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Simple Summary

Rising carbon dioxide levels in the atmosphere are changing how crops grow, which could affect both
food supply and nutrition. This study reviewed and combined results from previous research to
understand how higher carbon dioxide influences two popular leafy vegetables - kale and spinach.
We found that while these conditions generally make plants grow bigger and increase yields, they
also reduce important nutrients such as protein, calcium, and magnesium. Spinach showed stronger
growth than kale, but both experienced nutrient losses. These changes matter because many people
rely on these vegetables for essential vitamins and minerals. If future crops become less nutritious, it
could lead to health problems like deficiencies and related diseases. Our findings highlight the need
for new farming strategies and plant breeding programs to maintain nutritional quality while
meeting food demand in a changing climate. This research helps policymakers, farmers, and
scientists plan for sustainable food systems that protect public health.

Abstract

The meta-analysis examines the effects of eCO; on the growth, yield, and nutritional composition of
two widely consumed leafy vegetables: kale (Brassica oleracea) and spinach (Spinacia oleracea).
Following the Collaboration for Environmental Evidence (CEE) guidelines, we systematically
reviewed studies that reported on the impacts of eCO, on these crops and conducted a meta-analysis
to quantify the overall as well as sub-group responses via moderator analyses. A random-effects
model was used to calculate effect sizes (Hedges' g), and confidence intervals (CI) were set at 95%.
Our results reveal that eCO; significantly increased the biomass of spinach (g=1.21, p <0.01, CI[0.88,
1.54]) and kale (g = 0.97, p < 0.05, CI [0.65, 1.29]). However, the analysis also detected a significant
decrease in protein content in both crops under eCO, conditions (spinach: g =-0.76, p =0.03, CI [-1.10,
-0.42]; kale: g =-0.61, p =0.04, CI[-0.95, -0.27]). Additionally, calcium and magnesium concentrations
declined in kale (g = -0.55, p = 0.05, CI [-0.89, -0.21]), and spinach showed a stronger reduction in
nutrient content overall. The variability in response across different CO:2 concentrations and exposure
times further underscores the complexity of eCO: effects. These findings suggest that while eCO,
may enhance crop yields, it also leads to a dilution of essential nutrients, raising concerns about the
trade-offs between productivity and nutritional quality. The study concludes that targeted breeding
programmes, strategic precision agriculture, sustainable agricultural practices and policy
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interventions will be critical in mitigating the negative nutritional effects of eCO, to ensure food
security in a changing climate.

Keywords: elevated carbon dioxide; kale; spinach; crop nutrients; nutrition; climate change; food
security; eCO2

1. Introduction

Climate change is exerting unprecedented pressure on global agricultural systems, and one of
the most significant drivers of this change is the increase in atmospheric CO, [1]. As CO; levels
continue to rise, understanding its impact on crop production and nutritional quality is critical for
ensuring food security, sustainable diet and human health [2]. Numerous studies have documented
elevated CO, (eCO,) effects on a range of crops, mostly cereals and legumes, revealing its potential
to enhance photosynthesis, growth, and yield [3]. Most recently, there has been eCO, dilution effects
documented, where essential micronutrients are concentrated in lower quantities per unit of biomass
(compromising the nutritional value of crops), are being explored [4]. However, while key staple
crops have been extensively studied, leafy vegetables, particularly kale (Brassica oleracea) and spinach
(Spinacia oleracea), have received comparatively very little attention [5]. This oversight is concerning,
given the essential role that leafy greens play in global nutrition and food security. This meta-analysis
aims to synthesise existing research on the effects of eCO, on spinach and kale, two commonly
consumed leafy greens, and to elucidate how variations in CO, concentration and specific crop types
influence overall nutritional quality.

Kale is recognised for its high concentrations of vitamins A, C, and K, making it a key contributor
to daily nutritional requirements, particularly for maintaining vision, skin health, and blood
coagulation [6]. Additionally, kale is rich in glucosinolates, compounds known for their potential
cancer-preventive properties, as well as iron, fibre and calcium, which are critical for bone health [7].
Similarly, spinach is another leafy green of high nutritional value, particularly noted for its rich
content of vitamins A, C, and K, as well as essential minerals such as iron, magnesium, and folate [8].
Spinach plays a crucial role in combating iron-deficiency anaemia due to its non-heme iron content,
and its high levels of antioxidants contribute to cellular protection and immune function [9].

Both leafy greens have received increasing attention for their nutritional benefits, and their
consumption has risen globally. Kale consumption has increased, particularly in North America and
Europe, where it is consumed both raw and cooked, contributing to traditional and modern diets
[10]. Spinach is widely consumed as a staple vegetable in regions such as South Asia, West Africa,
and the Mediterranean, where it is often integrated into a variety of dishes [11]. Their consumption
makes them a significant part of both plant-based and mixed diets, with an estimated 24 million tons
produced annually worldwide [12]. In the United States alone, spinach cultivation has more than
doubled in the last 40 years, reaching an average of 0.6 kg per capita annually [13]. Kale, now often
labelled a "superfood" due to its dense nutrient profile, has experienced increasing growth in
cultivation, with demand increasing in many Western countries, particularly due to its high
antioxidant content. According to the nutrient value reference in the UK, for example, spinach
contains 2.8 mg of iron, 379 mg of potassium, and 53 mg of calcium per 100g, while kale provides 120
mg of vitamin C, 92 ug of vitamin K, and 120 mg of calcium per 100g [14]. Thus, reductions in these
nutrient levels due to eCO;-induced nutrient dilution could have significant public health
implications, especially among populations that rely heavily on these greens for their micronutrient
intake.

Despite the well-documented nutritional interest of kale and spinach, the effects of eCO, on their
constituents have been less studied compared to staple crops. Preliminary research suggests that
eCO; may differentially impact various nutritional components in leafy greens, potentially increasing
carbohydrate content but decreasing protein and mineral concentrations [15]. Most long-term
studies, such as those conducted in Free-Air CO, Enrichment (FACE) experiments, have provided
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valuable insights into these dynamics by simulating future CO. conditions in real-world settings;
however, very few have investigated leafy vegetable crops [16, 17]. Though these studies have shown
that initial benefits in growth and yield may be observed in crops, sustained exposure to eCO, often
reveals more complex interactions, which include the potential for nutrient dilution and altered
phytochemical profiles [4]. Additionally, the response of crops to eCO; is not uniform and can be
influenced by several factors, including the duration of exposure, the concentration of CO,, and the
specific crop variety [18].

This meta-analysis provides a comprehensive assessment of how eCO, affects the nutritional
quality of spinach and kale. By examining factors such as CO, concentration, crop type, and exposure
duration, this study aims to determine the main causes of variability in response and their
implications for crop quality. The findings will contribute to a better understanding of how future
CO;, levels might impact these widely consumed leafy greens and to inform strategies for mitigating
potential adverse effects on human nutrition and food security.

Understanding the nuances of eCO, impacts on crop quality is crucial for developing adaptive
strategies in agriculture. Given the projected increase in atmospheric CO; and its potential effects on
crop nutrition, this meta-analysis provides essential insights that can guide future research and
policy-making to ensure the sustainability of food systems and the nutritional adequacy of crops
under changing climatic conditions.

2. Materials and Methods

Our meta-analysis adhered to a systematic approach, following the standards established by the
Collaboration for Environmental Evidence and Standards for Evidence Synthesis [19]. Our
construction was based on a systematic map (Supplement Material, pp 1-3) which provided the basis
for our research questions and study selection criteria, detailing the effects of eCO, on various crops,
including kale and spinach. Our main research question was: “What published evidence exists for
the effects of eCO: on the nutritional components of kale and spinach crops?” Our analysis expanded
on this question by incorporating secondary questions related to differences in effects by crop type,
CO;, concentration, duration of exposure, species type, and nutritional outcomes.

2.1. PECO Components and Criteria

Population (P): We included studies explicitly focusing on kale (Brassica oleracea and all common
names) and spinach (Spinacia oleracea and all common names), including various cultivars. Studies
on other crops or combined datasets that did not provide disaggregated results for kale and spinach
were excluded.

Exposure (E): We selected studies that investigated the impact of CO; levels ranging from 650
ppm to over 3000 ppm. Studies were excluded if they combined CO, exposure with other factors (e.g.,
drought or heat) without isolating CO, effects.

Comparator (C): Only studies comparing CO,-exposed crops to controls grown under ambient

CO; conditions (approximately 400-450 ppm) were included. Studies lacking a proper control or
baseline comparator were excluded.

Outcome (O): We focused on changes in nutritional constituents namely, carbohydrates,
minerals, vitamins, nitrogenous compounds, yields, and photosynthetic parameters. Studies were
required to report these outcomes for kale and spinach without aggregation with other crops.

2.2 Literature Search, Study Selection, and Data Extraction

The literature search was systematically conducted over a number of databases, including
Scopus, ScienceDirect, Web of Science Core Collection, Google Scholar, CAB Abstracts, and PubMed,
with searches concluding on March 12, 2024. The search strategy aimed to capture all relevant peer-
reviewed articles examining eCO, effects on kale and spinach across all years (i.e. all published
studies till date were synthesised in this analysis). This search process resulted in the discovery of
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872 studies. References were managed using Zotero, which facilitated the removal of duplicates and
the organisation of the literature. After removing 138 duplicates, 734 unique articles were filtered for
PECO eligibility using the SysRev review tool where only titles and abstracts were assessed. Relevant
articles (N=42) were then subjected to a full-text review based on predefined PECO criteria (full
details see Supplementary Table 1) as well as assessment of statistical rigour and completeness of
data. Following several unsuccessful email requests, seven full texts could not be assessed. In
addition, 29 studies were excluded after full-text review for not reporting the required outcomes (e.g.,
incomplete data, combined data on effects of eCO:2 with other environmental stressors; lacking
necessary statistical details; and relevant data could not be obtained from authors directly). Overall,
13 studies were retained, providing 346 effect sizes (full flow diagram: Supplementary Figure 1). The
review was done in tandem by 2 reviewers (JUE and JOO), and any disputes were passed to a 3rd
reviewer (SR). Data extraction was performed from text, tables, and figures of the selected studies,
and MetaDigitize software was utilised to obtain data from graphs. At the same time, summary
statistics were calculated from studies providing raw data via Excel. An outlier analysis was
conducted, leading to the inclusion of only 339 effect sizes in the final meta-analysis (see
supplementary R Markdown file). Information on potential moderators such as species type, CO.
exposure duration, and outcome categories was also extracted and coded.

2.3. Effect Size and Variance Calculations

Hedges' g [20] was used to calculate effect sizes., a measure that accounts for small sample sizes
via the formula:
My, — M,
S Dpooled
Where M; and M, represent the means of the CO,-exposed and control groups, respectively,

g:

while SD_pooled is the pooled standard deviation.
The pooled standard deviation is calculated using:

(n, — 1).s%+ (n, — 1).5%
SDpootea = N+ 1y — 2

with s1 and s2 representing the standard deviations and n1 and n2 the sample sizes. The Hedges’

correction factor (J) was applied as follows:

] =

3
! C4(ny +ny) -9
The corrected effect size is:
Ycorrectea = 9-J
The variance of each effect size was calculated to estimate precision, with the standard error of
g given by:

1,1 g°
2( - 4 2y, ___ Y
/ (n1 + nz) + 2(ny +n,)

n,+n,; —2

SE(g) =
More details of the calculations are found in Supplementary file p. 6.

2.4. Statistical Analysis

Statistical analyses were carried out using R (version 4.3.3) with the {metafor} package (version
3.8.1) [21]. An overall meta-analytic model was constructed to estimate the general impact of eCO,
on nutritional quality across kale and spinach (Figure 3A). This model employed a random-effects
approach to account for variability among studies, assessed through the Q-test and I? statistic [22].

Single-moderator analyses were performed to explore the influence of factors such as crop type,
CO;, exposure levels, exposure duration, and species type on effect sizes. Multi-moderator models
were developed to examine interactions between these factors and account for residual heterogeneity.
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Due to potential dependencies in effect sizes (e.g., multiple outcomes per study), multilevel mixed-
effects models were used, incorporating random effects for study identifiers.

Outlier analysis and sensitivity checks ensured the robustness of findings (Supplementary
Figures 3&4). Publication bias was assessed using funnel plots (Supplementary Figures 5-9 and 14),
and no substantial asymmetry was observed. Data visualisation was conducted using the {orchaRd}
package, providing explicit graphical representations of effect sizes and confidence intervals [23].
Full methodological details, including data extraction and R scripts, are available in Supplementary
Files 1, 2, and 3.

3. Results

3.1. Bibliography summary

Overall, after the analyses of outliers, 339 effect sizes generated from 13 articles were retained.
Most effect sizes at the time the studies were conducted (and effects evaluated) showed changes in
yield and biomass (39%); a smaller percentage examined modifications in nitrogenous compounds
(18%), with only a few being connected with mineral contents (14%), photosynthetic components
(10%), phytochemicals (7%), vitamin contents (6%) or carbohydrate contents (5%) (Figure 1A).

Of the effect sizes calculated, 170 were from crops exposed to eCO2 for 28 days with the
remainder split between 14 days (56), 35 days (35), 26 days (14), 20 days (11), 40 days (11), 60 days
(11), 80 days (11), 25 days (8), 29 days (7), 56 days (6), 16 days (2), 30 days (2) and 43 days (2)
respectively (Figure 1B). The number of research articles published yearly did not appear to increase
significantly from 1997 to 2024, as shown in Figure 1C. Furthermore, the geographic distribution of
the research (Figure 2) shows that most were conducted in the United States of America. The CO:
levels crops were exposed to during the experiments in the USA were around 720 - 60,000ppm; Korea
700 - 1,600ppm; China 700 - 800ppm; India 650ppm; Italy 800ppm; Japan 800ppm; and Canada
1,000ppm.

Seventy-nine per cent of the effect sizes originated from studies investigating the effect of eCO:
on kale, while the remaining twenty-one per cen, investigated spinach crops. The effect sizes
associated with kale species were from Brassica oleracea cv. alboglabra Bailey (41%) followed by
Palmifolia DC (20%), Virdis (20%), Sijicutiao (9%), acephala Winterbor F1 (5%), stem marrow kale
(2%), Toscano (0.3%), Winterbor (0.3%) and unspecified (2%) cultivars respectively. Most of the effect
sizes were associated with spinach species were from unspecified cultivars (45%) with the remainder
split between Spinacea oleracea cv. Gigante invernale (15%), Huangjia (15%), Wase Crone (10%),
Melody (1%), Harmony (1%), Bloomsdale LS (1%) and Ipomoea aquatica cv. Forssk (11%) (see
Supplementary Material Figure 2).
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3.2. Overall and combined effect

The meta-analytic approach evaluating the combined effect of eCO: unveiled a moderate
increase in yield, biomass and nutritional components of kale and spinach crops exposed to
atmospheric CO2 metrics ranging from 650 to 60,000ppm compared with crops cultivated at ambient
levels of 350-400ppm (Hedges’ g=1.04; CI 0.40, 1.69; P =0.0043) (Figure 3 and Supplementary Table
2). Sizeable residual heterogeneity both between (Ivetween? > 33%) and within (Iwitin? > 54%) studies was
apparent. The model was incrementally expanded to incorporate single moderators to identify
important sources of response variability and evaluate the impacts of eCO: across the types of crops,
outcome category, specific constituents measured, period of exposure time and CO: levels. Testing
the combined interactive effect of eCO:z presence relative to crop types, group and CO: levels revealed
that a portion of the heterogeneity seen in the overall model was caused by the difference in crop
type, level of CO2 and category of outcome comparator (QMs1,308=3.7943, P<0.001) (See Figure 4 and
Supplementary Table 3-9).

Testing sub-group responses showed that eCOz caused a slightly greater increase in overall yield
and nutritional parameters of spinach crops (Hedges” g=1.06, CI= 0.05, 2.07) compared to kale crops
(Hedges” g=1.03, CI=0.17, 1.90) (Omnibus test of moderators: QM2337=5.703, P=0.0037) (Figure 4A).
Across both crops types combined, only the following outcome category showed statistically
significant difference - yields (Hedges’ g=1.15, CI=0.41, 1.89), carbohydrates (Hedges’ g=1.34, C1=0.22,
2.46), nitrogenous compounds (Hedges’ g=1.21, CI=0.38, 2.04) and photosynthetic parameters
(Hedges’ g=1.18, CI=0.28, 2.07) with increases. While the changes observed in vitamins (Hedges’
g=0.42, CI=-0.63,1.48), mineral contents (Hedges’ g=0.30, CI=-0.61, 1.21) and other phytochemicals
(Hedges’ g=0.47, CI=-0.57, 1.51) were not significant (Omnibus test of moderators detected significant
differences (QMr337=4.0457, P=0.0003)) (Figure 4C). For the differences across CO: levels, the model
showed that as eCOz level increased, there was a combined increased on yields and all nutritional
parameters in both kale and spinach (Omnibus Test of Moderators (QM(df1 = 4, df2 = 335) = 3.3138,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0153.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 December 2025 d0i:10.20944/preprints202512.0153.v1

7 of 20

p-val=0.0111) (Figure 4B). There was no significant changes or difference between the exposure time
across all groups (Figure 4D).

When isolating the effect of eCO2 on kale crops only across the different outcome categories,
there was significant increase in photosynthetic parameters, yields, nitrogenous compounds and
other phytochemicals only. Similarly, spinach crops showed increase in photosynthetic parameters,
yields, vitamin and carbohydrates contents. All other constituents showed no significant changes
whether higher or lower (QMe263=1.6922, P=0.1231) (see Figure. 5 and Supplementary Table 15).
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Figure 3. (a) The overall meta-analytic model demonstrates that eCO2 causes moderate combined increase of
biomass and nutritional constituents of both kale and spinach crops (Hedges' g value of 1.04, 95% CI [0.40, 1.69],
ti2=3.5125; P=0.0043). In all orchard plots, individual effect sizes from studies are shown by the coloured
bubbles in each figure, the estimated mean Hedges' g values are represented by the circular dots, the 95%
confidence intervals are represented by the strong error bars, and the 95% prediction interval is represented by
the thin error bars. Each group's impact size is represented by k, and the number of studies from which each
effect size was derived is shown in brackets. (b) A caterpillar plot was also used to visualise the overall meta-
analytic model. At the bottom, shown in red with a black 95% confidence interval bar, is the calculated mean
Hedges' g value. Each effect size is represented by a yellow dot with green 95% CI bars, and they are sorted by

magnitude, drawing from 13 distinct publications and 339 effect sizes.
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Figure 4. (a) Using crop type as moderator, the model shows that eCO: causes more overall increase of biomass
and nutritional constituents in exposed spinach crops (Hedges’ g=1.06, CI= [0.05, 2.07]) compared to kale
(Hedges’ g=1.03, CI=[0.17, 1.90]) ( t337=2.6321, P=0.0233%); (b) Using CO2 levels as moderator, the model show that
the higher the CO: level, the greater the combined increase of biomass and nutritional contents in both spinach
and kale crops - 650-800ppm level (Hedges” g=0.95, C1=0.21, 1.69, t335=2.9153, P=0.0172*), 900-1000ppm (Hedges’
g=1.06, CI=0.16, 1.96, t335=3.2617, P=0.7292), 1300-1900ppm (Hedges’ g=1.19, CI=0.35, 2.04, t335=3.7860, P=0.30846)
and 3000ppm> (Hedges’ g=1.48, CI=0.50, 2.46, t335=4.3399, P=0.1552); (c) Using the outcome category as
moderator, the model show that eCO2 causes increase in only yields (Hedges” g=1.15, CI=0.41, 1.89, t332=2.4368,
P=0.6264), carbohydrates (Hedges’ g=1.34, CI=0.22, 2.46, t332=2.9541, P=0.0265%), nitrogenous compounds
(Hedges” g=1.21, CI=0.38, 2.04, t33=2.6259, P=0.7657) and photosynthetic components (Hedges” g=1.18, CI=0.28,
2.07, t332=2.5654, P=0.7200). The changes in mineral (Hedges” g=0.30, CI=-0.61, 1.21, t3:2=0.4407, P=0.0135%),
vitamins (Hedges’ g=0.42, CI=-0.63,1.48, t33=0.9707, P=0.0516) and other phytochemicals (Hedges’ g=0.47, CI=-
0.57, 1.51, t332=1.0996, P=0.0690) were not significant; (d) Bubble plot assessing whether the number of days plants
were exposed to affect the yield and nutritional response to the effects of eCO2 (expressed as Hedges g), points

coloured blue are spinach species while red are kale (t1,13=0.2363, P=0.9397).
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Figure 5. Orchard plot showing the combined effect of eCO: on all crops with a complex model of crop type and

outcome category as moderators.

3.3. Effect on individual constituents

The impact of eCO2 varied according to the type of specific constituents measured. Within yields
category of kale crops, only fresh weight (Hedges’ g=2.15, CI=1.52,2.79), leaf area (Hedges’ g=1.00,
CI=0.36,1.65), plant height (Hedges" g=0.95, CI=0.17,1.77), root surface area (Hedges’ g=7.22,
CI=4.89,9.56) and root-shoot ratio (Hedges” g=1.98, CI=0.60,3.35) showed increases to eCO: (Figure
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6G) While eCOz increased only dry weight (Hedges” g=5.15, CI=1.28,9.02) and leaf dry mass (Hedges’
g=2.24, CI=0.60,3.90) in spinach crops (Figure 7F) (QM14+=121.5006, P<0.0001).

In the carbohydrate category, eCO: caused an increase within kale crops only in the carbon-
nitrogen ratio (Hedges’ g=4.72, CI=1.76,7.68) and unclassified carbohydrate contents (Hedges’ g=5.31,
CI=2.04,8.58) (Figure 6A and 6B) (QM3=20.3902, P=0.0001). All other specific measured constituents
did not show any significant changes (increase or decrease).

For protein and nitrogenous compounds, kale showed increases in 4-methoxyglucobrassin
(Hedges’ g=0.80, CI=0.08,1.52), glucobrassin (Hedges’ g=1.26, CI=0.54,1.99) and progoitrin (Hedges’
g=1.12, CI=0.40,1.84) but decrease in nitrogen-sulfur ratio (Hedges" g=-2.68, CI=-5.33,-0.02) and
unclassified nitrogen contents (Hedges” g=-5.90, CI=-9.89,-1.91) (Figure 6F). While spinach showed
decrease in unclassified proteins (Hedges' g=-4.85, CI=-9.52,-0.17) (Figure 7A) (QMs=46.8107,
P<0.0001).

Sulfur contents under the mineral category was significantly decreased in kale crops (Hedges’
g=1.27, CI=0.18,2.37) (Figure 6E). While for spinach crops showed decrease in calcium (Hedges” g=-
3.50, CI=-5.90,-1.10), magnesium (Hedges’ g=-2.56, CI=-4.71,-0.40), superoxide dismutase (Hedges’
g=-2.95, Ci=-4.40,-1.50) but increase in iron (Hedges’ g=1.32, CI=0.06,2.57) (Figure 7C) (QM-=15.4177,
P=0.0310). There were no significant changes for all other specific measure constituent.

Similarly, eCO:z caused an increase in chlorophyll values (Hedges” g=3.89, CI=1.97,5.80) of kale
crops only (Figure 6C). While spinach showed increase in photosynthetic rates (Hedges' g=4.62,
CI=0.80,8.44) and stomata conductance (Hedges’ g=4.51, CI=0.70,8.31) but decrease in carboxylation
rate (Hedges’ g=-4.29, CI=-8.37,-0.21) (Figure 7G) (QM2=16.5623, P=0.0003). Kale crops showed
decrease in vitamin B (Hedges’ g=-0.65, CI=-1.23,-0.08) (Figure 6B) while spinach showed increase in
ascorbate (Hedges’ g=3.02, CI=2.03,4.01) (Figure 7D) (QM1=4.9116, P=0.0267).

For other phytochemical constituents, spinach crops showed only decreases and they were in
malondialdehyde (Hedges’ g=-4.94, Ci=-8.01,-1.86) and oxalic acid (Hedges" g=-5.70, CI=-8.44,-2.96)
(Figure 7E). While kale showed decrease in aliphatic contents (Hedges’ g=-1.01, Ci=-1.91,-0.10) but
increase in crude fat (Hedges’ g=4.52, Ci=1.37,7.68), glucoalyssin (Hedges' g=1.64, Ci=0.67,2.61),
glucoerucin (Hedges’ g=2.53, Ci=0.19,4.87) and glucoraphanin (Hedges” g=2.72, CI=0.32,5.12) (Figure
6D) (QMy=38.0996, P<0.0001). Other specific measured constituents did not show any significant
changes (also see Supplementary Table 14).
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4. Discussion

4.1. Summary of the Combined Effect of Elevated CO2 on Spinach and Kale

The overall findings of this meta-analysis revealed a significant combined moderate increase of
yield, biomass and nutritional contents in spinach and kale grown under eCO2 conditions compared
to ambient equivalents, with a Hedges' g value of 1.04 (P=0.0043). This aligns with prior studies
demonstrating the stimulating effect of eCO: on plant growth and yield across the same crop species
[24]. The meta-analysis also identified significant variability (heterogeneity) whereas suggesting that
the response to eCO: is not uniform and varies across different crops, cultivars, specific CO2 level
utilised and constituents measured. This is consistent with previous research indicating that while
eCO:2 generally enhances photosynthetic activity and biomass production, the degree of this
enhancement can vary widely depending on crop type, cultivar, and other environmental factors [18].
Notably, spinach exhibited a stronger response to eCO2 compared to kale, suggesting that species-
specific physiological traits may influence the degree of responsiveness to elevated CO: [25]. This
finding aligns with studies on leafy vegetables that show variability in response to eCO2, where
spinach generally shows more pronounced growth increases due to its higher photosynthetic
efficiency and lower nitrogen use efficiency [26].

The impact of cultivar types on the response to eCO2 was not evident in this meta-analysis,
though Brassica oleracea cv. Palmifolia DC and Brassica oleracea cv. Viridis were highlighted to behave
differently from the rest, and each variety still had a different estimate mean value and confidence
interval. Variation within cultivars can be associated with differences in genetic makeup, which affect
physiological traits such as stomatal conductance, nutrient uptake efficiency, and carbon allocation
[27]. Such findings have been reported in other crops, where the response to eCO: varies significantly
among different cultivars. For instance, in wheat, cultivars with higher intrinsic water-use efficiency
and nitrogen-use efficiency tend to show greater yield responses under eCO: conditions [28, 29]. This
suggests that breeding and selection of cultivars with specific traits could be helpful for optimising
crop performance in future COz-enriched environments [30].

The meta-analysis found no significant difference in response to eCOz2 across different exposure
times, suggesting that the duration of exposure may not be a key factor in determining the overall
impact of eCO2 on spinach and kale. This finding contrasts with some earlier studies that indicated a
time-dependent response, where initial growth stimulation under eCO: could taper off over time due
to nutrient limitations or acclimation effects [15]. However, the lack of a significant time effect in this
analysis could be due to the relatively short duration of most studies included, which may not capture
long-term acclimation processes. Statistics from long-term experiments that fully understand the
temporal dynamics of eCO: effects would only be applicable in perennial crops or multi-year
cultivation systems, unfortunately [17].

The response of crops to increasing CO:z levels revealed a strong positive correlation, with higher
CO2 concentrations (beyond 800 ppm) leading to greater effect size estimates. This finding contrasts
with previous studies that suggested an optimal response at intermediate COz2 levels (600-800 ppm)
before plateauing [3; 31]. Instead, our results indicate that as CO: levels rise, crops continue to exhibit
enhanced photosynthetic activity, biomass accumulation, and yield improvements without clear
saturation effects within the studied range. This pattern aligns with recent research suggesting that
certain C3 crops, including leafy vegetables, may sustain productivity gains under elevated CO:2 well
beyond previously assumed thresholds [32]. The observed response in this meta-analysis emphasises
how crucial it is to consider specific CO2 concentrations in future projections of crop performance
under climate change scenarios.
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4.2. Effect on Nutritional Components and Implications for Global Health

(i) Yields and Biomass

Elevated CO: was found to significantly increase yields and biomass in spinach and kale,
particularly in parameters such as root surface area, plant height, fresh weight, and leaf dry mass.
This aligns with numerous studies that have documented similar increases in biomass and yield
under eCO:2 across various crop species [33]. The enhancement in biomass is primarily driven by
increased photosynthetic rates and reduced photorespiration, which are direct responses to higher
atmospheric CO: [32]. However, the magnitude of yield increases can be variable depending on other
factors such as nutrient availability, water supply, and cultivar characteristics [34]. In particular, the
increase in biomass does not always translate into proportional increases in yield quality, as changes
in nutrient content can occur simultaneously [35].

The impact of eCO:2 on crop quality also has broader implications for global food security. As
crop yields increase under eCOz, the dilution effect, where higher biomass dilutes the concentration
of nutrients, could lead to a paradox where more food is produced but with lower nutritional value.
This could exacerbate micro-deficiency problem, where people have enough calories to eat but lack
essential nutrients, leading to malnutrition [36]. In addition, the variability in response among
different crops suggests that some regions may be more adversely affected than others, depending
on their primary food sources. This could lead to greater disparities in nutritional outcomes, with
populations in certain areas experiencing more severe nutrient deficiencies.

(ii) Carbohydrate/carbon contents

The analysis showed that eCOz2 led to a significant increase in the carbon-nitrogen ratio and
unclassified carbohydrate contents in kale only, whereas no significant changes were observed in
other measured constituents in both kale and spinach. The demonstrated increase is consistent with
the general understanding that eCO: stimulates carbohydrate synthesis through enhanced
photosynthetic carbon fixation [37]. And increased carbohydrate accumulation under eCO:2 has been
reported in various crops, including wheat, rice, and maise, often leading to higher starch and sugar
content [30]. However, this increase in carbohydrates can be accompanied by a reduction in protein
concentration, leading to a dilution effect that could impact the nutritional quality of crops [38]. This
trade-off between carbohydrate enrichment and protein reduction is a critical consideration for the
nutritional implications of future crops grown under elevated CO: conditions. Moreso, while
increased carbohydrate accumulation has been well-documented in staple crops such as wheat, rice,
and maize [30], our results suggest that leafy vegetables may exhibit a more selective response, with
only certain carbohydrate fractions being affected.

Higher sugar contents, which may first seem to be advantageous for producing biomass in
plants, have concerning implications for nutrition. Studies have indicated that increased crop sugar
levels, especially in frequently consumed food crops, may be a factor in the rising rates of obesity and
associated metabolic diseases like diabetes in developed nations [39, 40]. In the United States, for
example, the growth in carbohydrate content under eCO: conditions may cause people to consume
identical amounts of food but with considerably more sugar [41]. According to the CDC, more than
42% of adult Americans are obese, and more than 11% of people have diabetes [39]. The obesity
pandemic may be fuelled by this "hidden-sugar" effect, which can lead to an increase in calorie intake
without a commensurate gain in satiety.

(iii) Proteins and Nitrogenous Compounds

The meta-analysis found that nitrogenous compounds, particularly nitrogen-sulfur ration and
other unclassified nitrogen contents, showed a significant decrease under eCO2, which is indicative
of a potential decline in protein content. This is in line with numerous studies showing that eCO:
often leads to reduced nitrogen concentration in plant tissues, likely due to a combination of factors
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such as dilution by increased carbohydrate content and reduced nitrogen uptake efficiency [42]. The
reduction in protein content under eCO:z has been a consistent finding across various crop species,
including cereals and legumes, which raises concerns about the potential impact on human nutrition,
especially in regions where plant-based diets are predominant [43, 44]. The mechanisms underlying
this reduction are complex and may involve changes in root-to-shoot nitrogen allocation, altered
nitrogen assimilation pathways, and interactions with other environmental stressors such as drought
or nutrient limitation [45].

The decline in protein content is particularly concerning given that billions of people worldwide
rely on plant-based sources for their protein intake, especially in developing countries where animal
protein is less accessible [44, 46]. A reduction in protein content could exacerbate issues of
malnutrition, leading to increased rates of stunting, impaired cognitive development, and weakened
immune systems among vulnerable populations [2]. Moreover, the decline in protein quality,
indicated by a reduction in essential amino acids, could further impact dietary adequacy. Studies
have shown that eCO: can lead to reductions in lysine and other essential amino acids in staple crops
like wheat, rice, and soybeans, which are crucial for maintaining muscle mass, enzyme function, and
overall metabolic health [31].

(iv) Minerals

Mineral contents, including calcium, magnesium, and sulfur, showed varied responses to eCO:
in spinach and kale. While sulfur contents in kale showed a moderate increase, other minerals, such
as calcium and magnesium, exhibited significant decrease in spinach. This differential response is
consistent with previous research indicating that eCOz2 can alter the nutrient composition of crops,
often leading to reductions in essential minerals [47]. The decline in mineral content under eCO: is
thought to be related to the dilution effect, where the increased biomass production leads to lower
concentrations of minerals per unit of plant tissue [35]. Additionally, changes in soil chemistry and
nutrient uptake dynamics under eCO2 could contribute to these effects [35].

The observed decline in essential minerals such as calcium and magnesium in kale and spinach
grown under eCO2 has severe implications for global nutrition as they exacerbate micronutrient
deficiencies [36]. Reduction of minerals in crop produce contributes to the global problem of “hidden
hunger” (a characteristic of micronutrient deficits), which the World Health Organization has
identified as a significant worldwide health concern, especially in low- and middle-income nations
[48]. Over two billion people worldwide suffer from hidden hunger, especially in low-income areas
[6]. According to the most recent global assessment conducted by WHO, over 30% of people
worldwide lack sufficient iron, and roughly 17% need zinc [48]. Micronutrients are vital for bone
health, immune function, and metabolic processes, and deficiency has serious negative effects on
health, including compromised immune systems, decreased cognitive development, and increased
susceptibility to infections. The reduction in calcium and iron content due to eCO: has been associated
with a rise in the occurrences of anaemia, osteoporosis, and other related health problems [5]. Given
that crop nutritional quality is declining under eCOz, these numbers are projected to increase.

(v) Vitamins

Vitamin responses to eCO: were variable, with vitamin B showing a significant decrease and
ascorbate increase in this meta-analysis. The impact of eCO:z on vitamin content has received less
research than other nutrients, but existing research suggests that the effects can be highly specific to
the type of vitamin and crop species [49]. For instance, studies on rice and wheat have reported both
increases and decreases in various vitamins under eCO:, with factors such as cultivar, soil conditions,
and interactions with other environmental variables playing critical roles [24]. The findings in
spinach and kale suggest that while some vitamins may benefit from eCOz2, others could decline,
potentially affecting the overall nutritional quality of these crops. Additionally, any decline in
vitamin contents could have implications on global nutrition because kale and spinach are recognised
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for their high concentrations of vitamins A, C, and K, making them key contributors to daily
nutritional requirements, particularly for maintaining vision, skin health, and blood coagulation [6].

(vi) Other Phytochemicals

Phytochemicals such as glucosinolates showed a significant decrease under eCO2, with
compounds like glucoalyssin, glucoerucin, and glucoraphanin exhibiting a decline in kale. In
contrast, kale also showed an increase in aliphatic glucosinolate content, while spinach exhibited a
significant decrease in malondialdehyde and oxalic acid. This is in line with findings from prior
research that have revealed changes in specific phytochemicals under eCOz, possibly as a response
to altered carbon allocation and secondary metabolite synthesis pathways [46].

The response of phytochemicals to eCO:z is intricate and subject to change based on the specific
compound and crop species. For instance, some studies have reported increased concentrations of
flavonoids and phenolic compounds under eCO:, while others have found reductions [2, 8; 45]. These
changes in phytochemical content can have significant implications for the health benefits of crops,
as many phytochemicals are known for their antioxidant, anti-inflammatory, and anti-carcinogenic
properties [8]. The increase in aliphatic glucosinolates in kale, for example, could enhance its cancer-
preventive properties, while the decline in glucoalyssin, glucoerucin, and glucoraphanin may reduce
its overall health-promoting potential.

Phytochemicals play a crucial role in the prevention of long-term illnesses such as cancer,
diabetes, and cardiovascular disease. The findings of this meta-analysis indicate that eCOz2 can alter
the concentration of these compounds in crops, with some increasing while others decrease. This
variability could affect the protective health benefits that these crops offer [6]. For instance, while the
increase in aliphatic glucosinolates in kale may enhance its anti-cancer properties, the decline in key
glucosinolates, crude fat, malondialdehyde, and oxalic acid suggests that eCO: induces complex
biochemical trade-offs that may influence the nutritional and functional properties of both kale and
spinach [8].

(vii) Photosynthetic Parameters

The meta-analysis indicated that eCO: significantly enhanced several photosynthetic
characteristics, including stomatal conductance, photosynthetic rate, and chlorophyll concentration
in kale and spinach. These findings are consistent with the well-documented effect of eCO2 in
increasing the photosynthetic capacity of plants by enhancing the carboxylation efficiency of
RuBisCO (the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase) and reducing
photorespiration [50]. The increase in photosynthetic activity under eCO: often leads to higher
biomass production, as observed in this study. However, the relationship between photosynthetic
enhancement and yield is not always straightforward, as factors such as nutrient availability, water
use efficiency, and the balance between source and sink capacities can modulate the overall growth
response [17]. In spinach, the enhanced photosynthesis was reflected in increased biomass, but in
kale, the response was more variable, suggesting that other physiological or environmental factors
may be limiting the full realisation of the CO: fertilisation effect.

The long-term implications of eCO: on global health are profound, particularly as they relate to
human nutrition and food security. As the meta-analysis has shown, while eCO2 can lead to increased
crop yields, the quality of these crops—specifically their nutritional content—can be adversely
affected. This poses significant challenges for global health, especially in regions where plant-based
diets are predominant, and nutrient deficiencies are already a concern.

4.3. Implications for Future Sustainability and Agriculture

Long-term FACE experiments in the USA, such as those conducted on soybeans, wheat, and
rice, have provided critical insights into the sustained impact of eCO: on crops. These studies have
demonstrated that while initial increases in photosynthesis and growth are common, these benefits
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can diminish over time due to nutrient limitations, particularly nitrogen [26]. For example, the
SoyFACE project in Illinois has shown that while soybean yields increase under eCOz, the protein
content decreases, posing challenges for both human nutrition and livestock feed [5]. The long-term
nature of these studies also reveals the potential for acclimation effects, where plants may initially
respond positively to eCOz, but over time, the benefits plateau or even decline. This acclimation is
often linked to limitations in other resources, such as water and nutrients, highlighting the need for
integrated approaches that consider the full range of environmental factors affecting crop growth
[51].

Given the findings of both this meta-analysis and long-term FACE studies, there is a clear need
for sustainable agricultural practices that can mitigate the negative impacts of eCO: on crop nutrition.
Soil nutrient management will be crucial in this regard. Practices such as precision agriculture, which
optimises nutrient application based on real-time monitoring of crop needs, could help maintain or
even improve the nutritional quality of crops under eCO: conditions [18]. In addition, biofortification
particularly, breeding crops to increase their nutrient content, could play a key role in addressing the
reductions in essential minerals and vitamins observed under eCO2. This approach has already
shown success in increasing the iron and zinc content of staple crops like rice and wheat and could
be extended to other crops affected by eCO: [47].

Diversified cropping systems, which involve growing a variety of crops rather than relying on
monocultures, could also enhance resilience to the impacts of eCOz. By incorporating crops that are
less sensitive to eCOz-induced nutritional changes, farmers can reduce the risk of nutrient deficiencies
in their produce [52]. Moreover, integrating traditional and indigenous crop varieties, which may
have unique adaptations to local environmental conditions, could provide additional resilience
against the challenges posed by climate change and eCOz2 [26]. The challenges posed by eCO2 for
agriculture are multifaceted, involving not only the direct effects on crop yields and nutritional
quality but also broader implications for agricultural sustainability, food systems, and global food
security.

4.4. Limitations, Research Gaps, and Future Directions

This meta-analysis presents several limitations that must be considered in interpreting its
findings, as well as important research gaps that need to be addressed to fully understand the
implications of eCO, on agricultural productivity and nutrition. First, the scope of available data for
spinach and kale under eCO, conditions remains limited, with most studies being conducted in
controlled environments within temperate climates. While these studies offer valuable insights, the
lack of data from diverse geographical regions restricts the ability to generalise the findings globally.
Factors such as soil quality, water availability, and local climate can significantly influence how crops
respond to elevated CO,, limiting the applicability of current results. Future research should
prioritise gathering data from regions outside the temperate zone and consider varying
environmental stressors such as drought, heat, and nutrient availability to comprehensively
understand global agricultural systems under eCQO,.

Second, a major limitation of this meta-analysis is the variability in experimental designs across
the studies included. Differences in soil types, nutrient availability, water supply, growth conditions,
the measurement of crop quality parameters (e.g., biomass, nutrient concentration) and experimental
duration can all influence the outcomes of eCO: experiments, leading to heterogeneity in the results
[38]. This variability complicates the task of drawing definitive conclusions about the effects of eCO2
on crop nutrition. Although efforts were made to account for key variables, differences in how crop
quality parameters, such as biomass and nutrient concentrations, were measured may contribute to
heterogeneity in the results. This variability underscores the importance of standardising
experimental protocols in future studies or employing meta-regression techniques to account for
differences in experimental conditions [51]. In addition, it should be noted that while a sizeable
number of effect sizes were available, the overall meta-analysis is based on outcomes from 13 primary
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studies only. While outcomes most certainly indicate overall converging trends in both spinach and
kale crops in response to eCO2, more research and better accessibility to data is required.

A key challenge is the relatively short growing periods for these annual and biennial crops,
meaning that studies are inherently limited to short-term effects of eCO,. This limits our
understanding of how repeated seasonal exposures might alter crop physiology or nutritional quality
over time. However, given the life cycle of kale and spinach, conducting truly long-term studies
remains a practical challenge.

Additionally, there is a risk of publication bias in this field, with studies showing significant
effects of eCO, on yield and nutrient composition more likely to be published. Null or inconclusive
results may be underreported, which could skew the overall interpretation of the data. Although this
meta-analysis employed funnel plots to assess for such bias, it cannot entirely eliminate the possibility
that underrepresented studies may impact the synthesis of the results.

More analysis needs to be done to quantify the net effect of the interaction between eCO, and
other environmental stressors, such as water availability and heat, on leafy vegetables. For example,
water stress has been shown to exacerbate the negative effects of eCO, on nitrogen assimilation in
plants, leading to further declines in protein content [43]. Investigating these combined stressors is
essential for understanding how crops will respond to future climate scenarios. Furthermore, the
broader nutritional and health implications of eCO,-induced changes in crop quality, such as
reductions in essential nutrients and phytochemicals, remain underexplored. Epidemiological
studies linking these changes to public health outcomes, particularly in vulnerable populations, could
offer valuable insights into the long-term consequences of eCO, on human nutrition [45].

The findings raise concerns about the dilution of essential nutrients, particularly proteins and
minerals, in crops grown under eCO2 conditions. The increase in carbohydrate content, coupled with
a decline in nitrogenous compounds and key minerals like calcium and magnesium, underscores the
potential for a trade-off between yield and nutritional quality. This phenomenon, often referred to as
the "dilution effect," poses significant challenges for global health, particularly in regions where
plant-based diets are predominant. The reduction in essential nutrients could exacerbate existing
issues of malnutrition, leading to adverse health outcomes such as stunting, cognitive impairments,
and weakened immune systems, particularly in vulnerable populations.

In terms of practical applications, the findings of this meta-analysis suggest several avenues for
mitigating the negative impacts of eCO:z on crop nutrition. One potential strategy is the use of soil
supplements, such as nitrogen fertilisers, to counteract the dilution of protein content. However, the
environmental sustainability of such interventions must be carefully considered, especially in the
context of global efforts to mitigate agricultural greenhouse gas emissions and enhance soil health
[52, 53]. Precision agriculture techniques, which optimize nutrient application based on real-time
monitoring, could help maintain crop nutritional quality. Additionally, exploring the potential of
biofortification and genetic modification including the use of CRISPR technology to enhance the
nutrient content of crops under eCO: conditions could offer another promising approach. Such
technologies could be used to develop crop varieties that are not only more resilient to eCOz but also
capable of maintaining or even increasing their nutritional quality [47]. Diversified cropping systems
that incorporate a variety of crops with different sensitivities to eCO:z could reduce the risk of nutrient
deficiencies and enhance agricultural resilience.

5. Conclusions

This meta-analysis highlights both opportunities and challenges posed by eCO; for agricultural
productivity and global nutrition. While eCO, enhances the biomass and yield of spinach and kale,
there is significant variability in crop responses, with spinach showing stronger benefits compared
to kale. The findings suggest that targeted breeding programs to enhance physiological traits like
photosynthetic and nutrient-use efficiency could maximise these benefits. However, the concurrent
reduction in essential nutrients, particularly proteins, vitamins and minerals, due to eCO, presents a
major concern. This "dilution effect" poses risks for global nutrition, particularly in regions where
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plant-based diets are dominant and could exacerbate existing malnutrition (including obesity and
micro-deficiencies) as well as related health issues. The diminishing benefits of eCO, over time, as
shown by long-term studies, further emphasise the importance of integrated nutrient management.
To mitigate these negative impacts, strategies such as precision agriculture, biofortification, and
genetic modification should be prioritised. Developing resilient crop varieties and adopting
diversified cropping systems will be essential for balancing productivity with nutritional quality.
Addressing these challenges is crucial for maintaining global food security in an era of rising
atmospheric CO; levels.
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