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Abstract

New Zealand’s water resources are coming 
under increasing pressure with intensification of the 
primary sector along with a growing population and 
urbanisation. With the increased water demand by 
rural and urban users, the forestry sector’s interest in 
intensifying production, and the potential impacts of 
climate change, planted forests are increasingly seen as 
a significant competitor for regional water resources. 
This perception, rightly or wrongly, could impact how 
existing forests are managed and where new forests are 
established in the future. 

Understanding the issues surrounding planted 
forests on water quantity and quality and the current 
state of knowledge is important for forest managers. 
This review: outlines the current and future challenges 
facing the forestry sector with water, the state of 
knowledge of New Zealand planted forest hydrology, 
and water quantity and quality dynamics; provides 
the results of a phone survey on how regional councils 
perceive forestry in their water management plans; 
identifies knowledge gaps; and concludes with some 
recommendations. 

Introduction

Water is an essential key natural resource providing 
a wide range of economic, cultural, social and 
recreational services to all New Zealanders (Gluckman, 
2017). However, these resources are under increasing 
pressure from both urban and rural demands, and the 
state of our freshwaters remains a topical issue and an 
area of ongoing concern. The intensification of New 
Zealand’s primary sector over the last 20 years, along 
with a growing population and urbanisation, has 
increased the demand for water. 

As a result, in some areas of New Zealand, freshwater 
resources are reaching or exceeding water allocation 
limits. In addition, climate change is predicted to 
further exacerbate the issue of water availability. The 
predicated increase in extreme weather events such 
as intense rainfall events and periods of drought 
will impact on existing flow regimes, increasing 
uncertainties in water supply (Gluckman, 2017). Large 
areas of eastern New Zealand are expected to become 
drier and more drought-prone with climate change 
(Renwick, et al., 2013), which would further exacerbate 
water demands in these regions. 

The growing pressures on New Zealand’s freshwater 
resources have led to a suite of policy and reform 
documents and scientific initiatives in recent years, 
aimed at the long-term improvement of water quality 
and management of freshwater resources (Gluckman, 
2017; Ministry for the Environment (MfE), 2016; MfE 
and Ministry for Primary Industries (MPI), 2018; New 
Zealand Government, 2014). These initiatives are 
supporting participatory approaches, with increased 
iwi, community and public engagement in the decision-
making processes around the management of New 
Zealand’s freshwater resources.

Forests are valued worldwide for the freshwater 
ecosystem services they provide (Creed, et al., 2018), and 
in New Zealand some of the highest water quality comes 
from our indigenous forests as well as planted forests 
for most of the forest rotation (Baillie, et al., 2015). New 
Zealand’s planted forests cover 1.7 million ha, or 6.4%, 
of New Zealand’s land area, of which Pinus radiata (D. 
Don) comprises 89% of the estate (NZ Forest Owners 
Association (NZFOA), 2016). In 2016, commercial forestry 
was New Zealand’s primary sector’s third largest export 
earner (MPI, 2017). Many planted forests were established 
in the headwaters of catchments for a number of reasons, 
including the retirement of unprofitable grazing land, 
slope stabilisation and reducing peak stream flow during 
storm events (Nixon, et al., 2017).

With the increased water demand by rural 
and urban users, and the forestry sector’s interest 
in intensifying production, planted forests are 
increasingly seen as a competitor for water resources 
by downstream users (Gluckman, 2017; Rowe, 2003). 
This perceived competition could lead to conflict of 
water use by rural and urban users across the landscape. 
Competition for water resources could be intensified 
with the Government’s One Billion Trees afforestation 
programme, carbon forests planted to meet the 
Government’s 2050 Zero Carbon Bill, and increased 
timber and fibre production.

These challenges were discussed at the ‘Water 
Flows and Regulation from Planted Forests’ Dunedin 
workshop that was held by the Growing Confidence in 
Forestry’s Future programme in March 2017. Attendees 
included representatives from the forestry sector, 
government, Ag Research, and the National Institute of 
Water and Atmospheric Research (NIWA). The purpose 
of the workshop was to discuss the current challenges, 
if any, relating to water use and quantity (water yield) 
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from planted forests. A number of issues were identified 
including:

• Who ‘owns’ rainfall that falls on a planted forest?

• What responsibilities do forest owners have to 
downstream landowners for water supply?

• What are planted forests water ecosystem services? 

• What are the impacts of intensified forest 
productivity on water quantity? 

• Can forest water use be managed with silviculture, 
using water efficient P. radiata genotypes and/or 
species?

• Does afforestation degrade soil, deplete aquifers 
and stop groundwater discharge? 

• Would afforestation cause damage downstream 
with storm event related debris flows?

These issues highlight the complex inter-
relationship of planted forests on water quantity 
and quality, and how forestry fits into the regional 
hydrological landscape with competing water demands.

The objective of this paper is to explore these issues 
by:

1. Reviewing current knowledge of forest hydrology;

2. Identifying knowledge gaps; and 

3. Understanding how regional councils perceive 
forestry and water management. 

New Zealand planted forest catchment studies 
and water quantity

Current knowledge of how forests, including 
P. radiata, influence water quantity in New Zealand 
waterways is from catchment studies established over 
40 years ago. These studies include Moutere (1962), 
Purukohukohu (1968), Maimai (1974), Big Bush (1979), 
Glendhu (1979) and Ashley (1979) (Rowe, 2003). 

The Purukohukohu study (Figure 1) investigated 
pasture to P. radiata conversion and also compared 
water yield to existing podocarp-tawa forest (Beets & 
Brownlie 1987), while Maimai and Big Bush investigated 
beech-podocarp to P. radiata forest conversion, Ashley 
investigated stream flow from mature P. radiata stands 

with low rainfall, and Glendhu investigated tussock to 
P. radiata forest conversion (Fahey, et al., 1992; Rowe, 
2003). Paired catchment studies (Purukohukohu, 
Maimai, Big Bush and Glendhu) provided valuable data 
as they enable the comparison between land uses on 
water quantity on an annual basis. 

The 12-year Pakuratahi study investigated the 
dynamics of water and sediment flows from pine and 
pasture catchments and the effect of the harvest cycle 
on these flows (Eyles & Fahey, 2006). These studies ran 
for different lengths of time, from two to three years 
to 30 years, with most of them finishing in the mid-
1980s (Rowe, 2003). Purukohukohu is the only active 
study to continue to the present, although new work 
at Glendhu was initiated in recent years (Fahey, et al., 
2017; Stewart, 2015).

New Zealand paired catchment studies generally 
came to the conclusion that afforestation on pasture 
or tussock land reduced annual water yield, with the 
reduction ranging widely from 20% to 50% (Davie, et al., 
2005). One reason for the variability is that the results 
are influenced by a number of unknown processes 
that could be catchment-specific. It is unknown if the 
results from these studies are broadly representative of 
P. radiata forested catchments throughout the country. 
The paired catchment studies compared total annual 
stream flow between land uses, but had inconclusive 
results on land use impacts on seasonal or low flows. 

It is difficult to statistically separate fluctuations in 
intra-annual stream flow from land use differences and 
natural variation due to the lack of catchment land use 
replication. Catchment studies are unable to quantify 
the spatial and temporal dynamics of the hydrological 
processes within the catchment (e.g. forest canopy, soil), 
which is crucial to quantify the influence of established 
P. radiata forests on inter- and intra-annual water flows 
from forested catchments (Fahey, et al., 2010). Without 
an understanding of the processes on the hydrological 
cycle, results from these catchment studies are site-
specific and empirical relationships are unable to be 
directly transferred to another catchment.

Several New Zealand studies have investigated the 
impact of P. radiata forests on the hydrological cycle by 
measuring throughfall and derived canopy interception 
(Beets, et al., 2007; Fahey, 1964; Fahey, et al., 2001; 

Figure 1: Purukohukohu Experimental Basin established in 1968 with three different land uses over four catchments
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Kelliher, et al., 1992) and transpiration (Whitehead, et 
al., 1984; Whitehead, et al., 1991). White and Kelliher 
(1991) determined from modelling that the average 
interception loss by a P. radiata canopy over a rotation 
was 42%. This interception rate is applied when 
estimates are made of water use of P. radiata forests 
throughout New Zealand. 

Current New Zealand hydrological models, such 
as WATYIELD, predict water quantity from forested 
catchments on an annual timescale (Fahey, et al., 2010), 
and these models often assume infiltration is uniform 
across the catchment (Fahey, et al., 2010). It is unknown 
if the interception and infiltration rate would be 
constant over a range of different climates and different 
precipitation dynamics, or if it is constant across a 
catchment. Further, the interception rate may change 
with tree stocking density, productivity and genotype. 

The lack of information on soil moisture fluxes was 
acknowledged as a weakness in understanding P. radiata 
forest hydrology (Davie, et al., 2005). A recent study 
at Puruki (the pine forest catchment of Purukohukohu) 
found infiltration rates varied widely across a P. radiata 
catchment and rainfall did infiltrate to 40 cm on 
a regular basis in spring and summer over two years 
(Meason, et al., Submitted), as illustrated by Figure 2. 
This study showed that the intensity and duration of 

rainfall events, soil physical properties and topography 
were stronger predictors of infiltration rate than above-
ground biomass and canopy density (Meason, et al., 
Submitted). The high variation of infiltration within a 
small 35 ha catchment and canopy density having a 
small, varying impact on infiltration rates brings into 
question using a constant interception value for P. 
radiata throughout the country. 

Forests and water quantity survey of regional 
councils and unitary authorities

Background

Regional councils have a responsibility to regulate 
water use, maintain water source health, and in meeting 
central government’s water regulations. It is unclear 
how different regional councils perceive forestry and 
water management. To understand regional councils’ 
perceptions, a qualitative telephone survey was 
undertaken in early 2018. Sixteen regional council/
unitary authorities of mainland New Zealand (hereafter 
referred to as the ‘councils’) were approached. 

The survey questions objectives were to identify: 
1) key regional policies, issues and concerns on water 
quantity and land use; 2) more specific policies on 
both existing planted forests and new plantings; 3) key 

Figure 2: Puruki average change in soil volumetric water content (m3 water/m3 soil) to rainfall events by depth and location for the summer 
of 2015/16
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regional stakeholder water quantity interest groups; 
and 4) any economic evaluations that the region had 
undertaken on water quantity. The questions were 
broad and open-ended to minimise constraints and any 
preconceived bias and to encourage open discussion 
on the topic. Thirteen of the 16 regional councils 
participated in the survey.

Regional water quantity issues

Most regional water supplies are provided by 
a combination of groundwater and surface water 
resources. Key users of water supplies commonly 
identified by councils were municipal water supply, 
horticulture, viticulture, dairying, or more general 
agricultural activities. Hydro-electricity was mentioned 
by two councils, with one council noting it as the single 
largest user of water in their region.

The most pressing concern raised by councils about 
water supply was water allocations fast approaching/
nearing/or exceeding limits. Councils are facing 
pressures from increasing demand on water supplies, 
land use change, legacy allocations, maintaining year-
round reliability for current users, and meeting the 
requirements of the National Policy Statement for Fresh 
Water Management and other regulatory requirements. 
These pressures have been exacerbated in some regions 
with the current uncertainties in rainfall supply (more 
variable, more intense rainfall events and increased 
periods of drought), along with the high level of 
uncertainty about future climate change. Council plans 
and policies are aimed at maximising the efficient 
allocation and utilisation of freshwater resources, with 
processes in place to address over-allocation issues. 

Nine of the 13 councils that participated in this 
survey had undertaken some form of economic 
evaluation on the water resources in their region. 
The remaining councils either hadn’t undertaken any 
economic evaluations or were unsure.

Water quantity and planted forests

No major concerns were raised by the respondents 
about existing planted forest cover in their regions and 
water quantity. For several councils, this was influenced 
by the location of planted forests in hill country areas 
with sufficient rainfall to not cause concern over water 
yields, and where current plantings in water-sensitive 
or over-allocated catchments were absent or minimal. 
For one council, planted forests were not a major land 
use in its region. Nine of the 13 councils surveyed 
had no major issues or concerns about the impact of 
future new plantings on water yield and had no specific 
policies restricting where forests could be planted.

Four councils had policies and rules pertaining to 
new plantings and replanting in their regions that varied 
in complexity. Generally, these councils had concerns 
relating to the potential impacts of new (and sometimes 
existing) forests reducing water quantity in surface water 
or groundwater supplies, particularly in catchments 

classified as water-sensitive due to low rainfall and/or 
high demand for water from multiple users. 

Overall, the qualitative comments on forests and 
water quantity from all 13 councils can be grouped 
together and summarised as follows:

• Several councils discussed the availability of 
potential land for possible conversion to either 
production or protection forestry such as Class 6C, 
7 and 8 land, or steep marginal hill country with 
poor soils. However, two councils noted that it was 
difficult to predict land use change as it is market 
driven, and an individual landowner’s choice, and 
was influenced by their aspirations, along with 
economics and viability

• Positive benefits of increased afforestation included 
slowing down hydrological responses (storm flow 
peaks), assisting groundwater recharge processes, 
reducing catchment assimilation loads, particularly 
nutrients, a better land cover to negate the impacts 
of intense rainfall events, reducing landslide risk, 
and a mitigation option for land vulnerable to 
accelerated erosion

• The main negative impact identified by the 
respondents was increased rainfall interception and 
evapotranspiration that could alter hydrological 
patterns such as the potential impact on water 
yields, particularly in water-sensitive catchments, 
along with reductions in low flows and for longer 
periods of duration

• Location and scale were two factors influencing 
a negative response to increased afforestation. 
Large-scale new plantings may be an issue where 
it could impact on water availability for current 
consented water users. One council was concerned 
if afforestation initiatives such as the Government’s 
One Billion Tree programme resulted in plantings 
in high country areas where headwater catchments 
provide valuable areas for collecting rainfall and 
provide an important source of water supply. If 
this programme did result in new plantings in 
critical recharge areas, one council mentioned the 
potential to consider a plan variation

• The issue of wilding pines and the impact on water 
yield was mentioned by several councils, although 
one saw large-scale afforestation in sensitive areas 
as a greater concern

• Several councils also mentioned the combined 
issue of afforestation and climate change. Currently 
there are areas in New Zealand where there are no 
issues with forestry as a land use in relation to water 
yield under existing rainfall patterns. However, 
there is increased uncertainty and unpredictability 
in future rainfall patterns, including more frequent 
and longer droughts that could see current or 
large-scale new plantings become a potential issue 
impacting on available water supplies

• Three councils mentioned the risks associated with 
harvesting, particularly increased sediment and 
storm flows
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• One council expressed concerns that if there was a 
large reduction in forestry as a land use there were 
implications for increased flooding and declining 
water quality.

Knowledge gaps and future directions

The paired catchment studies established in the 
1960s and 1970s provided valuable information on the 
impacts of forested catchments on the hydrological 
cycle. Overall, these studies concluded that afforestation 
with P. radiata increased rainfall interception and 
decreased catchment water yield, along with the 
beneficial reduction of storm stream flows (Fahey & 
Rowe, 1992). However, these studies are not enough 
to represent the range of planted forest water yield 
dynamics that occur in differing environments across 
New Zealand. Indeed, it is unclear from existing studies 
if forests had a positive, neutral or negative impact on 
low stream flows, and a number of these catchment 
studies are located in areas where annual rainfall is 
<1200 mm, while a majority of the P. radiata estate is 
located in areas with an annual rainfall >2000 mm.

The hydrological processes in a plantation forest in 
a low rainfall area are likely to differ in areas across the 
rainfall gradient encountered in New Zealand’s planted 
forests. Recent research in Australia has brought into 
question how the results from paired catchment 
studies, which are typically located in small headwater 
catchments, scale up to regional catchments (Benyon, et 
al., 2009). A study in southwest Victoria in 2008 found 
there was no change in large catchments stream flow 
despite large-scale afforestation over tens of thousands 
of hectares from the late 1990s to the mid-2000s 
(Sinclair, et al., 2008a, 2008b). The scaling issue with 
hydrological processes is recognised internationally as 
an important issue for interpreting and extrapolating 
catchment studies (e.g. Vereecken et al., 2015) and this 
is also an important issue for New Zealand.

The science of forest hydrology has advanced 
internationally since the completion of most of the work 
of the New Zealand paired catchment studies established 
in the 1980s. For example, international research has 
challenged the methods used to quantify forest canopy 
interception, including the number and position of 
measuring devices (Alva, et al., 1999; Crockford, et al., 
2000; Wei, et al., 2005), and the dynamic spatial and 
temporal distribution of precipitation on the forest 
canopy (Crockford, et al., 2000). 

Forest evapotranspiration is typically estimated 
rather than measured. Forest soils differ from agricultural 
soils (Hewlett, et al., 1970) in a number of ways, but 
these differences have not been well understood 
(though not fully) until recently. Differences include 
the variable size, shape and distribution of macropores, 
preferential water flow paths, high pedoturbation, and 
how the forest floor speeds up rainfall infiltration into 
the soil (Allaire, et al., 2009; Bren, 2015; Uchida, et 
al., 2001). These and other factors mean that classical 
unsaturated water flow models poorly represent soil 

water flow and storage in forests (Allaire, et al., 2009; 
Beven, et al., 2013). 

The residence time of rainfall in forested catchments 
is unknown and it is unclear how forest sub-surface water 
flow and storage impacts groundwater flux (McMillan, 
et al., 2015). Further, international studies have found 
that assumptions of within-catchment uniformity at 
the annual scale conceal the natural variability of water 
quantity across the catchment, especially on smaller 
timescales (Brocca, et al., 2009; Tsuboyama, et al., 
2000). These processes need to be understood in New 
Zealand’s planted forests so results from one catchment 
study can be applied to other catchments and forests.

Recent research with P. radiata grown in New 
Zealand has found that some genotypes are more water 
efficient than others (Rodríguez-Gamir, et al., 2018), 
and differences in water use efficiency can lead to less 
individual tree water use by certain genotypes in low 
rainfall areas (Bellè, et al., Submitted). Research is required 
to determine if more water efficient P. radiata genotypes 
at the individual tree scale would mean greater water 
yield on a catchment scale on a catchment scale, and if 
different exotic and indigenous tree species could change 
water yield at the catchment scale. The development of 
physiological process-based forest and stand models, such 
as 3-PG (Landsberg, et al., 1997) and CABALA (Battaglia, 
et al., 2004), have provided tools to predict resource use 
(e.g. nitrogen and water use) at any given site. 

Although these models have been evaluated in their 
ability to accurately predict tree stand water use (Benyon, 
et al., 2009), these and other process-based models rely 
on a 2D ‘tipping bucket’ water balance model. More 
research is required for these tree-focused process-based 
models from 2D to 3D to incorporate the unique forest 
hydrology processes above and below ground, as well as 
the complex spatial and temporal processes. 

Summary and conclusions

The survey found that most regional councils do 
not see forestry having a negative impact on water 
quantity. Four of the 13 councils that did have concerns 
about forestry were in regions that either had water-
sensitive catchments or had over-allocation of water 
resources. These councils had policies to regulate new 
plantings, and in one case replanting existing forests. 
Most councils were concerned about future water 
demand and climate change potentially reducing 
rainfall. Some councils were concerned about the 
potential negative impacts on water quantity if the 
One Billion Tree programme resulted in large-scale 
afforestation in water-sensitive catchments in their 
region, although at the time of the survey the details of 
this programme were not yet available. 

Both the survey and the Dunedin workshop 
identified overlapping concerns relating to forestry’s 
role in supplying water to downstream users, and the 
potential impact of climate change on both water 
quantity and afforestation. However, there was a 
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divergence of opinion on the role of planted forests 
in the hydrological landscape. Councils generally 
saw forested catchments as a mitigator of floods and 
stabiliser of slopes, but also as a water user and a land use 
having negative impacts in water-sensitive catchments. 
Conversely, forest managers saw planted forests as an 
important storer of water during winter and a supplier 
of water in drier months. This divergence could be the 
source of conflict in the future. 

We conclude from the review of New Zealand 
forested catchment studies that although they provided 
valuable information on water yield on an annual 
basis, their results are catchment-specific and difficult 
to apply to other forests. Further, they do not provide 
the necessary spatial and temporal information on a 
weekly, monthly and seasonal basis. 

Forestry practices, productivity and P. radiata 
genotypes have significantly changed over the last 40 
years, plus we have the threat of a changing climate 
and increasing pressures on water supply. To respond to 
these changes and challenges we will need to increase 
our understanding of: 

1. The eco-physiology and water use of new genotypes 
to be planted; 

2. The seasonality of water use patterns; 

3. The scaleability of hydrological models to evaluate 
catchment impacts of large-scale afforestation; and 

4. The likely impacts a changing climate will have on 
the forest hydrological cycle. This will enable us to 
better place planted forests within the wider New 
Zealand landscape, and answer questions about 
the possible impacts of those forests on water flows 
far more precisely than currently.
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