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气载藻类的空气传播：分布动态、环境驱动因素与健康风险*1 
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摘要：水体中的藻类可随着水汽界面破碎的气泡进入空气，并以气溶胶为载体在大气中传播。这不但是一种重要的藻类种群扩散

方式，影响着周边水体的种群结构，同时空气中有害藻类的增多也会导致较大的健康风险。目前，人们对于气载藻类的认知尚显

不足，且主要见于国外文献报道。本文系统梳理了气载藻类在空气中的分布特征，包括它们的主要种群组成、季节性变化和昼夜

变化模式，阐述了温度、湿度、风速等影响气载藻类生存和传播的环境因素，介绍了气溶胶中的有害藻类对人类健康的影响。最

后，针对当前研究的不足之处，本文建议未来的研究应重点关注气载藻类的定殖动态，了解它们在空气中的存活和繁殖情况；汇

源识别，确定气载藻类的主要来源与沉积区域；风险评估，预警气载藻类及藻毒素气溶胶对于人类健康的长期影响。 
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Abstract: Algae present in aquatic ecosystems have the capacity to enter the atmosphere through the process of bubble bursting at 

the water-air interface. Following this initial entry, the algae can then be disseminated via the process of aerosol transmission. This 

process is of critical importance in facilitating algal dispersal, thereby influencing population structures in adjacent water bodies. 

However, it should be noted that this process also poses significant health risks due to the increased presence of harmful algal 

species in the air. The current state of knowledge regarding airborne algae remains limited, with the majority of extant research 

documented in international literature. This review systematically examines the distribution characteristics of airborne algae, 

encompassing dominant taxa, seasonal fluctuations, and diurnal variation patterns. Furthermore, it provides a comprehensive 

overview of the environmental determinants that govern algal survival and atmospheric transport, including temperature, humidity, 

and wind speed. A particular emphasis is placed on the health implications that arise from the presence of aerosolized harmful 

algae and cyanotoxins. In order to address the existing knowledge gaps, future research should prioritise three critical domains: 
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The first research question concerns the dynamics of colonisation, with the objective of investigating the viability and reproductive 

potential of airborne algae in atmospheric environments. The second research question pertains to the identification of source-sink 

dynamics, with the aim of tracing emission hotspots and deposition patterns. The third research question focuses on the 

development of comprehensive risk assessment frameworks, with the objective of evaluating the long-term health impacts of algal 

aerosols and establishing early warning systems. The proposed directions are intended to facilitate a more profound comprehension 

of the subject matter, thereby providing a foundation for the development of evidence-based environmental management strategies. 
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气溶胶是由悬浮于气体介质中的固态或液态颗粒组成的气态分散体系，通常含有细菌（包括古细菌）、

真菌孢子、花粉、病毒及藻类等微生物，其粒径范围从纳米级到数十微米不等[1]。学者将脱离液态介质后以

气溶胶为载体，并保留代谢活性或复苏潜力的藻类生物称为“气载藻类（Airborne algae）”，它们主要来

源于风应力、破碎波作用或人类活动（如划船）等物理干扰引起的水气界面气泡破碎[2, 3]。当水气界面上的

气泡破碎时，水体表层的藻类释放至空气中，并以空气作为传播媒介扩散至邻近水域上空，最终通过降水

或沉降等途径重新定殖，从而影响周边水体的藻类群落结构。气载藻类参与地球物质循环的各个过程，且

通过空气扩散促进了大部分藻类在全球的广泛分布；同时，扩散至空气中的产毒藻类及藻毒素也会导致人

类呼吸道疾病加重、引发皮肤疾病等健康危害。 

随着 20 世纪全球水体富营养化与气候变化的影响，海洋、湖泊等水体中的藻类生物量显著升高，赤潮

或水华在许多水域频繁暴发，导致释放到大气中的藻类越来越多。这一方面提升了藻类种群在空间上的扩

散能力，从而使它们对周围水体的影响更为显著；另一方面，部分产毒藻类及其产生的藻毒素在空气中的

含量也随之增加，对人类的身体健康造成了一定的威胁。近期有知名学者提出了的“空气富营养化”的新

概念[4]，呼吁大家关注气载藻类及其生物毒素所带来的健康风险问题。本文基于国内外对气载藻类的研究

成果，对气载藻类起源及种类、形成过程及时空分布、传播途径及影响因素以及可能对人类健康造成的风

险等方面进行了梳理，并对未来国内的研究趋势做了展望。 

 

1气载藻类的起源及常见种类 

自 1844 年 Ehrenberg 首次从空气尘埃中鉴定出 18 种硅藻以来，气载藻类的存在性得到科学确认[5]，

van Overeem 开创性培养实验，标志着该领域研究体系化的开端[6]。至 1996 年，KJ 发表文章表示气载藻

类的微观大小以及空气传播媒介促进了大多数藻类在全球的广泛分布[7]。百余年的研究历程逐步揭示：气

载藻类的扩散传播并非孤立的环境现象，而是由生物特性与大气动力学共同塑造的跨界传输系统。 

经统计，2011 年之前在相关文献中共发现 353 个不同的气载藻类群（隶属 175 属），其中大多数属为蓝

藻（37.4%）和绿藻（35.4%），其中有 52 种分类群被确认为对人类健康构成潜在威胁，其中 38 种已被

证明会诱发健康问题，另有 14 种被证实会在自然环境中产生毒素[8]。从地区来看，温带地区的气载藻类

群落主要为绿藻门[9, 10]，而热带地区则以蓝藻门为主[9]。其他被鉴定到的分类类群还包括硅藻门(15.3%)、

链藻门(4%)、甲藻门、裸藻门、附藻门和隐藻门。本文对 2011 年后的相关文献进行了收集整理（表

1），结果进一步证实气载藻类广泛存在于各类生境。其中蓝藻门色球藻属以及绿藻门小球藻属分布较为

广泛，在海洋及陆地地区均有出现[11-13]。例如，在亚得里亚海的大气样本中，蓝藻门为优势藻类类群[14]；

在波罗的海西南部地区的空气样本中，蓝藻及绿藻的相对丰度高达 49%和 48%[15]；此外，在沿海地区，

蓝藻门也是空气中占比较高的门类，相对丰度可达 18.8 - 26.9%[16, 17]。 

 

 

 

 

 



表 1 已有文献报道的气载藻类（2011 年以来） 

Tab.1 The aerosol algae that have been reported in the existing literature since 2011 

栖息地 传播载体 采样地点 分类 参考文献 

海洋、陆地 空气 波罗的海西南部 

蓝藻门/ 色球藻属 

集胞藻属 

隐球藻属 

微囊藻属 

绿藻门/ 小球藻属 

裂丝藻属 

硅藻门/ 褐指藻属 

舟形藻属 

[15] 

海洋 空气 亚得里亚海 

蓝藻门/ 粘球藻属 

乌龙藻属 

小雪藻属 

集胞藻属 

色球藻属 

细鞘丝藻属 

绿藻门/ 小球藻属 

裂丝藻属 

片球藻属 

绿球藻属 

硅藻门/ 楔形藻属 

双眉藻属 

[14] 

海洋 空气 北海-波罗的海 蓝藻门/ [18] 

沿海 空气 
波罗的海沿岸地

区 

蓝藻门/ 念珠藻科 

节球藻属 

色球藻属 

集胞藻属 

隐球藻属 

假鱼腥藻属 

席藻属 

隐杆藻属 

色球藻属 

绿藻门/ 小球藻属 

裂丝藻属 

片球藻属 

绿球藻属 

[19] 

沿海 空气 中国沿海地区 蓝藻门/ [16] 

沿海 空气 
地中海中部沿海

地区 
蓝藻门/ [17] 

沿海 空气 
北卡罗来纳州沿

海 

蓝藻门/ 鱼腥藻属 

假鱼腥藻属 

长胞藻属 

束丝藻属 

[20] 



微囊藻属 

陆地 空气 雅典 蓝藻门/ [21] 

陆地 空气 北京 蓝藻门/ [22, 23] 

陆地 空气 长沙 蓝藻门/ [24] 

陆地 空气 宾夕法尼亚 蓝藻门/ [25] 

陆地 空气 斯洛伐克西南部 

蓝藻门/ 念珠藻科 

色球藻属 

席藻属 

绿藻门/ 小球藻属 

双胞藻属 

裂丝藻属 

克里藻属 

片球藻属 

硅藻门/ 

[26] 

陆地 空气 
马来西亚吉隆坡

室内 

蓝藻门/ 色球藻科 

念珠藻科 

席藻科 

颤藻科 

假鱼腥藻属 

绿藻门/ 共球藻纲 

绿球藻科 

栅藻科 

丝藻科 

衣藻属 

硅藻门/ 舟形藻属 

[27] 

陆地 空气 南非约翰内斯堡 蓝藻门/ [28] 

极地 空气 南极 

绿藻门/ 共球藻纲 

小球藻目 

衣藻目 

溪菜目 

石莼目 

丝藻目 

[29] 

高原 空气 喜马拉雅 蓝藻门/ [30] 

 

2气载藻类的形成过程及时空分布特征 

2.1气载藻类的形成过程 

液滴的生成是藻类从水体生态系统向空气扩散的主要途径[3, 31, 32]。根据其生成机制的不同，可产生不

同类型的液滴（如浪花液滴、薄膜液滴和喷射液滴）。当风速超过 7-11 m/s 时，海面破碎波通过风力摩擦

作用会产生直径大于 40 μm 的浪花液滴[33]。而由波浪、降雨、船舶航行或水体气体过饱和等因素引起的气

泡破裂过程，则会形成向不同方向溅射的薄膜液滴（1-10 μm）和垂直喷射的喷射液滴（6-100 μm）。各类

型液滴的形成会导致水体表面藻类等生物进一步富集，进而通过风输送到空气中形成气载藻类[34, 35]。 

风浪[33]、扬尘[36]、水汽挥发[2, 10]及人类活动干扰[27]等过程共同驱动水生藻类向大气扩散。水华发生期间，

气载藻类（特别是小粒径藻类）沿水面主导风向向邻近陆地迁移[37-40]，若风速较大则会进一步增加水体表

面的波浪活动，从而加剧藻类的气溶胶化，另外风速的升高一定程度上延长了气载藻类的悬浮时间，影响



了藻类的传播距离[32, 41-43]。这种跨介质传输过程的高度环境敏感性，一方面受到风速影响，另一方面也受

到温度调控。水温升高会显著增加气泡破裂频率，促进含活性藻类的气溶胶的生成[44, 45]。除了物理环境因

素，气载藻类本身的生物学特性也塑造了其扩散模式。体积较小的藻类颗粒因具有更良好的大气适应性，

进而成为跨区域扩散的优势类群，此外气载藻类还显现出按地域传播的特性[46]，这种粒径选择效应与地理

传播特征反映了局地气候条件、水体健康状况以及生物特性的相互作用，但具体三者之间如何耦合尚不清

楚。 

 

图 1 气载藻类的形成过程及传播途径示意图 

Fig.1 Schematic diagram of the formation process and transmission routes of airborne algae 

 

2.2气载藻类的时空分布特征 

2.2.1气载藻类的空间分布  不同地区的研究结果表明，微生物核心群落的形成与区域环境条件密切相关，

采样季节、采样地点、大气污染水平以及人类活动丰富度等因素均会影响空气微生物群落的多样性和组成。

在城市及郊区的样本中，除了常见微生物菌门外，还检测到蓝藻门等常见藻类[47-49]，且各门类在城市及郊

区样本中的占比存在差异。例如，在雅典、北京、长沙等城市大气样本中均有检测到蓝藻门，且蓝藻门有

时被认定为优势菌门[21-24]；在希腊空气样本中，鉴定到的气载藻类以硅藻为主导（42%），而蓝藻仅占 20%[14]；

然而，在 6 月的雅典空气样本中，蓝藻门则进一步成为罕见菌门（<1%）[21]，这表明空气中的藻类多样性

会随采样地点和时间的变化而变化。此外，空气污染程度也是驱动气载藻类多样性变化的重要因素[22, 24, 50-

52]，在人类活动密集的城市与人类活动较少的郊区，空气样本的群落组成有明显差异，在郊区空气样本中

蓝藻门丰度显著高于空气污染相对严重的城市站点[25]。气载藻类不仅存在于开阔环境的空气中，在室内环

境乃至空调系统中，也检测出含蓝藻在内的藻类种群[27]。建筑环境空气中的微生物通常来源于人类、宠物、

空调系统等八大类，其中人类活动则是影响室内环境藻类扩散的重要因素[28]。此外，在极地、高海拔等气

候极端地域（如南极、喜马拉雅高原）大气样本中，也检测到绿藻门、蓝藻门、裸藻门等多个分类群，这

一定程度上表明陆地和海洋之间存在强烈的大气交换[29, 30, 53]。 

2.2.2气载藻类的季节与昼夜变化  气载藻类的组成与丰度受藻类来源、藻类释放及大气扩散三方面影响，

在季节及昼夜尺度上呈现一定变化。例如，西班牙西南部空气样本显示藻类浓度在春季至初夏期间明显增

高[13]，而波罗的海西南部空气样本检测结果则显示藻类多样性与丰度在冬末至春季微增，印度 Varanasi 市

空气样本研究则显示蓝藻在温暖季节占主导，绿藻则在寒冷季节丰度较高，硅藻全年保持稳定，仅在初冬

时期数量较少[11, 12]。这表明不同地区的温度变化及空气动力学差异可能会导致气载藻类的丰度呈现不同的

季节规律[15]。除环境因素的影响外，不同藻类对于大气温度的响应也不同[54]，蓝藻易于在高日照条件下被

气溶胶化，而绿藻则多在无日照的低温夜间呈现释放高峰，形成“昼蓝夜绿”的群落分布规律[55]。在群落



数量方面，西班牙 Badajoz 市的大气观测发现，12:00-24:00 时段藻类丰度达到 24:00-12:00 的两倍水平，峰

值集中在傍晚（17:00-20:00），谷值则出现在后半夜至凌晨（01:00-7:00）[13]；中欧温带内陆地区的监测数

据亦显示藻类在白天的丰度增加，多数藻类类群在 14:00-16:00 时段达到日间最大丰度[26]，但受地理特征与

气象因子的区域性影响，多数区域缺乏普适性昼夜规律[8]。 

 

3气载藻类的传播途径及受气候气象影响 

3.1气载藻类的大气传播 

气载藻类可在近地面大气环境中持久悬浮[56]，其扩散迁移过程主要受到自然媒介的物理动力学控制，

其中风力与降水作用是气载藻类跨越地理屏障的核心动力。在适当气象条件下，藻类细胞可依附于尘埃颗

粒或气溶胶表面[15, 57]，实现公里级至跨半球尺度的远距离迁移[58, 59]。无论藻类是来自海洋还是地表，大气

运动都会影响它们的传播，而蓝藻等强适应型气载藻类则具有自发源地向外扩散上千公里的能力[60]。据模

型测算，海洋界面释放的气溶胶组分中约有 10%可在空气中停留超过 4 天，并可传播超 10000 km[61]；墨西

哥湾沿岸 320 km 处的实地监测结果显示有 93%的时段监测到海洋喷雾气溶胶（Sea spray aerosols, SSA）

[62]。湖泊的调查案例显示，源自北美五大湖的湖泊喷雾气溶胶（Lake spray aerosol, LSA）虽主要聚集于源

区周边，但部分 LSA 可输送至 1000 km 外[63]。据预测模型推算，五大湖区气溶胶排放可使其北部偏远地区

的地表气溶胶浓度提高约 20%，其它地区提高约 5%[64]。高风速情况下，五大湖的水面 LSA 扩散可使其周

围部分地区的大颗粒气溶胶数量增加 19 倍[63]。与模型预测结果相似，加拿大 Hudson 湾实测数据显示 SSA

和五大湖 LSA 分别促进了密歇根州北部（>700 km）和农村地区（>25 km）大气气溶胶含量的增加[65]。 

气载运输在微生物扩散、水生态系统多样性维持等方面发挥了重要作用[66]，早期观察表明，温度和风速是

影响气载藻类丰度最重要的两个因素[67, 68]，而相对湿度、降雨量、风速对气载藻类多样性亦有重要影响[12]。

利用全球大气模型对藻类气溶胶的扩散概率进行研究，结果显示小粒径藻类凭借较高丰度、较长停留时间，

在远程传输中占优[58]，但气载藻类的生存能力也会随着传输距离的增加而逐渐减弱[69]。相较于水生环境，

气载藻类展现出对干燥、低温（＜0℃）等极端条件的耐受机制，具有较强的环境适应性，同时许多气载藻

类还表现出良好的定殖潜力[70]，但其后期的定殖以及定殖后的群落结构则会受到定殖生境的营养成分和盐

度的影响[71]。 

3.2气载藻类的雨水传播 

作为大气传输的终止环节，降水过程通过湿沉降机制实现气载藻类向地表/水体界面的定向输移[72-75]。

与干沉降相比，湿沉降不仅缩短了藻类在大气中的暴露时间，更有效维持了藻类的生理活性[69, 76]，对大气

和陆地生态系统的藻类多样性具有重要作用[77-79]，同时也对环境和公共卫生存在潜在影响[80-82]。不同降水

类型中的藻类群落存在显著差异，这种空间差异在全球不同气候区得到印证，例如我国北京、上海等特大

都市的雨水样本中藻类群落呈现显著季节性特征，同季降水样本的群落相似性较高[83, 84]；而法国中部云层

则长期以蓝藻、绿藻为优势类群[85]。以上例子均证实不同地区雨水样本中的藻类群落存在差异，且有研究

表明这种藻类群落结构的差异主要受雨水离子组分和 PM2.5 浓度调控[86]。此外，雨水中的藻类同时还具有

二次释放潜力，其通过雨滴飞溅、拍打可重新进入大气[87]，但同时降雨的冲刷效应（藻类以凝结核形态伴

随雨滴下落）也会去除空气中的藻类，其中暴雨事件对 4-15 μm 的藻类清除效率尤为显著[88]，实测数据显

示雨后空气藻类浓度可骤降 87%[89]。由此可知，降水对气载藻类具有双向调节功能：既作为地表输入媒介

促进藻类扩散，亦可通过湿沉降机制降低气载藻类浓度。然而，受雨水介质中藻类群落结构多样化以及气

候变化、人类活动干扰等多种因子的影响，导致准确定量评估雨水中藻类对生态系统和公共卫生安全的潜

在影响仍比较困难。 

3.3气载藻类受气候气象的影响 

藻类在空气中的扩散受多种环境因子的影响[90]，目前这些环境因子对气载藻类生存和扩散的影响机制

尚不清楚[8, 54]。风速、温度、湿度是气载藻类动态变化的核心环境要素，但其耦合作用机制仍需系统的解

析。风速主要通过动力学效应和藻源激活两种方式影响气载藻类的扩散传播。众所周知，空气中颗粒数量

通常与风速有关，风速增加则颗粒数量相应减少[91]，相较于空气中的花粉颗粒、真菌孢子，风速对藻类扩



散的影响更大[92]。有研究认为风速和风向是对 SSA 形成影响最大的气象因子，含有藻类颗粒的 SSA 数量

浓度与海洋边界层上风速大小呈现较好的相关性[93]。当风力作用将水体表面的藻类颗粒扩散至空气中，藻

类在空气中的丰度和生物量则进一步受到气温的影响[48]。就陆地城市而言，随着气温的变化，空气中气载

藻类的含量呈现出明显的季节变化[94]，但采样地点不同可能导致截然相反的结果，例如在希腊 Chania 市的

研究表明，受温度及太阳辐射的影响，暖季时期微生物的浓度和种类丰富度都较低，而在希腊 Thessaloniki

市的调查结果则显示暖季时期空气中的生物量最高。与藻类生物量不同，气载藻类的物种丰富程度则受到

相对湿度的调控。空气的相对湿度（RH）对气载藻类初始存活能力具有显著影响，有研究表明真核气载藻

类的初始存活能力与 RH 呈正相关，并在 94 %RH 时展现出最佳存活率[95]，这表明高 RH 更利于气载藻类

的存活，并在空气中展现出较高的物种多样性，但高 RH 同时也将增加气载藻类的沉降速率，因此在 RH 较

高时，空气中的藻类呈现出“多样性高，相对丰度低”的特点[12]。这意味着即使其它因素处于最佳状态，

高 RH 仍可能不利于空气中的藻类浓度增加[13]，相反在 RH 较低的晴朗天气，藻类更易发生剥落而被吹到

大气中，从而增加大气中的藻类丰度[9]。 

此外，沙尘事件、雾和霾等特殊天气条件均会影响空气中藻类的浓度和丰度[96]。雾可能会提高气载藻

类的生存能力并促进它们沉积[97]，沙尘天气蓝藻的相对丰度有所增加，则暗示了粉尘对空气中藻类浓度存

在促进作用[98]。有研究认为大气 PM 中的化学成分/污染物是显著改变气载藻类浓度和群落组成的关键因素

[99]，空气中轻微的苯并(a)芘污染也可能促进空气中藻类的生长[100]。此外，PM 浓度(洁净空气与雾霾)以及

PM 粒径也会影响气载藻类的群落结构[101]，气载藻类丰度可能首先随着空气中 PM 积累浓度的增加而升高，

并在达到严重雾霾的污染条件下开始减少[102]。 

4气载藻类的抗逆适应机制与定殖特性 

大气生物群系受到紫外线辐射、干旱、低温、氧化应激和缺乏基本营养物质等多种胁迫因素的影响，

这些胁迫因素使得大气中的生物产生了进化压力，并在很大程度上影响其生物多样性[103, 104]。而气载藻类

跨区域定殖的成功率主要取决于它们在长距离传输过程中的耐受能力，环境因子如温度梯度、盐度变化及

营养供给水平等均是限制它们生存扩散的关键要素[105, 106]。为应对大气环境中极端干燥与强紫外线暴露，

不同藻类演化出多样化的适应机制：蓝藻通过合成类胡萝卜素（CAR）吸收 UV-B 波段辐射[107]，并利用其

他化合物替代营养物质（C、N）来源[108]；单星藻、栅藻等类群形成多层抗紫外线保护结构[109]；一些地衣

共生藻类则通过调控胞外聚合物质（EPS）相关蛋白活性提升脱水耐受力，同时调节多糖裂解过程以增强细

胞壁柔韧性，从而抵御干燥环境导致的机械损伤；此外，色素谱系调节策略和阶段性休眠机制也是藻类应

对极端环境的重要生存策略[110, 111]。 

就空气中的藻类而言，环境胁迫适应能力强的气载藻类往往占据优势，其中源自陆地的藻类相较于水

生藻类表现出更优的大气环境适应特性[95]。早在 1960 年代初期，就有研究证实一些风力传播的藻类包囊

可在无菌水环境中复苏[112]，后续研究进一步发现尽管多数气载藻类在空气传播过程中处于低活性状态，但

其在不同海拔高度（城市建筑物立面[113]到偏远地区[114]）和各类生境（水箱[8]、室内表面[115]及自然陆地[116]）

中均能保持生存潜力，并且在沉降至适宜水体后恢复活性[60, 117-119]。关于定殖模式，目前虽未形成普适性

理论，但区域性研究已发现特定规律。典型实例来自 Genitsaris 团队的水箱实验[120]，其观察到“异养型微

小鞭毛藻→绿藻”的演替序列，其中优势绿藻（小球藻、栅藻）兼具淡水广布性和大气传播适应性。与此

相呼应，地中海地区的长期监测显示，暴露于河岸环境的收集装置内绿藻相对丰度持续占优，其定殖效率

显著高于硅藻与蓝藻[121]。这些案例共同表明，气载藻类的定殖过程存在类群特异性，其模式可能受源地群

落组成与局地环境因子的双重调控。 

 

5气载藻类对人体健康的影响 

5.1藻类毒素的气溶胶化及其环境影响因子 

众所周知，一些藻类能够产生藻毒素，且藻毒素的疏水性特征使其更易于气溶胶化并随风吹至岸上[8, 14, 

27, 122-124]。在产毒类群分类方面，海洋生态系统以甲藻门（Dinophyta）为主，可产生腹泻性贝类毒素（DSP）、

麻痹性贝类毒素（PSP）、神经性贝类毒素（NSP）及雪卡毒素（CFP）等多种毒素[125, 126]，部分红藻、绿



藻、硅藻和附生藻类也具有产毒能力[127]。淡水生态系统中，产毒藻类以蓝藻门（Cyanophyta）为主，包括

微囊藻、长孢藻、拟柱孢藻和颤藻等属，其产生的微囊藻毒素（MC）、鱼腥藻毒素（ATX）及拟柱孢藻毒

素（CYN）等是淡水环境中常见的藻毒素种类。监测数据显示，在佛罗里达赤潮发生期间，水样中短裸甲

藻毒素浓度为 5-10 μg/L，而赤潮气溶胶中对应的短裸甲藻毒素浓度可达 21-39 ng/m3[128]，且距离海滩 4.2 

km 以及距离海岸线 1.6 km 处仍可检测到短裸甲藻毒素[129]，这意味着离开海滩并不能完全避免藻毒素的环

境暴露。对美国 St. Marys 湖采集的 PM2.5 样品检测发现，含有最高气溶胶化微囊藻毒素浓度的 PM 粒径分

数范围为 0.44-2.5 μm[130]，微囊藻毒素浓度达 156 pg/m³，这接近人类鼻腔微囊藻毒素的耐受日摄入量[4]。 

一些列研究证明淡水藻毒素可以气溶胶化[131-133]，但藻毒素各类同源物并不会均匀的从淡水系统向气溶胶

相转移，藻毒素的气溶胶化主要依赖于其疏水性[134]，具有疏水特性的藻毒素更容易在气溶胶颗粒中富集，

因此更容易向气溶胶相转移。此外在迁移过程中，大气中的藻毒素还会经历光解（主要作用于 PAR、UV-A

和 UV-B 波段）、颗粒有机物吸附及微生物降解等消减过程[135]。因此，需要进一步的环境测量，考虑影响

微囊藻毒素和其他气溶胶化污染物的其他因素，以全面评估藻毒素气溶胶对环境和公众的影响。 

5.2藻毒素气溶胶对人类健康的潜在影响 

已有研究证实含有短裸甲藻毒素、微囊藻毒素等成分的毒素气溶胶与多种急慢性人类疾病存在关联[136-

139]。动物毒理实验发现，暴露于短裸甲藻毒素 5 天后的大鼠体重明显低于对照值；吸入短裸甲藻毒素后的

绵羊支气管收缩效应剧烈，并引发呼吸系统异常反应[140-142]。在实地观察中，有害藻类水华频发区域的游客

和救生员常出现呼吸道症状[143, 144]，而哮喘患者暴露在赤潮毒素气溶胶 1h 即可导致呼吸道症状加重，并对

呼吸功能产生长达数天的抑制[145]。即使暴露在极低浓度的藻毒素气溶胶中，也会对哮喘患者的健康造成不

利影响，这表明气载藻毒素诱导的生物反应阈值较低[146, 147]。除赤潮产生的短裸甲藻毒素外，微囊藻毒素也

会导致慢性鼻炎患者的过敏性反应[148]，微囊藻毒素可使人类气道上皮细胞产生促炎信号分子，改变细胞外

基质（ECM）蛋白相关基因的表达，从而进一步诱导诱导炎症反应加剧慢性或急性疾病的产生[149]。进一步

研究发现赤潮气溶胶颗粒粒径主要分布在 6-12 μm，常沉积于上呼吸道，气载蓝藻在上呼吸道(92.20%)和中

央气道(79.31%)中也有较高的出现频率，这可能是造成救生员等海边工作人群的呼吸道疾病的重要原因[150, 

151]。通过鼻拭子检测发现，蓝藻水华期间高达 95%的受试者鼻腔内微囊藻毒素浓度高于检测限[131, 152]，因

此相较于水体接触，吸入藻毒素气溶胶更可能导致哮喘患者等敏感人群的呼吸道疾病[151]。 

除呼吸道疾病外，气载藻类及相关毒素还会引起皮肤及肌肉僵化等方面的疾病。蓝藻培养物皮肤贴片

的实验结果显示，贴上贴片 24h 后，约有 20%的志愿者出现轻微皮肤过敏反应[153]。此外，蓝藻产生的四类

毒素中，神经毒素 β-N-甲基氨基-L-丙氨酸（BMAA）已被确认为是导致肌萎缩性侧索硬化症（ALS）的重

要环境风险因子[154-156]，流行病学研究表明居住在水华发生区域的人群，由于长期暴露于蓝藻神经毒素，可

能会导致 ALS 及神经退行性疾病[157, 158]，并产生相应的嗅觉功能障碍[159]。除 BMAA 外，拟柱孢藻毒素

（CYN）也是一种强效细胞毒素，除了对人类肝肾表现出明显毒性外，它也会破坏气道上皮完整性并干扰

细胞信号转导，对呼吸道表现出潜在的毒性[160]。 

6展望 

近年来针对藻类水华和赤潮的发生机制与防控治理研究持续发展，进而扩展至水体表面藻类气溶胶化

及扩散的研究。然而相较于对水体中的藻类，对气载藻类研究还尚显不足。本文梳理了目前国内外关于气

载藻类的种群及生存特性，传播方式及影响传播的环境因子，对人类的健康影响等方面的研究成果，但解

释藻类在空气中的传播扩散以及相关的健康风险是一个复杂的问题。关于气载藻类种群、传输与健康风险

的研究，还有以下方面需要深入探讨。 

6.1气载藻类在空气中的生存及定殖特性 

藻类在空气中的传播扩散以及生存特性具有其独特的复杂性，目前尚不清楚这些气载藻类如何能够如

此快速地扩散，以及环境参数在多大程度上有利于扩散的加速，因此，评估这些变化将在多大程度上影响

大气循环和气载藻类的扩散效率非常重要，研究气载藻类的大气循环过程也将为进一步探索藻类生态学以

及藻类在大气中的生存和繁殖提供重要的机会。此外，气载藻类在新栖息地的定殖动态，以及新栖息地环

境差异对定殖过程的影响也需要深入研究。 



6.2气载藻类的源汇分析及扩散过程预测 

气载藻类在空气中的传播扩散表明藻类水华的环境影响可由水华发生地向外扩散。目前，空气中气载

藻类的源解析以及水华发生地的藻类向何区域扩散、定殖等问题仍缺乏了解，因此在气载藻类生存扩散研

究的方面，有必要对其扩散路径进行建模，将原位监测与模型模拟相结合，开展生态学、气象学等多学科

合作，以准确识别气载藻类源、汇，为预测其扩散过程和生态风险提供支撑。 

6.3藻毒素气溶胶引起的的急性和慢性暴露风险评估 

在对人体健康影响方面，藻毒素的研究仍然受到有限的暴露评估方法和缺乏可靠的流行病学研究设计

的阻碍。有证据已表明，在距离源头数十公里的地方仍可检测到雾化毒素，这意味着很大一部分人群可能

面临急性和慢性暴露的风险。气候变化和富营养化导致有害藻类水华日益增多，使得有毒藻类及藻毒素相

应增加，威胁人类健康。因此，迫切需要深入研究气溶胶中藻毒素和其它有害成分的环境浓度，以及人体

对它们的耐受风险，以确定是否应实施藻毒素吸入指南，并建立有效的干预措施。 

7参考文献 

[1] Despres VR, Huffman JA, Burrows SM et al. Primary Biological Aerosol Particles in the Atmosphere: A Review. Tellus Series B-

Chemical and Physical Meteorology, 2012,64(1):15598. DOI:10.3402/tellusb.v64i0.15598. 

[2] Schlichting HE. Ejection of Microalgae into Air Via Bursting Bubbles. Journal of Allergy and Clinical Immunology, 1974,53(3):185-

188. DOI:10.1016/0091-6749(74)90006-2. 

[3] Blanchard DC. The Ejection of Drops from the Sea and Their Enrichment with Bacteria and Other Materials - a Review. Estuaries, 

1989,12(3):127-137. DOI:10.2307/1351816. 

[4] Sun YF, Guo Y, Xu C et al. Will "Air Eutrophication" Increase the Risk of Ecological Threat to Public Health? Environmental Science 

& Technology, 2023,57(29):10512-10520. DOI:10.1021/acs.est.3c01368. 

[5] Ehrenberg GG. Bericht Ueber die Zu Bekanntmachung Geergneten Verhandunger der Konigl Preuss, Acad. Wiss:Berlin, 1844:194-

197. 

[6] van Overeem MA. A Sampling-Apparatus for Aeroplankton. Proceedings of the Koninklijke Akademie Van Wetenschappen Te 

Amsterdam, 1936, 39(6):981-990.  

[7] Kristiansen J. Dispersal of Freshwater Algae - a Review. Hydrobiologia, 1996, 336:151-157. DOI:10.1007/bf00010829 

[8] Genitsaris S, Kormas KA, Moustaka-Gouni M. Airborne Algae and Cyanobacteria: Occurrence and Related Health Effects. Frontiers 

in bioscience (Elite edition), 2011, 3(5):772-787. DOI:10.2741/e285 

[9] Schlichting HE. The Importance of Airborne Algae and Protozoa. Journal of the Air Pollution Control Association, 1969, 19(12):946-

951. 

[10] Brown RM, Larson DA , Bold HC. Airborne Algae: Their Abundance and Heterogeneity. Science, 1964, 143(360):583-5. 

DOI:10.1126/science.143.3606.583 

[11] Sharma NK, Singh S, Rai AK. Diversity and Seasonal Variation of Viable Algal Particles in the Atmosphere of a Subtropical City in 

India. Environmental Research, 2006, 102(3):252-259. DOI:10.1016/j.envres.2006.04.003 

[12] Sharma NK, Rai AK, Singh S. Meteorological Factors Affecting the Diversity of Airborne Algae in an Urban Atmosphere. Ecography, 

2006, 29(5):766-772.  

[13] Tormo R, Recio D, Silva I et al. A Quantitative Investigation of Airborne Algae and Lichen Soredia Obtained from Pollen Traps in 

South-West Spain. European Journal of Phycology, 2001, 36(4):385-390. DOI:10.1080/09670260110001735538 

[15] Wisniewska KA, Sliwinska-Wilczewska S, Lewandowska AU. The First Characterization of Airborne Cyanobacteria and Microalgae 

in the Adriatic Sea Region. Plos One, 2020, 15(9):e0238808. DOI:10.1371/journal.pone.0238808 

[14] Lewandowska AU, Sliwinska-Wilczewska S, Wozniczka D. Identification of Cyanobacteria and Microalgae in Aerosols of Various 

Sizes in the Air over the Southern Baltic Sea. Marine Pollution Bulletin, 2017, 125(1):30-38. DOI:10.1016/j.marpolbul.2017.07.064 

[16] Bao Y, Chen Y, Wang F et al. East Asian Monsoon Manipulates the Richness and Taxonomic Composition of Airborne Bacteria over 

China Coastal Area. Science of The Total Environment, 2023, 875:162581. DOI:10.1016/j.scitotenv.2023.162581 



[17] Romano S, Di Salvo M, Rispoli G et al. Airborne Bacteria in the Central Mediterranean: Structure and Role of Meteorology and Air 

Mass Transport. Science of The Total Environment, 2019, 697:134020. DOI:10.1016/j.scitotenv.2019.134020 

[18] Seifried JS, Wichels A, Gerdts G. Spatial Distribution of Marine Airborne Bacterial Communities. Microbiologyopen, 2015, 

4(3):475-490. DOI:10.1002/mbo3.253 

[19] Wisniewska K, Sliwinska-Wilczewska S, Savoie M et al. Quantitative and Qualitative Variability of Airborne Cyanobacteria and 

Microalgae and Their Toxins in the Coastal Zone of the Baltic Sea. Science of The Total Environment, 2022, 826：154152. DOI: 

10.1016/j.scitotenv.2022.154152 

[20] Plaas HE, Paerl RW, Baumann K et al. Harmful Cyanobacterial Aerosolization Dynamics in the Airshed of a Eutrophic Estuary. 

Science of The Total Environment, 2022, 852：158383. DOI:10.1016/j.scitotenv.2022.158383 

[21] Metaxatos A, Manibusan S, Mainelis G. Investigation of Sources, Diversity, and Variability of Bacterial Aerosols in Athens, Greece: 

A Pilot Study. Atmosphere, 2022, 13(1)：45. DOI:10.3390/atmos13010045 

[22] Gao JF, Fan XY, Li HY et al. Airborne Bacterial Communities of PM2.5 in Beijing-Tianjin-Hebei Megalopolis, China as Revealed 

by Illumina Miseq Sequencing: A Case Study. Aerosol and Air Quality Research, 2017, 17(3):788-798. DOI:10.4209/aaqr.2016.02.0087 

[23] Du P, Du R, Ren W et al. Variations Variations of Bacteria and Fungi in PM2.5 in Beijing, China. Atmospheric Environment, 2018, 

172:55-64. DOI:10.1016/j.atmosenv.2017.10.048 

[24] Yu R, Wang S, Wu X et al. Community Structure Variation Associated with Airborne Particulate Matter at Central South of China 

During Hazy and Nonhazy Days. Atmospheric Pollution Research, 2019, 10(5):1536-1542. DOI:10.1016/j.apr.2019.05.002 

[25] Stewart JD, Shakya KM, Bilinski T et al. Variation of near Surface Atmosphere Microbial Communities at an Urban and a Suburban 

Site in Philadelphia, Pa, USA. Science of The Total Environment, 2020, 724：138353. DOI:10.1016/j.scitotenv.2020.138353 

[26] Zilka M, Tropeková M, Zahradniková E et al. Temporal Variation in the Spectrum and Concentration of Airborne Microalgae and 

Cyanobacteria in the Urban Environments of Inland Temperate Climate. Environmental Science and Pollution Research, 2023, 30:97616-

97628. DOI:10.1007/s11356-023-29341-8 

[27] Chu WL, Tneh SY and Ambu S. A Survey of Airborne Algae and Cyanobacteria within the Indoor Environment of an Office Building 

in Kuala Lumpur, Malaysia. Grana, 2013, 52(3):207-220. DOI:10.1080/00173134.2013.789925 

[28] Sibanda T, Selvarajan R, Ogola HJO et al. Distribution and Comparison of Bacterial Communities in Hvac Systems of Two 

University Buildings: Implications for Indoor Air Quality and Public Health. Environmental Monitoring and Assessment, 2021, 193：47. 

DOI:10.1007/s10661-020-08823-z 

[29] Camara PEAS, Stech M, Convey P et al. Assessing Aerial Biodiversity over Keller Peninsula, King George Island, Maritime 

Antarctica, Using DNA Metabarcoding. Antarctic Science, 2024,36(1):37-46. DOI:10.1017/s095410202400004x 

[30] Stres B, Sul W J, Murovec B et al. Recently Deglaciated High-Altitude Soils of the Himalaya: Diverse Environments, Heterogenous 

Bacterial Communities and Long-Range Dust Inputs from the Upper Troposphere. Plos One, 2013, 8(9):e76440. 

DOI:10.1371/journal.pone.0076440 

[31] Andreas EL, Edson JB, Monahan EC et al. The Spray Contribution to Net Evaporation from the Sea - a Review of Recent Progress. 

Boundary-Layer Meteorology, 1995, 72(1):3-52. DOI:10.1007/bf00712389 

[32] Wilson TW, Ladino LA, Alpert PA et al. A Marine Biogenic Source of Atmospheric Ice-Nucleating Particles. Nature, 2015, 

525(7568):234–238. DOI:10.1038/nature14986 

[33] Andreas EL, Edson JB, Monahan EC et al. The Spray Contribution to Net Evaporation from the Sea - a Review of Recent Progress. 

Boundary-Layer Meteorology, 1995, 72:3-52. DOI：10.1007/bf00712389 

[34] Sassen K, Arnott WP, Starr D O et al. Midlatitude Cirrus Clouds Derived from Hurricane Nora: A Case Study with Implications for 

Ice Crystal Nucleation and Shape. Journal of the Atmospheric Sciences, 2003, 60(7):873-891. 

[35] Rosas I, Royocotla G, Mosino P. Meteorological Effects on Variation of Airborne Algae in Mexico. International Journal of 

Biometeorology, 1989, 33(3):173-179. DOI: 10.1007/bf01084602 

[36] Burrows SM, Hoose C, Poeschl U et al. Ice Nuclei in Marine Air: Biogenic Particles or Dust? Atmospheric Chemistry and Physics, 

2013, 13(1):245-267. DOI:10.5194/acp-13-245-2013 



[37] The Air Spora: A Manual for Catching and Identifying Airborne Biological Particles. Mycotaxon, 2009, 107:529-530.  

[38] Marshall WA, Chalmers MO. Airborne Dispersal of Antarctic Terrestrial Algae and Cyanobacteria. Ecography, 1997, 20(6):585-594. 

DOI:10.1111/j.1600-0587.1997.tb00427.x 

[39] Finlay BJ. Global Dispersal of Free-Living Microbial Eukaryote Species. Science, 2002, 296(5570):1061-1063. 

DOI:10.1126/science.1070710 

[40] Després VR, Huffman JA, Burrows SM et al. Primary Biological Aerosol Particles in the Atmosphere: A Review. Tellus Series B-

Chemical and Physical Meteorology, 2012, 64：15598. DOI:10.3402/tellusb.v64i0.15598 

[41] Monahan EC, Fairall CW, Davidson KL et al. Observed interrelations between 10m winds, ocean whitecaps and marine aerosols. 

Quarterly Journal of the Royal Meteorological Society, 1983, 109(460): 379-392. DOI: 10.1256/smsqj.46009 

[42] De LG, Andreas EL, Anguelova MD et al. Production flux of sea spray aerosol. Reviews of Geophysics, 2011, 49(2):2010RG000349. 

DOI: 10.1029/2010RG000349 

[43] Monahan EC. Sea spray as a function of low elevation wind speed. Journal of Geophysical Research, 1968, 73(4)：1119-1511. DOI: 

10.1029/JB073i004p01127 

[44] Liu S, Liu CC, Froyd KD et al. Sea spray aerosol concentration modulated by sea surface temperature. Proceedings of the National 

Academy of Sciences, 2021, 118(9)：e2020583118. DOI: 10.1073/pnas.2020583118 

[45] Nielsen LS, Bilde M. Exploring controlling factors for sea spray aerosol production: temperature, inorganic ions and organic 

surfactants. Tellus Series B-Chemical and Physical Meteorology, 2020, 72(1): 1-10. DOI: 10.1080/16000889.2020.1801305 

[46] Martiny JBH, Bohannan BJM, Brown JH et al. Microbial Biogeography:: Putting Microorganisms on the Map. Nature Reviews 

Microbiology, 2006, 4(2):102-112. DOI:10.1038/nrmicro1341 

[47] Xia X M, Wang J J, Ji J B et al. Bacterial Communities in Marine Aerosols Revealed by 454 Pyrosequencing of the 16s Rrna Gene. 

Journal of the Atmospheric Sciences, 2015, 72(8):2997-3008. DOI:10.1175/jas-d-15-0008.1 

[48] Genitsaris S, Stefanidou N, Katsiapi M et al. Variability of Airborne Bacteria in an Urban Mediterranean Area (Thessaloniki, Greece). 

Atmospheric Environment, 2017, 157:101-110. DOI:10.1016/j.atmosenv.2017.03.018 

[49] Ruiz-Gil T, Acuña JJ, Fujiyoshi S et al. Airborne Bacterial Communities of Outdoor Environments and Their Associated Influencing 

Factors. Environment International, 2020, 145：106156. DOI:10.1016/j.envint.2020.106156 

[50] Xu CH, Wei MH, Chen JM et al. Bacterial Characterization in Ambient Submicron Particles During Severe Haze Episodes at Ji'nan, 

China. Science of The Total Environment, 2017, 580:188-196. DOI:10.1016/j.scitotenv.2016.11.145 

[51] Zhong S, Zhang LS, Jiang XY et al. Comparison of Chemical Composition and Airborne Bacterial Community Structure in PM2.5 

During Haze and Non-Haze Days in the Winter in Guilin, China. Science of The Total Environment, 2019, 655:202-210. 

DOI:10.1016/j.scitotenv.2018.11.268 

[52] Yang L, Shen Z X, Wei J Q et al. Size Distribution, Community Composition, and Influencing Factors of Bioaerosols on Haze and 

Non-Haze Days in a Megacity in Northwest China. Science of The Total Environment, 2022, 838(1) ： 155969. 

DOI:10.1016/j.scitotenv.2022.155969 

[53] Xia X, Wang J, Chen l et al. Biodiversity of Airborne Bacteria at the Great Wall Station,Antarctica. Chinese Journal of Polar 

Research, 2014, 26(2):186-192.[夏晓敏,汪建君,陈立奇等. 南极长城站空气微生物的分子生态学分析. 极地研究, 2014, 26(2): 186-

192.]   

[54] Sharma N K, Rai A K, Singh S et al. Airborne Algae: Their Present Status and Relevance. Journal of Phycology, 2007, 43(4): 615-

627. DOI: 10.1111/j.1529-8817.2007.00373.x 

[55] Singh HW, Wade RM, Sherwood AR. Diurnal Patterns of Airborne Algae in the Hawaiian Islands: A Preliminary Study. 

Aerobiologia,2018, 34(3): 363-373. DOI: 10.1007/s10453-018-9519-5 

[56] William CH. Aerosol Technology Properties, Behavior, and Measurement of Airborne Particles. New York:Wiley, 1999:464.  

[57] Weathers KC, Lovett GM, Likens G E et al. Cloudwater Inputs of Nitrogen to Forest Ecosystems in Southern Chile: Forms, Fluxes, 

and Sources. Ecosystems, 2000, 3(6):590-595. DOI:10.1007/s100210000051 



[58] Wilkinson DM, Koumoutsaris S, Mitchell EAD et al. Modelling the effect of size on the aerial dispersal of microorganisms. Journal 

of Biogeography, 2012, 39(1): 89-97. DOI: 10.1111/j.1365-2699.2011.02569.x 

[59] Brown JKM, Hovmoller MS. Epidemiology - Aerial Dispersal of Pathogens on the Global and Continental Scales and Its Impact on 

Plant Disease. Science, 2002, 297(5581):537-541. DOI:10.1126/science.1072678 

[60] Rahav E, Paytan A, Mescioglu E et al. Airborne Microbes Contribute to N2 Fixation in Surface Water of the Northern Red Sea. 

Geophysical Research Letters, 2018, 45(12): 6186-6194. DOI: 10.1029/2018GL077132 

[61] Mayol E, Jimenez MA, Herndl GJ et al. Resolving the Abundance and Air-Sea Fluxes of Airborne Microorganisms in the North 

Atlantic Ocean. Front Microbiol, 2014, 5:557. DOI:10.3389/fmicb.2014.00557 

[62] Bondy AL, Wang BB, Laskin A et al. Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of 

Reactive Processing Observed During Soas. Environmental Science & Technology, 2017, 51(17):9533-9542. DOI:10.1021/acs.est.7b02085 

[63] Harb C, Foroutan H. Experimental development of a lake spray source function and its model implementation for Great Lakes 

surface emissions. Atmospheric Chemistry and Physics, 2022, 22(17): 1759-11779. DOI:10.5194/acp-22-11759-2022 

[64] Chung SH, Basarab BM, VanReken TM. Regional Impacts of Ultrafine Particle Emissions from the Surface of the Great Lakes. 

Atmospheric Chemistry and Physics, 2011, 11:12601-12615. DOI: 10.5194/acp-11-12601-2011 

[65] May NW, Gunsch MJ, Olson NE et al. Unexpected Contributions of Sea Spray and Lake Spray Aerosol to Inland Particulate Matter. 

Environmental Science & Technology Letters, 2018, 5(7): 405-412. DOI: 10.1021/acs.estlett.8b00254 

[66] Curren E, Leong SCY. Natural and anthropogenic dispersal of cyanobacteria: a review. Hydrobiologia, 2020, 847(13): 2801-2822. 

DOI: 10.1007/s10750-020-04286-y 

[67] Schlichting HE. Meteorological Conditions Affecting Dispersal of Airborne Algae + Protozoa. American Journal of Botany, 1964, 

51(6P2)：684.  

[68] Messikommer E. Untersuchungen über Die Passive Verbreitung Der Algen. Zeitschrift für Hydrologie, 1943, 9:310-316. DOI: 

10.1007/BF02486103 

[69] Hara K, Zhang D. Bacterial Abundance and Viability in Long-Range Transported Dust. Atmospheric Environment, 2012, 47:20-25. 

DOI:10.1016/j.atmosenv.2011.11.050 

[70] Wisniewska K, Sliwinska-Wilczewska S, Lewandowska A et al. The Effect of Abiotic Factors on Abundance and Photosynthetic 

Performance of Airborne Cyanobacteria and Microalgae Isolated from the Southern Baltic Sea Region. Cells, 2021, 10(1)：103. 

DOI:10.3390/cells10010103 

[71] Genitsaris S, Stefanidou N, Beeri-Shlevin Y et al. Air-Dispersed Aquatic Microorganisms Show Establishment and Growth 

Preferences in Different Freshwater Colonisation Habitats. Fems Microbiology Ecology, 2021, 97(9)：122. DOI:10.1093/femsec/fiab122 

[72] Herlihy LJ, Galloway JN, Mills AL. Bacterial utilization of formic and acetic-acid in rainwater. Atmospheric Environment, 1987, 

21(11): 2397-2402. DOI: 10.1016/0004-6981(87)90374-X 

[73] Casareto BE, Suzuki Y, Okada K et al. Biological micro-particles in rain water. Geophysical Research Letters, 1996, 23(2): 173-176. 

DOI: 10.1029/95GL03785 

[74] Matthias-Maser S, Bogs B, Jaenicke R. The size distribution of primary biological aerosol particles in cloud water on the mountain 

Kleiner Feldberg/Taunus(FRG). Atmospheric Research, 2000, 54(1): 1-13. DOI: 10.1016/S0169-8095(00)00039-9 

[75] Cho BC, Jang GI. Active and diverse rainwater bacteria collected at an inland site in spring and summer 2011. Atmospheric 

Environment, 2014, 94: 409-416. DOI: 10.1016/j.atmosenv.2014.05.048 

[76] Burrows SM, Butler T, Joeckel P et al. Bacteria in the Global Atmosphere - Part 2: Modeling of Emissions and Transport between 

Different Ecosystems. Atmospheric Chemistry and Physics, 2009, 9(23):9281-9297. DOI:10.5194/acp-9-9281-2009 

[77] Delort AM, Vaitilingom M, Amato P et al. A short overview of the microbial population in clouds: Potential roles in atmospheric 

chemistry and nucleation processes. Atmospheric Research, 2010, 98(2-4): 249-260. DOI: 10.1016/j.atmosres.2010.07.004 

[78] Vaitilingom M, Attard E, Gaiani N et al. Long-term features of cloud microbiology at the puy de Dome (France). Atmospheric 

Environment, 2012, 56: 88-100. DOI: 10.1016/j.atmosenv.2012.03.072 



[79] Vaitilingom M, Deguillaume L, Vinatier V et al. Potential impact of microbial activity on the oxidant capacity and organic carbon 

budget in clouds. Proceedings of the National Academy of Sciences of the United States of America, 2013, 110(2): 559-564. DOI: 

10.1073/pnas.1205743110 

[80] Hoose C, Kristjansson JE, Burrows SM. How important is biological ice nucleation in clouds on a global scale? Environmental 

Research Letters, 2010, 5(2)：024009. DOI: 10.1088/1748-9326/5/2/024009 

[81] Morris CE, Conen F, Huffman JA et al. Bioprecipitation: a feedback cycle linking Earth history, ecosystem dynamics and land use 

through biological ice nucleators in the atmosphere. Global Change Biology, 2014, 20(2): 341-351. DOI: 10.1111/gcb.12447 

[82] Froehlich-Nowoisky J, Kampf CJ, Weber B et al. Bioaerosols in the Earth system: Climate, health, and ecosystem interactions. 

Atmospheric Research, 2016, 182: 346-376. DOI: 10.1016/j.atmosres.2016.07.018 

[83] Liang ZM, Du R, Du PR et al. Diversity of Bacterial Areasols in Precipitation of Shanghai Area. Environmental Science, 2014, 35(7): 

2483-2489. [梁宗敏,杜睿,杜鹏瑞等. 上海大气降水中细菌气溶胶的多样性研究. 环境科学, 2014, 35(7): 2483-2489.]  

[84] Liang ZM, Du R, Du PR et al. Phylogenetic diversity of bacteria areasols in precipitation of Beijing Area. China Environmental 

Science, 2014, 34(2): 317-323. [梁宗敏,杜睿,杜鹏瑞等. 北京大气降水中细菌气溶胶的多样性研究. 中国环境科学, 2014, 34(2): 317-

323]  

[85] Dillon KP, Correa F, Judon C et al. Cyanobacteria and Algae in Clouds and Rain in the Area of puy de Dome, Central France. Applied 

and Environmental Microbiology, 2020, 87(1):e01850-20. DOI: 10.1128/AEM.01850-20 

[86] Wei M, Xu CH, Chen JM et al. Characteristics of bacterial community in cloud water at Mt Tai: similarity and disparity under 

polluted and non-polluted cloud episodes. Atmospheric Chemistry and Physics, 2017, 17(8): 5253-5270. DOI: 10.5194/acp-17-5253-2017 

[87] Burge HA, Rogers CA. Outdoor allergens. Environmental Health Perspectives, 2000, 108: 653-659. DOI: 10.2307/3454401 

[88] Noirmain F, Baray JL, Deguillaume L et al. Exploring the size-dependent dynamics of photosynthetic cells in rainwater: The 

influence of atmospheric variables and rain characteristics. Science of the Total Environment, 2024, 906 ： 167746. DOI: 

10.1016/j.scitotenv.2023.167746 

[89] Wiśniewska KA, Sliwinska-Wilczewska S, Lewandowska AU. Airborne microalgal and cyanobacterial diversity and composition 

during rain events in the southern Baltic Sea region. Scientific Reports, 2022, 12(1)：2029. DOI: 10.1038/s41598-022-06107-9 

[90] Sharma NK, Singh S. Differential Aerosolization of Algal and Cyanobacterial Particles in the Atmosphere. Indian Journal of 

Microbiology, 2010, 50(4): 468-473. DOI: 10.1007/s12088-011-0146-x 

[91] Bilyeu L, Bloomfield B, Hanlon R et al. Drone-based particle monitoring above two harmful algal blooms (HABs) in the USA. 

Environmental Science-Atmospheres, 2022, 2(6): 1351-1363. DOI: 10.1039/d2ea00055e 

[92] Scevková J, Vasková Z, Dusicka J et al. Co-occurrence of airborne biological and anthropogenic pollutants in the central European 

urban ecosystem. Environmental Science and Pollution Research, 2023, 30(10): 26523-26534. DOI: 10.1007/s11356-022-24048-8 

[93] Saliba G, Chen CL, Lewis S et al. Factors driving the seasonal and hourly variability of sea-spray aerosol number in the North 

Atlantic. Proceedings of the National Academy of Sciences of the United States of America, 2019, 116(41): 20309-20314. DOI: 

10.1073/pnas.1907574116 

[94] Chatoutsidou SE, Saridaki A, Raisi L et al. Variations, seasonal shifts and ambient conditions affecting airborne microorganisms and 

particles at a southeastern Mediterranean site. Science of the Total Environment, 2023, 892：164797. DOI: 10.1016/j.scitotenv.2023.164797 

[95] Ehresmann DW, Hatch MT. Effect of Relative Humidity on Survival of Airborn Unicellular Algae. Applied Microbiology, 1975, 

29(3):352-357. DOI:10.1128/aem.29.3.352-357.1975 

[96] Chen X, Kumari D, Achal V. A Review on Airborne Microbes: The Characteristics of Sources, Pathogenicity and Geography. 

Atmosphere, 2020, 11(9):919. DOI:10.3390/atmos11090919 

[97] Evans SE, Dueker ME, Logan JR et al. The Biology of Fog: Results from Coastal Maine and Namib Desert Reveal Common Drivers 

of Fog Microbial Composition. Science of The Total Environment, 2019, 647:1547-1556. DOI:10.1016/j.scitotenv.2018.08.045 

[98] Rao Y, Li H, Chen M et al. Characterization of Airborne Microbial Aerosols During a Long-Range Transported Dust Event in Eastern 

China: Bacterial Community, Influencing Factors, and Potential Health Effects. Aerosol and Air Quality Research, 2020, 20(12):2834-2845. 

DOI:10.4209/aaqr.2020.01.0030 



[99] Cao C, Jiang W, Wang B et al. Inhalable Microorganisms in Beijing's PM2.5 and PM10 Pollutants During a Severe Smog Event. 

Environmental Science & Technology, 2014, 48(3):1499-1507. DOI:10.1021/es4048472 

[100] Wisniewska KA, Lewandowska AU, Sliwinska-Wilczewska S et al. The Ability of Airborne Microalgae and Cyanobacteria to 

Survive and Transfer the Carcinogenic Benzo(a)Pyrene in Coastal Regions. Cells, 2023, 12(7):1073. DOI: 10.3390/cells12071073 

[101] Sun Y, Xu S, Zheng D et al. Effects of Haze Pollution on Microbial Community Changes and Correlation with Chemical Components 

in Atmospheric Particulate Matter. Science of The Total Environment, 2018, 637:507-516. DOI:10.1016/j.scitotenv.2018.04.203 

[102] Xie Z, Li YP, Lu R et al. Characteristics of total airborne microbes at various air quality levels. Journal of Aerosol Science, 2018, 

116: 57-65.DOI: 10.1016/j.jaerosci.2017.11.001 

[103] Radzikowski J. Resistance of dormant stages of planktonic invertebrates to adverse environmental conditions. Journal of Plankton 

Research, 2013, 35(4): 707-723. DOI: 10.1093/plankt/fbt032 

[104] Fröhlich-Nowoisky J, Kampf CJ, Weber B et al. Bioaerosols in the Earth system: Climate, health, and ecosystem interactions. 

Atmospheric Research, 2016, 182: 346-376. DOI: 10.1016/j.atmosres.2016.07.018 

[105] Mehnert G,  Leunert F, Cirés S et al. Competitiveness of invasive and native cyanobacteria from temperate freshwaters under 

various light and temperature conditions. Journal of Plankton Research, 2010, 32(7): 1009-1021. DOI: 10.1093/plankt/fbq033 

[106] Park MH, Kim KH, Lee HH et al. Selective inhibitory potential of silver nanoparticles on the harmful cyanobacterium Microcystis 

aeruginosa. Biotechnology Letters, 2010, 32(3): 423-428. DOI: 10.1007/s10529-009-0161-8 

[107] hang RF, Tang DS, Liu F. Alage Antioxidant System and its Influence on Stress.Environmental Science and Management, 

2011,36(12):21-25.[张容芳,唐东山,刘飞.藻类抗氧化系统及其对逆境胁迫的响应.环境科学与管理,2011,36(12):21-25]  

[108] Wegener KM, Singh AK, Jacobs JM et al. Global Proteomics Reveal an Atypical Strategy for Carbon/Nitrogen Assimilation by a 

Cyanobacterium under Diverse Environmental Perturbations. Molecular & Cellular Proteomics, 2010, 9(12):2678-2689. 

DOI:10.1074/mcp.M110.000109 

[109] Chiu CS, Chiu PH, Yong TC et al. Mechanisms Protect Airborne Green Microalgae During Long Distance Dispersal. Scientific 

Reports, 2020, 10(1):13984 . DOI:10.1038/s41598-020-71004-y 

[110] Roy S. Phytoplankton pigments : characterization, chemotaxonomy and applications in oceanography. Cambridge, UK ; New York : 

Cambridge University Press, 2011. 

[111] Hamilton WD, Lenton TM. Spora and Gaia: How microbes fly with their clouds. Ethology Ecology & Evolution, 1998,10(1): 1-16. 

DOI: 10.1080/08927014.1998.9522867 

[112] Maguire B. Passive dispersal of small aquatic organisms and their colonization of isolated bodies of water. Ecological Monographs, 

1963, 33(2):161-185. DOI: 10.2307/1948560 

[113] Barberousse H, Lombardo RJ, Tell G et al. Factors Involved in the Colonisation of Building Facades by Algae and Cyanobacteria in 

France. Biofouling, 2006, 22:69-77. DOI:10.1080/08927010600564712 

[114] Broady PA. Wind dispersal of terrestrial algae at Signy Island, South Orkney Islands. British Antarctic Survey Bulletin,1979, 48:99-

102. 

[115] Tiberg E. Microalgae as allergens: with emphasis on the genus Chlorella Beijerinck[Dissertation]. Location: Uppsala University, 

1989. 

[116] Brown RMJr. Studies of Hawaiian fresh water and soil algae. 1: The atmospheric dispersal of algae and fern spores across the Island 

of Oahu, Hawaii.In:Parker BC, Brown RMJ eds. Contributions in Phycology.Lawrence: Allen Press, 1971. 

[117] Womack AM, Bohannan BJM, Green JL. Biodiversity and biogeography of the atmosphere. Philosophical Transactions of the Royal 

Society B-Biological Sciences, 2010, 365(1558): 3645-3653. DOI: 10.1098/rstb.2010.0283 

[118] Peter H, Hörtnagl P, Reche I et al. Bacterial diversity and composition during rain events with and without Saharan dust influence 

reaching a high mountain lake in the Alps. Environmental Microbiology Reports, 2014, 6(6): 618-624. DOI: 10.1111/1758-2229.12175 

[119] Rahav E, Ovadia G, Paytan A et al. Contribution of airborne microbes to bacterial production and N2 fixation in seawater upon 

aerosol deposition. Geophysical Research Letters, 2016, 43(2): 719-727. DOI: 10.1002/2015GL066898 



[120] Genitsaris S, Moustaka-Gouni M, Kormas KA. Airborne Microeukaryote Colonists in Experimental Water Containers: Diversity, 

Succession, Life Histories and Established Food Webs. Aquatic Microbial Ecology, 2011, 62:139-U151. DOI:10.3354/ame01463 

[121] Chrisostomou A, Moustaka-Gouni M, Sgardelis S et al. Air-dispersed phytoplankton in a Mediterranean River-Reservoir System 

(Aliakmon-Polyphytos, Greece). Journal of Plankton Research, 2009, 31(8): 877-884. DOI: 10.1093/plankt/fbp038 

[122] Wisniewska K, Lewandowska AU, Sliwinska-Wilczewska S. The importance of cyanobacteria and microalgae present in aerosols 

to human health and the environment - Review study. Environment International, 2019, 131：104064. DOI: 10.1016/j.envint.2019.104964 

[123] Vareli K, Zarali E, Zacharioudakis GSA et al. Microcystin producing cyanobacterial communities in Amvrakikos Gulf 

(Mediterranean Sea, NW Greece) and toxin accumulation in mussels (Mytilus galloprovincialis). Harmful Algae, 2012, 15: 109-118. DOI: 

10.1016/j.hal.2011.12.005 

[124] Prinsep MR, Caplan FR, Moore RE et al. Miceocystin-LA from a blue-green-alga belonging to the stigonematales. Phytochemistry, 

1992, 31(4): 1247-1248. DOI: 10.1016/0031-9422(92)80269-K 

[125] Barsanti L, Gualtieri P. Algae: Anatomy, Biochemistry, and Biotechnology. Boca Raton: CRC Press, 2006: 361 

[126] Evangelista V, Barsanti L, Frassanito AM et al. Algal Toxins: Nature, Occurrence, Effect and Detection. Dordrecht:Springer 

Dordrecht, 2008:399. 

[127] Gärtner G, Stoyneva-Gärtner M, Uzunov B. Algal Toxic Compounds and Their Aeroterrestrial, Airborne and other Extremophilic 

Producers with Attention to Soil and Plant Contamination: A Review. Toxins, 2021, 13(5)：322. DOI: 10.3390/toxins13050322 

[128] Cheng YS, Zhou Y, Pierce RH et al. Characterization of Florida red tide aerosol and the temporal profile of aerosol concentration. 

Toxicon, 2010 55(5): 922-929. DOI: 10.1016/j.toxicon.2009.10.016 

[129] Kirkpatrick B, Pierce R, Cheng YS et al. Inland transport of aerosolized Florida red tide toxins. Harmful Algae, 2010, 9(2): 186-189. 

DOI: 10.1016/j.hal.2009.09.003 

[130] Shi JH, Olson NE, Birbeck JA et al. Aerosolized Cyanobacterial Harmful Algal Bloom Toxins: Microcystin Congeners Quantified 

in the Atmosphere. Environmental Science & Technology, 2023, 57(51): 21801-21814. DOI: 10.1021/acs.est.3c03297 

[131] Cheng YS, Zhou Y, Irvin CM et al. Characterization of Aerosols Containing Microcystin. Marine Drugs, 2007, 5:136-150. DOI: 

10.3390/md20070010 

[132] Backer LC, McNeel SV, Barber T et al. Recreational Exposure to Microcystins During Algal Blooms in Two California Lakes. 

Toxicon, 2010, 55:909-921. DOI: 10.1016/j.toxicon.2009.07.006 

[133] Wood SA, Dietrich DR. Quantitative Assessment of Aerosolized Cyanobacterial Toxins at Two New Zealand Lakes. Journal of 

Environmental Monitoring, 2011, 13:1617-1624. DOI: 10.1039/c1em10102a 

[134] Olson NE, Cooke ME, Shi JH et al. Harmful Algal Bloom Toxins in Aerosol Generated from Inland Lake Water. Environmental 

Science & Technology, 2020, 54(8): 4769-4780. DOI: 10.1021/acs.est.9b07727 

[135] Plaas HE, Paerl HW. Toxic Cyanobacteria: A Growing Threat to Water and Air Quality. Environmental Science & Technology, 2020, 

55(1): 44-64. DOI: 10.1021/acs.est.0c06653 

[136] Baden DG, Trainer VL. Mode of Action of Toxins of Seafood Poisoning.In:Falconer IR. Algal Toxins in Seafood and Drinking Water. 

Cham: Lightning Source Inc, 1993: 244. 

[137] Carmichael WW, Falconer I. Diseases related to freshwater blue-green algal toxins, and control measures.In:Falconer IR. Algal 

Toxins in Seafood and Drinking Water. Cham: Lightning Source Inc, 1993: 244. 

[138] Steidinger KA. Some Taxonomic and Biologic Aspects of Toxic Dinoflagellates. In:Falconer IR. Algal Toxins in Seafood and 

Drinking Water. Cham: Lightning Source Inc, 1993: 244 

[139] Backer LC. Cyanobacterial harmful algal blooms (CyanoHABs): Developing a public health response. Lake and Reservoir 

Management, 2002, 18(1): 20-31. DOI: 10.1080/07438140209353926 

[140] Abraham WM, Bourdelais AJ, Sabater JR et al. Airway responses to aerosolized brevetoxins in an animal model of asthma. American 

Journal of Respiratory and Critical Care Medicine, 2005, 171(1): 26-34. DOI; 10.1164/rccm.200406-735OC 

[141] Abraham WM, Bourdelais AJ, Ahmed A et al. Effects of Inhaled Brevetoxins in Allergic Airways: Toxin-Allergen Interactions and 

Pharmacologic Intervention. Environmental Health Perspectives, 2005, 113(5): 632-637. DOI: 10.1289/ehp.7498 



[142] Benson JM, Hahn FF, March TH et al. Inhalation Toxicity of Brevetoxin 3 in Rats Exposed for 5 Days. Journal of Toxicology and 

Environmental Health, Part A, 2004, 67(18): 1443-1456. DOI: 10.1080/15287390490483809 

[143] Pilotto LS, Kliewer EV, Davies RD et al. Cyanobacterial (blue-green algae) contamination in drinking water and perinatal outcomes. 

Australian and New Zealand Journal of Public Health, 1999, 23(2): 154-158. DOI: 10.1111/j.1467-842X.1999.tb01226.x 

[144] Jochimsen EM, Carmichael WW, An JS et al. Liver failure and death after exposure to microcystins at a hemodialysis center in 

Brazil. New England Journal of Medicine, 1998, 338(13): 873-878. DOI: 10.1056/NEJM199803263381304 

[145] Carmichael WW, Azevedo SMFO, An JS et al. Human fatalities from cyanobacteria: Chemical and biological evidence for 

cyanotoxins. Environmental Health Perspectives, 2001, 09(7): 663-668. DOI: 10.2307/3454781 

[146] Kirkpatrick B, Fleming LE, Bean JA et al. Aerosolized red tide toxins (brevetoxins) and asthma: Continued health effects after 1 h 

beach exposure. Harmful Algae, 2011, 10(2): 138-143. DOI: 10.1016/j.hal.2010.08.005 

[147] Fleming LE, Kirkpatrick B, Backer LC et al. Aerosolized red-tide toxins (brevetoxins) and asthma. Chest, 2007, 131(1): 187-194. 

DOI: 10.1378/chest.06-1830 

[148] Fleming LE, Bean JA, Kirkpatrick B et al. Exposure and Effect Assessment of Aerosolized Red Tide Toxins (Brevetoxins) and 

Asthma. Environmental Health Perspectives, 2009, 117(7): 1095-1100. DOI: 10.1289/ehp.0900673 

[149] Bernstein JA, Ghosh D, Levin LS et al. Cyanobacteria: An unrecognized ubiquitous sensitizing allergen? Allergy and Asthma 

Proceedings, 2011, 32(2): 106-110. DOI: 10.2500/aap.2011.32.3434 

[150] Breidenbach JD, French BW, Gordon TT et al. Microcystin-LR aerosol induces inflammatory responses in healthy human primary 

airway epithelium. Environment International, 2022, 169：107531. DOI: 10.1016/j.envint.2022.107531 

[151] Cheng YS, Zhou Y, Irvin CM et al. Characterization of marine aerosol for assessment of human exposure to brevetoxins. 

Environmental Health Perspectives, 2005, 113(5): 638-643. DOI: 10.1289/ehp.7496 

[152] Facciponte DN, Bough MW, Seidler D et al. Identifying aerosolized cyanobacteria in the human respiratory tract: A proposed 

mechanism for cyanotoxin-associated diseases. Science of the Total Environment, 2018, 645: 1003-1013. DOI: 

10.1016/j.scitotenv.2018.07.226 

[153] Cheng YS, Zhou Y, Irvin CM et al. Characterization of Aerosols Containing Microcystin. Marine Drugs, 2007, 5(4):136-150. 

DOI:10.3390/md20070010 

[154] Schaefer AM, Yrastorza L, Stockley N et al. Exposure to microcystin among coastal residents during a cyanobacteria bloom in 

Florida. Harmful Algae, 2020, 92：101769. DOI: 10.1016/j.hal.2020.101769 

[155] Pilotto L, Hobson P, Burch M et al. Acute skin irritant effects of cyanobacteria (blue-green algae) in healthy volunteers. Australian 

and New Zealand Journal of Public Health, 2004, 28(3)：220-4. DOI: 10.1097/00001648-200309001-00062 

[156] Murch SJ, Cox PA, Banack SA, A mechanism for slow release of biomagnified cyanobacterial neurotoxins and neurodegenerative 

disease in Guam. Proceedings of the National Academy of Sciences of the United States of America, 2004, 101(33): 1228-12231. DOI: 

10.1073/pnas.0404926101 

[157] Pablo J, Banack SA, Cox PA et al. Cyanobacterial neurotoxin BMAA in ALS and Alzheimer's disease. Acta Neurologica 

Scandinavica, 2009, 120(4): 216-225. DOI: 10.1111/j.1600-0404.2008.01150.x 

[158] Banack SA, Caller TA, Stommel EW. The Cyanobacteria Derived Toxin Beta-N-Methylamino-L-Alanine and Amyotrophic Lateral 

Sclerosis. Toxins, 2010, 2(12): 2837-2850. DOI: 10.3390/toxins2122837 

[159] Caller TA, Doolin JW, Haney JF et al. A cluster of amyotrophic lateral sclerosis in New Hampshire: A possible role for toxic 

cyanobacteria blooms. Amyotrophic Lateral Sclerosis, 2009, 10: 101-108. DOI: 10.3109/17482960903278485 

[160] Stommel EW, Field NC, Caller TA. Aerosolization of cyanobacteria as a risk factor for amyotrophic lateral sclerosis. Medical 

Hypotheses, 2013, 80(2): 142-145. DOI: 10.1016/j.mehy.2012.11.012 

[161] Pierozan P, Piras E, Brittebo E et al. The cyanobacterial neurotoxin β-N-methylamino-l-alanine (BMAA) targets the olfactory bulb 

region. Archives of Toxicology, 2020, 94(8): 2799-2808. DOI: 10.1007/s00204-020-02775-6 

[162] Kubickova B, Laboha P, Hildebrandt JP et al. Effects of cylindrospermopsin on cultured immortalized human airway epithelial cells. 

Chemosphere, 2019, 220: 620-628. DOI: 10.1016/j.chemosphere.2018.12.157 



 

 


