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Abstract
Regulatory responses to degradation of freshwater ecosystems have been characterized by long
response times and have often failed to prevent declining health or to implement successful restoration
programs.We studied environmental andmanagement dynamics of ecosystem restoration in Lake
Rotorua,NewZealand, where land use intensification is themain driver of water quality decline.
Water quality decline, invasions by exotic submerged plants and occurrences of algal blooms have led
to a number of in-lake interventions such as herbicide spraying (to control submerged plants) and
dosing of inflowswithAlum toflocculate phosphorus (and reduce algal blooms).Management of
land use to reduce nutrient run-off has also been initiated. Based on the drivers-pressures-state-
impact-response (DPSIR) framework, water quality changes andmanagement responses were
examined by studying research publications and data from1922 to 2013.Multinomial regression
analysis based on the generalizedmaximumentropymodel was used to investigate the five categories
ofDPSIR and examine relationships of environmental dynamics and regulatory responses.We tested
whether the visibility of ecosystemdegradation in the public sphere, and social lag times to respond to
them,were drivers of failures of these regulatory responses. Our study shows thatmanagement was
reactive, and regulations often took effect onlywhen ecosystemdecline was alreadywell advanced.
Therewas a disconnect between land use intensification and its role in drivingwater quality change.
Our results indicate that science can better informmanagement decisionmaking by providing a
holistic framework integrating ecological knowledge, economic interest and societal constraints.

1. Introduction

There is growing concern globally about degradation
in the health of freshwater ecosystems (Dudgeon
et al 2006, Vörösmarty et al 2010). Despite a high
dependency on freshwater for the provision of a range
of ecosystem services, governments globally have often
failed to protect, and struggled to restore, freshwater
resources, including rivers, streams, lakes and wet-
lands (Palmer and Richardson 2009, Moss 2010). In
freshwater systems in particular, pressures from
human activity have led to profound changes in
ecosystem integrity and resilience (Dudgeon
et al 2006, Folke 2006, Strayer and Dudgeon 2010).

Management responses have often been insufficient or
slow to mitigate these effects and at times ecological
changes pass a threshold where they are difficult to
reverse (Carpenter and Brock 1999, Scheffer and
Carpenter 2003). In many cases, freshwater manage-
ment is reactive rather than proactive (Carpenter
et al 1998, Smith 2003), and mitigation of anthropo-
genic impacts on ecosystems is inherently complex,
expensive, and subject to many uncertainties (Jeppe-
sen et al 2003, Schindler 2012).

Inability to fully integrate ecological processes
with management actions has been identified as con-
tributing to flawed decision-making processes for
freshwater management (Moss 1999). Whilst some

OPEN ACCESS

RECEIVED

12 February 2015

REVISED

11 June 2015

ACCEPTED FOR PUBLICATION

12 June 2015

PUBLISHED

2 July 2015

Content from this work
may be used under the
terms of theCreative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2015 IOPPublishing Ltd

http://dx.doi.org/10.1088/1748-9326/10/7/074003
mailto:hmueller.hm@gmail.com
http://dx.doi.org/10.1088/1748-9326/10/7/074003
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/10/7/074003&domain=pdf&date_stamp=2015-07-02
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/10/7/074003&domain=pdf&date_stamp=2015-07-02
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


studies of human impacts on ecosystems have con-
sidered an integrated ecological management
approach and socio-economic aspects (Carpenter
et al 1999, Atkins et al 2011, Pinto et al 2013), socio-
economics andmanagement actions have not necessa-
rily been measured and quantified. Statistical analysis
is not commonly incorporated into ecosystem man-
agement studies (e.g. Ellison 1996, McCann
et al 2006). Ability to quantify outcomes from inte-
grated management pathways based on ecological
principles could address this constraint. Combining
qualitative with quantitative research could lead to
demonstrable impacts on ecological, socio-economic
andmanagement systems.

The drivers-pressures-state-impact-response
(DPSIR) model is used to analyze resource manage-
ment processes and inform decision-making in the
policy process (De Groot et al 2010, Atkins et al 2011,
Pinto et al 2013). The framework is widely applied in
ecological research to manage diverse aquatic and ter-
restrial ecosystems, from local to global scales
(Tscherning et al 2012). Within DPSIR, the dynamics
of change can be viewed as linear or cyclical processes
in the context of water management, as described by
Carpenter et al (1998). The process starts with drivers
referring to human activities responsible for changes
in ecosystems. These exert pressures, which are pro-
cesses leading to environmental change. The middle
step describes the state of the ecosystem. A change of
the state then has an impact in terms of effects on eco-
logical processes and the human population. Lastly,
response refers to how the human activities are mana-
ged to prevent adverse impacts.

The primary objective of this paper is to ascertain
which factors were driving research focus with regards
to the five categories of the DPSIR framework, using a
case study of an iconic lake in New Zealand. Historical
data for Lake Rotorua (North Island, New Zealand)
from 1922 to 2013 have been used to provide a quanti-
tative analysis of management responses. Publications
are here used as a proxy to represent environmental
changes and management dynamics. Other options
could include environmental research funding or reg-
ulatory documents. Publications were chosen as they
were easily quantifiable, could be categorized into the
DPSIR framework, and were available for most years
of the study period.

Water quality problems in Lake Rotorua have been
linked to changes in land use and are characterized by
long lag times (Fish 1969, Howard-Williams
et al 1986, Abell et al 2011).We test the hypotheses that
management responses to ecosystem degradation are
linked to the visibility of ecosystem degradation in the
public sphere; that social lag times can slow down such
management responses; and that management strate-
gies are reactive rather than proactively preventing
ecosystem decline, and prone to fail to address the
underlying causes for environmental degradation. We
examine the intersecting elements of social lag times

and poor visibility of environmental change that have
affected the management of the lake historically, and
how contemporary restoration approaches will need
to avoid these elements. Our approach was to use gen-
eral maximum entropy (GME) regression to analyze
collected data. This multinomial method is suitable
for the analysis of small datasets of continuous and
binary variables, even when correlations between
explanatory variables are present (Golan et al 1996).

2.Methods

To identify mechanisms causing failures to prevent
lake ecosystem degradation, environmental changes
and management-response barriers to the restoration
of Lake Rotorua were analyzed. Data on historical
changes of ecological health and management of the
study lake were collected. Research publications were
used as the best available proxy representing knowl-
edge of environmental change and management
responses. The DPSIR framework (Atkins et al 2011)
was applied to the case study. Multinomial logistic
regression analysis based on the GME model (Golan
et al 1996) was used to study the effect that water
quality and important management changes have had
in stimulating studies in each variable category. Binary
explanatory variables were included to explore the
significance of relevant regulatory and institutional
events. We identified significant trends and evaluated
the usefulness of theDPSIR framework.

2.1. Study site
The Te Arawa lakes in the Central Volcanic Plateau,
North Island, New Zealand, comprise 12 lakes of
volcanic origin with varying characteristics and ran-
ging in trophic state fromoligotrophic to hypertrophic
(Burns et al 2005, Scholes 2011). The largest lake, Lake
Rotorua (figure 1), is the subject of this study. Itsmean
depth is 10 m and maximum depth is 45 m. It is
presently classified as eutrophic. The original domi-
nant land cover for this lakes region was temperate
rainforest (Clarkson et al 1991). Soon after European
settlement in the 1880s, bush and forest were cleared
and farming became widely established. Ownership of
the lake was taken from the Te Arawa tribe by the
Crown in 1922 and returned in 2006.

The change in land use led to water quality pro-
blems that were first recognized in the 1920s (Phillips
and Grigg 1922, Stafford and Rotorua District 1988).
More intensive water quality research commenced in
the 1960s (Hellaby 1960, Annett 1961, Fish 1963), at
which point water quality had been severely compro-
mised in the lake. The catchment was subject to
increasing pastoral conversion and intensification
during this time and in subsequent years. Prolifera-
tions of exotic submerged weeds were noted at the
beginning of the 1960s (Annett 1961). Aerial spraying
of weeds with Diquat® commenced in 1966, but did
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little to address underlying causes of water quality
decline (Stafford and Rotorua District 1988). Dis-
charge of treated wastewater from the adjacent city of
Rotorua (population c. 50 000) into Lake Rotorua
ceased in 1991, when a tertiary-treatment land appli-
cation commenced. This reduced nutrient loads, but
after some improvement in water quality in the 1990s
(Rutherford et al 1996), the quality continued to

decline (Burger et al 2008). For an overview of changes
in Lake Rotorua, selected water quality parameters
measured over the last decades are given in supple-
mentary S3.

The first step towards regulating nutrient inputs to
restore the eutrophic lake to its pre-1960s levels was
taken in 2002 by proposing a nutrient loss limit for the
catchment (Rule 11; table 1). Alum dosing of the

Figure 1.Catchment of Lake Rotorua, North Island, NewZealand. Arrows indicate streams for Alum application and land-based
treatedwastewater application.

Table 1.Overview of explanatory variables and description.

Variable name Year Description

TLI 1922–2013 Representation ofwater quality by trophic level indexwhich includesmeasurements of total phos-

phorus, total nitrogen, and chlorophyll a concentrations and Secchi depth

Peer review 1922–2013 Indication ofwhether publicationwas subject to peer review

LakeWeed Society 1961 Formation of society working to improvewater quality, founded after occurrence ofmajor lakeweed

problems at Lake Rotorua

Kaituna catchment 1975 UpperKaituna catchment control scheme to promote soil conservation and further to control lake

levels including flood protection stopbanks and planting of riparianmargins

FORLD 1980 Future options for the Rotorua LakeDistrict, project formed to deal with land use andwater quality

issues, developingmore sustainable resource use and alternativemanagement options for the

Rotorua lakes, including Lake Rotorua

RMA 1991 ResourceManagement Act; national level legislation promoting the sustainablemanagement of nat-

ural resources, includingwater

Sewage 1991 Rotorua sewage treatment plant upgrade and diversion of treatedwaste water away from lake to land

Fonterra 2001 Formation of Fonterra Co-operativeGroup; large dairymarketing and processing co-operative,

includingmore than 12 000 dairy farmers

EBOPChair 2002 Bay of Plenty Regional Council Chair in Lake Restoration, based at theUniversity ofWaikato, to pro-

mote bettermanagement andmonitoring of water qualitywithin the Rotorua lakes

Cyano blooms 2003 Major blooms of cyanobacteria (e.g.Anabaena planktonica) in Lake Rotorua

Lake Settlement 2006 After being seized by the Crown in 1922, ownership of Lake Rotorua (lakebed)was returned to Te

Arawa through signature of a deed of settlement

Rule 11 2008 RegionalWater and Land Plan. First regional legislation affecting landmanagement of the catchment

of selected Rotorua lakes, aimed at controlling land use intensification, in particular nutrient (nitro-

gen) run-off from farms
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Utuhina Stream inflow to Lake Rotorua commenced
in 2006 and was extended to include the Puarenga
Stream inflow in 2009. The objective was to flocculate
phosphorus (P) in the streams, reduce P loads to the
lake and limit algal growth in the lake. Currently, a
regulated cap on the catchment nitrogen load is inten-
ded to reduce nitrogen loads from the catchment by
around 40% by 2030. Following Alum dosing, water
quality has recently improved and in 2012met the tar-
get consistent with 1960s water quality levels for the
first time (BOPRC2013).

2.2.Data collection
We collected published data on water quality and
ecosystem health of Lake Rotorua using database
searches. A primary data source was a comprehensive
bibliography covering years 1922–2002 (Miller 2003).
A keyword search of Google Scholar, ISI Web of
Science and NZ Science was conducted to expand and
complement this dataset. Keywords used were ‘eutro-
phication’, ‘water quality’, ‘nutrient*’ and ‘Lake
Rotorua’. Data collection yielded a list of published
documents addressing water quality issues for the lake
from 1922 to 2013 (supplementary S1). Each publica-
tion was assigned to one of the five categories of the
DPSIR framework, according to the primary focus of
the paper. The focus was determined through scan-
ning of the text where possible; where the text was not
accessible, abstracts and titles were used to choose the
category the document primarily addresses (see cate-
gory description in introduction). Publications that
covered more than one category were counted in the
category that corresponded with their predominant
focus. A total of 351 publications was collected and
categorized.

2.3. Regression analysis
The dependent variable of the regression analysis
consisted of a multinomial response, denoting
whether a study focused on drivers, pressures, state,
impact or response. A range of explanatory variables
was incorporated. The regression analysis was applied
to the 351 publications to investigate which factors
(table 1) had the greatest impact on the probability
that a publication belonged to one of the five different
categories of the dependent variable.

One explanatory variable in the regression reflec-
ted water quality. Each publication was assigned a
value for water quality as indicated by the trophic level
index (TLI) observed at time of publication. TLI, simi-
lar to the trophic state index (Carlson and Simp-
son 1996), gives an assessment of the trophic state of a
lake and is widely used in New Zealand as an inte-
grative proxy for water quality (e.g. Verburg
et al 2010). The index includes measurements of total
phosphorus, total nitrogen and chlorophyll a con-
centrations and Secchi depth (Burns et al 1999). TLI
levels range from 0.0 (ultra-microtrophic) to 7.0

(hypertrophic). A eutrophic condition is denoted by a
TLI level of 4.0–5.0. TLI is calculated using equations
relating to the four variables:

a aChlorophyll TLc 2.22 2.54 log (Chl ),

(1)

= +

Secchi depth TLs 5.10 2.60

log (1/SD 1/40), (2)

= +
−

Total phosphorus TLp 0.218 2.92 log (TP),

(3)

= +

Total nitrogen TLn 3.61 3.01 log (TN),

(4)

= − +

Integrated value TLI 1/4(TLc TLs

TLp TLn). (5)

= +
+ +

TLI was calculated using measured data provided
by Bay of Plenty Regional Council and the National
Institute for Water and Atmospheric Research
(NIWA), based on samples taken routinely in the cen-
tral region of the lake. Prior to commencement of
measurement, TLI levels between 1922 and 1966 were
interpolated under the assumption of a linear increase
from a modeled TLI of 4.04 for the 1920s (Hamilton
et al 2012). While earlier TLI levels are likely to have
fluctuated, as measurements of later years show, this
linear increase is expected to at least represent the
trend of a continuous decline in water quality over
those years.

Eleven binary explanatory variables were used to
analyze dynamics in water quality research, manage-
ment and environmental change. One variable indi-
cated whether or not the publication was peer
reviewed. Ten further variables were chosen as indica-
tors of regulatory developments, environmental chan-
ges, or changes in institutions and science.
Explanatory variables are listed in table 1; a statistical
overview is given in table 2. The regression analysis
used a GME model based on a method developed by
Golan et al (1996). Equations used for this calculation
are given in table 3. Entropy refers to measures of
uncertainty in a variable, making it possible to recover
information about systems with incomplete response
data. GME is based on a linear regression problem
where probabilities are calculated though nonlinear
optimization. The maximization of the entropy
equation (table 3) identifies the probabilities that
could have been generated by the data in the most
number of ways. The regression problem is solved
using nonlinear optimization code, more specifically
the general algebraic modeling system (GAMS)
(Brooke et al 2014).

Results from the regression analysis yield an odds
ratio, as well as a measure of statistical significance (p
value) for each of the explanatory variables. The odds
ratio shows how strongly one property or outcome,
corresponding to the categories of the dependent vari-
able, is associated with the presence of another
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property in a dataset. A coefficient for each explana-
tory variable shows the probability that publications
focused on one of the categories of the dependent vari-
able, compared to a baseline category. The state cate-
gory from the DPSIR framework was chosen as the
baseline category for the calculation of odds ratios.
This was chosen for simplicity, because it is inter-
mediate in the DPSIR series, and because this classifi-
cation contained the highest number of observations.

2.4. Temporal resolution analysis
Time series analysis was used to analyze temporal
resolution of the DPSIR framework and to quantify
the lags between the DPSIR categories and the
explanatory variables of the multinomial regression.
For the analysis, a Pearson correlation coefficient r was
calculated for each of the binary explanatory variables
(except peer review, which is not linked to a particular
year) relating to each of the categories of the DPSIR
framework, using the equation

{ }{ }
( ) ( )( )

( ) ( )
r

n xy x y

n x x n y y
,

2 2 2 2

∑ ∑ ∑
∑ ∑ ∑ ∑

=
−

− −

where n is the number of pairs, x is the number of x
scores (year of publication) and y is the number of y
scores (number of publications). Coefficients were
calculated for time lag series of 3, 5 and 10 years time
lag after the year of each explanatory variable. To test
statistical significance, the p value for each correlation
coefficient was also calculated.

3. Results

3.1.Water quality research anddata
All documents were categorized according to their
primary focus within the DPSIR framework. Forty-
seven publications were categorized in the drivers
category, 75 in the pressures category, 116 in the state
category, 20 in the impact category, and 93 in the
response category (supplementary S1). A timeline of
environmental change, management responses and
other important events represented by the binary

explanatory variables is plotted in figure 2. Results of
the data collection, including water quality (TLI) and
number of publications, are also given in figure 2. A
decline in water quality (i.e., an increase in TLI) is
indicated by a steady move towards a TLI of 5.0 in the
1970s, with further peaks in TLI levels observed in
1985 (5.06) and 2003 (5.03). Publication numbers
reached a first peak at a similar time (early 1970s),
dropped off in the 1980s and a second peak occurred
in the late 1990s and early 2000s.

There was a substantial increase in research soon
after 1960 when water quality problems first started to
become obvious to the public, with a peak in 1975
(total of 22). When visibility of eutrophication sub-
sided after initial management responses, such as phy-
sical removal and aerial spraying of weeds, the number
of publications decreased. Recent times saw con-
sistently higher numbers of publications after 2003,
when algal blooms again became prevalent on Lake
Rotorua (Burger et al 2007).

Times of visible water quality changes led to
responses in management to address the changes after
some lag time of five to ten years (figure 2). Lake weed
occurrences in the 1960s were followed by the Kaituna
catchment scheme in 1975, while cyanobacterial
blooms in the 2000s were followed by Rule 11 in 2008.
High trophic levels inmid-1980s were also followed by
the sewage upgrade scheme in 1991 (figure 2). Water
quality of Lake Rotorua has fluctuated over the years,
but a continuous trend of degradation resulted in
these management responses, while initially lagging in
efficiency in terms of significant improvements in
water quality. Only since 2006 has water quality con-
tinuously improved (figure 2), suggesting that inter-
ventions until then were at best partially successful in
addressing water quality issues, allowing degradation
to continue.

3.2. GME regression analysis
Water quality (TLI) had a significant relationship
(p< 0.05) with the category of publications (table 4),
with a shift in focus of publications to the impact
category, relative to the state category. Occurrences of

Table 2. Summary of statistical information of explanatory variables.

Variable Type Mean Std dev Min Max

TLI Continuous 4.55 0.25 4.04 5.06

LakeWeed Society (1961) Binary 0.98 0.15 0.00 1.00

Kaituna catchment (1975) Binary 0.81 0.39 0.00 1.00

FORLD (1980) Binary 0.64 0.48 0.00 1.00

RMA (1991) Binary 0.46 0.50 0.00 1.00

Sewage (1991) Binary 0.46 0.50 0.00 1.00

Fonterra (2001) Binary 0.33 0.47 0.00 1.00

EBOP chair (2002) Binary 0.30 0.46 0.00 1.00

Cyano blooms (2003) Binary 0.28 0.45 0.00 1.00

Lake Settlement (2006) Binary 0.22 0.42 0.00 1.00

Rule 11 (2008) Binary 0.17 0.38 0.00 1.00

Peer review Binary 0.33 0.47 0.00 1.00
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Table 3.Generalizedmaximumentropy regression equation and description.

Equation Formula Description Constraints

Coefficient estimator P z kk c
C

k c k c1 , ,β = ∑ ∀= kβ Regression coefficient P [0, 1]k c, ∈ and P z k1c
C

k c k c1 , ,∑ = ∀=

Pk c, Decision variables

zk c, Fixed supports

c C[1, 2, , ]= … Support points index

Error term e W v tt d
D

t d t d1 , ,= ∑ ∀= Wt d, Decision variables W [0, 1]t d, ∈ Wt,d and W 1d
D

t d1 ,∑ ==

vt d, Fixed supports

d D[1, 2, , ]= … Support points index

Data equation y X e P z X

W v t

t k
K

k k t t k
K

c
C

k c k c k t

d
D

t d t d

1 , 1 1 , , ,

1 , ,

β= ∑ + = ∑ ∑

+ ∑ ∀

= = =

=

Xk t, Parameter data

k K1, 2, ,= … OverN observations

Entropy equation ( ) ( )J P ln P W ln Wmax k
K

c
C

k c k c t
T

d
D

t d t d1 1 , , 1 1 , ,= −∑ ∑ − ∑ ∑= = = = Objective function:maximization of the entropy criterion W 0t d, ⩾
P 0k c, ⩾

P z 1c
C

k c k c1 , ,∑ ==

W 1d
D

t d1 ,∑ ==
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cyanobacterial blooms in 2003 also had a statistically-
significant impact on the categorical focus of publica-
tions (p< 0.05), and led to a noticeable shift in focus to
the impact category, with odds being 73.2 times higher
that a publication was focused on impact, relative to
the state. A further statistically-significant effect
(p< 0.05) was the formation of the LakeWeed Society,
which occurred following major lake weed problems
in the 1960s. The Society associated with this variable
had a significant impact in terms of changing the focus
of publications, indicated by odds of 58.8 times higher
for impact relative to state.

The variable with the least statistical significance
(p> 0.1) was Lake Settlement. The introduction of the
Resource Management Act (1991) and the Future
Options for the Rotorua Lakes (FORLD) project also
had no statistical significance (p> 0.05). The forma-
tion of the Fonterra dairy cooperative in 2001 and the
Kaituna catchment scheme (1975) had no significant
impact on the categorical focus of publications, indi-
cated by low odds ratios. Contrary, the appointment
of a University of Waikato-based Chair in Lake

Restoration (2002) and the implementation of Rule 11
as a regulatory step aimed at managing land use for
improvement of water quality in 2008 were of sig-
nificance (p< 0.05). Rule 11 had an impact in chan-
ging the focus of the publications to the drivers
category, indicated by odds of 7.93 times higher rela-
tive to state. Odds for the response category were 3.27
times higher. The Lakes Chair appointment had an
impact in changing the focus to the drivers (odds 57.0
times higher) and pressures (51.7) categories, relative
to the state category.

The variable associated with removal of point
source pollution through sewage treatment upgrades
(1991) had the highest statistical significance
(p< 0.01), with odds ratios that indicated a shift in
focus towards the pressures category, with odds three
times higher relative to the state. The peer review vari-
able showed no statistical significance (p> 0.05) and
low odds ratio (<1), indicating that this variable had
no impact on the categorical focus of publications.
Our results show that water quality levels, visible water
quality changes (algal blooms) and public campaigns

Figure 2.Water quality of Lake Rotorua and related publications for Lake Rotorua, 1922–2013. Explanatory variables aremarked in
year of occurrence.

Table 4.Results of GME regression analysis presenting odds ratios of explanatory variables. Asterisks indicate statistical
significance (* = statistical at 10% level, ** = significant at 5% level, *** = significant at 1% level).

Explanatory variable Type p value Drivers Pressures Impact Response

Trophic level Continuous <0.05** 1.28 1.71 8.98 1.99

LakeWeed Society (1961) Binary <0.05** 1.51 1.51 58.83 1.51

Kaituna catchment (1975) Binary <0.05** 0.84 0.68 1.83 0.38

FORLD (1980) Binary >0.05 1.88 4.36 0.53 5.82

RMA (1991) Binary >0.05 0.46 0.04 8.09 0.74

Sewage (1991) Binary <0.01*** 1.78 3 0.89 0.94

Fonterra (2001) Binary <0.05** 0 0 0.95 0.74

EBOP chair (2002) Binary <0.05** 56.95 51.71 0 1

Cyano blooms (2003) Binary <0.05** 0.76 3.06 73.2 3.34

Lake Settlement (2006) Binary >0.1 2.66 0.6 3.39 0.14

Rule 11 (2008) Binary <0.05** 7.93 1.39 1.7 3.27

Peer review Binary >0.05 0.34 0.74 0.96 0.27

CountR2 54.4%
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were most significant in determining the focus of
water quality research, which is shown by the high sta-
tistical significance and odds ratios of the explanatory
variables most closely linked to this (water quality
indicated by TLI, cyano blooms, Lake Weed Society,
EBOP chair andRule 11) (table 4).

3.3. Temporal resolution analysis
Results of the time lag analysis show the temporal
resolution of the DPSIR framework and the explana-
tory variables. A time lag of five years after each year
associated with occurrence of the explanatory vari-
ables was identified as themost significant time step. A
three-year lag showed some significance, while a ten-
year lag showed little statistical significance (supple-
mentary S2). The most significant explanatory vari-
ables after the five-year lag included FORLD, Rule 11,
EBOP chair and Lake Weed Society. The pressures
category showed most statistically significant correla-
tions, whereas the impact category showed low sig-
nificance (figure 3). RMA and Sewage showed weak
correlations after three years only. After five years,
correlations were strongest for EBOP chair, Lake
Weed Society, Fonterra and FORLD for the pressures
category. Fonterra and Kaituna catchment show
strong correlation with the state category. The Lake
Settlement variable showed no statistically significant
correlations, with the highest (<0.65) correlation
coefficients occurring after a five-year lag time. After
ten years, the only significant correlations are Cyano
blooms related to the drivers category, and Lake Weed
Society to the state category (supplementary S2).

4.Discussion

This study is the first to integrate GME regression with
the DPSIR framework. With this integration we have
demonstrated a novel means to analyze trends in
published research on lake restoration and water
quality in the study area. In the following we address
how poor visibility of environmental change, social lag
times from recognition of degradation tomanagement
responses, and a reactive nature of management
responses contribute significantly to failures in
restorative lakemanagement.

4.1. Visibility of environmental degradation
In this case study, immediately visible events such as
the occurrence of extensive lake weed problems (‘Lake
Weed Society’) and, decades later, algal blooms
(‘cyano blooms’), were most significant in influencing
publication numbers and type (table 4). While vari-
ables associated with visible environmental change
(e.g. water quality, algal blooms) had a significant
impact and shifted the publications’ focus towards the
impact category (associated with a transition to
management responses), other variables not so visible
to the public had little impact (e.g. RMA, FORLD).
TLI, the formation of the Lake Weed Society, and
major lake weed growth and algal blooms commen-
cing in 2003 had a major impact on shifting the focus
to the impact category. Cyano blooms and Lake Weed
Society also were the only variables showing signifi-
cance in the 10 year timeframe in the correlation
analysis, indicating that these events perhaps had a
lasting impact.

Figure 3.Explanatory variables that exhibited statistically significant relationship; plot shows the correlation coefficient for each
dependent variable (D,P, S, I,R) for a five-year time lag.
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These events had an immediate negative impact on
the public, including visual effects, lake closures or
health warnings, which can function as a motivation
for both research conducted andmanagement respon-
ses taken (table 4). The variable of impact appears
important to drive change, as publications within this
category focus on the direct impact that degradation
has on the public. This variable is not strongly popu-
lated in the dataset of publications, with only 20 out of
351. The impact category was also of little significance
in the temporal resolution analysis. Minimal focus on
the impact that water quality issues have on the public
may also explain a lack of regulation that could
improvemanagement.

4.2. Response lag times
Response lag times are related to the time between the
recognition of the degradation process of an ecosystem
and ensuing management responses. Slow manage-
ment, political will and the research funding might all
play a role in causing these lags. In our case study, this
refers to time passing between recognition of environ-
mental change in research and public discussion,
including the formation of the Lake Weed Society in
the 1960s, and the first attempts to address water
quality issues through nutrient load management
starting in 1975, up to 15 years later (Kaituna
catchment scheme), followed by further changes in
1991 (sewage upgrade). Formal regulation was not
implemented until the 2008 (Rule 11); almost fifty
years after lake water quality problems were first
noticed.

Our temporal resolution analysis shows lag times
between events represented by the explanatory vari-
ables and responses within the DPSIR categories are
most significant at five years. This might be associated
with the nature of the scientific process, which can
contribute lag times through peer-review processes
and dependence on research funding availability,
which is also influenced by political factors. In our
study, there was no significance to whether a study was
peer-reviewed or not, which suggests that the
approach of studying publications is a valid approx-
imation. Peer-reviewed publications often appear to
take longer to be published, but results here indicate
that a time lag of five years occurred in all publications,
and was a significant temporal effect whereas the type
of publication was not significant (table 4, supplemen-
tary S2).

Lag times result in separation of recognition of an
environmental problem in the scientific community
from regulation formulated to counter the problem.
These lags are particularly evident in our study in the
number of publications focused on water quality, lake
ecosystem degradation and its causes in the 1970s
(total n= 94) (figure 2). Sound knowledge of how
water quality decline was linked to land use was estab-
lished at that time (Fish 1969), but no regulation was

implemented to address land use intensification until
2002 (Rule 11). Lags are also visible at a national scale,
where freshwater ecosystem decline was in many cases
allowed to continue with insufficient regulation
(PCE 2013). Up to five decades between recognition of
causes of environmental degradation and responses
led to further degradation of the ecosystems.

4.3. Reactivemanagement responses
As water quality decline was allowed to progress when
knowledge of degradation and its causes already
existed, responses tended to be reactive. Responses
were often only implemented at a stage of severe,
visible environmental degradation in the form of weed
growth and algal blooms. Reactive management is
common internationally, and often regulations take
effect only when ecosystem decline has already pro-
gressed significantly, potentially leading to regime
shifts and widespread algal blooms (figure 2; Scheffer
and Carpenter 2003, Smith 2003). At that point,
management to prevent further degradation may be
difficult due to established land use activities, nutrients
already in the lake, regime shifts that may be difficult
to reverse (Scheffer and Carpenter 2003), and addi-
tional nutrients already in transit due to long ground-
water lags (Morgenstern and Gordon 2006, Burger
et al 2008).

Regulation allowed for continuation of land use
intensification, in particular dairying, in the catch-
ments of several Rotorua lakes (Timmins and
Savage 1981, Edgar 2008). As dairying is now firmly
established as an industry important to the regional
economy, the costs of restoring lakes have to date been
borne by the entire rate-paying community through
regional council funded initiatives to restore water
quality, rather than directing some of the cost to those
land uses that have caused the decline. Many agri-
cultural stakeholders favor intensification of land use,
which is at odds with lake restoration goals (Abell
et al 2011). The disconnect between land use impacts
and lake ecosystem change means ecosystem degrada-
tion is unnoticed by the public until a threshold con-
sistent with observable deterioration is reached, such
as levels of eutrophication at which blooms of algae are
widespread. Within the concept of regime shift, this
may coincide with the point where ecosystem degra-
dation has progressed far enough to make restoration
more difficult and costly (Scheffer and
Carpenter 2003).

4.4. Applicability of theDPSIR framework
Our results also indicate that the DPSIR framework
might not be entirely suitable to describe the process of
environmental degradation and its management
responses. The concept assumes a linear progression
from one category to the next, culminating in a
management response. However, our analysis shows
that such linear progression might not always take
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place. Our correlation coefficient analysis shows that
there is no temporal progression through the cate-
gories of the DPSIR framework (figure 3, supplemen-
tary S2).

Odds ratios and statistical fit of the model derived
from the multinomial regression analysis give insight
into the relevance of the DPSIR framework as applied
in this context. The fit of the model, illustrated by the
count R2 (54.4%, table 4), is comparable to that
obtained in other cross-sectional studies that employ
entropy regression for analysis of datasets of this kind
(e.g. Doole et al 2014). This result indicated the ade-
quacy of themethod and estimates obtained.

Some variables were expected to have a more sig-
nificant impact, including trophic level and cyano-
bacterial blooms, when compared to the sewage
treatment upgrade, which showed the highest statis-
tical significance, even though odds ratios were com-
paratively lower. The ‘peer review’ and ‘Fonterra’
variables were expected to be of low significance. Both
variables are not at the forefront of public awareness of
environmental change, and were also expected to be of
little relevance to research conducted. The RMA as a
major piece of natural resource legislation in New
Zealand was expected to be of at least some sig-
nificance. Authorities perhaps needed time to become
familiar with implementing this legislation within the
intended context, leading to additional lag time.

4.5.Wider implications of research
The approach of using research publications to
represent knowledge of environmental changes and
management responses is limited; there are many
other factors influencing these publications, including
research funding, research employment numbers and
the general political and socio-economic climate
within a region or country. The science process itself
has a significant impact on the number, type and focus
of publications in this area. Scientific research pro-
cesses are complex and (often commercially driven)
funding available plays a major role in this
(Edmeades 2004). However, we found this approach
nevertheless provided useful insights into the
dynamics studied, and provided the best proxy avail-
able for our study.

Our study site is ideally suited to studying reg-
ulatory failure arising from long lags between recogni-
tion and action in the field of natural resource
management. Natural resource regulators of Lake
Rotorua were slow to recognize scientific insights into
water quality issues caused by land use intensification,
and changes have taken place only very recently. These
hindrances are applicable to awider spatial scale, when
evaluating how resources are managed globally and
how ecosystems are exploited to a point where change
becomes difficult to reverse. Business-as-usual is the
pathway that generally encourages further ecosystem
degradation until a threshold is reached where the

public is affected significantly, and governments
accept the need to drive change.

A focus on economic development means fresh-
water management is subject to a trade-off between
economic benefits and environmental costs, which
creates a barrier to improvements in water quality
(Edgar 2008, PCE 2013). Focus on economic aspects is
often assumed as the underlying reason why ecosys-
tem health is not prioritized (Scheffer et al 2000,
Marsh 2012). This appears to be only one aspect of the
failure to maintain or restore the health of ecosystems.
Even when the protection of waterways provides eco-
nomic gain, management can still be prone to failure
as social lag times and the lack of visibility of environ-
mental issues lead to inaction and complacency. Rea-
sons for the failure to protect lakes from degradation
from land use change therefore appear to include long
social lags, and a lack of visibility of environmental
problems, alongside the unquantified aspect that some
land use changes have significant economic implica-
tions. For more effective ways of managing lakes and
land use, and informing regulation under given envir-
onmental and socio-economic constraints, an inte-
grated approach needs to be taken that considers these
constraints.

5. Conclusion

This paper provides a quantitative evaluation of how
management responses are reactive and what drove
failures of lake ecosystem protection and restoration.
It explores how knowledge of these dynamics can be
integrated into more effective management aimed at
reducing human impacts such as pollution and
nutrient runoff into waterways. The aim of this novel
approach is not wide-scale reduction of environmen-
tal impacts compromising socio-economic aspects;
rather it is supporting a new framework of policy
design where existing shortcomings can be resolved by
an integrative, interdisciplinary approach. This
encompasses ecological knowledge, economic inter-
ests and societal constraints. Simulation and models
could help visualize environmental problems, and
inform decisions of policy makers. Sustainable
resource management could benefit from a combina-
tion of sound scientific knowledge, educated commu-
nities and collaborative approaches to regulation that
account for all stakeholders’ interests.
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