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1.0 Introduction
Carbohydrate ingestion during endurance exercise is a well-established strategy to support performance, delay fatigue, and maintain physiological function (Jeukendrup, 2014). However, the method of carbohydrate delivery may influence not only performance outcomes but also gastrointestinal tolerance and perceptual responses. In particular, the ingestion of large bolus doses has been associated with increased gastrointestinal discomfort in some athletes, potentially impairing performance (Costa et al., 2017).
Recent research has highlighted the importance of individual variability in response to nutritional strategies, particularly in relation to gastrointestinal symptoms and pacing behaviour (Jeukendrup, 2017). Despite this, there remains limited applied research comparing different carbohydrate ingestion strategies—such as bolus versus distributed intake—within ecologically valid exercise settings (Chang et al., 2022).
Therefore, the aim of this study was to examine the effects of three carbohydrate ingestion strategies (control, bolus gel ingestion, and distributed gel intake) on physiological (heart rate), perceptual (rating of perceived exertion), performance (pacing), and gastrointestinal (GSRS) responses during exercise. It was hypothesised that bolus ingestion would increase gastrointestinal discomfort and response variability, whereas distributed intake would promote a more stable physiological and perceptual profile (Wardenaar et al., 2025).
This study was initially planned to support the product design of a reusable / refillable carbohydrate gel delivery method. With the ever changing world and demands to reduce waste and single use plastics this may be the next big change we see in endurance sports, where the delivery and availability of the nutrition while on a course or during training plays a key role in the success of the session/ event.  
Recent European and UK environmental policy has placed increasing emphasis on reducing avoidable single-use plastics, particularly short-lived items that are difficult to recycle and prone to littering (European Parliament, 2024; DEFRA, 2023; UK Government, 2023). 
While sports nutrition products are not currently the primary focus of legislative bans, energy gels closely align with the characteristics of single-use plastics targeted by these policies: they are typically used once, frequently contaminated after use, and rarely recycled through conventional waste streams.
“Certain single use plastic packaging types will be banned from 1 January 2030. These include packaging for unprocessed fresh fruit and vegetables, packaging for foods and beverages filled and consumed in cafés and restaurants, individual portions (for e.g. condiments, sauces, creamer, sugar), accommodation miniature packaging for toiletry products and very lightweight plastic carrier bags (below 15 microns)”. 
European Parliament, 2024.
Endurance sport represents a high-frequency use context for such packaging. Athletes may consume multiple gel sachets within a single training session or competition, often in outdoor environments where waste disposal options are limited. As a result, energy gel packaging may contribute disproportionately to plastic waste relative to its size and material content. Policy documents increasingly highlight the importance of behavioural change, additional mitigation and consumption-level interventions alongside material innovation, suggesting that reductions in plastic use may be achieved not only through alternative packaging, but also through changes in how products are used.


2.0 Methodology of Analysis
This study adopted a positivist research paradigm, characterised by the objective measurement of physiological and performance variables and the use of quantitative methods to identify relationships between variables (Charli et al., 2022). A positivist approach was appropriate given the study’s focus on measurable outcomes such as heart rate, pacing, and gastrointestinal symptoms (Park et al., 2020).
A repeated measures experimental design was employed, in which all participants completed three experimental conditions (control, bolus ingestion, and distributed intake). This design is widely used in exercise science research due to its ability to reduce inter-individual variability and increase statistical sensitivity (Field, 2018; Elliott & Woodward, 2020). Given the small sample size (n = 9), the use of a within-subject design was particularly important in improving the reliability of comparisons between conditions (Charness et al., 2012).
However, while repeated measures designs offer strong internal validity, they may reduce ecological validity (Andrade et al., 2018), as experimental conditions may not fully replicate real-world competition environments. Alternative approaches, such as field-based observational studies or mixed-methods designs incorporating qualitative feedback, may provide greater ecological insight but often at the expense of experimental control (Charli et al., 2022).
Overall, the chosen methodological approach was deemed appropriate for addressing the research aim withing the time frame and constraints with availability of equipment or access to athletes, this allowing for controlled comparison of carbohydrate ingestion strategies while capturing multiple dimensions of athlete response.

3.0 Method of Experiment
3.1Participants
Nine trained endurance athletes participated in this study. All participants were actively engaged in regular training and were familiar with sustained exercise protocols. The use of a trained cohort was important to ensure ecological relevance, as nutritional strategies such as carbohydrate ingestion are most applicable to physically active populations (Burke et al., 2011).
However, the small sample size represents a limitation, as it reduces statistical power and the ability to generalise findings to broader populations. The participants were all volunteers from a local Triathlon club, and we utilised the club's weekly planned run sessions to conduct the research. I was mindful of the ethical factors involved in running such a trial from an insurance and risk management viewpoint, as I am an active member of the group and head coach, I was covered under my insurance to carry out this trial as a group coach under British Triathlon. 
One of the challenges with this study, which was carried out over a relatively short period, was participant retention; only 9 participants completed all run tests, while 21 initially started the trial. Having each session at a fixed time and date was key to ensuring the data was captured in a timely manner to allow for analysis and write-up. Having a trial run for a longer period, but under the same circumstances and method, may have allowed a greater participation number. In addition, utilising other clubs and opening the study up to the general pubic may have done similarly. A larger study would have allowed this to be a more feasible option. I am very grateful to the members of the North Dock Dredgers Triathlon club for helping out. 
3.2 Experimental Design & Protocol
Participants completed three experimental sessions under different nutritional conditions: (1) control (no carbohydrate ingestion), (2) bolus gel ingestion at 20 minutes, and (3) distributed gel intake between 15 and 25 minutes. Each session followed an identical exercise protocol, with measurements collected at regular intervals throughout. Each session was conducted externally in real-world conditions where participants ran in loops. 
This design allowed for direct comparison of carbohydrate ingestion strategies while maintaining consistency in exercise conditions. Participants made use of a GPS watch to gauge pace, and a Heart Rate Strap to measure and record Heart rate variability. The inclusion of both bolus and distributed strategies reflects common real-world fuelling approaches used by endurance athletes.
3.2 Measures
A range of physiological, perceptual, and performance variables was measured to provide a comprehensive assessment of responses to the intervention:
· Heart Rate (HR): Used as an indicator of physiological strain and cardiovascular response.
· Pacing (Pace): Used to control pace and reflect performance output and exercise intensity.
· Rating of Perceived Exertion (RPE): A subjective measure of effort, widely used in exercise science (Borg, 1998).
· Gastrointestinal Symptoms (GSRS): Assessing gut discomfort and tolerance to carbohydrate ingestion.
· Cadence (RPM): Representing movement consistency and mechanical output.
The inclusion of multiple variables allowed for a multidimensional analysis of athlete response, capturing interactions between physiological, perceptual, and gastrointestinal factors.

4.0 Data Analysis
Data was analysed using repeated measures analysis of variance using the SPSS software and analysed through an ANOVA protocol to assess differences between conditions. This approach is appropriate for within-subject designs and allows for the comparison of multiple conditions while accounting for individual variability (Field, 2018).
Assumptions of normality were assessed using the Shapiro–Wilk test, which is recommended for small sample sizes (Shapiro &  Wilk, 1965). Where minor violations of normality were observed, analysis proceeded due to the robustness of repeated measures ANOVA to such deviations. 
Following data analysis, a pairwise comparison was conducted using a Bonferroni adjustment to control for Type I error associated with multiple comparisons. This conservative approach reduces the likelihood of false positive findings and strengthens the reliability of results. However, the use of Bonferroni correction may increase the risk of Type II error, particularly in small samples, potentially masking meaningful effects. This limitation is acknowledged in the interpretation of results (Elliott and Woodward, 2020).



5.0 Results
5.1Gastrointestinal Symptoms (GSRS)
A repeated measures ANOVA revealed a significant effect of condition on gastrointestinal symptoms. The Pairwise comparisons with Bonferroni adjustment indicated that GSRS scores were significantly higher in the bolus condition compared to both the control (mean difference = -0.694, p = 0.021) and distributed intake conditions (mean difference = 0.611, p = 0.021) (See table 01). No significant difference was observed between the control and distributed conditions (p = 1.000), without the Bonferroni adjustment (p = 0.007).
	Table 01 - Pairwise Comparisons of Gastrointestinal Symptoms (GSRS)

	(I) Mean
	(J) Mean
	Mean Difference 
(I-J)
	Std. Error
	Sig.b
	95% Confidence Interval for Differenceb

	
	
	
	
	
	Lower Bound
	Upper Bound

	1
	2
	-.694*
	.192
	.021
	-1.274
	-.115

	
	3
	-.083
	.163
	1.000
	-.574
	.407

	2
	1
	.694*
	.192
	.021
	.115
	1.274

	
	3
	.611*
	.170
	.021
	.099
	1.123

	3
	1
	.083
	.163
	1.000
	-.407
	.574

	
	2
	-.611*
	.170
	.021
	-1.123
	-.099

	Based on estimated marginal means, * The mean difference is significant at the .05 level, b. Adjustment for multiple comparisons: Bonferroni. 


5.2 Heart Rate (HR)
Analysis of heart rate data revealed no statistically significant differences between conditions following Bonferroni correction (p > 0.05). However, a trend towards lower heart rate values was observed in the distributed intake condition compared to control (mean difference = 6.542, p = 0.070) (See table 02), although this did not reach statistical significance. Without the Bonferroni adjustment (p = 0.023).
	Table 02 - Pairwise Comparisons for Heart Rate (HR)

	(I) Mean
	(J) Mean
	Mean Difference 
(I-J)
	Std. Error
	Sig.a
	95% Confidence Interval for Differencea

	
	
	
	
	
	Lower Bound
	Upper Bound

	1
	2
	-4.792
	5.394
	1.000
	-21.059
	11.476

	
	3
	6.542
	2.336
	.070
	-.504
	13.587

	2
	1
	4.792
	5.394
	1.000
	-11.476
	21.059

	
	3
	11.333
	6.865
	.412
	-9.370
	32.037

	3
	1
	-6.542
	2.336
	.070
	-13.587
	.504

	
	2
	-11.333
	6.865
	.412
	-32.037
	9.370

	Based on estimated marginal means, a. Adjustment for multiple comparisons: Bonferroni.



5.3 Pacing
No significant differences in pacing were observed between conditions (p > 0.05). However, visual inspection of the data suggested greater variability in pacing responses within the bolus condition, particularly following carbohydrate ingestion.
5.4 Rating of Perceived Exertion (RPE)
No statistically significant differences in RPE were identified between conditions (p > 0.05). Descriptive analysis indicated some early variability in perceived exertion in the bolus condition, although this did not translate into significant differences across the exercise period.
5.5 Cadence (RPM)
Cadence remained consistent across all conditions, with no significant differences observed (p > 0.05), indicating stable movement patterns regardless of carbohydrate ingestion strategy.

6.0 Limitations
Several limitations should be acknowledged when interpreting the findings of this study. First, the study employs a relatively small sample size typical of pilot and applied sports science research. While this may limit statistical power and generalisation, the crossover design helps mitigate inter-individual variability by allowing each participant to act as their own control. The findings should therefore be interpreted as exploratory and hypothesis-generating rather than definitive. 
The study focuses on trained endurance athletes, which may limit the applicability of the results to recreationally active individuals or elite populations. However, this population was selected to maximise ecological validity, as trained athletes are the primary users of carbohydrate energy gels during prolonged exercise.
The exercise protocol involves a controlled, steady-state endurance activity that may not fully replicate the variable-intensity demands of real-world competition. Participants controlled their own pace using a GPS watch. While this approach allowed for control and internal validity, it may underestimate the complexity of feeding behaviours and physiological responses experienced during longer competitive events.
As this is a field-based study, there was limited availability of testing; therefore, specific measures achievable for this small study were gathered. Additional considerations were taken for the availability of athletes over this period, location and hygiene factors for storage of gels while being gradually used, etc.
Gastrointestinal discomfort and perceptual responses are assessed using subjective self-report measures. These measures are inherently influenced by individual perception and expectation. Although this study is motivated in part by environmental and policy considerations related to single-use plastics, it does not directly quantify reductions in plastic waste or measure behavioural adoption of refillable systems. Instead, the study provides foundational physiological and perceptual evidence necessary to inform future research examining sustainability outcomes, athlete behaviour change and product design considerations. Despite these limitations, the study offers valuable applied insight into carbohydrate ingestion strategies that balance performance, comfort, and emerging sustainability considerations.
Future research should expand on these findings by incorporating competitive exercise settings, continuous glucose monitoring, gas exhalation, all of which could be carried out in a controlled setting of a lab by means of a treadmill for running and a stationary bike for cycling.

7.0 Reflection
7.1 Reflection on Research Design
The use of a repeated-measures design was a key strength of this study, as it allowed for direct comparisons between conditions while minimising inter-individual variability. This was particularly important given the small sample size, as it improved the sensitivity of the analysis. However, while internal validity was strengthened, ecological validity may have been reduced because controlled experimental conditions do not fully replicate real-world competitive environments, where pacing, nutrition, and environmental factors interact more dynamically. The initial design of the experiment was intended to gather information for product design. This was not discussed in detail for design protection purposes, and also to keep the focus on the outcome of the delivery process of the gel, etc. 
7.2 Reflection on Data Collection & Measures
The inclusion of multiple variables (physiological, perceptual, performance, and gastrointestinal) provided a comprehensive understanding of athlete responses and represents a strength of the study. However, several measures relied on subjective reporting, particularly RPE and GSRS, which may introduce bias and variability. Additionally, pacing data may have been influenced by motivation and external factors that were not controlled within the study design. Information gathered during the study was reliant on participants verbalising the results as they passed at each time stamp, e.g. RPE and GSRS; other data was gathered offline using third-party applications, such as Garmin Connect, Strava, and Training Peaks etc. 
Future research could improve measurement accuracy by incorporating additional objective markers such as blood glucose or lactate concentration, alongside qualitative data, to better understand individual experiences of gastrointestinal discomfort. In addition, a lab-controlled environment with the use of a treadmill would have aided in pace control and would have allowed an accurate repeat study. This study was carried out in real-world conditions, mainly due to time constraints and lab access. 
7.3 Reflection on Data Analysis
The use of repeated measures in SPSS enabled ANOVA with Bonferroni correction, a robust analytical approach that reduces the likelihood of Type I error and strengthens confidence in the findings (Elliott and Woodward, 2020). However, the conservative nature of the Bonferroni adjustment may have increased the risk of Type II error, potentially masking meaningful differences, particularly in heart rate and pacing variables.
The small sample size further limited statistical power, meaning that trends observed within the data may not have reached statistical significance despite potential practical relevance. This highlights the importance of interpreting both statistical and practical significance within applied research contexts (Chang et al., 2022).
I found SPSS to be very difficult initially to use and I need to seek assistance from University staff as well as AI to guide me through step by step processes to ensure my data was presented correctly and that the correct steps and various settings were set correctly, once this was done I was able to run multi tests and comparisons to see how the various data worked, I know I’m a visual and practical learner and I need to physically do what I need to learn, this was what I found difficult initially as I wasn’t sure if what I was doing was correct without any reference or experience etc. 
7.4 Reflection on Findings
A key insight from this study is the variability in individual responses to carbohydrate ingestion, particularly in the bolus condition. This variability was evident across perceptual, physiological, and performance measures, reinforcing the importance of individualised nutrition strategies in endurance sport.
The findings also highlighted a temporal relationship between variables, with perceptual changes (RPE) occurring earlier than physiological and performance variability. This suggests that athletes may adjust behaviour based on perceived effort before measurable physiological changes occur. This highlights a potential area for further investigation with a wider range of participants and potential effort. The study was designed on a pace target of 80% of the threshold set by a 12 min Cooper Test to replicate a marathon pace (Coquartet et al., 2016). This target pace can be manipulated with further studies carried out at the optimum target pace to identify any changes in individual physiological, perceptual, performance, and gastrointestinal variables. E.g. 5 kilometres / half-marathon pace.
7.5 Reflection on Practical Application
From a practical perspective, the study provides clear guidance for athletes and coaches with the increased gastrointestinal discomfort associated with bolus ingestion, suggesting that this strategy may be suboptimal for many individuals. In contrast, distributed intake appears to offer a more tolerable approach, supporting its use in endurance training and competition. However, the variability observed across participants highlights the need for personalised approaches to nutrition. Athletes should be encouraged to trial different training strategies to identify what works best for their individual physiology and tolerance. In addition, not all gel brands are suitable for carrying and gradual use; this could lead to lost product/lost Carbohydrates, leaving hands, etc., messy from spilt product. Some brands have recently adapted their packaging to allow users to reseal and reopen/reuse.  
7.6 Future Recommendations
Future research should aim to build on these findings by increasing sample size and incorporating more controlled nutritional and environmental conditions. The inclusion of physiological markers such as blood glucose, gastric emptying rates, or metabolic responses would provide greater insight into the mechanisms underlying the observed effects.  Additionally, integrating qualitative methods, such as athlete interviews or questionnaires, could enhance understanding of perceptual and gastrointestinal experiences, providing a more holistic view of athletes' responses.

8.0 Conclusion
This study aimed to examine the effects of different carbohydrate ingestion strategies on physiological, perceptual and performance responses during exercise. The findings indicate that, after Bonferroni correction, carbohydrate timing did not significantly affect heart rate or pacing outcomes but did have a clear and meaningful impact on gastrointestinal tolerance.
Specifically, bolus gel ingestion resulted in significantly more gastrointestinal symptoms than in both the control and distributed intake conditions. In contrast, the distributed intake strategy elicited gastrointestinal responses similar to those in the control condition, suggesting improved tolerance. Although no statistically significant differences were observed in heart rate, a trend towards reduced cardiovascular strain was evident in the distributed condition.
Taken together, these findings suggest that the method of carbohydrate ingestion may be more influential in determining comfort and response stability than overall physiological or performance outcomes. From an applied perspective, distributing carbohydrate intake throughout exercise appears to be a more tolerable and potentially more effective strategy than consuming a single bolus.
However, due to the small sample size and response variability, further research is required to confirm these findings. Future studies should aim to include larger cohorts and additional physiological markers to better understand the mechanisms underpinning these responses.
In conclusion, while carbohydrate ingestion remains an important component of endurance performance, the manner in which it is consumed plays a critical role in athlete comfort and may influence overall exercise experience.
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