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Wetlands across time: exploring, understanding, and predicting their development and functions at the local and global scale
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EARLY WETLANDS Wetlands' history on Earth is highly complex and still not sufficiently explored. Their earliest origins are poorly understood, resulting in a scarcity of reliable geological records accessible for appropriate interpretation. However, available data allow us to determine the appearance of wetlands' beginnings and peat-forming conditions. The story starts with stromatolite (cyanobacteria) mounds, the oldest fossil life on Earth, dating to over 2 billion years. However, the origin of wetlands was directly related to the appearance and evolution of vascular plants and mosses and their adaptation to thrive in wet conditions ca 420 Ma (Greb et al., 2006). The oldest marshes were identified in Middle Devonian (Eifelian) 410 Ma, and the continuous peat appeared in Late Devonian 370 Ma. The onset of the first peatlands on Earth is a fascinating step into terrestrial wetland conditions, and it relates to new plant function in the peatland ecosystem as it begins the carbon accumulation process on a global scale. The initial peat arrived in the middle-late Devonian; however, peat accumulation on the full scale began in the late Devonian–Carboniferous 350-360 Ma. Different wetlands were identified at that time, resembling coastal marshes or mangroves (Greb et al., 2022).

CARBONIFEROUS The Carboniferous starting ca 360 Ma was the period of peatlands, where new ecosystems emerged together, shaping new biodiversity. N America and Europe were covered with peatlands during the "Coal Age" (Thomas, 2012). Peat-forming wetlands were affecting the climate by removing CO2 and storing it for the next millions of years. Simultaneously, other wetland types, such as lakes and rivers, have developed globally. Peat accumulation stopped for millions of years with the Permian extinction (ca. 250 Ma), with no peatlands/coal known anywhere until the Middle Triassic (243 Ma) (Retallack et al., 1996; Thomas, 2012). Then, it started again later in the Mesozoic period when peatlands and other freshwater wetlands were redeveloped. Despite the global extinction, billions of tons of carbon are stored in the geological strata. Mosses also formed Carboniferous peatlands, but their fossils are rarely found (Hübers and Kerp, 2012). Phylogenetic analyses tell that Bryophyta (mosses) diverged from other land plants before the vascular plants diversiﬁed during the mid-to-late-Paleozoic (Shaw and Renzaglia, 2004).

CENOZOIC Wetlands in the Cenozoic starting 66 Ma became more diverse while vascular plants adapted to the salty water, and a new taxon/engineer evolved - Sphagnum, diversified in Miocene which started constructing new acid peatlands just about 14 mya, coinciding with the end of the mid-Miocene climatic optimum and the appearance of peatland ecosystems in the northern boreal zone (Shaw et al., 2010). Miocene peatlands provided thick deposits of lignites (Widera, 2021). Earth wetlands history occurred in the complex geological scene of the moving continents and evolutionary processes stopped by extinctions. It led to many adaptations and various taxa that cannot be recognized today. The palaeoecology of wetlands possesses many gaps, one of which is the underrepresentation of non-peat-forming wetlands in contrast to well-preserved coal strata. Another problem is the limited information about the past biodiversity, including functional traits and evolutionary aspects of organisms constructing wetland ecosystems. However, it is intriguing how well plants adapted to peat accumulation through growth in optimally inundated conditions and effective accumulation of thick peat deposits.

QUATERNARY After over 470 My of evolution, the Quaternary (starting 2,58 Ma) marked the time of the modern wetland, which existed in pulses of glacial-interglacial cycles. While time, climate, geology, and astronomic drivers were shaping them in deep time, the Quaternary provided another evolutionary product that started changing wetlands on a global scale — humans. Wetlands were destroyed and then regenerated by ice sheet expansions. In the Quaternary Sphagnum peatlands started to dominate in the N hemisphere peatlands. Then, 12,000 years ago, when humans started to change landscapes, wetland functions began to be modified due to deforestation and the neolithic agrarian revolution (Ellis, 2021; Ellis et al., 2021). The Holocene wetlands have been crossing tipping points related to global warming, drainage and exploitation (Fluet-Chouinard et al., 2023; Treat et al., 2024}. For example, high-resolution multi-proxy studies showed that in Europe, the most intensive changes in wetland ecosystems started in Medieval times (ca 700 yrs BP) and were initially related to deforestations that accelerated lake terrestrialization and lake-to-peatland transitions (Karpińska-Kołaczek et al., 2022). Subsequently, modern forestry ca 200 years BP affected wetlands again (Bak et al., 2024). Combining palaeoecology with experiments and monitoring provides a complete picture of changes connected with hydrological change (Jassey et al., 2018 03; Lamentowicz et al., 2019). Much stronger cooperation between scientists to better protect wetland ecosystems is now needed. In the recent two decades, scientists better understood GHG fluxes vs hydrological conditions using chamber and EC approaches {Evans et al., 2021, #180210}. However, we need a deeper understanding of palaeoecology and long-term processes reaching wetlands’ origin on Earth to predict their future during the progressing ecological crisis.
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