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Large diurnal temperature changes (ΔT) (or the diurnal temperature range (DTR)) in surface soils, ranging from 5°C to often greater than 20°C, are generally acknowledged to occur yet largely disregarded in studies that seek to understand how temperature affects microbially-mediated carbon and nitrogen cycling processes. The soil DTR is globally significant at depths of 30 cm or less, occurring from spring through summer in temperate biomes, during summer periods in the arctic, and year-round in the tropics. Thus, although temperature has long been considered an important factor in controlling microbial processes, our understanding of its effects remains incomplete when considering natural soil temperature cycles. Here we show: (1) documented impacts of diurnal temperature changes on microbial respiration rates; (2) documented observations of surface soils with large DTR (>5°C) that affect soil microbial mineralization rates and redox potentials of important biogeochemical reactions; and (3) direct evidence that the constant temperature regime typically used in laboratory soil incubation studies may therefore lead to mischaracterization of in situ temperature controls on microbially influenced processes in the environment. The overall effect is that the DTR yields process rates that are often higher than what has been observed under experimental mean temperature incubation. We suggest that overlooked genetic mechanisms, such as the presence of a circadian clock or thermophilic activity during summer months, are likely contributing to the observed effects of the DTR. To improve our understanding of climate change effects on soil greenhouse gas emissions, nutrient cycling, and other biogeochemical soil processes, we propose a paradigm shift in approach to temperature-inclusive process modeling and laboratory incubation studies that accounts for the important role of natural diurnal temperature fluctuations.
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Introduction

Soils remain a major challenge for microbial process studies due to the highly complex physicochemical characteristics associated with the heterogeneous nature of these environments. In particular, the temperature (T) response of soil microorganisms has become an area of intense investigation in connection with rising global temperature increases due to changing climate (van Gestel et al., 2013; Zhang et al., 2015; AAM, 2017; Li et al., 2017; Hu et al., 2019; Buckeridge et al., 2020; Yin et al., 2020). Despite the general acknowledgment about the cardinal importance of temperature on biogeochemical processes, there yet lacks a consensus on the relationship of microbial growth and activity in response to temperature in soil (Bååth, 2018).

Given the prevailing view from a large body of historical soil science research about the intrinsic nature of soil diurnal temperature patterns, especially in surface soils, there surprisingly exists an anchoring bias where soil microbial studies are largely conducted and interpreted in ways that preclude consideration of natural soil diurnal temperature cycles. Consequently, there remains a perseverance of theory rooted in enzyme kinetics and Arrhenius profiles that continues to propagate seemingly paradoxical interpretations, true even in the relatively few contemporary studies that attempt to address microbial activity in response to temperature variation. Certainly, inadequate experimental approaches are further made insufficient in largely ignoring consideration of fundamental aspects of biology such as circadian rhythms, genetic responses to T variation, and burgeoning knowledge of soil microbial diversity.


Ideologies concerning temperature responses in soil ecosystems

Here, we present a summary list of familiar assumptions (shown in italics below) of the relationship between T and biogeochemical processes in soil gleaned from research collectives and will subsequently address each with a further compendium of findings that contrast with prevailing thoughts. We note some of these are not explicitly stated as such interpretations, but were expounded to further shed light on the basis for the progression of how temperature response studies have been directed:

1. Soil microorganisms (Bacteria, Archaea and Fungi) are modeled to respond to temperature as if they were single enzymes, with a predictable activity increase in response to a rise in temperature noting a specific optimum T for the reaction. Here, the counterpoint is presented from the results of several previous studies with both Fungi and Bacteria that show respiration rates vary in response to diurnal T variation such that the cumulative flux is different than what occurs at a corresponding mean T. A few of the biological factors that are potentially responsible for these observations include circadian clocks tied to diurnal T change rather than light, direct genetic control tied to T variation, and promotion of a diverse microbial community that responds optimally at different points during a diurnal cycle.

2. The significance of temperature variation in soils is primarily seasonal, and with the exception of early spring freeze–thaw cycles, daily diurnal T variation has little consequence. As such, studies can rely entirely on the seasonal mean T for interpreting T effects on biogeochemical process rates in soil. Consequently, experimental approaches used to evaluate impacts of T increases due to climate change often apply fixed T for incubation experiments. As a counterpoint, several decades of soil laboratory experiments fundamentally showed fluxes of CO2, N2O and CH4 varied in response to diurnal T changes compared to constant temperature.

3. Diurnal T change of significant magnitude in surface soils only occurs in relatively few ecosystems on Earth and therefore exert little biological impact. Any process rate variation observed can easily be explained by current enzyme-T models. Based on this premise, the gradient of diurnal temperature range (DTR) change with soil depth and asymmetry of time above and below the mean T has also been ignored. We will cite references going back over 50 years that report significant diurnal temperature ranges (DTR) of >20°C in surface soils, with maximum temperatures often exceeding 50°C. Notably, these types of observations have been made at all latitudes between the Arctic and Antarctic circles. More recent references bolster the DTR observations through the use of satellite imagery and remote sensing. In addition to showing information from the National Ecological Observatory Network (NEON) sites of DTR in soil along a depth profile, we include temperature data from two Illinois field sites. Similar to the NEON sites, the DTR at depths >26 cm have a small DTR (near the mean T) in comparison to samples taken from 0 to 5 cm where a large DTR up to 15°C is seasonally (e.g., April – October) observed.

4. Microbial community composition varies with depth in soil and is primarily due to the nature of the carbon pool rather than attributed to any direct effects from T. Although changes in microbial community composition with soil depth have been noted in previous studies, none have proposed DTR to be a factor and most do not even mention it. We acknowledge that carbon pool variation with depth would still impact the microbial community composition, however we propose that the DTR might even have a larger influence. In partial support of this, we will provide observational data (see Supplementary material) from a four-year study using two agricultural field sites that shows the microbial community structure varies with soil depth but are largely maintained despite variation in season, soil chemical inputs, and plant community. We found the bacterial community present in 0–5 cm soil depth was always significantly different from the bacterial community found at 20–30 cm depth. Among a list of eleven temperature and chemical variables tested, DTR was always included among the highest correlated environmental variables to the patterns of community structure present at both field sites, suggesting its explanatory role in driving microbial community composition.

5. Studies that recognize diurnal temperature change does occur in soil imply that any biological effects can be understood by simply varying the temperature between the maximum T and the minimum T. For example, a good proxy of diurnal T variation would be to incubate 12 h each at the minimum and maximum T. We will highlight a number of diurnal T experiments conducted previously that do not follow the natural dynamics of change in T that occurs in surface soils. In addition, the magnitude of the DTR decreases with soil depth, as well the asymmetry of the maximum and minimum T above and below the mean T, respectively. Our observations suggest that the DTR in the top 5 cm reflects the most important region in surface soils and that the best experimental soil incubations should follow the daily T at this depth closely.

In the following sections, we further detail information aimed at challenging these assumptions that appear to prevail in contemporary microbial temperature response studies.



Microbial metabolic rates are influenced by diurnal T change

The important premise presented here is that soil surface diurnal temperature change creates a cycle legacy that in large part drives the extant community structure that microbes within these communities have surely adapted. Further, it is apparent that the mechanisms of temperature response in microorganisms is not yet comprehensively understood. Paramount evidence indicating temperature responses are present to some extent in the literature but lacked adequate interpretation to extend current hypotheses or simply not referenced accordingly in the context of explaining biological temperature responses in soil. Table 1 summarizes studies conducted using pure cultures that have reported metabolic shifts corresponding to diurnal T in contrast to constant mean T incubations. Note these observations contrast with the current expectation that there should be no effect of an experimentally set DTR verses mean T incubation. Several studies conducted more than 50 years ago established that different fungal species would respond with greater growth rates when incubated under diurnal temperature variation conditions compared to mean temperature incubation (Burgess and Griffin, 1968; Jensen and Reynolds, 1969; Reynolds et al., 1972a,b). More recently, a study found that Pseudomonas aeruginosa exhibits respiration rate changes in response to a 2°C DTR associated with daily body temperature changes (Kahl et al., 2022). That such responses can occur under a relatively small DTR suggest that diurnal T fluctuations should be expected to exert a large influence on soil microorganisms where much higher magnitude DTR is found, particularly nearer to the surface. Bacillus subtilus also responds to a similar DTR, however it was shown that this organism appears to have a circadian clock controlling its metabolic response once exposed to a 24 h temperature cycle (Eelderink-Chen et al., 2021). Nitrogen fixation rates in soybean nodules, mediated by Rhizobium sp., were shown to be correlated with diurnal T change rather than with light cycles associated with photosynthesis in the plant (Weisz and Sinclair, 1988). Fungi, also abundant in soil, have been shown to also have a circadian physiological response to temperature change (Sartor et al., 2019). The presence of circadian rhythms suggests more complex responses to temperature exist among Prokaryotes and suggest that similar differential responses to temperature likely exist with different populations in soil.



TABLE 1 Examples of bacterial- and fungal culture response to diurnal temperature change.
[image: Table1]

What are the mechanistic drivers of biochemical responses to diurnal T changes? Before considering some logical possibilities, it is important to recognize that over all life history on Earth there have existed diurnal cycles of light and temperature. Given that we know that organisms have evolved circadian clocks to respond to changes in light, it would seem logical that similar mechanisms would have likely evolved in response to diurnal T changes in surface ecosystems. In fact, there is evidence that circadian clocks evolved in Bacteria, Archaea and Eukaryotes prior to the appearance of multicellular Eukaryotic organisms (Géron et al., 2023). The expression of specific genes (kaiA, kaiB, and kaiC) has been well characterized in regulating circadian clocks in cyanobacteria and Eukaryotic organisms (Pitsawong et al., 2023). Many non-photosynthetic bacteria are known to contain homologs of KaiC; for example, Klebsiella aerogenes has genetic homologs to these genes and has been shown to have a circadian clock triggered by diurnal T change (Paulose et al., 2019). Bacillus subtilus also expresses a clear circadian clock in response to T, even though this organism’s genome does not contain any kai gene homologs (Eelderink-Chen et al., 2021). It is also quite likely that more primitive adaptive genetic responses to DTR, other than established circadian clock mechanisms, exist among Prokaryotic species. One such mechanism has been coined temporal mutualism, in which the community of microorganisms are tuned together to respond to DTR in a unique way that does not occur at constant temperatures (Sartor et al., 2019).

From a biochemical perspective, we note that the impacts of T increase on rates of enzyme-catalyzed reactions still provides an important part of understanding the overall effect on these processes in soil ecosystems. Unfortunately, there is a propensity to explain all soil process rates with this type of enzyme-driven model, even though some of the reported results do not follow a model fit. For example, CO2 fluxes (i.e., respiration) are reported to exhibit hysteresis in surface soils when exposed to large diurnal T changes (Adekanmbi et al., 2022; Song et al., 2015; Subke and Bahn, 2010; Zhang et al., 2015). Attempts to calculate Q10 values (i.e., the relative rate change in an enzymatic process that occurs with a 10° C change in temperature) in these situations have revealed that the values vary depending on whether the temperature is increasing or decreasing between the minimum and maximum temperatures (Zhu and Cheng, 2011). Such variation should not occur if the effect of temperature change was based solely on enzyme kinetics.



Surface diurnal T changes are globally substantial

Surface diurnal temperature changes of significant magnitude (i.e., 5°C to 30°C) are a global phenomenon that have occurred over Earth’s entire history. Due to efficient absorption of solar energy, daily temperature changes are even greater within surface soils than observed for daily air temperature changes. This phenomenon is clearly described in Rudolf Geiger’s book “The Climate Near the Ground,” translated from German in 1950 (Geiger, 1950). Several studies conducted in the past 60 years noted the nature of diurnal temperature change in surface soils (Gupta and Gupta, 1982; Blackmer et al., 1982; Nadi and Lai, 1984; Cochrane and Baker, 1985; Maljanen et al., 2002; Sun et al., 2006a,b; Jacobs et al., 2008; Subke and Bahn, 2010; Lei et al., 2010). Mathematical predictive models of subsurface T that considered soil surface maximum temperatures exceed air temperature maxima have been around for some time (Parton and Logan, 1981) and updated models which also include shallow surface water are only recently available (Lei et al., 2010; Jacobs et al., 2008). These daily patterns of temperature largely follow the nature of the surface environment, such as soil type, water content, and vegetation cover. Depending on the latitude, the nature of the diurnal temperature change varies seasonally. For example, in temperate latitudes like the agricultural Midwest, similar large surface DTRs occur from April through October. A significantly large historical database of surface temperatures exists, and a recent study from China noted that the DTR gradually decreased with global climate change (Liu et al., 2022). What the authors do not point out, but is clear from the data shown, is that the magnitude of surface DTR all across China for all seasons ranges from 10°C to 40°C. Within the last 10 years, several studies have used satellite-based remote sensing to determine surface temperature characteristics (maximum T, minimum T, and DTR) in many parts of the world (Wang and Prigent, 2020; Liu et al., 2022; Wang et al., 2023). These types of studies have shown differences between the DTR in western United States compared to the eastern part of the country, although it is still of significant magnitude in both areas (Sun et al., 2006b).

Maximum surface temperatures on Earth often appear quite extreme. In temperate regions during the summer, high temperatures (> 50°C) occur frequently in the upper soil layers (top 5 cm), markedly higher than the corresponding ~35°C average maximum air temperatures. Satellite data supports this observation for agricultural soils, but also indicates the hottest non-volcanic surfaces occur in desert areas where soil temperatures exceed 70°C, greater than 25°C above the air temperature (Mildrexler et al., 2011). These high surface temperature conditions can provide transient niche conditions for thermophilic bacteria to grow more optimally (Myers, 1975; Santana and Gonzalez, 2015). These extreme high temperatures are always associated with large DTRs, mainly due to the radiative cooling that occurs at night (Gonzalez et al., 2015).

We illustrate here the pattern of temperature change that can be observed in soil over a diurnal cycle. Surface diurnal temperature change follows a typical pattern in both temperate (Illinois agricultural soil-unpublished data) and tropical (Lajas Experimental Station, Puerto Rico-National Ecological Observatory Network (NEON) data) regions (Figure 1). In both locations, the time below the mean temperature exceeds the time above the mean temperature near the soil surface. The DTR decreases rapidly with soil depth from the surface and in two Illinois agricultural soils was less than 2°C at 30 cm compared to nearly 16°C at the surface (Figure 2 – unpublished data-see Supplementary material). Although the temperature profiles are not identical at these two study sites in Illinois due to differences in soil type, the nature of the DTR with depth remains constant over an extended period of each year from April through September. In addition to the two Illinois site data, this consistent relationship with DTR and depth occurs at many NEON sites (Supplementary Figures S1, S2; Supplementary Table S1) with different ecosystems, latitudes and soil types. In all cases the DTR diminishes to less than 2° C at depths approaching 30 cm. Additional data from several western USA sites, available from the Henry Mount Soil Temperature and Water database, confirms the large surface soil DTR (Supplementary Table S2).
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FIGURE 1
 The typical asymmetry of diurnal temperature changes in tropical and midwestern U.S. surface soils for (A) the Lajas NEON site in Puerto Rico at 2 cm depth over a 24 h period in June 2018 and (B) the Havana, IL agricultural field site at the soil surface in a 24 h period in June 2014 (see Supplementary materials). Note that the period of time the temperature stays above the mean temperature is always less than the time spent below the mean T, and the temperature change between the mean temperature and maximum temperature is always greater than the difference between the mean temperature and the minimum. Note the overall shape of the temperature change curve is fairly similar to a sine-wave model.
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FIGURE 2
 Decrease in DTR with depth, from 15.6° C to 1.4° C and 18.2°C to 2.0°C, as observed in two Illinois agricultural field sites (see Supplementary materials); Urbana (A) and Havana (B), respectively. The data plotted reflect the deviation from the observed mean T of the maximum and minimum T at the surface, 5 cm, 10 cm and 30 cm depth. This pattern of DTR is consistent from April through October every year, regardless of the changing mean T. The horizontal dashed green line indicates the depth of DTR symmetry, when the temperature change above and below the mean are equal.




The nature of the DTR with depth in soil

All previous studies that report evaluating DTR in their experiments typically used oversimplified temperature programs as proxy for true soil diurnal T cycles. With the possible exception of the sine wave model, these do not come close to replicating actual diurnal temperature change in surface soils (Figures 1, 3) (Campbell et al., 1973; Goodroad and Keeney, 1984; Thiessen et al., 2013; Akbari and Ghoshal, 2015; Bai et al., 2017; Li et al., 2017). Many of the temperature models used in other studies present several issues that could confound the interpretation of results. In these temperature programs, the ∆T is always symmetrical relative to time (12 h above-and 12 h below the mean T) and relative to the mean T (equal degrees above and below the mean). Some of the models also set the minimum-and maximum temperatures as constant for extended periods of time (e.g., 6 h–12 h at each temperature). In reality, the diurnal temperature changes exhibit asymmetrical behavior relative to time and the mean T (Figure 1). At the Lajas NEON site in Puerto Rico and two agricultural field sites in Illinois, the surface temperature fell below the mean 14 h per day and above the mean 10 h per day in June (Figures 1, 2). As a result, the maximum surface temperature difference with the mean T is always greater than the difference between the minimum temperature and the mean T. Figure 2 shows, however, that at the two Illinois sites there is a depth in the soil profile where the time above the mean T and time below the mean T are equal. This symmetrical DTR occurs at different depths (5 cm and 25 cm) and is probably due to the soil texture differences (silty loam vs. sandy) between the two sites. At these depths a sine wave model of diurnal T change would be a fairly close proxy to what occurs at that horizon, but this symmetrical DTR would be unique to that depth and the specific soil type. Note in Figure 2A, once the maximum and minimum T have equal deviation from the mean T (at 5 cm), the minimum T becomes greater than the deviation with the maximum T as the depth increases. At these greater depths the time above the mean must be larger than the time below the mean T.

[image: Figure 3]

FIGURE 3
 Representative temperature profile models used in previously published diurnal temperature incubation experiments. (A) Sinusoidal function of temperature change (e.g., Campbell et al., 1973; Goodroad and Keeney, 1984), (B) linear shift function between maximum and minimum temperatures—square wave model (e.g., Campbell et al., 1973), (C) a simple maximum/minimum diurnal model (e.g., Thiessen et al., 2013), and (D) continuous rate of rising and falling temperature change between the maximum and minimum temperatures (Li et al., 2017). Note here that the diurnal temperature change depicted is a symmetrical cycle with regards to both the mean temperature and the period of time above and below the mean temperature. This is in contrast to the actual diurnal temperature changes that occur in soil (Figure 1).




Observations of microbe-mediated process rates in response to DTR in surface ecosystems

Soil microbial processes (e.g., mineralization rates and N-cycle rates) have been shown to respond to diurnal temperature changes in ways not predicted by the mean temperature (Table 2). Studies over the last half century have clearly shown this relationship and several of them have even noted the diurnal T change, however none of them have considered the possible evolutionary adaptation to DTR itself as something that could at least partially explain the observations made.



TABLE 2 Examples of surface process responses to diurnal temperature change in field and laboratory studies.
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Although previous studies did not use accurate models of soil diurnal temperature changes, several of these demonstrate rates of processes did differ with varying temperatures regimens compared to static temperature incubations (Table 1). More than five decades ago, Campbell et al. (1973) showed that diurnal temperature incubations using a sine-wave model (Figure 3A) with a DTR of 20°C exhibited higher ammonification and nitrification rates compared to incubations at a fixed mean T. When they used a square-wave model (Figure 3B) for the diurnal temperature incubation, they did not observe a clear distinction in rates compared to that under fixed mean T. Such differences between results obtained using the square-wave T versus the sine-wave T incubation further serve to demonstrate not only the importance of temperature variation on microbial activities, but the pattern by which temperature varies also matters. Using a sinusoidal pattern of temperature, another study showed that the highest rates of N2O emission corresponded to the maximum temperature (Goodroad and Keeney, 1984). The paper emphasizes that diurnal variation in temperature adds uncertainty to quantifying N2O flux from soil. In another study, N2O emission rates from a field varied with the diurnal temperature change and corresponded to peak nitrification rates (Denmead et al., 1979a). In that study, however, the rates of N2O emission were higher at the mean temperature when the temperature is increasing and lower at the mean temperature when it is decreasing. Recent studies have shown similar hysteresis patterns in rates of respiration or N2O emissions from soils relative to daily temperature change in both laboratory and field settings (Li et al., 2017; Pingintha et al., 2010). Although these studies show effects of diurnal temperature change on rates of respiration and N2O emissions, they have all focused on near surface soils and comparisons were not made with soil from deeper horizons. Further, the apparent failure of many contemporary studies to acknowledge precedence established by a significant body of literature that address the effects of temperature on soil microbial processes in hindsight serves to illustrate perhaps how disciplinary silos have likely influenced current research approaches.



Microbial community changes with soil depth: evidence of DTR effect

Only a couple of studies have noted the significant change in microbial community structure with depth, however none of these have attributed this directly to the DTR (Eilers et al., 2012; Li et al., 2022). Eilers et al. (2012) found that the microbial beta-diversity in the near surface was universally different from the community composition at depth. The variance in microbial community composition corresponding to depth (shallowest 2–6 cm to deepest 20–165 cm) at nine sites within the Boulder Creek Critical Zone observatory was often greater than the variance across 54 other globally distributed shallow (0–5 cm) microbial community. They attributed the large gradient of microbial community composition along depth to soil moisture or carbon content and did not consider temperature or DTR. In contrast, Li et al. (2022) do mention surface DTR as a factor influencing the shallow community relative to the deep. Their study, however, uses 0–10 cm soil to represent the shallow soil fraction which we deem likely to encompass a larger zone of soil than would specifically describe the surface microbial community. They further attribute only about 25% of the surface microbial community assemblage to deterministic drivers, which seems inconsistent with the notion that DTR exerts a strong selective force. A metagenomic sequence analysis of DNA extracted from soil samples taken from 0 to 5 cm and 20 to 30 cm depths from our two Illinois sites shows clear differentiation between the microbial communities from these two depths (Orellana et al., 2018, 2019). Community analysis data collected with depth at these two Illinois agricultural sites taken over 4 years shows that DTR alone or in combination with other environmental temperature or chemical variables yielded the highest correlations to the differences in patterns of beta-diversity observed (Supplementary Figure S3; Supplementary Tables S4, S5).

Some studies have suggested that the presence of thermophilic microorganisms in surface soils may account for the community composition differences observed with depth and explain differences in biogeochemical process rates. One study identified DTR as a primary driver of the unique microbial community found in surface soils but attributed this to the presence of thermally tolerant microbial populations, even true thermophiles (temperature range + 46 ° to +75°C) (Hu et al., 2019). Santana and Gonzalez (2015) actually demonstrate clear thermophilic microbial activity in surface soils experiencing a large DTR and a high maximum T (>45°C). We suggest that respiratory processes in surface soils likely include a contribution from thermophiles, however their contribution has also been overlooked in most previous studies. Thermophilic temperatures in temperate climates, however, only occur in the summer, while large surface DTR are prevalent from April through October and in higher latitudes where soil surface temperatures never reach thermophilic ranges. This suggests that in addition to physiological responses intrinsic to being thermophilic, DTR itself likely is a selective force to which the microbial populations in a community can adapt.



Adaptation to DTR—experimental evidence and potential mechanisms

Although several previously published studies have recognized daily near-surface changes in soil temperature, most have not considered this as an explicit ecological factor that potentially selects for microbial populations that have adapted to the DTR that is present in near surface soils. Few published articles have suggested that soil processes should be evaluated under diurnal temperature change conditions and should be included in future studies; a decades-long gap since one article published over 50 years ago (Campbell et al., 1973) belies the serious oversight existing in modern studies regarding temperature impacts on biological processes. While Adekanmbi and Sizmur (2022) emphasize the importance of including surface DTR in soil experiments, they attribute the biological effect to enhanced organic polymer degradation as the primary mechanism affected by temperatures above the mean T that leads to the increased CO2 flux. They do not consider any possible direct microbial or fungal genetic adaptation to DTR as possibly contributing to their experimental observations (Adekanmbi et al., 2022). In an analysis to measure correlations between the patterns of environmental variables and microbial communities corresponding to soil depth (see Supplementary Figure S3), surface DTR emerged among the strongest correlated factors (Supplementary Tables S4, S5). This suggests that further testing the importance of DTR alone or in combination with other variables in driving microbial community structure and function is warranted. Results from a microcosm experiment that compared the response to large DTR compared to a mean T in soils from 0 to 5 cm depth with soils from 30 cm depth clearly show a different respiratory response in shallow vs. deep soils. Deep soils showed no difference in CO2 or N2O emissions regardless of a large DTR or mean T incubation regime (Supplementary Figure S4). Thus, there appears to be more to the DTR response than just enhanced organic polymer degradation. Although temperature change effects on microbial processes have been more commonly addressed in recent studies, the majority of these use static temperature settings instead of dynamic changes that occur under actual soil diurnal temperature change. Li et al. (2022) suggest that creating experimental conditions that closely match actual environmental temperature conditions is important. They also note that only one study of 46 referenced since 1993 evaluated DTR in their temperature change effect experiments (Zhu and Cheng, 2011), a detail relegated to supplemental information. Although this information provided here may not be exhaustive, it indicates a prevalence of studies that have not considered DTR in their experiments. Even in experiments not evaluating temperature change, there has been a continued tendency to assume the daily mean T in soil is sufficient to evaluate biogeochemical processes.



Discussion and historical perspective on soil activity response to T change

Most of the previous studies in soil consider changes in temperature to impact rates of processes based on biochemical kinetic theories that are often summarized as Q10 values (i.e., the proportional change in rate with a 10°C change in temperature). Typical Q10 values of around 2.0 are often assigned to soil respiration activity even though many studies have shown Q10 values decrease as the temperature increases (Oertel et al., 2016). Some studies have even shown that 29–55% higher Q10 values are obtained when using variable diurnal temperature incubation with near surface soils compared to static incubations at the minimum and maximum temperatures (Bai et al., 2017). Another observation of Q10 in the context of a diurnal temperature change is that two different values have been reported for the same temperature range depending on whether the temperature is increasing or decreasing (Zhang et al., 2015). This hysteresis seems inconsistent with only a simple temperature change model impact on reaction rates.

Based on the observations of inconsistencies in reported Q10 values relative to the expected response according to Arrhenius enzyme temperature effects, it seems logical to consider other factors that contribute to what is observed with a large surface DTR. These include genetic adaptation, such as the presence of circadian clock genes, and the potential activity of thermophilic organisms, that are active at temperatures above 45°C. Many studies have now established the existence of circadian clock mechanisms that respond to temperature in both bacteria and fungi (Table 1). Some of these experimental studies show the absence of known circadian clock genes, yet still exhibit the expected physiological response for having such a genetic mechanism, suggesting as yet unrecognized circadian mechanisms may also be in play. Another possible genetically related response relates to the potential existence of temporal mutualism, in which populations in the community act together in a unique way in response to diurnal temperature change that differs from the activity measured at the mean T. In addition, surveys of genomes and metagenomes have established the existence of circadian clock gene homologs in over 3,000 Bacteria and Archaea, most of which are not photosynthetic cyanobacteria (Géron et al., 2023). This genetic record suggests that these genes are old in the evolutionary record, going back to the last common ancestor. Possible expectations of activities in soils due to either a circadian clock or temporal mutualism would be a large deviation from the expected Q10 response or no Q10 response. One recent study seems to support one of these expectations, where soil CO2 flux rates were measured several times a day for multiple days (Bond-Lamberty et al., 2016). Remarkably, even though the DTR at the surface was 10°C or larger, there was no change in the CO2 flux (respiration) rate from one of soils tested. This supports the possibility of a circadian response that controlled a relatively constant respiration rate despite temperature variation.

While there have been previous soil studies attempting to address diurnal temperature variation and its impact on N-cycle processes and/or respiration rates, all of these studies typically used oversimplified temperature programs as proxy for true soil diurnal T cycles. Many of the temperature models used in other studies present several issues that could confound the interpretation of results. In these temperature programs, the DTR is often symmetrical relative to time (12 h above-and 12 h below the mean T) and relative to the mean T (equal degrees above and below the mean) (Figure 3). In addition, some of the models set the minimum-and maximum temperatures as constant for extended periods of time (e.g., 6 h at each temperature). In reality, the diurnal temperature changes exhibit asymmetrical behavior relative to time and the mean T (Figures 1, 2; Supplementary Figures S1, S2). In addition, we observe these features in data collected at the 2 cm depth of the NEON sites (Jornada, Sterling and Konza) in both April and June (Supplementary Figure S2). It is also apparent that near surface soils spend varied amounts of time near the maximum or minimum temperatures, ranging from <2 h to ~4 h, respectively (Figure 1). We note that this asymmetry changes with depth and that the nature of the change depends on the soil type. For any soil type there is depth where the time above the mean becomes equal to the time below the mean (Figure 2). At this depth, the DTR exhibits symmetry like that of a sine-wave function, which might explain why experiments done using such a function to mimic DTR have been successful (Campbell et al., 1973). Since temperature poses a critical influence on microbial activity, the actual characteristic of soil temperature changes at any specific depth is likely of paramount importance. Indeed, our ability going forward to accurately predict biological temperature responses should focus attention on generating data to better inform model equations commonly used to estimate biological processes. We anticipate the shift away from soil experiments conducted at constant temperatures or with imprecise diurnal temperature cycles that do not follow in situ conditions will improve our ability to examine the underlying nature of temperature effects on important microbial processes in soils. To this end, one suggestion could be the use of plant growth chambers where programmed diurnal temperature and light cycles for incubation to better serve as proxy for soil temperature dynamics.

Although previous studies did not use accurate models of soil diurnal temperature changes, several of these demonstrate rates of processes did differ with varying temperatures regimens compared to static temperature incubations (Table 2). For example, a study by Campbell et al. (1973) showed a clear response to DTR when using a sine-wave T change model and no response when using a square wave T change model (Figure 3). Such differences between results obtained further serve to demonstrate the importance of accurately replicating temperature change patterns that exist in different surface ecosystems.




Conclusion

A careful overview of the literature establishes that microorganisms (Bacteria, Archaea and Fungi) often exhibit a differential activity response to diurnal temperature change. Through our own observations, we also show the nature and magnitude of DTR with depth along with the associated microbial community composition. This provides further support of recent literature that the magnitude of surface DTR is globally significant and has been for all of life history on Earth. We also note that the DTR changes rapidly with soil depth, indicating that surface (0–5 cm) microbial community activity and response to DTR is likely to be quite different than the activity observed at depth (e.g., 26–30 cm). Figure 4 provides a conceptual illustration of the DTR changes with depth and its potential impact on microbially mediated process. The possible mechanisms that contribute to the differences in activity are listed and they all support the idea that diurnal change in temperature is important in terms of evaluating CO2, N2O or even CH4 gas flux from soil. Adaptive mechanisms related to genetics, such as the presence of a circadian clock or a community temporal mutualism response have not yet been considered as contributing to microbial processes in surface soils. Even thermophilic microorganisms that thrive at the higher T observed in temperate latitude surface soils in summer are ignored in soil studies.

[image: Figure 4]

FIGURE 4
 Diagram of DTR with depth around the mean for typical silty loam soil as observed from April to September. From the surface to 10 cm depth the DTR is large enough to yield a differential activity response; here shown as model CO2 or N2O fluxes. This differential activity response is minimized at depths of 30 cm or greater where the DTR is less than 2°C. Possible mechanisms contributing to this activity response are listed. All may be important and all support the need to evaluate microbial mediated activities in soil using realistic diurnal temperature variation.


We advocate the use of temperature incubations in studies that serve to provide a better proxy for near surface soil conditions to measure biological activities that occur in these environments. With more supporting realistic diurnal T studies like this in the future, we can test new hypotheses about microbial communities such as adaptation to the legacy T conditions, possibly due to temporal mutualism, and how this would affect important C and N processes. Genetic adaption related to DTR associated circadian clocks need to be considered, since they have clearly been shown to exist in non-photosynthetic Prokaryotes and fungi. Concurrent with shifting approaches to the study of temperature on microbial processes, molecular-based (DNA-and RNA-based) community characterization together with process measurements will significantly advance our understanding of this important relationship. Such an approach can better yield more accurate data for predictions of microbial processes and improve our understanding of soil microbial ecology, especially with contemporary issues surrounding global climate change and emerging paradigm shifts due to ever-increasing new information about soil microbial communities.
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