 1996-2001, to a net outward flow of 725 ha in 2012-2018. Transfers to 
and from harvested forest, which are almost entirely confined to exotic forests, have 



 7 

fluctuated in line with the variations in area already described. There was a net 
outflow of nearly 6500 ha from exotic forests between 1996 and 2001, reflecting the 
shift from a replanting regime to a harvesting regime, which declined over the 
following eleven years, and became a net inflow of 1000 ha in 2012-2018, as 
replanting began to dominate.  
 

Figure 1.  Total transfers of land between tree and other land cover classes, 1996-2018 
(hectares)  

 
 

3.2 Change in carbon stocks  
 
Table 3 summarises estimated carbon stocks held in tree cover in Tasman District 
between 1996 and 2018 (more detailed data are given in the Supplementary 
Material). Over the 22 years of the LCDB surveys, stocks of carbon held in the 
different tree cover classes have fluctuated in different ways, reflecting the interplay 
of changes in area as a result of planting, harvesting/clearance and natural 
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succession, and the changes in tree volume or stand density as the trees age and the 
structure of the stands evolve over time. 
 
Losses of carbon stocks have been seen in four tree-cover classes: manuka/kanuka (a 
decline of nearly 650,000 tonnes, ca. 22%), exotic forests (a fall of 142,000 tonnes, 
ca. 1%),  gorse/broom (a decline of 124,000 tonnes, ca. 21%) and indigenous forest 
(which have declined by 45,000 tonnes, <0.1%). Carbon stocks have increased in the 
other three tree-cover classes, though only in the case of broadleaved indigenous 
hardwoods is the rise substantial – 361,000 tonnes (a 32% increase). Overall, 
therefore, carbon stocks in Tasman District have fallen since 1996, by almost 
560,000 tonnes. 
 
The trend in total stocks, however, has been far from uniform. From a peak of 97.3 
billion tonnes in 1996, stocks fell to less than 94.7 billion tonnes in 2001, since when 
they have gradually risen to 96.7 million tonnes in 2018. Driving these fluctuations 
have been changes in the stocks of exotic forests. Following extensive new planting 
and harvesting of old stands in the late 1990s, carbon stocks in these forests these 
fell from 12.5 million tonnes in 1996 to ca. 10 million tonnes in 2001. Between then 
and 2012, they fluctuated around this level but then, as  the plantings in the later 
1990s reached their phase of maximum growth, they added another 3.2 million 
tonnes of carbon so that by 2018 carbon stocks amounted to 12.4 million tonnes. In 
the absence of these, the total loss of carbon stocks would have been ca. 416,000 
tonnes, and the decline continuous, though at a progressively slower rate from ca. 
29,000 tonnes/year prior to 2001 to ca. 1000 tonnes/year between 2012 and 2018. 
 
 

Table 3. Changes in carbon stocks (thousand tonnes) of tree-cover classes, 1996-2018 
 

Year Indigenous 

forest 

Broadleaved 

indigenous 

hardwoods 

Manuka/ 

kanuka 

scrub 

Gorse/ 

broom 

Deciduous 

hardwoods 

Exotic 

forests 

Orchards 

and 

vineyards 

Total 

1996 79948.3 1146.9 2840.8 555.5 116.3 12542.2 119.6 97269.6 

2001 79922.4 1190.7 2683.4 506.3 129.3 10183.5 147.5 94763.1 

2008 79909.1 1317.3 2421.7 462.7 140.1 10554.7 126.3 94932.0 

2012 79904.6 1396.2 2298.0 458.3 140.7 9974.7 119.0 95919.4 

2018 79903.7 1508.2 2192.0 431.9 143.2 12400.4 131.6 96711.0 

         1996-2018 -44.5 +361.3 -648.8 -123.6 +26.9 -141.8 +11.9 -558.7 

 
 
3.3 Projections to 2030  
 
The limited time series of data available from the LCDB together with the substantial 
swings in forested area and age associated with the management cycle in exotic 
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forests inevitably creates difficulties in interpreting longer term trends in carbon 
stocks. For this reason, projections were run to estimate possible changes in carbon 
stocks to 2030. Projections for the exotic forests were based on the age profiles 
reported by the Ministry for Primary Industries (2019), advancing these forward on 
the assumption that harvesting would occur between 30 and 35 years of age, on 
average. For other tree cover classes, two scenarios were assumed. One 
(unrealistically) assumed no further clearance or felling in these land cover classes; 
the other projected forward the average changes in land area seen over the previous 
ten years. 
 
Results are given for both scenarios in Table 4. In both cases, the most striking 
feature of the projections is the substantial reduction in carbon stocks in the exotic 
forests as a result of harvesting of the large cohort of plantings from the 1990s. 
These are estimated to result in the loss of 3.7 million tonnes of carbon by 2030. In 
the scenario assuming no other tree removals, these losses are mitigated to a small 
extent by the increased carbon stocks in other tree-cover types, giving a net 
reduction of 3.29 million tonnes. But if removals on other tree cover classes continue 
at the rate they have done in recent years, the growth in carbon stocks in these trees 
will be reduced by ca. 67,000 tonnes, bringing the net loss to 3.35 million tonnes. 
Total stocks in this case would be ca. 3.85 million tonnes lower in 2025 than they 
were in 1996. 
 
 

Table 4. Projected carbon stocks to 2025 under two scenarios   
 

  No change in area! Average area change 

(2008-2018)1 

Land cover class 2018 2030 2018-2030 2030 2018-2030 

Indigenous forest 79905.4 79910.3 4.9 79886.9 -18.4 

Broadleaved indigenous 

hardwoods 1517.1 1668.9 151.8 1710.7 193.6 

Manuka/kanuka scrub 2195.1 2212.5 17.4 2182.3 -12.8 

Gorse/broom 432.6 586.2 153.6 533.9 101.3 

Deciduous hardwoods 143.2 144.4 1.2 141.0 -2.2 

Exotic forests 12504.6 8802.6 -3702.0 8802.6 -3702.0 

Orchard and vineyards 131.3 218.8 87.4 219.5 88.2 

Total tree cover 96829.3 93543.6 -3285.6 93477.0 -3352.3 

1: Except for exotic forests which modelled on basis of MPI projections (see text)  

Note: results are for a new model run, so estimates for 2018 do not tally exactly with those in Table 3 
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4.  Discussion  
 
4.1 Comparisons with other studies 
 
Because they are based on modelling rather than direct measurement, the results of 
this study are inevitably open to various uncertainties. As a basis for discussion of 
the results, therefore, results are compared with those from previous, published 
studies, and consideration is given to possible sources of error that these imply. 
More detailed analysis of the limitations of the analysis are included in the 
Supplementary Material. 
 
A number of studies of carbon stocks in New Zealand’s trees have been undertaken 
over the last 20-30 years which provide a basis for comparison with the results 
presented here. Comparisons are nevertheless complicated because of the 
inconsistencies involved: previous studies have  considered different vegetation 
classes, in different areas, at different stages of development, and using different 
methodologies (including direct measurement of sample stands and modelling 
techniques). Previous studies have also reported on different components of the 
carbon stocks – e.g. woody, above-ground or total (including soil).  
 
Table 5 lists estimates for each of the tree-cover classes examined here, selected 
mainly in terms of their ecological, geographical and methodological similarity. In 
some cases, the original studies reported in terms of biomass stocks, so these have 
been converted to carbon on a 2:1 ratio between total biomass and carbon mass. It 
should also be noted that some of the tree-cover types are poorly represented by 
studies in New Zealand, so comparisons in these cases have been made from 
overseas.  
 
In the case of indigenous forests, there have been a number of previous studies, 
focused on different forms of beech forest (e.g. red beech, silver beech, mountain 
beech) in different parts of the country. They give estimates of carbon stocks ranging 
from 130 to 261 tonnes/ha. To a large extent, this wide range of the estimates is 
likely to be a consequence of the differences in methodology and vegetation 
characteristics referred to above. In particular, the biomass of different beech 
species varies, hard beech tending to be greater than red beech which in turn 
exceeds silver and mountain beech. Reflecting this, and associated variations in 
climatic and soil conditions, carbon stocks are generally higher in North Island than 
South Island, and on lower land than higher. The figure obtained here (150 
tonnes/ha) lies close to the average of these previous studies and for this reason 
seems reliable. 
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Table 5. Comparison of average carbon stocks in tree biomass reported in this 
study and in other, published studies 

 
This study Published studies 

Tree cover 
class 

C stocks 
(t/ha) 

C stocks 
(t/ha) Land cover and context Source 

  153 Red beech, NW South Island Beets (1980) 

Indigenous 
forest 

150 
 

187 Red beech, Nelson Benecke & Evans (1987) 

130 Beech forest, South Island Hall & Hollinger (1987) in 
White et al. (2000) 

2611 Beech forest, NZ Tate et al. (1999) 

1302 Beech forest, South Island White et al. (2000) 
182-193 Beech forest, NZ Hall et al. (2001) 

169 Indigenous forest, central 
South Island Coomes et al. (2002) 

134 Mountain beech, Craigieburn Davis et al. (2003) 

Broadleaved 
indigenous 
hardwoods 

79-97 

145-158 Broadleaved forest and scrub, 
NZ Tate et al. (1997) 

882 Forest-scrub White et al. (2000) 

70-240 
Tauhinui-broadleaved forest 
succession, 30-110 years old, 
Marlborough Sounds 

Carswell et al. (2008) 

Manuka / 
kanuka scrub 46-57 

35-45 Manuka scrub, NZ Pearce et al. (2019) 
50-75 Manuka/kanuka, South Island  White et al. (2000) 

52-123 Manuka/kanuka. Tongariro 
National Park Scott et al. (2000) 

50-99 Manuka/kanuka scrub or fern 
and mixed indigenous scrub Tate et al. (1997) 

Gorse / 
broom 59-65 

50-65 Gorse, NZ Pearce et al. (2019) 
58 Gorse scrub, NZ Tate et al. (1997) 
582 Scrub, South Island White et al. (2000) 

Deciduous 
hardwoods 75-90 

100 Exotic forest and scrub Tate et al. (1997) 

24-91 Riparian willow woodland, 
Canada Fortier et al. (2015) 

Exotic forest 110-137 
641 Exotic forest, South Island White et al. (2000) 
97 Exotic forest, NZ Tate et al. (1997) 

79-94 Plantation forest, NZ Hollinger et al. (1993) 

Orchards and 
vineyards 15-19 

16 Orchards or vineyards and 
pasture Tate et al. (1997) 

10 Apple orchard, Hawkes Bay, 
NZ Périé (2015) 

12-15 Apple orchards, Italy Scandalleri et al. (2014) 
 
 
 
 

 
1 Includes litter layer (estimated as 30% of reported total biomass). 
2 Modelled, stem biomass only 
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For broadleaved indigenous hardwoods, comparisons are much more tenuous, 
mainly because the land cover class itself is rather poorly defined. It refers to a 
successional community of indigenous trees and shrubs which can vary markedly 
both geographically and with their stage of development. Finding reliable matches in 
previous studies is therefore difficult. Tate et al. (1997) reported estimates of 158 
tonnes/ha for class FS6 (broadleaved forest and scrub) from the Vegetative Cover 
map, and 145 tonnes/ha for class FS5 (beech-broadleaved forest and scrub), and 
these are perhaps close correlatives. From field studies of tauhinui-broadleaved 
forest in the Marlborough Sounds, however, Carswell et al. (2008) gave a range from 
70 tonnes/ha for a 30 year old stand to 240 tonnes/ha for a 110 year old stands. The 
values suggested here are towards the lower end of this range, reflecting the 
assumption that they are, for the most part, relatively young.  
 
Manuka/kanuka scrub is a more closely defined land cover class and has received 
more attention. Tate et al. (1997), for example, estimated an average of 50 
tonnes/ha for Vegetative Cover Class S2 (grassland manuka/kanuka scrub or fern), 
and 99 tonnes/ha for class S2 (mixed indigenous scrub), while Scott et al. (2000) give 
a range from 52-123 tonnes/ha for an age-series of manuka/kanuka stands in 
Tongariro National Park, from 25 to 55 years old. For a low- and a high-fertility site in 
South Island, White et al. (2000) report modelled estimates of 50 and 75 tonnes/ha, 
respectively. The stocks given here are at the lower end of this range, but somewhat 
higher than the estimates of 35-45 tonnes/ha for above-ground biomass reported by 
Pearce et al. (2019) from field studies across New Zealand.  
 
As what is generally regarded as a weed community, gorse and broom have rarely 
been studied in terms of their carbon sequestration abilities. The few studies that 
have been done (Table 5), however, give a range of 50-65 tonnes/ha, which closely 
accords with the estimates reported here. Likewise, few studies have been done for 
deciduous hardwood species in New Zealand that would match the land class 
defined in the LCDB. In New Zealand, the closest match in the Vegetative Cover map 
is probably class FS8 (exotic forest and scrub), and for this Tate et al. (1997) give an 
estimate of 100 tonnes/ha. A better match, however, is probably with the riparian 
woodlands studied by Fortier (2015) in Canada, for which carbon stocks varied 
between 24 and 91 tonnes/ha depending on species composition and age. The 
estimates given here are in the middle to upper part of this range, and again seem 
broadly appropriate. 
 
In the case of exotic forests, the estimates made here are relatively high compared 
to reports from previous studies, reflecting the changes that have occurred in this 
land cover class in recent years. It is widely accepted that average yields (and thus 
carbon stocks) have increased over the last 20-30 years, in part because of ageing of 
the stands and in part because of planting on more fertile sites. In addition, the data 
presented here are based on industry models and age profiles, calibrated to the local 
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area. It is also notable that the data given here fall easily within the range of 
measurements made as part of the LUCAS study for exotic forests from sample plots 
across New Zealand (Ministry for the Environment 2020). For these reasons, the 
estimates are considered to be broadly reliable.  
 
As what is generally regarded as a weed community, gorse and broom have rarely 
been studied in terms of their carbon sequestration abilities. The few studies that 
have been done (Table 5), however, give a range of 50-65 tonnes/ha, which closely 
accords with the estimates reported here. Likewise, few studies have been done for 
deciduous hardwood species in New Zealand that would match the land class 
defined in the LCDB. In New Zealand, the closest match in the Vegetative Cover map 
is probably class FS8 (exotic forest and scrub), and for this Tate et al. (1997) give an 
estimate of 100 tonnes/ha. A better match, however, is probably with the riparian 
woodlands studied by Fortier (2015) in Canada, for which carbon stocks varied 
between 24 and 91 tonnes/ha depending on species composition and age. The 
estimates given here are in the middle to upper part of this range, and again seem 
broadly appropriate. 
 
In the case of exotic forests, the estimates made here are relatively high compared 
to reports from previous studies, reflecting the changes that have occurred in this 
land cover class in recent years. It is widely accepted that average yields (and thus 
carbon stocks) have increased over the last 20-30 years, in part because of ageing of 
the stands and in part because of planting on more fertile sites. In addition, the data 
presented here are based on industry models and age profiles, calibrated to the local 
area. It is also notable that the data given here fall easily within the range of 
measurements made as part of the LUCAS study for exotic forests from sample plots 
across New Zealand (Ministry for the Environment 2020). For these reasons, the 
estimates are considered to be broadly reliable.  
 
For orchards, measures of carbon stocks with which to compare the data are sparse, 
but the range suggested here (15-19 tonnes/ha) closely matches results from the 
few other studies that have been published (Table 5). 
 
4.2  Implications for CO2 emissions 
 
In terms of climate change, the main importance of tree carbon stocks is their ability 
to offset emissions of greenhouse gases, and thus help to avoid (or at least delay) 
the rise in global temperatures. The reduction in carbon stocks between 1996 and 
2012 seen in this study, and the further decline that is projected to occur between 
now and 2030, are thus cause for concern, for they imply that the district’s capacity 
to offset CO2 emissions is falling.  
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The decline is also potentially important for another reason. Any fall in carbon stocks 
clearly means that carbon is being lost from the district’s trees faster than it is being 
assimilated. If all the lost carbon is returned to the atmosphere as CO2, then 
evidently the trees are acting not a sink for CO2 but as a source – i.e. they are adding 
to the district’s emissions. In practice, not all the carbon lost from trees gets directly 
into the atmosphere; instead, some is stored for a further period either in the soil or 
in wood products.  This acts to skew the carbon balance in tree-covered land. While 
each tonne of carbon sequestered by tree represents 3.67 tonnes of CO2 ‘saved’, 
losses are converted to CO2 at a slower rate.  
 
To estimate the CO2 equivalence of carbon lost by tree removal accurately, these 
losses have to be modelled in some way. Detailed methods are available for this 
purpose, such as the CO2FIX model (Masera et al. 2003) developed in Europe, but 
their use is beyond the scope of this study. Instead, a simple method of 
approximation has been applied. This uses imputed estimates of the proportions of 
the released carbon returned to the soil during land cover change (mainly based on 
published studies), together with harvesting and wood usage data for exotic forests 
produced by the Ministry for Primary Industries (2019) and estimated half-lives for 
wood products quoted by the Ministry for the Environment (2020). The latter, it 
should be noted, vary considerably. For domestic timber products, for example, half-
lives are estimated to be 1-2 years for paper and pulp, 25 years for sawn wood and 
35 years for poles and logs. About 60% of New Zealand’s roundwood, however, is 
exported, much of it to southern Asia. Because much of this is then used for 
packaging and other short-term products, average half-lives are estimates as only 
2.5 years for India, 6.6. years for China and 18 years for South Korea.   
 
Taking account only of direct losses from tree removal – e.g. through burning of 
wood either on-site or as fuel, or by surface decomposition of trash which enables 
the carbon to escape into the atmosphere – estimated releases of CO2 from tree 
removal between 1996 and 2018 probably amount to no more than 25 million 
tonnes. This is substantially less than the total gains over this period of some 69 
million tonnes. The difference between the two largely comprises the 12 million 
tonnes of carbon (equivalent to 45 million tonnes of CO2) retained in wood products. 
Using the half-lives quoted by the Ministry for the Environment (2020), the 
emissions taking place within this timeframe can be estimated. (Details are given in 
the Supplementary Material). This increases estimated losses between 1996 and 
2018 to ca. 53 million tonnes of CO2.  
 
This is not quite the end of the story. The difference between the estimated losses 
and 69 million tonnes of CO2 gains is accounted for by the carbon that still remains in 
wood residues and products. Much of this will continue to be released over the next 
20-30 years. In addition, as the projections to 2030 (Table 4) show, there is a large 
cohort of exotic forest plantings from the mid-late 1990s that will reach harvesting 
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age in the next 5-10 years. To provide a more comprehensive analysis, therefore, 
modelling was extended to 2030. Within this period, harvesting of the exotic forests 
is estimated to add ca. 22 million tonnes of short-term emissions to the CO2 balance 
in the district. Together with other losses from tree removal and the continued 
release of emissions from older wood products, this brings the total for the period to 
ca. 34 million tonnes. Carbon uptake over the same period is estimated to be 
equivalent to ca. 25 million tonnes of CO2. There will thus be a deficit of more than 9 
million tonnes, at a net emission rate of ca. 800,000 tonnes/year. To put this into 
context, CO2 emissions from vehicles in Tasman District total approximately 150,000 
tonnes/year. At that stage, therefore, rather than acting to reduce the greenhouse 
gas emissions, the district’s forest resources will be inflating them by an annual 
amount several times greater than the total emissions from the entire transport 
fleet. 
 
4.3  Other considerations 
 
As previously implied, this study is limited in its scope. While it considers the main 
tree cover classes in the district, it ignores several important compartments of 
carbon storage: in particular, the stocks held in the soil and those held in lines of tree 
such as those in shelter belts, small clusters or scattered groups of trees or lone 
trees that have not been mapped in the LCDB. 
 
The scale of these missing components may be substantial. In the case of the soil, for 
example, Tate et al. (1997) give maps indicating carbon stocks in the Tasman area of 
between 100 and 300 tonnes/ha, sufficient to double the stocks held in the 
vegetation. More conservatively, the Ministry for the Environment (2020) adopt a 
national average of 92.5 tonnes/ha of soil carbon for forested land. The way in which 
these stocks change in response to land cover change, however, is difficult to assess. 
While it may be reasonably assumed that most or all of the soil carbon is lost when 
tree-covered land is converted to urban uses, that is not so for conversions to other 
forms of land cover, such as grassland, or as a result of successional vegetation 
change. In general terms, however, some reduction of soil organic matter is likely to 
occur whenever trees are removed, adding to the carbon deficit indicated here.  
 
This effect probably includes harvesting of exotic forests. Uncertainties still exist, and 
the effects almost certainly depend on both harvesting regime and environmental 
conditions (especially slope), but remarkably little research seems to have been 
done in New Zealand on this issue. From a meta-analysis of precious research, 
however, Johnson and Curtis (2001) infer that sawlog harvesting of conifers leads to 
an average increase of about 17% in A horizon carbon stocks, while whole-tree 
removal results in a net loss of about 6%. Caution is needed in interpreting these 
results due to confounding by variations in the timescale of the effects, with some 
studies showing that they last less than 4 years after harvesting, and others that they 
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persist for 18 years or more. But as a result of increasing problems caused by erosion 
of forest trash, methods of harvesting trees appear to be changing in Tasman District 
with more complete clear-felling and the introduction of whole-tree removal. If this 
is the case, and given the geographic extent of these forests, a significant additional 
loss of carbon can be assumed, beyond the figures given here.  
 
Trees on small land parcels and lone trees were likewise excluded from this analysis 
because of the lack of data on which to base estimates. The tree point data depicted 
on the 1:50,000 topographic maps, however, indicate the presence of ca. 22,642 
tree points in Tasman, probably representing an average of ca. 10-20 trees per point. 
This implies the presence of ca 250,000 additional trees, holding a minimum of  
500,000 tonnes of carbon stocks. The vast majority of these trees are clustered in 
the Moutere Basin and Golden Bay areas (where other tree cover is sparse), and by 
their nature they are vulnerable to removal for a range of reasons, including 
agricultural convenience, roading developments and residential building. Rates of 
loss are unknown, but seem certain to amount to several thousand trees per year, 
especially in view of the fellings done following cyclones Gita and Fehi. The data used 
here also predate the  Pigeon Valley fire in 2019 which affected ca. 2000 ha of exotic 
forest land. With an average of ca. 130 tonnes/ha this alone represents the loss of 
260,000 tonnes of carbon. Together, therefore, these omissions imply that the 
figures presented here are under-estimates of the true losses that have occurred in 
recent years, perhaps by as much as 300,000 tonnes of carbon. This adds to the 
losses that need to be made good in the future. 
 
 
5.  Conclusions 
 
The results of this study show that the extensive areas of tree cover in Tasman 
District cannot be taken for granted. Various forces are at work to reduce the carbon 
stocks they hold, and undermine their ability to sequester new carbon. While the 
trends in carbon sequestration identified in this study have been driven largely by 
management of exotic forests, it is also apparent that other forms of tree cover are 
important in determining the fate of the district’s carbon stocks. Maintenance of the 
indigenous forests is essential because these hold the vast majority of the stocks; 
even a small reduction in the area or health of these forests would have a significant 
negative impact. Broadleaved indigenous hardwoods have been the only tree cover 
type to show a marked increase in area over recent years, and likewise are the one 
land cover class that has consistently increased its carbon stocks. It  exists, however, 
mainly as small land parcels which are extremely vulnerable to damage or clearance, 
and is thus easily lost. Scrubland of manuka/kanuka and gorse/broom, conversely, 
have declined considerably both in area since 1996, and, along with the exotic 
forests, their removal has been responsible for the main losses in carbon stocks. 
Because they are often perceived to be of little worth, they are readily cleared for 
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land improvement or development, and in the case of gorse/broom are not even 
recognised as reportable stocks under the Kyoto Agreement. Yet they both contain 
significant quantities of carbon and also provide important pathways for vegetation 
succession into ecologically richer communities. The small areas of deciduous 
hardwoods have had little influence on total carbon stocks in the district, but 
because they comprise relatively fast growing trees, they can also play an important 
role in carbon sequestration. Lone trees and small clusters of trees (e.g. shelter 
belts) have not been explicitly considered in this study, but they too hold important 
carbon reserves that are under threat from tree removal.  
 
At the same time, it needs to be remembered that trees are not only valuable 
because of the carbon they store. They provide a wide range of other services. They 
intercept rainfall, increase infiltration, reduce runoff and soil erosion and mitigate 
flooding (Basher 2013, Duncan 1995). They give shelter to livestock and thus 
improve animal welfare and increase production (Van Iaer et al. 2014). They provide 
habitats and corridors for birds and insects, and thereby contribute to biodiversity 
and help to maintain crop production (Dix et al. 1995, Kross et al. 2016). They are a 
valued element of the visual landscape and, along with mountains and water are the 
most commonly cited attribute of landscape quality (Briggs and France 1980). They 
remove pollutants from the air and act as an effective barrier against noise pollution, 
especially from road traffic (Herrington 1974, Ozdemir 2019). For all these reasons, 
equally, trees should be value and conserved, and doing so would yield multiple 
public benefits.  
 
The trends indicated here in the district’s tree carbon stocks and CO2 emissions 
therefore have important implications. If tree cover in Tasman District is not to 
dwindle and become a net source of CO2, action is needed not only to reverse the 
decline in carbon stocks that has occurred in recent years but also to head off the 
effects of the imminent felling of the 1990s cohort of trees in the exotic forests.  
 
Responsibility for these actions does not lie with Tasman DC alone. Action is also 
needed by forest owners and other land-owners. Indeed, it can be argued that 
everyone has a responsibility to play their role in protecting and enhancing tree 
cover. The District Council, however, is in a unique position to provide the leadership 
to make this happen.  
 
A wide range of actions is both possible and necessary. These include: 
 

• monitoring tree stocks and publicly reporting on their status (e.g. as part of 
regular state of environment reporting) in order to highlight their 
significance; 
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• strengthening and extending protection existing trees – e.g. through 
mechanisms such as tree protection orders, and by setting higher levels of  
protection for the district’s reserves; 

• increased tree planting on Council land, and active encouragement and 
support for planting on private land (under clear terms that ensure their 
long-term survival); 

• strengthening resource consent procedures to minimise and prevent tree 
removals as part of residential and other land development – e.g. by 
requiring all subdivisions and developments to be demonstrably carbon 
neutral. 

 
If these and other actions are not to be piecemeal, they need to be brought together 
within a consistent and integrated policy on climate change mitigation that 
underpins all the Council’s actions. This needs to encompass not just reactive 
measures to climate problems, but the whole forward-looking processes of Council 
policy-making, including land-zoning and development planning. Action also needs 
to be taken urgently. The deadline for achieving a carbon-neutral economy is only 
thirty years away; if the estimates presented here are broadly accurate, the point at 
which the district’s forests develop a negative CO2 balance is probably less than 10 
years ahead. There is no time to waste. 
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