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Assessment of reproductive effort as an indicator of seagrass health for the Marine Monitoring Program

i

[bookmark: _Toc23165696]Executive summary 
We used models to determine whether seagrass data collected in the Marine Monitoring Program could be used to predict subsequent seagrass coverage. Parametric modelling (a traditional statistical modelling approach) along with a random forest modelling (a machine learning approach) was employed. 

Three indicators were included as variables in the models: reproductive effort, species composition and prior levels of seagrass coverage. However, our primary objective was to assess how effective the reproductive effort was as a predictive indicator of seagrass condition and health. Reproductive effort includes male and female flowers, fruits, spathes, seeds and nodes. 

While the reproductive effort data showed some promise in improving the predictions of seagrass coverage, the models often found weak associations due to the lack of statistical power in the data. Flowers were significant in all of the parametric models tested. Fruits and spathes were significant in some of the models indicating that they may have some value in predicting seagrass coverage. Overall, the high level of uncertainty associated with the reproductive effort index hinders the value of this indicator for assessing ecosystem health. 

The abundance (percent cover) of seagrass in the previous year was the best predictor of seagrass cover at a site. The number of species was sometimes a good predictor of seagrass, although for some models once the indicators for the individual species were added, the number of species was no longer significant. These results support the assertion that species diversity and productivity are good indicators of resilience. The number of flowers featured as a key predictor in all the models and the number of fruit/spathes was important in the absence of lagged percent cover.

The presence of Zostera and Cymodocea serrulata were also key predictors of seagrass coverage, highlighting the importance of considering community composition. 

While the seeds data was very important in the random forests, most likely the lack of power in this data prevented the seeds variable from being significant in the parametric models. 

Continued collection of seeds data, and increasing the power in this dataset, would improve the understanding of how seed banks contribute to recovery in the Reef. The seed data should not be added to the reproductive effort metric at this stage as it would increase variability of an already low-powered metric. 


[bookmark: _Toc23165697]Introduction 
Reproductive effort is considered to be an indicator of the ability of a seagrass system to recover from loss (Collier and Waycott 2009). It is particularly important in the event of large-scale devastation such as caused by a storm or cyclone. McKenzie et al. 2016 attribute the recovery of seagrass meadows to reproductive output, seed banks and seagrass species composition.

The Marine Monitoring Program (MMP) currently reports reproductive effort based on a metric that incorporates all available information on the production of flowers and fruits per unit area (McKenzie et al. 2016). Given the high diversity of seagrass species and their variability in production of reproductive structures, this metric was seen as the best presentation of available information at the time of the program’s inception. However, Kuhnert et al. 2015 reported that it is clear that of the three existing MMP indicators, reproductive effort has the least power and requires further investigation to determine how the metric could be improved for reporting. 

The MMP collects information on seed banks for foundational seagrass species. The production of seeds is also considered to be a good indication of the ability of a meadow to recover from large scale impacts or even more localised losses (Collier and Waycott 2009). To date though, this information has not been included in the reproductive effort indicator due to perceived problems with the timing and representativeness of the data.  

The roots and horizontal stems (rhizomes) of seagrass will often be beneath the sand/mud. Rhizomes are formed in segments and the leaves or vertical stems arising from the joins referred to as nodes. The MMP collect information on the number of nodes for each species, and this may be an indicator of the effort being put into growth/regeneration. This information is currently part of the supporting documentation for the MMP report and does not directly feed into an indicator. 

Reproductive effort should not be analysed without giving consideration to community composition as the expected reproductive effort depends highly on the type of community and location. As highlighted by Udy et al. 2019, following loss, there is a large variation in recovery outcomes recorded in the Reef. This is likely a reflection of the degree to which meadows were initially impacted as well as differences in the availability of seagrass, seed banks or recruits to aid recovery. 

The value of the data in predicting seagrass recovery, and the adequacy of the current MMP reproductive effort indicator, are tested and outcomes reported. 

[bookmark: _Toc523229465][bookmark: _Toc23165698]Data
The MMP collect data across a variety of habitat types in the Reef (coastal, estuarine and reef) using the methods described in McKenzie et al. 2016. The number of sites monitored has varied since inception but, for example, in the 2014-15 monitoring period 45 sites were monitored (typically two to three per location). The program also included additional data from the Seagrass-Watch program to improve the spatial resolution. Monitoring is undertaken in the late dry period (September/October) and late monsoon (March/April) of each year. At each site, observers record the percent seagrass cover within 33 quadrats (50 cm x 50 cm, placed every 5m along three 50m transects). The sampling strategy for subtidal sites is slightly modified to cater for the logistics of SCUBA diving in poor visibility. 

Seagrass reproductive data is collected in the field during the MMP surveys. McKenzie et al. 2016 describe the sampling procedures in detail. In the field, 15 haphazardly placed cores (100mm diameter x 100mm depth) of seagrass are collected from an area adjacent to each monitoring site and the reproductive structures (spathes, fruits, female and male flowers) identified to species level and counted in the laboratory. Seed banks and abundance of germinated seeds are sampled by sieving 30 cores (50mm diameter, 100mm depth) of sediment collected across each site and counting the seeds retained in each. For Zostera muelleri, 18 cores are collected and returned to the laboratory where they were washed through a sieve and seeds identified using a hand lens/microscope.

[bookmark: _Toc523229466][bookmark: _Toc23165699]Dominant species
The sites in the MMP have different species composition and pressures affecting them. Evidence of reproduction at a site will vary through time and depending on the timing of sampling, key reproductive effort indicators may vary from being in their peak to totally being absent (although having been present earlier). The peak season for reproduction for all species is considered to be between September and December.

We first determined the dominant species at each site and explored the number of nodes and reproductive effort data (flowers, fruit and spathes) for the dominant species at each site. We analysed each site separately, choosing not to aggregate to location. We plotted the percent cover and seeds per m2 for all species at a site. We chose to plot combined total percent cover as the dominant species may change through time and a drop in cover of the normally dominant species may not necessarily represent a drop in overall cover. We plotted seed counts for all species as the data are sparse. As the date and number of samples can vary by site and year, we have grouped the data into ‘peak’ (Sept-Dec) and ‘non-peak’ (Jan- Aug) for each year and so each year where at least two samples have been collected will have two time points depicted (even if there were more). To give an indication of the trend in each of the variables at each site, we fitted a local polynomial regression smooth (loess).  Note: the smooths are very simplistic and do not take seasonality into account, but still provide a general indication of the trend in the data. 

The majority of sites have been dominated in the past by either Halodule or Zostera (Table 1). While we plotted the reproductive effort and seagrass cover data for all sites, we have chosen to show a subset of examples below so as not to overwhelm the reader, with the remaining sites in Appendix A. The examples cover a range of scenarios in the MMP. As reproductive effort is generally considered most critical during a major decline i.e. greater reproductive effort should result in a greater chance of recovery, we have mostly shown sites where there has been a major decline at some point. Some of the sites demonstrate a lot of evidence of reproduction after a decline (Site BB1) while others much less (Site GI1). The different responses are largely due to the environmental conditions, additional pressures and the dominant species at each site. 

[bookmark: _Ref515372845][bookmark: _Toc523229489]

[bookmark: _Toc19021945]Table 1: Number of sites where each species is dominant (highest percent cover over time)
	Species
	Number of sites

	Cymodocea rotundata (CR)
	4

	Cymodocea serrulata (CS)
	2

	Halophila ovalis (HO)
	7

	Halodule universis (HU)
	24

	Thalassia hemprichii (TH)
	4

	Zostera muelleri (ZM)
	18




[image: H:\Data\GBRMPA\Data\Repro plots\repro at site BB1.png]
[bookmark: _Toc19020793]Figure 1:Summary of seagrass coverage and reproductive effort data at Bushland Beach (dominant species is Halodule)
Bushland Beach Site 1 experienced a big decline to almost zero cover around 2010 (Figure 1) but made a strong recovery from 2013 onwards. There is little evidence of reproductive structures during the years of major loss (as there is no seagrass to fruit/flower), however the structures come back quickly once the seagrass does. There is also evidence of nodes and seeds in the years of major loss, which likely would have contributed to the recovery of the species.  
[image: H:\Data\GBRMPA\Data\Repro plots\repro at site DI1.png]
[bookmark: _Toc19020794]Figure 2: Summary of seagrass coverage and reproductive effort data at Dunk Island (dominant species is Halodule)
Dunk Island Site 1 exhibits a major loss in 2011 (Figure 2), with only a slight recovery afterwards. While almost no reproductive structures or seeds have been recorded at the site, there is an increasing number of nodes recorded over the last few years. 
[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MI1.png]
[bookmark: _Toc19020795]Figure 3: Summary of seagrass coverage and reproductive effort data at Picnic Bay Site 1 (dominant species is Halodule)
In 2011 Picnic Bay Site 1 also experienced a decline, although less marked than the previous two sites (Figure 3). Following the decline, the species recovers quickly and the increasing trend in nodes provides a good indication that the seagrass is working to recover. There is evidence of both reproductive structures and seed banks but no strong trends. 
[image: H:\Data\GBRMPA\Data\Repro plots\repro at site HM1.png]
[bookmark: _Toc19020796]Figure 4: Summary of seagrass coverage and reproductive effort data at Hamilton Island Site 1 (dominant species is Halophila ovalis)
Hamilton Island Site 1 is an example of persistently fairly low seagrass coverage (Figure 4). There’s not much evidence to suggest that effort is being put in to “recover” or increase the standing biomass. This is a good example of how the expected abundance of seagrass, and effort put into recovery, differs by site. 


[bookmark: _Ref514940387][bookmark: _Toc523229467][bookmark: _Toc23165700]Statistical Modelling Methods
One way to assess which environmental factors will act as key indicators in determining changes in percent cover is through statistical modelling. In this section, we outline the method for modelling seagrass as a function of environmental variables. Critically, interest is in which key variables significantly contribute to explaining percent cover of seagrass. We focus on developing two modelling frameworks: (i) a parametric Generalized Linear Model (GLM); and (ii) a non-parametric statistical model. Due to the fact that seagrass percent cover is bounded between 0 and 100%, with many of the observed values at or near zero percent cover, we aggregated to the site level first before fitting a Beta-distribution based generalized regression model and the non-parametric based Random Forest model. 

[bookmark: _Toc523229468][bookmark: _Toc23165701]Data Aggregation
Seagrass percent cover was observed at the quadrat level initially, and needed to be aligned with available seed and reproductive effort data that were collected using cores (not directly aligning with quadrats). We would like to determine key indicators at the site level over time.  We focused on the peak/non-peak yearly time scale (as described earlier) at the site level.  That is, we aggregated by taking the mean seagrass percent cover of all quadrats at a site for a given period (peak or non-peak season), per year.
 
For modelling purposes, we considered several seed bank and reproductive effort variables as well as site and time variables. Table 2 shows the variables of interest, namely seed data, factor variables dictating which site and which season is observed, and a variable that shows the percent cover of seagrass for the previous year for a given site and season.  Importantly, the variables linked to reproduction (seeds, nodes, flowers, and spathes) are specified for the peak season only. That is, the observed reproductive effort variable values will be the same regardless of season for a given year and site.  We also included indicator variables for each species to indicate presence/absence of each particular species as a means of considering community composition in our analysis. 

[bookmark: _Toc523229469][bookmark: _Toc23165702]Zero Inflated Beta Regression Modelling
We utilised a Generalized Linear Model (GLM) (Nelder and Wedderburn 1972) as a parametric based statistical framework to link potential indicators to seagrass percent cover. To accommodate the high percentage of zeros and the bounded nature of percent cover (which we scale to be between 0 and 1 inclusive), we used a zero-inflated beta distribution in the GLM framework (Ospina and Ferrari, 2010). The fine details can be found in Ospina and Ferrari (2010). We present a few technical details for reference here. We modeled percent cover of seagrass  as
 	(1)
where , , and  are parameters associated with the mean, variation, and zero-inflation probability, respectively.  These parameters are then specified as functions of the variables of interest.  Specifically:
 	(2)
 	(3)
 	(4)
where , , and  are matrices that contain explanatory variables for , , and , respectively, and , , and  are the respective vectors of covariate coefficients.  Importantly, this formulation is flexible as it allows different potential indicators to influence the mean, variance, or the probability of non-zero percent cover. Critically,  and  relate to the response variables percent seagrass through a logit function, while  relates through a log function.  

Critically, key indicators will arise from associated covariates that are significant in the model. For simplicity, we specify the model  of the mean parameter  as a function of the environmental variables specified in Table 2, allowing the remaining functions  and  to be only modelled with an intercept term, though we note that future studies may want to investigate alternative forms for these functions. We fit this model in the R programming language (R Core Team, 2017) using the “gamlss” package (Rigby and Stasinopoulous 2005; Stasinopoulos et al. 2017).  

[bookmark: _Toc19021946]Table 2: List of variables used for statistical modelling
	Variable Name
	Description

	peak
	Indicator variable dictating if in peak or non-peak season

	num_species
	Integer showing the number of species at the site for the season and year

	Max_Nodes
	Maximum number of nodes counted during one sampling point in the period

	Max_Flowers
	Maximum number of flowers counted during one sampling point in the period

	Max_FruitsSpathes
	Maximum number of fruits and spathes combined during one sampling point in the period

	Seed_Bank_m2
	 Estimated sum of seeds per square meter

	site
	Factor variable indicating which Site

	CR
	Indicator for species Cymodocea rotundata

	CS
	Indicator for species Cymodocea serrulata

	EA
	Indicator for species Enhalus acoroides

	HD
	Indicator for species Halophila decipiens

	HS
	Indicator for species Halophila spinulosa

	HO
	Indicator for species Halophila ovalis

	HU
	Indicator for species Halodule uninervis

	SI
	Indicator for species Syringodium isoetifolium

	TH
	Indicator for species Thalassia hemprichii

	ZM
	Indicator for species Zostera muelleri

	Lagged_Cover
	A variable indicating the previous year mean percent cover



[bookmark: _Ref514926489][bookmark: _Toc523229471][bookmark: _Toc23165703][bookmark: _Toc341085719]Model Formulation
Both the zero-inflated beta regression model and the random forest model link the explanatory variables in Table 2 to the percent cover of seagrass. In this section, we present the details of the formulations we use for our analysis. We consider two different specifications of percent cover of seagrass and four alternative models. 
 
The four models can be written as:









where  is the index referencing site,  is the index referencing ‘financial’ year (July-June),  is the index referencing season (either peak or non-peak season),  represents the chosen percent cover measurement at site , year , season ,  represents the intercept term, and  represents the associated error. We use  as a generic term in M1-M4 to represent either the zero-inflated beta regression or random forest specification described above.  

In summary terms:
· M1 is predicting seagrass percent cover based on current season, number of species present in the previous year, the reproductive/resilience variables from the peak of the previous year (nodes, flowers, fruits, spathes and seeds). 
· M2 is the same but with indicator variables showing which species were present in the previous year. 
· M3 is the same as M1 but with the addition of the seagrass cover in the previous year. 
· M4 is the same as M3 with the addition of the species indicator variables. 

We further considered two definitions of percent cover. The first was mean total cover based on all species, which we label as .  The second was mean combined cover of Halodule and Zostera, which we label as . Both model types rely on having values for all variables i.e. no NA values. If any variable has an NA in the model, that observation is omitted in the analyses. 

[bookmark: _Toc523229472][bookmark: _Toc23165704]Statistical Modelling Results
We applied the four model formulations, fitting both a zero-inflated beta regression and a random forest statistical model to the seagrass data for the MMP. In doing so, we are looking for which variables significantly contribute to explaining percent cover of seagrass.  

After fitting the zero-inflated beta regression and random forest for specifications M1-M4, for both the full seagrass percent cover and Halodule/Zostera percent cover, we tested how well the models fit the observed data. We did this by fitting a simple linear regression to the fitted value against the observed and obtained the respective R-squared values. Table 3 shows these R-squared values. All formulations fit the data reasonably well for both statistical models and both percent cover values, with R-squared values between 0.50 and 0.74. We note that the R squared values for the zero-inflated beta model is always at least slightly better than the random forest models, although the increase is sometimes very modest. The R squared values also increase moving from M1 to M4 indicating that the models are improved by considering both species composition and the amount of seagrass in the year prior. 

[bookmark: _Toc19021947]Table 3: R squared values for a linear regression of the fitted values against the observed value for for models M1-M4 when fit with a zero-inflated beta regression or a random forest to percent cover of all seagrass species
	Model
	Zero-inflated beta
	Random Forest

	M1
	0.653
	0.633

	M2
	0674
	0.652

	M3
	0.709
	0.673

	M4
	0.738
	0.684




[bookmark: _Toc19021948]Table 4: R squared values for a linear regression of the fitted values against the observed value for for models M1-M4 when fit with a zero-inflated beta regression or a random forest to percent cover of Halodule and Zostera
	Model
	Zero-inflated beta
	Random Forest

	M1
	0.550
	0.508

	M2
	0.570
	0.515

	M3
	0.628
	0.537

	M4
	0.668
	0.567



As the M4 models gave the best R squared values, we predicted from both M4 models and compared the predictions to the observed values at each site (Figure 5). A subset of sites are shown and the rest can be found in Appendix B. Where the observed values are missing it is because those values have not been used in the model, usually due to missing reproductive effort variables. For most sites the models do quite well, even predicting recovery following decline for sites such as Bushland Beach (although the beta regression model provides much better predictions at this site). At a small number of sites, such as the two in Gladstone Harbour, the models are much further from the observed values though.  






[image: H:\Data\GBRMPA\Data\Dan model update\Rplot1.png]
[bookmark: _Toc19020797]Figure 5: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4



We also considered the predictive capabilities of both the zero-inflated beta regression and the random forest. Our approach was to test how well each model does in predicting 2012. To do this, we fitted both statistical models using data at all available sites from 2006 through 2011, and used the resulting model fit to predict seagrass cover for both peak and non-peak seasons in 2012 at all sites that have available data. We then computed the mean squared error (MSE) of the predicted seagrass cover. Table 5 and Table 6 shows the MSE values. The zero-inflated beta models consistently outperform the equivalent random forests models. We chose 2012 as a particularly difficult year to predict given many sites were recovering following a decline but by choosing this year we effectively omitted 5 years of data from the “training” of the model so we expect future predictions to be an improvement. The zero inflated beta model may also be able to be improved slightly with further work to estimate the other two parameters that we have held fixed at this stage. 

[bookmark: _Toc19021949]Table 5: Predicted mean squared error (MSE) of the zero-inflated beta regression and random forest models for formulations M1-M4 for total percent cover
	Model
	Zero-inflated beta
	Random Forest

	M1
	0.00759
	0.00944

	M2
	0.00822
	0.0097

	M3
	0.00459
	0.00637

	M4
	0.00518
	0.0068



[bookmark: _Toc19021950]Table 6: Predicted mean squared error (MSE) of the zero-inflated beta regression and random forest models for formulations M1-M4 for Halodule and Zostera percent cover
	Model
	Zero-inflated beta
	Random Forest

	M1
	0.0057
	0.00648

	M2
	0.00549
	0.00668

	M3
	0.00322
	0.0049

	M4
	0.00357
	0.00466



[bookmark: _Toc523229473][bookmark: _Toc23165705]Zero-Inflated Beta Regression Key Indicators
Given the results indicating a good model fit, we determined which variables are potentially key indicators of seagrass cover. We did this by examining the associated p-values of the resulting estimated coefficients of each variable, for each formulation M1-M4. Table 7 shows the estimated coefficients and p-values for each formulation. There are a lot of interesting relationships highlighted through the results of these models, so we have summarised our findings:
· The number of species in the year prior is significant in the models that don’t have the individual species indicators or lagged cover (M1, M2 and M3).
· The number of nodes in the year prior is significant in M4. The coefficients are negative indicating that a higher number of nodes in the year prior results in less seagrass. This could be due to the seagrass “working hard” to regenerate in periods of loss. 
· The number of flowers was significant in all of the models. In each case, the greater the number of flowers in the year prior, the greater the mean seagrass prediction.
· The number of combined fruits/spathes was significant for M1 and M2 but not once lagged cover was added.
· The seed bank variable was never significant. 
· Cymodocea serrulata and Zostera were significant in both of the models where they were considered. Each had a positive coefficient indicating that the presence of these seagrass in a particular year is an indicator for higher mean seagrass the following year. These are all considered to be foundation species in the Reef.
· Lagged cover was always significant when included in the models.

We haven’t tried to interpret the coefficients, other than their direction, as the model is complex and a logit link was applied meaning that the relationships are non-linear. 

[bookmark: _Toc19021951]Table 7: Coefficients and p-values for the Zero-inflated beta regression for percent_cover response under formulations M1-M4
	Variable
	M1
	M2
	M3
	M4

	[bookmark: RANGE!A3]Peak yes
	0.085
(0.22)
	0.052
(0.452)
	-0.002
(0.974)
	-0.046
(0.48)

	num_species
	0.306
(0.000)
	0.253
(0.017)
	0.265
(0.000)
	0.147
(0.135)

	Max_Nodes
	-0.001
(0.05)
	-0.001
(0.06)
	-0.001
(0.088)
	-0.001
(0.043)

	Max_Flowers
	0.0207
(0.000)
	0.020
(0.000)
	0.015
(0.001)
	0.014
(0.001)

	Max_FruitsSpathes
	0.013
(0.001
	0.014
(0.000)
	0.005
(0.253)
	0.006
(0.101)

	Seed_Bank_m2
	0.000
(0.297)
	0.000
(0.393)
	0.000
(0.671)
	0.000
(0.827)

	CR 
	NA
	0.141
(0.556)
	NA
	0.07
(0.975)

	CS 
	NA
	0.375
(0.026)
	NA
	0.471
(0.003)

	EA 
	NA
	-0.279
(0.587)
	NA
	-0.786
(0.118)

	HD 
	NA
	-0.162
(0.768)
	NA
	0.105
(0.838)

	HS 
	NA
	-0.282
(0.603)
	NA
	-0.954
(0.065)

	HO 
	NA
	-0.000
(0.995)
	NA
	0.156
(0.266)

	HU 
	NA
	-0.119
(0.473)
	NA
	0.003
(0.986)

	SI 
	NA
	-0.115
(0.779)
	NA
	-0.192
(0.637)

	TH 
	NA
	-0.153
(0.365)
	NA
	-0.132
(0.396)

	ZM 
	NA
	0.491
(0.003)
	NA
	0.491
(0.001)

	lagged_cover
	NA
	NA
	3.271
(0.000)
	3.570
(0.000)


The p-value is in the brackets and bold indicates p-value less than 0.05.

We also considered a second response variable, the percent cover based on the combined Zostera and Halodule cover. This analysis was performed separately to determine whether the number of seeds became an important predictor when only considering those species where seeds can most accurately be measured. Note that although we only included the combined cover of the two species, we still left the indicators regarding the presence of other species in the model.  


Summarising our findings:
· The number of species in the year prior is significant in the models that don’t have the individual species indicators (M1 and M3).
· The number of nodes in the year prior is significant in M1, M3 and M4. The coefficients are negative indicating that a higher number of nodes in the year prior results in less seagrass. This could be due to the seagrass “working hard” to regenerate in periods of loss. 
· The number of flowers was significant in all of the models. In each case, the greater the number of flowers in the year prior, the greater the mean seagrass prediction.
· The number of combined fruits/spathes was significant for M1 and M2 but not once lagged cover was added.
· The seed bank variable was never significant. 
· The presence of Zostera in the year prior is a good indicator for Zostera cover in a given year (p< 0.05). Thalassia and Halophila Spinulosa were both significant in M4 but not M3.  
· Lagged cover was always significant when included in the models.
· While not given in Table 8, the model coefficients were similar in magnitude to those for the percent cover model. 
There is little difference in the results here compared to the models for total percent cover and we note that the seed bank variable is still not significant when we restrict to just Zostera/Halodule cover. 

[bookmark: _Toc19021952]Table 8: P-values for the Zero-inflated beta regression for hu_zm_cover response under formulations M1-M4
	Variable
	M1
	M2
	M3
	M4

	Peak yes
	0.349
	0.660
	0.543(-)
	0.099(-)

	num_species
	0.000
	0.099
	0.001
	0.488

	Max_Nodes
	0.025(-)
	0.021(-)
	0.052(-)
	0.020(-)

	Max_Flowers
	0.000
	0.000
	0.001
	0.000

	Max_FruitsSpathes
	0.001
	0.000
	0.483
	0.221

	Seed_Bank_m2
	0.595
	0.742
	0.973
	0.547(-)

	CR 
	NA
	0.425
	NA
	0.482

	CS 
	NA
	0.253
	NA
	0.053

	EA 
	NA
	0.915(-)
	NA
	0.195(-)

	HD 
	NA
	0.446(-)
	NA
	0.780(-)

	HS 
	NA
	0.652(-)
	NA
	0.046(-)

	HO 
	NA
	0.636
	NA
	0.153

	HU 
	NA
	0.750(-)
	NA
	0.410(-)

	SI 
	NA
	0.809(-)
	NA
	0.695(-)

	TH 
	NA
	0.366(-)
	NA
	0.026

	ZM 
	NA
	0.001
	NA
	0.000

	lagged_cover
	NA
	#NA
	0.000
	0.000


The p-value is in the brackets and bold indicates p-value less than 0.05. Note the estimated model coefficients are not given but the (-) indicates a negative coefficient.


[bookmark: _Toc523229474][bookmark: _Toc23165706]Random Forest Key Indicators
We next present the results for the random forest models. Since random forests are non-parametric in nature, we rank the importance of the variable rather than their indicating significance. Importance is based on what is known as reduction in MSE which indicates the reduction in error achieved through the introduction of each variable, with the variables depicted in decreasing value (importance) (see Breiman, 2001 for details). Figures 6-9 show the importance rankings for percent_cover for M1-M4 while Figures 10-13 show the importance rankings for the combined cover of Halodule and Zostera.  

As with the zero-inflated beta regression, the number of species, nodes, number of flowers, number of fruits/spathes and lagged cover were consistently important predictors of percent cover. The two Cymodocea (CR and CS) species and Zostera also showed importance when species were added, supporting the zero-inflated beta regression results. Zostera was the most important species variable for hu_zm_cover, agreeing with the zero-inflated beta regression results.  

Interestingly, seed_bank_m2 is important in the random forest model, disagreeing with the zero-inflated beta regression. This is likely to mean that seeds are important in predicting seagrass, and in particular seagrass recovery, but due to the sparsity of the data there is not enough power to display significance in the beta regression model. As such, while seed_bank_m2 may be too variable to be a good indicator of seagrass cover currently (due to low seed numbers), it may still be valuable in predicting seagrass recovery when combined with other relevant variables. This is a slight but critical distinction to note.  
[bookmark: _Ref509834064][bookmark: _Toc511636461]
[bookmark: _Ref514974786][bookmark: _Toc523229541][bookmark: _Toc514974572][bookmark: _Ref514974769][image: ]
[bookmark: _Toc19020798]Figure 6: Variability importance ranking of the random forest model for M1 considering the entire percent_cover
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[bookmark: _Toc19020799]Figure 7: Variability importance ranking of the random forest model for M2 considering the entire percent_cover
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[bookmark: _Toc19020800]Figure 8: Variability importance ranking of the random forest model for M3 considering the entire percent_cover
 [image: ]

[bookmark: _Toc19020801]Figure 9: Variability importance ranking of the random forest model for M4 considering the entire percent_cover
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[bookmark: _Toc19020802]Figure 10: Variability importance ranking of the random forest model for M1 considering weighted average of HU and ZM percent cover
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[bookmark: _Toc19020803]Figure 11: Variability importance ranking of the random forest model for M2 considering weighted average of HU and ZM percent cover
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[bookmark: _Toc19020804]Figure 12: Variability importance ranking of the random forest model for M3 considering weighted average of HU and ZM percent cover
 [image: ]

[bookmark: _Toc19020805]Figure 13: Variability importance ranking of the random forest model for M4 considering weighted average of HU and ZM percent cover. Importance ranking is based on node purity


[bookmark: _Toc523229475][bookmark: _Toc23165707]Discussion and implications for the MMP and future monitoring

The sites in the MMP vary in their species composition, baseline seagrass coverage, levels of reproductive effort and the pressures affecting them. We tried to predict seagrass coverage based on reproductive effort, species composition and prior levels of coverage, for all sites in the MMP where the amount of data was adequate to do so. We used both a parametric modelling and a random forests approach, with both producing similar levels of accuracy and a similar set of important predictor variables. While random forests are an excellent tool for prediction, the beta regression models provided consistently better accuracy and have the advantage of providing better statistical inference and relationships between variables that are understandable. 

The amount of seagrass in the previous year is unsurprisingly the best predictor of seagrass coverage at a site. The number of species was also a good predictor of seagrass, however once the indicators for the individual species were added, the number of species was no longer significant. These results support the assertion that species diversity and productivity are good indicators of resilience (Unsworth et al. 2015). The number of flowers featured as a key predictor in all of the models and the number of fruits/spathes was important in the absence of lagged percent cover. 

In terms of community composition, those sites with Zostera and Cymodocea serrulata in the previous year were associated with higher amounts of seagrass coverage. These results confirm the need to consider community composition when considering the likely time to recover following a significant loss. 

While the reproductive effort data showed some promise in improving the predictions of seagrass coverage, the models typically found weak associations due to the power in the data. Flowers, fruits and spathes (the variables currently forming the MMP reproductive effort indicator) were all significant in some of the models indicating that they have some value in predicting seagrass coverage and are therefore useful variables to continue to monitor and report on. While the seeds data came out as very important in the random forests, most likely the lack of power in this data prevented this variable from being significant in most of the parametric models. We would recommend to continue to collect the seeds data and increase the power in this dataset where possible to improve the understanding of how seed banks contribute to recovery in the Reef. We would not recommend adding it to the reproductive effort metric at this stage as it would add further variability to an already highly uncertain metric. 

While we have demonstrated that the reproductive effort measures currently aggregated to form the MMP reproductive index are useful in predicting seagrass abundance, the power analysis conducted by Kuhnert et al. 2015 raised concerns over the amount of power to detect change using this metric. The model results support this assertion. Below we plot the reproductive effort indicator and associated confidence interval by site in each of the habitat categories to provide an indication of the uncertainty associated with this metric (Figure 14 - Figure 18). Due to the differences between some sites within a location, we have plotted each site separately but note in some cases combining them would be warranted and reduce the associated uncertainty.

The sum of the reproductive effort measures forms a count variable and due to the scarcity of the data at some sites and times, the data are zero-inflated meaning that there is a greater proportion of zero’s than would be expected for a typical count process. For this reason the standard errors are likely to be underestimated by reporting the standard normal (Gaussian) standard error currently reported by the MMP. To give a more accurate estimate of uncertainty we fitted a simple negative binomial GLM model to the data, to account for the excess zero’s and high variability, and used the standard errors estimated by the model. The model requires more data to calculate the estimates than a typical standard error calculation and for that reason the confidence interval estimates are missing from some of the plots, although a mean is reported.  

The figures also show the ‘very poor’, ‘poor’, ‘moderate’ and ‘good’ categories for the reproductive effort indicator. Here it is apparent that the high level of uncertainty associated with this index is hindering the adequacy of this metric. The confidence intervals at many of the sites cross three and sometimes four categories, for example at Site BB1 in both 2006 and 2016 the reproductive effort indicator is reported as being ‘moderate’ but the confidence intervals range from ‘very poor’ to ‘good’. The difference between being ‘very poor’ reproductive effort and ‘good’ reproductive effort would most likely have a large impact on the ability of a meadow to recover in the event of a large loss, but the metric can’t differentiate between these categories. 

[image: H:\Data\GBRMPA\Data\Repro coastal plots 1 to 10.png]
[bookmark: _Toc19020806]Figure 14: Reproductive effort metric and estimated confidence interval based on negative binomial model for Coastal sites 1 to 10

[image: H:\Data\GBRMPA\Data\Repro coastal plots 11 to 19.png]
[bookmark: _Toc19020807]Figure 15: Reproductive effort metric and estimated confidence interval based on negative binomial model for Coastal sites 11 to 19
[image: H:\Data\GBRMPA\Data\Repro estuarine plots 1 to 8.png]
[bookmark: _Toc19020808]Figure 16: Reproductive effort metric and estimated confidence interval based on negative binomial model for estuarine sites
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[bookmark: _Toc19020809]Figure 17: Reproductive effort metric and estimated confidence interval based on negative binomial model for reef sites 1 to 10

[image: H:\Data\GBRMPA\Data\Reef plots 11 to 19.png]
[bookmark: _Toc19020810]Figure 18: Reproductive effort metric and estimated confidence interval based on negative binomial model for reef sites 11 to 19

The uncertainty is particularly apparent at the reef sites (Figure 17 and Figure 18) where many of the sites span a large range of the report card scores. The scale of the y-axis here is smaller than that of the estuarine and coastal sites so although the confidence intervals are tighter, they appear larger due to the categories being associated with lower-cutoffs in the reef. It would be pertinent to re-visit whether these categories are perhaps a bit ‘tight’ for the reef sites. This is not a statistical question but one of ecological relevancy.  

We have effectively treated each site as a location, removing the benefit of replicating by monitoring two sites at a given location. However, we have done this to demonstrate the variability and uncertainty even within some locations. To improve the uncertainty around the reproductive effort measure at each site/location, the power of the metric needs to be improved. The two best ways to do this would be to either take more samples or conduct further investigations around the best time of year at each site to maximise the count of reproductive structures present. We acknowledge that both of these options are potentially costly and difficult due to logistical constraints, but should be considered with regard to management priorities and acceptable levels of uncertainty. 

Another option to significantly improve the power to detect change in reproductive effort at a broader spatial scale would be to move to a design-based sampling regime as described in Udy et al. 2019. This would significantly improve the inference at the habitat and region level by allowing the trends from sites to be aggregated in a statistically unbiased manner. This is, however, a substantial change. 
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[bookmark: _Toc523229487][bookmark: _Toc23165709]Appendix A. Summary of reproductive effort data for each site

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site AP1.png]
Figure A1: Summary of reproductive effort data for Archer Point 1, dominant species Halodule. 
[image: H:\Data\GBRMPA\Data\Repro plots\repro at site AP2.png]
Figure A2: Summary of reproductive effort data for Archer Point 2, dominant species Halodule. 


[image: H:\Data\GBRMPA\Data\Repro plots\repro at site BB1.png]
Figure A3: Summary of reproductive effort data for Bushland Beach, dominant species Halodule. 


[image: H:\Data\GBRMPA\Data\Repro plots\repro at site BY1.png]
Figure A4: Summary of reproductive effort data for Bathurst Bay 1, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site BY2.png]
Figure A5: Summary of reproductive effort data for Bathurst Bay 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site DI1.png]
Figure A6: Summary of reproductive effort data for Dunk Island 1, dominant species Halodule. 
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Figure A7: Summary of reproductive effort data for Dunk Island 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site DI3.png]
Figure A8: Summary of reproductive effort data for Dunk Island, dominant species Halodule. 
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Figure A9: Summary of reproductive effort data for Farmer Is. 1, dominant species Thalassia. 
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Figure A10: Summary of reproductive effort data for Farmer Is. 2, dominant species Thalassia. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GH1.png]
Figure A11: Summary of reproductive effort data for Gladstone Harbour 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GH2.png]
Figure A12: Summary of reproductive effort data for Gladstone Harbour 2, dominant species Zostera.. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GI1.png]
Figure A13: Summary of reproductive effort data for Green Island 1, dominant species Cymodocea rotundata. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GI2.png]
Figure A14: Summary of reproductive effort data for Green Island 2, dominant species Cymodocea rotundata. 


[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GI3.png]
Figure A15: Summary of reproductive effort data for Green Island 3, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GK1.png]
Figure A16: Summary of reproductive effort data for Great Keppel Island 1, dominant species Halophila ovalis. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site GK2.png]
Figure A17: Summary of reproductive effort data for Great Keppel Island 2, dominant species Halophila ovalis. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site HM1.png] Figure A18: Summary of reproductive effort data for Hamilton Island 1, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site HM2.png]
Figure A19: Summary of reproductive effort data for Hamilton Island 2, dominant species Halophila ovlais. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site JR1.png]
Figure A20: Summary of reproductive effort data for Jerona 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site JR2.png]
Figure A21: Summary of reproductive effort data for Jerona 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site LB1.png]
Figure A22: Summary of reproductive effort data for Lugger Bay 1, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site LB2.png]
Figure A23: Summary of reproductive effort data for Lugger Bay 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site LI1.png]
Figure A24: Summary of reproductive effort data for Low Isles 1, dominant species Halophila ovalis.

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site LI2.png]
Figure A25: Summary of reproductive effort data for Low Isles 2, dominant species Halophila ovalis. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MI1.png]
Figure A26: Summary of reproductive effort data for Picnic Bay 1, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MI2.png]
Figure A27: Summary of reproductive effort data for Cockle Bay, dominant species Cymodocea serrulata. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MP2.png]
Figure A28: Summary of reproductive effort data for Midge Point 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MP3.png]
Figure A29: Summary of reproductive effort data for Midge Point 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site MI3.png]
Figure A30: Summary of reproductive effort data for Picnic Bay 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site PI2.png]
Figure A31: Summary of reproductive effort data for Pioneer Bay 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site PI3.png]
Figure A32: Summary of reproductive effort data for Pioneer Bay 2, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site RD1.png]
Figure A33: Summary of reproductive effort data for Rods Bay 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site RD2.png]
Figure A34: Summary of reproductive effort data for Rodds Bay 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site RC1.png]
Figure A35: Summary of reproductive effort data for Ross Creek 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site SB1.png] 

Figure A36: Summary of reproductive effort data for Shelley Beach 1, dominant species Halodule. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site SI1.png] Figure A37: Summary of reproductive effort data for Sarina Inlet 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site SI2.png]
Figure A38: Summary of reproductive effort data for Sarina Inlet 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site SR1.png]
Figure A39: Summary of reproductive effort data for Shellburne Bay 1, dominant species Halophila ovalis. 


[image: H:\Data\GBRMPA\Data\Repro plots\repro at site SR2.png]
Figure A40: Summary of reproductive effort data for Shellburne Bay 2, dominant species Halophila ovalis. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site ST1.png]
Figure A41: Summary of reproductive effort data for Stanley Island 1, dominant species Cymodocea rotundata. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site ST2.png]
Figure A42: Summary of reproductive effort data for Stanley Island 1, dominant species Thalassia. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site UG1.png]
Figure A43: Summary of reproductive effort data for Urangan 1, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site UG2.png]
Figure A44: Summary of reproductive effort data for Urangan 2, dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site WH1.png]
Figure A45: Summary of reproductive effort data for Whellens hut dominant species Zostera. 

[image: H:\Data\GBRMPA\Data\Repro plots\repro at site YP1.png]
Figure A46: Summary of reproductive effort data for Yule Point 1, dominant species Halodule. 
[image: H:\Data\GBRMPA\Data\Repro plots\repro at site YP2.png]
Figure A47: Summary of reproductive effort data for Yule Point 2, dominant species Halodule. 




[bookmark: _Toc23165710][bookmark: _Toc523229488][bookmark: _Toc341085722]Appendix B. Model outputs
[bookmark: _Toc515358596]Observed mean seagrass vs zero-inflated beta regression and random forest model predictions[image: H:\Data\GBRMPA\Data\Dan model update\Rplot1.png] Figure B1: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.
[image: H:\Data\GBRMPA\Data\Dan model update\Rplot2.png]
[bookmark: _Toc515358597]Figure B2: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.
[image: H:\Data\GBRMPA\Data\Dan model update\Rplot3.png]
[bookmark: _Toc515358598]Figure B3: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.

[image: H:\Data\GBRMPA\Data\Dan model update\Rplot4.png]
[bookmark: _Toc515358599]Figure B4: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.

[image: H:\Data\GBRMPA\Data\Dan model update\Rplot5.png]
[bookmark: _Toc515358600]Figure B5: Observed (black) and predicted percent cover of seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.

[image: H:\Data\GBRMPA\Data\Dan model update\Rplot6.png]
[bookmark: _Toc515358601]Figure B6: Observed (black) and predicted percent cover of weighed HU and ZM seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.
[image: H:\Data\GBRMPA\Data\Dan model update\Rplot7.png]
[bookmark: _Toc515358602]Figure B7: Observed (black) and predicted percent cover of weighed HU and ZM seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.
[image: H:\Data\GBRMPA\Data\Dan model update\Rplot8.png]
[bookmark: _Toc515358603]Figure B8: Observed (black) and predicted percent cover of weighed HU and ZM seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.

[bookmark: _Toc515358604][image: H:\Data\GBRMPA\Data\Dan model update\Rplot9.png]Figure B9: Observed (black) and predicted percent cover of weighed HU and ZM seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.

[image: H:\Data\GBRMPA\Data\Dan model update\Rplot10.png]
[bookmark: _Toc515358605]Figure B10: Observed (black) and predicted percent cover of weighed HU and ZM seagrass for the zero inflated beta regression (red) and random forest (blue) for individual sites using model M4.
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