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NON-LINEARITY AND SUBJECTIVE WELLBEING

1. Abstract

The theory of Subjective Wellbeing (SWB) homeostasis rests on the assumption that the
relationship between measures of Subjective Wellbeing (SWB) and the symptoms of
psychological distress are non-linear, but hitherto this assumption has not been empirically
tested. Data were obtained from a cross-sectional survey of 821 respondents. The nature of
the relationship between SWB and symptoms of psychological distress was tested using
generalized additive models. Two different measures of SWB were tested; the Personal
Wellbeing Index and Homeostatically Protected Mood (HPMood). Psychological distress
was measured as a combination of stress and depression. A non-linear model (relative to
linear) was the best fit for the relationship between HPMood and the symptoms of
psychological distress. No such relationship was found between the symptoms and the
Personal Wellbeing Index. We conclude the level of HPMood provides the most sensitive
indicator of homeostatic activation under challenge.
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2. Introduction
Almost universally, the use of parametric statistics in psychological research assumes that the
data under investigation have linear relationships to one another. However, this assumption is
rarely tested. Yet the issue of statistical linearity is a crucial issue in the evaluation of
relationships between variables subject to homeostatic control. Such a situation arises when
testing the empirical character of subjective wellbeing (SWB). There now exists a substantial
literature supporting the proposition that the Theory of Subjective Wellbeing Homeostasis is
a valid approach to understanding the psychometric character of this psychological variable
(Cummins et al 2018). This makes homeostasis theory equally applicable to understanding
quality of life assessment in both biological and psychological science, as has been
championed by Damasio (1995, 2018; Damasio and Carvalho, 2013).

The theory of Subjective Wellbeing homeostasis offers a coherent explanation of both
the constancy and variation in reported levels of SWB across time and populations
(Cummins, 2017). At the heart of this theory is the proposition that SWB comprises two
measurable components. One is Homeostatically Protected Mood (HPMood), which is an
amalgam of three affects: content, happy and alert (Cummins, 2017). HPMood is proposed as
the phenotype of each person’s genotype for this characteristic, being set at an idiosyncratic
level for each person. This level is their setpoint. The setpoints in a population sample are
normally distributed within the range of 70 to 90 percentage points (pp) (Capic et al., 2018)
on a 0 to 100pp scale. In functional terms, HPMood represents the low-intensity,
positive/activated affect which permeates all self-evaluations (Cummins et al., 2018), and
serves to keep people normally feeling positive about themselves.

The other component of SWB is emotion, comprising an amalgam of affect and
cognition. This is the unstable component of SWB. Emotions are defined as acute, high or
low intensity, cognitive-affective responses to thoughts and percepts (Russell, 2003), see also
(Ellsworth, 1994; Rutledge et al., 2014). Emotions supply information used to guide
responses to changing conditions.

In summary, the central theoretical proposition of homeostasis theory is that the levels
of HPMood and emotion combine within a homeostatic system to create SWB. The purpose
of this system is to maintain SWB within a narrow range of values for each individual (see
normative ranges: Khor et al., 2020). At the stable centre of each range is an individual’s
unchanging level of HPMood. Experienced variations in levels of SWB represent emotions
that are strong enough to escape homeostatic control.

Such emotional excursions are normally brief, as homeostatic processes rein-in the
emotion, returning it to a level within the setpoint range. However, if an emotional stressor is
strong and persistent, homeostasis is defeated, and chronic psychological consequences
emerge (Cummins, 2010; Lyall et al., 2021).

2.1 Homeostasis implies non-linear relationships between variables
The biological process of homeostasis emphatically requires a non-linear relationship
between the level of challenge to homeostatic control and the level of its dependent variable.

Consider the example of core body temperature which, in humans, is normally
maintained between 36.5-37.0°C (Hutchison et al., 2008). This narrow range of just 0.5°C is
optimal for biological functioning and so homeostatic control represents a natural resistance
to temperature change (Martin & Hine, 2015) through the activation of regulatory
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mechanisms. For example, as their temperature approaches the lower normal level of 36.5°C,
people will seek sources of warmth. If behavioural intervention is not effective, autonomic
adjustments are made, such as their circulatory system reducing the volume of blood
circulating to the extremities, raising the level of body metabolism, etc. The result will be a
body temperature that hovers around 36.5°C despite an ambient temperature that has fallen to
lower levels. However, this defensive system has a limited capacity and if the ambient
temperature falls far enough, for long enough, homeostatic control will fail, and core
temperature will fall below 36.5°C, with resultant hypothermia.

A graphic representation of the above scenario, with core temperature plotted against
time elapsed, would show two main phases. First a linear phase during which, as ambient
temperature falls, core temperature falls only slowly to just above 36.5°C. This indicates that
homeostatic control is being maintained. However, if the cool conditions are severe and
chronic, this linear phase will be followed by a sudden fall in core temperature, signalling
that homeostatic control has been overwhelmed by the thermal challenge.

The above, non-linear pattern of change, in the levels of managed variables, is
common to homeostatic systems. Thus, to support the proposition that SWB is under
homeostatic control, the same pattern of change must be evident. For example, in response to
increasing levels of some psychologically challenging agent, such as stress, an initial linear
phase of the stress — SWB relationship must transition into a sudden fall in SWB, as
homeostasis fails. Testing this proposition requires an understanding of homeostatically
relevant, critical levels for SWB.

These critical levels have been examined by Capic et al. (2018), who determined that
setpoints for HPMood, within a representative, general population sample, are approximately
normally distributed between 65 and 90 percentage points (pp). According to this research,
the range within which homeostasis normally maintains SWB is 8.25pp on either side of each
person’s setpoint. This is the individual’s 'setpoint range', or the range within which an
individual’s level of SWB normally varies while under homeostatic control. From these
calculations, the lowest level of SWB that could conceivably be considered under
homeostatic control is 65 - 8.25 = 56.75pp.

Preliminary evidence in support of this linear/nonlinear proposition is outlined by
Bittar (2009), who analysed a large sample (N = 3024) and found that, as depression scores
moved from the moderate to severe range, the gradually declining level of SWB flattened
slightly, suggesting a plateau. Moreover, as depression scores moved into the extremely
severe range, the level of SWB fell more steeply.

In Bittar’s results, the first appearance of a possible plateau occurred at SWB level
between 58 and 63 pp. While these preliminary results are remarkably consistent with the
predicted level (56.75pp) at which SWB would form a plateau, the Bittar (2009)
methodology may have been insensitive. Her analyses relied on linear statistics and
parcelling the depression scores into increments of 3pp. Such an approach lacks the necessary
measurement and statistical sensitivity to convincingly demonstrate the phenomenon of an
emerging SWB plateau.

A more appropriate statistical technique for examining non-linear relationships is the
generalized additive model (GAM). GAMs can flexibly model curvilinear relationships
between predictors and an outcome variable and require no prior assumption regarding the
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likely shape of the curvilinear relationship (Hastie & Tibshirani, 1986; Wood, 2017). In
support of this proposition, a study by Dore and Bolger (2018) used a Generalised Additive
Mixed Model (GAMM) to determine the impact of life stressors on life satisfaction, and the
results showed clear non-linear relationships. More recently, a paper has been published on
SWB homeostasis by Lyall et al. (2023) using Generalized Additive Models, and data from
people with inflammatory bowel disease. Psychological symptoms (depression and stress)
were modelled to predict levels of HPMood, with some evidence of the hypothesised non-
linear curve between depression and HPMood emerging for the cohort of participants

with Crohn’s disease.

The current paper aims to identifying the presence of homeostatic non-linearity in a
normal population sample. The hypothesis to be tested is that both SWB and HPMood will
exhibit non-linear relationships with stress and depression.

3. Method
3.1 Participants

Participants were recruited through the Australian Unity Wellbeing Index, cross-
sectional survey ARC26. They were sent a link to the online survey by post. Of the 2586
invitations sent, 828 returned a completed survey (52% female; mean age 66y), a response
rate of 32%.

3.2 Measures

Subjective Wellbeing (SWB):

SWB was measured by the Personal Wellbeing Index (PWI: International Wellbeing
Group, 2013), which comprises seven items: Standard of Living, Health, Achieving in Life,
Relationships, Safety, Community Connection, and Future Security. Participants were asked:
“Thinking about your own life and personal circumstances please select the number below
that best represents how satisfied you feel with your ...” Responses to all items were made on
an 11-choice, 0 to 10, unipolar, end-defined scale, anchored by ‘No satisfaction at all’ and
‘complete satisfaction’.

Total scale scores were standardised to a 0-100 percentage point (pp) scale. In
accordance with instructions provided by the PWI manual (International Wellbeing Group,
2013), respondents who had cumulative scores of 0 (n = 0) or 100 (n = 6) were excluded. An
additional case was excluded as the reported age was 5 years, leaving n = 821. Factor
analysis confirmed all PWI items loaded on to a single common factor, as expected, with a
Cronbach’s alpha of 0.87.

3.2.1 HPMood:

Measuring Homeostatically Protected Mood (HPMood) involves rating the level of
three affect items; happy, content and alert (Capic et al., 2018). The questions were framed:
“Please indicate how you generally feel each day. In general, I feel ...”. The response scale
was anchored by ‘not at all” and ‘completely’. These items demonstrated a Cronbach’s alpha
0f 0.90. Total scores for HPMood were standardised to the 0-100 pp scale. Cases that
contained missing values in one or more HPMood item were coded as missing data (n=1).
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3.2.2 Stress and Depression:

Measures of stress and depression symptoms were obtained using the short version of
the Depression, Anxiety and Stress Scale (DASS: Lovibond & Lovibond, 1995). Four items
from a possible seven items from each of the two subscales were chosen following Osman et
al. (2012), who made this determination following factor analyses involving a large sample
(n=887). In our sample, the 4 stress items produced a Cronbach’s alpha of 0.86 and the 4
depression items of 0.91. Total scores were standardised to the 0-100 pp scale.

Exploratory factor analysis of these 8 items revealed that they loaded on to a single
factor, rather than the two factors as expected. A subsequent confirmatory factor analysis
demonstrated the two-factor solution was not a good fit to the data. Consequently, it was
decided to analyse these data by combining the stress and depression items into a single item:
stress-depression. This was done by adding the stress and depression totals and dividing by
two.

3.3 Statistical Analyses

All variables had less than 2.5% missing values and were found to be Missing
Completely at Random, using Little's MCAR test. As such, missingness was addressed using
pairwise inclusion (Graham, 2009).

To test the hypotheses, we used generalized additive models (GAM), using the mgcv
package in the software R (R CoreTeam 2014). See Wood (2017) for a detailed overview of
GAMs. Briefly, GAMs flexibly model non-linear relationships through the application of a
set of default functions that follow commonly occurring non-linear relationships (known as
‘basis functions’). The model estimates values for regression parameters underlying the shape
of these basic functions, to obtain the best fit for the observed data. To prevent overfitting,
regression parameters are estimated using penalised regression. The result is a model-
estimated smoothing function, that represents the pattern of the data, without fitting too much
of either the noise, or variance.

GAM interpretation centres on the effective degrees of freedom (EDF), which
represents the complexity of the smooth function. An EDF close to one is equivalent to a
straight line (i.e., basis functions are being multiplied by heavily penalised regression co-
efficients, given they are not needed since there is little curvature in the data). EDFs of
increasing value are indicative of more curvature in the data, with an EDF of 2 being
equivalent to a quadratic curve, and higher EDFs indicating greater curvature. As
recommended by Wood (2017), our GAMs were fitted via restricted maximum likelihood
and were found to have an adequate number of basic functions and no evidence for
concurvity (see Ross, 2019, for a tutorial on applying GAMs).

To examine the extent to which the relationship between stress-depression, and each
of the PWI and HPMood was non-linear, as well as the presence of a resilience effect, we
focused on five metrics as follows:

(a) Whether the smoothed function from each of these models was statistically
significant (i.e., suggesting there was some non-zero relationship between stress-
depression and the outcome); (b) The magnitude of the EDF (i.e., higher values
suggesting increased complexity of curvature). As recommended by others (Ross,
2019), we also examined; (c) The linearity of the smooth term via a visual check
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of whether a straight line can be drawn through the 95% confidence interval
around the predicted values from the model; (d) Whether the rate of change in the
relationship was consistent across values or demonstrated changing velocity; and
(e) Whether fitting a GAM was a better fit to the data than simply fitting a linear
regression model (LM) to the same data.

(b) Comparisons of fit were based on identifying the model with the smaller Akaike
Information Criterion (AIC) value. According to Burnham and Anderson (2004),
when comparing more than one model, the model with the lower AIC value is
better fitting, but differences in AIC levels of less than 10 points may be
considered negligible. Preferred models were also identified by determining the
one that produced a larger proportion of adjusted R2.

3.4 Ethics Approval

Ethics approval was obtained through the authors’ university human research ethics
committee.
4. Results

4.1 Descriptive Statistics

Of the 821 participants (51.8%; n = 425) were female, with ages ranging from 24 to
96 years (mean 66.36, SD 12.12).

Means and standard deviations (SDs) of the dependent variables are shown in Table
1. The mean Personal Wellbeing Index (PWI) at 78.67 percentage points (pp) is higher than
general population normative sample levels (75.39pp, see Table 2 in Khor et al., 2020) but is
within the normal range for this age group (74.9pp to 79.3pp; see Table 3 in Khor et al.,
2020). The sample SD (13.92pp) is also higher than normative sample levels (12.54pp: see
Table 2 in Khor et al., 2020). However, this is to be expected for an older sample wherein
more respondents than normal will be experiencing challenging life conditions, such as poor
health and partner loss. In summary, this sample is normative for its age group. Normative
ranges for the other variables are not available.

Table 1

Means and Standard Deviations (percentage points)
Variable Mean SD
Personal Wellbeing 78.67  13.92
Index
HPMood 76.89  16.72
Stress-depression 46.66  40.66

n =821

Note: Depression and stress symptoms contain a subset of items from the DASS (Lovibond
& Lovibond, 1996) and were combined as the two expected factors could not be
demonstrated. All variables are standardised to a 0-100 percentage-point (pp) scale,
according to the formula in International Wellbeing Group (2013, p. 18).
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4.2 Generalized Additive Models

The following analyses use generalized additive models (GAMs: see statistical
analysis) to describe the relationship between stress-depression and each of the outcome
variables after controlling for demographic variables of age, gender, and income. The
smoothed functions created by the models, shown in Table 2, are significant for both the PWI
and HPMood models. This suggests a non-zero relationship between stress-depression and
both PWI and HPMood. However, the degree of linearity differed. For the PWI model, the
effective degrees of freedom (EDF) of 1.06 indicates a linear relationship with stress-
depression, as explained in the method section. By contrast, the EDF of 4.86 for the HPMood
model indicates a non-linear relationship.

Table 2
GAM model of stress-depression predicting subjective wellbeing outcomes after controlling
for age, gender, and income

EDF F stat
PWI
Stress-depression 1.06 320.60""
HPMood
Stress-depression 4.86 88.44™"

n= 741, " p <.001
Note: Stress-depression refers to the smoothed function of the variable created by the model, see statistical
analysis for an explanation

Figure 1 presents the fitted models. Figure 1a shows the linear relationship between
stress-depression and the PWI. Figure 1b shows the non-linear relationship between stress-
depression and HPMood, where the rate of decline increases more starkly when stress-
depression scores are high. The critical point, at which linearity is lost, is when stress-
depression scores are around 60pp, which corresponds to HPMood values of around 45 to

50pp.

Figure 1
Partial effects plots for the smoothed stress-depression term predicting (a) PWI, and (b)
HPMood.
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Note: Generalized additive models. Both axes are transformed to a 0-100 point scale. Figures also contain
rug plots (see x-axes), to provide a visual illustration of the distribution of values. In the HPMood model,
the dotted line represents the potential line of best fit, had the relationship been linear, and is superimposed
to aid visual interpretation of the non-linear departure point. Both models are adjusted after controlling for
the age, income, and gender.

Further exploration of the HPMood model was conducted by exporting the data from
the model and examining the gradient of the slope, according to the formula: slope=change in
y/change in x (Rumsey, 2021). Figure 2 plots the estimated rate of change (gradient of the
slope) for each 5pp increase in stress-depression. As can be seen, when stress-depression
scores are low, the rate of change is largely constant. But as the level of stress-depression
approaches 60pp, the rate of change in the decline of HPMood values increases more rapidly.

Figure 2
Rate of change of the relationship between Stress-depression and HPMood.
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Note: Slope = change in HPMood/change in stress-depression at Spp increments. A falling line indicates a
slowing of the rate of change; a rising line indicates an increased rate of change.

4.3 GAM Comparison to Linear Regression Models

While the above results are consistent with the non-linear relationships as described, a
caveat for using GAMs is that, given their added complexity, they should only be used if they
provide better model fits than linear models (LMs). To test this, equivalent LM models were
compared to GAMs using Akaike Information Criterion (AIC) estimates and Adjusted R?.

As shown in Table 3, the LM for the PWI comparisons had lower AIC than the
corresponding GAM, and the variance accounted for by each of the models was .36,
suggesting very little differences between them. For HPMood, the model comparison AIC
delta was 14.82. Moreover, the adjusted R? of .43 was slightly higher than the .41 for the LM.
Together, these results support the conclusion that the GAM is a better fit to the data.

Table 3:
Model comparisons between Generalized Additive Models and Linear Models
Akaike Information Criteria Adjusted R?
GAM LM A GAM LM
PWI model 5693.07 5692.96 -0.11 .36 .36
HPMood model 5889.47 5904.29 14.82 43 41

GAM: generalized additive model; LM: linear model. A assumes LM-GAM; PWI: Personal
Wellbeing Index; HPMood: Homeostatically-Protected Mood.

In summary, these results show that SWB homeostasis is most readily observed when
HPMood, rather than PWI, is the studied variable. For HPMood, homeostatic defence against
the negative impact of stress-depression appears to hold until stress-depression reaches about
60pp. Ay stress-depression above this level, corresponding to a level of HPMood of around
45 to 50pp, homeostasis fails and HPMood falls more rapidly. We conclude that our
hypothesis is partially supported.

5. Discussion

The aim of this study is to test the hypothesis that both Subjective Wellbeing (SWB)
and Homeostatically Protected Mood (HPMood) will exhibit non-linear relationships with
stress and depression. This was confirmed by the relationship between HPMood and
depression. It was not confirmed by the other variable combinations.
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The most obvious feature of Figure 1 is the downward slope of both the PWI and
HPMood as the level of stress-depression increases. However, only the plot of HPMood
shows the hypothesized biphasic pattern.

5.1 Homeostatically Protected Mood (HPMood)

At zero stress-depression, the measured level of HPMood is about 75 percentage
points (pp) (Figure 1b). This level corresponds to the population average level of Subjective
Wellbeing (SWB) in Australia (Anglim et al., 2015; Khor et al., 2020). However, 75pp is Spp
lower than the average HPMood setpoint of 80pp (Capic et al., 2018). It seems feasible that
this lowering is caused by error variance, potentially caused by the contribution of the
emotion the participant was experiencing at the time of data collection. There is a general
population tendency to experience more negative than positive emotion (Anglim et al., 2015:
p-10).

As Measured-HPMood moves down from about 75 to 50pp, the slope is linear and the
variance is fairly stable. This is consistent with the continued maintenance of homeostatic
control (Capic et al., 2018) operating to attenuate the influence of the negative emotion. That
is, the presence of HPMood variance within each measure of stress-depression reduces the
negativity impact of the stressor emotion.

However, as the level of Measured-HPMood moves below about 50pp, the downward
slope steepens, and the variance increases. These changes are consistent with homeostatic
failure. As the level of Measured-HPMood moves outside the setpoint ranges, the positivity
of HPMood is lost to consciousness, and the ratings of Measured-HPMood becomes less
predictable.

The calculated level of homeostatic failure, corresponding to an HPMood level of 45
to S0pp, is consistent with the findings of Lyall et al. (2023), who also plotted depression
against HPMood using GAMS (generalized additive model). The level is also consistent with
the very different calculations performed by Richardson et al. (2016). These latter authors
determined that, below a SWB level of about 50pp, the cohesive effect of HPMood causing
self-report variables to correlate, was no longer evident.

5.2 Personal Wellbeing Index

This measure of SWB shows no evidence of a non-linear relationship between its
rated levels and stress-depression. The different reactions of Measured-HPMood and SWB,
can be accounted for through their different proportional content of emotion generated by the
specific nature of the data in question.

Measuring HPMood simply asks respondents to rate their levels of content, happy and
alert. This task does not introduce a cognitive target and so minimally generates emotion.
Measuring SWB through the PWI, on the other hand, involves asking rating questions about
the level of ‘satisfaction’ felt in respect of each domain. As such, each question supplies a
cognitive target fitting the character of the domain, such as ‘satisfaction with health’. This
form of question provides a target for the generation of emotion, which then forms part of the
response and can be thought of as “response emotion”. Moreover, such generated emotion is
more likely to be negatively, than positively valanced (Anglim et al., 2015).

In further support of the above analysis is an observation concerning the highest level
of SWB attained at zero stress-depression. This is lower for the PWI (about 70pp) than it is

10
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for HPMood (about 75pp). This difference can also be explained by the higher levels of
response emotion in the PWI measurement.

5.3 Summary and Implications

This study provides further empirical evidence that the relationship between SWB and
psychological challenge contains a non-linear component. It also identifies a marked loss of
homeostatic resilience at around 45 to 50pp of HPMood. Thus, people with HPMood levels
above this point can be considered to have SWB that is within their homeostatic control,
while scores below 45 indicate the likely experience of either acute or chronic homeostatic
defeat.

This study’s results pose the possibility that other, presumed linear, relationships
between SWB and predictive variables may also be better understood as containing a non-
linear component. There has been a myriad of research into factors that predict SWB,
including life events (e.g., Luhmann et al., 2012), personality (e.g., Anglim et al., 2020),
external resources such as money and social support (e.g., Cummins, 2018), and internal
resources and skills such as mindfulness and self-compassion (e.g., Hanley et al., 2015;
Hollis-Walker & Colosimo, 2011). To date no study has considered the possibility that some
other factors, such as the generation of response emotion, may defeat the demonstration of
SWB homeostasis, and therefore the particular relevance of homeostatic defeat to data
interpretation. This understanding, if verified, has the potential to further elucidate the
relationship between psychological challenge and human resilience.

5.4 Limitations

This study involved cross-sectional data only, thereby not allowing analysis of
changes in Measured-HPMood and homeostatic resilience over time. Future longitudinal
studies could greatly expand understanding of this new research area.

A second unresolved issue is whether stress symptoms can demonstrate the resilience
effect. This issue is important for both theoretical and practical understanding.

Finally, the interpretation of further studies will be enriched by the availability of
normative values for Measured-HPMood.

5.5 Conclusion

This study confirms that the theorised non-linear relationship between stressors and
SWB can be empirically tested using a generalised additive model technique. The findings
provide support for the theory of Subjective Wellbeing Homeostasis. They indicate that the
measurement of HPMood is a sensitive indicator of homeostatic control and, therefore of
general psychological resilience. The results also support a loss of homeostatic resilience at
measured-HPMood levels of about 45 to 50pp. Overall this paper sheds new light on the
importance of conscious access to the stable, internal, positive resource of Homeostatically
Protected Mood.
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