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In order to understand how global warming effects on ecosystem primary production may change depending on nutrient enrichment, a new classification is proposed to disentangle and recognize the combination of interactions among several factors, based on the effect direction (positive, negative, or neutral) and its changes induced in it by the other factor (synergizing, antagonizing, inducing no change, or changing it in some other way). Marine macroalgae were chosen (as primary producers for which there is the most experimental information available) to review the relevant studies on which this new classification can be tested. It was observed the positive effects of elevated temperature and nutrient enrichment often synergized each other within the temperature range between relatively low and optimal growth levels. However, the negative effect of further temperature elevation from optimal to higher levels was antagonized by nutrient enrichment in some studies but was synergized in others, depending on the range of temperature elevation. The positive effect of nutrient enrichment was antagonized (but still positive) by temperature increase above the optimum in many cases, although the effect sometimes switched to a negative effect depending on the magnitude of nutrient enrichment. These results predict that global warming will enhance bottom-up effects on primary production in cold seasons and areas, and there will be a negative warming effect on production in hot seasons and areas, but it may be possible to mitigate this effect by appropriate levels of nutrient enrichment.

Keywords: climate change, cumulative effect, bottom-up control, ecosystem primary producer, interactions between global and local stressors, multiple stressors, non-additive effect


INTRODUCTION

The combined effects of two different factors can be classified into additive or non-additive (interactive) effects, based on whether interaction of the factors is significant or not, as a result of analysis of variance (ANOVA) (Folt et al., 1999; Crain et al., 2008; Brown et al., 2014; Piggott et al., 2015; Côté et al., 2016; Gunderson et al., 2016). An additive effect is calculated as the sum of the individual effects of the two factors, whereas non-additive effects are not simply summed because the effect of one factor varies depending on changes in the other factor (Folt et al., 1999; Crain et al., 2008; Brown et al., 2014; Piggott et al., 2015; Côté et al., 2016; Gunderson et al., 2016). Historically, this non-additive effect has been classified as either synergism or antagonism, depending on whether the cumulative effect of the factors is greater or less than the additive sum of the individual effects, respectively (Folt et al., 1999; Crain et al., 2008; Brown et al., 2014; Gunderson et al., 2016). Synergism and antagonism can be distinguished easily when both factors produce their effect in the same direction (double positive or double negative). However, this classification is problematic when factors have opposing effects (i.e., one positive, and the other negative), because a synergism of one factor and an antagonism of another can occur at the same time (Piggott et al., 2015). To resolve this problem, Piggott et al. (2015) classified these interactions into 4 types: positive synergism (+S, where the cumulative effect is more positive than the additive sum); negative antagonism (–A, where the cumulative effect is less negative than the additive sum); positive antagonism (+A, where the cumulative effect is less positive than the additive sum); and negative synergism (–S, where the cumulative effect is more negative than the additive sum). This seemed to succeed in classifying all possible combinations of cumulative effects of two factors.

In further considering the study of combined effects of two factors, it is of interest to understand how the effect of one factor varies due to changes in the other factor. However, this is difficult based on the classification proposed by Piggott et al. (2015) because the meanings of the four types can vary depending on whether the two factors combine their effects in the same or opposing direction. For example, positive antagonism (+A) means that the effects of both factors are antagonized when these factors are double positive, but when their effects work in opposing directions, one factor may be antagonized while the other is synergized. Therefore, a deeper classification scheme is needed to directly describe the changes of one factor with respect to the changes in the other.

Global warming and climatic associated changes are considered to be caused by increasing concentration of greenhouse gasses such as CO2 in the atmosphere (Zandalinas et al., 2021). To mitigate climate change, the conservation and restoration of ecosystem primary producers, such as terrestrial plants, seagrass, and marine macroalgae, are necessary because they contribute to fix and sequester atmospheric CO2 (Nunes et al., 2020; Watanabe et al., 2020). The biomass and productivity of primary producers are generally regulated by bottom-up (nutrient supply) and top-down (herbivory) effects (Gruner et al., 2008; Sellers et al., 2021), but have also been negatively affected by global warming in recent years (Lobell et al., 2012; Bita and Gerats, 2013; Smale, 2020). Meanwhile, recent studies have shown that the effect of increased temperature on the growth of primary producers can be synergized or antagonized by nutrient enrichment (Strain et al., 2014; Ordóñez et al., 2015; Thomas et al., 2017; Egea et al., 2018; Ostrowski et al., 2021), implying that the management of local nutrient environments might help to mitigate the negative effects of warming. Although the number of such studies is still limited for plant species (Ordóñez et al., 2015; Egea et al., 2018), data have accumulated for marine macroalgae, which can be easily cultured (i.e., they do not have below-ground system) on a small scale (i.e., few incubators) and for shorter experimental periods (a few weeks or months). Hence, a literature review of macroalgal studies to date has the potential to provide data to understand how warming effects vary with nutrient enrichment and inform the management of local nutrient environments to mitigate the negative effects of warming.

Here, a new classification is proposed to disentangle specific effects among two interacting factors, based on the direction of one factor (positive, negative, or neutral) and its change due to the other factor (synergized, antagonized, not changed, or changed in some other way). Based on this classification, a literature review was used to investigate retrospectively variations in the effects of increased temperature on the growth of marine macroalgae due to the influence of nutrient enrichment, and vice versa.



A NEW CLASSIFICATION OF INTERACTION TYPE

A new classification to describe how the effect of a certain factor A, varies with some other factor B is proposed, yielding in 11 types of different interactions (Figure 1). In this classification, the initial direction of the effect of factor A was classified as positive (P), neutral (O), or negative (N). The changes of the effect of factor A by factor B were divided into five categories: synergism (S), neutral (O), antagonism (A), inversion to negative (N), and inversion to positive (P). As a result, each of these types of interaction is given a two-letter code, as follows. PS: the positive effect of A is synergized by B. PO: the positive effect of A is not changed by B. PA: the positive effect of A is antagonized by B. PN: the positive effect of A is reversed to a negative effect by B. OP: the effect of A is neutral but becomes positive through the effect of B. OO: the effect of A is neutral and this is not changed by B. ON: the effect of A is neutral but becomes negative through the effect of B. NP: the negative effect of A is reversed to positive by B. NA: the negative effect of A is antagonized by B. NO: the negative effect of A is not changed by B. NS: the negative effect of A is synergized by B.


[image: Figure 1]
FIGURE 1. Schematic diagrams of 11 types of interactions proposed as a new classification to describe how the effect of a certain factor, A, varies with some other factor, B. The changes of the (A) positive, (B) neutral, (C) negative effects of A by B are shown separately. CT, A, and B indicate control, and treatments with elevated level of factors A and B, respectively. Black and white circles indicate the results of additive and non-additive effects, respectively.


The directions and changes of two factors can be described by pairing the interaction types, such as PS-PS or PA-PA, because the changes of effect of factor B are basically accompanied by changes of factor A (Figure 2). For example, when a positive effect of A is synergized by B (PS), the positive effect of B must be synergized by A (PS), resulting in PS-PS. When a positive effect of A is antagonized by B (PA), a positive effect of B can be antagonized (PA) or reversed by A (PN), resulting PA-PA or PA-PN, respectively.


[image: Figure 2]
FIGURE 2. Schematic diagrams of potential types of interactions between two factors, A and B, and comparison with the classification by Piggott et al. (2015). The changes of A and B are separately shown at left and right, respectively, when the effects of A and B are (A) double positive, (B) opposing, (C) double negative, (D) positive and neutral, (E) negative and neutral, (F–H) double neutral, respectively.


This classification of interaction types is compared with that proposed by Piggott et al. (2015) in Figure 2. There are several similarities between the two schemes. For example, when the factors have opposing effects (e.g., one is positive, but the other is negative), both schemes classify the possible interactions into five types, including PS-NP (positive synergism, +S), PS-NA (negative antagonism, –A), PO-NO (additive effect, AD), PA-NS (positive antagonism, +A), and PN-NS (negative synergism, –S). Similarly, the interactions are classified into PS-OP (+S), PO-OO (AD), PA-ON (+A), and PN-ON (–S) when the two factors have positive and neutral effects, respectively; and into NP-OP (+S), NA-OP (–A), NO-OO (AD), and NS-ON (–S) when the two factors have negative and neutral effects, respectively. When both factors have neutral effects, they can be classified as OP-OP (+S), OO-OO (AD), or ON-ON (–S).

However, there are critical differences in some cases. When both factors have positive effects, the interactions can be classified only into 4 types by Piggott's classification (+S, AD, +A, and –S); but into 5 types according to the new classification: PS-PS (+S), PO-PO (AD), PA-PA (+A), PA-PN (+A), and PN-PN (–S). Note that type +A is here subdivided into PA-PA and PA-PN. Similarly, when both factors have negative effects, the interactions are classified as NP-NP (+S), NA-NP (–A), NA-NA (–A), NO-NO (AD), and NS-NS (–S). Moreover, there are two new possible types of interaction, OP-OO and ON-OO, which are not recognized by the scheme of Piggott et al. (2015).

Overall, there are few differences between the two schemes but the new classification, including the information about the directions and changes of both factors, provide more comprehensive coverage of the possible combination of interactions than that of Piggott et al. (2015). For example, +S of the Piggott's scheme can be subdivided according to the new scheme into PS-PS, PS-NP, NP-NP, PS-OP, NP-OP, and OP-OP.



REVIEW OF THE COMBINED EFFECTS OF TEMPERATURE AND NUTRIENTS ON MACROALGAE

To perform a retrospective study to evaluate the new scheme, academic publications reporting the combined effects of temperature and nutrients on the growth of marine macroalgae were searched with Google Scholar by combining four categories of keywords: category 1, combined and interactive effects; category 2, temperature and warming; category 3, nutrient, nitrate, and dissolved inorganic nitrogen (DIN); and category 4, macroalga, alga, and seaweed. This search identified 31 articles where the combined effects on growth (i.e., relative growth rate and size) or recruitment density (the result of growth after settlement) of several factors including, at least, temperature and nutrients, were reported using ANOVA. The direction of changes in temperature and nutrients were unified to “elevated temperature” (i.e., warming) and “nutrient enrichment,” respectively, because a negative effect of decreased temperature results in changes in the same direction as a positive effect of elevated temperature (keeping them separate complicates understanding of the trends of the interactions).

The effect of each factor on growth was classified into 11 types of interaction based on the results of ANOVA and/or multiple comparison test, even when a significant probability of interaction was not described in the article. When the study cultured macroalgae at 3–5 levels of temperature (e.g., 5, 10, and 15°C) or nutrients, the classification was conducted for each consecutive level separately (e.g., 5–10 and 10–15°C). When multiple comparison tests were not conducted in a study, the potential type of interaction was speculated from figures (indicated by a question mark in Supplementary Table 1; such as PS?) but this was excluded from subsequent analysis.



MODIFICATION OF NUTRIENT EFFECTS BY ELEVATED TEMPERATURE

A total of 78 cases (including all species, variables, temperature range, and nutrient range) involving temperature-nutrient interactions were identified and analyzed using the new scheme (Supplementary Table 1). The results are presented below in two parts: modification of nutrient effects by elevated temperature; and modification of temperature effects by nutrient enrichment.

The effects of nutrient enrichment on macroalgal growth were positive in 35 cases, neutral in 38 cases, and negative in 5 cases (Table 1). These nutrient effects varied due to elevated temperature in 27 cases but not in 51 cases.


Table 1. Distribution among different groups of macroalgae of interaction types involving a nutrient effect (from published experiments that included species, variables, temperature range, and nutrient range).
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The positive effect of nutrients was synergized (PS) by elevated temperature in 7 cases (Lotze and Worm, 2002; Steen, 2003, 2004; Gao G. et al., 2017; Gao X. et al., 2017). For example, the effect of nutrient enrichment on recruit density of the green alga Ulva intestinalis was weak at the relatively low temperature of 5°C but was strong at 12 and 17°C; both the latter seemingly optimal temperatures for recruitment (Lotze and Worm, 2002). Also in the other cases, the ranges of temperature elevation were between relatively low and optimal levels for their growth: 7–17°C for Ulva compressa (Steen, 2004); 14–18°C for Ulva rigida (Gao G. et al., 2017); and 5–15°C for juveniles and 5–10°C for larger size classes of the kelp Saccharina japonica (Gao X. et al., 2017).

Additionally, neutral nutrient effect became a positive effect (OP) as a result of elevated temperature from relatively low to around optimal levels in other 3 cases: 7–17°C for the fucoid brown algae Fucus vesiculosus and Sargassum muticum (Steen and Rueness, 2004); and 10–15°C for the red alga Porphyra amplissima (Kim et al., 2007). These results can be explained by a lowered nutrient uptake rate (Pedersen et al., 2004 and references therein) and down-regulation of nitrogen transporter genes (Takahashi et al., 2020) under relatively low temperatures.

In contrast, a positive nutrient effect was antagonized (PA) by elevated temperature in 10 cases (Kim et al., 2007; Gao et al., 2013; de Faveri et al., 2015; Kay et al., 2016; Gao X. et al., 2017; Gouvêa et al., 2017; Piñeiro-Corbeira et al., 2019). For example, the nutrient effect on relative growth rate of the brown alga Saccharina japonica was synergized by temperature elevated from 5°C to the optimal level of 10°C; but was antagonized by further temperature elevation from 10 to 15°C (Gao X. et al., 2017). Also in other cases, the antagonized effects of nutrients were found between around optimal growth and relatively high temperatures: 10–15°C for Porphyra linearis and 15–20°C for P. amplissima (Kim et al., 2007); 15–24°C for the kelp Undaria pinnatifida (Gao et al., 2013); 15–25°C for the red alga Hypnea musciformis (de Faveri et al., 2015); 16–20 and 20–24°C for the fucoid brown alga Ascophyllum nodosum (Kay et al., 2016); 24–28°C for the red alga Laurencia catarinensis (Gouvêa et al., 2017); and 14–26°C for F. vesiculosus (Piñeiro-Corbeira et al., 2019). Additionally, the negative effect of a high level of nutrient enrichment (from 20 to 100 μM DIN) was also antagonized (NA) by elevated temperature from optimal growth to higher levels (16–20°C for A. nodosum; Kay et al., 2016). Although the physiological mechanism of these types of interactions is unclear, it may be related to changes in nutrient demands with elevated temperature, because increased phosphorus uptake rates with temperature elevation have been demonstrated in a brown macroalgae species (Ohtake et al., 2020) and corals (Ezzat et al., 2016), whereas nitrogen uptake rate was not affected (Ohtake et al., 2020) or was decreased by warming (Ezzat et al., 2016).

Thus, the effect of nutrient enrichment on macroalgal growth is often synergized by elevated temperature (PS) from relatively low to optimal levels but was antagonized by further temperature elevation (PA). However, there were few cases where neutral nutrient effect became positive (OP) in response to temperature elevated to relatively high levels: 10–15°C for P. amplissima and Porphyra umbilicalis, and 15–20°C for P. linearis (Kim et al., 2007); and 25–35°C for H. musciformis (de Faveri et al., 2015). Because elevated temperature can decrease the nitrogen content of plants and macroalgae (Hay et al., 2010; Wu et al., 2019), nutrient enrichment may have a positive effect when the macroalgal thallus is nitrogen-starved under warm conditions.

Further, there was just one case where a positive effect of relatively high levels of nutrient enrichment (DIN 50 to 120 μM) on relative growth rate (of L. catarinensis) became negative (PN) when temperature was elevated from 24 to 28°C, whereas the effect of relatively low levels of nutrient enrichment (DIN 1.3–50 μM) was still positive at the higher temperature (Gouvêa et al., 2017). This indicates that the magnitude of nutrient enrichment can affect whether or not a positive nutrient effect can become negative.



MODIFICATION OF TEMPERATURE EFFECTS BY NUTRIENT ENRICHMENT

The effects of elevated temperature on macroalgal growth were positive in 28 cases, neutral in 26 cases, and negative in 24 cases (Table 2). These temperature effects varied due to nutrient enrichment in 28 cases but not in 50 cases.


Table 2. Distribution among different groups of macroalgae of interaction types involving a temperature effect (from published experiments that included species, variables, temperature range and nutrient range).
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The positive effect of elevated temperature was synergized (PS) by nutrient enrichment in 8 cases. This type of interaction simultaneously occurred with the synergism of nutrient effect by elevated temperature (PS-PS) in 6 cases (Lotze and Worm, 2002; Steen, 2003, 2004; Gao G. et al., 2017; Gao X. et al., 2017) and turning a neutral nutrient effect into positive (PS-OP) in 2 cases (Steen and Rueness, 2004). These results indicate that this interaction occurred when the elevated temperature weakened the negative effect of low temperature on nutrient uptake rates, as discussed above.

The negative effect of elevated temperature was synergized (NS) by nutrient enrichment in 4 cases (Kay et al., 2016; Gao X. et al., 2017; Gouvêa et al., 2017; Piñeiro-Corbeira et al., 2019). A neutral effect of elevated temperature became negative under the influence of nutrient enrichment (ON) in 7 cases. Most of these cases occurred with the antagonism of the nutrient effect by elevated temperature (NS-PA and ON-PA). Therefore, this interaction can occur when the strong effect of nutrient enrichment around the optimal growth temperature is suppressed by further temperature elevation. Note that the nutrient effect is still positive even when it synergizes the negative effect of elevated temperature in this type of interaction.

In contrast, the negative effect of elevated temperature was antagonized (NA) by nutrient enrichment in 5 cases. Many of these cases occurred when a neutral nutrient effect became positive because of elevated temperature (NA-OP) in 3 cases: 15–20°C for P. linearis and 10–15°C for P. umbilicalis (Kim et al., 2007); and 25–35°C for H. musciformis (de Faveri et al., 2015). In other cases, NA occurred when the negative effect of a high level of nutrient enrichment (DIN 20–100 μM) was antagonized by elevated temperature (NA-NA) in 2 cases: 16–20°C for changes in weight and length of A. nodosum (Kay et al., 2016). Hence, this interaction can occur when temperature is elevated between optimal and higher levels. Even in both cases, macroalgal growth was enhanced by nutrient enrichment.

There was only one report showing that a negative effect of elevated temperature can become positive and can be synergized by nutrient enrichment: Gouvêa et al. (2017) showed that the negative effect of temperature elevated from 20 to 24°C became positive because of nutrient enrichment (between 1.3 and 50–120 μM DIN) on relative growth rate of L. catarinensis. In addition, they showed that neutral effect of further temperature elevation from 24 to 28°C (at 1.3 μM DIN) became negative under low levels of nutrient enrichment (between 1.3 and 50 μM DIN), whereas the negative effect of temperature elevated from 24 to 28°C (at 50 μM DIN) was synergized by further nutrient enrichment (between 50 and 120 μM DIN). Thus, the effect of elevated temperature strongly depends on the range of temperature elevation and nutrient concentrations.



ECOLOGICAL IMPLICATIONS

Marine macroalgal forests dominated by kelp and fucoid brown algae are highly productive and play an important role in coastal ecosystems through the provision of habitat and spawning grounds for a wide range of marine organisms (Steneck et al., 2002). Recent ocean warming has resulted in the increased abundance and/or expansion of range of marine forests in arctic reefs (Smale, 2020). The elevated temperature from relatively low to higher levels in these areas may enhance a bottom-up effects on macroalgae, as shown in this review. In contrast, ocean warming has caused range contraction, decreased abundance, and local extinction of marine forests in temperate reefs worldwide (Smale, 2020). Previous studies have shown that above-average temperatures combined with low nutrient availability during summer causes mass mortality and failed recruitment in kelp species (Dayton and Tegner, 1984; Dean and Jacobsen, 1984, 1986; Gerard, 1997; Tegner et al., 1997), but nutrient enrichment can enhance their recruitment, growth, and survival (North and Zimmerman, 1984; Dean and Jacobsen, 1986; Hernández-Carmona et al., 2001).

From the viewpoint of the interaction between temperature and nutrients, the present review has demonstrated that negative warming effects were antagonized by nutrient enrichment according to some studies but was synergized in others. However, even when the negative warming effect was synergized by nutrient enrichment, the positive effect of nutrient enrichment was still positive in many cases. Therefore, negative warming effects on macroalgal forests may be mitigated by in situ nutrient enrichment in coastal waters. Specifically, nutrient enrichment is predicted to be effective on macroalgae growing in regions, where nutrient concentrations in the surface water has been declining because vertical mixing of nutrient-poor surface water and nutrient-rich deep water has been suppressed by ocean warming or long-term natural climate change (Watanabe et al., 2005; D'Alelio et al., 2020).

The aquaculture production of commercially important macroalgae (genera Undaria, Saccharina, Sargassum, Neopyropia, Gracilaria, Eucheuma, and Kappaphycus), is increasing worldwide due to the rising demand for their utilization as human food, bait, fertilizer and raw industrial materials (Hurd et al., 2014; Chung et al., 2017). Specifically, the kelp Undaria pinnatifida has been extensively cultivated in China, Korea, and Japan, and has recently been introduced to Europe for commercial culture (Peteiro et al., 2016). Although the negative warming effect on this species is reported to be offset by nutrient enrichment (Gao et al., 2013), both the elevated temperature and nutrient enrichment are predicted to increase the risk of herbivory by isopods during autumn, when the outdoor cultivation of this species is started (Endo et al., 2021). Hence, warming may force the beginning of cultivation to be delayed by 1 month or more until the temperature drops into optimal levels. In contrast, elevated temperatures during winter may enhance macroalgal growth by the synergistic positive effect of increased nutrient concentration during this season, as shown in the present review, although there is also a possibility that warming might decrease nitrogen concentration in the surface water via suppression of vertical water mixing, as mentioned above (Watanabe et al., 2005; D'Alelio et al., 2020).

Green algae belonging to the genus Ulva are known to cause severe algal bloom phenomena (so-called green tides) in eutrophied coastal waters and have negative ecological impacts such as decreased oxygen levels in coastal environments due to their decomposition (Gao G. et al., 2017; Lee and Kang, 2020). The present review has shown that the positive effects of nutrient enrichment on Ulva species was often synergized by temperatures elevated from 5–7 to 11–17°C (Lotze and Worm, 2002; Steen, 2004) but there was no change with further temperature elevation from 15 to 30°C (Lee and Kang, 2020), whereas the effect was often antagonized by similar temperature elevations in red and brown algae. Hence, blooms of Ulva under eutrophication are predicted to be enhanced by warming in cold seasons and areas, but might not strongly be affected under hot conditions (i.e., around 30°C).

The combined effects of temperature and nutrient availability have also been examined in a number of other groups of primary producers, including terrestrial plants (Ordóñez et al., 2015 and references therein), seagrasses (Egea et al., 2018; Ontoria et al., 2019; and references therein), and phytoplankton (Thomas et al., 2017 and references therein), although the number of reports showing the results of ANOVA and multiple comparison tests is quite limited. For example, Ordóñez et al. (2015) reported that the negative effect of elevated temperature on the yield of maize (Zea mays) was synergized by nutrient enrichment. Although a similar result was obtained from macroalgal studies, the present review showed that whether the negative warming effect was synergized or antagonized depended on the magnitude of nutrient enrichment. Based on this information, there is still a possibility that reducing the amount of fertilizer might mitigate the negative warming effect on the crop yield, although this hypothesis needs to be tested.

Thomas et al. (2017) revealed that the optimal growth temperature of the diatom Thalassiosira pseudonana increased as a result of nutrient enrichment. This result is consistent with a macroalgal study conducted by Gouvêa et al. (2017), who showed that the optimal growth temperature of the red macroalga L. catarinensis was around 20°C in low nutrient treatments but increased to 24°C in nutrient enriched treatments. Further evaluation of optimal growth temperature under both nutrient-deficient and nutrient-rich conditions, using thermal performance curve (e.g., Fernández et al., 2020) or response surface methodology (e.g., Mendes et al., 2012; Sato et al., 2020), will contribute to understand the relationships between nutrient availability and optimal growth temperature of primary producers.



CONCLUSIONS

Using a more detailed scheme to classify the interactions of different factors on the growth of plants, this review was able to show that the effects of elevated temperature and nutrient enrichment on the growth of marine macroalgae are often synergized within the temperature range between relatively low to optimal growth levels. Thus, global warming is predicted to enhance a bottom-up effect on macroalgal productivity in cold-temperate and subarctic zones. In contrast, a negative effect of further temperature elevation on macroalgal growth can be both antagonized and synergized by nutrient enrichment, depending on the range of temperature elevation. Although the positive effect of nutrient enrichment was often antagonized by this temperature elevation, the effect was still positive in most cases even when it was antagonized. Therefore, the negative effect of warming on primary production in warming hotspots may be mitigated by nutrient enrichment. However, caution is advised in determining the amount of fertilizer, because there is evidence that a positive effect of relatively high levels of nutrient enrichment can become negative as a result of increased temperature. Additionally, nutrient enrichment under warm conditions was predicted to strengthen the top-down (herbivory) effects on primary producers (e.g., Endo et al., 2021). Further studies on the effect of elevated temperature on the nutrient requirement and interactive effects of temperature, nutrients, and herbivory on the productivity of marine macroalgae and terrestrial plants are needed in order to understand how to use fertilizer to mitigate negative warming effect on these primary producers.
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