
1. Introduction
Scientists, managers, and decision-makers face multiple challenges in understanding and addressing the 
cumulative impacts and the indirect effects that are driving rapid change in complex human-environment 
systems (Davies et al., 2018; Lindenfeld et al., 2012). Traditional single-disciplinary modeling approaches 
tend to address “tame” solvable problems within subsystems and fail to tackle interactions across geophys-
ical, ecological, social, and economic subsystems (Allison et al., 2018; Gotts et al., 2018). For example, land 
use change may result in detrimental downstream impacts on rivers, estuaries, and coastlines via nutrient 
runoff and increased sedimentation rates.

In this paper, we use the scientific storytelling approach (Phillips, 2012) to present results from a transdisci-
plinary agent-based model (ABM) of a complex human-environment estuarine system designed to improve 
system understanding and transdisciplinary communication. We discuss the data collection process that 
was used to determine model focus, and present results in a narrative to assist with accessibility (Cropper 
et al., 2015; Millington et al., 2012; Moezzi et al., 2017; Phillips, 2012).

The model, Human-Environment Estuarine Systems Investigator (HEESI) was developed to investigate 
changes in an idealized estuarine system with associated seaward barrier-spit complex. It is a transdisci-
plinary ABM developed in NetLogo 5.1.0; Allison  (2020) provides a full description of HEESI using the 
ODD Protocol (Grimm et  al.,  2006,  2010), along with a 61 scenario local sensitivity analyses using the 
Monte Carlo method that confirm that the model is fit for purpose and thus “good enough” (Murray, 2013). 
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The model is stored at and accessible from CoMSES (https://www.comses.net/codebase-release/
d20acf40-ada1-4a36-aeca-3fdee160980a/).

A central aim of HEESI is to reveal complexity inherent in human-environment systems (Figure 1 and Ta-
ble 1). The central triangular area where all three systems interact represents model behavior space where 
HEESI can provide insight that discipline-specific models cannot. Unexpected outcomes are a likely out-
come of model simulations within a highly connected network. HEESI allows researchers and stakeholders 
the opportunity to investigate cascades of interactions between subsystems that lead to possible forms and 
functions of shallow coastal systems now and in the future.

HEESI allows for individual human and non-human agents to impact upon system form and function, rath-
er than simulating only their cumulative impacts on any given variable and/or any given area. A change in 
a single variable can initiate changes across the entire social-ecological-geophysical network. Hence, HEESI 
allows researchers and stakeholders the opportunity to investigate the cascade of interactions between sub-
systems that leads to possible forms and functions of shallow coastal systems in the future.

HEESI was developed to be both equal and equitable in its simulation of the three subsystems represented: 
human, ecological, and geophysical. By using a narrative description of results the intention is to avoid 
many of the known issues with transdisciplinary communication that surround modeling, such as commu-
nication between diverse professional and national cultures (Bagnol et al., 2016; Harris & Lyon, 2013; Wang 
et al., 2019) and accessibility of results (Renner et al., 2013). A narrative approach facilitates transdiscipli-
nary communication through conscious consideration of the many and varied roles different people play in 
contributing to and interpreting scientific research (Brennan & Valcic, 2012).

Holistic, transdisciplinary techniques, models, and narrative approaches to communicating results are 
needed to adequately address the multifarious interactions in complex human-environment systems and 
allow scientists, managers, and decision-makers to comprehend the complexities of these systems and com-
municate these findings in a two-way information transfer with stakeholders (Allison et al., 2018; Harris 
& Lyon, 2013; Lindenfeld et al., 2012; Voinov et al., 2016). All scientific communication can be considered 
storytelling; but discursive, narrative communication of scientific findings has often been treated dispar-
agingly by scientists and considered an inferior form of communication than formal scientific discourse 
(Phillips, 2012). However, a narrative approach is an important bridge between formal descriptions of mod-
el structure, such as the ODD protocol, and aggregated summaries of model patterns and outputs (Cortes 
Arevalo et al., 2019; Guhathakurta, 2002; Millington et al., 2012). Scientific storytelling has proven to be a 
useful tool for encouraging stakeholder engagement (Stephens et al., 2014; Wozniak et al., 2015) and facili-
tate formation of a shared problem definition (Dieperink et al., 2016).

Phillips (2012) sets out eight basic “plots” of scientific storytelling: cause and effect, genesis, emergence, 
metamorphosis, destruction, convergence, divergence, and oscillation. Phillip’s (2012, p. 154) claimed that 
these plots are earth-science specific, yet also suggested “it is not unreasonable to search for commonalities 
in research communication across other fields.” As HEESI contains variables from geophysical, ecologi-
cal, and human systems, we test whether the earth science storytelling approach of Phillips (2012) can be 
applied more broadly to transdisciplinary models of complex human-environment systems. Our working 
hypothesis is that the earth science storytelling plots will be useful in describing changes to the form and 
function of the human-environmental system as a whole.

2. Methods
Model development and testing was undertaken using a mixed-methods approach, and draws on peer-re-
viewed publications, gray literature, and government-collected datasets (e.g., census data). In addition, 
quantitative social data was obtained through two questionnaires.

2.1. Questionnaires and Media Analysis

A pilot study questionnaire was conducted at nine coastal locations around the Tamaki Estuary and 
Whitford Embayment in East Auckland, New Zealand (Figure 2a) to investigate forms of environmental 
change observed by respondents in the study area. A random sampling strategy was implemented, with one 
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researcher (AEFA) approaching members of the public in public spaces; 100 questionnaires were complet-
ed. Results from the pilot survey were used to refine the questionnaire and sampling approach. For instance, 
while the pilot study involved approaching members of the public in public places, the main study used this 
technique in conjunction with “door-knocking” every third house.

In conjunction with the pilot study, a media analysis was undertaken in January 2016 to confirm that each 
of the five main public interests that emerged from participant responses were also reflected in local main-
stream media (nzherald.co.nz, New Zealand’s most visited news media website of 2015). A simple online 
search and count was conducted of the number of articles relating to each public interest. Articles were 
analyzed to ensure keywords were used in the context of environmental interests about estuaries.

A second questionnaire (hereafter “main study”) was conducted in 12 communities in catchments on the 
northeastern coast of New Zealand’s North Island (Figure 2b). A random sampling strategy was again im-
plemented, but members of the public were approached both in public places and through door-knocking 
every third home. Two types of human settlement location, barrier or estuary, were identified and associ-
ated with a soft sedimentary barrier-spit complex estuaries (Hume et al., 2007); 144 questionnaires were 
completed in estuarine communities and 143 in barrier communities (Figure 2c). Questionnaires were ag-
gregated by barrier or estuary location to ascertain differences between communities in different geographic 
locations. Ethics approval for both questionnaire studies was obtained from the University of Auckland 
Human Participants Ethics Committee prior to data collection.

After analysis of the pilot study, two additional questions were added to the questionnaire used in the main 
study. These asked respondents to use an ordinal scale (1–5) to rank the importance they put on environ-
mental protection and economic development. These were included as other forms of social data used in 
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Figure 1. Network analysis showing the connections in HEESI; blue arrows represent critical points of connection 
between variables and subsystems. Table 1 lists the variables and the abbreviations shown in Figure 1. A total of 
11 geophysical variables, 9 ecological, and 11 human are included. Six variables are within both the ecological and 
geophysical subsystems, three land use variables are within both human and ecological subsystems, and three sea level 
rise (SLR) adaptation strategies are within both human and geophysical. The remaining three factors are external to 
the system itself—year, season, and climate change scenario. The similar number of variables in each subsystem and 
interactions between subsystems highlight attempts at achieving equity and equality between subsystems.
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our research, such as census data, did not provide this information and understanding points of similarity 
or difference between communities in different geographic locations assisted in model calibration.

Power analysis demonstrated each questionnaire survey would deliver a 10% margin of error, with 95% con-
fidence, and a response distribution of 50% with a minimum sample of 96 respondents in each sample (Co-
hen, 1992; Conroy, 2000; Daniel, 2012). The main questionnaire made comparisons between two populations 
(estuary and barrier communities), and so required a minimum sample of 140 respondents in each popu-
lation in order to meet established power standards of 0.8 (Cohen, 1969, 1992; Muthén & Muthén, 2002). 
Pearson’s Chi-Squared test were used to compare barrier and estuarine communities' responses regarding 
observed environmental change, and desired and expected responses to SLR. Mann-Whitney U test were 
used to compare the relative importance that estuary and barrier communities placed on environmental 
protection and economic development. Statistical analysis of questionnaire data was undertaken using IBM 
SPSS Statistics 26.

The questionnaire data informed model development and testing to increase understanding of complex 
human-environmental systems. The model presented in this paper was developed as a tool for uncovering 
the interactions between subsystems and understanding the potential for unexpected or unintended conse-
quences of human actions. This research is intended to support co-production of knowledge and highlight 
potential solutions to complex problems; not develop highly complicated predictive or forecasting models.

2.2. Scenario Analysis and Scientific Storytelling

Previous sensitivity analyses conducted on the model have been concerned with whether key model func-
tions, such as Intergovernmental Panel on Climate Change (IPCC) representative concentration pathway 
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Social Ecological Geophysical
Social-
Ecological

Social-
Geophysical

Ecological-
Geophysical

External 
Factors

Legislation (Leg.) Mangroves (Mgr.)

Seasonal Air 

Temperature (SAT)

Forest Density 

(F.D.) Seawall (S.W?) Oxygen (Oxy.) Year (Year)

Group (Grp.) Fish (Fish)

Daily Air 

Temperature (DAT) Landcover (L.C.)

Nourishment 

(Nou.) Salinity (Sal.) Season (Ssn.)

People (Ppl.)

Sediment Stabilisers 

(Stb.)

Catchment/Estuary 

Ratio (CER)

Stocking Rate 

(S.R.) Planting (Pln?) Nitrogen (Nit.)

Climate Change 

Scenario (RCP)

Houses (Hse.)

Sediment 

Destabilisers (DSt.) Tidal Range (T.R.) pH (pH)

Businesses (Bus.) Seagrass (Sea.) Waves (W.N.) Turbidity (Trb.)

Stressed Buildings 

(Str.)

Water Column 

Production (WCP)

Mean Wave Height 

(M.H.)

Water Temperature 

(W.T.)

Abandoned 

Buildings (A.B.)

Benthic Primary 

Production (BPP) Flo (Flow)

Values (Val.) Bloom (Blm?) Precipitation (Pre.)

Income (Inc.) Hypoxia (Hyp?) Water Depth (W.D.)

Networth (N.W.) Sediments (Sed.)

Desirability (Des.) Elevation (Elv.)

Note. Column colours correspond with those in Figure 1; abbreviations in brackets represent variable shown in Figure 1.

Table 1 
Variables Used in HEESI



Earth’s Future

of greenhouse gas emissions (RCP; IPCC, 2013) and rainfall/runoff, operate as expected for a system of this 
nature (Allison, 2020). However, this approach does not specifically highlight interesting model dynamics 
and interactions that lead to unexpected outputs. Using a scientific storytelling approach, the predominant 
plotline of the local sensitivity analyses would be cause and effect.

A scenario analysis utilizing the scientific storytelling approach focused on scrutinizing the Monte Carlo 
simulation data to identify groups in which unexpected or unforeseen model behavior was exhibited. Each 
Monte Carlo group collected data on 31 response variables collected at each model “tick” (timestep: model 
runs for a total of 14,600 ticks, each representing 1 day). Previous research has utilized statistical techniques 
to generate large ensembles of scenarios (>10,000) to identify key drivers in models and subsequently select 
which data to present (Lamontagne et al., 2018; Marangoni et al., 2017). In contrast, this research uses a 
smaller set of 61 scenarios and builds on the local sensitivity analysis of Allison (2020) by telling one story 
about each of the main public interests identified in the questionnaires (Section 3).

Researcher AEFA plotted the response variable data sets to identify unintended or unforeseen model be-
havior in various groups, which is presented in this paper using the scientific storytelling approach and 
used to tell five stories that relate to public interests identified during the questionnaire studies. Model runs 
were connected to story elements through qualitative comparison between data outputs while considering 
Phillip’s (2012) eight storylines. For example, if two groups produced a similar outcome through different 
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Figure 2. (a) Social questionnaire locations, East Auckland, North Island, New Zealand. 1. Tahuna Torea; 2. Panmure Basin; 3. Bucklands Beach; 4. Clifton 
Coastal Walkway; 5. Pine Harbor Marina; 6. Highbrook Park; 7. Mount Wellington Foreshore Reserve; 8. Mangemangeroa Reserve; 9. Whitford Walkway. (b) 
Questionnaire locations for main study. 1. Mangawhai; 2. Point Wells; 3. Omaha; 4. Matarangi; 5. Whitianga; 6. Tairua; 7. Pauanui; 8. Whangamata; 9. Athenree; 
10. Bowentown; 11. Maketu; 12. Pukehina Beach. (c). Tairua Estuary, New Zealand. Pauanui to the center right is the barrier community, while Tairua to the 
center left is the estuarine community.
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means they were classified as “convergence,” whereas if two related 
groups produced different outcomes driven by a single variable they were 
classified as “divergence,” and so on. Relationships between two groups 
often exhibited multiple storylines, as discussed in Section 3.2.

Intended model behaviors were coded by programing relationships with-
in the model based on peer-reviewed literature to ensure sufficient simi-
larities between model behavior and real-world processes; unintended or 
unforeseen model behavior results from complex interactions between a 
number of variables in a non-linear manner.

A template was developed to structure the process of storytelling in se-
lected scenarios: a test, a storyline, and a conclusion. The test describes 
what is being investigated. The storyline uses a diagram to show the in-
teractions between variables that lead to the outcome being discussed, 
verbally describes the story and is accompanied by figures of variable 
distributions, and the conclusion provides the finding. The success of 
the storytelling method was determined by whether the story accurate-
ly describes the interactions within the model that lead to a particular 
outcome. Research investigating the ability of the scientific storytelling 
approach to convey information to stakeholders could use stakeholder 
workshops to determine whether non-researchers found the scientific 
storytelling approach useful, but this research focuses solely on improv-
ing system understanding for researchers.

3. Results
3.1. Questionnaire Data and Media Analysis

Five main public interests emerged as foci for model development and testing: sedimentation, SLR, runoff/
flooding, temperature, and blooms/hypoxia/die-offs (Figure 3). All have human and environmental drivers 
and impacts. Together, the 5 public interests were mentioned a total of 116 times, out of a total of 171 men-
tions of environmental change by respondents: about 68% of the environmental changes observed by pilot 

study participants. Other types of environmental change were omitted 
from the research due to their relatively low rate of mentions compared 
to the five public interests.

The media analysis showed that all of the five public interests had appeared 
in the media throughout 2015, via the keywords “sedimentation,” “SLR,” 
“weather flooding,” “heatwave,” and “algal bloom.” Weather and flood-
ing provided the overwhelming majority of articles (107 articles—56%), 
with SLR (58 articles—30%) and heatwaves (23 articles—12%) regularly 
mentioned. Sedimentation (three articles—2%) and Algal Blooms (two 
articles—1%) were not as prominent. Algal blooms and sedimentation 
were rarely mentioned in national media, but they were highlighted often 
enough during questionnaire data collection that they were selected for 
investigation; model development focused on producing a model able to 
investigate the five public interests.

The five public interests were mentioned 390 times by the 287 respond-
ents in the main study (Figure 4), out of a total of 809 mentions of en-
vironmental change by respondents. Respondents on average identified 
1.36 of the public interests. While the five public interests comprise a 
lower percentage (48%) of total environmental changes than in the pilot 
study (68%), this was not unexpected due to the broader geographic scope 
and larger sample of the main study producing a wider variety of forms 
of environmental change observed. For each of the five public interests, 
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Figure 3. Environmental change observed in pilot study. This local data 
was triangulated with the national-level media analysis to ensure that the 
five public interests were representative of a larger scale than the pilot 
study sites alone.

Figure 4. Environmental change observed by main questionnaire 
respondents, grouped by respondent’s community location (estuary or 
barrier; see Figure 1). The Kaituna Cut is a local estuary remediation 
scheme only mentioned by respondents at one location (Maketu), while 
Rena Spill refers to a shipwreck and associated oil spill off the New 
Zealand coast in 2011.
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there was no statistically significant correlation between location of questionnaire (estuary or barrier com-
munity) and types of environmental change observed, demonstrating the wide relevance of these interests. 
Outside of the five public interests, barrier communities were significantly more likely (at 95% level) to 
identify mangrove expansion, development, and erosion as observed environmental changes (Figure 4).

There are significant differences (Table 2) between estuary and barrier communities’ desired management 
responses to SLR, with barrier communities favoring hard or soft protection (combined 81% of respondents) 
and estuarine communities divided between hard protection (30% of respondents), accommodation (e.g., 
mandatory minimum floor levels or more restrictive building codes—27% of respondents), and soft protec-
tion (24% of respondents). There are also significant differences between estuary and barrier communities’ 
expected responses to SLR with barrier communities strongly expecting protection measures (hard or soft) 
to be put in place (combined 64% of respondents), with no discernable pattern of expected responses to SLR 
by estuary communities. Estuarine communities place greater importance on economic development than 
barrier communities. There was no statistically significant difference between estuary and barrier commu-
nities regarding the importance given to environmental protection.

3.2. Scenario Analysis Through Scientific Storytelling

HEESI signals unexpected potential directions of change in estuarine systems resulting from interactions 
between multiple subsystems, and highlights how drivers from one subsystem can cause non-linear change 
in others and improve whole-system understanding for researchers from different disciplines. The five sce-
narios presented highlight these non-linear and unexpected interactions, and show the true value of HEESI 
in investigating scenarios that disciplinary models cannot. For simplicity and to ensure statistical signifi-
cance and confidence in results, storylines were only generated for scenarios with p < 0.05. We suggest that 
it would be inappropriate to use scientific storytelling to tell a story under the veil of the scientific method 
when statistical significance of a result is lesser than would be accepted when presenting results in a more 
traditional, quantitative manner.

3.2.1. Sedimentation

3.2.1.1. Test

This test investigates the influence of catchment-estuary area ratio (CER) on estuarine sedimentation rate 
by comparing the subtidal area in scenarios with different catchment-estuary ratios.

3.2.1.2. Storyline

This test exhibits storylines of convergence and divergence. Estuaries with a larger CER are able to deliver 
more sediment from source to sink. One would expect that when erosion is hardcoded at a consistent rate 
regardless of catchment area, catchments with a CER of 20:1 would deliver twice as much as sediment than 
a CER 10:1 catchment (Figure 5). However, while larger catchments deliver more sediment than smaller 
catchments, the relationship is not linear, with a CER of 10:1 producing a much larger subtidal area (and 
associated smaller intertidal area) than either CERs of 20:1 and 30:1 (Figure 6). Larger CER catchments 
allow for more infiltration due to the longer residence time of precipitation and the additional time taken 
for it to reach the estuary, meaning that more sediment is deposited on overland flow paths than into the 
estuary than in smaller catchments; CERs 20:1 and 30:1 converge while CER 10:1 diverges from the others. 
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Investigating Type of test Outcome

Desired response to SLR Chi-squared test χ2(4) = 11.492 and p = 0.022

Expected response to SLR Chi-squared test χ2(4) = 28.916 and p = 0.000

Importance given to economic development Mann-Whitney U test U = 7,378 and p = 0.000

Importance given to environmental protection Mann-Whitney U test U = 10,265 and p = 0.958

Note. In all questions except importance given to environmental protection there were significant differences between 
responses from barrier and estuarine communities.

Table 2 
Statistical Tests Comparing Responses From Estuarine and Barrier Communities
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Indirect results of different sedimentation rates include differently sized sub- and intertidal areas influenc-
ing species distributions and densities and necessitating differences in response to SLR.

3.2.1.3. Conclusion

CER influences estuarine sedimentation rate, but in an unexpected, non-linear manner caused by overland 
flow, infiltration and on-land deposition of sediment.

3.2.2. SLR

3.2.2.1. Test

This test investigates the influence of political beliefs on responses to SLR by comparing the number of 
coastal alterations (e.g., seawalls, beach nourishments, and riparian plantings) in scenarios with different 
political make-ups.

3.2.2.2. Storyline

This test exhibits storylines of metamorphosis, destruction, and genesis. HEESI is hardcoded based on 
questionnaire data so that agents respond differently to SLR based on their political beliefs, with more 

conservative agents preferring hard protection (seawalls) while liberal 
agents prefer beach nourishment and riparian planting. It was expected 
that while different political beliefs would result in different responses 
to SLR, the total number of responses would be the same, as all agents 
respond to SLR at approximately the same sea level (Figure 7). Howev-
er, liberal communities exhibited a larger number of coastal alterations 
than centrist communities, which exhibited a larger number of coastal 
alterations than conservative communities (Figure 8a). This is due to the 
extent to which each political group favors coastal alteration. Riparian 
planting increases elevation in HEESI by 5 cm, while nourishment in-
creases it by 10 cm and seawall construction by 1 m. The lesser elevation 
change induced by more liberal communities required more widespread 
coastal alteration; this resulted in a more gradual and ongoing response 
to SLR where fewer houses were abandoned (Figure 8b). Metamorphosis 
is exhibited by the transition from a “natural” environment to one dom-
inated by human intervention. Destruction and genesis are demonstrat-
ed by the development of seawalls, where hard defenses replace natural 
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Figure 5. Pathway of interactions in HEESI resulting in changes to estuarine sedimentation rate. In this and other pathway diagrams in this paper, 
blue = geophysical system, green = ecological system, yellow = human system, orange = human-geophysical system, turquoise = geophysical-ecological 
system, pink = human-ecological system, and purple = external factors. Signifiers (±) indicating types of interactions between variables are not shown, as the 
type of relationship can be dependent on the values of each variable. For example, downstream transport of sediments (variable: flow) can result in sediment 
accumulation or erosion in an area (variable: elevation) depending on the volume of flow and the gradient. All variables shown in pathway diagrams are 
variables represented in HEESI and are colored according to subsystem (Figure 1).

Figure 6. A CER of 10:1 produces a much larger subtidal area (and much 
smaller intertidal area) than CERS of 20:1 or 30:1.
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Figure 7. Pathway of interactions in HEESI resulting in a range of responses to sea level rise.

Figure 8. (a) Liberal communities generate more coastal alterations than centrist communities, which produce more 
coastal alterations than conservative communities, in contrast to expectations that communities would respond to 
SLR with different adaptation strategies but at a similar rate. (b) Liberal communities have a lower median rate of 
abandonment due to SLR than either centrist or conservative communities due to higher rates of coastal alteration 
offsetting SLR. However, there is a wide range within each group indicating the breadth within the groups is greater 
than the differences between them.
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soft-sedimentary systems. Seawall development is known to increase erosion in proximal areas, which can 
negate alternate SLR adaptation strategies and result in greater abandonment of houses than groups where 
fewer seawalls are constructed.

3.2.2.3. Conclusion

Different balances of political beliefs instigate dissimilar responses to SLR, and may lead to very different 
estuarine futures.

3.2.3. Runoff/Flooding

3.2.3.1. Test

This test investigates the influence of RCP and nitrogen inputs on mangrove density by comparing the 
density of mangroves in scenarios with different RCPs and again in scenarios with different nitrogen inputs.

3.2.3.2. Storyline

This test exhibits a simple storyline of cause and effect. RCPs determine the volume of rainfall, which in 
turn transports nitrogen inputs to the estuary (Figure 9). This results in a direct relationship between RCP 
and mangrove density. However, the relationship is the opposite of what was expected; by 2050, higher RCP 
scenarios had fewer mangroves than lower RCP scenarios due to the level of nitrogen delivery under higher 
RCPs causing more widespread blooms and rendering the environment inhospitable to mangroves (Fig-
ure 10a). The hypothesis that nitrogen inputs were a major control on mangrove densities and distributions 
was then tested using three groups with various levels of nitrogen inputs.

This test exhibits storylines of divergence (nitrogen multiplier set at 2 from multipliers set at 0.5 and 1), oscil-
lation, metamorphosis, emergence, and cause and effect (all nitrogen multiplier 2). As HEESI is hardcoded 
so that higher levels of nitrogen increase mangrove densities and distributions, it was expected that groups 
with higher nitrogen inputs would result in more mangroves. Halving nitrogen inputs from the default 
setting indeed resulted in approximately half the number of mangroves (Figure 10b). However, doubling 
nitrogen inputs resulted in a near complete die-off of mangroves. This occurs in an oscillatory manner, with 
seasonal reductions in mangroves corresponding to seasonal changes in bloom area (Figure 11). The high 
nitrogen levels increased benthic primary production and water column production leading (cause and 
effect) to such widespread blooms and associated hypoxia that mangroves (along with most other species) 
were unable to survive. Divergence is demonstrated by nitrogen multiplier two exhibiting very different 
behavior than multipliers 0.5 and 1, while the emergence of a mangrove-free estuary is demonstrated by 
multiplier 2. Indirect results of high nitrogen loadings include reduced desirability for development and 
reduced numbers of houses and businesses created.

3.2.3.3. Conclusion

Increasing or decreasing nitrogen inputs both result in lower densities of mangroves than the default set-
ting, but for different reasons.
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Figure 9. Pathway of interactions in HEESI demonstrating the influence of RCP and nitrogen inputs on mangrove density.
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3.2.4. Temperature

3.2.4.1. Test

This test investigates the influence of RCP on the area of hypoxia in estuaries by comparing the hypoxic area 
in scenarios with different RCPs.

3.2.4.2. Storyline

This test exhibits a storyline of convergence, which can be explained by storylines of emergence and genesis. 
Different RCPs directly cause different air and water temperatures; hotter water temperatures result in more 
benthic primary production and water column production, which lead to more widespread blooms (Fig-
ure 12). More blooms result in more hypoxia as they consume the oxygen available in seawater. However, 
while the difference in hypoxic area between RCPs was statistically significant (p-values under 0.01), it was 
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Figure 10. (a) Mangrove density is directly related to the influence of RCP-driven temperature changes, with warmest 
temperatures in 2050 exhibited under RCP 8.5, followed by 4.5, 6.0, and 2.6. (b). High nitrogen loadings result in a near 
complete die-off of mangroves due to the pressure of blooms (nitrogen multiplier 1 = default nitrogen levels, 0.5 = half 
of default nitrogen, and 2 = twice default nitrogen). Low nitrogen inputs do not facilitate mangrove expansion, while 
moderate nitrogen inputs allow for maximum mangrove expansion due to adequate nitrogen to fuel mangrove growth 
and small blooms insufficient to stifle mangrove expansion.
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small (Figure 13a), illustrating convergence. Furthermore, investigation 
testing the influence of land cover on hypoxic area showed much larg-
er differences in hypoxic area (Figure 13b). This is due to the increased 
nitrogen delivered to the estuary from more anthropogenic land covers, 
such as pasture and introduced forestry having a much greater influence 
on bloom area and associated hypoxia than RCP, illustrating emergence. 
This test also highlights a genesis situation, where hypoxia originates 
from, and is exacerbated by, anthropogenic land uses.

3.2.4.3. Conclusion

RCP has an influence on the area of hypoxia in estuaries, but it is a much 
smaller influence than that of land cover.

3.2.5. Blooms/Hypoxia/Die-Offs

3.2.5.1. Test

This test investigates the influence of nitrogen loading on desirability by 
comparing desirability in scenarios with different nitrogen inputs.

3.2.5.2. Storyline

This test exhibits storylines of emergence (nitrogen multiplier 2), diver-
gence and convergence. HEESI is hardcoded so that long-lasting and 
repeated blooms gradually reduce desirability of proximal areas (where 

people are able to smell the bloom; Figure 14). It was expected that lower nitrogen loadings would result in 
greater desirability; this proved to be the case, with nitrogen multiplier 0.5 having higher desirability than 
nitrogen multipliers 1 and 2 (Figure 15), illustrating divergence. However, there was no discernable differ-
ence in desirability between nitrogen multipliers 1 and 2, despite one having double the nitrogen inputs 
of the other, illustrating convergence. This is because of an interaction discussed in the Runoff test, where 
nitrogen inputs result in differences in mangrove density and distribution. Questionnaire data suggested 
people disliked the presence of mangroves, and so HEESI was hardcoded so that dense mangroves proximal 
to houses would decrease the desirability of an area. Nitrogen multiplier 1, with few blooms and moderate 
numbers of mangroves, resulted in a similar outcome to nitrogen multiplier 2, with frequent blooms but few 
mangroves. An ecological process limited desirability in both cases, but the process differed; both groups 
highlight a pathway of emergence.
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Figure 11. Annual oscillation of average mangrove under nitrogen 
multiplier 2 resulting in near complete mangrove die-offs. Mangrove 
density increases occur during winter months when nitrogen is high 
and blooms are absent, while mangrove density reductions occur during 
summer months when blooms render the environment inhospitable. 
Around timestep 3,800, unusually high water column production caused 
the system to reach a tipping point where mangrove populations were 
unable to recover from the effects of annual blooms.

Figure 12. Pathway of interactions in HEESI showing how RCP and land cover influence hypoxic area.
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3.2.5.3. Conclusion

Nitrogen loading influences desirability through multiple pathways, with similar outcomes reached alter-
nately through mangrove expansion and frequent blooms.

4. Discussion and Conclusion
Monte Carlo testing and subsequent statistical analysis proved a sound 
quantitative platform on which to apply a narrative scientific storytelling 
approach to present results. Phillips (2012) and others (e.g., Booker, 2006; 
Schwartz, 1991) have suggested that there are a limited number of story-
telling plots. All eight of the scientific storytelling plots of Phillips (2012) 
proved to be applicable to describing pathways illuminated by a transdis-
ciplinary model of a complex human-environment estuarine system, and 
useful in telling the story of each scenario clearly and efficiently. While 
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Figure 13. (a) The influence of RCP on hypoxic area is statistically significant, but small in real terms. As RCP was 
expected to influence hypoxic area via water temperature and blooms, the small difference between RCPs indicates an 
alternate driver of hypoxia in HEESI. (b) Land cover is shown to be a major influence on hypoxic area, with native and 
introduced forested catchments exhibiting less widespread hypoxia than open pastoral and available urban land.

Figure 14. Pathway of interactions in HEESI showing the influence of 
nitrogen inputs on desirability.
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there is overlap between storylines and most scenarios can be used to tell 
multiple stories, the eight plots provided a simple way of highlighting and 
explaining cascading changes in complex systems for the researchers. 
Using a workshop approach to test similar multidisciplinary scenarios, 
Cortes Arevalo et  al.  (2019) demonstrated the value of scientific story-
telling to communicate complex system research to stakeholders. In our 
research, scientific storytelling allowed for feedbacks and non-intuitive 
findings to be presented in an accessible and comprehensible manner.

Questionnaires allowed the research team to obtain local information on 
public environmental interests from estuaries around northeastern New 
Zealand. Various forms of multidisciplinary research have been classified 
based on different levels of stakeholder inclusion (Allison et  al.,  2018; 
Klein, 1990, 2014); developing a model with the purpose of improving 
system understanding for researchers makes it difficult to achieve trans-
disciplinary practice if the focus is not on improved system understanding 
for stakeholders. The level of stakeholder involvement and engagement 
may be considered low on some traditional scales (e.g., Arnstein, 1969; 
IAP2, 2018). However, our research engaged with a wide variety of stake-
holders at different times, including obtaining information from stake-
holders at the beginning of the process, developing a model to investigate 

interests raised by these stakeholders, and testing the model in workshop settings with persons not oth-
erwise involved in the research. Hence, HEESI can be considered a transdisciplinary model (Seidl, 2015).

The complex nature of a human-environment system, with linkages between human, ecological, and geo-
physical subsystems producing impacts that cannot be investigated using disciplinary models alone, high-
light the importance of transdisciplinary modeling as a tool for investigating complex human-environment 
systems (De Lorme et al., 2016; Laniak et al., 2013; Lindenfeld et al., 2012). In illuminating such complex 
interactions, HEESI demonstrates where additional research and modeling could further assist system un-
derstanding; investigating the cascade of interactions that lead to unexpected changes in system form and 
function in various groups that occur via interactions across multiple subsystems. Of course, this is only 
for the selected examples rather than for all possible examples of change in complex human-environment 
systems.

Using the scientific storytelling approach highlights the complex interactions between two or more subsys-
tems that help to facilitate transdisciplinary communication. It has been suggested that research attempt-
ing to influence communication with and between stakeholders be grounded in transdisciplinarity (Sprain 
et  al.,  2010). By demonstrating how a change in a single variable in one subsystem can have cascading 
impacts and result in changes in response variables in other subsystems, HEESI and other transdisciplinary 
models can be used to tell stories of complex human-environment system interactions and allow for devel-
opment of an improved system understanding for researchers; this can make model results more accessible 
to non-modellers and stakeholders as a whole. For example, model outputs from HEESI suggest the pre-
vailing distribution of political beliefs influences future responses to SLR that involve people intentionally 
or unintentionally altering geophysical and ecological elements of the system. Explaining a scenario like 
this simply and succinctly using the scientific storytelling approach can be simpler and make model results 
more widely accessible than explaining results using the model of the phenomenon/piles of numbers alone 
(Millington et al., 2012).

Combining traditional statistical analysis of model outputs with narrative descriptions of scenarios of in-
terest using the scientific storytelling technique allows for a more holistic and comprehensible description 
of model outputs than using any one of these approaches in isolation. In turn, this allows for a sound quan-
titative and qualitative evaluation of the controlling dynamics in a complex human-environment system. 
Developing a transdisciplinary human-environment model to investigate publically identified interests, 
highlighting potential pathways that lead to or avoid futures where these interests are more prominent 
and coupling such models with narrative communication of results can simultaneously improve system 
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Figure 15. Desirability is shown to be highest in catchments with low 
nitrogen inputs where blooms and mangroves are both rare. Widespread 
mangroves in areas with moderate nitrogen inputs reduce desirability 
of coastal areas, as does widespread blooms in areas with high nitrogen 
inputs.



Earth’s Future

understanding and transdisciplinary communication and is a step in the right direction of improving man-
agement of complex human-environment systems.
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