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EXECUTIVE SUMMARY 

Reference conditions that correspond to baseline conditions in the absence of human disturbance 

provide a valuable benchmark to assess the current state of aquatic ecosystems. The objective of this 

study was to estimate annual mean values of Trophic Level Index (TLI; Burns et al. 1999) variables 

corresponding to reference and current conditions for lakes in the Waters of National Importance 

(WONI) database, which comprises mapped lakes >1 ha in New Zealand.  

National Water Quality Monitoring Network lake data were used to develop statistical models to 

predict average values of the four constituent TLI variables: concentrations of total nitrogen (TN), 

total phosphorus (TP), chlorophyll a and values of Secchi depth. Separate models were developed to 

predict water quality corresponding to current and reference states. Multiple predictor variables were 

used. For estimating current water quality, these included estimated TN and TP concentrations in lake 

inflows that were calculated using output from the Catchment Land Use for Environmental 

Sustainability (CLUES) model. For estimating reference water quality, we used stream reference 

concentrations estimated by McDowell et al. (2013) to predict reference nutrient concentrations for 

lake inflows. Uncertainty was quantified using a resampling (bootstrapping) method that yielded 95% 

confidence intervals for model predictions that accounted for uncertainty in estimates of predictor 

variables and model structural error. 

Estimates of TLI variables were derived for approximately 1,030 lakes in the WONI database. (TLI 

variables could not be predicted for all ~3,800 lakes in the WONI database because estimates of 

predictor variables (e.g., water residence time) were not available for many lakes). Model predictions 

of individual TLI variables were then used to estimate TLI for reference and current states (Figure i), 

with the difference between these values interpreted as a measure of change in trophic status from 

reference conditions. Current TLI was greater than reference TLI in 89% of lakes. On average, lake 

TLI was 0.67 units greater under current conditions than reference conditions (standard deviation = 

0.67 units). Based on predictions, 32% of lakes were oligotrophic under current conditions, compared 

with 68% of lakes under a reference state. Under current conditions, 38% of lakes were mesotrophic, 

compared with 24% of lakes under a reference state. The predominant lake trophic status under a 

reference state was oligotrophic and the predominant trophic state under current conditions was 

mesotrophic. Under current conditions, 28% of lakes have a trophic status of eutrophic or greater 

(TLI > 4) compared with 5% of lakes under reference conditions. Model predictions are provided in 

accompanying files, although users should note that the results are intended to provide understanding 

of national-scale trends, rather than highly accurate predictions for individual lakes.  
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Figure i. Predicted current and reference Trophic Level Index (TLI) values for 1,031 

lakes in New Zealand. Vertical lines denote 95% confidence intervals. 

Reproduced from Figure 28 in this report. 
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1. INTRODUCTION 

Reference conditions that correspond to baseline conditions in the absence of human disturbance 

provide a valuable benchmark to assess the current state of aquatic ecosystems (Stoddard et al. 2005; 

Hawkins et al. 2010). The objective of this study was to estimate annual mean values of Trophic Level 

Index (TLI; Burns et al. 1999) variables corresponding to reference and current conditions lakes in the 

Waters of National Importance database. As such, these estimates provide a measure of how the 

trophic status of lakes in New Zealand has changed due to human disturbance. 

2. METHODS 

2.1. Overview 

Methods are summarised in Figure 1. This study involved a sequence of analysis steps that integrated 

data from the following sources: 

1. The Waters of National Importance (WONI) database that comprises spatial, land use and 

physical data for 3,820 lakes in New Zealand that include all mapped lakes with an  

area >1 ha (Snelder 2006; Leathwick et al. 2010); 

2. A National Water Quality Monitoring Network (NWQMN) database that includes water 

quality data for 166 lakes that were measured by regional councils and unitary authorities for 

the period 1975–20141; 

3. The River Environment Classification database (v2.4) that includes modelled discharge, 

elevation, geological and climatic classifications for each stream reach in mainland New 

Zealand identified in a 30 m horizontal-resolution digital elevation model (NIWA 2017); 

4. National output1 from Catchment Land Use for Environmental Sustainability model  

(Elliot et al. 2016), which is a steady-state GIS-based modelling framework that predicts water 

quality variables for each REC river reach sub-catchment. This includes median total nitrogen 

(TN) and total phosphorus (TP) concentrations that are predicted using the SPARROW 

(Schwarz et al. 2006) component of CLUES and a concentration ratio method (Oehler and 

Elliot 2016); and 

5. Median stream reference nutrient concentrations and associated estimates of standard error 

for REC stream classes estimated by McDowell et al. (2013). The authors used data collected 

from >1,000 stream sites across New Zealand during 1989–2009 to develop models for 

different REC classes. Specifically, the authors developed non-linear models between stream 

nutrient concentrations and the proportion of intensively-farmed land in a catchment. Based 

on these models, the authors calculated reference concentrations that corresponded to 

concentrations under a scenario of no intensively–farmed land, based on the well-established 

                                                 
1 Data provided by C. McBride, Lake Ecosystem Research New Zealand, University of Waikato. 
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dominant influence of intensive agriculture on nutrient concentrations in New Zealand 

streams (e.g., Larned et al. 2016). 

Broadly, this study involved using the NWQMN lake data to develop statistical models to predict 

current in-lake TN and TP concentrations using predictor variables that included CLUES outputs. 

These models were then used to estimate current in-lake TN and TP concentrations in unmonitored 

lakes included in the WONI database. Models were then developed to estimate in-lake TN and TP 

concentrations that correspond to a reference state without human disturbance using predictor 

variables that included the stream reference concentrations estimated by McDowell et al. (2013). 

Models were then developed to estimate chlorophyll a concentration (using TN and TP 

concentrations) and Secchi depth for reference and current states. Finally, model predictions of TLI 

variables were then used to estimate TLI for reference and current states, with the difference between 

these values used to provide a measure of change in trophic status from reference conditions. 
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Figure 1. Overview of analysis steps. TN, total nitrogen; TP, total phosphorus; CLUES, Catchment Land Use for 

Environmental Sustainability model; WONI, Waters of National Importance; NWQMN, National Water 

Quality Monitoring Network. 

 

Prepare 

data

Analyse NWQMN lakes (n ≤ 166) to 

estimate average in-lake TN and TP 
concentrations under current 

conditions (TNlake and TPlake)

Run CLUES for lakes in WONI 

database (n ≤ 3820) to estimate 
current inflow TN and TP 

concentrations (TNinflow and 

TPinflow)

Use stream reference nutrient 

concentrations (McDowell et al. 
2013) to estimate reference lake 

inflow TN and TP concentrations 

(Ref_TNinflow and Ref_TPinflow)

Identify ‘least disturbed’ 

NWQMN lakes

Use Ref_TN_inflow and Ref_TP_inflow

estimates in models developed for ‘least 
disturbed’ lakes to estimate average in-

lake TN and TP concentrations for a 

reference state (Ref_TNlake and 
Ref_TPlake)

Develop models to predict 

TNlake and TPlake in all lakes 
based on predictor variables 

that include TNinflow and TPinflow

Develop models to predict 

TNlake and TPlake in ‘least 
disturbed’ lakes based on 

predictor variables that include 

TNinflow and TPinflow

Estimate current and 

reference in-lake 
nutrient 

concentrations

Develop models to predict annual mean 

chlorophyll a concentrations under current 
conditions (Chl) based on predictor variables 

that include TNlake and TPlake

Calculate TLI - Ref_TLI for each lake  

Develop models to predict annual mean 

chlorophyll a concentrations under reference 
conditions (Ref_Chl) based on predictor variables 

that include Ref_ TNlake and Ref_ TPlake

Estimate current and 

reference chlorophyll 
a concentrations

Estimate current and 

reference Secchi 
depth

Develop models to predict annual mean 

Secchi depth under current conditions (Secchi) 
based on predictor variables that include Chl

Develop models to predict annual mean Secchi 

depth under reference conditions (Ref_Secchi) 
based on predictor variables that include Ref_Chl

Estimate change 

in trophic status 
of NZ lakes from 
a reference state  

Estimate Trophic Level Index under current 

conditions (TLI) based on TNlake,TPlake, Chl
and Secchi

Estimate Trophic Level Index under reference 

conditions (Ref_TLI) based on Ref_ TNlake, 
Ref_ TPlake, Ref_ Chl and Ref_ Secchi



NZ Lakes Resilience  Page 4 

1354-02 

2.2. Data Exploration 

Morphometric characteristics of lakes included in the NWQMN sample (n = 166) used for model 

fitting were broadly representative of the larger WONI sample (n = 3,820) of New Zealand lakes 

>1 ha, although large (area > ~5 km2) and also shallow (maximum depth < ~10 m) lakes were 

somewhat disproportionately represented in the NWQMN sample (Figure 2). This may reflect that 

such lakes are most likely to have high socioeconomic values and are therefore most likely to be 

priorities for monitoring. Large shallow lakes may also be more likely to be lowland lakes that are close 

to population centres, where monitoring is more easily accomplished. 

The distribution of lakes among different geomorphic types was also similar between the WONI 

sample and the samples used for model fitting, although the proportion of aeolian (dune) lakes and 

volcanic lakes was substantially lower in the WONI sample than the samples used for model fitting 

Table 1. Glacial lakes seemed to be somewhat under-represented in the samples used for model fitting 

(Table 1). 

Figure 2. Relative frequency of morphometric variables in the WONI sample  

(n = 1,080) and lakes in the NWQMN observed sample that were used to fit 

models to predict in-lake nutrient concentrations (n = 84). Not all lakes in the 

NWQMN observed sample (n = 166) were used for model fitting as some lakes 

were screened out during data review (see main text). 
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Table 1. Proportion of lakes by geomorphic type in the WONI sample (n=3,820) and the 

samples used to develop models to predict TNlake (n = 76) and  

TPlake (n = 84). The samples used for model fitting are described further in 

Section 2.3.  

 

 

2.3. Nutrients 

2.3.1. Lake Inflow Concentrations 

CLUES (version 10) output for mainland New Zealand was analysed to estimate representative inflow 

concentrations of TN and TP for each lake. For each lake, inflows were identified as follows: 

1. Stream reaches within the REC layer that intersect lakes were identified; 

2. Lake outflows were then removed by omitting reaches that have a downstream elevation that 

is less than the lake surface elevation, and; 

3. Stream reaches within lake boundaries were removed by omitting reaches that have a ‘start 

elevation’ and ‘end elevation’ that differ by <1 m. (These ‘internal’ reaches are part of the 

structure of the REC layer and do not correspond to real streams). 

Median values of TN and TP concentrations, in addition to mean discharge (m3 s-1), were then assigned 

to each inflow by matching inflows with CLUES output based on corresponding ‘NZREACH’ 

identification numbers. Mean flow-weighted TN and TP concentrations (TNin and TPin) were then 

calculated for each lake to provide estimates of inflow nutrient concentrations under current 

conditions. Lake inflow concentrations for the NWQMN sample were generally representative of 

inflow concentrations assigned to the larger WONI sample, although the TNin values in the WONI 

sample were somewhat lower on average (Figure 3a and b).  

Geomorphic Type WONI
1 TN sample TP sample

Shoreline 8% 5% 5%

Aeolian 9% 29% 30%

Riverine 21% 17% 12%

Dam 14% 4% 4%

Volcanic 3% 14% 17%

Peat 3% 6% 1%

Glacial 39% 24% 28%

Landslide 2% 2% 3%

Geothermal <0.25% 0% 0%

Tectonic <0.25% 0% 0%

1
 335 (9%) of lakes in the WONI sample had an undefined type;

these are omitted from this analysis
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Estimates of TNin and TPin were screened to identify anomalous values. Inflow nutrient concentrations 

were not assigned for a large number (~2600) of lakes in the WONI sample, reflecting that these lakes 

had no inflows represented in CLUES. These lakes were removed from the analysis. For the 

NWQMN sample, ratios of inflow concentration to in-lake concentration were calculated (Figure 3c 

and d) to screen for potentially erroneous inflow concentrations based on the assumption that outlier 

values of these ratios may reflect erroneous inflow concentrations; e.g., because an important nutrient 

source such as groundwater or a wastewater outfall was not represented in the CLUES output. In 

some cases (e.g., Lake Rerewhakaaitu, Bay of Plenty) this may reflect a disconnect between the 

topographic catchment and sources of water to the lake. Based on this, five lakes with the highest 

TPin:TPlake ratio were omitted2 from the NWQMN sample (see right-hand tail in Figure 3c). In addition, 

the following changes were made to inflow concentrations based on data exploration: 

1. Inflow concentrations for Lake Waikopiro (LID = 36980; Hawke’s Bay) were anomalously 

low. These were changed to match Lake Tutira (LID = 36981), which Lake Waikopiro is 

intermittently connected to; 

2. Inflow concentrations for Lake Pauri (LID = 18933; Horizons) were anomalously low. These 

were changed to match Lake Wiritoa (LID =18934), which is adjacent to this small lake and 

has similar catchment land use, and; 

3. Lake Rototuna (LID = 50345; Northland) had a TNin concentration of 0 mg m-3. This was 

changed to 442.8 mg m-3 based on manual inspection of CLUES output. 

Reference lake inflow concentrations (Ref_TNin and Ref_TPin) were then calculated for each lake using 

a similar approach, except median stream reference nutrient concentrations developed by McDowell 

et al. (2013; Figure 4) were used as median inflow concentrations. These concentrations were assigned 

to inflows based on the appropriate 3rd level REC class of the stream reach (geology by topography 

by climate). Reference stream concentrations had not been derived for a small number of REC classes 

due to limited sample size. In these cases, values for similar classes or the hierarchical parent climate 

by topography REC class were substituted, as described in Table 2.  

                                                 
2 These were: Lake Catherine (Canterbury), Lake Wiritoa (Horizons), Lake Pearson (Canterbury), Lake Rerewhakaaitu 

(Bay of Plenty) and Kellands Pond (Canterbury).  
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Figure 3. Density histograms of CLUES-estimated lake inflow nutrient concentrations 

(a and b) and ratios between lake inflow and in-lake concentrations (c and d). 

23 extreme values have been censored in a (maximum = 24,000 mg m-3) and 9 

extreme values have been censored from b (maximum = 708 mg m-3). 

 

 

VALUE
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Figure 4. Reference stream concentrations based on McDowell et al. (2013). 

Concentrations are presented for REC classes (climate/topography/geology). 

Vertical lines denote standard error.  
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Table 2. Substitutions made when assigning stream reference nutrient concentrations 

derived by McDowell et al. (2013) to lake inflows. 

 

 

2.3.2. Current In-Lake Concentrations 

2.3.2.1. Data Screening 

Water quality measurements in the NWQMN dataset were reviewed (Figure 5). The dataset included 

water quality measurements collected during 1977 through 2014 with the majority (78%) of TN and 

TP measurements collected since 2000. Sampling depth was unspecified but we assume that all 

measurements were collected from the surface or within the epilimnion in stratified lakes, consistent 

with national lake monitoring protocols (Burns et al. 2000)3. Measurements of TN and TP 

concentrations were not recorded for five of the 166 lakes in the dataset and only a small number of 

measurements were available for several lakes. Values collected prior to 2000 were removed. This 

screening decision reflected a compromise between an aim to ensure that data were representative of 

current lake water quality and an aim to maximise the sample size. The dataset was then screened to 

create two separate sub-samples that contained only lakes with either 10 or more measurements of 

TN or TP, and with valid (>0 years) water residence time (τw) estimates derived from the WONI 

database. This yielded separate subsamples of 76 and 84 lakes, respectively (Table 3). Current in-lake 

annual mean TN and TP concentrations (TNlake and TPlake) were estimated for lakes in these NWQMN 

sub-samples by calculating the arithmetic mean of concentrations.  

                                                 
3 See Davies-Colley et al. (2012) for a discussion of differences in lake sampling depths among regional 

councils.  

REC class Substitution details

Lake
1
 (topography) Substituted with relevant values for the low elevation  class

Mountain  (topography) Substituted with relevant values for the hill  class

Glacial mountain 

(topography)
Substituted with relevant values for the hill  class

Warm wet hill (topography 

by climate)

Reference concentrations were only derived at the second level of the REC (climate by

topography) for this class hence there was no differentiation amongst geology types for

this class

Warm extremely wet (climate) Substituted with relevant values for the warm wet  class

Miscellaneous  (geology)
Substituted with the mean of reference values derived for the four geology classes:

alluvial , hard sedimentary , soft sedimentary , volcanic acidic

Volcanic basic  (geology) Substituted with relevant values for the volcanic acidic geology class

Plutonic  (geology) Substituted with relevant values for the volcanic acidic geology class

1 
Denotes a stream that flows from an upstream lake and into the study lake 
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Table 3. Summary of sub-samples of NWQMN dataset that were used to develop 

models to predict current in-lake TN and TP concentrations.  

 

 

Sample Number 

of lakes

Number of samples 

per lake (mean in 

parentheses)

Minimum of 

mean 

concentrations 

(mg m
-3

)

Maximum of 

mean 

concentrations 

(mg m
-3

)

Mean of mean 

concentrations 

(mg m
-3

)

Mean 

coefficient of 

variation

TN lake 76 10–261 (64) 39 3407 662 47%

TP lake 84 10–261 (62) 5.2 735.6 75.9 86%
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Figure 5. Water quality data in the NWQMN dataset (n ≤ 149). Histograms summarise 

the frequency of all measurements. (The figure includes lakes with suitable lake 

water quality but the samples used for model fitting were smaller due to 

subsequent screening steps – see main text). 

 

 

2.3.2.2. Model Fitting 

Several models to predict TNlake or TPlake were trialled by fitting them using the NWQMN dataset. We 

focused on a trialling various empirical nutrient loading models (‘box models’) that have a theoretical 

basis, yet include a small number of parameters, and are suited to our broad-scale application involving 
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a large number of lakes with limited data. The models have narrow temporal and spatial constraints 

(i.e., they predict lake-wide annual mean nutrient concentration for the mixed layer or mixed water 

column condition), and assume equilibrium of nutrient fluxes (i.e., steady state conditions). 

Nonetheless, when assumptions are met, these models typically yield estimates of mean nutrient 

concentrations that are comparable to predictions made with more sophisticated models (Håkanson 

2005).  

The models stem from the work of Vollenweider (1976) who showed that TPlake may be estimated as: 

TPlake = 
L

𝑧𝑚𝑒𝑎𝑛(ρ+σ)
  (Eq. 1) 

where L is areal TP loading rate (mg TP m-2 year-1), zmean is mean depth (m), ρ is lake flushing rate 

(year -1) and σ is a first order rate coefficient for TP loss from the lake (year-1). This model has since 

been widely adapted and numerous authors (including R.A Vollenweider) have developed 

Vollenweider’s model to replace L with TPin. Four of these models were trialled, listed as Models  

1–4 below. Models 1–4 are based on the expectation that the relationship between in-lake and inflow 

nutrient concentrations is attenuated by residence time in years (τW). Model 4A was determined to be 

the best-performing model in a comparative study of multiple models by Brett and Benjamin (2008). 

Models 5 and 6 are linear regression models that were initially included for comparative purposes. 

These models comprise predictor variables included in Models 1–4, although they have weaker 

theoretical underpinnings. These six models were also trialled to predict TNlake, with TNin replaced for 

TPin in the equations. zmax rather than zmean was used in all modelling because this is the depth metric 

provided in the WONI dataset.  

Model 1Nutrients: (Vollenweider, 1986) – Parameters: β0, β1 

TPlake = β0 + β1
TPin

1+√τw
 (Eq. 2) 

Model 2 Nutrients: (Brett and Benjamin, 2008) 

𝑇𝑃𝑙𝑎𝑘𝑒 = 
𝑇𝑃𝑖𝑛

1+(
𝑉𝜏𝑤
𝑧𝑚𝑎𝑥

)
 (Eq. 3) 

Model 3 Nutrients: (Jones and Bachmann, 1976) 

𝑇𝑃𝑙𝑎𝑘𝑒 = 
𝑐1𝑇𝑃𝑖𝑛

1+𝑐2𝜏𝑤
 (Eq. 4) 

Model 4A Nutrients: (Brett and Benjamin, 2008) – Parameters: k1, k2  

𝑇𝑃𝑙𝑎𝑘𝑒 = 
𝑇𝑃𝑖𝑛

1+𝑘1𝜏𝑤
𝑘2

 (Eq. 5) 

Model 5 Nutrients: Linear regression model - Parameters: β0, β1, β2, β3 

𝑇𝑃𝑙𝑎𝑘𝑒 = 𝛽0 + 𝛽1𝑇𝑃𝑖𝑛 + 𝛽2𝜏𝑤 + 𝛽3𝑇𝑃𝜏𝑤 (Eq. 6) 
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Model 6Nutrients: Linear regression model - Parameters: β0, β1, β2, β3 

𝑇𝑃𝑙𝑎𝑘𝑒 = 𝛽0 + 𝛽1𝑇𝑃𝑖𝑛 + 𝛽2𝑧𝑚𝑎𝑥 (Eq. 7)  

(This model was also trialled with inclusion of an additional interaction term (𝑖. 𝑒. , 𝛽3𝑇𝑃𝑖𝑛𝑧𝑚𝑎𝑥). 

Including this term did not improve model performance; hence, results are not presented.)  

Residual analyses indicated that dependent variables and some predictor variables (TNinflow, TPinflow and 

zmax) needed to be log10-transformed to meet model assumptions. A correction factor (CF) was used 

to convert log10-transformed variables back to a linear scale (Sprugel 1983) 

𝐶𝐹 =  10log𝑒(10) 𝜎̂ 
2/2 (Eq. 8) 

where σ  is the standard error of the estimate.  

For context, the form of the linear regression models (nutrient models 5 and 6) is show below when 

the dependent variable is shown in non-logarithmic form and β2 is negative:  

𝑇𝑃𝑙𝑎𝑘𝑒 = 10𝛽0
𝑇𝑃𝑖𝑛

𝛽1

𝑧𝑚𝑎𝑥
|𝛽2|

 (Eq. 9) 

(The equation above is Model 6Nutrients applied to predict TPlake. τW can be substituted for zmax to form 

Model 5. Similarly, TNin can be substituted for TPin to calculate TNlake). The form of transformed linear 

regression models is consistent with theory, i.e., increasing τW or zmax generally increases the magnitude 

that external loads to a lake are attenuated. Analysis of the NWQMN data (which included both zmean 

and zmax data) showed that the ratio of zmean to zmax did not vary consistently with lake depth; e.g., the 

value of zmean was not closer to zmax in shallow lakes, as might be expected. This result supported the 

use of zmax (the only depth variable present in the WONI dataset) instead of zmean to quantify lake depth 

in the analysis. 

Similar to Brett and Benjamin (2008), the following criteria were used to compare model performance 

to predict TLI variables: standard error of the estimate, sum of squared errors, R2, Akaike’s 

Information Criterion (AIC) (Burnham and Anderson 2003) and the root-mean-square error (RMSE) 

of a 10-fold cross validation that involved repeatedly refitting the models to 90% of the dataset and 

then validating performance using the remaining 10% of the data as an independent sub-sample. This 

RMSE metric provides a good measure of the sensitivity of the model to the input data, thereby 

helping to identify the most robust predictive model. R2 was calculated as the square of the Pearson’s 

correlation coefficient between predicted and observed values; we recognise that R2 has limitations if 

used to directly quantify goodness of fit for a non-linear model. Bias was examined by visually 

inspecting observed and predicted values plotted alongside a 1:1 line. 

Model performance was compared among Models 1–6, with AIC (a measure of model fit) and RMSE 

(a measure of model error) used as the primary performance metrics. Once identified, the best-

performing model was then further explored to examine whether model performance could be 

significantly improved by refitting the model to different categories of lakes, based on the hypothesis 



NZ Lakes Resilience  Page 14 

1354-02 

that there are fundamental differences in the relationships among lake types. Specifically, we examined 

whether there was justification for varying the model parameterisation or structure based on lake 

depth, inflow nutrient concentrations, or geomorphic type. In doing so, we were cautious to avoid 

‘data dredging’ and avoided varying the models based on covariates for which there was not a clear 

theoretical basis for directly affecting nutrient cycling processes (e.g., altitude).  

This analysis showed that there was a systematic difference between shallow and deep lakes in the 

relationship between inflow and in-lake nutrients. This difference has a strong theoretical basis as 

nutrient cycling processes that occur in shallow lakes (e.g., internal loading due to sediment re-

suspension) are less dominant in deep lakes (Søndergaard et al. 2003); therefore, it is reasonable to 

expect the model fit to differ between shallow and deep lakes. For the TPin model, this led to  

Model 4A being amended to formulate Model 4B, which is a partial piecewise model that allows the 

relationship to change for deeper lakes: 

Model 4B: Adapted (Brett and Benjamin, 2008) - Parameters: k1, Δk1, k2 

𝑇𝑃𝑙𝑎𝑘𝑒 = 
𝑇𝑃𝑖𝑛

1+(𝑘1+ Δ𝑘1𝑑) 𝜏𝑤
𝑘2

 (Eq. 10) 

where d = 0 for shallow lakes and d = 1 for deep lakes, defined based on an empirically determined 

zmax threshold (described further in the Results). 

The optimum models were used to estimate TPlake and TNlake for 1,033 lakes in New Zealand. This 

sample comprised the original WONI sample (n = 3,820) minus lakes without assigned τW estimates 

or modelled inflow concentrations (TNinflow or TPinflow). Confidence intervals were estimated using a 

parametric bootstrap by refitting the model to the fitted values resampled 1,000 times using a normal 

distribution centred around the fitted value and standard error of the estimate σ   

(Huet et al. 2006).  

𝑇𝑃𝑙𝑎𝑘𝑒,𝑖 = 𝑇𝑃𝑙𝑎𝑘𝑒 + 𝜖𝑖 (Eq. 11) 

𝜖𝑖~𝑁𝑜𝑟𝑚𝑎𝑙(0, �̂�
2) 

We assumed that the error in TNinflow or TPinflow estimates was +/- 33%, which was deemed reasonable 

based on a review of CLUES performance (Elliot et al. 2016; Oehler and Elliot 2016)4.  

This error was incorporated into the confidence interval by resampling TPlake or TNlake values from a 

normal distribution and standard deviation equal to 33% of the predicted value converted to the log10 

scale. Standard error of the log10 inflow nutrient concentration (Inflow) was derived using the Delta 

Method (Oehlert 1992): 

                                                 
4 We corresponded with Dr Semadeni-Davies (NIWA, a CLUES developer) who confirmed that a more accurate measure 

of CLUES performance could not be identified for prediction of median nutrient concentrations (Semadeni-Davies, 

pers. comm. 2018). 
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𝑆𝐸 = √(𝐼𝑛𝑓𝑙𝑜𝑤 × log𝑒 10)−2𝑆𝐸𝑖𝑛𝑓𝑙𝑜𝑤 
2  (Eq. 12) 

where SEinflow is the standard error of the predicted inflow value, in this case equal to 33% of the 

predicted value. Thus, for each iteration of the bootstrap, a prediction was derived that varied based 

on error in the model fit (assumed to include structural error that reflects simplifications of in-lake 

processes) and error in inflow concentrations (assumed to comprise the majority of the ‘errors in 

variables’). The 2.5% and 97.5% quantiles of the bootstrapped values were then calculated to estimate 

95% confidence intervals. 

All analyses and data manipulation were conducted using the programme R (R Core Team, 2017). 

Non-linear least squares model validation was undertaken using nlstools (Baty et al. 2015). 

2.3.3. Reference In-Lake Concentrations 

Separate models were developed to predict in-lake annual mean TN and TP concentrations that 

correspond to a reference state (REF_TNlake and REF_TPlake). These models were developed using 

the same process described above for the TNlake and TPlake models, except the models were fitted to 

sub-samples of lakes that were considered ‘least disturbed’. This was necessary because a proportion 

of the lakes in the NWQMN sample have undergone a substantial degree of cultural eutrophication. 

Consequently, nutrient cycling processes in these lakes are expected to have substantially changed 

from a reference state, e.g., increased anoxia-driven internal loading, increased rates of denitrification 

and nitrogen fixation, or occurrence of nutrient resuspension by introduced benthivorous fish. As 

such, it was deemed inappropriate to use models fitted to current conditions in such lakes to hindcast 

reference conditions.  

Selecting the ‘least disturbed’ sample was a subjective process and involved striking a balance between 

selecting only those lakes that were expected to be least departed from a reference state, while also 

ensuring that a sufficiently large sample size was selected to develop robust models. Following data 

exploration, the ‘least disturbed’ samples were selected by choosing subsamples from the screened 

NWQMN sample (Section 2.3.2.1) that had assigned TNinflow (for REF_TNlake model fitting) or TPinflow 

(for REF_TPlake model fitting) estimates that were equal to or less than the maximum median stream 

reference concentrations developed by McDowell et al. (2013; Figure 4). That is, lakes with 

TNinflow < 362 mg m-3 or TPinflow < 35 mg m-3. Intuitively, this screening criterion seems reasonable, i.e., 

we only selected lakes that had inflow nutrient concentrations that were equal to or less than the 

maximum concentrations estimated to occur in New Zealand’s streams under a reference state. Note 

though that the inflow nutrient concentrations assigned to these lakes were not necessarily less than 

the reference stream concentrations that corresponded to the respective 3rd level REC classes in each 

lake catchment; this more restrictive filter would have resulted in an excessively small sample size. 

This approach yielded ‘least disturbed’ samples to use for model fitting of 30 lakes for REF_TNlake 

and 27 lakes for REF_TPlake. 

As for the current in-lake concentrations, parametric bootstrapping was used to calculate 95% 

confidence intervals. On average, the standard errors calculated by McDowell et al. (2013; Figure 4) 
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were 33% of the median estimates. Error in the REF_TNinflow and REF_TPinflow values was therefore 

estimated by resampled during bootstrapping by randomly selecting values from a normal distribution 

centred on the median values with a standard deviation equal to 33% of the median values.  

2.4. Chlorophyll a  

2.4.1. Current Concentrations 

Models were trialled to predict mean chlorophyll a concentrations (Chl a) based on in-lake TN and 

TP concentrations; these nutrient variables have been widely shown to be generally good predictors 

of Chl a in temperate lakes (e.g., McCauley et al. 1989). Chl a was modelled using linear regression 

models with independent variables that included TNlake and TPlake, as well as the interaction between 

these two variables. The models were defined as: 

Model 1Chl a:  𝐶ℎ𝑙 𝑎 = 𝛽0 + 𝛽1𝑇𝑁𝑙𝑎𝑘𝑒 (Eq. 13) 

Model 2Chl a:  𝐶ℎ𝑙 𝑎 = 𝛽0 + 𝛽1𝑇𝑃𝑙𝑎𝑘𝑒 (Eq. 14) 

Model 3Chl a:  𝐶ℎ𝑙 𝑎 = 𝛽0 + 𝛽1𝑇𝑁𝑙𝑎𝑘𝑒 + 𝛽2𝑇𝑃𝑙𝑎𝑘𝑒 (Eq. 15) 

Model 4Chl a: 𝐶ℎ𝑙 𝑎 = 𝛽0 + 𝛽1𝑇𝑁𝑙𝑎𝑘𝑒 + 𝛽2𝑇𝑃𝑙𝑎𝑘𝑒 + 𝛽3𝑇𝑁𝑙𝑎𝑘𝑒𝑇𝑃𝑙𝑎𝑘𝑒 . (Eq. 16) 

All variables were transformed to the log10 scale and all subsets of the interactive model were 

considered excluding the null, intercept only, model. A detailed residual analysis was undertaken to 

check that model assumptions were met and to confirm the necessity of log10 transformation. This 

analysis included confirming that residuals were not correlated with depth or geomorphic type, 

indicating that it was unnecessary to include these variables in the models that were trialled. Residual 

analysis involved reviewing a range of diagnostic plots, e.g., Q-Q plots to examine whether residuals 

were normally distributed and violin plots to compare residuals among depth and geomorphic classes. 

Confidence intervals were calculated for Chl a estimates with a parametric bootstrap that accounted 

for the propagation of errors in multiple models (note that, for unmonitored lakes, Chl a was modelled 

based on nutrient concentrations that were in turn modelled based on other variables). 

We predicted Chl a values for all applicable WONI lakes on each iteration of the bootstrap as: 

𝑐ℎ𝑙 𝑎𝑖 = 𝛽0,𝑖
∗ + 𝛽1,𝑖

∗  𝑇𝑁𝑙𝑎𝑘𝑒,𝑖
∗ + 𝛽2,𝑖

∗  𝑇𝑃𝑙𝑎𝑘𝑒,𝑖
∗   (Eq. 17) 

where TN*
lake,i and TP*

lake,i are the bootstrapped predicted TNlake and TPlake values for iteration i. On 

each iteration i, the model was refit to estimate βi*. Each iteration of the bootstrap therefore accounted 

for uncertainty in the model (e.g., structural error) through the refitting of the model coefficients and 

the uncertainty in the predicted lake inflow nutrient concentration (errors in variables) that were used 

to predict TN*
lake and TP*

lake during the previous step. The ranges of the 95% confidence intervals were 

then defined based on the 2.5% and 97.5% quantiles of the 1,000 bootstrapped iterations. 

2.4.2. Reference Concentrations 

Reference mean lake chlorophyll a concentrations (Ref_Chl a) were estimated using the methods 

applied to estimate current concentrations with the following modifications: 



NZ Lakes Resilience  Page 17 

1354-02 

1. Reference in-lake nutrient concentrations (Ref_TNlake and Ref_TPlake) were used as predictor 

variables instead of current in-lake nutrient concentrations; and 

2. To predict Ref_Chl a, the model developed to predict Chl a was refitted to a sub-sample of 

lakes that only included those with in-lake TN and TP concentrations that were within the 

range of Ref_TNlake and Ref_TPlake predictions. That is, we did not include lakes in the sample 

used for model fitting that have current in-lake nutrient concentrations that exceed the 

maximum values that we predicted under a reference state. This is consistent with the 

approach used to predict Ref_TNlake and Ref_TPlake in the previous step, when lakes with high 

inflow nutrient concentrations were omitted from the sample used for model fitting. This 

reference sample used for model fitting was defined as lakes for which TNlake < 1500 mg m-3 

and TPlake < 200 mg m-3, corresponding to the upper bounds of the 95% confidence intervals 

of reference in-lake nutrient concentrations for WONI lakes. Screening the sample reduced 

the sample size from 76 to 66 lakes.  

2.5. Secchi Depth 

2.5.1. Current Secchi Depth 

Models were trialled to estimate mean Secchi depth in m (Secchi). Chl a was included as a predictor 

variable in models as there is typically a strong correlation between Secchi depth and Chl a in natural 

lakes (e.g., Canfield and Bachmann 1981). We also recognised that concentrations of non-algal 

suspended sediment and coloured dissolved organic matter can influence Secchi depth  

(Vant and Davies-Colley 1984, Swift et al. 2006). The potential for non-algal suspended sediment to 

affect Secchi depth is greatest in shallow lakes, which are susceptible to wind-driven resuspension. 

This process is expected to be negligible in deep lakes5 (where depth exceeds a threshold related to 

potential wave height) but increase in significance with declining depth in shallow lakes  

(Hamilton and Mitchell 1996). The influence of non-algal suspended sediment on Secchi depth in 

shallow lakes is likely to generally be greater in lakes under current conditions than under a reference 

state. This is because many shallow lakes in New Zealand have undergone a regime shift involving 

increases in turbidity as a consequence of a decline in rooted macrophytes, increased sediment loads 

and, in some cases, bioturbation by non-indigenous benthivorous fish  

(Schallenberg and Sorell 2009). 

Examination of the relationship between Secchi and Chl a showed evidence of a systematic difference 

in the relationship between shallow and deep lakes; in general, the value of Secchi at a given value of 

Chl a was higher (i.e., better clarity) in deep lakes compared with shallow lakes. To represent the 

potential influence of sediment resuspension in shallow lakes, we trialled including 𝑧𝑚𝑎𝑥 as a predictor 

variable, in addition to the following variables that we hypothesised would be positively correlated 

with wind wave height: surface area in ha (Area), maximum lake fetch in m (Fetch) and the dynamic 

                                                 
5 An exception is turbid glacial lakes (Rose et al. 2014). 
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ratio derived by (Håkanson 1982), which is calculated as 
𝐴𝑟𝑒𝑎0.5

𝑧𝑚𝑎𝑥
. Further, we also trialled inclusion of 

a ‘resuspension’ term, defined as 
𝐹𝑒𝑡𝑐ℎ∙𝑈2

𝑧𝑚𝑎𝑥
 where U is mean windspeed (m s-1) at each lake based on 

analysis of regional climate data by Leathwick et al. (2010). This term was hypothesised to be 

proportional to the mean wind wave height in a lake. This term has units of m2 s-2, which is equivalent 

to Joules/kg (the energy provided relative to weight). We recognise that zmean would have been 

preferred to zmax as a depth metric but it was unavailable for the WONI dataset. 

Unlike wind-driven resuspension, it was not possible to include continuous variables in the candidate 

models to represent the effect of coloured dissolved organic matter on Secchi. Measurements of 

analytes such as colour or dissolved organic carbon concentrations were not included in the NWQMN 

database of current lake data and, even if such data were available, estimates of these variables 

corresponding to reference and current states could not be readily derived for unmonitored lakes. 

With further analysis, catchment predictors such as wetland coverage (%) might provide a suitable 

proxy for coloured dissolved organic matter in lakes or, alternatively, satellite remote sensing could be 

used to estimate optical characteristics of lake water. However, such values are likely to be substantially 

different (but unknown) under a reference state, limiting the value of these approaches. To consider 

the potential influence of this factor, we instead analysed the residual values from a Secchi = f(Chl a) 

linear regression model (i.e., Model 1Secchi listed below) to confirm whether peat lakes and/or riverine 

lakes were outliers based on a hypothesis that organic-rich soils in these lakes could lead to high 

coloured dissolved organic matter concentrations. We also examined whether glacial lakes were 

outliers, indicating an influence of fine glacial sediments on light scattering. This analysis did not 

indicate that lakes with these geomorphic types were outliers, although the analysis was constrained 

by small sample sizes (e.g., only four peat lakes were included). There were also several glacially formed 

lakes in the sample that are not strongly influenced by glacial flour and have average Secchi depth 

>10 m (e.g., lakes Te Anau and Manapouri). Based on this, the potential effect of coloured dissolved 

organic matter on Secchi depth was not modelled and therefore this factor is implicitly included in the 

model error (quantified using bootstrapping, as described below).  

Residual analysis showed that model assumptions were best met when Secchi was square-root 

transformed, i.e., Secchi0.5 was the dependent variable in the models that were trialled. This was 

identified as the optimum power transformation based on a Box Cox power test6. 

                                                 
6 We recognise that an inverse transformation (Secchi -1) may have stronger theoretical basis. However, the 

results of the Box Cox power test showed that a square-root transformation is superior for meeting model 

assumptions. This was further examined by directly comparing model predictions for Secchi-1 and Secchi0.5 

transformations; this analysis also showed that model residuals better approximated a normal distribution for 

the Secchi0.5 transformation. Accordingly, the square-root transformation was used as it maximised the 

robustness of the model; i.e., the ability to use the model for prediction. 
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Models trialled to estimate Secchi are listed below. Model 1Secchi is a linear regression model that was 

fitted to all lakes to predict Secchi based on Chl a. The remaining models are piecewise models that 

vary depending on whether a lake is shallow or deep (defined based on 𝑧𝑚𝑎𝑥). In these models, Secchi 

in deep lakes is predicted solely as a function of Chl a fitted to the deep lake subsample. Secchi in 

shallow lakes is predicted a function of Chl a (fitted to the shallow lake subsample) and one other 

variable that represents the influence of wind-driven resuspension. As for the in-lake nutrient models 

(Section 2.3.2.2), 𝑑 is a dummy variable that indicates whether a lake is shallow (𝑑 = 0) or deep (𝑑 = 1). 

The optimum 𝑧𝑚𝑎𝑥 threshold to define ‘shallow’ and ‘deep’ was identified by trialling multiple values 

and comparing AIC, consistent with the approach taken to develop in-lake nutrient models (Section 

2.3.2.2). 

Model 1Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎  (Eq. 18) 

Model 2Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎 + 𝛽2𝐶ℎ𝑙𝑎 ⋅ 𝑑 + 𝛽3𝑑 + 𝛽4(1 − 𝑑) ⋅ 𝑧𝑚𝑎𝑥  (Eq. 19) 

Model 3 Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎 + 𝛽2𝐶ℎ𝑙𝑎 ⋅ 𝑑 + 𝛽3𝑑 + 𝛽4(1 − 𝑑) ⋅
𝐹𝑒𝑡𝑐ℎ∙𝑈2

𝑧𝑚𝑎𝑥
 (Eq. 20) 

Model 4 Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎 + 𝛽2𝐶ℎ𝑙𝑎 ⋅ 𝑑 + 𝛽3𝑑 +  𝛽4(1 − 𝑑) ⋅
𝐴𝑟𝑒𝑎0.5

𝑧𝑚𝑎𝑥
  (Eq. 21) 

Model 5 Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎 + 𝛽2𝐶ℎ𝑙𝑎 ⋅ 𝑑 + 𝛽3𝑑 + 𝛽4(1 − 𝑑) ⋅ 𝐴𝑟𝑒𝑎 (Eq. 22) 

Model 6 Secchi: 𝑆𝑒𝑐𝑐ℎ𝑖 =  𝛽0 + 𝛽1𝐶ℎ𝑙𝑎 + 𝛽2𝐶ℎ𝑙𝑎 ⋅ 𝑑 + 𝛽3𝑑 + 𝛽4(1 − 𝑑) ⋅ 𝐹𝑒𝑡𝑐ℎ (Eq. 23) 

The optimum model was used to predict Secchi for applicable lakes in the WONI dataset. Model 

uncertainty was quantified by refitting the data to response variables drawn from a normal distribution 

with variance equal to the variance of estimation. Confidence intervals for model predictions were 

quantified using bootstrapping methods consistent with those described for the previous steps. For 

each lake, this entailed recalculating Secchi based on Chl a values drawn from a population that was 

normally distributed around the Chl a value calculated in the previous step. 95% confidence intervals 

were calculated as the 2.5% and 97.5% quantiles of 1,000 bootstrapped iterations. 

2.5.2. Reference Secchi Depth 

We assumed that Ref_Chl a was the sole determinant of reference Secchi depth (Ref_Secchi). We 

recognise that sediment resuspension would also presumably influence Ref_Secchi in shallow lakes; 

however, we expect that the magnitude of this effect would be lower as the presence of healthy 

macrophyte communities would stabilise sediments. Also, sediment loads would generally be lower 

and benthivorous non-indigenous fish such as common carp (Cyprinis carpio) would be absent under a 

reference state. For all lakes, Ref_Secchi was therefore estimated using Model 1Secchi fitted to a sub-

sample comprising only deep lakes (defined based on zmax, as described above) and those with Chl a < 

33 mg m-3, which corresponds to the maximum upper bound of the confidence intervals fitted to the 

Ref_ Chl a estimates. That is, to estimate Ref_Secchi, we used a model that was only fitted to lakes with 

estimated chlorophyll a concentrations that were equal to or lower than those that were estimated to 
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occur in the WONI lakes under a reference state. Ref_Secchi was square root transformed during model 

fitting. 

2.6. Trophic Level Index 

Predicted values of water quality variables were combined to calculate a single TLI value for each lake. 

TLI was calculated based on Burns et al. (1999) as the average of the four individual TLI components, 

which were in-turn calculated using annual average values of the four component variables, i.e.: 

𝑇𝐿𝐼 =
(𝑇𝐿𝑛+𝑇𝑃𝑝+𝑇𝐿𝑐+𝑇𝐿𝑠)

4
 (Eq. 24) 

where the individual TLI components were calculated using the equations below  

(Burns et al. 1999): 

𝑇𝐿𝑛 =  −3.61 + 3.01𝑙𝑜𝑔10𝑇𝑁 (Eq. 25) 

𝑇𝐿𝑝 =  0.218 + 2.92𝑙𝑜𝑔10𝑇𝑃 (Eq. 26) 

𝑇𝐿𝑐 =  2.22 + 2.54𝑙𝑜𝑔10𝐶ℎ𝑙𝑎 (Eq. 27) 

𝑇𝐿𝑠 =  5.10 + 2.27𝑙𝑜𝑔10(
1

𝑆𝑒𝑐𝑐ℎ𝑖
−

1

40
) (Eq. 28) 

Consistent with Burns et al. (1999), units for concentrations of nutrients and chl a were mg m-3 while 

Secchi depth was measured in m. The method described above is consistent with the protocol 

described in Burns et al. (1999, and involves taking the logarithm of annual mean values of TLI 

variables. We recognise that there is some variability among Regional Councils in how TLI is calculated 

(Davies-Colley 2012). 

TLI corresponding to a reference state was calculated separately by substituting the reference state 

estimates into the equations. Confidence intervals for TLI predictions were estimated by recalculating 

TLI 1,000 times for each lake using the bootstrapped distributions of TLI variables. 95% confidence 

intervals for lake-specific TLI estimates were then estimated based on the 2.5% and 97.5% quantiles 

of the bootstrapped values. 

A summary of the final models used to predict TLI variables is shown in Table 4 below. 
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Table 4. Summary of models used to predict Trophic Level Index variables. See text for 

definitions of variables and details of datasets used for model fitting. 

State Dependent Variable1 Model2 

Current 𝑇𝑃𝑙𝑎𝑘𝑒 𝑇𝑃𝑖𝑛

1 + (𝑘1+ Δ𝑘1𝑑) 𝜏𝑤
𝑘2

 

𝑇𝑁𝑙𝑎𝑘𝑒 𝛽0 + 𝛽1𝑇𝑁𝑖𝑛 + 𝛽2𝑧𝑚𝑎𝑥 

𝐶ℎ𝑙 𝑎 𝛽0 + 𝛽1𝑇𝑃𝑙𝑎𝑘𝑒 + 𝛽2𝑇𝑁𝑙𝑎𝑘𝑒 

𝑆𝑒𝑐𝑐ℎ𝑖 
𝛽0 + 𝛽1𝐶ℎ𝑙 𝑎 + 𝛽2𝐶ℎ𝑙 𝑎 ∙ 𝑑 + 𝛽3

𝐹𝑒𝑡𝑐ℎ ∙ 𝑈2

𝑧𝑚𝑎𝑥
∙ (1 − 𝑑) 

 

Reference 𝑅𝑒𝑓_𝑇𝑃𝑙𝑎𝑘𝑒 𝑅𝑒𝑓_𝑇𝑃𝑖𝑛
1 + 𝑘1 𝜏𝑤𝑘2

 

𝑅𝑒𝑓_𝑇𝑁𝑙𝑎𝑘𝑒 𝛽0 + 𝛽1𝑅𝑒𝑓_𝑇𝑁𝑖𝑛 + 𝛽2𝑧𝑚𝑎𝑥 

𝑅𝑒𝑓_𝐶ℎ𝑙 𝑎 𝛽0 + 𝛽1𝑅𝑒𝑓_𝑇𝑃𝑙𝑎𝑘𝑒 + 𝛽2𝑅𝑒𝑓_𝑇𝑁𝑙𝑎𝑘𝑒 

𝑅𝑒𝑓_𝑆𝑒𝑐𝑐ℎ𝑖 𝛽0 + 𝛽1𝐶ℎ𝑙 𝑎 

1 Dependent variables were log10 transformed, except for Secchi (square-root transformed) 
2 Independent variables were log10 transformed, except for 𝜏𝑤 (untransformed) 

 

3. RESULTS 

3.1. Nutrients  

3.1.1. Current: Model Fitting 

3.1.1.1. Total Phosphorus (Current) 

Based on AIC and RMSE, the optimum model to predict TPlake was Model 4BNutrients (Table 5). This 

model is a variant of Model 4ANutrients that permits the parameter k1 to vary for deep lakes. A threshold 

of >7.5 m was used to define deep lakes, which was identified based on exploring a range of thresholds 

and identifying the minimum corresponding AIC value (Table 6). Residual analysis indicated that the 

residual values calculated for Model 4BNutrients were normally distributed around zero (homoscedastic), 

indicating that the performance of the model was equal throughout the domain of the predictor 

variables (Figure 6). Note that residual analysis showed heteroskedasticity for Model 4ANutrients (Figure 

6), which was caused by the model underpredicting TPlake for shallow lakes and overpredicting TPlake 

for deep lakes. For shallow lakes, Model 4BNutrients predicts that TPlake is approximately equal to TPinflow 

(Figure 7) – note that the fitted value of k1 for shallow lakes is 0.00 (Table 7). Therefore, this result 

indicates that negligible net in-lake attenuation of TP occurs in the shallow lakes in the sample. In 
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deep lakes, Model 4BNutrients predicts that increasing τW results in greater attenuation of TPinflow in the 

lakes in the sample. Nonetheless, the influence of τW on predictions of TPlake is relatively small (Figure 

7). 

Model 4BNutrients is a partial piecewise model because it permits one of the parameters (k1) to vary 

depending on a covariate (zmax). Initially we considered a fully piecewise zmax model: 

𝑇𝑃𝑙𝑎𝑘𝑒 = 
𝑇𝑃𝑖𝑛

1+(𝑘1+ Δ𝑘1𝑑) 𝜏𝑤
𝑘2+𝑑Δ𝑘2

 (Eq. 29) 

such that for deep lakes k1’ = k1+ Δk1 and k2’ = k2+ Δk2.  

However, the AIC for this fully piecewise model (not shown) showed that the improvement in model 

performance relative to the partial piecewise model did not justify the inclusion of Δk2 as an additional 

parameter. 

We trialled the effect of varying the fit of Model 4BNutrients between groups of lakes with different 

ranges of TPinflow based on the hypothesis that nutrient processes (e.g., the dominance of anoxia-driven 

internal loading) varies between lakes with low and high values of TPinflow. Following inspection of 

residual values, we also trialled the effect of varying the fit of Model 4BNutrients between glacial and non-

glacial lakes because there was some indication of a systematic difference in model performance 

between these two groups of lakes, which we hypothesised to have differences in nutrient cycling and 

nutrient forms in the inflows (e.g., dissolved vs. particulate). This exploration showed that re-fitting 

Model 4BNutrients based on differences in values of TPinflow or geomorphic type did not improve model 

performance based on AIC (values not shown), which reflects the ‘cost’ of including additional 

parameters.  

Table 5. Performance statistics for models used to predict log10TPlake in mg m-3. SEE, 

standard error of the estimate; ESS, error sum of squares; CF, correction factor; 

R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

  

 

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.44 15.95 1.68 0.44 2 104.84 46.21 0.45

2 0.50 20.52 1.93 0.45 1 123.98 65.35 0.49

3 0.42 14.56 1.60 0.50 2 97.14 38.51 0.42

4A 0.40 13.43 1.54 0.54 2 90.41 31.78 0.40

4B 0.33 8.99 1.34 0.69 3 58.63 0.00 0.33

5 0.42 13.83 1.58 0.52 3 96.84 38.21 0.42

6 0.34 9.02 1.35 0.68 3 60.93 2.30 0.34
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Table 6. Comparison of TPlake model performance among variants of Model 4BNutrients 

with different values of maximum depth used to distinguish shallow and deep 

lakes. N Above, the number of lakes with a maximum depth greater than the 

depth criterion; Δ Estimate, the change in parameter values relative to the non-

piecewise model (Model 4ANutrients). 

 

 

N Above AIC K1 K2 K1 K2

0.0 84 90.41 0.204 0.415 0.000 0.000

5.0 58 70.75 -0.023 -0.103 0.357 0.377

7.5 48 60.40 0.015 0.548 0.424 -0.419

10.0 42 68.01 0.044 0.358 0.415 -0.242

12.5 39 71.92 0.057 0.289 0.410 -0.195

15.0 33 76.67 0.083 0.267 0.405 -0.177

20.0 27 77.80 0.106 0.261 0.538 -0.340

Depth Criterion 

(m)

Fit Estimate Δ Estimate
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Figure 6. Predicted vs observed values of TPlake for shallow (zmax ≤ 7.5 m) and deep  

(zmax > 7.5 m) lakes. Solid line is a line of best fit, the dashed line shows the 1:1 

line and dots represent values. 

 

 

Table 7. Model coefficients for to predict log10TPlake using Model 4BNutrients. 

 

Coefficient Estimate SE 95% CI P-Value

K1 0.00 0.03 -0.06, 0.07 0.97

Δ K1 0.44 0.07 0.30, 0.59 <0.001

K2 0.13 0.10 -0.08, 0.35 0.22
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Figure 7. Relationship between water residence time and TPlake (y-axis) for a shallow 

(grey line) and deep lake (darker line) with equivalent TPinflow values of 128 mg 

m-3. 

 

 

3.1.1.2. Total Nitrogen (Current) 

For TNlake predictions, none of the box models (Models 1-4) fitted very well compared with  

Model 6Nutrients (Table 8), which was a linear regression model that included TNin and zmax as predictor 

variables (also including the interaction between TNin and zmax was tested but rejected). When trialling 

models, we found that distinguishing shallow and deep lakes improved the performance of Model 

4ANutrients, with a threshold of 7.5 m identified as optimum (Table 9), which is the same as the 

corresponding result for TP (Table 6). However, the fit (AIC) and accuracy (RMSE) of  

Model 4bNutrients were inferior compared with Model 6Nutrients, which performed better than other models 

(Table 8, Figure 8). Accordingly, Model 6Nutrients was selected as the optimum model to predict TNlake. 

Coefficients for Model 6Nutrients are shown in Table 10 and in the equation below: 

log10 𝑇𝑁𝑙𝑎𝑘𝑒 =  1.60 + 0.54 log10 𝑇𝑁𝑖𝑛 − 0.41𝑧𝑚𝑎𝑥 (Eq. 30) 
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When the dependent variable is un-transformed, Model 6Nutrients can be written as: 

𝑇𝑁𝑙𝑎𝑘𝑒 =  39.8
𝑇𝑁𝑖𝑛

0.54

𝑧𝑚𝑎𝑥
0.41  (Eq. 31) 

Thus, τW was not used to predict TNlake and zmax was a markedly better predictor variable than τW. This 

indicates that particle settling (assumed to be inversely correlated with τW) exerts a more minor role in 

attenuating inputs of nitrogen than phosphorus in deep lakes. As for TPlake, model performance was 

not improved (based on AIC) when the model was refitted to groups of lakes with different values of 

TPinflow or different geomorphic classes (alpine and non-alpine). We recognise that the Model 6Nutrients 

has a weaker theoretical basis than the box models that include 𝜏𝑤 as a predictor variable. Nonetheless, 

the selection of Model 6Nutrients is supported by its superior performance. 

Table 8. Performance statistics for models used to predict log10TNlake in mg m-3. SEE, 

standard error of the estimate; ESS, error sum of squares; CF, correction factor; 

R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

 

  

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.40 11.55 1.51 0.37 2 78.50 76.86 0.40

2 0.32 7.59 1.31 0.62 1 44.63 42.98 0.32

3 0.29 6.16 1.25 0.67 2 30.73 29.08 0.28

4A 0.28 6.00 1.24 0.68 2 28.76 27.11 0.28

4B 0.27 5.17 1.21 0.74 3 19.43 17.79 0.26

5 0.29 6.08 1.25 0.67 3 31.77 30.12 0.32

6 0.24 4.09 1.16 0.78 3 1.64 0.00 0.24
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Table 9. Comparison of TNlake model performance among variants of Model 4BNutrients 

with different values of maximum depth used to distinguish shallow and deep 

lakes. N Above, the number of lakes with a maximum depth greater than the 

depth criterion; Δ Estimate, the change in parameter values relative to the non-

piecewise model (Model 4ANutrients). 

 

 

Table 10.  Model coefficients to predict log10TNlake using Model 6Nutrients. 

 

 

N Above AIC K1 K2 K1 K2

0.0 76 28.76 0.035 0.581 0.000 0.000

5.0 58 26.12 0.001 -0.197 0.045 0.759

7.5 49 18.73 -0.001 2.472 0.061 -1.993

10.0 45 19.31 -0.001 2.613 0.062 -2.148

12.5 42 20.10 -0.001 2.639 0.061 -2.162

15.0 36 21.89 0.001 -0.118 0.069 0.540

20.0 29 22.78 0.006 0.007 0.076 0.350

Depth Criterion 

(m)

Fit Estimate Δ Estimate

Coefficient Estimate SE 95% CI P-Value

Intercept 1.60 0.26 1.09, 2.11 <0.001

TN Inflow 0.54 0.08 0.39, 0.70 <0.001

Maximum Depth -0.41 0.06 -0.52, -0.29 <0.001
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Figure 8. Predicted vs observed values of TNlake for shallow (zmax ≤ 7.5 m) and deep  

(zmax > 7.5 m) lakes. Solid line is a line of best fit, the dashed line shows the 1:1 

line and dots represent values. 

 

 

3.1.2. Reference: Model Fitting 

3.1.2.1. Total Phosphorus (Reference) 

Based on AIC, Model 6 was the best-performing model to predict REF_TPlake (Table 11). However, 

Model 4A also performed well, e.g., note that the RMSE value for Model 4ANutrients was lower than 

that for Model 6Nutrients (Table 11). We therefore selected Model 4A as the optimum model on the basis 
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that it has a stronger theoretical basis than Model 6Nutrients (Brett and Benjamin 2008) and it is consistent 

with the model selected to predict TPlake.  

The model was not adjusted to reflect differences between shallow and deep lakes, i.e., Model 4BNutrients 

(piecewise) was not developed. This is because there was deemed to be an insufficient sample size to 

robustly parameterise separate models, e.g., there were only five lakes in the TP ‘least disturbed’ sample 

with zmax < 7.5 m and seven lakes with zmax < 10.0 m. Residual analysis supported this approach as it 

did not show a systematic bias in the residuals (Figure 9) 

Coefficient values for Model 4ANutrients (Table 12) show that τW has a significant but relatively minor 

effect on model predictions. 

Table 11. Performance statistics for models used to predict log10REF_TPlake in mg m-3. 

SEE, standard error of the estimate; ESS, error sum of squares; CF, correction 

factor; R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

 

 

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.29 2.16 1.26 0.21 2 14.40 6.91 0.31

2 0.36 3.38 1.41 0.08 1 24.50 17.01 0.35

3 0.32 2.48 1.30 0.11 2 18.20 10.71 0.30

4A 0.30 2.19 1.26 0.20 2 14.77 7.28 0.28

5 0.32 2.37 1.31 0.13 3 20.96 13.47 0.75

6 0.25 1.44 1.18 0.46 3 7.49 0.00 0.30
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Figure 9. Predicted vs observed values of REF_TPlake. Solid line is a line of best fit, the 

dashed line shows the 1:1 line and dots represent values. 

 

 

Table 12. Model coefficients to predict log10REF_TPlake using Model 4ANutrients. 

 

 

Coefficient Estimate SE 95% CI P-Value

K1 0.27 0.08 0.13, 0.44 0.001

K2 0.29 0.15 0.02, 0.65 0.060
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3.1.2.2. Total Nitrogen (Reference) 

Model statistics (Table 13) showed that the performance of all models was similar, with the exception 

of Model 1Nutrients which performed the poorest. Based on review of model performance (Table 13, 

Figure 10), Model 6Nutrients was selected as the optimum model. Model 6Nutrients was best-performing 

based on AIC, SEE, ESS and R2. Further, selection of Model 6Nutrients is consistent with the approach 

taken to predict TNlake. Model coefficients are summarised in Table 14. 

Table 13. Performance statistics for models used to predict log10REF_TNlake in mg m-3. 

SEE, standard error of the estimate; ESS, error sum of squares; CF, correction 

factor; R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

 

 

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.30 2.63 1.27 0.17 2 17.51 16.67 0.31

2 0.25 1.82 1.17 0.43 1 4.04 3.20 0.24

3 0.25 1.75 1.17 0.45 2 4.81 3.97 0.24

4A 0.25 1.75 1.17 0.45 2 4.82 3.98 0.24

5 0.25 1.73 1.18 0.45 3 6.60 5.76 0.26

6 0.23 1.44 1.15 0.55 3 0.84 0.00 0.26
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Figure 10. Predicted vs observed values of REF_TNlake. Solid line is a line of best fit, the 

dashed line shows the 1:1 line and dots represent values. 

 

 

Table 14. Model coefficients to predict REF_TNlake using Model 6Nutrients. 

 

 

Coefficient Estimate SE 95% CI P-Value

Intercept 0.89 0.60 -0.33, 2.12 0.145

TN_Inflow 0.81 0.24 0.31, 1.30 0.002

Maximum Depth -0.33 0.09 -0.51, -0.14 0.001



NZ Lakes Resilience  Page 33 

1354-02 

3.1.3. Predictions 

Measured current (TNlake and TPlake) and predicted reference (REF_TNlake and REF_TPlake) nutrient 

concentrations for 82–92 lakes throughout New Zealand in the NWQMN dataset are shown in Figure 

11. 

Predicted current (TNlake and TPlake) and reference (REF_TNlake and REF_TPlake) nutrient 

concentrations for 1,038 lakes throughout New Zealand are shown in Figure 12. These are the ~3,800 

lakes in the Waters of National Importance database, minus those for which we did not have suitable 

values for predictor variables; e.g., because values for variables such as residence time were not 

provided in the WONI database, or inflows were not present in CLUES. Note that up to ~20% of 

REF_TNlake estimates are greater than TNlake estimates. This is generally because the CLUES modelled 

inflow concentrations (TNinflow) were lower than the reference inflow concentrations provided by 

McDowell et al. (2013; REF_TNinflow). A direct comparison between predictions of TNlake and TPlake for 

the ‘least disturbed sample showed that predictions of both variables were higher than measurements 

on average. Predictions of TNlake were 27% higher than measurements on average, whereas predictions 

of TPlake were 32% higher than measurements on average. 

The relative frequency of departure (%) from reference state for 1,038 lakes throughout New Zealand 

is shown in Figure 13. Variability in departure (%) from reference state among lakes with different 

geomorphic type is shown in Figure 15. 

The predicted ratio of TN to TP (TN:TP) corresponding to a reference state was similar to current 

observed values (Figure 16). For the 72 lakes with measurements, mean TN:TP was 24.9 for a 

reference state and 25.3 for current conditions. These average values were not significantly different, 

based on a t-test (d.f. = 133, t= 0.17, p = 0.87), although it is notable that departure was generally 

greater for TP than TN (Figure 15) 
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Figure 11. Measured current and predicted reference nutrient concentrations for 76 (TN) 

or 84 (TP) lakes throughout New Zealand in the NWQMN dataset. Vertical 

lines denote 95% confidence intervals. 
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Figure 12. Predicted current and reference nutrient concentrations in 1,033–1,038 lakes 

throughout New Zealand. Vertical lines denote 95% confidence intervals. 
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Figure 13. Relative frequency of estimates of departure (%) from reference state for 

estimated in-lake total nitrogen and total phosphorus concentrations for 1,033 

(TP) to 1,038 (TN) lakes. Positive values indicate an estimated increase in 

concentrations. 
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Figure 14. As for Figure 13 but percentage change in reference state is shown on log10 

scales and frequency (not frequency density) is shown on the y-axis. 
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Figure 15. Departure (%) from reference state for estimated in-lake total nitrogen and total 

phosphorus concentrations grouped by lake geomorphic type for  

1017 lakes (geomorphic type was unknown for a further 21 lakes). 

 

 

Figure 16. Predicted change in TN:TP between reference and current observed 

conditions for 72 lakes. 
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3.2. Chlorophyll a 

3.2.1. Current: Model Fitting 

Chl a was strongly positively correlated with both TNlake and TPlake (Figure 17). Shallow lakes in the 

sample generally had higher Chl a and nutrient concentrations (Figure 17), although there was no 

significant difference in the Chl a ~ nutrient relationships between shallow and deep lakes, based on 

residual analysis (detailed results are not shown but note that the residuals in Figure 18 generally align 

with a normal distribution and are homoscedastic). Based on AIC, Model 3Chl a was the best-

performing model, which is a multiple linear regression model that includes both TNlake and TPlake as 

predictor variables (Table 15). RMSE for Model 3Chl a was equal to Model 4Chl a, which included an 

additional parameter (Table 15). Model coefficients for Model 3Chl a show that both TNlake and TPlake 

have a significant and positive relationship with Chl a (Table 16). 

Figure 17. Relationships between chlorophyll a concentrations, and concentrations of 

total nitrogen (TN; upper panel) and total phosphorus (TP; lower panel) in 73 

lakes. Symbols denote maximum depth category. 
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Figure 18. Predicted vs observed values of Chl a for four candidate models. Independent 

variables are shown above each plot. Solid line is a line of best fit; the dashed 

line shows the 1:1 line. 

 

 

Table 15. Performance statistics for models used to predict log10Chl a in mg m-3. SEE, 

standard error of the estimate; ESS, error sum of squares; CF, correction factor; 

R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

  

 

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.25 4.33 1.18 0.84 2 7.02 25.14 0.25

2 0.26 4.82 1.20 0.83 2 14.76 32.88 0.26

3 0.21 2.99 1.12 0.89 3 -18.12 0.00 0.21

4 0.21 2.96 1.12 0.89 4 -16.79 1.33 0.21
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Table 16. Model coefficients to predict Chl a using Model 3Chl a in Table 15. 

 

 

3.2.2. Reference: Model Fitting 

The outcomes of model fitting to develop a model to predict Ref_Chl a were the same as those to 

predict Chl a. This reflects that the sub-samples of lakes used for model fitting were generally the 

same, although seven fewer lakes (66 vs. 76) were included in the sub-sample of lakes used to develop 

the model to predict Ref_Chl a, as lakes with TNlake and TPlake values that exceeded the upper 95% 

confidence intervals of Ref_ TNlake and Ref_TPlake were excluded. Model 3Chl a fitted to this smaller 

sub-sample of 66 lakes was therefore used to predict Ref_Chl a. A good fit between observed and 

predicted Ref_Chl a values was achieved with this model (Figure 19), which had the lowest AIC and 

RMSE values (Table 17). Parameter coefficients for this model (Table 18) were only slightly different 

to the coefficients for the model used to predict current Chl a concentrations (Table 16). 

Coefficient Estimate SE 95% CI P-Value

Intercept -1.80 0.17 -2.14, -1.46 <0.001

TP 0.55 0.10 0.36, 0.75 <0.001

TN 0.70 0.11 0.49, 0.91 <0.001
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Figure 19. Predicted vs observed values of Ref_Chl a for four candidate models. 

Independent variables are shown above each plot. Solid line is a line of best fit; 

the dashed line shows the 1:1 line. 

 

 

Table 17. Performance statistics for models used to predict log10Ref_Chl a in mg m-3. 

SEE, standard error of the estimate; ESS, error sum of squares; CF, correction 

factor; R2, squared Pearson’s correlation coefficient (see text); p, number of 

parameters; AIC, Akaike information criterion; ΔAIC, difference in AIC relative 

to the best-performing model; RMSE, root mean square error. 

 

Model SEE ESS CF R
2

p AIC ΔAIC RMSE

1 0.24 3.74 1.17 0.76 2 3.80 22.50 0.25

2 0.25 4.12 1.19 0.74 2 10.31 29.00 0.27

3 0.20 2.58 1.11 0.84 3 -18.70 0.00 0.21

4 0.20 2.58 1.12 0.84 4 -16.75 1.95 0.22
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Table 18. Model coefficients to predict log10Ref_Chl a using Model 3 in Table 17. 

 

 

3.2.3. Predictions 

Under current conditions, Chl a values ranged from 0.5 mg m-3 to 150.3 mg m-3, with a mean of 8.3 mg 

m-3 and a median of 3.0 mg m-3. Under reference conditions, Ref_Chl a values ranged from 0.6 mg m-

3 to 13.6 mg m-3, with a mean of 2.4 mg m-3 and a median of 1.5 mg m-3. Predicted current 

concentrations (Chl a) exceeded reference concentrations (Ref_Chl a) in 88% of lakes. For 22% of 

lakes, the lower bound of the 95% confidence interval for the Chl a prediction exceeded the upper 

bound of the 95% confidence interval for the Ref_Chl a prediction. That is, the confidence intervals 

did not overlap in just over one fifth of the lakes. 

Figure 20. Predicted current and reference chlorophyll a concentrations in 1,031 WONI 

lakes throughout New Zealand. Vertical lines denote 95% confidence intervals. 

 

 

Coefficient Estimate SE 95% CI P-Value

Intercept -1.73 0.17 -2.08, -1.38 <0.001

TP 0.59 0.11 0.37, 0.81 <0.001

TN 0.65 0.11 0.44, 0.87 <0.001
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3.3. Secchi Depth 

3.3.1. Current: Model Fitting 

As expected, measured Secchi was negatively correlated with the other three TLI variables  

(Figure 21). There were systematic differences in Secchi between relatively shallow and relatively deep 

lakes; e.g., shallower lakes generally have lower Secchi relative to Chl a than deeper lakes (lower panel 

in Figure 21). Conversely, residual analysis (detailed results not shown) demonstrated that there were 

no clear systematic differences in the Secchi ~ Chl a relationship among lakes in the NWQMN sample 

with different geomorphic types (Figure 22). Accordingly, we considered piecewise models that 

accounted for differences between shallow and deep lakes, while we did not trial models with 

coefficients that varied based on geomorphic type. We recognise that, with greater statistical power (a 

larger sample size), it may be possible to develop improved models that account for variability in 

geomorphic type, e.g., that reflect the influence of high coloured dissolved organic matter 

concentrations in peat lakes. 

Trial of multiple zmax thresholds showed that zmax = 20 m was the optimum threshold7 to differentiate 

shallow and deep lakes to maximise predictive performance (Table 19). We interpret this as a zmax 

threshold above which wind-driven sediment re-suspension generally has a negligible influence on 

Secchi, recognising that is likely to be a relatively coarse predictor of the influence of this process; e.g., 

mean depth would likely provide a better determinant of this but mean depth has not been estimated 

for most of the lakes in the WONI sample.  

Comparison of model performance among the candidate models (Figure 23) showed that Model 3BSecchi 

was the best-performing model, based on AIC (Table 20). Model coefficients are shown in Table 21. 

For deep lakes (zmax > 20 m), this model predicts Secchi solely as a function of Chl a. For shallow lakes 

(zmax ≤ 20 m), this model predicts Secchi as a function of Chl a and a resuspension term (
𝐹𝑒𝑡𝑐ℎ∙𝑈2

𝑧𝑚𝑎𝑥
). 

Figure 24 illustrates how model predictions vary for different values of zmax and Chl a. 

                                                 
7 This zmax threshold intuitively seems high; it is plausible that there is a confounding effect associated with 

shallower lakes generally being in lowland locations and therefore subject to greater human impact. 
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Figure 21. Relationships between Secchi depth and other TLI variables for lakes in the 

NWQMN database, differentiated by maximum depth category. 
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Figure 22. Relationship between Secchi depth and Chl a for lakes in the NWQMN 

database, differentiated by geomorphic type. 

 

 



NZ Lakes Resilience  Page 47 

1354-02 

Table 19. Comparison of model performance among piecewise Secchi ~ Chl a models 

(versions of Model 2Secchi) that include different model coefficients for shallow 

and deep lakes for a range of zmax thresholds. Based on AIC, model performance 

is optimal when shallow and deep lakes are differentiated by a zmax threshold of 

20 m.  

 

 

N Above AIC

5.0 39 58.99

7.5 32 61.86

10.0 31 62.18

12.5 28 57.43

15.0 22 49.33

20.0 17 43.50

30.0 14 45.70

Depth Criterion 

(m)

Fit
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Figure 23. Predicted vs observed values of Secchi for candidate models. Solid line is a line 

of best fit; the dashed line shows the 1:1 line. 
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Table 20. Performance statistics for models used to predict Secchi0.5 in m. SEE, standard 

error of the estimate; ESS, error sum of squares; CF, correction factor; R2, 

squared Pearson’s correlation coefficient (see text); p, number of parameters; 

AIC, Akaike information criterion; ΔAIC, difference in AIC relative to the best-

performing model; RMSE, root mean square error. 

  

 

Table 21. Model coefficients to predict Secchi0.5 using Model 3BSecchi in Table 20. See 

Methods for definition of Resuspension term.  

 

 

Model SEE ESS R
2

p AIC ΔAIC RMSE

1 0.46 10.99 2.73 2 73.04 38.54 1.65

2 0.34 5.66 2.83 5 43.89 9.39 1.68

3A 0.32 4.79 2.84 5 34.98 0.49 1.68

3B 0.32 4.93 2.83 4 34.50 0.00 1.68

4 0.33 5.10 2.83 5 38.36 3.87 1.68

5 0.34 5.63 2.82 5 43.59 9.09 1.68

6 0.34 5.54 2.82 5 42.73 8.24 1.68

Coefficient Estimate SE 95% CI P-Value

Intercept 3.46 0.12 3.23, 3.70 <0.001

Chla -0.74 0.09 -0.93, -0.55 <0.001

Chla:d -0.79 0.23 -1.25, -0.32 0.001

Resuspension:d -0.35 0.05 -0.44, -0.25 <0.001
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Figure 24. Variation in predicted Secchi with the best-performing model (Model 3BSecchi) 

for different values of zmax and Chl a. 

 

 

3.3.2. Reference: Model Fitting 

There was good correspondence between observed and predicted Secchi depth for the version of 

Model 1Secchi that was fitted to the subset of deep lakes (zmax > 20 m) with Chl a < 33 mg m-3  

(Figure 25). Performance statistics for this model were: r2 = 0.70, SEE = 0.35 mg m-3 and 10-fold cross 

validation RMSE = 2.48 mg m-3. Model coefficients are presented in Table 22. Note that this model 

is very similar to the model used to predict current Secchi in deep lakes (Figure 26). This reflects that 

the two models were fitted to the same data, with the exception that lakes with the highest values of 

Chl a were omitted from the model used to predict Ref_Secchi. This model was used to predict Ref_Secchi 

in all WONI lakes with sufficient data. 
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Figure 25. Predicted vs observed values of Secchi depth for the model used to predict 

Ref_Secchi. r2 = 0.70; 10-fold cross validation RMSE = 2.48 mg m-3. Solid line 

is a line of best fit; the dashed line shows the 1:1 line. 

 

 

Table 22. Model coefficients to predict Ref_Secchi0.5 using Model 1Secchi fitted to a sub-

sample of lakes (see Methods). 

 

  

Coefficient Estimate SE 95% CI P-Value

Intercept 3.42 0.14 3.12, 3.71 <0.001

Chla -1.46 0.24 -1.98, -0.94 <0.001
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Figure 26. Comparison of predicted Secchi depth between the model used to predict 

Secchi in deep (zmax > 20 m) lakes and the model used to predict Ref_Secchi in 

all lakes. The solid line shows predictions for the Secchi model and the dashed 

line shows predictions for the Ref_Secchi model. 

 

 

3.3.3. Predictions 

Under current conditions, Secchi values ranged from 0.1 m to 15.9 m, with a mean of 6.5 m and a 

median of 5.9 m. Under reference conditions, Ref_Secchi values ranged from 3.4 m to 14.8 m, with a 

mean of 9.6 m and a median of 10.3 m. This comparison suggests that the model predictions under-

estimate Ref_Secchi in the clearest lakes. Predicted current Secchi was lower than reference estimates 

(Ref_Secchi) in 89% of lakes. For 41% of lakes, the upper bound of the 95% confidence interval for 

the Secchi prediction was lower than the lower bound of the 95% confidence interval for the Ref_Secchi 

prediction. 



NZ Lakes Resilience  Page 53 

1354-02 

Figure 27. Predicted current and reference Secchi depth in 1,031 WONI lakes throughout 

New Zealand. Vertical lines denote 95% confidence intervals. 

 

 

3.4. Trophic Level Index 

Predictions of TLI and constituent TLI variables are summarised in Table 23. Predicted current TLI 

exceeded estimated reference TLI in 88% of lakes. For 27% of lakes, the lower bound of the 95% 

confidence interval for the current TLI prediction exceeded the upper bound of the 95% confidence 

interval for the reference TLI prediction. That is, in about a quarter of the lakes, current TLI was 

greater than reference TLI with no overlap in the confidence intervals. 

Results indicate systematic differences in reference TLI values among lakes with different geomorphic 

types (Figure 31). Reference TLI values were generally lowest for glacial, landslide, volcanic and dam-

formed8 lakes; median reference TLI values for these four geomorphic types corresponded to an 

oligotrophic status. Reference TLI values were generally highest for aeolian (dune), peat, shoreline and 

                                                 
8 We recognise that the concept of a reference state does not strictly apply to a reservoir. 
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tectonic lakes; median reference TLI values for these four geomorphic types corresponded to a 

mesotrophic status. 

Change in TLI from reference state ranged from -0.84 to 3.31 (Figure 29). The mean change was an 

increase of 0.67 units and the median change was an increase of 0.77 units, with a standard deviation 

of 0.67 units. TLI was estimated to have decreased in 11% of lakes; we expect that this value is biased 

high and generally reflects model error; e.g., associated with low nutrient concentrations assigned to 

lake inflows due to under-estimation of these values with CLUES, especially TN. However, rare 

instances of improvements in trophic status (oligotrophication) may have occurred; e.g., in reservoirs 

where water management operations have reduced water residence time sufficiently to limit 

phytoplankton biomass. TLI was estimated to have increased by 0–1 TLI units in 58% of lakes, by 1–

2 TLI units in 26% of lakes and by > 2 TLI units in 5% of lakes (Figure 29). Based on predictions, 

the predominant lake trophic status under a reference state was oligotrophic (68% of lakes), while the 

most common lake trophic status under current conditions was mesotrophic (38% of lakes). None of 

the lakes in the WONI sample were predicted to correspond to the lowest trophic status classification 

(ultra-microtrophic) under either reference or current states. Less than 5% of lakes corresponded to a 

microtrophic classification under either reference or current states. Approximately 5% of lakes 

corresponded to a eutrophic status under a reference state, while the current status of 16% of lakes 

was eutrophic. No lakes corresponded to supertrophic or hypertrophic conditions under a reference 

state, while the current status of approximately 15% of lakes corresponded to these trophic status 

classifications.  

Table 23. Summary of predictions of TLI variables for WONI lakes. 

 

Variable State Units n Maximum Minimum Mean Median

TN Current mg m
-3 1038 7076 42 449 217

Reference mg m
-3 1040 758 59 214 164

TP Current mg m
-3 1033 580.5 3.3 43.3 22.0

Reference mg m
-3 1033 60.6 3.3 10.4 6.6

Chl a Current mg m
-3 1031 150.3 0.5 8.3 3.0

Reference mg m
-3 1033 13.6 0.6 2.4 1.5

Secchi depth Current m 1031 15.89 0.10 6.48 5.88

Reference m 1031 14.79 3.35 9.60 10.34

TLI Current TLI units 1031 7.08 1.61 3.58 3.28

Reference TLI units 1031 4.75 1.68 2.81 2.60
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Figure 28. Comparison of predicted TLI for 1,031 WONI lakes corresponding to current 

and reference states. Vertical lines denote 95% confidence intervals. 
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Figure 29. Frequency (counts) distribution of estimated departure from reference TLI for 

WONI lakes. 

 

 

Figure 30. Estimated TLI for WONI lakes corresponding to reference and current 

conditions. 
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Figure 31. Estimated TLI for WONI lakes corresponding to reference and current 

conditions, differentiated by lake geomorphic type. Sample sizes are shown in 

parentheses. 
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