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Abstract
The potential cumulative impacts of abstrac
tion on several aspects of the hydrograph can 
be managed by setting limits defined by two 
properties as outlined in the National Policy 
Statement for Freshwater Management. 
These two properties are a minimum flow 
and an allocation rate. This paper explores 
how, once rules to define a minimum flow 
and an allocation rate have been established, 
differences in implementation of these limits 
can lead to vastly different outcomes for both 
water users and the downstream flow regime. 
The effect of changing the number, spatial 
configuration and strategy for implementing 
water takes are explored by modelling sets of 
hypothetical water takes across an example 
catchment. Results indicate that, due to 
cumulative effects and the connected nature 
of river networks, some implementation 
strategies can ensure that particular limits 
are met at a downstream monitoring point, 
but may not guarantee that these limits are 
complied with elsewhere in the catchment. A 
strategy for guaranteeing that limits are met 
at all locations across a catchment is proposed 
and logistical difficulties to applying this 
strategy in reality are discussed.
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Introduction
The requirement for limits on  
water resource use
Abstraction of water from streams and rivers 
for human, agricultural and industrial use 
and power production is increasing globally, 
threatening both environmental values and 
security of human water use (Vörösmarty 
et al., 2010). This is the case in New 
Zealand, where there is high abstraction 
demand for irrigation (Clark et al., 2007) 
and power production (Herath et al., 2011) 
in some regions. As pressure on water 
resources becomes greater, there is increasing 
recognition of a responsibility to maintain 
river flows to protect instream values (Poff 
et al., 1997; Richter et al., 2003). Principles 
for effective water management, such as 
those set out for Integrated Water Resources 
Management (IWRM) internationally 
(Global Water Partnership, 2000; Biswas, 
2004) and in New Zealand (MfE, 1998; 
2008), suggest that economic development, 
social welfare and environmental effects must 
be considered together when managing water 
resource use. Ideally, these goals should be 
balanced by applying scientifically defensible 
tools within a transparent process that 
provides users and stakeholders with clear 
outcomes (Snelder et al., 2014). 

In New Zealand, the Resource Manage
ment Act provides the principal legislative 
framework for water management (Memon, 
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1997; Pyle et al., 2001). One of the key 
regulatory mechanisms for managing water 
resources is a regional water management 
plan. These plans set objectives for 
management and specify regulatory criteria 
that define how regional water resources 
can be used. In addition, regional water 
management plans define the circumstances 
in which resource consents to take or use 
water are required, and the likely conditions 
that will be imposed on water users (Memon, 
1997; Snelder and Hughey, 2005).

In the past, ambiguity of national policy and 
regional water management plan objectives 
has resulted in a lack of accountability 
by water management agencies in New 
Zealand, both in terms of environmental 
outcomes and for the licensing of resource 
use (OECD, 1996; MfE, 2011; Snelder et al., 
2013). This has led to a need to strengthen 
regulatory control of outofstream use of 
water (OECD, 2007), especially where 
there is potential for compounding effects 
of multiple spatially distributed water takes. 
Measurable limits on water resource use are 
required at all locations within jurisdictional 
regions to manage the outcomes of water use 
and avoid overallocation of water. Strategic 
definition of limits on water resource use 
in advance of issuing consents for water use 
provides certainty in relation to the level of 
protection afforded to environmental values 
and the availability to water users (Snelder  
et al., 2014).

Definition of limits on water resource use
The National Policy Statement for 
Freshwater Management (NPSFM) was 
introduced in New Zealand in 2011. This 
legislation requires councils to use regional 
water management plans to establish 
freshwater objectives and enforceable limits 
on water resource use (in the form of both 
water quality and water quantity limits) 
for all bodies of freshwater (New Zealand 
Government, 2011). The recent amendments 

to the NPSFM (New Zealand Government, 
2014) attempt to clarify three key concepts 
relating to water quantity resource use limits 
(hereafter referred to as ‘limits’) to be set in 
regional water management plans. Firstly, a 
freshwater objective is a statement of what 
will be achieved, or a desired environmental 
outcome in a freshwater management unit. 
These objectives may be expressed at different 
levels of detail or precision. For example, 
there may be regional freshwater objectives, 
but a detailed objective may relate to a part of 
a water body or catchment. Secondly, limits 
and management methods (including rules) 
are set to ensure freshwater objectives are 
met. Thirdly, a freshwater management unit 
is the water body, multiple water bodies or 
any part of a water body determined by the 
regional council as the appropriate scale for 
setting freshwater objectives and limits for 
freshwater accounting and management. 

The NPSFM 2011 implementation 
guide (MfE, 2011) states that water quantity 
limits must account for the cumulative 
effects of all takes, whether by consented or 
permitted activities (some activities such as 
taking of water for domestic use, fire fighting 
and stock drinking water do not currently 
require consents). In this regard there is an 
expectation that adverse cumulative effects 
will be avoided. Limits must be set in order 
to meet freshwater objectives and avoid over
allocation. Overallocation is defined as the 
situation where the water resource either 
has been allocated to users beyond a limit or 
is being used to a point where a freshwater 
objective is no longer being met (MfE, 2011). 

The NPSFM states that, for flowing 
water, water quantity limits (i.e. environment 
flows as defined in MfE, 2013) must 
comprise at least a minimum flow (which 
is termed Qmin; the flow below which 
no further water is to be taken) and an 
allocation rate (which is termed ∆Qmax; the 
maximum rate of abstraction). When these 
water quantity limits are applied to a single 
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location they have two consequences. Firstly, 
the rate of take at any point in time, ∆Qt, 
must never exceed ∆Qmax. Secondly, flow 
must not fall below Qmin unless this occurs in 
the absence of abstractions. One method for 
ensuring this stipulation is to restrict ∆Qt at 
lower flows such that when naturalised river 
discharge (Qt: flow in the river at time t in the 
absence of any abstractions) is between Qmin 
and the management flow (Qman = Qmin + 
∆Qmax), then ∆Qt will equal Qt minus Qmin. 
In this paper the process of setting limits is 
interpreted as enforcing target values of Qmin 
and ∆Qmax to ensure that limits are complied 
with. Target values of Qmin and ∆Qmax are 
hereafter referred to as ‘rules for limits’. 

Implementation of limits on  
water resource use
If limits are set as proportions of hydro
logical indices (e.g., 7day Mean Annual Low 
Flow [MALF] or the flow that is exceeded  
95 percent of the time) then the same 
limits may be set strategically (at multiple 
locations along a river or across a catchment). 
Although these limits are specified using 
spatially uniform rules, they will equate to 
different flow rates at each location in the 
river network due to natural variations in 
hydrology (Booker and Woods, 2014). It has 
been demonstrated that spatially uniform 
limits will not lead to spatially uniform 
consequences across New Zealand for either 
instream values such as physical habitat for 
particular fish species or outofstream values 
such as reliability of water supply (Snelder  
et al., 2011). 

Whilst the NPSFM requires limits that 
account for the cumulative effects of multiple 
takes and therefore avoid overallocation, 
no guidance is currently available on the 
spatial and temporal resolution at which 
these limits must be implemented in regional 
water management plans. Furthermore, 
no guidance is currently available on the 
spatial and temporal resolution at which 

overallocation must be assessed, other than 
stating that ‘the geographical and temporal 
definition of overallocation will relate to 
the detail of the freshwater objective for a 
particular freshwater body’ (MfE, 2011, 
p.24). Since limits are intended to enable 
freshwater objectives to be met, the spatial 
resolution at which limits are implemented 
might be expected to relate to the spatial 
resolution of freshwater objectives. However, 
the NPSFM states that freshwater objectives 
can be set at a variety of scales and levels of 
detail, and may be narrative or numeric. The 
proposed amendments to the NPSFM states 
that ‘freshwater management unit is defined 
to allow councils to set management units as 
large or as small as they consider appropriate’ 
(MfE, 2013, p.14). 

At the coarsest spatial resolution, limits 
may be implemented solely at the point 
where each catchment flows into the sea. 
This means that all upstream processes are 
integrated en mass. Alternatively, if limits are 
defined as proportions of hydrological indices 
(e.g., MALF as in the proposed National 
Environmental Standard for ecological flows 
and water levels; MfE, 2008), then the spatial 
resolution that limits could be applied at is 
only limited by the spatial resolution at which 
these hydrological indices can be observed or 
estimated. For example, estimates of MALF 
have been calculated for every reach in the 
New Zealand river network (Booker and 
Woods, 2014), which comprises 570,000 
reaches with an average length of ~700 m 
(Snelder et al., 2005). Individual limits could 
therefore, in theory, be implemented at 
every location throughout the river network. 
However, it is impractical to enforce limits 
at such a fine spatial resolution, as this 
would require discharge to be continuously 
monitored at the location of each individual 
take. In practice it is far more likely that water 
resource limits implemented in regional water 
management plans would be enforced using 
hydrological data from particular locations 
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(e.g., hydrological gauging stations) towards 
the downstream end of a catchment in order 
to aggregate water resource use across that 
catchment. 

Aims
One challenge is, once rules for limits have 
been decided upon, how can regional water 
management plans ensure that these rules 
are met? The aim of this paper is to apply a 
simplified theoretical model to demonstrate 
that variations in implementing the same 
rules for limits will combine with the number 
and position of takes to result in different 
water allocation outcomes across a river 
network. The first objective is to apply a 
theoretical approach to demonstrate that 
different strategies to implement the same 
limits can lead to different water allocation 
outcomes at both the downstream reach and 
across the catchment. The second objective 
is to demonstrate that when limits are 
implemented, allocation outcomes across 
a catchment will depend on interactions 
between: 
a) the number of takes;
b) the locations of the takes;
c) the locations at which the minimum flow 

is imposed; 
d) the locations at which the rate of take is 

imposed; and 
e) whether the effects of an individual 

abstraction on the limits are considered in 
isolation or collectively. 

This theoretical approach does not attempt 
to include all hydrological processes. 
Key findings are discussed in relation to 
implementation of limits that enable better 
outcomes for both instream and outof
stream values. Finally, methodological 
considerations and practical issues that may 
override the utility of the key findings are 
considered.

Methods 
Catchment
A digital representation of the Piako 
catchment located in the Waikato region of 
New Zealand was used as an example in this 
analysis. This representation was extracted 
from the New Zealand river network, which 
is contained within a Geographic Information 
System (GIS) (Snelder and Biggs, 2002). The 
digital representation of the Piako catchment 
comprised 2,626 connected reaches, 1,317 
and 627 of which were Strahler first and 
second order respectively. The average length 
of all reaches in the digital representation 
was 825 m. The Piako catchment was chosen 
purely for demonstration purposes, and no 
attempt was made to simulate any real or 
proposed water management activities in 
the catchment. Any similarities between 
the hypothetical simulated takes and any 
historical or planned abstractions were purely 
coincidental. The Piako does contain a small 
dam for drinking water supply in its upper 
reaches, but the effects of this dam were not 
included in the hydrological simulations.

Estimates of mean flow (Woods et al., 
2006), 7day MALF (Henderson et al., 2004) 
and various methods for estimating the shape 
of the flow duration curve (Booker and 
Snelder, 2012) have been calculated for all 
locations in the New Zealand river network. 
These methods were used to provide 
estimates of hydrological conditions across 
the catchment. MALF always increased in 
the downstream direction using the method 
of Henderson et al. (2004), although the 
methods employed did not rely on any 
assumptions regarding how MALF changes 
with distance downstream. The method 
recommended by Booker and Snelder 
(2012) for estimating flow duration curves 
at ungauged sites across New Zealand, which 
utilised empirical models of each parameter 
describing the generalised extreme value 
distribution, was multiplied by mean flow 
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from Woods et al. (2006) to provide estimates 
of flow duration curves for each reach across 
the catchment. 

Implementation
Interim minimum flows and allocation rates 
(to apply in the absence of regional water 
management plans or other regulations) 
were proposed as part of a proposed National 
Environmental Standard (MfE, 2008). The 
proposed National Environmental Standard 
suggested that, in the absence of stated limits 
in a proposed or operative water plan, a 
reconnaissancelevel rule be used for setting 
minimum flows based on proportions of 
MALF. Proportions of MALF of 90% and 
80% were nominated for small and large 
rivers (defined in the proposed standard 
as mean flows less than and greater than  
5 m3 s1) respectively. The proposed standard 
also suggested that total allocation limits 
be 30% and 50% of MALF for small and 
large rivers respectively (MfE, 2008). Since 
the aim of this paper relates to differences 
in implementation of the same rules for 
setting limits, rather than the adequacy or 
appropriateness of particular limits, the 
proposed National Environmental Standard 
interim rules for limits for water resource use 
in large rivers were applied as an example rule 
for setting limits. 

The same rules for limits were implemented 
in a variety of ways, using a sequence of 
strategies. This sequence of strategies was 
designed to include approaches currently or 
previously applied within New Zealand, and 
to represent varying levels of complexity to 
account for cumulative effects. See Table 1  
for descriptions and full mathematical 
definitions of each strategy.

Consider the operation of numerous 
individual abstractions. To implement a 
limit, ∆Qti must be calculated by comparing 
Qt with Qmin and ∆Qmax. However, values 
for these three parameters do not necessarily 
have to be obtained from the location 

of the abstraction. Strategy 1 assumed 
perfect knowledge about flows obtained by 
instantaneous observations (or realtime 
estimates) of flow at the location of each take. 
In this strategy the operation (shutoff and 
allowable instantaneous rate of take) of each 
take was controlled by flow conditions at the 
location of that take. However, it is likely that 
instantaneous flow may only be known (or 
estimated) at discrete locations within the 
river network. These locations are hereafter 
referred to as ‘control points’. Controlling 
numerous takes using the flow at each take 
requires either realtime modelling of flows 
throughout the catchment or that a gauging 
station (i.e., stage height and uptodate 
stagedischarge relationship) is operational at 
the location of each take. Although both these 
options may be technically possible, neither 
is logistically feasible for all takes across a 
region, given the number of likely takes and 
the cost of either operating gauging stations 
or running accurate realtime hydrological 
models. 

A more practical solution to implementing 
limits, and one which has regularly been 
adopted in New Zealand, is to control the 
operation of numerous takes using flow at 
a single control point (QtC). This control 
point may be an established gauging station, 
possibly located upstream, downstream or 
even in another catchment. For the remaining 
strategies it was assumed that a control point 
was located at the catchment outlet. This 
control point had an associated minimum 
flow (QminC = 0.8 MALFC) and a target 
allocation rate (∆QmaxC = 0.5 MALFC), 
which can be compared with total catchment 
allocation (∑∆Qmaxi for i = 1 to n takes). 
When using a single control point, all takes 
are shut off when QtC is less than QminC. 
Strategies 2, 3 and 4 each applied a different 
interpretation of the same rules for limits to 
specify allocation rates. 

For Strategy 2, the allocation rate at each 
point of take was calculated as 50% of MALF 
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Table 1 – Strategies for implementing the same water resource use limits for i = 1 to n takes.  
Symbols: MALF = 7day mean annual low flow; n = number of takes; Qmin = minimum flow; 
∆Qmax = allocation rate; C = control point.

Strategy 
name

Description Shut-off 
occurs when

Allocation rate at each take 
(∆Qmaxi)

Treatment of 
cumulative effects 

Strategy 1 Each take is considered 
in isolation to all others 
and is controlled by 
flow at that take.

Qti < Qmini ∆Qmaxi = 0.5 MALFi None for allocation 
rate, but catchment 
allocation increases 
and reliability reduces 
downstream of each 
new take.

Strategy 2 Minimum flows are 
controlled at catchment 
outlet. Allocation rate 
for each take is related 
to hydrology at the 
take.

QtC < QminC ∆Qmaxi = 0.5 MALFi None for allocation 
rate, but catchment 
allocation increases 
and reliability reduces 
downstream of each 
new take.

Strategy 3 Minimum flows 
are controlled at 
catchment outlet. Total 
catchment allocation is 
split equally between 
each take regardless of 
hydrology.

QtC < QminC ∆Qmaxi = ∆QmaxC / n  Total catchment 
allocation is limited, 
but allocation rate 
for all existing takes 
is altered with the 
addition of each new 
take. 

Strategy 4 Minimum flows are 
controlled at catchment 
outlet. Total catchment 
allocation is distributed 
according to ratios of 
MALF.

QtC < QminC ∆Qmaxi = ∆QmaxC (∆Qmaxi / 
∑∆Qmaxi)
same as:
∆Qmaxi = ∆QmaxC (MALFi / 
∑MALFi)

Total catchment 
allocation is limited, 
but allocation rate 
for all existing takes 
is altered with the 
addition of each new 
take. 

Strategy 5 Same as Strategy 1 
except number of 
takes is restricted such 
that total catchment 
allocation is limited

Qti < Qmini ∆Qmaxi = 0.5 MALFi Total catchment 
allocation is limited by 
restricting the number 
of takes
∑∆Qmaxi = 0.5 
MALFC

Strategy 6 Same as Strategy 3 
except number of 
takes is restricted such 
that total catchment 
allocation is limited

QtC < QminC ∆Qmaxi = 0.5 MALFi Total catchment 
allocation is limited by 
restricting the number 
of takes
∑∆Qmaxi = 0.5 
MALFC

Strategy 7 Same as Strategy 2 
except that, starting 
upstream and working 
downstream, each 
allocation rate is 
restricted to guarantee 
that no downstream 
reaches are over
allocated.

QtC < QminC ∆Qmaxi ≤ 0.5 MALFi Each allocation 
rate is reduced such 
that total upstream 
allocation rate is less 
than 0.5 MALF for all 
downstream reaches.
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at that point (as per the proposed National 
Environmental Standard). This strategy 
accounted for differences in hydrology 
between locations of takes, but did not 
account for cumulative effects because total 
catchment allocation increased as the number 
of takes increased. Strategy 3 accounted 
for cumulative effects by capping the total 
catchment allocation rate. In this strategy 
there was equality between abstractors in 
terms of allocation rate, but local hydrological 
conditions were not taken into account. 
Strategy 4 took local hydrology into account 
whilst also maintaining the total catchment 
allocation by allocating in proportions with 
respect to MALF at each point of take. 
None of the above strategies (14) contained 
the ability to designate a potential take as 
being permissible (i.e., within the limits) or 
impermissible (limits would be breached). 

Strategies 5 and 6 contained mechanisms 
for declining proposed takes. Each potential 
take was designated as being either 
permissible or impermissible depending on 
total catchment allocation. This was achieved 
by first randomly ordering the takes, then 
designating each take in order as being 
permissible until the cumulative allocation 
rate was less than the target total catchment 
allocation. Allocation rate for the next take 
was set such that the cumulative allocation 
rate was equal to the target total catchment 
allocation. For Strategy 5, minimum flows 
and total allocations were the same as for 
Strategy 1. For Strategy 6, minimum flows 
and total allocations were the same as for 
Strategy 2. 

Whilst Strategy 5 and 6 contained the 
ability to decline potential takes, neither 
contained the ability to reduce the allocation 
rate for each take to guarantee that total 
catchment allocation never exceeded 50% 
of MALF for all (j ) locations across the 
catchment. Strategy 7 was designed to 
guarantee that the sum of all upstream 
allocation rates never exceeded 50% of MALF 

at any location across the catchment. This 
was achieved by first setting the allocation 
rate for all takes to be zero. Then, starting 
with the most upstream take and working 
downstream, allocation rate for each take was 
set to be 50% of MALF at that location. The 
resulting sum of all upstream allocation rates 
for all locations across the catchment was then 
calculated. If any reach in the catchment had 
a flow reduction that was greater than 50% 
of MALF, then allocation rate for the take 
under consideration was reduced until no 
allocation rates exceeded 50% of MALF for 
any location. This was achieved by iteratively 
changing the proportion of requested total 
allocation for each take (in this case 50% of 
MALFi ) from 0 to 1 in steps of 0.1. 

All reaches downstream of each take were 
identified. This allowed the downstream 
effects of multiple takes to be accumulated 
across the river network. Since none of the 
strategies included a facility for sharing 
allocated water between users, upstream 
takes were given priority over downstream 
takes in all cases. It was therefore assumed 
that each take was fully utilised so that all 
water that was available for that take was 
taken. It was assumed that no taken water 
returned to the river. Essentially this means 
that all available water was used for irrigation 
and subsequently evaporated as would be the 
case for efficient irrigation practices with no 
nonconsumptive losses (Burt et al., 1997). It 
was also assumed that each abstraction could 
only operate at a specified location, as defined 
by a particular reach in the river network 
(no swapping or trading of abstractions 
between water users was considered). The 
effects of groundwater abstraction was not 
incorporated explicitly, but it was assumed 
that a groundwater take could be treated 
as a surface water take, given a method for 
identifying which river reach or reaches were 
affected and an associated stream depletion 
rate (e.g., Kendy and Bredehoeft, 2006). 
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Configurations
Hypothetical configurations of where water 
takes are located in the catchment were 
used to investigate the effects of both the 
number and location of takes. 80 different 
configurations were created by randomly 
assigning reaches to each take in sets of 1, 5, 
10 and 20 takes, a total of 20 times each. Each 
configuration was labelled Configuration x 
with y takes, where x is the replicate number 
and y is the number of takes. In all cases takes 
were only positioned on reaches with Strahler 
order three or greater, where significant 
abstractions are more likely to occur. Each of 
the strategies (Table 1) was then applied to 
each of the 80 configurations. This produced 
640 scenarios of water resource use for the 
same catchment: 8 strategies, each applied to 
1, 5, 10 or 20 takes, each positioned in 20 
different configurations. 

All reaches between a take and the outlet 
reach of the catchment were designated as 
having been influenced by that take. The 
number of takes influencing each reach in the 
network was calculated for each configuration 
of takes. The number of reaches being 
influenced by various numbers of takes was 
assessed to compare configurations with the 
same number of takes and configurations 
with different numbers of takes. 

Outlet reach assessment 
Information that would be produced if only 
considering a downstream control point such 
as a gauging station without consideration 
of spatial patterns was calculated. Total 
catchment allocation was calculated as the 
allocation rate summed over all upstream 
takes for each strategy applied to each 
configuration. Total catchment allocation 
was expressed as a proportion of MALF at 
the outlet reach to allow comparison with the 
proposed National Environmental Standard 
rules for limits. Values of ∑∆Qimax/QCMALF 
greater than 0.5 were deemed to represent 
overallocation at the outlet reach. For each 

strategy applied to each configuration, change 
in flow summed over the flow duration curve 
at the catchment outlet was also calculated. 
This is equivalent to the allocated volume 
as described by Acreman (2005) and to the 
change in average flow. Larger allocated 
volumes indicate greater supply to outof
stream users, but also greater alteration to the 
natural flow hydrograph.

Take assessment
Reliability of supply for each take was 
cal culated. Reliability of supply at the 
management flow (R1) was calculated as the 
point on the flow duration curve at which 
partial restriction on abstraction applies 
(Qt = Qmin + ∆Qmax). Reliability of supply 
at the minimum flow (R2) was calculated 
as the point on the flow duration curve at 
which total restriction on abstraction applies 
(Qt = Qmin). R1 represents the proportion 
of the time that no restrictions are enforced 
and the full allocation rate can be taken. R2 
represents the proportion of the time that 
some proportion of the allocation rate can be 
taken, beyond which shutoff must occur. All 
else being equal, higher values of R1 represent 
less alteration to the natural flow regime. All 
else being equal, lower values of R2 represent 
less alteration to the natural flow regime. 

Catchment-wide assessment
Results for all reaches in the catchment 
were also calculated. These results represent 
spatially distributed information across 
the catchment. The sum of upstream 
allocation rates was calculated at each reach 
and expressed as a percentage of MALF for 
that reach. The percentage of reaches with 
accumulated allocation greater than 50% 
of MALF (as per the proposed National 
Environmental Standard rules for limits) 
was used to represent the proportion of the 
catchment that was overallocated. 
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Results 
Configurations
Eighty different take configurations were 
generated: 20 for each of 1, 5, 10 and 20 
takes. A different number of reaches was 
influenced by different numbers of takes for 
each configuration after having accumulated 
takes down the river network (Fig. 1). This 
was the case even when the same number of 
takes was included in the take configurations 
because the takes were randomly positioned in 
different locations. For some configurations 
takes were generally located towards the 
headwaters (e.g., the Configuration 2 with 
10 takes) thereby influencing a larger number 

of reaches (Fig. 2). For other configurations, 
takes were located further downstream in the 
catchment (e.g., Configuration 3 with 10 
takes) thereby influencing a smaller number 
of reaches. The position of takes also affected 
the number of reaches that were influenced by 
larger numbers of takes (Fig. 2). For example, 
for Configuration 5 with 10 takes, a long 
length of river was influenced by 5 of the 10 
takes (Fig. 2). This showed that, in addition 
to the number of takes, the position of takes 
in relation to each other and to the rest of the 
catchment will influence the spatial extent to 
which the catchment as a whole is affected by 
abstraction. 

Figure 1 – The number of reaches influenced by various numbers of takes for 10 configurations 
of each of 1, 5, 10 and 20 takes. For clarity, only the first 10 of 20 configurations for each 
number of takes is shown.
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Figure 2 – Catchment maps showing the variability in allocation and overallocation depending 
on the location of the 10 takes within the catchment. Size of dot shows the sum of upstream 
allocation as a proportion of local MALF. Filled symbols represent overallocation. Open 
symbols represent underallocation. Crosses show the positions of hypothetical takes of 50%  
of local MALF for different configurations of 10 takes. 
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Outlet reach assessment
The proposed National Environmental 
Standard rules for limits suggest that over
allocation occurs when the allocation rate 
exceeds 50% of MALF. This did not occur 
at the outlet reach under Strategy 1 for 
configurations with only one take, but 
became more likely as the number of takes 
increased (Fig. 3). For Strategy 1, four of the 
20 configurations with five takes were over
allocated at the outlet reach. The number 
of scenarios that were overallocated at 
the outlet reach increased to 11 of the 20 
configurations with 10 takes. Only two of the 
20 configurations with 20 takes were under
allocated at the outlet reach. For Strategy 1,  
the magnitude of overallocation at the outlet 

reach also increased as the number of takes 
increased; six of the 20 configurations with 
20 takes had total allocations at the outlet 
reach greater than 100% of MALF. This 
propensity for overallocation at the outlet 
reach persisted despite the application of 
rules for limits that were consistent with 
underallocation at each point of take. This 
was because Strategy 1 did not include a 
mechanism to consider cumulative effects. 

Results for Strategy 2 were the same as 
those for Strategy 1 in that more takes resulted 
in a greater likelihood of greater allocation 
at the outlet reach. Strategies 3 and 4 were 
both designed to result in total allocations 
that matched with the limit at the outlet 
reach. Total allocation at the outlet reach 

Figure 3 – Total catchment allocation at outlet reach for each of 20 configurations each 
with 1, 5, 10 and 20 takes and different strategies for implementing the same rules 
for water resource use limits. See Table 1 for strategy descriptions. The dashed line 
shows the allocation limit of 0.5 MALF.
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was therefore the same for all configurations 
and numbers of takes for Strategy 3 and 
Strategy 4 (Fig. 3). The only exception was a 
particular configuration with five takes where 
one take was located so far up the catchment 
that its allocation could never be fully realised 
because flow in the river never exceeded the 
allocation limit. 

Strategies 5 and 6 were both designed to 
result in total allocation at the outlet reach 
that matched the National Environmental 
Standard rule for the total allocation limit 
for large rivers (50% of MALF). This was 
achieved by designating some (randomly 
selected) takes as impermissible (would 
breach the limit) in situations when total 
allocation at the outlet reach exceeded the 
allocation limit. Strategy 7 was designed to 
ensure that total allocation upstream of any 
location did not exceed the allocation limit 
locally. Therefore total catchment allocation 
for Strategy 7 was always less than the 
allocation limit at the outlet reach. Total 
catchment allocation was more likely to 
approach the allocation limit at the outlet 
reach as the number of takes increased. 

Change in flow summed over the flow 
duration curve at the outlet reach is a 
measure of both allocated volume and change 
in average flow. Strategies 1 and 2 did not 
limit the allocated volume at the outlet reach 
(Fig. 4). Allocated volume increased as the 
number of takes increased for these strategies. 
The remaining strategies applied various 
methods for restricting allocated volume at 
the outlet reach. The maximum allocated 
volume at the outlet reach for these strategies 
was equivalent to applying the proposed 
National Environmental Standard rules 
for limits at the outlet reach. Strategies 3  
and 4 restricted the total allo cation at the 
outlet reach but not the number of takes. 
As a result these two strategies nearly always 
shared the entire allocated volume amongst 
users when there was more than one take. 
Strategies 5 and 6 restricted both the number 

of takes and the total allocation. These 
strategies had lower allocated volume at the 
outlet reach for the same number of takes 
compared to Strategies 3 and 4. Strategy 5 had 
greater allocated volume at the outlet reach 
compared to the same configurations under 
Strategy 6. This was because, for Strategy 5, 
each take was controlled by local conditions 

Figure 4 – Change in flow summed over the 
flow dur ation curve at the catchment outlet 
for 20 random configurations with various 
numbers of takes using different strategies 
for implementing the same rules for water 
resource use limits. See Table 1 for strategy 
descriptions.
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(many of which are unlikely to be influenced 
by upstream takes) whereas Strategy 6 was 
controlled solely by conditions at the outlet 
reach. Strategy 7 produced similar allocated 
volumes as Strategies 5 and 6. This was 
achieved not by restricting the number of 
takes, but by restricting the allocation rate of 
particular takes. 

Take assessment
R1 represents the proportion of the time 
that no restrictions are enforced and R2 the 
proportion of the time that shutoff is not 
enforced. Some allocation rates implemented 
using Strategy 3 were high in comparison to 
the flows at these locations. This was because 
this strategy did not relate allocation rates 
to local hydrology. This resulted in some 
takes having very low levels of reliability 
with respect to their full allocations. This 
was especially the case for configurations 
with 20 takes (Fig. 5). For these takes, large 
quantities of water were allocated, but not 
always available to be taken. This was also the 
case, but to a lesser extent, for Strategies 1, 
2 and 5. Strategy 7 had the highest levels of 
reliability for R1, with all takes being allowed 
to take their full allocation at least 96% of the 
time, regardless of their configuration. For 
configurations with 20 takes, Strategy 2 had 
relatively low values of R2 because for some 
takes the sum of upstream allocation rates 
was high enough that no water was available 
to be taken for some of the time. 

Catchment-wide assessment
Locations where total upstream allocation 
exceeded the local allocation limit (50% of 
MALF) were deemed as being overallocated. 
The number of overallocated reaches was 
used as one assessment of catchmentwide 
overallocation. Overallocation always 
occurs when the allocation limit is applied 
at any location downstream of another take. 
This must be the case irrespective of how far 
away the upstream take is located (Fig. 2).  

Figure 5 – Reliability of supply for all takes 
pooled over all configurations with 20 takes 
for different strategies for implementing the 
same rules for water resource use limits. See 
Table 1 for strategy descriptions.
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When expressed as a proportion of MALF, 
the sum of upstream total allocation reduced 
with downstream distance away from each 
take because in this example estimated 
MALF increased in the downstream 
direction. Some take configurations resulted 
in only short lengths of overallocation 
downstream of particular takes. This often 
occurred in the headwaters, where tributaries 
cause rapid increases of MALF in the 
downstream direction. The length of over
allocated river was greater in downstream 
locations due to the cumulative effects of 
several takes and the less rapid increase 
of MALF in the downstream direction  
(Fig. 2). 

Overallocation occur red for some reaches 
within the catchment for all combinations 
of configurations, numbers of takes and 
strategies, except for configurations with only 
one take and a ∆Qmaxi less than ∆QmaxC 
(Fig. 6). For all strategies except Strategy 
4, the number of overallocated reaches 
increased as the number of takes increased. 
This was particularly the case for Strategies 
1 to 3, despite Strategy 3 taking the number 
of takes into account when calculating total 
allocation. The number of overallocated 
reaches did not increase as the number of 
takes increased for Strategy 4, which showed 
no strong relationship between number of 
takes and number of overallocated reaches. 
This was because Strategy 4 was designed to 
allocate the same amount of water regardless 
of the number of takes. Strategy 4 not only 
took into account the number of takes when 
calculating total allocation for each take, but 
also took cumulative effects into account 
by distributing ∆QmaxC in proportion to 
MALFi. 

Strategies 5 and 6 were the same as 
Strategies 1 and 2 respectively, but with the 
added ability to restrict the number of actual 
takes depending on total allocation. Because 
Strategy 5 differed with Strategy 6 only in 
relation to minimum flow rather than total 

Figure 6 – Number of overallocated reaches 
(total upstream allocation exceeds local 
allocation limit) for each strategy, calculated 
from 20 random configurations each with 
various numbers of takes. See Table 1 for 
strategy descriptions.

allocation, both strategies produced the 
same results in relation to the number of 
permissible takes (Fig. 7). For these strategies, 
the number of permissible takes varied 
greatly depending on the take configuration. 
For example, of the configurations with 
20 takes, one resulted in all 20 takes being 
deemed permissible whereas another resulted 
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Figure 7 – Number of per missible takes ‘granted’ 
under Strategy 5 (and also Strategy 6)  
for different configurations each with different 
numbers of takes. See Table 1 for strategy 
descriptions.

in only two takes being deemed permissible. 
The ability to restrict the number of actual 
takes resulted in reductions to the number 
of overallocated reaches. However, despite 
the inclusion of this ability, Strategy 5 and 6 
both resulted in some reaches still being over
allocated (Fig. 6). By definition, Strategy 7 
did not allow overallocation in any reach. 
This strategy therefore resulted in no over
allocated reaches irrespective of the number 
of takes or their configuration (Fig. 8 and  
Fig. 9). 

Discussion 
Methodological considerations
The aim of this work was to demonstrate 
how variations in implementing limits will 
combine with the number and position 
of takes in a catchment to influence water 
allocation outcomes. Hypothetical situations 
were simulated for demonstration purposes. 
There follows seven simplifying assumptions 
that would have to be considered when 
implementing limits for real rather than 
hypothetical situations. 

First, the Piako was used as an example 
catchment onto which hypothetical strategies 
and configurations of takes were applied. 
Positions of takes were selected randomly 
from all reaches of Strahler order three or 
greater. Factors influencing potential land 
use such as slope, reach density (nodes per 
unit area), soil type, and climate were not 
considered in relation to the locations of 
takes. In reality, demand for abstraction may 
be greater in lowland areas. 

Second, it was specified that upstream 
takes had priority over downstream takes. 
This is a simplified assumption. Where some 
form of restriction can be implemented, it 
may be that priority is given to either older 
or more productive takes (oldest or most 
productive has priority), or that cooperative 
arrangements are in effect (all available water 
is shared or used on an asneeded basis). 

Third, difficulties with calculating 
hydrological alteration as a result of multiple 
abstractions are complicated because there 
may not be a onetoone relationship 
between the implemented limits and the 
actual hydrological alteration. This is because 
not all permits may be exercised at all times 
to their full extent. For this study, it was 
specified that all allocated water was taken, 
and that all water that was abstracted was 
lost from the system, therefore no return 
flows (Gosain et al., 2005) were accounted 
for. This assumption may be true if efficient 
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Figure 8 – Total catchment allocation under Strategy 7 for 20 configurations of 1, 5, 10 
and 20 takes each. Dashed line shows the target allocation at the catchment outlet 
under the National Environmental Standard rules for limits.

Figure 9 – For Strategy 7, total 
upstream allocation for each 
influenced reach for configurations 
with different number of takes. 
For clarity, only the first 10 of 20 
configurations for each number of 
takes is shown.
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irrigation practices with no nonconsumptive 
losses (Burt et al., 1997) are being followed 
or if onfarm storages are being filled during 
periods of low irrigation demand. In addition, 
various numbers of takes were simulated, and 
similar results would have been achieved had 
the number of takes been doubled whilst 
assuming that only half of allocated takes 
were realised.

Fourth, an adequate method for identifying 
which river reach or reaches were affected 
and an associated stream depletion rate 
would have to be available for groundwater 
abstractions to be considered. This may be the 
case in catchments where predictive models 
of surface watergroundwater interaction 
have been developed (e.g., Gusyev et al., 
2012). However, surface watergroundwater 
interactions may be very complicated in 
some catchments. For example, the complex 
geology and loosely defined catchment 
boundaries in the lower Waimakariri make 
prediction of surface watergroundwater 
interactions a challenging task (White et al., 
2012). 

Fifth, the effects of uncertainties in 
hydro logical predictions for ungauged 
sites (Booker and Woods, 2014) and 
climate change or interdecadal variability 
(McKerchar and Henderson, 2003) on 
limits were not considered here. These issues 
may be important because predictions of 
hydrological conditions at ungauged sites 
may be unbiased over all sites, but have 
relatively high uncertainties at particular sites 
(Booker and Woods, 2014). Ideally, flow 
estimates will be verified against independent 
flow observations. Furthermore, climate 
change has the potential to alter both water 
availability and water demand (Arnell, 
1999). Either of these issues may result in an 
environmentally conservative approach being 
adopted, but further research is required on 
both topics.

Sixth, flowecology relationships are 
required to determine limits and set environ

mental flows that are likely to meet with 
communityderived freshwater objectives 
(Davies et al., 2013). Here the proposed 
National Environmental Standard rules 
for limits for large rivers were used as an 
example of generic limits for demonstration 
purposes. Consequently, results were 
expressed as proportions of MALF in order 
to assess performance in relation to these 
specified limits. In reality, specific methods 
will be required to set limits depending on 
community, regional or nationallyderived 
freshwater objectives. These limits may not 
be expressed as proportions of MALF, as this 
hydrological statistic may not be ecologically 
meaningful, or may be only one aspect of 
hydrological regimes influencing ecological 
processes (Suren and Jowett, 2006). 

Seventh, in this work the process of setting 
limits was interpreted as the identification of 
target values of minimum flow and allocation 
rate. Lower allocation rates will result in less 
alteration from natural flow variability. It 
should be recognised that the NPSFM states 
that water quantity limits must comprise at 
least a minimum flow and allocation limit, 
but can also include additional attributes 
such as additional flow variability criteria 
(New Zealand Government, 2011). This 
might particularly be the case where 
controlling nuisance algae is a designated in
stream value, despite altered flow regimes and 
increased nutrient supply. See Biggs (2000), 
Snelder et al. (2014) and Booker (2013) for 
further details. 

Key findings
Limits on water resource use are now a 
legislative requirement (New Zealand 
Government, 2014), but are also a logical 
response to the need for sustainable 
environmental management (Richter, 2010) 
in the presence of increased water demand 
(Snelder et al., 2014). The absence of limits 
creates the potential for unlimited alteration 
of flow regimes and a lack of clarity on water 



146

availability. The environmental impacts and 
management of flows resulting from large 
engineered structures such as dams have 
received much attention internationally 
(e.g., Wu et al., 2003; Richter and Thomas, 
2007) and in New Zealand (e.g., Collier, 
2002; Jowett and Biggs, 2006). However, 
the cumulative impacts of many small 
abstractions and diversions has been relatively 
neglected, but see Deitch and Kondolf 
(2012) for an exception and Poff et al. (2010) 
for much discussion. 

This analysis showed evidence to support 
the hypothesis that different planning 
strategies to implement the same limits can 
lead to different water allocation outcomes 
at both the catchment outlet and across the 
catchment. Results demonstrated that when 
the same rules for limits (e.g., different 
percentages of MALF or locations on the flow 
duration curve), are implemented, outcomes 
will depend on interactions between the 
number and locations of potential takes, 
the location at which the minimum flow 
and allocation rates of take are imposed, as 
well as whether the effects of an individual 
take on the limits are considered in isolation 
or collectively. This indicates that water 
allocation will not only be sensitive to rules 
for limits but also the implementation of 
these rules for limits. For example, differences 
between configurations, numbers of takes and 
strategies demonstrated that meeting limits 
to water resource use at the outlet reach of a 
catchment does not guarantee that the limit 
is being met across the entire catchment. 

Five key findings can be drawn from this 
analysis. First, attempting to set the same 
limits at each location independently of all 
other locations (Strategy 1) causes potential 
for overallocation due to cumulative effects. 
This potential overallocation is manifest 
both at the catchment outlet and across the 
catchment. This reflects why this ad hoc 
(nonstrategic) approach to applying limits 
has been avoided in recent regional water 

management plans. Second, ignoring within
catchment patterns in water availability 
causes potential for very large overallocation 
in some locations, even though limits are not 
being exceeded at the catchment outlet (e.g., 
Strategy 3). Third, withincatchment patterns 
in water availability and overallocation which 
include cumulative effects can be assessed 
only if estimates of low flows at ungauged 
sites across the catchment are available. 
Such estimates can be derived from various 
hydrological modelling methods (e.g., Booker 
and Woods, 2014) or from interpolation of 
flow gaugings along river sections, including 
those that allow for losses and gains between 
surface water and groundwater (Larned et al., 
2010). These estimates can be used to share 
water between users in proportion to local 
low flow conditions (e.g., Strategy 3). They 
can also be used to ensure that limits are not 
broken further downstream (e.g., Strategy 7; 
Fig. 8). In these types of strategy, increased 
numbers of takes result in reduced allocations 
for individual takes. Such strategies therefore 
cause a lack of certainty about longterm 
supply for abstractors, since allocations must 
be changed if a new take is granted and for this 
reason would be impractical to implement. 
For Strategy 3, a new take would result in 
changes to allocation rates for all existing 
takes, and for Strategy 7 allocation rates for all 
downstream takes must be changed. Fourth, 
restriction of both the number of takes and 
the total allocation is required if abstractors 
are to be given longterm certainty whilst 
enforcing catchmentwide limits. Fifth, 
even given restriction of both the number of 
takes and the total allocation, some locations 
were deemed as being overallocated due to 
cumulative effects for all strategies except 
Strategy 7. This situation occurred because 
of cumulative effects, especially when takes 
were located close to each other on the river 
network. 

For all strategies used here allocation rates 
were set to be 50% of MALF. However, this led 
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to some very large allocations in downstream 
locations. One further improvement to the 
various strategies (particularly Strategy 7) 
would be to cap the allocation rate of each 
take to a maximum value expressed as litres 
per second rather than as proportions of 
MALF. This maximum value would ideally 
be related to irrigated area of land and 
optimal irrigation rate (e.g., de Juan et al., 
1996). If this method were to be employed, 
then headroom (i.e., the difference between 
current allocation and the catchment limits) 
could also be calculated for all reaches across 
the catchment. This would also mean that the 
granting of a new take would not necessarily 
re quire changes to exist ing allocation rates. 

An added benefit of Strategy 7 is that 
this strategy could be employed to ensure 
limits were complied with, even if target 
total upstream allocation varied spatially. 
This might be the case if dif ferent rules for 
limits were deemed appropriate for different 
sized rivers (as was the case for the proposed 
National Environmental Standard), if stream 
depletion was known to occur or if a critical 
reach were identified. Critical reaches may 
be implemented in planning strategies for 
ecological reasons, such as to ensure fish 
passage (Young et al., 2010) or fish spawning 
(McDowall, 1998; Hickford and Schiel, 
2011). Similarly, Strategy 7 could also be 
used to assess changes to reliability of supply 
under different scenarios of rules for limits. 

Whilst the explicit requirement to set 
regionwide limits is relatively new in New 
Zealand, water resource use limits have been 
investigated and are in place on many rivers. 
For example, many Water Conservation 
Orders (WCO) containing minimum flows 
are in place (e.g., Buller WCO, Clause 5 and 
Clause 8; Grey WCO, Clause 4; Kawarau 
WCO, Clause 3; Mataura WCO Clause 4; 
Motueka River WCO, Clause 5; Rakaia WCO 
Clause 4; Rangitata WCO, Clause 5) (https://
www.mfe.govt.nz/issues/water/freshwater/
waterconservation/). Furthermore, regional 

councils have already set regionwide limits 
(e.g., Greater Wellington Regional Council, 
2012; Horizons Regional Council, 2014), 
or are now responding rapidly to the 
requirement to set limits within regional 
water management plans (Rouse et al., 2013) 
despite the deadline for implementing the 
NPSFM being not until 2025 (MfE, 2013). 
Recent examinations of sixteen regional plans 
found that nine defined minimum flows and 
seven defined total allocations (Rouse et al., 
2013; Snelder et al., 2014). Six regional plans 
defined limits (i.e., minimum flows and total 
allocations) for all rivers in the region.

Several practical issues may override the 
utility of the key findings given above. Firstly, 
it may not be possible to claw back over
allocation by adjusting existing water rights 
due to issues relating to legal precedent. 
Secondly, the NPSFM states that water 
quantity limits must account for cumulative 
effects including permitted activities, yet 
these activities may be carried out without 
the need for a resource consent so long as they 
comply with any requirements, conditions 
and permissions specified in the Resource 
Management Act. Consequently, estimates 
of potential takes resulting from permitted 
activities are required despite a lack of recorded 
data. Finally, estimates of hydrological 
indices and estimates of the longterm effects 
of groundwater takes on surface water are 
associated with mathematical uncertainties. 
This is particularly the case for catchments 
with unconfined aquifers. Incorporating 
these uncertainties into the planning 
process may require value judgements about 
whether to apply a more resourceenabling or 
environmentally conservative approach. 

Conclusions
Setting limits on water resource use is a 
legislative requirement in New Zealand. 
Implementation of appropriate limits 
will ensure sustainable environmental 
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management and clarity about water supply 
to potential users (i.e., allow freshwater 
objectives set in regional water management 
plans to be achieved). This work has clearly 
demonstrated that when designing strategies 
for implementing water resource use limits, 
the cumulative effects of multiple takes need 
to be considered in relation to both instream 
(e.g., residual flow regimes) and outof
stream (e.g., water availability) values. This 
is because the extent to which hydrological 
regimes are influenced by abstractions will 
be determined by not only the number and 
magnitude of takes, but also their positions 
in relation to each other and to the rest of 
the catchment. Hydrological predictions at 
ungauged sites across catchments can be used 
to devise strategies to ensure limits on water 
resource use are complied with at all locations 
across a catchment or region. For example, a 
strategy that, starting upstream and working 
downstream, calculates cumulative allocation 
and reduces the local take such that no 
upstream allocation limits are exceeded (our 
Strategy 7) would guarantee limits are met 
at all locations across a catchment; however, 
practical issues make implementation of this 
strategy difficult.
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