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Abstract

:

Carbon sequestration has become an important source of supplementary revenue from forest plantations. Although there are many financial comparisons of species based on timber revenue, there have been few regional comparisons that integrate revenue from carbon. Within New Zealand, radiata pine is the most widely planted species, but there has been a recent upsurge in planting rates for coast redwood. Under New Zealand’s Emissions Trading Scheme, areas that are newly afforested under clear-fell rotational forestry receive carbon payments up to a set age, intended to represent the long-term average under successive rotations. Using growth models for both species, the objectives of this research were to regionally quantify (i) how the rotation length and the carbon averaging age influenced the profitability of growing redwood and (ii) compare carbon, timber yields, and profitability between radiata pine and redwood. The results showed the legislated carbon averaging age of 22 years for redwood underestimated the actual mid-points of carbon accumulation, which averaged 26, 28, and 31 years across rotation lengths of 40, 45, and 50 years, respectively. The optimal rotation length for redwood varied markedly by region and carbon price but was most often 40 years, increasing to 50 years at higher carbon prices, particularly for southern regions. Under regimes where revenue was only derived from timber, the redwood internal rate of return (IRR) exceeded that of radiata pine for eight of the nine New Zealand regions. When revenue was received from carbon and timber, redwood had a higher IRR than radiata pine up to carbon prices ranging from 29 to 50 NZD/tonne CO2 for the North Island and 23 to 34 NZD/tonne CO2 in all South Island regions apart from Otago. The IRR of radiata pine exceeded that of redwood at carbon prices above these values for the eight regions and at all carbon prices within the cold, dry Otago region.






Keywords:


300 Index; Pinus radiata; Sequoia sempervirens; site index












1. Introduction


Coast redwood (Sequoia sempervirens (Lamb. ex D. Don) Endl.) is a fast growing and long-lived coniferous species, native to a coastal strip on the western seaboard of the United States that is capable of accumulating very high amounts of carbon. The species is shade tolerant and in its native range can develop a mixed-aged distribution, with trees reaching ages greater than 2200 years and heights of 115 m [1,2,3]. Redwood forests have been found to store exceptionally high quantities of biomass and carbon within decay-resistant heartwood in primary (old growth) stands, but the rate of carbon sequestration is highest in secondary or plantation forests [3]. As redwood stands are typically very healthy [4,5] and resistant to damage from wind [6,7] and fire [8,9,10], the high quantities of carbon that accumulate are relatively safe from damage caused by pests, pathogens and abiotic factors. Redwood also produces high-quality timber that is mostly used for appearance grade purposes [7]. The timber is easily worked, stable, and odour free and has an attractive grain with a naturally durable heartwood [11].



Redwood can tolerate a considerable range in environmental conditions, but growth rates are optimal in temperate climates that are mild with rainfall that is moderate to high. Plantations have been successfully established in many countries with these climates, including France [12], Germany [13], and Chile [14]. Redwood is very well suited to New Zealand, where 8000 ha was established from 2000 to 2018 [7]. Afforestation rates increased rapidly after 2019 with ca. 2000 ha established in 2023 [15], and redwood is now the second most widely planted species in New Zealand, after radiata pine [15]. The majority of these plantings have been in North Island locations with a climate that suits the species [7] resulting in growth rates exceeding those of plantations within the native range [16]. Using measurements taken from a nationally distributed set of permanent sample plots (PSPs), models and spatial layers describing volume and carbon have been developed that clearly show the potential of redwood within New Zealand [16,17].



Within New Zealand, radiata pine (Pinus radiata D. Don) is the most widely planted species and constitutes 90% of the 1.7 M ha plantation area [18]. Radiata pine has been widely planted as it grows rapidly within most environments and can, for instance, tolerate salt winds, shallow soils with low fertility, and out of season frosts [19]. Measurements taken from an extensive PSP network have been used to characterise the variation in growth and carbon of radiata pine throughout New Zealand, and predictions show growth is greatest in North Island regions that are warm with moderately high rainfall [16,20]. Radiata pine timber can be used for a wide range of end uses, and a significant processing infrastructure and large number of export markets support the utilization of the species [19]. However, in contrast to redwood, radiata pine is susceptible to many damaging pathogens [21,22,23,24], wind [21,25], and fire [21]. Although mature radiata pine stands provide a high level of protection against erosion [26], there is a relatively high risk of erosion for a number of years following harvest [26] as roots decay very rapidly, reducing the soil stability [27,28]. Nonetheless, radiata pine is generally considered to be the most profitable and robust plantation species within New Zealand, and financial returns from radiata pine are the benchmark against which other species are evaluated [19].



Carbon is a valuable source of revenue from forests, and afforestation within New Zealand is the main means by which carbon can be removed from the atmosphere. The New Zealand Emissions Trading Scheme (ETS) incentivises carbon sequestration through afforestation [29] by giving carbon a value. Forest growers who are registered in the ETS receive a unit for each tonne of carbon dioxide sequestered, and supply and demand influences the unit value. Rapid rises in the carbon price over the last three years to 90 NZD/tonne CO2 in late 2022 have stimulated an almost tripling of the afforestation rates from 25,000 ha in 2019 to 70,000 ha during 2022 [30]. These high carbon prices favour the establishment of fast-growing species such as redwood and radiata pine.



After recent changes to the ETS framework, areas that are newly afforested under clear-fell (or clear-cut) rotational forestry are allocated carbon under an averaging system for the first rotation. This system allows the payment of carbon to a set age, intended to represent the age when the carbon equals its long-term average under successive rotations. After these legislated mid-points, which are 16 and 22 years for radiata pine and redwood, respectively, the payments for carbon cease. The advantage of the averaging system is that carbon does not have to be repaid when harvesting occurs, provided the forest is replanted. Although the legislated mid-point for the averaging system does appear to be reasonably realistic for radiata pine [31], little research has investigated the accuracy of this value for redwood, under the normal range of rotation lengths.



Within the ETS there are two ways in which the quantity of carbon allocated to different species is measured. Participants who have registered 100 ha or more in the ETS must establish plots using the field measurement approach (FMA) to determine carbon values. On the other hand, growers with less than 100 ha registered must rely on pre-defined look-up table values, which describe annual changes in carbon for different species [32]. Previous research has spatially predicted carbon and volume productivity for both redwood and radiata pine at a fine resolution throughout New Zealand [16,17,33]. The estimates from these models can be averaged to a regional level and used as a means of predicting the carbon that growers would receive under the FMA system. These models and spatial surfaces can also be used to predict the volume, grade-outturn, and revenue from timber.



Carbon predictions from these models have been used to financially compare profitability for radiata pine and redwood that are permanently established and derive revenue only from carbon [34]. Model predictions showed that in eight of the nine New Zealand regions, the total carbon at 100 years was higher for redwood than radiata pine, and these differences averaged 74% in the North Island. Despite this higher carbon, both species had similar profitability within four of the five North Island regions as radiata pine grows more rapidly than redwood over the first 30 years, with this early period weighting heavily in discounted cash flow analysis [34]. The profitability of radiata pine exceeded that of redwood by quite a large margin in all South Island regions as the growth rates of radiata pine were greater that those of redwood within these colder climates over the first 50 years [34].



Although financial comparisons have been made for permanently established carbon regimes, we are unaware of any research that has compared the profitability of redwood and radiata pine, across regions, for regimes that produce both timber and carbon. Using growth models to predict carbon under the FMA system and timber yields, the objectives of this research were to (i) regionally quantify how the rotation length and carbon averaging age influenced the profitability of growing redwood and (ii) compare carbon, timber yields, and profitability between radiata pine and redwood. Sensitivity analyses were undertaken to determine how financial returns were affected across a wide range in carbon price.




2. Methods


2.1. Estimates of Carbon and Total Stem Volume


2.1.1. Overview


Regional estimates of volume and carbon were based on the 300 Index methodology, which is summarised below and has been described in detail previously for both radiata pine and redwood [33,35]. Growth models were used to estimate the volume for both species. Carbon was predicted using a combination of growth models, allometric equations, and functions describing carbon partitioning and basic density. Predictions of the 300 Index and site index were used to characterise the site productivity, at a regional level, from fine-grained estimates and subsequently scale the predictions of volume and timber across the nine regions within New Zealand.



The estimates of volume and carbon for radiata pine were for a regime designed to maximise the production of structural grade timber that had a moderate final crop stand density. This regime was selected as a previous regime comparison showed it to be more profitable across a range in carbon prices than a regime in which trees were pruned to maximise the production of clear-grade timber [36]. The selected regime had an initial planting density of 1000 stems/ha and was thinned at age 9 to a final crop stocking of 650 stems/ha. The redwood silvicultural regime was chosen to maximise the production of high-value clear heartwood as this grade attracts a large market premium over grades with sapwood content and unpruned “tight knot” grades, which in turn have higher value than timber with bark-encased knots [37]. The initial planting density of this regime was 625 stems/ha. A total of 450 stems/ha were pruned to 6.5 m over three stages at ages 6, 8, and 10, and a thinning was undertaken at age 11 to remove all unpruned trees.




2.1.2. Prediction of Productivity Indices


Productivity metrics form the foundation for timber and carbon prediction and the subsequent regional prediction of these metrics. The site index provides a measure of the mean top height (MTH, or the average height of the 100 largest diameter trees per hectare) using a benchmark age of 30 years for redwood and 20 years for radiata pine. The 300 Index was introduced as a volume productivity measure to address the shortcomings of the site index for estimating site quality. There are often significant variations in volume in stands of identical height that are not captured by the site index [33,35,38,39,40,41,42,43,44], with these variations sometimes reaching 30% [45]. While the stand volume provides a more robust assessment of the site quality compared with height, it is influenced by the stand density and silvicultural practices. The 300 Index was formulated to account for these two factors [33,35] and represents the mean annual stem volume increment at 30 years for a reference stand with 300 stems/ha. A significant benefit of the 300 Index, and the accompanying growth models, is that once the 300 Index and site index have been defined, the volume and carbon can be predicted over varying stand ages, densities, and silvicultural regimes.



National maps for both productivity metrics were generated for radiata pine [20] and redwood [17]. The modelling used 3676 permanent sample plots (PSPs) for radiata pine and 130 PSPs for redwood, covering the environmental range of New Zealand plantations of these species [46]. Using previously outlined techniques and equations for radiata pine [35] and redwood [33], the site index and 300 Index were derived from these PSP measurements (see also an R implementation of the 300 Index model for Cypress spp. [47]). An extensive array of environmental factors, including climate, soil characteristics, topography, and landforms that have been previously described in detail [17], were sourced for all PSPs from geospatial layers and paired with the site index and 300 Index estimates for each tree species.



Using these amalgamated data, models for the 300 Index and site index were constructed based on environmental factors. For radiata pine, regression kriging was used, which combined multiple regression with kriging of the residuals, while multiple regression models were used for redwood. The radiata pine models were fitted using data from 2572 PSPs and then tested on a dataset of 1104 PSPs. For redwood, a one-at-a-time validation was employed as this approach made more efficient use of test data than a train–test split for this smaller dataset.



The four models that were developed using the above methods were relatively accurate. For radiata pine, the coefficient of determination (R2) and root mean square error (RMSE) were 0.68 and 3.45 m3 ha−1 yr−1 for the 300 Index and 0.80 and 2.08 m for the site index, respectively. The final regression models for redwood also had high accuracy, with an R2 of 0.66 and RMSE of 6.80 m3 ha−1 yr−1 for the 300 Index and R2 of 0.72 and RMSE of 3.44 m for the site index. Leveraging these models, predictions for site index and 300 Index were made across New Zealand at a 25 m resolution based on the environmental data included within each of the four models. Regions with an average annual air temperature below 8 °C were excluded as neither species are established at any scale in regions within these predominantly high-elevation climates. The spatial variation in the site index and 300 Index is shown in Figure 1, and these four surfaces can be accessed and freely downloaded from https://koordinates.com/, (accessed on 11 November 2023).




2.1.3. Predictions of Volume and Carbon


The prediction of volume and carbon sequestration for radiata pine was undertaken using the Forest Carbon Predictor 5.1 (FCP), a stand-level modelling system that is fully described in [48]. The FCP predicted the MTH, basal area, and stand density from silvicultural information, the site index, and the 300 Index, using a stand-level radiata pine growth model [35]. The stem volume was estimated from these using a nationally applicable volume function [49]. These predictions, when combined with estimates of basic wood density, formed the input for C_Change [50], which was used by the FCP to predict annual carbon stocks on a per hectare basis. C_Change includes growth partitioning factors and decay functions to allocate carbon to the live biomass components and to predict losses of carbon in dead wood arising from mortality and thinned and felled trees, respectively [16,51]. The generated biomass predictions were then transformed into carbon, through an age-related function for bark and carbon fractions, ranging from 0.50 to 0.51, for other tree components that included stem wood, branches, foliage, roots, deadwood, and litter.



Carbon estimations for redwood were made using an analogous methodology [16]. Utilising the 300 Index and site index estimates, the redwood 300 Index growth model [33] predicted annual changes in the MTH and basal area, which were used to predict the stem volume. Data from previously studied New Zealand stands were used to estimate the basic density (for details see [16]), and the stem wood biomass was derived as the product of basic density and volume. The bark, branch, and foliage were estimated using allometric relationships. The biomass of redwood roots was predicted using the IPCC default root:shoot ratio for a coniferous forest of 0.23 [52]. The carbon losses from the decay of dead wood from mortality and thinned and felled trees were modelled using an exponential decay function, with a decay half-life of 15 years. Documented carbon fractions, ranging from 0.495 to 0.53, sourced from the literature, were used to convert the biomass estimations for all components into carbon. Predictions of carbon integrating all the previously described functions were made through an Excel model implementation, which can be freely supplied to all interested parties.




2.1.4. Regional Estimates of Volume and Carbon by Age


The values of the site index and 300 Index were averaged across each of the nine regions displayed in Figure 1. These regional estimates were used as inputs to the models, described in Section 2.1.3, to annually predict the volume and carbon over the length of the rotation for both species within the nine regions. As timber and carbon predictions use estimates of 300 Index derived from fully stocked PSP data, and most forests include gaps, the values were reduced by 15% to ensure the predictions were conservative (Figure 2).



Comparisons were made between redwood rotation lengths of 40, 45, and 50 years to determine the impact of the rotation length on profitability. The shortest rotation length of 40 years represents the age at which a significant proportion of durable heartwood is expected to develop. Following standard practice, a rotation length of 28 years was assumed for radiata pine. The simulations included four sequential rotations for radiata pine and three sequential rotations for redwood to ensure that the financial metrics were robust. Carbon was estimated over the entire first rotation for both species (Figure 2) to quantify how accurately the legislated averaging ages for radiata pine (16 years) and redwood (22 years) represented the mid-point of carbon accumulation over the first rotation. Following this comparison, carbon was predicted to these legislated averaging ages. Additional simulations were undertaken for redwood that accumulated carbon to the actual carbon mid-point for the three different rotation lengths (Figure 2).



Thus, in total, estimates of volume and carbon were made for seven base scenarios. These included, for redwood, the factorial combination of three rotation lengths (40, 45, and 50 years) × two averaging ages (the legislated 22 years and the actual mid-point) and a single rotation length (28 years) and averaging age (16 years) for radiata pine. Predictions of volume and carbon for these seven scenarios were generated across all nine regions (7 scenarios × 9 regions = 63 predictions).




2.1.5. Predictions of Log Grades


The radiata pine log grade output for all regional simulations was determined using Forecaster, a versatile forest stand growth and yield simulation system that predicts the growth and potential log yield of a forest stand [53]. Forecaster integrates various component models, such as growth models, branch size prediction models, and log bucking algorithms. Forecaster uses a stem list as a model of a crop of trees growing on a site. These stems are grown until a designated felling age and are subsequently cut into logs. Every stem in the list possesses certain attributes, such as diameter and height. These attributes facilitate predictions of key variables used for log grading, such as the maximum branch diameter and underbark volume, for logs derived from all locations within the stem. For this study, the same stand-level radiata pine growth model used by FCP to predict carbon was used to predict the log volumes using the mean regional values of the site index and 300 Index described above to account for variation in the site productivity between regions. The grading of logs into specific products, within Forecaster, was based on the export log specifications given in Table 1. The unpruned logs were optimally cut into A, K, KS, KI, and KIS grades by Forecaster, with the criteria for allocating logs to these five grades based on the small end diameter (SED) and knot size (Table 1).



Log grades for all redwood simulations were estimated using the Excel implementation of the redwood growth model described above. In addition to providing rotation length estimates of volume and carbon, this implementation provided a list of harvested logs with each log including information specifying the height, the SED and volume. These data were extracted and processed using R [54] into the total underbark volume for pruned and unpruned log grades by 10 cm SED classes ranging from 10 cm to 100 cm.





2.2. Financial Analysis


2.2.1. Internal Rate of Return


The financial returns from the two species were compared using the internal rate of return (IRR). The IRR was determined as the rate of return at which the sum of all discounted costs and revenues over the duration of the forest investment were equal to 0, i.e., such that


    ∑  i = 0   n        R   i   −   C   i         1 + I R R     i     = 0    



(1)




where Ri represents the revenues from timber sales and carbon sequestration in the ith year from establishment; Ci is the costs in the ith year associated with land purchase, stand establishment, management, harvest, and participation in the ETS; and n is the number of years the investment provides a return. The IRR was determined using R (Version 4.2.3) [54]. All simulations were run over multiple rotations to a point beyond which the impacts of discounted costs and revenues on the IRR were negligible, as previously documented [34].




2.2.2. Land Purchase, Establishment, Silviculture, and Management Costs


The costs used for both species were in New Zealand dollars and quantified through a literature review and consultation with industry and the Sequoia Action Group (Table 2). Following [34], farm land sold for afforestation within New Zealand was costed at 10,000 NZD/ha. Although redwood was established at a lower stand density, the planting costs were higher than those of radiata pine as it was assumed high-value clones were used. Redwood was pruned to 6.5 m over three stages during years 6, 8, and 10 for a total cost of $2329/ha. The thinning to waste cost was higher for radiata pine as a larger number of trees were removed during this operation for radiata pine (1000 reduced to 650 stems/ha) than redwood (625 reduced to 450 stems/ha). As redwood coppices following harvest, there were no costs for planting or release spraying from the second rotation onward, but a cost was included for thinning the coppicing redwood sprouts.



All periodic and annual costs were the same between species. As the established area increases, the density of the required plots and cost of participation in the ETS declines on a per hectare basis. A typical establishment area of 200 ha and an associated cost of 71 NZD/ha was used with a claim frequency of five years, which is the minimum frequency under current legislation.




2.2.3. Timber Value and Harvesting Costs


Log values at mill gate (AMG) for the radiata pine export log grades shown in Table 1 were extracted from AgriHQ (https://www.agrihq.co.nz/, accessed on 11 November 2023), which is a professional log price database service that provides monthly log grade values. The log values were inflation adjusted to 2023 using the consumer price index (CPI), and the average over the last twelve years (2011–2023) was determined from this adjusted series for each log grade. Following previous analyses [55], we assumed equivalence between tonnes and cubic metres, measured using standard methods and according to the Japanese Agricultural Standard (JAS). The resulting AMG values for A, K, KS, KI, and KIS grades were 140, 131, 129, 123, and 107 NZD/JAS m3, respectively.



The redwood AMG log values were estimated using two complementary approaches that included a comparative price analysis and lumber recovery, or “millback”, analysis. This analysis was based on a commissioned study by the New Zealand Redwood Company. The comparative price approach used time series redwood and pine values within the California market that were sourced from the New Zealand Redwood Company. The average long-term price for redwood logs was found to be more than double that of pine logs, and this ratio over a 10-year period to 2021 was 226%. As this multiplier was assumed to apply across all grades and dimensions, a lumber recovery analysis was used to differentiate the variation in log value by type (pruned and unpruned) and log SED.



The lumber recovery analysis estimated the AMG log values using Californian market prices that were applied to sawn timber. A sawing simulator was developed to cut pruned and unpruned logs with different dimensions (SED classes of 10 cm to 100 cm, in 10 cm steps) into boards with grades of varying quality, based on the heartwood content and level of defect. The outturn from this sawing simulator was checked and adjusted using detailed measurements of outturn from sawn redwood trees from a 38-year-old stand (for details, see [56]). The values for each board grade were estimated from wholesale redwood lumber prices in the Californian market, reduced to account for local processing, shipping, and port costs, using appropriate conversions for currency (USD to NZD) and log measurement (thousand board feet to m3). Log values for all combinations of log type (pruned and unpruned logs) and SED class were then determined through the summation of values for simulated boards within each log. These log-level values were re-expressed on a cubic metre basis through dividing the log value by the log volume.



Although the lumber recovery analysis did provide absolute values, there were a number of potential sources of error within the value chain. The prevalence of these uncertainties suggested that it would be most appropriate to use relative changes in value across the log type and SED classes, estimated from the lumber recovery analysis, to create a gradient of log grade values that scaled the base-level comparative price estimations. The resulting log values for pruned and unpruned redwood logs, updated to 2023 using the CPI, are given in Table 3.



Applying these values to the log output from the redwood growth model, the average regional AMG values for pruned and unpruned redwood were 441 NZD/m3 (range 318–509 NZD/m3) and 204 NZD/m3 (range 131–255 NZD/m3), respectively, while the mean value across all log types was 307 NZD/m3 (range 221–349 NZD/m3). This mean value across all logs was within 2% of the CPI adjusted AMG value previously documented by Maclaren [19].



The harvesting and transport costs to a mill were deducted from the AMG estimates, described above for both species, which were combined with the log grade volume (see Section 2.1.5), to estimate the net harvest returns. Following Manley [57], the mean cart distance across all regions was determined as ca. 100 km, and a cartage cost of 19 NZD/m3 was assumed. Log harvesting was estimated at 48 NZD/m3, while other more minor costs included road maintenance, post-harvest ancillary costs, harvest management fees, and the forest growers levy (Table 2). The total harvesting and transport costs of ca. 76 NZD/m3 were consistent with a previous survey of small forest growers, where CPI adjusted costs averaged 76 NZD/m3 [58], and a previous analysis for radiata pine that used CPI adjusted total costs of ca. 75 NZD/m3 for a mid-range scenario [31]. Following the mid-range estimate in Manley [31], road and landing constructions were costed at 5000 NZD/ha for the first rotation. Road rehabilitation in all subsequent rotations was included in the analyses as 30% of the initial construction costs (Table 2).



After deducting the harvesting and transport costs, the mean net values for redwood pruned and unpruned logs were 365 NZD/m3 (range 241–433 NZD/m3 across regions) and 127 NZD/m3 (range 55–179 NZD/m3), respectively, with an overall mean return across all logs of 231 NZD/m3 (range 145–272 NZD/m3). Compared with previous sale data, these values were conservative. For instance, a shipment of sawn redwood from a 73-year-old unpruned stand to California yielded a CPI adjusted net value of 284 NZD/m3 of log volume after the deduction of all costs (pers. comm. Mark Dean).




2.2.4. Carbon Price Range


Over recent years, there has been a rapid increase in the carbon price from 25 NZD/tonne CO2 in 2019 to nearly 90 NZD/tonne CO2 by November 2022. In this study we assumed a base real value of 80 NZD/tonne CO2, which reflects the average carbon price throughout the latter half of 2022. Sensitivity analyses investigated the impact on IRR of changes in real carbon prices using values ranging from 0 to 160 NZD/tonne CO2 that were equally spaced at a resolution of 1 NZD/tonne CO2. The lowest value in this series (0 NZD/tonne CO2) represented a regime where revenue was only derived from timber. Although values between 0 and 35 NZD/tonne CO2 were likely to be very conservative as the New Zealand Government has recently set a floor price (minimum value below which units will not be sold) of 35 NZD/tonne CO2 [59], they were included in the analyses for completeness and to ensure that the results could accommodate any future changes in legislation. The maximum value (160 NZD/tonne CO2) was the assumed value of carbon in 2035 by the Climate Change Commission [60].






3. Results


3.1. Regional Variation in Volume and Carbon


The regional variation in the total stem volume (TSV) was far more pronounced for redwood than radiata pine (Table 4). Within the North Island, the values of TSV for radiata pine ranged from 850 m3/ha in Auckland to 972 m3/ha in the Gisborne region. The mean regional values of TSV in the North Island exceeded those of the South Island by 26%, with values in the South Island ranging from 664 m3/ha in Otago to 794 m3/ha in Southland. In contrast, the mean regional values of TSV for redwood growing in the North Island exceeded the values in the South Island by between 142 and 146% across the three rotation lengths (Table 4). For all rotation lengths, the values in the North Island were greatest in the Bay of Plenty (range 40–50 years of 1501–2049 m3/ha) and lowest in the Gisborne region (range of 1257–1725 m3/ha). The redwood TSV in the South Island was highest in Nelson/Marlborough (range of 736–1020 m3/ha) and lowest in Otago (range of 293–411 m3/ha). The total recoverable volumes for radiata pine and redwood were, on average, 84% and 83%, respectively, of the stated TSV values.



The regional variation in radiata pine carbon followed a similar pattern to that of volume (Figure 2). Radiata pine carbon in the North Island was highest in Gisborne and lowest in Auckland, while carbon within the South Island was highest in Nelson/Marlborough and lowest in Otago. The legislated carbon averaging age (16 years) was relatively similar to the actual mid-point of the rotation length carbon accumulation, which ranged from 15 to 16 years within the North Island and 16 to 17 years within the South Island, averaging 15.8 years over all regions (Figure 2a).



In contrast, the legislated averaging age (22 years) for redwood underestimated the actual mid-point of carbon accumulation for all rotation lengths. These mid-points for 40-, 45-, and 50-year rotations, averaged across regions, were 25.8 years (range 25–26 years), 28.2 years (range 28–29 years), and 31 years (no range), respectively, with mid-points generally occurring at slightly higher ages in South Island regions (Figure 2b). The additional carbon gain that would accrue using the correct mid-point year compared with a fixed age of 22 years was determined. The averages and ranges in these gains across regions, for the 40-, 45-, and 50-year rotations, were 139 tonnes CO2/ha (range 46–207 tonnes CO2/ha), 233 tonnes CO2/ha (range 83–329 tonnes CO2/ha), and 350 tonnes CO2/ha (range 108–501 tonnes CO2/ha), respectively. The growth rates during the 23- to 31-year period were very high and averaged 93% (regional range of 91%–94%) of the maximum current annual carbon increment, which was reached at age 41–46 years within the nine regions.




3.2. Redwood IRR in Relation to Rotation Age and Averaging Period


3.2.1. Scenario with Revenue from Timber


Under a scenario where revenue was only derived from redwood timber (i.e., carbon price = 0 NZD/tonne CO2), the 40-year rotation length was most profitable in all regions apart from Canterbury/West Coast, Otago, and Southland (Figure 3, Appendix A). The IRR for this regime markedly differed between the North and South Islands. The values of IRR in the North Island ranged from 6.53% to 7.14% (mean = 6.91%) for the 40-year rotation and 6.00% to 6.46% (mean = 6.29%) for the 50-year rotation. Within the South Island, the IRR values were markedly lower and ranged from 1.36% to 4.78% (mean = 3.70%) for the 40-year rotation and 2.11% to 4.62% for the 50-year rotation (mean = 3.82%).



In the North Island, the IRR of the 40-year rotation exceeded those of the 45- and 50-year rotations by, on average, 0.31% (6.91% vs. 6.60%) and 0.62% (6.91% vs. 6.29%), respectively. In the South Island, the IRR values of the 40-year rotation exceeded those of the 45- and 50-year rotations, within the most northern region. The 45-year rotation was most profitable within Canterbury/West Coast and Southland, but rotation length differences in IRR were not marked, while the 50 year rotation was most profitable within Otago.




3.2.2. Scenarios with Revenue from Carbon and Timber


The inclusion of a revenue stream from carbon under the base carbon price scenario (carbon price = 80 NZD/tonne CO2) using the legislated averaging age of 22 years resulted in a marked increase in IRR (Figure 3; Appendix A). Within the North Island the 40-year rotation was most profitable among the three ages examined in all regions. The average IRR under the 40-year rotation was 9.20% (range 8.64%–9.55%) which exceeded that of the timber-only regime by 2.29% (9.20% vs. 6.91%). Similar trends between regions were noted for the 45- and 50-year rotations, which had mean IRRs within the North Island of 8.80% and 8.42%, respectively.



Within the North Island, the accumulation of revenue to the mid-point carbon age increased the regime profitability for the baseline carbon price of 80 NZD/tonne CO2 (Figure 3; Appendix A). Compared with 22-year averaging, the accumulation of carbon to the mid-point increased the IRR for the 40-, 45-, and 50-year rotation lengths by, on average, 0.31% (9.51% vs. 9.20%), 0.52% (9.32% vs. 8.80%), and 0.72% (9.14% vs. 8.42%), respectively. The 40-year rotation length was most profitable under mid-point carbon averaging, with mean regional differences in IRR between the three rotation lengths at a carbon value of 80 NZD/tonne CO2, ranging by 0.37% between the 40- and 50-year rotations (9.51% vs. 9.14%).



In the South Island, similar patterns were evident. At an averaging age of 22 years, the values of IRR ranged from 1.89% for Otago to 6.15% for Nelson/Marlborough for a 40-year rotation. The 40-year rotation was the most profitable rotation length in all regions, apart from Otago, where the 50-year rotation had the highest IRR (IRR = 2.57% vs. 1.89%). Compared with averaging at 22 years, the use of mid-point averaging resulted in marked increases in IRR, which increased the mean values across regions, for 40-, 45-, and 50-year rotations, by 0.27% (5.04% vs. 4.77%), 0.41% (5.21% vs. 4.80%), and 0.51% (5.25% vs. 4.74%), respectively. Under mid-point averaging, a mixture of 40-, 45-, and 50-year rotation lengths was most profitable within the four South Island regions (Figure 3; Appendix A).



Using the lower carbon value of 35 NZD/tonne CO2, IRR values were highest under the 40-year rotation within all North Island regions under both carbon averaging scenarios. Even at this lower carbon value, the IRR values considerably exceeded those of the timber-only scenario within the North Island, for the 40-year rotation, by 0.92% (7.83% vs. 6.91%) for 22-year averaging and by 1.06% (7.97% vs. 6.91%) for mid-point carbon averaging. Within the South Island the 40-year rotation length was optimal for all regions apart from Otago under 22-year averaging, while the optimal rotation lengths ranged from 40 to 50 years across the four regions using mid-point averaging (Appendix A). Under the optimal rotation length, gains in IRR over the timber-only regime averaged 0.41% for 22-year averaging (4.31% vs. 3.90%) and 0.55% (4.45% vs. 3.90%) for mid-point averaging.



At the 160 NZD/tonne CO2 carbon price within the North Island, the IRR was highest under 40-year rotations for 22-year averaging and 40- to 45-year rotations for mid-point averaging (Figure 3). Comparing the most profitable rotation lengths, the IRR values exceeded those of the timber-only scenario by 4.93% (11.84% vs. 6.91%) for 22-year averaging and 5.42% (12.33% vs. 6.91%) for mid-point carbon averaging. Within the South Island, under 22-year averaging, the 40-year rotation length was most profitable in all regions, except Otago, where the 50-year rotation had the highest IRR (Figure 3). Under mid-point averaging, the most profitable rotation length was 50 years for all regions except for Canterbury/West Coast, where the IRR was highest for the 45-year rotation length. Under the optimal rotation lengths, within each region, gains in IRR over the timber-only regime averaged 2.32% (6.22% vs. 3.90%) for 22-year averaging and 3.06% (6.96% vs. 3.90%) for mid-point averaging (Figure 3).





3.3. Comparison of Redwood and Radiata Pine IRR


Under the scenario in which revenue was derived only from timber (carbon price = 0 NZD/tonne CO2) the IRR for radiata pine within the North Island averaged 4.35% (IRR range: 4.06%–4.56%) but was considerably lower within the South Island, averaging 3.38% (IRR range: 3.01%–3.75%) (Figure 4; Appendix A). The values of redwood IRR in the North Island for the timber-only regime were markedly higher than those of radiata pine with mean regional differences averaging, for the 40-, 45-, and 50-year rotations, 2.56% (6.91% vs. 4.35%), 2.25% (6.60% vs. 4.35%), and 1.94% (6.29% vs. 4.35%), respectively (Figure 4; Appendix A).



Similarly, within the South Island the IRR of redwood, for timber-only regimes, exceeded that of radiata pine for all region by rotation length combinations, apart from the Otago region (Figure 4 and Figure 5; Appendix A). Under the optimal rotation lengths for redwood, the values of IRR for redwood exceeded those of radiata pine by 0.91% for Southland (4.53% vs. 3.62%) to 1.03% for Nelson/Marlborough (4.78% vs. 3.75%) but were 0.90% lower than those for radiata pine within Otago (3.01% vs. 2.11%) (Appendix A).



When revenue was derived from both carbon and timber, species differences in IRR depended on the carbon value, carbon averaging period, and rotation length. Within the North Island, under both averaging periods, redwood IRR was higher than that of radiata pine within all regions apart from Gisborne, for the optimal 40-year rotation length at the lower carbon price of 35 NZD/tonne CO2 (Figure 4; Appendix A). However, within the North Island, radiata pine became more profitable than redwood at higher carbon prices. Under the optimal 40-year rotation length and the legislated 22-year averaging period for redwood, this transition occurred at 29 NZD/tonne CO2 for Gisborne and between 37 and 47 NZD/tonne CO2 for the other four regions. Under mid-point averaging, this transition point was higher at 31 NZD/tonne CO2 for Gisborne and between 39 and 50 NZD/tonne CO2 for the other four regions (Figure 4).



Within the South Island, radiata pine had a higher IRR than redwood within Otago, across all carbon values (Figure 4 and Figure 5; Appendix A). However, within the other three regions, redwood IRR exceeded that of radiata pine at lower carbon values. Radiata pine became more profitable than redwood in these regions as the carbon price increased; this transition point was reached between 23 and 31 NZD/tonne CO2, under the optimal rotation length and 22-year averaging for redwood. Under mid-point averaging this transition point was reached at higher carbon prices ranging from 25 to 34 NZD/tonne CO2 for these three regions (Figure 4 and Figure 5; Appendix A).





4. Discussion


The establishment of redwood for timber was found to be more profitable than radiata pine within almost all New Zealand regions. Redwood is a financially attractive plantation option as growth rates over a 40- to 50-year rotation are high and particularly rapid after age 30. As redwood can be used for appearance grade timber, defect-free grades with heartwood attract very high prices, which far surpass those of radiata pine. Our results clearly highlight the importance of pruning, with on average 69% of the net log value derived from the lower pruned log. Within the South Island, the IRR of redwood regimes grown only for timber exceeded those of radiata pine in all regions apart from Otago, which was consistent with previous research that shows redwood grows more slowly in cold, dry climates [17]. For the majority of New Zealand regions, the optimal rotation length for timber regimes was 40 years, and the IRR declined with increasing rotation length.



The markedly higher profitability of redwood on suitable sites under timber regimes was consistent with a previous non-spatial financial comparison between these species in New Zealand [19]. This analysis showed growth and rates of return on good quality sites were higher for redwood than radiata pine (IRR = 10.5% vs. 9.0%). The values of IRR for both species, from this previous study [19], were higher than those documented in this study. This difference occurred as the CPI adjusted total costs were markedly lower than those used here (e.g., the CPI adjusted mean land cost was 4125 NZD/ha vs. 10,000 NZD/ha used in this study), reflecting increases in costs and land values over the last two decades that have greatly exceeded inflation. In addition, the previous study did not include any annual or periodic costs, which are necessary and have a substantial impact on profitability. The IRR values described here are conservative and will be higher for landowners where no land purchase is required. It is also worth noting that the analyses used real costs and returns, yielding returns above inflation, and the IRR values would be higher using nominal values.



The profitability of redwood regimes increased substantially when the revenue was derived from carbon as well as timber. The values of IRR were markedly higher when carbon was accumulated to the mid-point, rather than the prescribed 22 years within the ETS. Over these additional nine years (ages 23–31), carbon accumulated at, on average, 93% of the maximum current annual increment, with the additional increment ranging from, on average, 139 tonnes CO2/ha (40-year rotation) to 350 tonnes CO2/ha (50-year rotation). Given the very high growth rates at this stage of the rotation, averaging to the currently legislated age of 22 years unduly penalises growers. In contrast, the legislated averaging age for radiata pine was very close to the mid-point of carbon allocation, which was consistent with previous research that also assumed a 28-year rotation length [31].



The optimal rotation length for redwood scenarios, sourcing revenue from carbon and timber, was strongly dependent on the region, averaging age, and carbon price. Under the legislated averaging age of 22 years, the 40-year rotation was most profitable across the carbon price range, and the IRR evenly declined with increasing rotation age across this range in almost all regions. This behaviour was observed as revenue from carbon for a given region did not vary between rotation lengths, and the higher revenues derived from timber for longer rotations did not compensate for the longer discounting period. This finding was consistent with [61], which shows the optimal rotation length for radiata pine is invariant to carbon price when an averaging age of 16 years is used as the earned carbon is fixed regardless of the rotation age. In contrast, for the scenarios that were averaged to the mid-point, the optimal rotation length for redwood was more dynamic and shifted from 40 years at low carbon values toward 50 years at a carbon value of 160 NZD/tonne, with the transition point occurring earlier in lower-productivity regions. This transition occurred as longer rotation lengths accumulated a higher total carbon than shorter rotations, and as the carbon price rose, greater weight was placed on this additional carbon, which increased the optimal rotation length.



Under scenarios where revenue was obtained from timber and carbon, IRR values were higher for redwood than radiata pine at low carbon prices but higher for radiata pine at moderate to high carbon prices. Assuming mid-point carbon averaging, this transition point was reached at between 31 and 50 NZD/tonne CO2 for North Island regions and between 25 and 34 NZD/tonne CO2 in the South Island regions, apart from Otago, where radiata pine had a higher IRR than redwood across all carbon values. The species choice will therefore depend, to some extent, on expectations concerning the future carbon price. A recent Climate Change Commission report indicated that the carbon price may be more constrained than previously thought due to a potential carbon oversupply in New Zealand during the 2030s, which could result in a reduction in carbon price in the next decade [30]. Although there is currently a floor price in the ETS of 35 NZD/tonne CO2, the carbon price has mostly ranged from 5 to 25 NZD/tonne CO2 between 2008 and 2020 and has only exceeded this floor price since 2020 [61]. Carbon prices are very sensitive to government intervention around policy settings within the ETS, and there is a current review of the ETS underway that may impact settings [61]. Consequently, the establishment of redwood may provide a conservative afforestation option that mitigates the risk of sustained low values for carbon.



The mid-point averaging age documented for redwood was likely to be conservative as this approach did not account for the slow decay rate of carbon remaining after harvest. The residual carbon left on site after harvest includes coarse woody debris and the root fraction, and further research should quantify changes in carbon for these components to refine the long-term average. Redwood coarse woody debris has been found to have very high decay resistance, which, when expressed as a half-life, ranges from 27 to 35 years for material in primary forests [62], greatly exceeding the documented half-life of 4–14 years for radiata pine [63]. Further research is required to determine the half-life of coarse woody debris in redwood plantations, which due to reduced heartwood is likely to be lower than the estimate for primary forests but significantly higher than that of radiata pine [64]. As redwood rapidly coppices from the cut stem, and these sprouts form the next crop, it is likely that a large part of the root system remains alive to support coppice growth. The retention of a large part of the root system between rotations will markedly increase the long-term average carbon, through ensuring there is always a significant baseline carbon level present after harvesting. In contrast to redwood, radiata pine roots decay rapidly once the stem is cut, and within a few years, there is very little of the root system visible in the soil [27,28]. Further research should more accurately quantify post-harvest changes in these redwood carbon pools, to refine the averaging age for this species. However, even without this adjustment, the proposed ages for averaging offer a safe conservative estimate, which is unlikely to result in carbon liabilities for the grower.



Species selection should take into account social licence to operate considerations and potential damage from abiotic and biotic factors under the current and future climate. Radiata pine is susceptible to many diseases currently in New Zealand, which cause significant growth losses [21,22,23,24], and there are many pests and diseases outside the country that could seriously impact the species if introduced [21]. Radiata pine is susceptible to both wind and fire, and although these abiotic factors currently damage a relatively small proportion of the estate, impacts from both factors are expected to escalate considerably under climate change [21]. Although not as invasive as some wilding species, radiata pine is a persistent invader within many ecosystems throughout New Zealand [65]. The benefits of afforestation using radiata pine for controlling erosion are well understood and include a reduction in earthflow movement, land sliding, and gully erosion [26,66]. Among six different land vegetation types, radiata pine was found to provide very high erosion protection, as soon as 8 years after planting [26]. However, as the root system of radiata pine rapidly degrades when the stem is cut [27,28], there is a heightened risk soon after harvesting. During the six years following harvesting, the rates of erosion are markedly higher than those that occur under older stands and have been found to be similar to land underlying pasture, which was the least effective land cover for reducing erosion risk after high-intensity rainfall events [26].



In contrast, redwood is not significantly impacted by abiotic and biotic factors and has a more robust social licence profile than radiata pine. Redwood has a well-deserved reputation as a healthy species that does not suffer from any major pests or diseases [4,5]. The thick bark and lack of flammable resin within the wood confers fire resistance [8,9,10]. Redwood is resistant to strong winds [6], and little windthrow has been noted in New Zealand stands [7]. Redwood poses very little wilding risk to surrounding land as the species relies on vegetative as well as seedling reproduction [67] and inconsistently produces small cones with seeds that have very low viability. Redwood has a very dense, interlocking root system [10,66]. The combination of this feature with the ability of the species to coppice and maintain an active root system following harvest makes this a favoured plantation species for managing erosion risk during all stages of the rotation [66,68,69,70].



The novel methodology used here to compare species profitability at the regional level across an entire country could be readily transferred to other tree species and countries. The predictions of carbon and timber were underpinned by a volume productivity index (300 Index) that could accurately account for variation in site productivity and was derived from PSP data. In addition to radiata pine and redwood, this approach has been successfully used to predict the productivity of most of the other key plantation species within New Zealand, including, for instance, Cypress spp. [47]. One requirement of this method is that there are sufficient PSP data for the species that represent a wide age range and the site and silvicultural conditions over which the species of interest is grown. While radiata pine PSPs comprehensively cover New Zealand, further research should establish redwood PSPs in many South Island regions with sparse data coverage (e.g., West Coast), to improve confidence in the estimates of the 300 Index and carbon within these areas. Further research should also undertake a comprehensive survey of redwood basic density across environments as carbon estimates are sensitive to this attribute.




5. Conclusions


The legislated averaging age of 22 years for redwood under New Zealand’s Emissions Trading Scheme significantly underestimates the actual mid-point of carbon sequestration, which was conservatively estimated to be 26, 28, and 31 years for rotations lengths of 40, 45, and 50 years, respectively. The optimal rotation length for redwood depended on the region, the carbon price, and the duration of carbon averaging; the values were most often 40 years but tended to converge toward 50 years as the carbon price increased, and many southern regions reached 50 years at high carbon prices. Under timber-only scenarios, redwood was more profitable than radiata pine within eight of the nine New Zealand regions. For regimes where revenue was derived from timber and carbon, redwood had a higher IRR than radiata pine at carbon prices ranging up to 29–50 NZD/tonne CO2 for the North Island and 23–34 NZD/tonne CO2 in all South Island regions apart from Otago. The IRR of radiata pine exceeded that of redwood at carbon prices above these values for the eight regions and at all carbon prices within the cold, dry Otago region. In contrast to radiata pine, redwood is less prone to damage from abiotic and biotic factors, does not pose a wilding risk, and can more effectively control erosion over the entire rotation. This research highlights the potential of redwood for further afforestation within New Zealand.
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Table A1. Variation in internal rate of return (IRR), by region, in relation to carbon price and averaging age, by species and rotation length. na = not applicable. In each row the bolded cells shaded in green represent the highest IRR for the three redwood rotation lengths, while the blue bolded underlined cells represent scenarios when radiata pine has the highest IRR.






Table A1. Variation in internal rate of return (IRR), by region, in relation to carbon price and averaging age, by species and rotation length. na = not applicable. In each row the bolded cells shaded in green represent the highest IRR for the three redwood rotation lengths, while the blue bolded underlined cells represent scenarios when radiata pine has the highest IRR.





	
Carbon Price

	
Redwood

	
Region

	
Redwood IRR (%)

	
Radiata Pine




	
(NZD/t CO2)

	
Averaging Age

	

	
40 Years

	
45 Years

	
50 Years

	
IRR (%)






	
0

	
na

	
Auckland

	
6.89

	
6.56

	
6.26

	
4.06




	
0

	
na

	
Waikato/Taupo

	
7.08

	
6.78

	
6.44

	
4.38




	
0

	
na

	
Bay of Plenty

	
7.14

	
6.77

	
6.46

	
4.41




	
0

	
na

	
Gisborne

	
6.53

	
6.30

	
6.00

	
4.56




	
0

	
na

	
Hawkes Bay/Southern NI

	
6.92

	
6.64

	
6.31

	
4.46




	
0

	
na

	
Nelson/Marlborough

	
4.78

	
4.76

	
4.62

	
3.75




	
0

	
na

	
Canterbury/West Coast

	
4.16

	
4.16

	
4.08

	
3.14




	
0

	
na

	
Otago

	
1.36

	
1.84

	
2.11

	
3.01




	
0

	
na

	
Southland

	
4.52

	
4.53

	
4.46

	
3.62




	
35

	
22 years

	
Auckland

	
7.84

	
7.46

	
7.11

	
6.93




	
35

	
22 years

	
Waikato/Taupo

	
8.01

	
7.64

	
7.27

	
7.59




	
35

	
22 years

	
Bay of Plenty

	
8.11

	
7.69

	
7.33

	
7.68




	
35

	
22 years

	
Gisborne

	
7.38

	
7.08

	
6.75

	
7.97




	
35

	
22 years

	
Hawkes Bay/Southern NI

	
7.82

	
7.49

	
7.11

	
7.66




	
35

	
22 years

	
Nelson/Marlborough

	
5.33

	
5.26

	
5.09

	
5.95




	
35

	
22 years

	
Canterbury/West Coast

	
4.60

	
4.56

	
4.45

	
4.81




	
35

	
22 years

	
Otago

	
1.56

	
2.03

	
2.29

	
4.51




	
35

	
22 years

	
Southland

	
5.02

	
4.99

	
4.89

	
5.67




	
35

	
Mid-point

	
Auckland

	
7.96

	
7.70

	
7.44

	
6.93




	
35

	
Mid-point

	
Waikato/Taupo

	
8.17

	
7.87

	
7.58

	
7.59




	
35

	
Mid-point

	
Bay of Plenty

	
8.23

	
7.93

	
7.66

	
7.68




	
35

	
Mid-point

	
Gisborne

	
7.54

	
7.31

	
7.05

	
7.97




	
35

	
Mid-point

	
Hawkes Bay/Southern NI

	
7.98

	
7.71

	
7.43

	
7.66




	
35

	
Mid-point

	
Nelson/Marlborough

	
5.46

	
5.44

	
5.33

	
5.95




	
35

	
Mid-point

	
Canterbury/West Coast

	
4.71

	
4.74

	
4.67

	
4.81




	
35

	
Mid-point

	
Otago

	
1.64

	
2.16

	
2.43

	
4.51




	
35

	
Mid-point

	
Southland

	
5.14

	
5.16

	
5.12

	
5.67




	
80

	
22 years

	
Auckland

	
9.26

	
8.84

	
8.47

	
11.83




	
80

	
22 years

	
Waikato/Taupo

	
9.38

	
8.98

	
8.58

	
12.94




	
80

	
22 years

	
Bay of Plenty

	
9.55

	
9.11

	
8.73

	
13.13




	
80

	
22 years

	
Gisborne

	
8.64

	
8.30

	
7.93

	
13.55




	
80

	
22 years

	
Hawkes Bay/Southern NI

	
9.16

	
8.78

	
8.39

	
12.94




	
80

	
22 years

	
Nelson/Marlborough

	
6.15

	
6.02

	
5.81

	
9.82




	
80

	
22 years

	
Canterbury/West Coast

	
5.25

	
5.17

	
5.02

	
7.90




	
80

	
22 years

	
Otago

	
1.89

	
2.34

	
2.57

	
7.29




	
80

	
22 years

	
Southland

	
5.77

	
5.69

	
5.55

	
9.26




	
80

	
Mid-point

	
Auckland

	
9.52

	
9.38

	
9.21

	
11.83




	
80

	
Mid-point

	
Waikato/Taupo

	
9.72

	
9.49

	
9.30

	
12.94




	
80

	
Mid-point

	
Bay of Plenty

	
9.81

	
9.64

	
9.47

	
13.13




	
80

	
Mid-point

	
Gisborne

	
8.99

	
8.80

	
8.63

	
13.55




	
80

	
Mid-point

	
Hawkes Bay/Southern NI

	
9.51

	
9.29

	
9.10

	
12.94




	
80

	
Mid-point

	
Nelson/Marlborough

	
6.46

	
6.45

	
6.40

	
9.82




	
80

	
Mid-point

	
Canterbury/West Coast

	
5.53

	
5.61

	
5.55

	
7.90




	
80

	
Mid-point

	
Otago

	
2.11

	
2.67

	
2.95

	
7.29




	
80

	
Mid-point

	
Southland

	
6.08

	
6.11

	
6.11

	
9.26
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Figure 1. Spatial variation in site index for (a) radiata pine at age 20 and (b) redwood at age 30 and 300 Index for (c) radiata pine and (d) redwood. The boundaries and names of the nine regions used within this study are shown. 
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Figure 2. Relationship between age and carbon by region for (a) radiata pine and (b) redwood. The legislated age of carbon averaging is shown as a blue dashed line, and the circles show the actual mid-points of carbon accumulation for radiata pine (red circles) and redwood grown to rotation lengths of 40 (red circles), 45 (green circles), and 50 years (blue circles). The regions with the highest and lowest carbon at the end of the rotation for both species are displayed and abbreviated as follows: AK, Auckland; BOP, Bay of Plenty; GIS, Gisborne; N/M, Nelson/Marlborough; O, Otago. 
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Figure 3. Relationship between internal rate of return and carbon price for three different rotation lengths and two averaging methods (22-year—dashed line and mid-point averaging—solid line) for redwood, by the nine regions in New Zealand (see Figure 1 for names and boundaries), which have been sorted from north to south. The left dotted and right dashed vertical lines are drawn at carbon prices of 35 and 80 NZD/tonne CO2, respectively. 
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Figure 4. Relationship between internal rate of return and carbon price, by region, for radiata pine and redwood growing at rotations lengths of 40 and 50 years, using the mid-point averaging method. The nine regions in New Zealand (see Figure 1 for names and boundaries) have been sorted from north to south. The left dotted and right dashed vertical lines are drawn at carbon prices of 35 and 80 NZD/tonne CO2, respectively. 
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Figure 5. Spatial variation in internal rate of return (IRR) for (top row) radiata pine and redwood with a rotation length of (middle row) 40 years and (bottom row) 50 years. The IRR for all scenarios was determined for carbon prices of 0 NZD/tonne CO2 (i.e., timber-only regime), 35 NZD/tonne CO2, and 80 NZD/tonne CO2, with mid-point averaging undertaken for these last two carbon price scenarios. 
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Table 1. Log grade specifications for the export log grading strategy used for radiata pine. The area that is shaded in yellow denotes the SED range of each log grade.
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Export Grades

	
Small End Diameter (SED) Range




	
Group

	
Knot Size (cm)

	
40 cm+

	
35 cm+

	
30 cm+

	
25 cm+

	
20 cm+

	
10 cm+






	
Structural

	
<10

	
A (4.1 m+)

	




	
Utility

	
<15

	
K (4.1–12.1 m)/KS (3.6–4.0 m)

	




	
Industrial

	
<25

	
KI (4.0 m+)

	




	
Pulp

	
No limit

	
KIS (3.7 m)











 





Table 2. Summary of costs and the year in which they occurred, by species. All costs are given in New Zealand dollars.
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Item

	
Radiata Pine

	
Redwood




	

	
Cost (NZD/ha)

	
Year

	
Cost (NZD/ha)

	
Year






	
Land purchase, silvicultural costs

	

	

	

	




	
Land purchase

	
10,000

	
0

	
10,000

	
0




	
Tracking, land preparation

	
100

	
0

	
100

	
0




	
Pre-plant spray

	
184

	
0

	
184

	
0




	
Seedlings, planting

	
1311

	
0

	
2425

	
0




	
Release spraying

	
400

	
0

	
400

	
1




	
Mapping

	
50

	
0

	
50

	
0




	
Total pruning cost

	
-

	
-

	
2329

	
6, 8, 10




	
Thinning to waste

	
1200

	
9

	
900

	
11




	
Thinning coppiced sprouts

	
-

	
-

	
2000

	
Second rotation onward year 11




	
Harvesting costs

	

	

	

	




	
Harvest planning

	
150

	
26

	
150

	
2 yrs before harv.




	
Road construction (first rotation)

	
5000

	
27

	
5000

	
1 yr before harv.




	
Road rehabilitation (2nd + rotations)

	
1500

	
27

	
1500

	
1 yr before harv.




	
Periodic costs

	

	

	

	




	
Carbon administration for field measurement approach

	
71

	
Every 5 yrs to averaging age

	
71

	
Every 5 yrs to averaging age




	
Maintenance roads, tracks, fences

	
50

	
Every 5 yrs

	
50

	
Every 5 yrs




	
Animal control

	
100

	
0, 1, 2, 3, 4, 5, then every 5 yrs

	
100

	
0, 1, 2, 3, 4, 5, then every 5 yrs




	
Annual costs

	

	

	

	




	
Forest management

	
40

	

	
40

	




	
Rates, insurance, administration

	
42

	

	
42

	




	

	
Costs (NZD/m3)

	
Year

	
Costs (NZD/m3)

	
Year




	
Harvesting costs

	

	

	

	




	
Log harvesting

	
48

	
28

	
48

	
Yr of harvest




	
Cartage

	
19

	
28

	
19

	
Yr of harvest




	
Road maintenance

	
3

	
28

	
3

	
Yr of harvest




	
Post-harvest ancillary costs

	
1.5

	
28

	
1.5

	
Yr of harvest




	
Harvest management fee

	
4.5

	
28

	
4.5

	
Yr of harvest




	
Forest growers levy

	
0.33

	
28

	
0.33

	
Yr of harvest











 





Table 3. Variation in at mill gate redwood log values by log type (pruned and unpruned) and small end diameter (SED) class.
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SED

	
Log Values (NZD/m3)




	
Class (cm)

	
Pruned

	
Unpruned






	
10

	
-

	
51




	
20

	
-

	
153




	
30

	
295

	
167




	
40

	
428

	
242




	
50

	
460

	
274




	
60

	
515

	
330




	
70

	
609

	
423




	
80

	
611

	
425




	
90

	
614

	
428




	
100

	
614

	
428











 





Table 4. Regional variation in total stem volume for radiata pine grown to 28 years and redwood grown over rotation lengths of 40, 45, and 50 years.
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Region

	
Total Stem Volume at Harvest (m3/ha)




	

	
Radiata

Pine

	

	
Redwood

	




	

	
40 Years

	
45 Years

	
50 Years






	
Auckland

	
850

	
1436

	
1700

	
1959




	
Waikato/Taranaki

	
928

	
1432

	
1700

	
1964




	
Bay of Plenty

	
933

	
1501

	
1777

	
2049




	
Gisborne

	
972

	
1257

	
1492

	
1725




	
Hawkes Bay/Southern North Island

	
953

	
1381

	
1639

	
1894




	
Nelson/Marlborough

	
789

	
736

	
878

	
1020




	
Canterbury/Westland

	
689

	
577

	
692

	
806




	
Otago

	
664

	
293

	
352

	
411




	
Southland

	
794

	
673

	
804

	
936




	
Mean by Island

	

	

	

	




	
North Island

	
927

	
1401

	
1662

	
1918




	
South Island

	
734

	
570

	
682

	
793
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